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FOREWORD

The 17th International Atomic Energy Agency Fusion Energy Conference was held in
Yokohama, Japan, 19-24 October 1999. This series of meetings, which began in 1961, has been held
biennially since 1974. In addition to these biennial conferences, the IAEA organizes co-ordinated
research projects, technical committee meetings, advisory group meetings and consultants meetings
on fusion research topics. The objectives of the IAEA activities related to fusion research are to:

• Promote fusion energy development and worldwide collaboration, such as the International
Thermonuclear Experimental Reactor (ITER);

• Support developing Member State activities in fusion research;

• Emphasize the safety and environmental advantages of fusion energy;

• Encourage the utilization of plasmas and fusion technology in industry.

This 6-day conference, which was attended by 835 participants from over thirty countries and
two international organizations, was organized by the IAEA in co-operation with the Japan Atomic
Energy Research Institute (JAERI), to which the IAEA wishes to express its gratitude. More than 360
papers plus 5 summary talks were presented in 23 oral and 8 poster sessions on magnetic confinement
and experiments, inertial fusion energy, plasma heating and current drive, ITER engineering design
activities, magnetic confinement theory, innovative concepts and fusion technology. The opening
session was designated the Artsimovich-Kadomtsev Memorial Session, in honour of Academicians
L.A. Artsimovich and B.B. Kadomtsev.

This is the first time that the proceedings of the IAEA Fusion Energy Conference are being
published as an IAEA CD-ROM and distributed free to all participants. Difficulties associated with
electronic file transmission from authors to the IAEA caused a delay in this publication and omission
of some papers. For future conferences in this series it is planned to publish only CD-ROMs.

For reasons of economy, the hard copy proceedings are printed only in black and white. The
colour figures are available on the CD-ROM.



EDITORIAL NOTE

This publication has been prepared from the original material as submitted by the authors. The views
expressed do not necessarily reflect those of the IAEA, the governments of the nominating Member
States or the nominating organizations.

The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and
institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as registered) does
not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.

The authors are responsible for having obtained the necessary permission for the IAEA to reproduce,
translate or use material from sources already protected by copyrights.
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ARTSIMOVICH MEMORIAL SESSION

R. Aymar, ITER Director

The Legacy of Artsimovich and the Lessons of ITER

Mr Chairman, Ladies and Gentlemen

I should like to thank the Director-General of the IAEA for extending to m e
the invitation to present this lecture at the Artsimovich Memorial Session
of this, the 17th IAEA fusion energy conference. During his lifetime,
Academician Artsimovich's presence enlivened the proceedings of these
biennial conferences and his contributions epitomised their positive spirit.
As he fluently projected his enthusiasm, scientific rigour, insight, vision
and wit, he was an inspiration to a generation of fusion scientists and
engineers.

I was lucky enough, as a young research physicist, to have attended
seminars in Europe led by Artsimovich. I myself am one of that group -
now diminishing in number and growing older by the day - to whom he
imparted directly both the excitement of the scientific and engineering
challenges and his sense of the nobility of the quest for fusion energy as a
responsibility owed towards future generations of mankind. It is entirely
appropriate that we continue to celebrate his momentous contributions to
the world's development of fusion energy.

I feel especially honoured to have been given, this year, the opportunity to
join the list of distinguished speakers who have graced previous such
occasions, for 1998 marks the anniversary of two of Academician
Artsimovich's particularly auspicious contributions.
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It was forty years ago, at the second United Nations International
Conference on the Peaceful Uses of Atomic Energy, in Geneva, that
Artsimovich articulated the need, indeed the imperative, for continuous
international collaboration to combine efforts "in the field of controlled
fusion reactions investigation". If I may quote directly:

"A most important factor in ensuring success in these investigations is
the continuation and further development of the international
cooperation initiated by our conference. The solution of the problem of
thermonuclear fusion will require a maximum concentration of
intellectual effort and the mobilisation of very appreciable material
facilities and complex apparatus.

This problem seems to have been created especially for the purpose of
developing close co-operation between the scientists and engineers of
various countries, working at this problem according to a common plan,
and continuously exchanging the results of their calculations,
experiments and engineering developments. (Geneva 1958)"

Then, ten years later at the 1968 conference in Novosibirsk, it was
Artsimovich's report on the emergence and promise of the Tokamak
configuration — later to be confirmed by the Culham team in a celebrated
early example of international collaboration — that reinvigorated the major
programmes throughout the world, leading directly to the remarkable
technical progress that we have been able to share at these regular meetings.

By chance, July 1998 also marked the end of the six year term originally set
for the quadripartite ITER Engineering Design Activities which embody the
two pillars of Artsimovich's legacy — the Tokamak configuration and
international collaboration. It is therefore timely to review how the world's
fusion programmes have responded, over these intervening decades, to the
opportunities and challenges presented by Artsimovich and to consider the
outlook.
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What technical progress have we made?
There is much to report that would, I hope, be gratifying to Artsimovich.
In the technical domain one can readily point to the enormous advances in
key fusion performance measures:

• the realisation of significant levels of fusion power — 10.7 MW
over 0.4 s in TFTR (1996), followed by 16.1 MW over 0.85 s in JET
(1997) — a technical achievement which has also allowed
experimental observation of significant a-particle heating

• more than ten thousand fold increases in the fusion triple
product - nxT - to 1.5xlO21 keVm-3s (JT-60U,1996);
• achievement of energy multiplication factor - Q - close to unity
in DT plasmas (JET, 1997) and of Q-equivalent -1.25 in (JT-60U,1998)

Underlying the headline results from the leading tokamaks, a
complementary range of small to medium size tokamaks have been built
and operated, and have advanced our understanding across a broad front.
Between them, these smaller machines have produced important new
discoveries and developments in plasma behaviour and operation (H-
mode, high (3 operations, X-point and Divertor operations) and have
allowed to explore the widest domain of plasma parameters, so generating a
broad database from which to analyse and extrapolate with confidence into
domains beyond the capacities of today's machines.

One of the key challenges envisaged by Artsimovich, in view of the
inefficiencies of ohmic heating at high temperature, — " to devise new
methods of plasma heating" — has been successfully addressed and now
places at our disposal a range of proven heating tools and an understanding
of each one's specific characteristics.

At the theoretical level serious "first principles" models of Tokamak
behaviour are now becoming available. It would be premature to claim that
these are yet proven or dependable, although we have a healthy framework
for their comparative evaluation and validation. On the other hand, the
depth and breadth of databases at our disposal, including initial a-particle
studies, have allowed significant advance in empirical phenomenology and
hence provide confidence in extrapolations to as yet unexplored domains.
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Whilst Artsimovich is associated mainly with the Tokamak configuration,
he also advocated advancing on a broad front - or, in his words, "peaceful
co-existence between the various lines of controlled nuclear fusion
research". Thus, in my view, Artsimovich would also have noted with
approval the continuing lively efforts in alternative confinement concepts;
unconventional tokamaks / spheromaks, and stellarators continue to receive
attention and to serve as valuable comparators to the tokamak line. We
look forward to hearing later of the first results from LHD and TJII.
Referring to a "system in which plasma blobs of very high density and very
short lifetimes are produced", Artsimovich also anticipated the inertial
confinement line of approach which is well represented at this conference.
(A valuable response to the rich diversity here present would be the
development of a common frame of reference and vocabulary to allow
meaningful comparison between the different lines.)

Has the Tokamak fulfilled its promise?
Our experience to date suggests that the tokamak concept has amply fulfilled
the promise that was outlined in 1968. In his Artsimovich Memorial lecture
in 1980, Donato Palumbo commented:
"It is difficult to say at this stage whether the tokamak is the best solution for
a thermonuclear reactor, even if there are no reasons to say the contrary.
What is undeniable is that the plasma parameters, density, temperature,
purity and duration, produced simultaneously in the tokamak have
provoked (and permitted) enormous progress in the study of stability and
transport, the improvement of diagnostics and the development of
powerful methods of plasma heating."
Since that comment, the tokamak has indeed brought our programmes to
the threshold of reactor conditions. Whatever its ultimate future, the
Tokamak remains the only established platform on which to base plans for
a next step across the threshold into the exploration of burning plasmas i n
reactor-relevant conditions. Moreover recent reactor studies and economic
assessments have indicated conditions under which the tokamak
configuration can provide a plausible foundation for a power station, with
costs comparable to existing energy sources. Artsimovich would have cause
for some pride in these achievements.

4
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How has international co-operation helped our progress?
In the domain of international collaboration, one can surmise that
Artsimovich would have been encouraged as well. The vitality of these

biennial conferences bears witness to the exchange of "results of
calculations, experiments and engineering developments" called for by
Artsimovich.

The efforts in Europe to integrate the fusion programmes of the different
European nations have borne fruit — most noticeably in the establishment
and achievements of the JET machine, but no less importantly in the
breadth and balance of the Contract of Association programmes. Indeed the
integrity of the Euratom fusion programme is now taken so much as a
given that one can easily underestimate the scale of the challenge that its
establishment and nurture presented. Even with the benefit of the pre-
existing institutional structure of Euratom, it required exceptional vision,
wisdom, persistence (and a little luck) to seize and exploit the opportunities.

A growing network of inter-continental relationships has developed, largely
under the auspices of IAEA and IEA, and has involved significant flows of
staff, equipment and funds across the regional boundaries and oceans. These
interchanges have yielded programmatic benefits both directly, for example,
by allowing specific tools developed in one programme to be applied to
another, and indirectly, through the cross-fertilisation of ideas which always
occurs when diverse groups work together at the frontiers of their
discipline. Equally important, they helped to develop the trust and mutual
confidence needed to venture on more ambitious collaborations.

ITER (and its precursor - the INTOR Workshop) has its origins in a
common recognition of comparable positions reached in the major
programmes and a shared overall view that the time was due to take as the
next challenge that of demonstrating the scientific and technology feasibility
of fusion power — indeed to provide the data base in physics and
technology necessary for the design and construction of a demonstration
fusion power plant. From this common position, the attractions of taking
the next step in the frame of a single, collaborative project provided a
compelling incentive to establish the joint venture.
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The progress of the successive stages of ITER has been presented at recent
IAEA conferences and the results at the end of six years' Engineering Design
Activities, as embodied in the ITER Final Design Report, Cost Review and
Safety Analysis (FDR), will be elaborated in the ITER sessions of this
conference. Let me therefore synthesise what I see to be the overall
achievements of the project to date and reflect on the particular benefits that
have derived from the "I" of ITER.

What have we achieved with ITER?
The efficient collaboration between the ITER JCT and Home Teams has
successfully delivered the products requested of them:

• a complete, fully integrated design of the ITER machine is available;
• the technology R&D done to date has resulted in the qualification of
the technical solutions;
• the safety and environmental analyses have shown that ITER can be
safely and reliably operated and will indeed demonstrate the safety and
environmental potential of fusion as an energy source.
• cost studies from industries throughout the Parties confirm that the
total estimated costs have remained within the targets set at the start of
the EDA.

In short one can be confident that ITER could be built, operate safely and
fulfill its objective to demonstrate the scientific and technical feasibility of
fusion.

How have we benefited from ITER being international?
By pursuing the ITER EDA as a quadri-partite co-operative project, the
Parties have undoubtedly realised major financial savings to reach the
present point. But, from a programmatic point of view, the impetus to pool
experience, expertise and results within a focussed framework has provided
an added value to the ITER Activities that is the most important benefit
from the joint approach.

For instance, in Physics, the voluntary contributions from all present
experimental facilities have led to the building of large, reliable and
authoritative databases as the basis for extrapolation and now provide a
vital and critical frame of reference for further development and testing of
theory and modeling work. In technology, development at the laboratory
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level has been followed by manufacturing of models and prototypes of ITER
systems by industrial firms in all four Parties, in several cases, with
components transferring between Parties for the various stages of
manufacture. This multi-Party process has led to an open and rigorous
development process — including intensive joint problem-solving — and
has broadened confidence in the feasibility and cost estimates for ITER
construction.

In the area of Safety and Environmental analysis, the need to design ITER to
be site-able in the territory of any of the Parties has set demanding standards
and has ensured that the design takes full benefit of the inherent safety
advantages of the fusion process. The multi-party nature of the activity
offers a unique opportunity for the Parties to pursue jointly a harmonised
approach to the regulation of fusion power plants.

The fact that the ITER EDA addressed a specific machine with specific
objectives provided invaluable focus and discipline to the activities. But the
results arising from the EDA are not only valid specifically for ITER.
Advances in physics and technology stimulated by the discipline and
focused effort are of general application in a wide domain of possible
integrated next step devices.

The ITER-EDA has brought together Artsimovich's two pillars. The Parties
now have at their disposal the first comprehensive design of a fusion
reactor based on well established physics and technology. The FDR and its
accompanying documents would be sufficient, when complemented by site-
specific adaptations of the design, to provide the necessary technical basis to
a construction decision.

Looking to the future
Artsimovich said in 1970, "There can be no doubt that our descendants will
learn to exploit the energy of fusion for peaceful purposes even before its
use become necessary for the preservation of human civilisation." How
does this claim now stand up?
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Has the case for fusion energy development changed?

As noted above, reactor studies and economic assessments have shown no
reason in principle preventing fusion from fulfilling its potential as a safe,
environmentally acceptable and economic large-scale source of energy.

From the external perspective, essential aspects of the general world view
underlying the case for fusion energy development remain no less valid
than when Artsimovich surveyed the field:

• ineluctable continuing growth in world population and the
legitimate aspirations of the billions in the developing and transitional
countries for improved material well-being seem certain to lead to
continuing growth in global energy demand at least for the next century;
recent studies project a doubling by about 2050:

• the perception of physical depletion of oil and gas has receded,
masked for now by low prices and current market gluts. While this may
provide some immediate short-term comfort, it would be myopic and
irresponsible to base energy research policies on this happy state
continuing; indeed reputable experts are already discerning from detailed
statistics evidence of turning points in production profiles which lead
them to conclude that, while "the world may not be running out of oil -
at least not soon, what our society does face, and soon, is the end of the
abundant and cheap oil on which all industrial nations depend."
• moreover, in recent years, there has been widespread growing
concern over the possible effects of mankind's ongoing experiment with
the world's atmosphere and climate, — a concern most recently
manifested in the 1997 Kyoto protocol to the United Nations
Convention on Climate Change, under which the nations of the World
agreed, inter alia, to implement policies including "Research on and
promotion, development and increased use of, new and renewable
forms of energy, and of advanced and innovative
environmentally sound technologies." I submit that the development of
fusion energy for the benefit of all mankind fits precisely into that
description.

The report of the Japanese Special Committee on ITER most recently
captured the essence of the continued overall case when it argued the value
of establishing fusion as one of the real energy options that we should place
at the disposal of future generations.
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Have we made the necessary technical progress ?
From the technical perspective, the progress in fusion over in the twenty
five years since Artsimovich's death could be seen to bear out his bold
prediction. Throughout this period we have all developed a good grasp of
the likely scale, scope and complexity, and hence the order of cost, of a
significant next step. Success of the HER EDA, with a design compliant with
its original performance objectives and cost target, shows that we are now
ready to take such a step. By virtue of its integration of fusion science and
engineering, its effective likely contribution on the path to prototype power
reactors is well defined.

Indeed the recent change in title of this biennial occasion from a
"Conference on Plasma Physics and Controlled Nuclear Fusion" to "a
Fusion Energy Conference" symbolises neatly our state of readiness.

Can there be "no doubt"?
The problem is not technical. Proposals such as those embodied in the ITER
FDR can readily be modulated within the given programmatic objective, for
instance to meet different financial perspectives.

There are, of course, uncertainties attached to the projected performance of a
next step device. This should not be seen as a criticism of the proposal. A
next step machine will be an experiment and it is the nature of experiments
— indeed of the scientific method — that the outcome cannot be predicted
with 100% certainty.

But the nature and dynamics of international co-operation does raise
questions and challenges to be addressed.

The nature of international collaboration

International collaboration to address difficult problems in science has a
self- evident general appeal. United efforts in the scientific domain help to
offset international tension arising from political or economic rivalry.
Collaboration provides the only practicable means to conceive and to enter
into projects that are beyond the capacity - in terms of both finance and
expertise - of individual national programmes. It provides the means to
build balanced teams able to address all the challenging aspects of designing
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and constructing the devices needed to carry fusion development to the
next level.

However, following this path brings new demands and lays heavy
additional responsibilities on the fusion communities and their leaders. In
his address to Kyoto meeting in 1986, at an earlier stage in the co-operative
process, John Clarke spoke of the wisdom, courage, skill and dedication to a
common aim manifested in Artsimovich and other respected leaders in
fusion development. He characterised the issue as follows:

"Reaching agreement on the necessity of working together is difficult
because it involves many non-technical factors. It involves the personal
ambitions of scientists as well as institutional ambitions of laboratories. The
dedication to a common aim must be very strong to motivate an
appropriate balance between such ambitions and more efficient pursuit of
our common goal"

Having agreed to common action, then the instruments for implementing
need to hold hard to the underlying objective. In the words of a US
politician whose influence has recently been felt: "Any agreement for
international co-operation requires well-defined and enforceable goals from
the outset. Without such parameters, international co-operation will not
succeed." Having embarked on a joint project, one must then accept the
continuing obligation to attend to the potential dichotomy between the
centralised demands of the project and the perceived local interests of the
different constituencies involved. Maintaining a satisfactory balance is a
demanding and delicate charge; but one may be sure that there will always
be forces pulling away from the centre that need to be actively countered.

The dynamics of co-operative projects
The dynamics of an international project also raise new issues. The
investment needed to build an effective international project team and the
special commitments demanded of the Team members and their families
generates additional management responsibilities. Whilst one can
appreciate the need, at political level, to limit formal commitment to the
stage-wise implementation of a major project, those responsible for its
implementation must be ready, as they enter each stage, to accept
responsibility for moving towards succeeding stages. For the dynamics of

10
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these projects are such that we rapidly reach the point at which simply to
stop means to retreat. Once the teamwork and mutual confidence built up
in a joint project is allowed to dissipate, we shall lose at all levels — from
the older team members whose years of training and experience may be
irreplaceable, to the enthusiasm and talents of the younger cadre of
developing leaders that we need to bring our quest to fruition. It will take
many years and much money to reach the same state again, if indeed such a
restitution proves possible at all.

One lesson that my experience as ITER Director during in the EDA has
taught is that, if you give dedicated groups of fusion scientists and engineers
a difficult task to achieve, then you must always prepare yourself for the
eventuality of them succeeding.

Such considerations demonstrate that international collaboration - whilst
undeniably attractive from many points of view is not an easy path to
pursue. In embracing it as the best, or only practicable, way forward we must
ourselves be ready to adapt our modes of behaviour to the new dimensions
and realities that it brings to the task of programme direction and
management.

In conclusion
The ITER co-operation was established at a time when the four Parties (and
the other nations that chose to join ITER by association) were ready and able
to articulate a common aim and, in John Clarke's words "had the courage to
act to make the co-operation possible". The progress under that common
aim has brought into our reach the option, within balanced overall
programmes, to embark on the next step together. To be realistic, the
initiative should perhaps best come from one country with an invitation to
others to participate at different levels consistent with their capacities and
interests. But, whatever the prospective geometry of co-operation might be,
we must not shrink from the opportunity to progress that it offers.

The general lines proposed by Artsimovich — both technical and
organisational — remain the right ones to follow. The scientific and
technological basis is well-established. Having embraced the principle of co-
operation, with the clear backing of our political masters, we understand the
peculiar responsibilities and obligations that this brings. We know that

11
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technical co-operation must go hand in hand with high level political co-
operation so as to realise the necessary confluence of technical readiness and
political commitment. We also recognise that, with each stage of major
projects, if we do not prepare ourselves to progress to succeeding stages we
imperil what we have managed to achieve and run the risk of irreversibly
harming future prospects of scientific collaborations in fusion and beyond.

What remains now is to re-affirm our common aim and then to accept our
responsibilities throughout the community to develop together and to
promote and implement the policies and programmes that will lead most
efficiently towards the realisation of the promise of fusion energy for the
benefit of all mankind.

1 should like to acknowledge the assistance of my colleague Martin Drew
of the ITER Joint Central Team in the preparation of this lecture.
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JT-60U HIGH PERFORMANCE REGIMES XA0053862

S. ISHIDA and THE JT-60 TEAM1

Japan Atomic Energy Research Institute,
Naka Fusion Research Establishment,
Naka-machi, Naka-gun, Ibaraki-ken,
Japan

Abstract

JT-60U HIGH PERFORMANCE REGIMES.
High performance regimes of JT-60U plasmas are presented with an emphasis upon the results from the

use of a semi-closed pumped divertor with W-shaped geometry. Plasma performance in transient and quasi
steady states has been significantly improved in reversed shear and high- |3p regimes. The reversed shear regime
elevated an equivalent Qrjx6^ transiently up to 1.25 (nj~j(0)xgTj(0)=8.6xl0^^ m-3*s»keV) in a reactor-relevant
thermonuclear dominant regime. Long sustainment of enhanced confinement with internal transport barriers
(ITBs) with a fully non-inductive current drive in a reversed shear discharge was successfully demonstrated with
LH wave injection. Performance sustainment has been extended in the high- |3p regime with a high triangularity
achieving a long sustainment of plasma conditions equivalent to Q j-)jecM).16 (nj-)(0)TgTj(0)~1.4xl0^^m"^*s'
keV) for ~4.5 s with a large non-inductive current drive fraction of 60-70% of the plasma current. Thermal and
particle transport analyses show significant reduction of thermal and particle diffusivities around ITB resulting
in a strong Er shear in the ITB region. The W-shaped divertor is effective for He ash exhaust demonstrating
steady exhaust capability of ^ H e * ^ ~3-10 in support of ITER. Suppression of neutral back flow and chemical
sputtering effect have been observed while MARFE onset density is rather decreased. Negative-ion based
neutral beam injection (N-NBI) experiments have created a clear H-mode transition. Enhanced ionization cross-
section due to multi-step ionization processes was confirmed as theoretically predicted. A current density profile
driven by N-NBI is measured in a good agreement with theoretical prediction. N-NBI induced TAE modes
characterized as persistent and bursting oscillations have been observed from a low hot beta of < Ph>~0.1-0.2%
without a significant loss of fast ions.

1. INTRODUCTION

Since the operation started in 1991, JT-60U has addressed physics issues for reactor plasmas
including ITER physics R&D and exploited new plasma regimes leading to a commercially attractive
reactor such as SSTR in which highly confined plasmas are produced approaching a fusion reactor
regime. JT-60U has taken the initiative in promoting experiments for steady state operation in two
principal aspects of plasma performance and sustainment (eventually to steady state), in which it has
increasingly become crucial to realize conditions relevant to those required for reactor plasmas self-
consistently. To further this task, the N-NBI was for the first time introduced in 1996 and the reactor-
relevant divertor modification was completed in 1997. JT-60U is now entering a new experimental
phase for the self-consistent integration of individual performance.

This paper overviews the progress of JT-60U after the 1996 IAEA conference in view of
performance in confinement, divertor and current drive needed for reactor plasmas, in which the best
performances achieved during the last two years in JT-60U and physics understanding of the plasmas
are presented. The results from the use of the newly installed divertor configuration are highlighted
and discussed.

The modification from an open divertor to the W-shape divertor was completed in a
shutdown period from February to May in 1997, and experiments with the modified divertor started in
June 1997. As shown in Fig.l, this divertor configuration is characterized by a semi-closed divertor
with a central dome, inner and outer divertor target plates, and a pumping slot for pump out from the
private flux region, similar to the divertor for ITER. Reduction of chemical sputtering effect, back
flow of neutral particles, heat load on the target tiles and impurities was expected from its design [1].
Target CFC tiles covering the divertor surfaces and the dome top were tapered to mitigate the
concentration of heat load on the corner of tiles. Divertor pumping is done from a 3 cm gap of the
inner slot through three perpendicular NBI ports using their cryopumps, where the effective pumping
speed for deuterium at the pumping slot was measured to be typically -13 rrP/s. As a consequence,
available number of positive-ion based neutral beam injection (P-NBI) units are reduced from 14 units
to 11 units where cryopumps for the three perpendicular beam units are dedicated for the use of
divertor pumping. The divertor structure was designed to allow discharge operation up to 3 MA with a
full field of 4.0 T at the vessel center. Boronization on the first wall using decaborane vapor has been
regularly carried out in July 1997 and February 1998 after the divertor modification.

1 See Appendix.
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FIG.]. Poloidal cross section of the W-shaped divertor in JT-60U, showing a semi-
closed pumped divertor with W-shaped geometry.
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2. HIGH PERFORMANCE REGIMES FOR STEADY STATE OPERATION

2.1 Two Approaches towards Steady State Operation of Tokamak Reactors

In JT-60U, two approaches of reversed shear and high-^p regimes have been attempted in
different operational schemes to establish the prospects for steady state operation of tokamak reactors.
The reversed shear regime with a negative central magnetic shear is widely considered attractive for a
steady state operation with a large bootstrap current fraction in tokamak reactors since proposed for
SSTR [2], as it would be possible to match the hollow current profile to a bootstrap current profile in a
steady state. The high-|3p regime produced in a monotonic q profile with central q above unity, which
was developed in advance [3], can be also consistent with the steady state operation scenario under a
substantial central current drive scheme as originally considered for SSTR [4].
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TABLE I.

Shot
Mode

Divertor

time (s)
I (MA)
Bt(T)
P N B

a b s (MW)
a(m)
Rp(m)

K

Wdia(MJ)
dWdi /dt (MW)
S (l(P6/s)
Zeff
n (0)(1019m"3)
nD(0)(1019nr*)
Tj(O) (keV)
Te(0) (keV)
T E (S)
HITER89P

nD(0)xETj(0)
(1020 m-3«s«keV)

Q D D (10"3)
f~\ QQ

\J~r\rr "

ACHIEVED

E27969[8]
Reversed shear
L-mode edge
Open

7.315
2.79
4.34
16.0
0.70
3.10
0.065
1.97
3.15
10.9
6.08
4.52
3.49
9.7
4.9
16.5
8.4
0.97
3.23
1.88
1.15
1.66
7.80

4.7
1.05

PARAMETERS

E31872[12]
Reversed shear
L-mode edge
W-shape

6.944
2.61
4.37
11.77
0.69
3.08
0.04
1.92
3.17
8.17
5.18
3.63
3.19
8.5
4.8
16.8
7.2
1.07
3.21
1.53
0.98
1.32
8.59

5.6
1.25

IN JT-60U

E32611[12]
Reversed shear
ELMy
W-shape

7.712
1.50
3.50
9.54
0.84
3.31
0.26
1.49
4.31
3.29
0.59
0.427
3.23
4.54
2.51
9.6
5.9
0.35
2.02
1.38
1.04
0.70
0.84

0.53
0.12

E29941[19]
High-pp H-mode
ELMy
W-shape

10.0
1.50
3.72
22.1
0.758
3.30
0.16
1.58
3.99
3.86
0
0.851
2.0
5.1
4.09
8.8
4.2
0.175
1.61
1.68
1.28
0.88
0.58

0.451
0.11

E30006[19]
High-^p H-mode
ELMy
W-shape

5.1
1.50
3.63
15.0
0.808
3.25
0.296
1.56
4.46
4.73
0
1.04
2.3
6.05
4.48
11
6.0
0.315
2.33
1.98
1.55
1.0
1.55

0.81
0.177

The plasmas performance in JT-60U achieved in the two regimes is plotted in the Lawson
diagram as shown in Fig.2 where the data reported in the previous IAEA meetings are included [5, 6].
The closed symbol indicates the discharge with QoT

eq>l where Qryreq *s t n e equivalent fusion
multiplication factor defined for transient conditions involving the dW/dt term in an assumed
deuterium-tritium fuel of a 50:50 mixture using deuterium beams with the experimental beam energy
[7]. The best performances in the regimes have been produced in a transient state (dW/dt>0) at higher
currents. As performances in a quasi steady state (dW/dt~0) have been so far achieved at lower
currents, progressive improvement in quasi steady performance would be possible with optimization at
higher current; in this paper, "quasi steady" and "steady" denotes sustainment beyond the energy
confinement time and the current diffusion time scales, respectively. Typical discharges for these
regimes are discussed in the following subsections with main parameters in TABLE I.

2.2 Reversed Shear Regime

2.2.7 Fusion Performance

After the IAEA meeting in 1996, a dedicated campaign to improve the fusion performance of
reversed shear discharges has been conducted with increasing the plasma current up to 3 MA. As a
consequence, the achievement of a critical condition of Qoxeq m excess of unity has been
accomplished for the first time in the reversed shear discharges in October 1996 [8]; Shot E27969 was
the best with QDT

e9=1.05 at L-=2.8 MA. The progress in fusion performance can be attributed to stable
increase in the Ip maintaining a vast reversed shear region extended up to r/a~0.7-0.8 and controlling
the beam deposition profile during the current ramp-up. Since the discharges tended to be unstable
when the qmin crossed ~3, pre-programed beam power reduction was applied at that timing. During
this phase, MHD modes localized near the ITB were observed similar to observation of a barrier
localized mode in a high-fL. mode plasma in JT-60U [9] and in an enhanced reversed shear plasma in
TFTR [10]. y
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Further improvement in the fusion performance was intensively attempted with the W-shaped
divertor in 1998. Based on the operational scheme developed in the above campaign, the discharge
optimization for the high performance reversed shear discharges has progressed utilizing feedback
control of neutron emission rate by neutral beam injection power when the qmin crosses ~3. As the
achieved Qrjxeq values in the reversed shear regime are shown as a function of Ip in Fig.3(a), the
QDjecl value has been enhanced up to 1.25 at a lower current of 2.6 MA (Shot E31872) [11]. An
equilibrium configuration aligned to the W-shaped divertor is shown in Fig.4 with the measured
profiles at the time of peak performance for E31872. As shown in Fig.3, the QnT

eq value is increased
with the plasma current. The improvement in fusion performance after the divertor modification is
mainly attributed to a decrease in Zeff as shown in Fig.3(b) and TABLE I [12]; the Zeff value is
inferred from matching the kinetic analysis of the neutron emission to the measured value assuming
carbon as a dominant impurity.
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FIG. 5. (a) Waveforms of a reversed shear discharge (I =0.85 MA, Bt=3.5 T) sustained with
LHandNBI, (b) contour plots of the electron temperature profile evolution where the magnetic
axis is placed at Z—\-0.2 m above the midplane, (c) the q profiles at t=4.9 s, 7.5 s and 9.1 s, and
(d) the electron density and ion temperature profiles at t=9.1 sfor the same discharge.

The core plasma energy is efficiently confined due to the existence of persistent ITB formed
for both ions and electrons at a large minor radius of r/a~0.7 near the boundary of the reversed shear
region. The fusion performance of the reversed shear plasmas with an L-mode edge has been improved
in a thermonuclear dominant regime relevant to reactor plasmas; where the thermal reaction fraction is
calculated to be 82% for Shot E31872.

No high fusion performance discharges have been attained with qmin below ~2 in these
campaigns. When the qmin closely approaches 2, the discharges tend to be disruptively terminated by
a fast beta collapse at f^j-2 with the low q of q95~3. At the p limit, ECE measurements with a fast
sampling time of 5 (xs actually show that the collapse develops from the ITB region and grows with a
very fast time scale of the order of 10 |xs [13]. From the ERATO-J code analysis, the observed f? limits
are found to be close to the ideal stability limits for low-n kink-ballooning modes [14].

2.2.2 ITB Sustainment

Quasi steady sustainment with NB: Quasi steady sustainment of the reversed shear mode
confinement with a clear ITB has been achieved with an ELMy H-mode edge and an ITER-relevant
triangularity shape of 5~0.3 by step down of beam injection power and combination of center and off-
axis beams. In optimization of the pressure profile with the H-mode edge and triangular shaping, the
operational beta limit close to an ideal beta limit was improved up to PN~2.3 in a low qmin region
down to qmin~1.5. A step down scheme for NBI to produce quasi steady reversed shear confinement
with ITB has been established taking an operational margin for the beta limit. Enhanced confinement
with HITEDo9p~1.7 and (3>j~1.2 in the reversed shear discharges has been successfully sustained up to
for 5.5 s (18 times xE) with a stored energy of-3.0 MJ at L=1.5 MA and Bt=3.5 T for Shot E32611
(see TABLE I) [12].

Steady sustainment with NB and LH waves: The sustainment of the reversed shear discharge
with enhanced confinement requires a current profile control scheme including non-inductive current
drive externally applied consistently with a bootstrap current profile. LH (lower hybrid) current drive
experiment in JT-60U addressed this issue demonstrating a long pulse reversed shear operation non-
inductively sustained with enhanced confinement. As shown in Fig.5, the LH wave with power of-2.3
MW was injected into a target reversed shear discharge with L=0.85 MA, Bt=2 T and PNB=2.5 MW
after the step down of the NB power. This discharge has achieved a fully non-inductive current drive
with a bootstrap current fraction of-23% to the total plasma current and a current drive efficiency of
r|CD=1.3xl019 A/W/m2 for the LHW-driven current [15]. An enhanced confinement with
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Fig. 6 Profiles of the ion and electron thermal diffusivities (%^ and xe, respectively)
and the radial electric field (EJ in a reversed shear plasma with ITB along with the
neoclassical diffusivity (XNC)' ^p=^-^ - ^ and Bt=3.5T.

1.2 was sustained for ~ 6 s with clear ITBs observed for electron temperature and density profiles
measured by a 14-channel YAG Thomson scattering system and the ion temperature profile until the
LH power is turned-off. Until then, the reversed shear configuration is stationarily maintained in an
excellent combination of the LH wave driven and bootstrap currents peaked at off-axis. This discharge
has demonstrated that the enhanced confinement with ITB can be sustained with external current
profile control as well as the plasma current, which may lead to a fusion power control scheme
associated with ITB control in reactor plasmas.

2.2.3 Thermal Transport with ITB

The ITB plays an essential role in understanding the thermal transport in the reversed shear
plasmas. Operational progress in sustaining the ITB longer than the energy confinement time for
reversed shear discharges with ELMy H-mode edge, as discussed above, enables to study transport
physics involving the ITB in a quasi steady state. In particular, the ITB observed in JT-60U has an
outstanding feature that electron and ion thermal diffusivities are simultaneously reduced with a steep
temperature gradient around a thin ITB layer [16]. To understand this plasma behavior, the radial
electric field profile has been investigated in JT-60U in conjunction with a paradigm in which a
sufficient ExB flow shear would suppress microinstabilities.

Transport analysis for the reversed shear discharges has been systematically carried out using
a 1.5 dimension transport analysis code and an orbit following Monte-Carlo code. Figure 6 shows the
ion and electron thermal diffusivities compared with the neoclassical diffusivity and the radial electric
field for a reversed shear plasma (L=l .5 MA, Bt=3.5 T) with enhanced confinement associated with
the presence of ITB. It is clearly shown here that, within a thin layer of ITB, the Er shear is drastically
enhanced and both thermal diffusivities are significantly reduced to a neoclassical level.

Moreover, the FULL code analysis in collaboration with the PPPL group has shown that ExB
shearing rate around an ITB region is as large as the linear growth rate of high-n toroidal drift mode
for a reversed shear plasma [17]. The result suggests that a sheared ExB flow in the poloidal direction
could suppress microinstabilities to generate the ITB for the reversed shear plasma in JT-60U.

2.2.3 Particle Transport with ITB

Particle confinement characteristics for reversed shear discharges were investigated in
comparison with ELMy H-mode and high-p ELMy H-mode discharges with a particular emphasis on
a separate treatment of particle sources between beam fueling and wall recycling/gas puffing [18]. An
empirical scaling of the total number of fuel ions was obtained for the ELMy H-mode discharges in
JT-60U. From comparison to this scaling, the particle confinement of the reversed shear discharge is
found to be enhanced by more than a factor of two while that of the high-fL ELMy H-mode discharges
is not particularly enhanced.
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FIG. 7. Waveforms of a high performance high-fi ELMy H-mode discharge
sustained in a quasi steady state: Ip
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The observed enhancement of the global particle confinement for the reversed shear
discharges is closely related with the local particle transport involving the ITB. In terms of particle
control for reactor plasmas, helium transport is crucially important for such a high particle
confinement plasma as it is associated with a fuel dilution due to helium ash. To investigate the
helium transport of the reversed shear plasma with enhanced confinement, the gas-puffing modulation
experiment was performed as compared to that of the ELMy H-mode plasma [18]. From the results,
the particle diffusivity of the reversed shear plasma is found to be significantly reduced within the
ITB region indicating a dip in comparison with the ELMy H-mode case. Inward pinch velocity in the
reversed shear plasma is evaluated to be broadly present similar to the ELMy H-mode plasma. This
suggests that both beam and edge fuels can contribute to the enhancement of the global particle
confinement of the reversed shear plasma discussed above.

2.3 High-pp Regime

2.3.1 Improvement in Performance Sustainment

Simultaneous achievements of high confinement, high |3 limit, high bootstrap fraction and
highly efficient exhaust of heat and particle in the divertor are required for steady state operation. The
high-p regime has made significant progress in enhancing the sustainable performance with a high-
(3p ELMy H-mode. Before the divertor modification, the duration of high performance period was
limited by an increase in carbon impurities and deuterium recycling accompanied with a gradual
decrease in energy confinement even though MHD activities would not appear.

After the divertor modification, deuterium recycling and carbon impurity influx have been
remarkably reduced with the W-shaped divertor with pump, allowing a long pulse high power heating.
The duration of high performance period was significantly extended for high-(3 ELMy H-mode. A
high performance plasma with Qryp^-O.ll successfully lasted for ~9 s (about fifty times energy

fi i ) il h b i h d ff ih 0 k d
g p p Qyp y ( y gy

confinement times) until the beams were switched off with HITCROQP ~l-7, Tj(0)~10 keV and PN~1.8
under an intense beam injection power of 20-25 MW (see Shot E29941 in TABLE I). Although a total
energy input reached 203 MJ (a record value in JT-60U), no increase in carbon impurity content and
deuterium recycling was observed.

Increase in the triangular shaping of the plasma in the W-shaped divertor configuration has
lead to enhancing the quasi-steady performance. As shown in Fig.7, a higher performance has been
sustained at 5=0.3 with QDT

ecl~0.16, H I T Ep9 P~2.3, |3N~2 and Pr,~1.6 at L=1.5 MA and Bt=3.5 T for
4.5 s. Here, a large non-inductive current drive fraction of 60-70% of the plasma current is attained at
a relatively high density of-45% of the Greenwald limit. This performance was terminated due to a
loss of the high 6 equilibrium limited up to 5 s from a maximum heat capacity of the shaping coils.
Performance sustainment in terms of Q]3jeq value for the high-P ELMy H-mode discharges with the
open and W-shaped divertor is summarized in Fig. 8, showing that enhancement of the sustainment
period has been realized with the high triangularity configuration possibly due to suppresion of
recycling and carbon bursts in the use of the W-shaped divertor.



20 OV1/1

0.3
oV 0.2

Q
O 0.1

0

. (w/ open divertor)
after divertor modification

1.5MA, 8=0.30 (E30006)
1.5MA, 8=0.16 (E29941)

3 4 5 6 7
Time from NBI onset (s)

8 10

Fig. 8. Time traces of Qi)jeq values for high-fl ELMy H-mode discharges, where the
discharges with the W-shaped divertor in comparison with the discharges with the open
divertor.

E32511 8.3 s

CO
a:

16

12

8

Q-4

0

® quasi-steady > 2TE

D quasi-steady > 5tE

-0.1 0 0.1 0.2 0.3 0.4
Triangularity 6X

(a)

0.5

(b)

FIG. 9. (a) f3NH values as a function of the triangularity in high-f3 regime for different
sustainment durations along an upper envelop of the data achieved transiently, (b)
profiles of the ion temperature, q profile, electron temperature and electron density
showing internal and edge transport barriers for both ions and electrons in a high-f3
H-mode discharge;Ip=l MA, Bt=3.6 T, 8=0.5, Pp=1.8, $H3 P

2.3.2 Sustainable Stability

Beta limits for long pulse high-p\ ELMy H-mode discharges appeared to be substantially
lower than the ideal MHD limits. The appearance of low-n resistive modes has limited its sustainment,
because sustainable |3N in a long pulse is lower (PN~ 2 sustained for 5-9 s) than transiently achievable
PN (PN~3-2 close to an ideal limit) due to these modes. Increase in the plasma triangularity and
electron density should be beneficial for improving the long pulse stability [19]

As shown in Fig.9(a), the value of H(3N is found to increase with the triangularity in any
duration from 'transient' to 'long pulse', while the level of H(3N decreases with extending sustainment
time. Such a high triangular shaping is confirmed to be quite useful for improving the sustainable
performance. Among discharges with dW/dt=0, HpN decreases by ~40% from a short duration to
quasi-steady>2s due to slowly growing resistive modes such as m/n=3/2, 2/1 and 3/1 with a time scale
of the order of 100 ms. Suppression or control of these resistive modes could be another key to
improve the sustainable performance.

With increasing triangularity, the features of internal and edge transport barriers appear to be
changed. For a high-(3 H-mode discharge with 5=0.5 and (3 =1.8, a clear ITB for the electron
temperature accompanied with ITBs for ion temperature and electron density was observed with

8
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an H-mode edge as shown in Fig. 9(b). This internal transport barrier is clearly located in a positive
magnetic shear region for the non-reversed shear discharge. Recently, an ITB formation for electron
temperature was observed in a positive shear region for a reversed shear discharge [20]. These
observations may provide clues to understand physical mechanisms in the ITB formation and
microturbulence suppression.

3. IMPROVED DIVERTOR PERFORMANCE

3.1 Effects of the Divertor Geometry

Effective gas puff and pump: After the divertor modification, carbon is the dominant impurity
in JT-60U. The effects of a "gas puff and pump" scheme on reduction of Z^ff has been investigated for
ELMy H-mode discharges with the W-shaped divertor configuration by changing the gap length (5 )
between the pumping slot and the inner leg and by changing the location of gas puffing (main or
divertor). Figure 10 shows that the gas puff and pump scheme with puffing from the main plasma
region for the shorter gap length is the most effective in reducing the Z ^ value. This suggests that an
enhanced SOL flow generated by the main gas puff and pump may contribute to the reduction of
carbon impurities.

Reduction of neutral backflow: Suppression of back flow of neutral particles to the main
plasma is a key role of the W-shaped divertor geometry. Substantial reduction of the neutral density at
the main plasma and increase in the particle recycling in the divertor chamber were achieved in which
the neutral ionization fluxes at the main plasma edge, <&pQL

main, was reduced by a factor of 2-3 in
comparison to the open divertor [21]. Thus, control efficiency of recycling neutrals is improved.
Nevertheless, the threshold power for H-mode transition is not clearly reduced for the W-shaped
divertor configuration [22].

Suppression of chemical sputtering effect. One of the important roles of this private dome is to
reduce the generation of hydrocarbons due to chemical sputtering in the private region for suppression
of MARFE onset at the X-point. To clarify the dome effect on carbon impurity reduction, profiles of
CD band intensity have been investigated so that the CD-band intensity was clearly reduced in
comparison with the open divertor case before the modification. The measured CD-band intensity
profile was reproduced with IMPMC code using experimental data as shown in Fig. 11.The result
suggests that the dome works to prevent hydrocarbons invading upstream as predicted from the
impurity transport code [23].
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3.2 SOL Plasma Behavior

Detachment and MARFE: Detachment and MARFE onset density turn out to be -20% lower
in the W-shaped divertor than in the open divertor. Divertor and SOL plasma behaviors in terms of
detachment process have been investigated for the W-shaped divertor using the Lanrmuir Mach probes
installed at the midplane and the divertor X-point and the Langmuir probes at the target divertor plates
[24]. Density dependence of the detachment formation for L-mode plasmas is shown in Fig. 11 as
compared with that in the open divertor where the electron temperature at the separatrix are more
rapidly reduced with the electron density in the W-shaped. This may be caused by neutral particle
condensation enhanced in the W-shaped divertor.

Reversal of SOL plasma flow: The SOL flow reversal has been observed for the case of the ion
grad-B drift direction towards the divertor target and for ELMy H-modes, where the direction of the
SOL plasma flow at the midplane is clearly revered though that just below the X-point orients the
target. Quantitative evaluation of the drive mechanism: naturally produced in a torus to keep the
pressure constant along the field line, was consistent with the measurement [24]. The SOL plasma
flow may provide a clue to understand the present divertor plasma behaviors and should be important
in reactor plasmas since He exhaust, impurity shielding and reduction in the main plasma recycling
could be associated with the SOL plasma behavior.

3.3 Effective Divertor Pumping for He Ash Exhaust

In reactor plasmas, helium ash produced from DT fusion reactions should be continuously
exhausted and controlled at a low level to sustain the controlled burning. In ITER, the ratio of effective
helium pumping time to energy confinement time (tue*/cE) is required to be below ~10 so that the
helium density can be less than ~10% of the electron density. In JT-60U, the stationary helium exhaust
capability has been investigated for ELMy H-mode and reversed shear discharges fully utilizing the
divertor pumping from the inner private region with a large cryopump capability for helium exhaust in
the use of an Argon frost method.

A necessary condition to purify the plasma for sustained self-ignition in ITER has been
demonstrated in JT-60U during an ELMy H-mode with attached divertor condition [25]. As shown in
Fig.l3(a) energetic helium beams (£^=60 keV, P>JB=L4 MW) were injected into an ELMy H-mode
discharge (L=1.4 MA, Bt=3.5 T, P^B=12 MW) with HjTER89P~1.3 for a duration sufficiently longer
than the effective helium pumping time (tHe*~^-^ s ) t o s i m u l a t e exhaust of helium ash

10
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produced in the central region of the plasma. The helium density was maintained at a low level (~4%
of electron density) with THe*/tE~4 in support of ITER. The helium enrichment factor (r\) is evaluated
to be 1.0 in excess of the required value of r|=0.2 for ITER. These results are also confirmed by helium
gas puffing experiments to simulate the thermalized and recycled helium ash in the peripheral region.

For the reversed shear discharges, however, the helium exhaust from the core plasma was
found to be an issue since the particle confinement is enhanced in association with the ITB as
discussed Section2.2.3. Helium exhaust experiments were carried out for the reversed shear discharges
utilizing the helium gas puffing technique. The decay rate of the helium density at r/a=0.1 inside the
ITB is found to be ~2 times longer than that at r/a=0.8 while the ITB is sustained, varying with the
exhaust rate depending on the edge density. The helium exhaust is found to be even less effective since
the helium outward flow is prevented due to the presence of ITB. This implies that it is necessary to
consider the helium birth profile in a reactor plasma when the helium diffusivity is spatially altered due
to the ITB.

The ratio of the effective He pumping time Tjje* to the energy confinement time xE is
summarized for ELMy H-mode discharges and reversed shear discharges as a function of the electron
density in Fig.l3(b) including the case of detached divertor and the case of no pump. It is clearly
indicated that the present divertor pumping is capable of sufficiently exhausting helium ash even
though the divertor plasma is detached for ELMy discharges.

3.4 Halo Currents

Halo current is generally observed as a current flow directly into a vacuum vessel from a
plasma during disruptions in tokamaks. Since it can produce an intense electromagnetic force on the
in-vessel components such as blanket and divertor, the experimental verification of the halo current
behavior in a large tokamak device is urgently required for ITER. In JT-60U, sensors for the halo
current (Rogowski coils) were newly installed in the divertor modification period, enabling the
measurement of its toroidal and poloidal distributions.

The driving force of the halo current is considered to be an electric field generated by the
temporal decrease in toroidal and poloidal magnetic fluxes in a plasma which are caused by the
vertical shift rate (-dZVdt) and the plasma current decay rate (-dL/dt). In this view, the halo current
behavior should directly depend on electron temperature and impurity contents in the halo region
determining the plasma resistivity.

It is found that 1) the product (TPF'L/I 0) of the toroidal peaking factor and the normalized
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FIG. 14. Waveforms of N-NBI and P-NBI power, neutron emission rate, stored
energy, electron density and D^ emissions from a divertor region, showing an H-
mode transition induced by N-NB injection at a target electron density ofne~1.3xl0^
m'3 for a discharge with 1=1 MA and Bt=2.1 T.

halo current is lower than 0.52 and substantially below the maximum value of the ITER data base of 0.
75 where L^ is the plasma current just before the current quench, 2) the halo current is lower for NB
heated discnarges corresponding to larger stored energy, and 3) neon gas puffing effectively reduces
the halo current [26]. Parameter dependence of TPF'I^/I p was systematically investigated in terms of
electron density and stored energy. All these results provide a favorable view for future tokamaks that
the halo current for high performance discharges could be smaller than for OH discharges and further
reduction of the halo current could be obtained with intense neon gas puffing.

4. CURRENT DRIVE PERFORMANCE AND ENERGETIC PARTICLE EFFECTS

4.1 N-NB Current Drive

N-NBI commissioning: Since the N-NBI system was installed in JT-60U in 1996, the N-NBI
commissioning has made progress in parallel with the use for experiments. The injection power has
reached 5.15 MW for a pulse duration of 0.67 s at 350 keV. A new method termed 'pre-arcing', in
which arc plasma is produced for 2 s in the ion sources prior to the beam extraction, allows the beam
pulse duration to be extended up to 1.9 s with 3.37 MW at 357 keV for deuterium beams without
breakdowns in electrodes. Consequently, the N-NBI triggered a clear H-mode transition as shown in
Fig. 14 [27]. Thus, N-NBI experiments have been performed to demonstrate the feasibility of current
drive and heating by highly energetic beams necessary for reactor plasmas.

Multi-step ionization effects: It has a large impact on the determination of beam energy into
reactor plasmas to verify whether the effective ionization cross-section of the beam in plasmas is
enhanced by multi-step ionization processes as theoretically predicted. The N-NBI experiments in JT-6
0U have confirmed that the experimental enhancement agrees with the theoretical predictions from
Janev et al. in the use of the N-NBI with 2.7-2.9 MW at 350 keV [28].

N-NB current drive: To exhibit the current drive capability of N-NBI, experiments aiming at
N-NB current drive have been carried out with optimization of the target plasma with high electron
temperature for improving the current drive efficiency. The profile of currents driven by the energetic
beams from the N-NBI was identified from the MSE measurements in collaboration with the DIII-D
group. The measured profile is in a good agreement of the theoretical prediction using the ACCOME
code as shown in Fig.15: L=1.0 MA, Bt=3.5 T, PN_NB=3.7 MW at 360 keV, P ? . N B = 3 . 0 MW, ne=0.87
xlO19 m-3, Te(0)=4.2 keV. From this experiment, the N-NBI has achieved a oeam current drive
efficiency of 0.6x1019 A/W/m2 and a relatively large driven current of 0.6 MA [27]. Establishment of
the evaluation scheme for the current drive performance with the energetic beams in JT-60U provide a
definite view that current drive performance in fusion reactors is predictable, which is a significant
contribution to ITER physics R&D.

12
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FIG. 16. Current drive efficiency of the N-
NBI as a function of the central electron
temperature in comparison with P-NBI.

Current drive efficiency: The current drive efficiency achieved for N-NBI are shown as a
function of the central electron temperature in Fig. 16 as compared with that for the P-NBI where the
results are shown in the case of deuterium beams into deuterium plasmas. The current drive
efficiency is found to be almost linearly increased with the temperature and improved with the beam
energy [27]. This gives a prospect that N-NB injection into a high performance plasma with higher
electron temperature above 10 keV would demonstrate a reactor-relevant current drive efficiency in
JT-60U.

4.2 N-NB induced TAE Modes

A degradation of heating and current drive efficiencies due to excitation of a toroidicity-
induced Alfven eigen mode (TAE mode) is a major concern for the use of N-NBI. In JT-60U, N-NBI
experiments have been performed in a low magnetic shear regime of q above unity or shear reversal to
elucidate the TAE mode behavior during the injection of energetic beams. The N-NBI has the
advantage for analysis that the deposition profile and velocity distribution are well known. The N-NBI
is found to induce TAE modes observed as persistent and bursting oscillations. These modes were
observed with low toroidal mode numbers from a significantly low hot beta (jfk) of <|3h>~0.1-0.2% [2
9]. In a diagram in terms of <|3u> and VU//VA (VJ,//: parallel velocity of beam ions, v*: Alfven
velocity), the onset boundary for these TAE moaes in JT-60U is found to be substantially below that
for the burst-type TAE modes observed with tangential beam injection in TFTR [30] and DIII-D [31].

Persistent oscillations of TAE modes were observed with H°-NNB injection (360 keV, 1.5-2
MW) into helium plasmas produced at 1.7 T during a ramp up phase of the plasma current resulting in
a weak magnetic shear configuration as shown in Fig. 17. The TAE modes continue for 0.35 s and
appears at <(3h>~0.09% and Vh///vA~0.4-0.7. The results from the NOVA-K code analysis assuming a
q profile with qo=l .4 are found to be consistent with the occurrence of the n=l and 2 modes.

When the hot beta is increased, the persistent feature tends to become bursting with an
observable degradation of the neutron emission rate. Burst modes with n=l (40-70 kHz) and n=2 (70-
110 kHz) were excited when D°-NNB (350 keV, 2.6-3 MW) was injected into a deuterium plasma,
where vb///vA~0.5-0.6 and <ph>a0.2%. The amplitude of magnetic fluctuations of the burst modes is
about ten times as large as that of the persistent modes. A few % drops in the neutron emission rate is
accompanied with the bursting activities. However, the present level of TAE modes in a range of up to
<(3h>~0.6% do not result in a significant loss of co-injected N-NB ions.

5. CONCLUSIONS AND FUTURE DIRECTIONS

The JT-60U experiments have extensively explored the aspects of confinement, divertor and
current drive performances. As a consequence, the present divertor modification in JT-60U has been
successfully attributed to the enhancement of both attainable and sustainable performances in prospect
of steady state operation of tokamak reactors.
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FIG. 1 ?. Frequency spectrum of the NNB-induced TAE modes observed on the
magnetic probe together with the waveforms of the discharge: Bt=l. 7 T, where
the frequencies for n=l andn=2 modes evaluated for an assumed q profile are
indicated.

The W-shaped divertor works to purify the plasma and suppress neutral back flow into the
main chamber and hydrocarbons due to chemical sputtering in the private region. The divertor
pumping is so effective that the He ash exhaust experiment demonstrates a steady exhaust capability in
support of ITER. Thermal and particle transport studies have revealed the characteristic features of the
plasma regimes elucidating causes and effects of the transport barriers.

In the use of the W-shaped divertor, the performance regimes have been significantly
enhanced and extended as follows:

• Enhancement of the maximum performance in JT-60U has been attained in the
reversed shear discharges up to QDT

ei=l .25 in a transient state,
• Sustainable performance and duration in a quasi steady state has been significantly

improved in both reversed shear and high-(3 regimes with ELMy H-mode at the
edge and the high triangularity shaping,

• A reversed shear discharge with ITB sustained by a full non-inductive current drive
was demonstrated with LH wave injection combined with NBI.

The N-NBI has produced principal outcomes on the basis of which the extrapolation to a
reactor regime would be assured, as the N-NBI experiments with up to 5.2 MW produce a clear H-
mode transition, verify the theoretical predictability of currents driven by energetic beams and
demonstrate the current drive efficiency increasing with electron temperature. TAE mode features
induced by N-NBI start emerging uniquely in JT-60U, appearing from a significantly low hot beta
without a significant loss of fast ions.

In the progress of the performance sustainment, a long pulse beta limit has become a crucial
issue. To address this issue, the installation of an electron cyclotron heating (ECH) system with a few
megawatts is planned to be installed in JT-60U where the ECH would be effective to suppress the
resistive modes by controlling a local current profile. Moreover, as a minor modification for the W-
shaped divertor, both side divertor pumping is planned by removing a shield masking the outer
pumping slot to investigate the effects on SOL plasma flow, pumping capability and so on in
comparison to the present inner slot pumping for optimization of the divertor concepts.

The JT-60U program is outstandingly progressed pursuing a reactor-grade plasma realized in a
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steady state. The attempts planned in JT-60U will bring about a self-consistent integration of achieved
performances under the maximum utilization of JT-60U facilities [32].
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Abstract

JET has recently operated with deuterium-tritium (D-T) mixtures, carried out an ITER physics campaign in
hydrogen, deuterium, D-T and tritium, installed the Mark IIGB "Gas Box" divertor fully by remote handling and
started physics experiments with this more closed divertor. The D-T experiments set records for fusion power
(16.1 MW), ratio of fusion power to plasma input power (0.62, and 0.93:0.17 if a similar plasma could be obtained
in steady-state) and fusion duration (4 MW for 4 s). A large scale tritium supply and processing plant, the first of its
kind, allowed the repeated use of the 20 g tritium on site to supply 99.3 g of tritium to the machine. The H-mode
threshold power is significantly lower in D-T, but the global energy confinement time is practically unchanged (no
isotope effect). Dimensionless scaling "Wind Tunnel" experiments in D-T extrapolate to ignition with ITER pa-
rameters. The scaling is close to gyroBohm, but the mass dependence is not correct. Separating the thermal plasma
energy into core and pedestal contributions could resolve this discrepancy (leading to proper gyroBohm scaling for
the core) and also account for confinement degradation at high density and at high radiated power. Four radio
frequency heating schemes have been tested successfully in D-T, showing good agreement with calculations. Alpha
particle heating has been clearly observed and is consistent with classical expectations. Internal transport barriers
have been established in optimised magnetic shear discharges for the first time in D-T and steady-state conditions
have been approached with simultaneous internal and edge transport barriers. First results with the newly installed
Mark IIGB divertor show that the in/out symmetry of the divertor plasma can be modified using differential gas
fuelling, that optimised shear discharges can be produced, and that krypton gas puffing is effective in restoring
L-mode edge conditions and establishing an internal transport barrier in such discharges.

1. INTRODUCTION

Since the last IAEA Conference in Montreal in 1996 [1], the Joint European Torus (JET) has
continued to address major issues in fusion physics and technology for which it is uniquely suited. In
particular, JET being a one-third scale model of the International Thermonuclear Experimental Reactor
(ITER) [2] and with a very similar plasma and divertor configuration, is the nearest in size and operating
conditions to a Next Step tokamak reactor. Furthermore, JET has been designed from the outset for
deuterium-tritium (D-T) operation and has comprehensive tritium processing and remote handling sys-
tems. Following the closure of TFTR which operated successfully with D-T from 1993 until 1997 [3],
JET is now the only experiment able to operate with D-T. In the last two years, JET has: developed
plasma performance and understanding sufficiently for D-T operation in 1997 (DTEl) [4-6]; carried out
an ITER physics campaign in hydrogen, deuterium, D-T and tritium; installed the Mark IIGB "Gas Box"
divertor fully by remote handling in the activated environment which followed DTEl; and started
physics experiments with this more closed divertor.

This paper concentrates on confinement issues critical for high performance (Section 2), D-T
performance and related physics (Section 3), tritium supply, plasma concentrations and in-vessel inven-
tory (Section 4) and the first results with the Mark IIGB "Gas Box" divertor (Section 5) before the
summary and conclusions in Section 6.

Three modes of high confinement in JET perform consistently better than the L(low)-mode
of confinement: the ELMy H-mode, the ELM-free H-mode and the optimised magnetic shear mode
(Fig. 1).

' See Appendix.
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The ELMy H-mode benefits from the formation of an Edge Transport Barrier (ETB) which is
partially eroded by regular Type I Edge Localised Modes (ELMs) which, however, also help to maintain
steady plasma conditions. This is the only steady-state regime which has been experimentally validated,
and is the standard operating mode foreseen for ITER. Section 2 deals with the characterisation of this
mode in D-T to allow more accurate assessments of the ignition margins and the heating requirements of
ITER. The conditions needed for high confinement (that is, the threshold for the formation of an ETB)
and the scaling of energy confinement in this regime are discussed in Sections 2.1 and 2.2 respectively,
particular emphasis being placed on the dependences on isotopic mass (A).

The global energy confinement time of these discharges is well documented empirically (the
ITERH-97Py scaling [7]), also in terms of the relevant dimensionless parameters (Section 2.3), and can
be used with confidence for extrapolation to ITER. However, the mass dependence of the ITERH-97Py
scaling conflicts with its otherwise close to gyroBohm scaling. This might be explained by separating the
thermal energy of the plasma into contributions from the core and pedestal (Fig. 1, Section 2.4 and [8]).
Of particular importance is the scale length of the ETB since this affects the pedestal energy. The scaling
of the core energy is also important since this determines the capacity for high fusion performance.

Confinement is known to fall below the ITERH-97Py scaling at the high density and radiated
power conditions foreseen for ITER, and this may be related to a fall in the pedestal energy. Furthermore,
neoclassical tearing modes are thought to be responsible for a P limit in long pulse discharges which is
well below the limit set by ideal MHD instabilities. These issues are addressed in Sections 2.5 [9] and 2.6
[10], respectively. Local transport analysis of ELMy H-modes, hot ion ELM-free H-modes and optimised
shear modes confirms that the transport in the edge and core are different and this is discussed in Section
2.7.

The hot ion ELM-free H-mode is the traditional mode for high performance, but is limited by the
onset of a giant ELM which destroys the fully developed ETB. Nevertheless, the Preliminary Tritium
Experiment (PTE), using a mixture of only 11% tritium and 89% deuterium in an hot ion ELM-free
H-mode, produced a peak fusion power of 1.7 MW averaging 1 MW over 2 s and a fusion gain
Pfiis/Pin=0.12 [11]. This was the first controlled production of significant fusion power and the develop-
ment of the hot ion ELM-free H-mode since that time warranted its further study in D-T during 1997
(DTE1)[12].
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Performance in the optimised shear mode benefits from the formation of an Internal Transport
Barrier (ITB) which has been maintained in combination with an L-mode, ELMy H-mode or ELM-free
H-mode edge. This is an advanced mode of tokamak operation which uses profile control techniques to
engineer high plasma confinement and to develop these conditions into steady-state. This concept, if
successful, would give ignition and sustained burn at lower plasma current and toroidal field, thereby
reducing the cost of a reactor. JET has been particularly suited to such studies by virtue of its combina-
tion of heating schemes and its current drive capability and the optimised shear scenario developed in
JET has pressure profiles which are more peaked and D-D neutron yields which are higher than in the
ELM-free H-mode [13,14].

All these high performance studies helped to define the issues addressed during 1997 when JET
resumed D-T operation with a broad-based but closely focussed series of D-T experiments (DTE1) [4-6].
Records in fusion performance (Section 3.1) were set, the physics of high performance plasmas in D-T
were validated, and specific issues of D-T technology for ITER and a reactor were addressed [15]. The
most important physics objectives of DTE1 were: the heating of D-T plasmas using waves at the ion
cyclotron resonance frequency (ICRF) (Section 3.2, [16]); the demonstration of alpha particle heating to
confirm the process by which ignition and self-sustained burn would occur in a reactor (Section 3.3,
[17]); the validation of the theory of Alfvenic instabilities induced by the alpha particles (birth energy of
3.5 MeV) (Section 3.4, [17]); and the first demonstration in D-T of the control of plasma profiles in the
optimised shear mode of operation (Section 3.5, [18, 19]).

During DTE1, tritium was supplied, collected from the exhaust gases and processed by an indus-
trial scale tritium processing plant (the Active Gas Handling System, (AGHS)). This worked in a
closed-cycle with the tokamak, pumping the torus in continuous operation. Following DTE1, JET used
its unique capability for remote installation for a major modification to the JET divertor. The Mark IIA
divertor target was replaced successfully by the Mark IIGB "Gas Box" divertor using full remote han-
dling in an activated environment. These two major features of fusion technology are discussed in [15].

The retention of tritium inside the vessel is also an issue of particular importance for ITER and this
is discussed in Section 4 and in [20]. The first results from the physics experiments with the Mark IIGB
divertor which started in early September are reported in Section 5 and [20].

2. CONFINEMENT ISSUES CRITICAL FOR HIGH PERFORMANCE

2.1. H-mode threshold power

During DTE1, the heating power needed to access the H-mode regime (the H-mode threshold
power) was determined from discharges with D-T mixtures with up to 90% concentration of tritium for
a wide range of plasma currents (1-4.5 MA) and toroidal magnetic fields (1-3.8 T). Following DTE1,
similar experiments were carried out in hydrogen (as in ASDEX [21] and JFT2-M [22]). These experi-
ments have allowed the effect of isotope mass on the H-mode threshold power to be determined, the most
notable result being that, in comparison with pure deuterium, the H-mode threshold power was lower in
D-T and lower still in pure tritium, scaling roughly as the inverse of the isotopic mass (A1) of the plasma
mixture. This can be seen in Fig. 2 which shows the loss power from the plasma plotted as a function of
the scaling PTh=0.76ne°-75B R2 A"1, which has been modified from that used for ITER [2] by the inclusion
of an inverse mass dependence (the constant of proportionality has also been adjusted to give the best fit
to these JET data).

These results indicate that the power needed to access the H-mode in a pure tritium plasma (for
example, during the start-up phase when it is important to achieve the H-mode as early as possible) is
reduced by 33%, while the H-mode threshold power for a 50:50 mixture of deuterium and tritium is
reduced by 20%. This is very favourable for ITER, the operational flexibility of which would thus be
increased.

2.2. Energy confinement in ELMy H-modes

Before, during and after DTE1, steady-state ELMy H-modes were obtained for a wide range of
plasma currents (1-4.5 MA) and toroidal magnetic fields (1-3.8 T) in hydrogen, deuterium, D-T and
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Fig. 3 Measured thermal energy confinement times
in hydrogen, deuterium, deuterium-tritium and tri-
tium ELMy H-mode discharges plotted against the
ITERH-97Py scaling law.

E ITERH-97Py ' ' S '

Fig. 4 Measured thermal energy confinement times
of ITER similarity ELMy H-mode discharges in
D-T plotted against the scaling law used in ITER
projections. The operating point of an ignited ITER
is also shown.

tritium. The global energy confinement times were found to be consistent with the most recent version of
the multi-machine data base for this type of discharge (the ITERH-97Py scaling [7]), with its A02 isotope
mass dependence providing an acceptable fit (Fig. 3). Due to the influence of mass on the H-mode
threshold power and ELM behaviour, it was not possible to obtain the same density for the same input
power under all operating conditions. However, a more refined data set with matched power and density
in H, D, D-T and T plasmas has been constructed and this shows practically no mass dependence (AO O 3 ± 0 0 8) .

This is difficult to explain since a pure gyroBohm scaling has an A"02 mass dependence.

2.3. ITER demonstration pulses in D-T

ITER demonstration pulses preserve all the relevant dimensionless parameters [23] (such as the
normalised plasma pressure (3N, collisionality v* and the edge safety factor q95) close to the values of an
ignited ITER, except for the normalised plasma size (the dimensionless Larmor radius, p*=Pi/a). On JET,
the level of additional heating power prevents such demonstration pulses being produced at the highest
level of performance, but at lower toroidal field and plasma current (e.g. 2 MA/2 T), th$N (2.4) and
collisionality of an ignited ITER have been closely matched and %5 was also close to the ITER value
(q95=3.2). Such a JET discharge in D-T forms the basis of a series of "wind tunnel" experiments (Fig. 4)
which are found to scale close to gyroBohm (except for the mass dependence) and extrapolate to ignition
in ITER. In fact, a gyroBohm extrapolation from this ITER demonstration pulse gives ignition at 1.8 GW
(or Q=5.8 for a Bohm extrapolation) for ITER operating at 21 MA. The required density would, how-
ever, be well above the Greenwald density limit which scales as I/a2 [24].

2.4. Towards a theoretical basis for confinement

2.4.1. Separation of confinement into core and pedestal contributions

To reach a theoretical understanding of global energy confinement, it may be useful to separate the
total thermal energy of the plasma into two contributions (Figs. 5): a pedestal energy (Fig. 5(a)) which is
determined from the edge temperature and density (assuming equal electron and ion temperatures at the
plasma edge); and a core energy (Fig. 5(b)) which is determined by subtracting the pedestal energy from
the total energy. These contributions are found to scale differently with respect to mass and other
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Fig. 5 (a) Pedestal energy plotted against that expected from an edge pressure gradient limited by bal-
looning modes over a thermal ion poloidal Larmor radius and (b) the thermal confinement time of the
core plasma plotted against the best fit for the mass dependence in a pure gyroBohm scaling for ELMy
H-mode discharges in hydrogen, deuterium, deuterium-tritium and tritium.

significant parameters. The scaling of the pedestal energy has been obtained from a free fit, constrained
to specific physics models. A particularly good fit is to a model which assumes that the gradient of the
plasma pressure in the edge is limited by ideal ballooning mode instabilities over a distance characterised
by an ion Larmor radius [25]; this leads to a positive mass dependence (A05), as shown in Fig. 5(a). The
best fit is with the Larmor radius of the thermal ions. The corresponding core energy confinement time
(Fig. 5(b)) is found to be consistent with the A02 mass dependence which would be expected from a pure
gyroBohm scaling, generic of theoretical transport models based on turbulence with a scale length given
by the ion Larmor radius.

An expression for the total energy confinement time may then be obtained [8] by adding the two
contributions. This gives an off-set non-linear form which is similar to that derived in [26]. The core
contribution, being consistent with gyroBohm scaling, would be favourable for extrapolations to a reac-
tor; the pedestal scaling shows degradation with increasing density and radiated power, but requires the
scale length for the edge transport barrier to be determined before it can be used with confidence for
extrapolations to a reactor.

2.4.2. Width of the edge transport barrier

There is strong evidence that the width of the edge transport barrier depends upon the poloidal ion
Larmor radius [8, 9, 27]. However, depending on plasma conditions, this has been associated with ther-
mal or fast ions. There are some indications in the JET data that the Larmor radius of fast ions produced
by NB heating determines the scale length of the edge pressure gradient. For example, on-axis ICRF
heating produces fewer fast ions in the edge compared with NB injection and such ICRF heated dis-
charges are characterised by high frequency Type III ELMs and low edge pressure in comparison with
NB heated discharges with the same input power. In hot ion ELM-free H-mode discharges, a mass de-
pendence is seen, with the pedestal energy being significantly higher with tritium injection into a tritium
plasma than with deuterium into deuterium. Moreover, with tritium injection into a deuterium plasma,
the pedestal pressure is also high. While the Larmor radius of fast ions provides a better fit of ELMy
H-mode discharges without gas fuelling, a similar analysis of gas fuelled discharges shows the opposite
trend [28], More refined experiments are currently in progress.

Irrespective of what determines the pedestal width, the loss in confinement and increase in Type I
ELM frequency with gas fuelling at high density and with high radiated power can be associated with a
cooling of the plasma edge and a loss of pedestal energy. This could account for the degradation of
confinement under these conditions.
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2.5. Confinement at high density and high radiated power

For a given input power, it is observed in JET [9] and other tokamaks that gas fuelling of ELMy
H-mode discharges to high density leads to degradation in the global particle confinement time and an
effective density limit (the Greenwald density [24]). However, before this limit is reached, the energy
confinement time also falls below the level which might be expected from the ITERH-97Py scaling.
Figure 6 shows data from both deuterium and tritium gas puffed discharges at 2.6 172.6 MA heated with
11-12 MW of NB heating power. The energy confinement time is seen to fall significantly below the
ITERH-97Py value when the plasma density exceeds 0.75 of the Greenwald limit; the maximum density
achieved is 0.85 of the Greenwald limit. While there is no theoretical basis for the Greenwald density
scaling, it is expedient to identify ITER operating conditions with a density consistent with this limit. In
fact, it has been possible to extrapolate the ITER demonstration pulses obtained on JET to ITER opera-
tion at the higher plasma current of 24 MA (and correspondingly lower GJ5=2.76). In this case, ignition is
predicted at the 1.05 GW level for a gyroBohm extrapolation (or Q=7.3 for a Bohm extrapolation), and
the required density is close to the Greenwald limit for these conditions.

JET discharges with neon or nitrogen seeded impurities which result in a total radiated power
>40% of the input power are characterised by Type III ELMs and show energy confinement times which
scale as ITERH-97Py, but are lower in magnitude by 25% (Fig. 7) [9].

2.6. Confinement degradation due to neoclassical tearing modes

The long pulse ELMy H-mode ITER demonstration pulses obtained during DTE1 at medium to
high pN (between 2 and 3) exhibit modes with a toroidal mode number which is predominantly n=2 and
with both m=2 and m=3 components [10]. The modes are mostly triggered by a large sawtooth crash and
persist until the NB heating power is switched off. Soft X-ray camera and fast ECE electron temperature
measurements show the signature of an island at a major radius R=3.5 m (close to the q=1.5 surface)
where the electron temperature profile is flattened locally (Fig. 8). The mode is largest inside the q=1.5
surface, extends up to the magnetic axis, and is relatively small outside the q=1.5 surface. There is good
agreement between the measured evolution of the magnetic perturbation associated with the island and
the predictions of neoclassical theory. These modes have been identified as neoclassical tearing modes.
They result in a reduction in the global energy confinement by 10-20%. It should be noted that although
these modes can appear above a normalised plasma pressure of about (3N=2, long pulse ELMy H-mode
discharges without continuous n=2 activity also exist up to (3N~2.6. In fact, discharges with pN~4 have
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Fig. 8 Flattening of the electron temperature Fig. 9 Ion thermal diffusivities versus normalised
profile near the q=1.5 surface after a sawtooth. plasma radius for ELMy H-mode discharges in

deuterium and tritium.

been sustained on JET for up to 5 s. Under these conditions, the modes observed are m/n=l/l, 2/2,3
neoclassical modes and ELMs.

The data from =40 discharges with n=2 modes show a strong dependence of the critical |3N for the
onset of the mode with p* and a weaker dependence on v* which is of opposite sign to that of the DIII-D
scaling [29], probably reflecting the lower values of Vi/(£CO*)<0.1 in the JET data.

2.7. Local transport analysis

The different scalings for the pedestal and core energies (Section 2.4, [8]) are confirmed by trace
tritium experiments [30] and by local transport analysis using the TRANSP code. Figure 9 shows the ion
thermal diffusivities as a function of normalised plasma radius for similar ELMy H-mode discharges in
pure deuterium and pure tritium. It is clear that the mass dependence is different in the plasma core and
edge, with the core data being consistent with the gyroBohm scaling (A°'5T3/2B2). Furthermore, a local
transport analysis of dimensionless scaling experiments in the radiative regime [9] has confirmed that,
provided the effect of variations in collisionality can be ignored, the scaling of the effective thermal
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diffusivity in the core is also consistent with gyroBohm scaling (Fig. 10). Similar conclusions can be
drawn from TRANSP analyses of hot ion ELM-free H-modes, while optimised shear discharges [31]
show that the ion thermal diffusivity is reduced within the ITB, and can even approach neoclassical [32]
levels (Fig. 11).

3. D-T PERFORMANCE AND RELATED PHYSICS

The most important results of DTE 1 relate to fusion performance in ELMy and ELM-free H-modes
[12], to the physics issues of ICRF heating in D-T [16], alpha particle heating and Alfvenic instabilities
[17] and the first demonstration of the optimised shear mode in D-T [18, 19].

3.1. Fusion energy, power and gain

3.1.1. ELMy H-mode

During DTE1 the best ever fusion performance in an ELMy H-mode was produced at 3.8 MA/
3.8 T. Steady-state conditions were maintained by regular Type I ELMs, resulting in the production of a
fusion energy of 21.7 MJ and a ratio of the fusion energy to the input energy of 0.18 over 3.5 s={8 energy
confinement times). A fusion power of 4 MW was maintained for~4 s.(3N was limited to 1.3 by the
available additional heating power (23 MW of combined NB (90%) and ICRF (10%) heating); fusion
performance was limited by the density being too high and the temperature too low.

3.1.2. Hot ion ELM-free H-mode

The hot ion ELM-free H-mode is the traditional mode for high performance in JET plasmas [33]
and prior to DTE1 reproducible discharges were obtained reliably in D-D. With good mixture control,
this performance during DTE1 led to records of fusion power and fusion gain. Five high power ELM-
free H-mode discharges produced more than 12 MW of fusion power. Figure 12 shows the pulse with the
highest fusion power of 16.1 MW. This was obtained with 25.7 MW of input power, comprising 22.3 MW
of NB heating combined with 3.1 MW of hydrogen minority ICRF heating. As with hot ion ELM-free
discharges in deuterium, the D-T discharges were transient, with the stored energy, fusion power and
electron density rising monotonically with time until limited by MHD activity (see structure in Balmer
alpha signal): first an external kink mode and then a giant ELM [34]. Following detection of the giant
ELM, the heating power is switched off to save neutrons. The ion temperature peaks at=28 keV, signifi-
cantly higher than the electron temperature which is—14 keV. As shown in Fig. 12, this pulse reaches a
record fusion gain Qin=Pfils/Pin=0.62 and Qtot=Pfils/(Ploss-Pcc)=0.95+0.17 [5], the value which Qin would
reach if the same plasma conditions could be obtained in steady-state.

These experiments show no deleterious isotopic effect from the use of tritium, or alpha particle
effects on stability or confinement. They confirm that, provided the D-T mix can be optimised (as in this
case), D-T performance can be predicted on the basis of D-D experience, even in the presence of alpha
particle heating powers greater than 10% of the input power, confirming both the quality of the JET
kinetic data and the physics contained within the JET analysis codes. Indeed, the D-D to D-T fusion
power multiplier (210) is close to that expected from the respective rate coefficients [5].

3.2. Ion cyclotron resonance frequency heating of D-T plasmas

Ion Cyclotron Resonance Frequency (ICRF) heating is one of the main heating methods foreseen
for a tokamak fusion reactor and, during DTE1, the physics and performance of four ICRF heating
schemes for D-T operation were tested successfully [35]. Furthermore, most of the results obtained in
these ICRF heating experiments are in excellent agreement with PION code predictions [16].

3.2.1. Ion heating with deuterium and helium minority concentrations

Deuterium minority heating at the fundamental resonance of deuterium (cocD) in tritium plasmas
was demonstrated for the first time on JET [35]. The plasma density and the deuterium minority concen-
tration (up to 20%) were optimised for maximum fusion power from reactions between suprathermal
deuterons and thermal tritons. For a pulse with 9% deuterium and 91 % tritium, an ICRF heating power of
6 MW produced a peak fusion power of 1.66 MW. This steady-state discharge had a fusion gain of over
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0.22 for three plasma energy confinement times (2.7s) (Fig. 13). A deuteron energy of 125 keV was
determined from the Doppler broadening of the neutron spectrum. This is both optimum for fusion reac-
tions and close to the critical energy of thermalising fast ions, resulting in high fusion efficiency and
strong bulk ion heating.

Strong bulk ion heating was also observed with 3He minority heating at the fundamental reso-
nance of 3He (cflc3He)

 m approximately 50:50 D:T plasmas with 5-10%3He. The neutron spectrum shows
that the fusion reactions were thermal with central ion and electron temperatures of 13 keV and 12 keV,
respectively. This scheme seems to be the most promising ICRF heating scheme for achieving ignition in
ITER [36]. As heating progresses, the 3He concentration could then be reduced as second harmonic
tritium ion heating begins to dominate (Section 3.2.2.).

3.2.2. Electron heating using the second harmonic of tritium

Second harmonic tritium and fundamental 3He minority ICRF heating are competing absorption
mechanisms, since both resonances occur at the same position in the plasma. Heating at the second
harmonic of tritium (2cocT) in a 50:50 D:T plasma produces energetic tritons well above the critical
energy, resulting in =90% of the input power being coupled to the electrons. The fusion power was
typically a factor of four lower than with 3He minority heating under similar conditions, but was pre-
dominantly from thermal reactions. In ITER, predictions indicate that mainly ion heating will occur
since the power density per particle will be considerably lower, resulting in triton tail ions with lower
energies. In addition, all fast ions will be confined in ITER, making it an efficient bulk ion heating
scheme.

3.3. Alpha particle heating

To separate the alpha particle heating from possible isotope effects on energy confinement, a
series of specially designed discharges was carried out in which the D-T mixture was varied from pure
deuterium to almost pure tritium while all other parameters including the external heating power
(-10.4 MW NB heating) were kept as constant as possible [17, 37]. Comparing the pure deuterium and
almost pure tritium data demonstrated (Fig. 14) that the global energy confinement time in ELM-free
H-modes has no or little dependence on isotope. The slight increase in confinement near 50:50 D:T
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mixtures is, at least in part, the result of the peaked alpha particle heating which increased the power
transferred to the electrons in the centre by =60%. The strong correlation between the maximum dia-
magnetic and thermal plasma energies and the optimum D-T mixture (Fig. 14) is a clear demonstration of
alpha particle heating. This is seen even more clearly in Fig. 15 where the central electron temperature is
plotted against the calculated alpha particle heating power for a selection of the pulses in the D-T mixture
scan. The highest electron temperature shows a clear correlation with the maximum alpha particle heat-
ing power and with the optimum D:T plasma mixture (40:60). A regression fit to the data gives a change
in central electron temperature of 1.3±0.23 keV with 1.3 MW of alpha particle heating. Furthermore, the
alpha particle heating was as effective as hydrogen minority ICRF heating in deuterium plasmas under
similar conditions which, like alpha particle heating, couples predominantly to electrons. This is a strong
indication that the confinement and slowing down of the alpha particles and their associated heating are
classical and, that in the absence of alpha particle driven TAE instabilities (Section 3.4), there are no
unexpected effects which might prevent ignition in ITER or a reactor.

3.4. Alpha particle driven Alfvenic instabilities

Toroidal Alfven Eigenmodes (TAEs) have been observed in JET when fast particles involved in
plasma heating (eg. fast ions from ICRF or NB heating) slowing down from their birth energy resonate
with Alfven waves. There is the potential for particle and energy losses which could damage vessel
components. During DTE1, TAEs have been identified in the magnetic fluctuation spectra with, for
example, 2(0CT ICRF heating above an RF power of 5 MW [38]. Experiments performed with tritium NB
injection into tritium plasmas, deuterium into deuterium, and hydrogen into hydrogen provide an impor-
tant confirmation of the models for TAE growth rate [17]. On the otherhand, no alpha particle driven
TAEs were excited in the record fusion power D-T discharges, in agreement with calculations which
show that the normalised alpha particle pressure in these discharges is a factor of two below the threshold
for alpha particle driven instabilities [39].

10
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3.5. First demonstration of optimised shear mode in D-T

3.5.1. Formation of internal transport barriers

The principal feature of the optimised shear scenario [13,14,40-42] is the formation of an Internal
Transport Barrier (ITB). These have now been established for the first time in D-T [31], and for a range
of magnetic fields and divertor geometries. Power and current profile control are used to establish an
ITB, to delay the transition to an H-mode phase, and to avoid a (3 limit disruption. The formation of an
ITB is very sensitive to the q profile. The scenario comprises the formation of a target plasma by pre-heating
during a fast current ramp, using lower hybrid waves to assist breakdown and to provide some current
drive, followed by ICRF pre-heating to slow current penetration. When the current profile is such that the
volume within the q=2 surface is reasonably large (r/a=0.3-0.4), high power, typically 16-18 MW of NB
heating together with 6 MW of ICRF heating, is applied.

After some scenario development, largely because of the lower H-mode threshold power (the
early appearance of ELMs prevented the formation of an ITB) and because the q profile was different in
D-T, strong ITBs were established in D-T and with a threshold power and current profile not markedly
different from that in D-D [31].

When an ITB forms, substantial increases in plasma density and temperature occur during the first
second of high power heating. As shown in Fig. 16, the temperature gradient can reach 150 keV/m and
the pressure gradient 1 MPa/m. The input power is controlled by feedback on the neutron rate in order to
avoid excessive pressure gradients which provoke MHD instabilities. As a result, the plasma can be
maintained close to the ideal MHD stability limits for most of the heating pulse, as shown in Fig. 17 for
optimised shear discharges in D-D and in D-T [43]. In both cases, |3N increases as the ITB moves out-
wards with time to =2/3 of the plasma radius and the pressure profile becomes less peaked. Towards the
end of the discharge, an H-mode forms, reducing further the peaking factor, moving the discharge away
from the instability boundary but also leading to the subsequent termination of the discharge by disrup-
tion. The highest performance has been achieved with small or slightly reversed central shear and q(0) in
the range 1.5-2. In D-T, as in D-D, the foot of the steep gradient region was located just inside the q=2
surface and both moved outwards with time. This is confirmed by TRANSP simulations, which also
show that more than half of the full plasma current at peak performance was driven non-inductively, with
the bootstrap and NB driven currents being about equal and localised close to the centre.
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The neutron and time constraints on DTE1 did not allow these discharges to be fully optimised.
Nevertheless, 8.2 MW of fusion power was produced (Fig. 18), even though the central tritium concen-
tration (=34%) and central density (3.9x1019 m"3) were relatively low, the ion temperature (-33 keV) was
too high for maximum fusion reactions, and the power control was inadequate to prevent a terminal
disruption.

3.5.2. Modelling of optimised shear discharges

The basic transport model used at JET for a number of years comprises a combination of Bohm
and gyroBohm anomalous transport combined with neoclassical ion transport. The Bohm transport is
assumed to result from toroidal coupling of long wavelength turbulence (non-local) and the gyroBohm
transport to be produced by short wavelength turbulence which is only weakly affected by toroidicity
(local). This model has been applied successfully to a range of L-mode, ELMy H-mode and ELM-free
H-mode discharges in the JET and ITER data bases, but it requires modification in order to simulate the
formation of an ITB as observed in the optimised magnetic shear discharges. With the assumption that
the suppression of the long wavelength turbulence is sufficient to allow the formation of an ITB, the
Bohm coefficient is multiplied by a step function which depends on control parameters related to turbu-
lence stabilisation by shear in the plasma rotation and to turbulence decorrelation due to toroidicity in a
region with small magnetic shear [27].

Figure 19 shows the result of applying this model to Pulse No. 40847. Good agreement is obtained
for the time evolution of the temperature profile when it is assumed that the Bohm transport is suppressed
everywhere inside the region where the switch-off condition is satisfied. On the other hand, a model
which does not include shear in the plasma rotation fails to produce a transport barrier, while the gradual
radial expansion of the transport barrier cannot be reproduced without the stabilising term due to

Pulse No. 42746 3.3MA/3.4T

5.0 5.5 7.0 7.56.0 6.5
Time (s)

Fig. 18 Various time traces for the optimised shear
discharge with the highest fusion yield. From top
to bottom: NB and ICRF heating power; central
ion temperature and electron density; central and
edge electron temperature; and fusion power.

Pulse No: 40847

5.0 5.5 7.06.0 6.5
Time (s)

Fig. 19 Time evolution of measured (solid lines)
and simulated (dashed lines) ion temperatures at
different radii for optimised shear Pulse No. 40847,
showing the development and erosion of an ITB.
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magnetic shear. Furthermore, this model which reproduces the formation of the ITB and the transition to
improved core confinement, also describes the erosion and disappearance of the ITB soon after the L-H
transition since the rapid rise in edge pressure reduces the shear in the core plasma rotation.

3.5.3. Development towards steady-state with double transport barriers

The highest fusion performance in optimised shear discharges was normally obtained by prolong-
ing the phase during which the plasma edge was in L-mode [13-14]. A significant number of discharges,
however, developed both an ITB and an ELMy H-mode edge as illustrated in Fig. 20, and still produced
a substantial fusion yield. In the discharge shown in Fig. 20, an ITB is formed and the central ion tem-
perature reaches 24 keV, while the edge ion temperature is about 3 keV, typical of an ELMy H-mode. In
fact, the ELMy H-mode edge prevents excessive pressure peaking and improves MHD stability.

In this pulse the fusion power increases from the start of the main heating phase until it reaches
6.8 MW, at which time the input power was reduced to economise on D-T neutrons. This increase in
fusion yield is due to a continuous build-up of central density together with an increase of the tritium
concentration. The stored plasma energy reaches 8.8 MJ for a total input power of 18.4 MW and a corre-
sponding confinement enhancement factor H89=2.3 relative to the ITER89-P scaling [44]. In this pulse,
as in similar D-T and D-D pulses, the positions of the q=2 magnetic surface and the ITB change only
slowly with time. This can be interpreted as a consequence of the generation of an edge bootstrap current.
At 6.3 s, the power was stepped down and it is interesting to note that the subsequent collapse of the ITB
triggers an ELM-free H-mode.

A comparison of such a double barrier (ITB plus ELMy H-mode) discharge with a conventional
ELMy H-mode discharge without an ITB in the same plasma configuration and with similar input power
(22.5 MW) shows the advantage of the double barrier plasma: the fusion triple product J^O)TJ(O)TE reaches
4.4x102Om"3keVs compared to l ^ x l ^ m ^ k e V s , and the fusion gain is 0.4 compared to 0.2 [19]. In
addition, the ELMs are much smaller in amplitude in double barrier discharges (the energy loss in a
single ELM is typically a factor often smaller) which is of great significance because of the critically
high peak power loads on the divertor target plates in a standard ELMy H-mode ignited ITER scenario.

Although this route could not be explored further during DTE1 because of the imposed neutron
constraint, such discharges show significant promise for steady-state high fusion yield; better control of
the plasma edge and/or the current profile will however, be required.

Pulse No: 42733 3 MA/3.45 T Pulse No: 42733

(b)

t = 6.2s

5.0 } 5.51 6.0

Time (s)
6.5 3.2 3.6 3.83.4

Time (s)

Fig. 20 (a) Various time traces and (b) ion temperature profiles for a pulse which develops an internal
transport barrier simultaneously with an ELMy H-mode barrier. The power was stepped down at 6.4s to
limit the number of D-T neutrons produced.
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3.5.4. Projections to future JET operations

The potential of optimised shear discharges for future D-T operation on JET has been explored
with JETTO transport code calculations combined with MHD stability analyses [19]. LHCD is essential
to establish and maintain a wide core region of slightly negative shear, and with-3.5 MW of LHCD,
ballooning modes are suppressed and p\- can be raised from 2.4 to 3.0. Fusion power in the range 20-
30 MW and Q, in excess of unity are predicted at 3.9 MA/ 3.4 T with the existing heating and current
drive systems, and even higher performance with modest upgrades. However, there are significant uncer-
tainties in the particle transport, and these leave a wide margin in the predictions.

4. TRITIUM SUPPLY, CONCENTRATIONS AND IN-VESSEL INVENTORY

During DTE1, tritium was supplied, collected from the exhaust gases and processed by an indus-
trial scale tritium processing plant which worked in a closed-cycle with the tokamak, pumping the torus
in continuous operation. This allowed the site inventory of 20 g of tritium to be processed repeatedly;
99.3 g of tritium was supplied to the JET machine, requiring eight processing cycles in which the tritium
was routinely separated to better than 99.4% purity. The tritium gas was either injected directly into the
torus via a gas valve (a total of 35 g) or by NB injection. In the latter case only a small fraction of the
tritium gas supplied to the NB box was injected into the torus via the high energy tritium neutral beams.
The remaining tritium gas was trapped by the NB cryopumps and was recovered to better than 98%
accountability in nightly regenerations.

Tritium concentrations in the plasma could be relatively easily controlled by loading the walls to
an appropriate level of tritium using ohmic or low power ICRF heated discharges. Tritium concentrations
greater than 90% were readily obtained. Furthermore during DTE1 and the ensuing clean-up phase,
tritium concentrations in the plasma and exhaust gases were reduced at a rate similar to the experience
from the PTE [45].

On the other hand, the in-vessel tritium inventory developed quite differently from that in the PTE.
During the DTE1 campaign about 30% of the cumulative tritium input remained in the torus and this was
reduced to about 17% (=6 g) following extensive operation in hydrogen and deuterium; this was more
than three times larger than had been expected from the tritium retention results of the PTE. This high
level of tritium retention during and after DTE1 is thought to be related to carbon films, saturated with
deuterium and tritium and found in cold regions of the divertor [45]. While most of the JET vessel was
heated to 320°C, these cold regions, shadowed from direct contact with the plasma, were cooled to
=50°C, allowing stable films to form with more than 40% hydrogen concentrations in carbon. In contrast,
at the time of the PTE, i.e. before the installation of a divertor, the whole vessel was maintained at 30CPC.
Extrapolation of these tritium retention results to ITER would result in unacceptably high tritium inven-
tories; the ITER divertor needs to be re-designed to take this fully into account.

5. FIRST RESULTS WITH THE MARK IIGB DIVERTOR

5.1. Divertor studies

First results with the recently installed Mark IIGB divertor [20] indicate that the particle exhaust
and neutral compression continue to rise as the divertor becomes increasingly more closed. Furthermore,
it has been possible, for the first time, to use differential deuterium fuelling to modify the in-out symme-
try of the divertor plasma. Figure 21 shows that inner divertor fuelling causes an early onset of detach-
ment and the density limit, while outer divertor fuelling produces more equal ion fluxes to each divertor,
delays the onset of detachment and leads to a higher density limit. This behaviour may be due to the
presence of the septum.

5.2. Optimised shear studies

Optimised shear discharges with ITBs have also been produced with the newly installed Mark IIGB
divertor. The minimum power (combined NB and ICRF heating) required to trigger an ITB shows an
almost linear dependence on magnetic field (Fig. 22) for similar conditions of target density, q profile
(target q(0) being close to 2) and small ELMs at the edge. There is a greater tendency towards the
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Pulse No: 45006, 45036
6F

20

15

10

ITB + ELM'y H-mode
O Pulse No: 45569 (Gas box)
O Pulse No: 45311 (Gas box)
D Pulse No: 40038 (MkllA)
A Pulse No: 42437 (MkllA)

I

Target q0 close to 2

1.8 2.0 2.2 2.4 2.6 2.8 3.0 3.2
Line averaged density (1019 m~3)

Fig.21 Differential gas fuelling modifies the
symmetry of the divertor plasma parameters,
leading to a higher density limit.

2.0 4.02.5 3.0 3.5
Toroidal magnetic field (T)

Fig. 22 Minimum total heating power (NBI+ICRH)
required to trigger an ITB versus magnetic field.
Pulses indicated are representative of pulses where
an ITB is produced at low power.

formation of double barrier plasmas with grassy ELMs [19]. Tight control of the q profile is required
during the whole of the double barrier phase so as to avoid degradation related to the location of rational
q surfaces. With off-axis LHCD, the evolution of the q profile during the high performance phase can be
slowed down, limiting the contraction of the region of low magnetic shear after the current ramp-up
phase. Experiments which use a puff of krypton gas to radiate the power crossing the separatrix are
shown in Fig. 23. With a total input power of up to 22 MW, grassy ELMs are seen which disappear and
an ITB forms when the radiated power reaches 8-10 MW. Later in the discharge the ELMs reappear, and
the input power (which has been stepped down) is insufficient to maintain the ITB.

6. SUMMARY AND CONCLUSIONS

JET experiments since the 1996 IAEA Conference in Montreal reached a zenith with D-T opera-
tion in 1997 and continued with an ITER physics campaign, the installation of the Mark IIGB "Gas Box"
divertor using full remote handling techniques, and the start of operation with this more closed divertor.
These experiments have produced a wealth of unique and pertinent physics results, pointing the way
towards an improved theoretical understanding and allowing more accurate predictions for ITER.

The standard ITER operating mode (steady-state ELMy H-mode) has been well characterised
empirically and dimensionless scaling "Wind Tunnel" experiments can be extrapolated to ignition with
ITER parameters. The scaling is close to gyroBohm, but does not have the correct mass dependence. The
separation of the thermal energy of the plasma into core and pedestal contributions, confirmed by local
transport analysis, could explain this discrepancy and bring a theoretical understanding of energy con-
finement within reach. The gyroBohm nature of the core transport observed in each mode of high con-
finement has allowed high fusion performance plasmas to be produced and studied during DTE1 and
would be beneficial to ITER. The scale length of the edge transport barrier is crucial, also for extrapolat-
ing the pedestal energy to ITER.

Figure 24 summarises the development of fusion power over the last six years in JET and TFTR.
It encompasses the first ever high fusion power (1.7 MW) pulse with 11 % tritium in JET in 1991 [ 11 ], the
pulse with the highest fusion power (10.7 MW) from the 50:50 D-T experiments on TFTR during the
period 1993 to 1997 [3], and finally the record pulses from the JET D-T experiments in 1997 (DTE1) [5]:
16.1 MW in an ELM-free H-mode, 8.2 MW in the optimised shear mode of operation, and 4 MW in a
steady-state ELMy H-mode discharge.
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Pulse No: 45658 B,= 3.4T IP<3.5MA Gas Box

5.0 5.5 7.0 7.56.0 6.5
Time (s)

Fig. 23 Time evolution of typical signals for Pulse
No. 45658 in D-D at 3.4T. The plasma current
reaches 3.5 MA at 7 s. Krypton gas is puffed at
5.8 s for 0.2 s.

3.0

Time (s)

Fig. 24 Fusion power development in JET
and 1997) and TFTR (1993 to 1997).

(1991

Radio frequency heating of D-T plasmas is well understood and most effects are well simulated by
theory. The results can be extrapolated to effective bulk ion heating on the way to ignition in ITER. Alpha
particle heating has been clearly observed and is consistent with classical expectations, thus confirming
the process by which ignition would occur in a reactor. Linear stability calculations of TAEs are in good
agreement with experimental results, but the saturation of these modes and their effect on transport has
yet to be observed.

The advanced operating mode (optimised shear) has been obtained in D-T, at different magnetic
fields and with different divertors. It takes confinement towards the most favourable theoretical expecta-
tions (i.e. ion heat conduction approaching neoclassical levels) and the plasma pressure is limited in
accord with theory. A transport model which simulates the formation of the transport barrier and its
subsequent erosion following an L-H transition has been proposed. The basis for performance optimisation
(high plasma pressure, long pulse) using profile control is thus improved.

The Mark IIGB campaign has started and is already producing significant results. In the area of
divertor physics, the in/out symmetry of the divertor plasma has been modified for the first time using
differential gas fuelling, leading to higher density limits. The septum has also been used successfully as
a pumped limiter, opening up a new line of research for JET. In the area of high performance operation,
optimised shear discharges have been re-established, LHCD has been used to modify the current profile
in the high performance phase of the discharge and the puffing of krypton gas into optimised shear
discharges has been very effective in restoring L-mode edge conditions and helping to establish an ITB.

The new and exciting results already obtained with the Mark IIGB divertor testify that JET, with
its unique combination of divertor configuration, heating and profile control systems and tritium
capability, should remain, for many more years, the most valuable machine in support of ITER or any
other Next Step tokamak.
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Abstract

The DIII-D research program is aimed at developing the scientific basis for advanced modes of
operation which can enhance the commercial attractiveness of the tokamak as an energy producing
system. Features that improve the attractiveness of the tokamak as a fusion power plant include: high
power density (which demands high P), high ignition margin (high energy confinement time), and
steady state operation with low recirculating power (high bootstrap fraction), as well as adequate
divertor heat removal, particle and impurity control. This set of requirements emphasizes that the
approach to improved performance must be an integrated approach, optimizing the plasma from the
core, through the plasma edge and into the divertor. We have produced high performance ELMing
H-mode plasmas with PN H98y ~ 6 for 5 TE (~1 S) and demonstrated that core transport barriers can be
sustained for the length of the 5-s neutral beam pulse in L-mode plasmas. We have demonstrated off-
axis electron cyclotron current drive for the first time in a tokamak, discovering an efficiency above
theoretical expectations. Edge stability studies have shown that the H-mode edge pressure gradient is
not limited by ballooning modes; the self-consistent bootstrap provides second stable regime access.
Divertor experiments have provided a new understanding of convection and recombination in
radiative divertors and have produced enhanced divertor radiation with scrape off layer plasma flows
and impurity enrichment.

1. INTRODUCTION

The DIII-D research program is aimed at developing the scientific basis for advanced modes of
operation which can enhance the commercial attractiveness of the tokamak as an energy producing
system. Features that improve the attractiveness of the tokamak as a fusion power plant include: high
power density (which demands high P = 2 |xo<P>/B2), high ignition margin (high energy confinement
time XE), and steady state operation with low recirculating power (high bootstrap fraction), as well as
adequate divertor heat removal, particle and impurity control. This set of requirements emphasizes
that the approach to improved performance must be an integrated approach, optimizing the plasma
from the core, through the plasma edge and into the divertor. Research results from DIII-D reported
here include results from all these areas.

In the area of core physics research, we have demonstrated improved plasma performance and
increased duration of the high performance phase in both H-mode and L-mode plasmas. Moving
towards an eventual goal of fully non-inductive current drive, we have made the first tokamak
demonstration of off-axis electron cyclotron current drive. It exhibits higher off-axis efficiency than
previously expected theoretically. In edge physics research, we have established the role of the self-
consistently generated edge bootstrap current in stabilizing ballooning modes and allowing edge
second regime access. Edge pressure gradients more than a factor of two above the ballooning limit
without bootstrap current have been experimentally measured. This has improved our understanding
of the edge pedestal and ELMs, which affect both core and divertor performance. In addition, a
physics model of the density limit has been tested on DIII-D which reproduces density limit results on
present machines and scales favorably to larger devices. In the area of heat and particle control in the
divertor, we have established a new understanding of convection and recombination in radiative
divertor plasmas. Finally, we have enhanced the divertor radiation by plasma flows and impurity
enrichment.
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2. PROGRESS TOWARDS INTEGRATED, STEADY-STATE, IMPROVED PERFORMANCE
PLASMAS

In order to establish their future relevance for fusion, improved performance scenarios must
demonstrate a path towards ultimate steady-state operation. This requires demonstrating that
improved confinement plasmas can be sustained for long pulses at high beta values as well as
developing the tools (e.g. current drive) which will be needed for steady state operation. DIII-D has
carried out experiments in both these areas since the last IAEA.

Figure 1 demonstrates our recent progress in moving towards steady state improved per-
formance discharges. In this figure, we measure our approach to steady state with T-duratioiAE> the
duration of the high confinement phase divided by the energy confinement time. We measure
advanced tokamak performance through the product of normalized beta, PN = P (aBx/Ip), and the
confinement enhancement factor H relative to the ITER confinement scaling law. For H-mode, we
will use Hggy, which is defined relative to the most recent scaling for thermal energy confinement time
in ELMing H-mode [1]. As can be seen in Fig. 1, significant progress has been made in DIII-D in the
past two years in advancing both quantities. The points describing recent shots are above and to the
right of our earlier results, which is the direction of our advanced tokamak goal.

An example of such an improved performance discharge is shown in Fig. 2 [2]. Lines indicating
the PN and Hg%y values required for ITER and the ARIES-RS reactor study are also shown, indicating
that this discharge exceeds the ARIES-RS requirements on the PN Hgsy product. A PN H9gy product
exceeding 6 is sustained for 1 s (5 Tg). The high performance phase of the shot in Fig. 2 was
terminated at about 3 s by the initiation of a neoclassical tearing mode, probably triggered by an ELM.

Two approaches have been taken to improve plasma performance and duration as is illustrated
in Fig. 3. Both utilize the technique of an early neutral beam injection during the current ramp that
was developed over the past several years in producing core transport barriers in DIII-D [3,4], JET
[5], JT60-U [6],and TFTR [7,8]. However, one approach [2] is more aggressive in pushing high
power to reach high PN while the second has emphasized more the long pulse aspects. Neither shot
shows the rapid, localized change in temperature gradient characteristic of a strong, localized core
transport barrier; however, transport analysis indicates improvement in ion thermal diffusivity over
most of the discharge relative to standard ELMing H-mode [2].
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FIG. 1. Plot of the PN H product versus
normalized discharge duration for Dlll-D shots
from the time of the 1996 IAEA meeting
(triangles) and more recent shots (squares). The
shaded region shows our progress. All these
discharges are H-modes; accordingly, the
confinement enhancement factor Hggy relative
to the H-mode scaling is used.

FIG. 2. Time evolution of a high performance
DIII-D discharge. The I s duration is comparable
to the current profile relaxation time scale. Some
parameters of interest during the high
performance phase are: j3 ~ 4.5%, ng/nQr ~ 0.5,
q(0) ~ l,q95 = 4.4, ^ ~ .21 s, and fbs ~ 50%,
where nQr is the Greenwald density andff,s is the
bootstrap fraction.
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Fig. 3. Time histories and radial profiles of two recent DIII—D shots emphasizing long pulse high
performance. Shot 95983 reached /J/y Hggy about 7 for 3 x% while 96202 achieved j3^ Hgsy around 3
for 25 t£. (The corresponding fix H products using the ITER89P L-mode scaling are 10 and 5.
respectively.) The high performance phase of shot 96202 was terminated only when the neutral beam
power was turned down while that of 95983 degraded due to the onset of neoclassical tearing modes.
Shot 95983 was at 2.1 T toroidal field and had a line averaged density 5.4xlO19 m~3 during the high
performance phase while shot 96202 was at 1.9 T toroidal field and had a line averaged density of
2.7xlO19m~3.

Core ion transport barriers have been run for even longer durations in low current, L-mode edge
discharges, as is shown in Fig. 4. These shots were specifically optimized for the full 5 second neutral
beam duration by running at low current and a relatively low density of 2x1019 mr3. This discharge is
an existence proof that it is possible to create an ion transport barrier which can last indefinitely.

A key feature in sustaining the good performance in the discharges in Figs. 3 and 4 is the
absence of sawteeth. Detailed analysis of the current diffusion in these shots shows that this result is
somewhat surprising, since neutral beam current drive alone should be enough to drive q(0) well
below one. However, fast-particle driven MHD modes apparently broaden the neutral beam current
drive profile, preventing this drop in q(0). In the discharges in Fig. 3, we observe fishbone oscillations
while in the shot in Fig. 4, there are Alfven eigenmodes present. Both of these modes are driven by
fast particles and can redistribute these particles outward in radius.

Two major hurdles must be overcome in order to extend the discharges shown in Fig. 3 to higher
performance and longer duration. First, as is shown in Fig. 3 (a), the performance in shot 95983 is
degraded after 2.7 seconds by the onset of neoclassical tearing modes. This problem with neoclassical
tearing modes is a common feature of many high performance discharges [2]. These modes are
metastable, requiring a finite-size magnetic island to trigger instability. Finite-sized, seed islands can
be triggered transiently, for example, by other MHD instabilities in the plasma, (e.g. sawteeth, ELMs
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Fig. 4. Long pulse, L-mode edge discharge 94777 run at 1.9 T toroidal field. As is shown by the ion
temperature time history, the core ion transport barrier lasts about 4.5 seconds in this shot, limited
only by the duration of the neutral beam pulse. The major radius of the ion temperature
measurements is listed at the top of the temperature figure. By the end of the beam pulse, even the q
profile had essentially reached steady state, monotonic shape with q(O) = 1.6.

or fishbones). As is shown in Fig. 5, the absence of sawteeth in shots like those in Fig. 3 removes one
of the possible sources of seed islands for the neoclassical tearing mode and thus allows operation at a
higher beta value.

The second hurdle is overcoming the effects of current diffusion so that q(0) remains above one,
preventing destruction of the core transport barriers by sawteeth and removing this trigger of neoclas-
sical tearing modes. Although sawteeth were not present in the shots in Figs. 3 and 4, the MHD oscil-
lations which we believe broadened the beam driven current are undesirable from a performance
standpoint. The measured fusion neutron rate in the shot in Fig. 4, for example, was about 1/3 of the
value predicted assuming all the fast ions deposited near the axis slowed down where they were born.
As is discussed presently, the electron cyclotron heating (ECH) systems now coming on line on
DIII-D should allow us to confront both these hurdles through electron cyclotron current drive to both
broaden the current profile and shrink the seed island.

Because of the need for current profile control for advanced tokamak operation, investigation of
electron cyclotron current drive (ECCD) is a key portion of the DIII-D research. In the past year, we
have demonstrated off-axis ECCD on DIII-D for the first time in any tokamak [10]. Electron
cyclotron wave power at 110 GHz, which is resonant near the second harmonic of the electron
cyclotron resonance, can be steered over a range of minor radii by tilting the launching mirror in the
poloidal direction. The waves are given a toroidal velocity component so they interact with electrons
traveling in a preferred toroidal direction, generating toroidal current. Analysis was carried out using
motional Stark effect measurements of the internal magnetic field, allowing the local driven current
density to be determined [11]. A 4-point vertical scan of the deposition location was made, covering
the range of 0.1 to 0.5 in normalized minor radius p. Figure 6(a) shows the profile of ECCD which is
driven at a p = 0.5 by 1 MW of electron cyclotron power. The integrated net current driven is 35 kA.
The gross behavior of the plasma-the evolution of the internal inductance, the time duration before
the entry of the q=l surface into the plasma as signified by the start of sawteeth — is consistent with
the effects expected from the measured current drive for the different locations of the power
deposition. The magnitude of the driven current exceeds the value calculated by linear (TORAY) or
quasi-linear (CQL3D) codes. As is shown in Fig. 6(b), the theoretically predicted fall off in
normalized efficiency with minor radius is not observed; the normalized efficiency at p = 0.1 and p =
0.5 are about the same. This result suggests that trapping of the heated electrons is much weaker than
theoretically expected under the experimental conditions. These results strongly support the use of
higher power ECCD as a means of sustaining current profiles with the optimized magnetic shear
needed for advanced tokamak plasmas.
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FIG. 5. The measured beta value for discharges
similar to those in Fig. 2 (squares) significantly
exceeds the neoclassical tearing mode limit
established for sawtoothing discharges. The
horizontal axis is the scaling value established
in Ref. [9] while the line through the circular
points is the best fit to the data for sawtoothing
discharges. These neoclassical tearing modes
are a mix ofm/n = 3/2 and 2/1 cases.

FIG. 6. (a) Profile of current density driven by
ECCD for a case with power deposition at about
half of the minor radius, (b) Normalized efficiency
for ECCD as a function of the minor radius co-
ordinate p. The current drive efficiency 7] has
been normalized by the local electron temperature
to remove the theoretically expected temperature
dependence. The experimental results are com-
pared to the linear TORA Y calculations and show
little decrease in normalized efficiency with p,
contrary to theoretical expectations.

3. PROGRESS IN UNDERSTANDING AND CONTROLLING CORE TRANSPORT

In order to extend the improved performance results from present machines to future devices
with confidence, we must finally develop a predictive understanding of tokamak transport. In
addition, improved performance scenarios, especially in self-heated burning plasmas, will require
development of new tools to control transport. Over the past two years, we have made progress in
both understanding and control.

Over the past several years, fusion theorists have developed several new models of plasma
transport [12-15]. Averaged over a large database of shots, each of these models do about equally
well in predicting quasi-steady-state, equilibrium plasma profiles even though each model has a
different mix of fundamental physics. Accordingly, to distinguish between models, some other test is
needed.

Simulations have shown that perturbative transport experiments can provide a more critical test
of transport models than equilibrium transport analysis. A perturbation source that deposits heat
locally into the plasma particle species under study is preferred. Experiments have been performed on
DIII-D using modulated ECH as the spatially localized perturbative heat source with the resonance
absorption layer off axis. The electron and ion temperature responses are measured and the amplitude
and phase of the perturbations (Fig. 7) and the equilibrium temperature profiles are compared to
predictions from several transport models [16].

The results with off-axis heating indicate the electron and ion responses to the ECH perturbation
are out of phase with each other at the plasma core and at the resonance layer. In general, the IFS-
PPPL [12] and GLF23 [13] models predict reasonably well the ion response while the GLF23 and IIF
[14] models do a reasonable job with the electron response. The GLF23 model includes the effects of
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both electron temperature gradient (ETG) and ion temperature gradient (ITG) driven turbulence as
well as trapped particle modes, which may be why it fits the best overall. The GLF23 model fits the
data best for the case with the ECH localized at p = 0.3; the comparisons for other heating locations
were somewhat worse [16]. None of the models showed good agreement with both the ion and
electron perturbative responses and the equilibrium profiles although the equilibrium profile fit of the
GLF23 model was improved by including the effects of the measured, average ExB shear [16].

Although the creation of ion thermal and angular momentum transport barriers has been
connected with ExB shear stabilization of turbulence both theoretically and experimentally [17-19],
the physics governing the electron channel is much less well understood. Electron thermal transport
barriers are much more difficult to form in Dili—D than ion barriers and seem to require much greater
magnetic shear [20]. Electron heating with either ECH or fast waves has been used to probe the
physics of core transport barriers [21,22]. For reasons that are not completely clear, central electron
heating during the end of the core ion barrier formation phase tends to weaken the ion barrier,
resulting in some reduction in core ion temperature and core ion rotation. This effect occurs only
within the core barrier region with the ion profiles outside this region remaining unchanged by the
additional electron heating. Both ion and electron thermal diffusivities increase after the application of
the electron heating, with the electron diffusivity rising almost an order of magnitude [21]. The
changes in the ion channel in these discharges are consistent with change in the ExB shearing rate
relative to the low k turbulence growth rates [21]. The decreased ion rotation gives a decreased ExB
shear while the growth rate changes little. However, the physics of the electron channel in these
plasmas remains unexplained [21]. New FIR scattering measurements of short wavelength turbulence
at k = 12 cm"1 have shown measurable turbulence whose onset is correlated with the start of the
electron heating, which suggests high k turbulence may be affecting electron transport. Detailed
stability calculations, however, have not yet identified an associated unstable mode [21].

A connection between confinement improvement and observed and calculated turbulence
reduction has also been established in discharges run with neon or argon injection to reproduce the
TEXTOR Rl-mode plasmas [23,24]. As is shown in Fig. 8, injection of neon results in dramatic
reduction in density fluctuations observed by beam emission spectroscopy around p = 0.8. As the
fluctuations gradually decrease, confinement improves. Furthermore, calculations of gyrokinetic sta-
bility similar to those done in [18,25] demonstrate that adding neon to the plasma reduces the linear
growth rate at all wavenumbers, consistent with the observed confinement improvement. As indicated
in Fig. 8, the turbulence at smaller wavenumbers should already be stabilized by ExB shear effects.
Similar effects have been seen with argon injection. In these shots, transport analysis demonstrates an
improvement in both electron and ion thermal transport which correlates with the reduction in
observed density fluctuations. An important feature of these discharges, relevant to the edge stability
issues discussed in the next section, is the reduction in edge pressure gradient and edge bootstrap
current in H—mode plasmas with neon or argon impurity injection. In spite of the edge pressure
pedestal reduction, energy confinement remains the same or improves in these plasmas.

4. EDGE PLASMA CONFINEMENT AND STABILITY

Another factor in obtaining steady-state improved performance discharges is control of edge
transport and stability. The confinement physics and MHD stability of the H-mode edge pedestal
affect both core plasma and divertor performance. The pedestal height influences overall plasma con-
finement, as is shown in Fig. 9. In addition, edge stability affects ELM frequency and amplitude,
which have a major impact both on core transport barriers and on the divertor. Furthermore, impurity
radiation in this edge region is a possible cause of the density limit. Finally, the interaction of the core
plasma with the wall can have a major effect on the global MHD beta limits. Accordingly, understand-
ing and controlling the physics of this edge region is a key issue for any future plasma which employs
H-mode. In the past two years, DIII-D has demonstrated a strong connection between the pedestal
height and core confinement and has demonstrated that the edge pressure gradients are not limited by
the ballooning instability. In addition, we have shown that a model based on edge impurity radiation
leads to a density limit very similar to the Greenwald prediction in present devices which scales much
more favorably with machine size than previously anticipated. Finally, investigation of the physics of
resistive wall modes has achieved (3 values up to 1.4 times the limit with no wall stabilization, has
extended the duration of the wall stabilized period by a factor of three, and has produced a successful
first attempt at active stabilization of the mode.
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FIG. 8. Reductions in density fluctuations with neon impurity injection, (a), have been observed in
L-mode discharges and may contribute to improved confinement, (b). For these L-mode discharges,
the confinement enhancement factor is compared to ITER89P L-mode scaling. Gyro-kinetic stability
code calculations for a similar discharge show that neon impurities in the mantle region, p~0.8, can
reduce drift wave growth rates, (c), leading to stabilization of high k ETG modes. ExB shear is also
large enough to affect the lower k turbulence associated with ITG modes.

Both theoretical expectations [26,27] and the DIII-D results shown in Fig. 9 [28] indicate a con-
nection between the edge pressure pedestal height and the overall energy confinement. This connec-
tion is much deeper than the trivial one provided by the edge setting the boundary condition for the
plasma core, since a boundary condition effect with no other influence would simply produce a linear
relationship between the pedestal pressure and the total stored energy which is not seen
experimentally. In the absence of any other constraint, one would naturally want to optimize plasma
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performance by pushing the edge pedestal pressure to its maximum possible value to improve the
energy confinement. Unfortunately, the pedestal pressure is limited by the onset of ELMs. In
addition, optimizing plasma shape for the highest possible pressure pedestal usually results in large
energy loss per ELM. As has been discussed in the ITER context [29], such large energy loss would
be difficult to design for in a large device. Accordingly, control of the edge is needed to obtain the
best possible core performance while not adversely affecting the divertor.

Because the ELM physics influences both core confinement and divertor performance, we have
undertaken a systematic study of edge plasma stability. Although there has been considerable specu-
lation that the edge pressure gradient just before an ELM is limited by high-n ballooning, detailed
measurements on DIII-D have shown that the pressure gradient exceeds this limit by at least a factor
of two [28]. As is shown in Fig. 10, we have determined that including the self-consistent edge boot-
strap current in the ballooning stability calculation makes a major difference in the stability conclu-
sions [30]. The bootstrap current, driven by the large edge pressure gradient, opens up a ballooning
second stable region at the plasma edge. Accordingly, the edge pressure is not limited by high-n
ballooning but rather by other, lower n MHD modes which are probably driven unstable by the large
pressure and current gradients that ballooning stability allows [31].

The highest performance DIII-D VH-mode and negative central shear H-mode discharges are
limited by MHD stability at the edge of the plasma; the peak performance is usually terminated in
these discharges by low to medium n ideal instabilities at the edge having the characteristics of a large
ELM but which normally result in a loss of the transport barrier [32,33]. Recent analysis has
demonstrated that the interaction of low n ideal kink and high n ballooning stability plays a crucial
role in the attainment and sustainment of high performance. High n ideal ballooning second stability
access permits the buildup of the edge pressure gradient. This allows high peak performance but
ultimately results in destabilization of the more dangerous low n global edge instabilities which are
manifested as the large ELMs that terminate the high performance. Conversely, closing the second
stable access at the edge generally limits the pressure gradient and bootstrap current to values well
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FIG. 9. H—mode energy confinement enhance-
ment factor relative to ITER98 ELMy H—mode
scaling increases with increasing H—mode
pedestal pressure averaged over ELMs. The
increase is approximately Pp̂ D- This plot
includes both Ohmic, L-mode and H-mode
phases of a series of shots run in the ITER
shape, which has a vertical elongation of 1.75,
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FIG. 10. Plot of the measured pressure gradient
and inferred edge current density for a DIII—D
discharge similar to those in Fig. 9: plasma
current 1.5 MA, toroidal field 1.9 T, qg$ = 3.4,
inverse aspect ratio 0.36, vertical elongation 1.76,
and average triangularity 0.28. The edge current
density has been inferred from equilibrium
reconstruction including MSE measurements and
is compared with a transport calculation
including a collisional bootstrap current model.
The pressure gradients that would be unstable to
high-n ballooning mode are shown. Note that the
edge pressure gradient is not limited by
ballooning modes and the experimental value
greatly exceeds the ballooning limit that would be
calculated by ignoring the bootstrap current,
which is shown by the dashed line.
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below the low and intermediate n kink limits. This results in lower peak performance with smaller
amplitude ELMs which also allow longer discharge duration.

A clear route to long-pulse high-performance operation is, therefore, to control the edge
conditions to eliminate second stable access, and to raise the first regime ballooning limit just below
the low and intermediate n kink limits. One method for achieving this is through the cross section
shape, which can be systematically varied using the DIII-D control system. Calculations have shown
that the equilibrium squareness is a useful tool for controlling the edge ballooning stability through its
effect on the field line connection length [31,34]. (As its name suggests, high positive squareness
discharges have almost square shapes.) Large positive squareness, or low, or negative squareness, can
restrict second stability access. This has been exploited in recent experiments in DIII-D [35] in which
the ELM frequency is increased and the amplitude reduced at large squareness [31]. Motivated by
these results, recent calculations show that higher order, local perturbations of the outboard shape,
which greatly increase the field line connection length there, can also eliminate second stability access
near the plasma edge, with little effect on the favorable low n kink stability properties of D-shaped
plasmas [31]. This will be pursued in future experiments.

A second avenue for achieving control of the edge ballooning stability is to increase the edge
collisionality to reduce the edge bootstrap current; lower edge current density hinders second stability
access. Higher edge collisionality is achieved in DIII-D experiments by increasing the edge radiation
by puffing deuterium and argon. In these experiments, the ELM frequency is typically reduced by
roughly half and often the ELM magnitude is reduced as well. Figure 11 shows the time history of
discharge 95011, in which argon was injected at 2 seconds. In this case, the ELM frequency was
reduced by a factor greater than 2 with a small reduction in the ELM amplitude. The confinement is
slightly improved by the change in ELM behavior. Figure ll(c) shows the calculated bootstrap
current before and after the gas puff. The edge bootstrap current has been reduced and the peak is
moved inward. This is reflected in the calculated ballooning stability in Fig. ll(b); the reduced edge
bootstrap current has closed off the second stability access in this discharge.

A tokamak density limit scaling of the form ne °= Ip/a
2 has been reported by several authors

[36,37] where Ip is the plasma current and a is the minor radius. However, extrapolation of this scaling
to reactors can be misleading because the underlying physical processes have not been determined.
We have conducted a series of experiments on DIII-D to determine the density-limiting processes in
tokamaks [38,39]. Using the understanding gained through these experiments, we have succeeded in
obtaining high confinement plasmas at densities well beyond the limit of the Hugill-Greenwald scaling
[39,40]. A key result of these studies is that the n=0, m=l MARFE condensation instability criterion
[41] is in quantitative agreement with high resolution edge measurements on DIII-D [42].
Additionally, we have shown that the MARFE instability condition combined with ITER89P
confinement scaling yields an edge density limit scaling of the form:

T 0 9 6

ncrit ^p t-0.11p0.43R0.17R0.04r 2 n 2
ne "c—[ITS *heatK °T [K U + K

where \{ is the impurity concentration and K is the plasma elongation. Except for a moderate power
dependence this scaling is remarkably similar to the Hugill-Greenwald scaling. The insensitivity to all
plasma parameters except Ip and minor radius a derives from the fact that the MARFE density
threshold for low Z impurities (e.g. oxygen or carbon) for an electron temperature range of 10-100 eV
increases with the fourth power of Te. Accordingly, a MARFE nearly always occurs at the same
boundary temperature (-20 eV). Therefore, the trade off between density and temperature in the stored
energy determines the density scaling. Thus, we conclude that future devices with high edge
temperatures can access densities well above the nominal Hugill-Greenwald limit.

Turning now to the physics of wall stabilization, we have developed a double current ramp
technique to reliably and reproducibly make plasmas where the PN values achieved indicate that wall
stabilization of MHD modes is important [43]. In addition, improved diagnostics have allowed us to
make a direct identification of the resistive wall mode (RWM) mode structure in the plasma interior
using ECE spectroscopy. Using these shots, we have achieved a new physics understanding of wall
stabilization. We have produced rotating, wall stabilized discharges with the ratio of PN t 0 the no wall
PN limit Ew up to Ew = 1.4+0.05. For example, in shot 92544, Ew exceeds unity for 200 ms.which is
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>30 Tvv- The time constant t\y is the n =1 time constant of the wall (about 5.8 ms in this shot) and is a
measure of the penetration time of the potentially unstable mode through the resistive vessel wall.
Similar results with Ew well above unity have been obtained in a number of discharges run under
similar conditions.

In all wall stabilized discharges, the plasma toroidal rotation is observed to slow down, which
ultimately leads to destabilization of the resistive wall mode (RWM) when the plasma angular rotation
speed Opiasma fe^s below some critical frequency Qc. The critical rotation speed Q.c is robustly
reproducible from shot to shot but is strongly dependent on plasma conditions, notably p N .
Investigation of the reasons for this decrease in n p i a s m a have determined a clear correlation between
its onset and PN exceeding (3^owa . However, there is no correlation of the slowing with fast particle
driven MHD modes (TAE modes) or low n MHD activity during the slowing down period [44].

Active means of avoiding the RWM are being pursued by controlling either the plasma rotation
or the RWM directly. As is shown in Fig. 12, preliminary results from open loop RWM control
experiments have demonstrated that the RWM is suppressed by the application of an appropriate
correction field using an external coil set located far outside the plasma. A series of discharges with
reproducible RWM onset were ran, but one discharge used an n = 1 (C-coil) perturbation which was
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proactively programmed to turn on at the time of the RWM onset with a phase opposing the mode
(Fig. 12). As observed from plasma rotation and Te profiles near q = 3, the RWM started to grow but
was suppressed and the plasma recovered when the opposing field was applied. The n=l radial field
soaking through the vacuum vessel wall was measured by a saddle loop array. As is shown in Fig. 12,
this field grows without bound in the reference shot without the external n=l field but remains at a low
level with the external field applied, indicating that control was achieved. New experiments in DIII-D
with new active feedback power supplies are planned next year to pursue this further.

5. DIVERTOR PHYSICS

The key issues in the divertor area are adequate heat removal and simultaneous control of
particles and impurities. The major research focus has been on the radiative divertor with additional
impurities to enhance the radiation. The challenge here is to maintain sufficient impurity density in
the divertor to promote the needed radiation while simultaneously keeping the impurities from
overwhelming the core plasma.

Through experiments on DIII-D[45-48] we have demonstrated the efficacy of using induced
scrape-off-layer (SOL) flows to preferentially enrich impurities in the divertor plasma. These SOL
flows are produced through simultaneous deuterium gas injection at the midplane and divertor exhaust
using cryopumping. Using this SOL flow, an improvement in enrichment (defined as the ratio of
impurity fraction in the divertor to that in the plasma core) has been observed for all impurities in
trace-level experiments (i.e., impurity level is non-perturbative), with the degree of improvement
increasing with impurity atomic number. In the case of argon, exhaust gas enrichment using a modest
SOL flow is as high as 17. Using this induced SOL flow technique and argon injection, radiative
plasmas have been produced that combine high radiation losses (Prad/Pinput > 70%), low core fuel
dilution (Zeff < 1.9), and good core confinement (TE> )

Besides the improvement in impurity enrichment, application of this technique causes several
advantageous changes in the plasma [49]. First, at a high flow level, the SOL broadens and its density
increases to 1.5xlO19 m~3 while the electron temperature remains approximately 10 eV. Such pro-
files provide excellent screening of impurities emanating from the vessel wall and an excellent
environment for impurity radiation. Second, the ELM amplitude is reduced by approximately a factor
of two relative to standard ELMing H-mode conditions. This reduction is accompanied by a propor-
tional increase in the ELM frequency such that the time-integrated energy carried out by the ELMs is
approximately the same, but the instantaneous perturbation on the edge and divertor plasma induced
by each ELM is much smaller. Modeling has also shown that the ELM dynamics are important in the
obtainable impurity enrichment with higher frequency ELMs leading to improved enrichment. These
changes are accomplished without significant impact on the core energy confinement.

At the previous IAEA, we reported that parallel thermal conduction based on measured divertor
density and temperature profiles in detached plasmas is too small to account for the divertor heat flux
and postulated that in the cold divertor zone the dominant transport process is convection along the
field lines [38]. A one dimensional interpretive model of the detached divertor plasma [49] has been
developed for further understanding of the experimental observations. The model calculates the
parallel heat flux in the divertor plasma by integrating plasma radiation, obtained from an inversion of
the bolometer data, from the target to a point in the divertor plasma and using the target heat flux,
measured by an IR camera, as the boundary condition. The difference between this heat flux and the
conduction heat flux, obtained from the measured Te profile, yields the convective component of the
heat flux. It is found that in attached plasmas, as shown in Fig. 13(a), the conduction component
accounts for nearly all the heat flux. In contrast, in the detached case, the conduction channel is
insignificant compared to the total heat flux [Fig. 13(b)] and convection at approximately the sound
speed is required to account for most of the heat flux [Fig. 13(c)]. Furthermore, it is concluded that the
observed intense radiation near the target plate must be due to volume recombination since the
electron temperature measured by Thomson scattering is too low for excitation radiation.

These experimental results are supported by UEDGE modeling [50] which shows a broad
regions of Mach ~ 0.4 and copious volume recombination near the target plate in detached plasmas
[Fig. 14(a)]. Recent measurements confirm these experimental interpretations and UEDGE results.
Visible and UV line ratio measurements [51,52] show direct evidence of volume recombination
[Fig. 14(b)]. Plasma parallel flow speeds at or near the sound speed are also observed by spectroscopy
[Fig. 14(c)] [51] as well as a Mach probe [53]. From Langmuir probe potential measurement [53], we
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also deduce poloidal ErxBx flows. The flow direction depends on the direction of the toroidal field and
heat and particle flux associated with it is estimated to contribute significantly to particle exchange
between the two divertor strike points and could explain the field-dependent divertor in-out
asymmetry.

We have recently installed a divertor baffle and cryopump [54] at the upper divertor whose
shape is matched for particle control in high triangularity plasmas (6 ~ 0.7). This installation,
combined with the more open pumped lower divertor allows a direct comparison of the effects of
geometry on divertor and core plasma performance. A comparison of open/closed divertor operation
was carried out with carefully matched plasmas. The cryopumps in each divertor were turned off for
this comparison. We observed that the line-average density was very similar in the two cases, but the
midplane D a was reduced in the closed divertor. The density profile was less steep near the separatrix
for the closed case, and the temperature responded to keep the electron pressure roughly constant.
Transport modeling [54] indicates that the core ionization source was reduced by a factor of about 2.6
in the closed case. No changes in energy confinement during ELMing H—mode operation were
observed, but the line average density at which partial detachment occurred was decreased by 20% for
the closed case. With the upper cryopump turned on, we achieved active density control with ne/nGr =
0.27, which is similar to the 0.22 achieved with the lower pump. This establishes an important particle
control tool for high triangularity plasma operation in DIII-D. In 1999, we will install a third divertor
cryopump for the purpose of pumping the inner strike point in the upper divertor [54] . In addition, a
structure in the private flux region which protects the inner pump will serve also as a baffle to reduce
the recycling by an additional factor of 2 and isolate the two strike points.
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FIG. 14. (a) Modelling of a partially detached plasma shows Mach 0.4 flow in the bulk of the divertor
plasma and copious volume recombination near the target plate, (b) Da/Dp line ratio indicate
recombination after detachment, (c) Flow speed of the order of 1/4 sound speed is measured by
spectroscopy.

6. CONCLUSION

Research on DIII-D over the two years since the last IAEA meeting has made significant
progress in the core, edge and divertor areas. We have demonstrated integrated, high performance
ELMing H-mode plasmas with PN H9sy ~ 6 for 5 Tg (~1 s).

In the core physics area, we have

• Shown that core transport barriers can be sustained for the length of the neutral beam
pulse (5 s) with no sign of degradation.

• Demonstrated off-axis electron cyclotron current drive with an efficiency well above
theoretical expectations.

• Made critical tests of physics-based transport models.

• Produced evidence for passive and active wall stabilization of MHD modes.

In the edge physics area, we have

Demonstrated the role of edge bootstrap current in edge second stability regime access.

Developed and tested a physics model of the density limit which agrees with Hugill-
Greenwald limit and which scales quite favorably to larger, hotter machines.
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In the divertor physics area, we have

• Achieved a new understanding of convection and recombination in radiative divertor
plasmas.

• Produced enhanced divertor radiation with scrape off layer plasma flows and impurity
enrichment.

This scientific progress sets the stage for future DIII-D research. On a three year time scale,
with 6 MW of ECH power, we are aiming at an integrated demonstration of advanced tokamak
operation sustained for five seconds. In the nearer term, our experiments will emphasize expanding
the spatial extent of internal transport barriers, regulating edge bootstrap currents, stabilizing
neoclassical tearing modes, feedback stabilizing high-beta resistive wall modes, and developing the
basis for radiative divertors in both single and double null configurations.
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SESSION OV1

Monday, 19 October 1998, at 10.45 a.m.

Chairman: D.C. ROBINSON (United Kingdom)

OVERVIEWS 1

Paper IAEA-CN-69/OV1/1 (presented by S. Ishida)

DISCUSSION

J.G. JACQUINOT: What is the definition of P^s used in the calculation of Qe
D

q
T and

how does it relate to the beam power going through the port? What is the multiplier used to
convert QDD to QDT?

S. ISHIDA: P^s is defined as injection power minus shine-through. Since the shine-

through rate is very low, the P^s is actually the same as the beam power going through the

port. The ratio of the equivalent DT power to the actual DD power is ~ 200.

D.M. MEADE: The standard definition of fusion gain, Q, is the ratio of the fusion
energy produced in a given time interval to the injected plasma heating energy during the
same period. In 1957, J.D. Lawson showed that the injected energy must include the energy
needed to raise the plasma to operating temperatures. This was the definition used by JET,
JT-60 and TFTR in the mid-1970s design proposals. What is the highest equivalent QDT

(200QDD)inJT-60U?

The Lawson diagram shown in Figure 2 is incorrect. The JT-60U points achieve QDT

(equiv.) ~ 0.7 and do not reach break-even. The nx values for the shaded break-even curve
should be increased, raising the nx required for break-even by about 70% for this JT-60U
case.

S. ISHIDA: If Q is simply defined as P $ / P^s even for the transient state, the Q value
is calculated to be ~ 0.73, where no a-power or ripple loss power are extracted from the beam
absorption power.

Figure 2 is used to show the potential of high-performance deuterium discharges. For
instance, a step-down of injection beam power could make the present Q^. value possible in
a quasi steady state (dW/dt = 0), but we have not yet done this.

B. COPPI: You refer to your experimental results as being in "reactor regimes".
However, igniting plasmas have characteristics such as Zeff, the ratio of the electron collision
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frequency to the diamagnetic frequency, and the central pressure, which are different from
those produced in your experiments. Do you plan to improve some of these parameters in
your experiments with a view to simulating ignition regimes?

S. ISHIDA: You are right. We intend to better approximate reactor regime plasma
conditions by means of divertor modifications, and through the use of the N-NBI system and
the planned ECH system.

R.J. GOLDSTON: Do you plan to combine high-power NBI (> 20 MW) with LHCD
to sustain high-performance reversed shear plasmas?

S. ISHIDA: Yes. High-performance reversed shear discharges combined with LHCD
could be sustained mainly by using four tangential positive beams (~ 10 MW) at off-axis and
N-NBI (< 10 MW), whereby ripple losses would be reduced.

R.J. GOLDSTON: What is X*HC/TE in your more advanced regimes with H > 2?

S. ISHIDA: For reversed shear discharges where H ~ 2, i*Hc/xE is about 10. These
results are discussed by A. Sakasai et al. in another paper (IAEA-CN-69/EX6/5).
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Paper IAEA-CN-69/OV1/2 (presented by M.L. Watkins)

DISCUSSION

I.H. HUTCHINSON: Congratulations to the JET Team on the outstanding results
in D-T. Your claim to have clearly observed alpha particle heating does not seem to be
justified by the supporting data, however. It seems that the variation of the stored energy with
tritium fraction is fractionally no larger than the possible variation of energy confinement
time (at least within error bars). It cannot therefore be unequivocally attributed to alpha
heating, even though such heating is probably present.

M.L. WATKINS: Thank you for your kind remark. The alpha particle heating, which
is strongly peaked on axis, goes almost entirely into increasing the stored energy, as the
timescale is too short to lead to increased losses. Furthermore, the pure deuterium and almost
pure tritium ends of the alpha particle heating scan show that the confinement is independent
of isotope mass. The increases in stored energy and central electron temperature are therefore
proportional to the alpha particle heating power, being maximized when the alpha particle
heating is a maximum, that is, with 60% tritium in deuterium.

D.M. MEADE: The highest QDT achieved transiently in JET is ~ 0.6 using the
standard definition of Q. As first shown by J.D. Lawson in 1957, the energy required to
increase the plasma energy (dW/dt) should be included in the energy input. It is misleading to
state that Qtot ~ 0.9 was achieved. Only QDT = 0.6 was achieved. The JET Team argues that
Q ~ 0.9 might be achieved if plasma conditions could be extended to steady state. However,
in nine years the parameters have not been extended to ~ 5#E, and the highest QDT achieved
for 5 xE is » 0.2.

M.L. WATKINS: The full power balance for the record fusion power pulse has been
published, so you can construct whatever ratio of fusion power to input power you wish. The
JET Team has quoted Qin = 0.62 (ratio of fusion power to input power) and Qtot = 0.94 ±0.17
(calculated to take account of the non-stationary nature of these hot ion ELM-free H-modes in
which plasma parameters increase until the terminating MHD). If the same plasma parameters
as those obtained in these transient discharges could be maintained into steady state, Qjn
would be equal to Qtot, and this is confirmed by power step-down experiments, albeit at lower
performance.
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Paper IAEA-CN-69/OV1/3 (presented by T.S. Taylor)

DISCUSSION

R.J. GOLDSTON: Your plot for the theory of off-axis ECCD in Fig. 6(b) shows
exactly zero efficiency at r/a = 0.5, and is presumably negative at larger r. How does this
extrapolate to future DIII-D experiments and reactors where one would like to drive current at
r/a = 0.7 and beyond?

T.S. TAYLOR: The collisionality in present experiments on DIII-D is comparable to
that expected in ELMing H-mode fusion power producing plasmas (e.g. ITER), but the P is
significantly lower. The consequence of the relatively low p is that the EC waves interact
with electrons near the trapped particle boundary and can diffuse rapidly from the co-current
side to the counter current side of the velocity distribution. This is the Ohkawa effect and can
result in net negative current. At higher P, the wave particle interaction occurs much farther
from the trapped particle boundary as a consequence of relativistic effects on the electron
cyclotron resonance and, from the same linear theory, significant co-current drive is
predicted.

B. COPPI: To verify whether the toroidal ITG mode (called ion ubiquitous mode
when we found it) is excited, the threshold conditions and the most probable wavelength
(~ 1/3 As) can be evaluated from fluctuation measurements. What are your observations?

T.S. TAYLOR: The fluctuation measurements shown (Fig. 8), which clearly indicate a
reduction in turbulence strongly correlated both spatially and temporally with the reduction in
transport, are from the beam emission spectroscopy (BES) at r/a ~ 0.7. The peak in the
turbulent spectrum is at k_ ~ 1.7 cm"1, or k. A; ~ 0.4 or k± Au ~ 3, where A; is the toroidal
gyroradius, and An is the poloidal gyroradius. Assuming you mean the poloidal gyroradius,
the measured turbulence spectra are not inconsistent with your prediction, but generally at a
somewhat longer wavelength.

R.J. BUTTERY: Is the basis of future work on DIII-D still likely to be reactor relevant
physics?

T.S. TAYLOR: Yes, our future plans are very reactor relevant, since they are focused
on optimizing steady-state tokamak performance. This physics research plan includes:
optimization of the current profile for advanced tokamak scenarios using reactor-relevant
electron cyclotron current drive for both axial and localized off-axis current drive; active
feedback stabilization of the resistive wall mode to increase the beta limit of
high-performance discharges using n = 1 feedback coils located outside the toroidal field
coils; and improved impurity and particle control in high-triangularity advanced tokamak
plasmas, with the addition of an ITER-relevant private flux baffle and a private flux
cryopump.
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M.C. ZARNSTORFF: In your long pulse experiments, how much current is driven
externally and how much is from the bootstrap current? To what extent are the monotonic
q-profiles you showed for these experiments compatible with high bootstrap fraction
steady-state operation?

T.S. TAYLOR: For the cases shown with normalized beta just below 4, the
confinement enhancement with respect to ITER 1998 thermal ELMing H-mode scaling, Hggy,
just below 2, and q95 ~ 4, the bootstrap fraction is approximately 50% and the total
non-inductive current drive is approximately 70%. A further increase in beta to (3N ~ 5.5,
which might be possible with wall stabilization, would increase the bootstrap current to
~ 70%. The alignment and the magnitude of the bootstrap are improved if qo is increased to
give a reverse shear profile. The edge bootstrap current driven by the H-mode pedestal is
well aligned with the total edge current, but stability would be improved if this edge current
were reduced.
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Paper IAEA/CN-69/OV1/4 (presented by A. Iiyoshi)

DISCUSSION

R.J. GOLDSTON: I would like to congratulate you and your team on the spectacular
technical achievement of bringing LHD on line, and also the fine initial physics results
reported here.

A. IIYOSHI: Thank you.

J.D. CALLEN: What types of heating have you used in your experiments to date?

A. IIYOSHI: We have used ECH and NBI, and plan to add ICRF soon.

F. WAGNER: I should also like to congratulate you on the successful start of LHD
and wish you success with it in the future. Do you have any information yet on the
development of the density profile with ECRH and, more specifically, does the profile
become hollow?

A. IIYOSHI: Thank you for your kind words. We appreciate all the support and
collaboration we have received from the international helical community. The profile, as you
have surmised, is hollow. We have concentrated on generating target plasmas for NBI by
ECRH. It should be noted that the behaviours in the ECRH phase are transient.
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Abstract

Recent results from the compact, high field. Alcator C-Mod tokamak program are
summ arized. H-mode threshold studies ha ve demonstrated that the threshold appears
to be closely related to local edge plasma parameters: for fixed field and plasma cur-
rent. T(.{v>95) takes on a density independent value at the transition. The Enhanced
D-Alpha H-Mode (EDA) regime has been in vestigated. EDA is distinct from ELM free
H mode, in that there is no accum ulation of impurities. and at the same time EIA does
not exhibit large discrete ELMs. The energy confinemen t is degraded by only about
lO'/c. compared to ELM free. Comparisons for EDA with ELMy H-Mode database scal-
ings indicate ~EDA ~ ^--'2TITER97H- Strong toroidal rotation is observed in ICRF-only
auxiliary heated plasmas; the rotation increases with plasma pressure, and decreases
with increasing plasma current. The inferred radial electric field reaches the order of
30 k\'/m near the center of the plasma. Through feedbac k controlled nitrogen impurit y

W ork supported by the U.S. Departmen t of Energy
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puffing, steady state detached EDA H-Modes have been achieved with Zeff < 1.5. TE
is reduced by about 10(X in the detached case, compared to the confinement before the
No puff begins. The heat load to the divertor is reduced by a factor of 4. Volume
recombination rates are measured in the divertor, using 2-d tomography of Balmer se-
ries TV movies. Volume recombination can be a significant contributor to the overall
reduction in ion current to the divertor plates which occurs in detachment. Particle
balance measurements indicate that the divertor and main chamber plasmas are largely
isolated from one another, at least with regard to particle recycling, with most of the
main chamber (core plus scrape-off) fueling coming from neutrals in the main chamber
volume. With the addition of Lower Hybrid Current Drive. C-Mod would be an ideal
vehicle for investigation of advanced tokamak operation with fully relaxed current pro-
files. Detailed modeling indicates that discharges approaching the 3 limit {3_x ~ 3.7)
with > 70(/( bootstrap fraction should be achievable.

1. INTRODUCTION

There are four key areas of investigation on the compact, high magnetic field, Al-
cator C-Mocl tokamak[l]. Transport studies on C-Mod provide critical tests of empirical
scalings and theoretically-based interpretations of tokamak transport at unique dimen-
sional parameters, but with dimensionless parameters comparable to those in larger
experiments. Divertor research on C-Mod takes advantage of the advanced divertor
shaping, very high scrape-off layer power density, high divertor plasma density, unique
abilities in diagnosis and neutral control, and a high-Z metal wall. Ion cyclotron radio
frequency power provides the auxiliary heating on C-Mod. and is exploited for research
into wave absorption and parasitic losses and mode conversion processes. Advanced
tokamak research on C-Mod proposes demonstrating fully relaxed current profile con-
trol and sustainment through efficient off-axis current drive by Lower Hybrid waves.

2. TRANSPORT

In the area of transport research, we have continued investigations of the L/H
threshold, with emphasis on local measurements[2]. Trends demonstrating an edge
temperature threshold have been elaborated. Figure 1 indicates that Te{v-9o) shows a
much tighter correlation with confinement mode than does the global parameter, total
input power (Ptoi)- Subtracting the radiated power from (Pioi) does not significantly
decrease this scatter. These data, which are for a series of discharges with B& = 5.3 T
and Ip = 0.8J\/.4. show a clear edge temperature threshold of about 120 eV. Scans
for Bo = 8 T show a similar result, but with an increased threshold, at about 220
eV. In both cases, the threshold temperature approximately doubles when the B x Vi?
direction is reversed so that the ion drift direction is away from the divertor. We have
compared our data with the threshold theory of Rogers and Drake,[3] and the results
are shown in figure 2. The theory, which is based on electromagnetic suppression of
turbulence, via self generated E x B flow combined with B x Vi? diamagnetic flow,
predicts that the L to H transition should occur when the edge parameters are such
that a = —Rq2d3/dr > 0.5 and a(ii = pscat0/L0Lv > 0.6 {ps is the ion gyroradius,
cs is the ion sound speed. t0 is the ideal ballooning growth time, Lo is the ballooning
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spatial scale, and Lp is the pressure scale length. The boundary between L and H
mode is in very good qualitative agreement with the theory, with both a and a</; at the
experimental threshold being systematically about 20(/c lower than the predictions.
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Figure 1. Total input power and edge electron temperature, plotted, against line averaged,
density, for a series of discharges at fixed, toroidal field. (5.3 Tesla.) and. plasma, current
(0.8 MA). The triangles represent the data taken just before the plasma enters H-mode
(denoted L-H): they occur at a constant temperature (in this case about 120 eV). while
the global input powers under the sa.me conditions show much more scatter.

Global energy confinement results, for both L- and H-mode plasmas, are displayed
in figure 3. where they are plotted as a function of the ITER-89 L-mode confinement
scaling. The L-mode discharges show good agreement with the scaling, and the H-
mode plasmas have confinement enhancements of about a factor of 2. Two different
sets of H-mode discharges are shown: ELM free, and a confinement mode which we call
Enhanced D-Alpha H-Mode (EDA)[4.5]. The ELM free cases suffer from the typical
problems of impurity accumulation accompanied by monotonically increasing core radi-
ated power, followed by a collapse back to L-mode.[6] The EDA discharges, in contrast.
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Figure 2. Edge pedestal parameters in L-mode (squares), just before the transition to
H-Mode (triangles), and. in developed. H-modes (circles), plotted, in the (a.a(n) plane.
TJie theoretical boundary between L and H. from the theory of ref 3. is shown by the
curve. Points corresponding to plasmas near the density limit, just before disruption,
are shown in the lower left corner of the plot (diamonds).

show degraded impurity particle confinement, accompanied by an increase in edge den-
sity fluctuations, while the energy confinement is reduced by only about 10%. The EDA
discharges can reach a steady-state, with Prad/Pin < 30%. Type I ELMS have not been
observed in C-Mod. and the EDA regime does not suffer from large transient increases
of heat and particle flux to the divertor. In some cases, typically when 3^ > 1-2. small
ELM activity is seen on top of the EDA. Studies examining the conditions that are more
likely to produce EDA. rather than ELM free, indicate that EDA is favored at higher
neutral pressure (or target plasma density), when </95 > 3.5, and when triangularity is
in the range .35 < 6 < .55. Divertor geometry and baffling may also be important. The
EDA appears similar to some H-modes that have been reported from other tokamaks.
including the Low Particle Confinement Mode on JET[7]. type II ELMs from DIII-D[8].
and the small ELMs regime on JT60-U[9].

3. ICRF HEATING AND TOROIDAL ROTATION

Alcator C-Mod utilizes ICRF as its sole auxiliary heating method. Primarily
relying on fundamental minority heating at / = 80 MHz. up to 3.5 MW is launched into
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Figure 3. Summary of L- and H-mode confinement data plotted, against the ITER-89P
L-Mode scaling law. ELM-free H-Modc discharges are designated by the circles, and
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the plasma through 2 dipole antennas.[10] Efficient RF absorption has been measured
both at B = 5.4T (hydrogen minority), and at 8T (3He minority), with 80% to 90%
of the launched power going into plasma heating.[11] In contrast with neutral beam
heating, the RF does not impart direct net momentum into the plasma, for the spectrum
of waves launched. Nevertheless, rapid toroidal rotation is observed.[12] The rotation is
seen in L-mocle and H-mode plasmas, with the rotation velocity increasing with the total
stored energy {Wtot) of the plasma (for fixed Ip). and decreasing with increasing current
(for fixed Wtot)- Rapid rotation is also seen in discharges with core transport barriers
(PEP modes). The rotation is determined by measuring the Doppler shift in Ar+U> line
radiation; the same instrumentation is used to simultaneously measure the argon ion
temperature and density profiles. Profiles of the radial electric field can be inferred from
these data, and one such result is shown in figure 4. The spectrometers are sensitive
both to the toroidal and poloidal components of rotation, but the poloidal rotation, if
present, is below the detectability of the system (l# < 3 X 10s m/s). and the points
shown in the figure are based on Er — VP/neZ + 1 ~c,B$. The diamagnetic term is very
small, because of the 1/Z dependence (Z = 16 in this case). Note that the calculated
majority species diamagnetic term is not small, and the deuterium ion rotation, which
is not measured, is expected to be about 1.5 times larger than that of the argon. Mach
numbers, for argon, are of the order of 0.2, for the fastest rotation seen to date. The
rotation profile is strongly peaked near the magnetic axis. Recent theoretical work
suggests that ICRF heating of passing particles can result in a net inward shift of ions,
which leads to a positive Er and toroidal rotation in the co-current direction [13]. The
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model correcth' predicts the direction and magnitude of the rotation, and is qualitatively
consistent with the observed axial peaking and dependence on plasma current.
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Figure 4- Radial electric field profile inferred, from toroidal rotation measurements
on Ar+U>. The diamagnetic contributions, calculated, from the measured, temperature
and, density profiles, are plotted for the argon ions (dash-dotted) and, for the majority
deuterons (solid line). The diamagnetic contribution for argon is very small, because of
the \jZ dependence of this term.

4. DIVERTOR STUDIES

In divertor research, we have implemented impurity injection feedback techniques
to achieve quasi-steady-state detached divertor operation during EDA H-Mode plasmas.
Using nitrogen, the peak divertor plate heat flux was reduced by about a factor of 5.
Figure 5 shows the time histories for key plasma parameters in a typical case. Nitrogen
puffing is started after the H-mode is established, and the puff rate is controlled with
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active feedback using the radiated power measured with a bolometer viewing along a
chord tangent to a radius just inside the last closed flux surface at the plasma midplane.
As the plasma, detaches, as indicated by the sharply decreasing heat flux to the outer
divertor. the global energy confinement time drops by less than 10(7u and the central
Z(fj- stays below 1.5. The minimal effect on the core is due. at least in part, to the high
divertor compression of impurity gases (C'z = nz.div/nz.eon )• C'z increases with plasma
density, giving high density operation an advantage. Parallel flows in the scrape-off are
measured and appear to play a role in keeping Cz high.

For detached plasmas, the strong reduction in ion current to the divertor target
plate, as compared to attached conditions, is due to a combination of volumetric power
loss in the SOL. plasma pressure loss along field lines and volume recombination of
the ions. The importance of ion-neutral friction in reducing the target plate plasma
pressure has been verified from parallel flow measurements of ionized and neutral species
in the divertor using spectroscopic techniques. We have developed an analysis technique
for determining the local volumetric recombination rate in detached regions, using the
deuterium Balmer and Lyman series intensities. Opacities for the Lyman lines are
measured, and the opacity effects reduce the overall recombination rates. The results
show that recombination is significant, accounting for up to lh% of the ion sink during
detachment, with the remainder recombining on the plate.

Measurements of particle balance in the main chamber and the divertor. combined
with UEDGE [14] model calculations, indicate that under most operational conditions
in C-Mod. the plasma in the scrape-off layer (SOL) surrounding the core plasma recycles
by cross-field flow to the wall rather than by parallel flow into the divertor chamber.
Figure 6 shows a compilation of data from a large number of discharges (both L-mode
and H-mode). The open symbols show the plasma source in the main chamber (including
core and main-chamber SOL), inferred from midplane Balmer-a measurements and the
x symbols show the ion flux passing from the main chamber SOL into the divertor
chamber, as measured with a Mach probe. The data are plotted against the neutral flux
into the main chamber, inferred from midplane neutral pressure measurements combined
with a free-streaming neutral model.[15] The remarkable result is that the main chamber
recycling flux is always greater than that towards the divertor, usualh' by more than an
order of magnitude. Modeling with the UEDGE transport code shows that in order to
fit the measured scrape-off layer density profiles in this regime, some combination of a
diffusion coefficient that rapidly grows with distance from the last-closed flux surface,
or an inward particle pinch effect is required. An important implication is that the
the neutral pressure at the midplane may be controlled more by the magnitude of the
anomalous cross-field plasma, transport rather than the geometry of the divertor or main
chamber wall structures.

5. UPGRADES AND NEAR TERM PLANS

For the upcoming 1999 run campaign, several major facility and diagnostic up-
grades are being implemented. The auxiliary heating capability of the machine is being
doubled, with the addition of a 4-strap ICRF antenna. This will allow for the uti-
lization of the full 8 MW complement of source power, which includes 4 MW at fixed
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Figure 5. Time histories for several plasma, parameters in a detached EDA H-Mode
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Figure 6. Comparison of the main chamber ionization source, measured from, mid-plane
Balmer-a brightness (open symbols) and ion flux through the divertor throat, measured,
•with a scrape-off-layer fast scanning Mach probe (x symbols), plotted as functions of
the neutral flux into the main chamber plasma, inferred from the main chamber neutral
pressure. The results imply that the main chamber and divertor regions are largely
•isolated with respect to particle flows and recycling.

frequency (80 MHz), plus 4 MW tunable (42 to 78 MHz). Programmatic emphasis
in this area for the run period will include investigations at higher 3. increased di-
vertor power loading, and continued investigations of H-mode and ELM physics. We
will begin current drive investigation using both mode conversion and fast wave tech-
niques, along with Bernstein Wave flow control. A diagnostic neutral beam is being
added, along with associated diagnostics to measure ion temperature and rotation pro-
files through charge exchange recombination spectroscopy. fluctuations through beam
emission spectroscopy. and current density profiles via the motional Stark effect. Addi-
tional diagnostic upgrades include ECE temperature fluctuation instrumentation, and
better coverage of the pedestal region with high spatial resolution visible, x-ray, and
bolometric imaging arrays, an edge Thomson scattering system and an improved reflec-
tometer system. The outer divertor is being modified, with the addition of adjustable
flow control '•flappers'*. to allow for dynamic studies of the effects of variable neutral
particle conduction between the divertor and the main chamber.

6. ADVANCED TOKAMAK RESEARCH
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Figure 7. Modeled current density and q profiles for a steady state discharge with off axis
lower hybrid current drive. In this case, the total current is 0.8 MA. with a bootstrap
fraction of 70%.

Modeling of possible advanced tokamak operation on C-Mod has been undertaken
with the ACCOME current drive and equilibrium code[16], combined with the PEST-
II stability code[17]. For target plasmas with ICRF heating during the current ramp,
characterized by inductively driven current profiles (qo > 1). it is found that reverse
shear current density profiles can be ci'eated and maintained using off-axis Lower Hybrid
Current Drive (LHCD). With the addition of 3 MW (absorbed) at 4.6 GHz. the modeling
indicates that reverse shear plasmas at the 3 limit can be produced in C-Mod at BQ ~
4.5 Tesla. Ip ~ 0.8 MA. and (ne) in the range from 1 x 1020 to 2 x 1020 m" 3 . with
pulse length of about 10 skin times and 2 L/R times.[18] Figure 7 shows the resulting
total steady state current density profile, as well as the components clue to LHCD and
bootstrap, the latter contributing about 70% of the total current. The q profile, also
shown in the figure, has r(qmi,,) ~ 0.7«, and this radius can be controlled through
variation of the RF power and wavenumber spectrum. The shaped C-Mod geometry
(K ~ 1.7. 6 ~ 0.7) results in high ideal MHD /^-limits, even in the absence of a conducting
shell ( % < 3.5).
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Towards high-power long-pulse operation on Tore Supra XA0053866

Equipe Tore Supra, presented by A. Becoulet
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The Tore Supra tokamak was given the main mission to investigate the route towards long
pulse plasma discharges. This includes the problem of heat exhaust and particle control (via the
development of performant plasma facing components), and in parallel the physics of fully non
inductive discharges and its optimisation with respect to the confinement. Tore Supra is thus equipped
with a superconducting toroidal magnet (maximum magnetic field on axis 4.5T), a full set of actively
cooled plasma facing components (PFC), and a heating & current drive capability based on high power
RF systems connected to actively cooled antennas. The encouraging results already obtained, as well
as recent progress in PFC, allowed us to envisaged a significant improvement in the heat exhaust
capability of Tore Supra. The so-called CEEL-project [1] consists in a complete upgrade of the inner
chamber of Tore Supra, planned to be installed during the year 2000. The present paper deals with the
experimental and modelling activity linked to the preparation of the long-pulse high-power discharges
using the present Tore Supra equipment: heating and current drive scenarios, power coupling,
confinement and transport studies, discharge control,... An overview of the results obtained in that
field is presented, as well as the progress required in the coming years, and the expected performance,
for the CIEL phase, in terms of current drive and confinement.

1. Additional Heating and Non Inductive Current Drive on Tore Supra

The present auxiliary heating system of Tore Supra [2-3] consists of a lower hybrid current
drive (LHCD) unit (16x500kW-klystrons, 3.7GHz, 2 multifunction launchers) combined with an ion
cyclotron range of frequency (ICRF) system (6x2.2MW-tetrodes, 40-80MHz, 3 double-loop resonant
antennas). The maximum power expected to be coupled to the plasma with the present system is in
the range of 10-11 MW for ICRF and 5-6 MW for LHCD. Both systems have current drive capabilities
(i.e. tuneable phasing), actively cooled antenna structures (lateral bumpers (ICRF+LHCD); Faraday
screen, current straps, matching capacitors (ICRF)), and are designed at present for 30s (ICRF) or 210s
(LHCD) pulses. Various recent improvements are to be noted as key elements towards a more reliable
operation of the system:
- ICRF operation: automatic matching based on the tuning of the antenna variable capacitors during
pulses, with a minimum time response of the order of 100ms [4]; use of Thomson Tubes Electroniques
TH525 tetrodes allowing a higher output power (~2.2MW), as well as a higher dissipated power (up to
2MW) [2].
- LHCD operation: VME operation system favouring various real time feedback loops, including one
limiting the output power in case of high-Z impurity production.
- Infrared camera monitoring: numerical data acquisition and processing of the infrared camera
system, allowing a more exhaustive analysis and control of both PFC and antennas.

The progress towards high power long pulse discharges presently follows two main routes.
The first one consists in achieving discharges which combine the two RF systems at their maximum
power capability. As mentioned above, this aspect of course requires a reliable operation of the
generator and antenna systems, involving continuous maintenance and development effort. It also
involves the understanding and optimisation of the power coupling. As a matter of examples, one can
mention several keypoints, recently documented:
- acceleration of electrons in front of LHCD multifunction grills: experiments and modelling on
several machines have shown the possible dissipation of LHCD power by the edge electrons,
generating damages [5-7]. Minimisation of such effects requires a limitation of the power density at
the grill mouth, as well as a careful design of the grill itself (septa shaping, location of guard limiters).
Such improvements are being implemented on the present and future Tore Supra [3] launchers to
allow a safer long pulse operation.
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- careful ICRF layers optimisation: due to the Tore Supra aspect ratio, high harmonic cyclotron layers
often locate at the very edge of the plasma (low field side) during ICRF operation. This mainly
concerns the third harmonic of Deuterium in D(H) minority heating, and the fourth harmonic of
Deuterium (second harmonic of Hydrogen) in fast wave electron heating (FWEH) scenarios. Though
they do not significantly alter the expected power deposition balance, those layers can be responsible
for a strong heat deposition on the antenna Faraday screens when located a few centimetres in front of
it (figl). A careful positioning of such layers, accounting for the important local magnetic field ripple,
is thus fundamental for long pulse operation.

The Tore Supra ICRF antennas have demonstrated several time their individual capability of
operating at the nominal power of the generator system, namely from 4 to 4.2 MW. The actual antenna
limitation is in fact more relevant to a maximum voltage of 40-45kV, located at the extremities of the
current strap. Combined operation with several ICRF antennas is of course more constrained. The first
effect concerns the increase of the overall power, and thus of the heat load on the antenna structures.
This point becomes crucial for long pulse operation and will be discussed mainly in the last section.
The second aspect involves the possible "cross-talk" effects between antennas. Power flowing from
one antenna can be seen by the other antennas as reflected power, possibly confusing the safety
systems based on the reflected to incident voltage ratio. This effect is exacerbated when operating in
low single pass damping scenarios, as FWEH or mode conversion heating, which develop strong
cavity mode structures. Several solutions are presently envisaged: i) polychrome operation, consisting
in associating a different frequency to each antenna. The drawback of this method is that the required
frequency split (± 200kHz at least) is not always compatible with the careful control of the edge high
harmonic cyclotron layers, ii) the simultaneous management of the three antenna safety systems,
which insures that they are switched on and off at exactly the same times. This solution is being
implemented, iii) new arc detection systems (optic fibres, detection of sub-harmonic frequencies
generated by arcs,...) replacing the existing safety system. Such a solution still requires R&D. Though
no definitive solution has been fully implemented yet, up to 10 MW of ICRF were coupled into the
Tore Supra plasmas by the combined operation of the three antennas, both in minority heating
scenarios (damping per pass close to 100%) and in FWEH schemes [8] (at 2T, damping per pass of the
order of 10%). This performance is close to the present generator capability of the ICRF system.
Solving the problem generated by cross-talk effects would however mean more reliability and stability
for these high power discharges. This reliability can even become a pre-requisite for certain types of
discharges, as the ones operated at high fraction of radiated power (with or without the ergodic
divertor) for which a power switch-off leads to disruption, or the ones operated at high-Pp for which a
power switch-off leads to a fast backward motion of the plasma and thus to major difficulties for
recovering.

The combined operation of the two LHCD grills is not altered by such "cross-talk" effects.
Maximisation of LHCD coupled power is mainly governed by a careful control of the reflected power
of each antenna, i.e. by the optimisation of the edge conditions at the grill mouth (once the antenna
conditioning is satisfactory). Up to 5.3MW were obtained energising the two grills simultaneously for
6s. The plasma-grill distance can also be adjusted during the pulse, and controlled by a feedback loop,
for instance on the reflection coefficient. Using the same system in a pre-programmed way, the power
coupling has been maintained as the plasma-grills distance was slowly increased up to 16cm, in
regions where the plasma heat load is negligible.

The ultimate goal is of course to combine both RF systems on the same target plasma. One
must here again distinguish between the overall heat load problem (more relevant to long pulses and
discussed below), and the problem of compatibility between the constraints. The limitation of the
voltage in the ICRF antennas forces to maximise the loading resistance if one wants to maximise the
coupled power. This is achieved either by increasing the plasma density (in fact the plasma edge
density) and/or by decreasing the antenna-plasma distance. For the Tore Supra ICRF antennas,
coupling the full power requires a loading resistance larger than 5 QJm, which corresponds to line
densities larger than 4-5.1019m"2 and antenna-plasma distances of the order of 2-3cm. The edge
conditions are of course of importance: recycling conditions, gas, limiter or ergodic divertor
configuration,... have an influence on the antenna loading resistance. One finally must keep in mind
that a reliable operation requires some antenna voltage margins, in order to cope with transient effects,
like giant or monster sawtooth crashes, plasma motions,... Following this idea, a feedback loop system
limiting the antenna voltage to a preset value is under study. On the LHCD side, the optimum coupling
conditions are unfortunately opposite: the density at the grill mouth should be maintained close to its
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(low) ideal cutoff value. Moreover, for a given power density at the grill mouth, the higher the local
density the larger amount of fast electrons in the plasma edge, possibly causing damages to the
magnetically connected objects. The success is finally sensitive to the chosen scenario and plasma
behaviour. The latest performance achieved in this domain (fig2) is a 11.6MW/1.6s discharge
(#25419, 32MJ for the overall discharge), consisting of 9.5 MW of ICRF (3 antennas) + 1.8MW of
LHCD (1 grill) + 0.3MW of ohmic power. It has been achieved in a He(H) minority heating scenario
(B=3.5T, Ip=1.4MA, nl=6.1019m"2) where the fundamental hydrogen cyclotron layer is located slightly
off-axis on the high field side, in order to limit the sawtooth activity (Te(0)~5keV). The voltages on
the ICRF antenna was in the range of 35kV and the coupling resistance of 6fi^m. The time duration
was limited on that discharge by the temperature reached on the main pumped limiter on which the
plasma was lying. Note that the diamagnetic stored energy reached the record value for Tore Supra of
1.24MJ (thermal energy confinement time ~85ms).

The second route consists in achieving long pulse discharges in order to progressively qualify
new PFC components, in the various integration aspects: power and particle injection and exhaust
capabilities, machine operation, diagnostics, data acquisition, feedback loops...., and address the
feasibility of steady-state discharges. The pre-requisite of such studies is of course to drive non-
inductively a significant fraction of the plasma current, mainly through the intensive use of LHCD (see
below). The plasma current has already been sustained on Tore Supra for 2 minutes at the level of 0.8
MA, using 2.4MW of LHCD. The total injected energy (LHCD+ohmic) reached the record value of
280MJ [9]. The slow density increase usually observed after one minute of operation on such
discharges confirmed the absolute necessity of a complete particle control system for further progress
(i.e. active cooling of each element plus efficient pumping). Fully non inductive discharges were
performed for durations up to 75s, using a double feedback control: the loop voltage was imposed to
be zero by retroaction on the ohmic system, and the plasma current value was controlled by a feedback
loop on the injected LHCD power (Ip=0.6MA, PLHCD=2MW). In order to progressively increase the
power level on such discharges, ICRF power has also been superimposed. This allowed us to couple
up to 4MW of ICRF (hydrogen minority heating) plus 2.2MW of LHCD during 26s, representing a
total input energy of 170MJ. Note that this performance was also favoured by the fact that 1/6 of the
Tore Supra carbon inner wall was replaced by more performant PFC components, made of Carbon
Fibre Composites (CFC) and intentionally slightly misaligned beyond the remaining 5/6 [10].

The success of the overall programme is of course not independent of the chosen scenarios and
of the resulting confinement properties and plasma stability. The required non inductive current is
based on Tore Supra on two components. The first one is LHCD, the second bootstrap current. Fully
non inductive discharges, driven by LHCD on time durations long enough to reach steady-state under
various plasma conditions, allowed us to determine the experimental behaviour of the LH current drive
efficiency for the Tore Supra conditions. Besides the predicted dependence in Zeff, it is found to
depend linearly on the magnetic field, and to very slowly decrease with density. No clear evidence of a
dependence with the volume averaged electron temperature is found. More details on the non
inductive current profile behaviour are discussed in the next section, as well as in ref [5],
Extrapolations of such a current drive efficiency clearly show (fig3) that some extra LHCD power
and/or alternative non inductive current are required to reach steady-state discharges in the relevant
range of 0.5<Ip(MA)<1.5 and 1 < <n>(1019m"3) < 5.

Significant effort is thus being made in the bootstrap current generation using the direct
coupling of the fast magnetosonic wave to electrons, in the ICRF [8]. This so-called fast wave electron
heating (FWEH) scheme involves Landau damping and transit time magnetic pumping of the fast
wave on the parallel motion of the bulk electrons. The Tore Supra database now covers a magnetic
field range between 1.3T and 3.5T, and an input power range up to 9.5MW. Bootstrap current
fractions up to 50% have already been reached for several seconds. The corresponding ICRF
frequency is chosen so that the plasma is bounded by the second and fourth cyclotron harmonic layers
of the bulk ions (Deuterium or Helium 4). The third cyclotron harmonic layer thus crosses the plasma
centre, but the possible competition with the FWEH is insignificant on present discharges as the bulk
ion temperature remains low enough. For the first time in a tokamak, the fast wave has also been
damped by electrons in a scenario where no competing ion cyclotron damping is present in the plasma
(42MHz, 3.9T), confirming without any ambiguity the FWEH process. The power deposition profile is
strongly peaked in the plasma centre and the bootstrap current is then driven by the resulting strong
electron pressure gradient. The corresponding amount of bootstrap current is found not to depend on
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the operating magnetic field, and the following ad-hoc expression of the bootstrap current fraction was
fitted, adding the TEXTOR and TFTR bootstrap databases to the Tore Supra one [11]:

Ibs/Ip « 0.5 eO-5 pp (ccp/aj)0.5
where £ is the inverse aspect ratio, Pp the poloidal beta, a; the peaking factor of the current density
(defined as the ratio between the central current density and the average current density Ip/na2) and oip
the central pressure value normalised to the volume averaged pressure.

Alternative scenarios, combining ICRF and LHCD, are also under consideration. We first
investigated some possible "synergistic" current drive effects expected between both waves. The
experiment was based on the possibility for the wave mode-converted from the fast wave at a two-ion
hybrid layer location (monopole operation) to couple to the fast electrons generated by LHCD. LHCD
and ICRF powers have thus been coupled in H-He3 plasmas optimised for ICRF mode conversion
heating [12], and various scans in plasma current, density and ion mixture were performed. Operation
at zero loop voltage was also studied. More than 60 discharges allowed us to conclude that, in such
conditions, no effect on current drive efficiency was noticed, as well as no modification of the fast
electron population was seen on the hard-X ray tomography system [13].

The "FWEH-driven" bootstrap current is thus now considered on Tore Supra as the major
candidate for supplementing the LHCD non inductive current on high-density long-pulse operation.
The characteristic of such a scenario is that the power transfer between the heating waves and the
plasma mainly results in a strong bulk electron heating, combined with a significant fraction of non
inductive current. The resulting transport is then dominated by the electron L-mode transport,
improved by possibly significant magnetic shear modification effects [14], the ion energy content being
governed by the collisional equipartition rules. In the present Tore Supra discharges, two kinds of
improved regimes have been observed: one mainly observed an enhancement of the confinement
linked to the increase of the mid-radius magnetic shear, under the influence of bootstrap current for
instance, and/or an enhancement of the central performances due to a flat or slightly reversed central
magnetic shear when operating close to 100% LHCD-driven discharges (so-called hot core LHEP
discharges). The obtained performance [8] show H-factors up to 1.6 (with respect to the ITERL-97-P
thermal scaling law [15]).

2. Current profile modifications and control

In addition to a fully non inductive plasma current, the long-pulse discharges require an active
control of the current density profile, both for transport optimisation and MHD stability. It is thus
essential to rely on several non inductive current sources, which allow to shape the current profile, as
well as on real-time determination of the major (local and global) characteristics of the current profile
(central safety factor, minimum safety factor location and value, internal inductance, ...). One can then
set appropriate feedback loops on the current sources. This long term work, both technical and
physical, is underway on Tore Supra.

Weak (positive or negative) magnetic shear discharges may for instance develop MHD activity
of various types, requiring a careful adjustment of the current profile (including bootstrap), pressure
profile, etc. For instance, tearing modes have been observed [16] tp limit performance of some Tore
Supra long-pulse discharges with a dominant fraction of LHCD non inductive current (so-called LHEP
phase)(fig4). In such discharges, the central safety factor is slightly below a low-order rational value
(3/2 or 2) associated with a local flatness of the current profile (weak shear region up to r/a~0.3). On
the case shown on fig4, the onset of a m/n=2/l tearing mode is reached after 13s of operation, as the
current and pressure profile still slowly evolve. The LHEP phase is abruptly terminated, and the
postlude plasma exhibits a strong "sawtooth-like" MHD activity driven by coupled m/n=2/l and
m/n=3/l modes and preventing recovery of the confinement enhancement associated with the LHEP
phase.

An efficient feedback system is thus required in order to extend the duration of such regimes
significantly. Improvements in current density profile measurements (through polarimetry diagnostic
(from 5 towards 9 channels), development of a MSE diagnostic, VME data acquisition...) are
underway. However, one of the key points remains the capability for the heating & current drive
systems to efficiently act on the pressure and current density profiles. An example is given on fig5,
where a feedback loop was set between the plasma internal inductance (l{) and the n/rspectrum of the
LHCD launchers. The injected n/7 index can freely vary between 1.4 and 2.8. In this experiment, the
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preset-lj was required to vary from 1.7 to 1.55 during the discharge. Fig5 shows the corresponding
response in terms of LHCD launcher phase and power, as well as the actual lrevolution, confirming
the possibility of control. But, of course, the relation between the LHCD power deposition profile and
the phase of the launchers, as well as between 1; and the current profile, are more sophisticated, and
this experiment represents to that respect a proof of principle. The new hard X-ray (HXR) tomography
system[5,13] installed on Tore Supra is now extensively used for a more exhaustive fast electron
behaviour analysis, both in time (4ms resolution), velocity (8 energy channels) and poloidal (59 lines
of sight, 5cm resolution) spaces. One of the first strong conclusions of this analysis (discussed in [5])
is that, in reversed shear ramp-up experiments, the LHCD power deposition profile remains peaked,
until the q=l surface appears in the discharge. Moreover, a correlation between the radial position of
the HXR maximum of emission and the q=l surface location is then observed, revealing a strong
connection between the deposition and the current profiles. The present LHCD system can thus hardly
sustain high-qa shear reversal situations, unless the wave accessibility conditions are not fulfilled, as
already demonstrated at very low magnetic field [17]. Such conclusions encourage several prospective
studies engaged on Tore Supra. These studies both include the present equipment, through the
combination with FWEH-driven bootstrap current for instance, as well as on-going developments
(installation of an ECRH/ECCD system (see below)) and new possible developments (combination
with a vertical LHCD launcher insuring an edge absorption barrier for the LHCD power launched by
the main grills located in the equatorial plane).

From the transport point of view, a major interest for Tore Supra remains the possibility of
triggering, and sustaining, wide internal transport barriers (ITB) with RF heating and current drive
alone. One of the most successful techniques, applied on many tokamaks, consists in coupling the
power very early in the discharge, during the plasma current ramp-up, in order to take advantage of the
ohmic hollow current profile and slow down its diffusion towards the centre. This technique however
suffers from two major drawbacks on Tore Supra: i) when using ICRF additional power, a relatively
high density is required (see above) to couple a sufficient amount of power. The time required for
reaching such densities is too long compared to the very short current diffusion time scale (a few
hundreds of ms in the start-up phase), ii) when using LHCD power, the current deposition profile, as
discussed previously and in [5], is peaked at low plasma current. This partially spoils the efforts for
sustaining a wide hollow current profile on time scales much longer than the resistive time. An
alternative way is thus being investigated at present. It first consists in setting a low (~500kA) plasma
current discharge on which ICRF minority heating (and/or LHCD) is established, on a time duration
long enough (8-10s) to reach a steady-state. The plasma current and the power are then rapidly
ramped-up and a hollow current phase is reached. In that case, one can optimise the resistive skin
depth by properly shaping the ramp-up frequency o>=(l/lp)(dlp/dt). Fig6 shows an example of a fast
current ramp-up phase (from 0.5 to 1.2MA) leading to a normalised skin depth l/a.sqrt(2r|/G0) = 0.2
(instead of 0.6 during the start-up phase) (r\ is the plasma resistivity). The internal inductance drops to
~ 0.6, and the central shear is negative. The next step will consist in increasing the additional power
and controlling the reversed shear region by adjusting the power deposition location (off-axis ICRH
and/or ECRH heating).

Such a scenario should insure a significant current profile control, in which the electron
heating is dominant. The final step consists then in increasing the ion pressure gradient, in order to
enhance the rotation shear and improve the transport. This challenge for RF heating systems requires
further scenario studies. Those scenarios are presently being investigated. Promising results in this
field were obtained in high Hydrogen minority discharges, at relatively high density (80% of the
Greenwald limit). In such discharges, ion and electron energy contents are more balanced, and a
significant toroidal rotation is induced by ICRF. An improved confinement was observed, during more
than 2s, in both ion and electron channels, corresponding to an H factor of 1.6 (with respect to ITERL-
97-P)[18]. Other possibilities, involving Helium3 or Impurity minority heating for instance are also
under investigations.

3. Towards the CIEL discharges

The power exhaust capability of the so-called "CIEL" plasma facing components will be of the
order of 20-25 MW (conducted + radiated), in steady-state (i.e. several hundred of seconds)[ 1,19-20].
In order to fully benefit of such a capability, the heating and current drive systems follow a long-term
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improvement programme, including several levels from the generators to the antennas. Among the
numerous elements presently under development, one can underline:

- ICRF operation: one of the ICRF antennas has been equipped with a new set of lateral protection
elements [21] (fig7), using for the first time in this environment the active metal casting technology
(CFC tiles bonded on copper alloy water cooled fingers) [22], which is the basis for all the PFC in
CIEL. Extensive validation tests were performed under various conditions: ICRF minority heating,
FWEH, combination with LHCD, ergodic divertor configuration, antenna-plasma positions, etc. Up to
now, those elements showed a quite satisfactory behaviour, as illustrated on fig2, where the antenna
temperature is shown during the 11.6MW/1.6s shot (#25419) described above, and compared to
another antenna using the conventional carbon tiles lateral protections at the same level of power and
radial position. The two other ICRF antennas will be progressively equipped with such protections.
VME data acquisition is also underway for the ICRF system, allowing feedback loops on the antenna
position, coupling resistance or limitations of the voltages for instance. An active feedback on the
antenna phasing is also being developed [23].
Concerning the future developments, the generators and several antenna elements must be adapted to
longer pulses. One of the challenges is certainly the improvement of reliability of the antenna
matching elements, presently built with actively cooled variable vacuum capacitors [24].
- LHCD operation: a renewal of the LHCD multijunction launchers is underway. The new design
[3] [25] involves a larger radiation surface (i.e. a lowering of the power density at the grill mouth), as
well as the new lateral protections mentioned above for ICRH antennas. The first new grill is planned
to be installed and tested in summer 99. New concepts, like Passive-Active Multijunction, insuring a
better cooling capability are also being considered, in collaboration with ENEA-Frascati, where the
concept will be tested first [26].
- ECRF: in collaboration with the Ecole Polytechnique Federale de Lausanne, Forschungzentrum
Karlsruhe, and Thomson Tubes Electroniques, Tore Supra is implementing a 118GHz/3MW/210s
ECRF system. The prototype gyrotron (500kW) is already being tested in Cadarache [27], and the full
power is planned to be available for the operation on CIEL. Beyond the extra input power brought by
this system, its flexibility in terms of injected angles allows to envisage local heating and current drive
effects, strong enough to stabilise performance limiting tearing modes [28], and/or to modify the local
current profile significantly, with a capability of setting (slow) feedback loops on the injected angles.
- Infrared camera monitoring, both the 360° of toroidal pumped limiter (TPL) and each antenna will
be monitored with numerical data acquisition, allowing an active safety control.

The heating and current drive systems, after the necessary upgrades, should typically deliver in
steady-state 10-12MW of ICRF, 6-8MW of LHCD and 2-3 MW of ECRF. Zero-D extrapolations of
the present database combining LHCD, bootstrap current, the Zeff behaviour in limiter configuration,
the confinement and its enhancement with respect to the bootstrap current fraction, gives us the basic
steady-state performance of CIEL discharges [8], in terms of (fully non inductive) plasma current
versus volume averaged density (see fig8a). They mainly lead to two types of scenarios. The first one
takes place at low density: the plasma current is of the order of 1.5-1.7MA (qa close to 3), with a
negligible fraction of bootstrap current. The lower density however allows only to control the wall-
particle inventory, but not the density profile. Furthermore, the plasma does not radiate a significant
fraction of the outcoming power. This regime shows a moderate confinement enhancement. The
second mode of operation is more "advanced". It consists in working much closer to the Greenwald
limit of density; the plasma current is of the order of 0.8-1 MA (o^ close to 5-6), with a confinement
enhancement factor of the order of 2 (with respect to ITERL-97-P). The bootstrap current fraction
reaches 50%, and the density level then allows an efficient edge pumping by the Toroidal Pumped
Limiter (fig8b), as well as a large fraction of radiated power. Normalised beta values are of the order
of 1.5 at 4T, and reach 3 at 2T. Note that this extrapolation is rather conservative, in the sense that it
does not rely on further confinement enhancement due to possible hollow current profiles and/or shear
flow effects, triggering internal transport barriers.

4. Conclusions

Achievement of high power long pulse discharges is the long term goal of the Tore Supra
tokamak programme. It represents a huge integration effort involving all the tokamak technology and
physics domains: 100% heat and particle exhaust, fully reliable additional RF power at high level,
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current profile control, MHD control, possibly in the high performance plasmas. The Tore Supra
equipment is progressively evolving in that direction, with first a complete upgrade of the inner vessel
components (planned to be installed in year 2000), and second the progressive upgrade of the heating
and current drive systems. Scenarios studies (current drive, current profile modifications, long pulse
operation, MHD studies, feedback loops, etc.) are also underway. Many encouraging results were
already obtained: 2 minute pulses, long fully non inductive discharges, high power shots, high
bootstrap fraction plasmas, magnetic shear reversal discharges, etc. At the same time, the
understanding and modelling of the corresponding physics is improved: fast electron diagnostic, edge
RF physics, MHD, confinement versus current profile, etc. The integration of all these aspects
progressively takes place, allowing a more reliable and safe operation.
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figl: FWEH experiment (2x2MW with two ICRH antennas, dipole phasing). Influence of the 4D(2H)
cyclotron layer exact location on the Faraday screen temperature measured by infrared cameras.
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lOMWofFWEH (right) (driving bootstrap current (blue)) on Tore Supra versus the volume averaged
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fig6: (a) (#25195) Comparison of two plasma current ramp-up phases. The first one, during plasma start-up
(left) leads to a skin depth (computed at r/a=0.6) of 0.6 and a weak effect on li, the second one, after an 8s low
current plateau (with 1.6MW LHCD), leads to a skin depth of 0.2 and a significant shear reversal, as confirmed
onfig6b. (B) current density profiles during #25195.
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fig7:new lateral bumpers on one of the ICRHantennas.
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Abstract

The overview of TRIAM-1M experiments is described. The up-to-date issues for steady-state operation are
presented through the experience of the achievement of super ultra long tokamak discharges (SULD) sustained by
lower hybrid current drive (LHCD) over 2 hours. The importance of the control of an initial phase of plasma, the
avoidance of the concentration of huge heat load, the wall conditioning, and abrupt stop of the long discharges are
proposed as the indispensable issues for the achievement of the steady-state operation of tokamak. A high ion
temperature (HIT) discharge fully sustained by 2.45 GHz LHCD with both high ion temperature and steep
temperature gradient is successfully demonstrated for longer than 1 min in the limiter configuration. The HIT
discharges can be obtained in the narrow window of density and position. Moreover, the avoidance of the
concentration of heat load on a limiter is the key point for the achievement and its long sustainment. As the effective
thermal insulation between the wall and the plasma is improved on the single null configuration, HIT discharges
with peak ion temperature > 5keV and steeper gradient up to 85 keV/m can be achieved by the exquisite control of
density and position. The plasmas with high K ~1.5 can be also demonstrated for longer than 1 min. The current
profile is also well-controlled for about 2 orders in magnitude longer than the current diffusion time using
combined LHCD. The serious damage to the material of the first wall caused by energetic neutral particles produced
via charge exchange process is also described. As the neutral particles cannot be affected by magnetic field, this
damage by neutral particles must be avoided by the new technique.

1. INTRODUCTION

The steady-state operation and the achievement of high performance plasma are most
important issues for tokamak fusion reactor. In these years, various improved confinement modes
have been found in many devices. On the other hand, steady-state tokamak discharges over 1 hour
have been proceeded only in the superconducting (SC) machine TRIAM-1M in the world. Recently
the steady-state high performance plasma is also achieved on TRIAM-1M.

This excellent machine of foresight had been proposed to achieve the following objectives
which were pointed out by one of the author a quarter century ago[l].

1) Development of the high-field superconducting magnet for fusion reactor and establishment
of SC magnet technology,

2) Development of steady-state tokamak operation using non-inductive current drive,
3) Investigation of impurity dynamics and hydrogen recycling,
4) Feedback control of non-circular plasma for steady-state operation,
5) Additional heating for high performance plasma.

These objectives were considered to be fresh at that time, although the issues concerning them are
well known and studied actively in many devices recently. They have been almost achieved through
the progresses of TRIAM-1M project successfully. However, through the experiments of steady-
state and high performance plasma, the other new issues for the fusion reactor have been made clear.
These new issues may be important in order to realize the first fusion reactor in 25 years after. Before
the description of recent progress, we would like to propose the new issues through the experience of
TRIAM-1M experiments in order to predict for future issues in fusion research a quarter century
hence.

In this paper the outline of TRIAM-1M and the survey of process of super ultra long discharge
(SULD) are described in second and third chapters. The recent progress, which are the high ion
temperature mode, the single null configuration, the current profile control and material studies are
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described from the forth to seventh chapters in order. In the last chapter this paper is summarized.

2. OUTLINE OFTRIAM-1M MACHINE AND EXPERIMENTS

TRIAM-1M is the high-field superconducting tokamak with 16 toroidal field coils made of
Nb3Sn (R = 0.8m, a x b = 0.12m x 0.18m)[2], which can produce the steady-state strong magnetic
field continuously. The maximum field reaches 11 T at windings and 8 T at the plasma center.
One of them was demonstrated its performance and stability in 1983 [3] and the superconducting
system including the TRIAM-1M machine was completed in 1986.

At the initial stage of experiment, the impurities (CO2 and H2O)were released from the
magnets because of repetition of mechanical vibrations due to the electromagnetic force by plasma
productions. They were accumulated at the refrigerator for the cryogenic system. This phenomenon
obliged to turn off the refrigerator and the short runs of plasma experiment within a week were
repeated. In order to eliminate the impurities, an adsorber was installed[4], and then the continuous
operation of the superconducting magnets system longer than 100 days has been demonstrated
successfully up to now.

The plasma chamber is made of SUS304L and the poloidal D-shape limiters and toroidal
divertor plate are made of Mo. The surface of plasma chamber is cleaned effectively using electron
cyclotron resonance discharge cleaning (ECR-DC) without baking the chamber[5]. In ohmic heating
(OH) experiments, the maximum plasma current of 420kA was achieved and the elongation of the
D-shaped cross section (K ~ 1.4) was obtained [6].

In order to realize the continuous steady-state operation, the non-inductive current drive
experiments have been carried out since 1987 using the 2.45GHz, 50kW lower hybrid current drive
(LHCD) system with a klystron and a 4 x 1 grill launcher[7,8]. In 1989 the 1-hour ultra long
discharge was obtained[9] and finally the 2-hour discharge was demonstrated in 1995 [10]. On the
other hand, aiming the operation of a high density region which is comparable to the D-T burning
density in JET and TFTR, the high frequency LHCD experiments have been carried out using an
8.2GHz, 200kW LHCD system with 8 klystrons and a 8 x 2 grill launcher[l 1]. Then in 1995, the
high density plasma was maintained for ~1 min, so the possibility of the steady-state tokamak
operation with a reactor-grade plasma density sustained by non-inductive current drive could be
indicated [10].

Furthermore TRIAM-1M has a unique equipment with a collector probe on which the various
specimens are exposed to a plasma during the real long-time discharge, and the plasma-wall
interaction have been investigated[12,13].

The problems of impurity dynamics, hydrogen recycling[14] and heat load being never
experienced in pulsed plasmas have been made clear from the experiences of these long-time
experiments [10].

Recently the high-performance of steady-state plasmas have been demonstrated in
experiments on TRIAM-1M. The single null configuration with high elongation K has been desired
for future reactor both to remove the He ash and the huge heat load and to improve the plasma
performance. The improved high temperature mode and the current profile control are
important factors of high performance plasma for fusion reactors. These kind of experiments have
been investigated in many devices, however, almost of them have been carried only in short pulses
up to several sec except TRIAM-1M. From the viewpoint of a steady-state reactor operation the
control technique to maintain the high-performance plasma has to be established.

In TRIAM-1M experiments, the several world records of long sustainment for high-
performance plasmas have been achieved in last two years. The single null divertor configuration
with K ~ 1.5 has been successfully maintained for 1 min by 2.45 GHz LHCD[15]. The hot ion
temperature (HIT) mode (T; > 2keV) has been successfully maintained for longer than lmin by
exquisite control of the density and position on the limiter configuration, using only the 2.45 LHCD
system without other additional heating, and especially on the divertor configuration Ti of 5 keV
has been achieved[16]. Furthermore the control of the global current profile have been carried out
for 50 times longer than the current diffusion time by combination of twoLHW's (2.45 GHz and 8.2
GHz) with different parallel indexes spectra[17].
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On the other hand, from the investigation of plasma-wall interaction in the long-time
operation on TRIAM-1M, the problem is made clear that the damage against the wall due to the
neutral particles should be so serious, and the new technique must be developed[18].

After the next chapter the details of the experiments on TRIAM-1M will be described.

3. EXPERIMENTS OF SUPER ULTRA LONG DISCHARGE (SULD)

3.1 Developments and issues for 3-min discharge

In 1988, the first long pulse tokamak plasma for longer than 3 min was achieved [7,8], based
on the essential developments as the following; 1) construction of superconducting (SC) magnets
made of Nt^Sn, 2) stable operation of tokamak with SC magnet, 3) continuous wave (CW)
microwave system for non-inductive current drive, and 4) the plasma production by flux swing
generated by the decrease in the center solenoid coil current. The 3-min tokamak discharge was the
first step of steady state operation and some issues appeared.

The first one is the drift of the integrators for magnetic coils. The magnetic measurement
plays an important role in the operation of tokamak. In fact, the 3-min discharge stopped due to the
error caused by the accumulated drift of integrators. This showed clearly that the conventional
method using magnetic coils was not available in the long discharges.

Second is the issue concerning the data acquisition system. In the case of long time or steady
state operation, it is important to monitor and control the plasma condition continuously during the
discharge. However, conventional systems cannot follow these operation as it shows the results after
each discharge. Moreover the memory prepared in a CAM AC module is not sufficient, therefore it
is impossible to store the data with high time resolution for the whole of a long discharge. These
issues become more serious with the increasing of the discharge duration time.

3.2 Developments and issues for SULD

In 1989, the SULD for longer than one hour was demonstrated by the progresses [9], those are
the adoption of the Hall generators for the measurement of the magnetic field and a new data
acquisition system.

The Hall generators can measure the local magnetic field directly, therefore they are free from
the problem of the drift of integrators. However, the time response of the Hall generators is not so
high for the fast change in the magnetic field as observed in the break-down and current ramp up
phases. Therefore, the plasma position was controlled with the usual magnetic coil system at the
initial phase of the discharge, and the Hall generator system was used in the subsequent phase.

As for the data acquisition system, the continuous monitoring and data acquisition system,
which is called "cyclic processing", was also developed [19]. On this new system, multiple lines of
data processing are running simultaneously and each line of processing is switched in the regular
interval. This system has been successfully applied to SULD. Moreover event trigger method was
also established to acquire the data with a high time resolution around some interesting events during
long duration discharges [20].

The issue of the heat load appears in one-hour discharges. The heat load from the plasma
sometimes concentrates on a certain point of a poloidal limiter, where the point becomes bright (hot
spot), and it sometimes causes the intense sputtering. The hot spot is the source of impurity, and the
performance of the plasma was sometimes declined by the hot spot. To avoid the appearance of the
hot spot, i.e., concentration of heat load, the position control of plasma is significantly effective.

At first, the plasma position and fueling were controlled in the manual manner, because
appropriate operation of the plasma position and the fueling has to be derived from many input data,
for example, plasma current, position, microwave input power, coupling, density, temperature,
behavior of impurity, and so on. However, the manual control strongly depends on the "know-how"
of the operators. From the huge experimental data and the accumulated experiences, two important
points for the steady-state operation are made clear.

One is the avoidance of the hot spot. The position control using the TV image of the plasma
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cross section and the poloidal limiter is suitable for this purpose. When the hot spot appears, the
bright point on the limiter is caught by the TV image and the automatic control system makes the
plasma moved in the inverse direction of the bright point to eliminate the hot spot. The distance and
the speed of the movement of the plasma to avoid the hot spot is just "know-how" and the
appropriate operation can be obtained from many experimental data.

The other is the fueling control taking the hydrogen recycling property into consideration.
Temperature of wall and hydrogen recycling property changes gradually during the discharge as well
as shot by shot. Moreover the amount of the fuel adsorbed into the wall varies shot by shot, because
it depends mainly both on the previous shots and on the present shot. Therefore, the fueling control
must be adapted itself to adjust the change in the wall condition. In order to cope with it, the fueling
control system has been improved by the feedback control using the Ha signal. The intensity of Ha
line corresponds to the influx of the fuel to the core plasma. As the influx of the fuel is proportional
to the electron density in steady state, the fueling control using the Ha intensity is also sensitive to
electron density.

Based on the two improvements, a longer discharge than 2-hour could be achieved by the
automatic control in 1995 [10]. This is a milestone of the steady-state operation of tokamak. The
progresses of steady-state operation on TRIAM-1M are summarized in Fig. 1.
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Fig.l. Progresses of steady-state operation using 2.45GHz LHCD on TRIAM-1M. The main

parameters is similar in all of the discharges in this figure, Ip~20kA, ne ~1.5xl018m'3, Te~0.6keV,

Tr0.5keV, Bt=6T, P

3.3 Time scale for steady state during SULD

The characteristics time scale for steady-state should be investigated in the SULD. The plasma
was maintained in the limiter configuration by the microwave of 2.45 GHz, 20kW and the plasma
current (~20kA) was driven by the energetic electrons drifting in the toroidal direction. In the limiter
configuration, heat load by the plasma concentrates on the poloidal limiter. The many plasma
parameters, for example density, plasma current, temperature, and so on, are kept constant during
the discharge. The impurities estimated by the vacuum ultra violet (VUV) become constant (O~2%,
Mo -0.2%) [21] and they do not change significantly during discharge [9]. This is a preferable
phenomenon for the steady-state operation, because the contamination and concentration of
impurity in the core plasma prevent from maintaining the plasma. These plasma parameters become
constant in early time of the discharge, because characteristics time scale depends on the energy
confinement time, tE(~10ms) and current diffusion time, xL/R(~200ms). The recycling ratio, which
significantly affects the performance of plasma, gradually increases and then reaches about unity as
shown in Fig.2. It takes longer than 30 sec to become constant. This characteristic time scale is one
of the longest time scale required to become steady state. This shows that the duration of longer than
30 sec is necessary to obtain the steady-state condition in the view of the performance of the plasma.

The most important and difficult problem during steady-state discharge is the control of the
wall condition, because temperature of the wall and the limiter increases and consequently the wall



103

OV2/3
condition gradually changes during the discharge. In the 2-hour discharge, the time evolutions of the
temperature of the wall and the limiter are shown in Fig. 3. The characteristic time scale is about 3 0
minutes. In order to investigate the performance of the steady state plasma, 1-hour discharge is
necessary from the view point of the wall condition.
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Fig. 3. Time evolutions of the temperature of (a) the limiter and (b) the wall in the case of the 2-
hour discharges.

3.4 Long duration discharge in the high density region

Steady-state operation in high density region (ne is more than lxl019m"3) has been executed.

The 8.2 GHzLHCD is utilized for the sustainment of the plasma current. The line-averaged electron
density reaches up to ~2 x 1019 m"3 and the duration of the discharge in the high density region exceeds
1 min. Two important points are made clear from the high density discharge. One is the recycling
property. The recycling ratio also increases gradually and it approaches to unity. It takes about 20
sec to become constant as shown in Fig. 2. It is found that the time scale for the saturation of the
recycling ratio corresponds to a few 10 sec even in the high density plasma.

The other is that the termination of the discharge is mainly caused by the wall saturation, that
is the recycling ratio is excess of unity. The electron density abruptly increases without the gas feed
in the e.nri of Hischarpe The He.nsifv r.nntrnl Hoes not wnrk WP.11 inst before, the termination nf the
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discharge. The abrupt wall saturation may be caused by the large outflux of the particles, because
outflux of the high density plasma (~ 2xlO20 particles/s) is about 4 times larger than that of the low
density plasma. The wall saturation may become a large issue for steady-state operation in the high
density region.

3.5 Heat load issue for future fusion reactor

Heat load issue is also important in steady-state operation. Heat load levels in many devices are
summarized in Fig.4.
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Fig. 4. Heat load as the function of the duration of the discharge. The data ofTRIAM-lM were
estimated as the heat load at the limiter and the others were estimated as the heat load at the divertor
plate. The dotted lines in the figure show that the heat flux is constant. In high density discharge in
TRIAM-1M, heat flux is comparable to large tokamaks.
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Fig. 5. Current drive products (ne EIp) in 8.2GHz LHCD plasma as the function of the duration of
the discharges. The current drive product is proportional to the input power, if the current drive
efficiency is constant.
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The heat load of the 2-hour discharge on TRIAM-1M at the limiter (more than lGJ/m ) is compared
to the divertor plate of ITER. This huge heat load generates the hot spot and intense sputtering on
the limiter, which sometimes make the plasma performance declined. Figure 4 shows that the hot
spot and intense sputtering may occur in the divertor plate on ITER and this huge heat load has been
realized on only TRIAM-1M in the world. This circumstances concerning heat load are suitable to
investigate the characteristics of the material for the fusion reactor. The issue of the heat load has
appeared already in TRIAM-1M as shown in Fig.5. It shows that the duration of the discharge is
limited by the heat load. The steady-state operation in low current and density can be realized by the
capacity of a cooling system of TRIAM-1M, however, it is impossible to obtain the SULD in high
density region without the improvement of cooling system.

3.6 Issue for current drive efficiency of non-inductive current drive

Current drive efficiency is the important index for the steady-state cost-effective tokamak
reactor, and required efficiency corresponds to 0.2-0.3x1020 AAVm2. The current drive efficiency
OF LHCD is sufficient for the requirement of tokamak reactor in many tokamak devices. However,
these current drive efficiency have been estimated not in full current drive discharge but in the partial
current drive discharge assisted with the OH electric field. It should be noted that the current drive
efficiency of LHCD estimated in the OH plasma does not follow the synergetic effect between OH
electric field and LHW. In TRIAM-1M, the investigation of the effect of OH electric field for the
current drive efficiency is carried out and the result is summarized in Fig. 6. The current drive
efficiency is significantly enhanced by the OH electric field. The enhancement factor strongly
depends on the value of the OH electric field and it reaches over 3. This indicates that the non-
inductive current drive efficiency in the plasma assisted with the OH electric field is over-estimated
[22].

Cvl

E 2
b .

Q

1 1

• • • • • • • • '

•

. . . • • # •

1 1 1

, - § • • • ' " ' -

0.0 0.2 0.4 0.6
VL/27iR0 (V/m)

0.8

Fig. 6. Current drive efficiency as the function of loop voltage. The zero loop voltage cases
corresponds to the full current drive plasma sustained by LHCD for longer than the current diffusion
time.

3.7 Other issues for steady-state operation

Two large issues are made clear through the real experiments of steady-state operation. One is
that the discharges sometimes stop abruptly, although the automatic control is active. The cause of
this abrupt stop of the discharge is not clear. One possibility is that large Mo grains generated by the
sputtering from the limiter may plunge into the plasma. If this hypothesis is true, it may be difficult
to avoid the abrupt termination of long discharges. The solution will be the avoidance of the
concentration of heat load by the plasma as possible.

The other is the difficulty of the plasma control at the very early phase, especially break-down
phase as shown in Fig.7. The difference between these two discharges is only in the horizontal plasma
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position of about 20 mm. In the case of short discharge due to the plasma disruption, the interaction
of plasma with the limiter at the break-down phase may have sputtered the impurity from the limiter.
As the result, the plasma current is not sustained by LHCD in spite of the effort of the control
system. This indicates that the control in the very early phase of plasma is one of key points for the
steady-state operation of tokamak.

5 10 15

Time (ms)

20 0 5 10 15

Time (ms)

20

Fig. 7. Typical examples of the discharge (a) operated well and (b) operated bad in very early phase.
It should be noted that the small difference of the horizontal plasma position in the early phase
causes large effects.

4. ACHIEVEMENT OF HIGH PERFORMANCE PLASMA AND ITS LONG SUSTAINMENT

Recently a long duration discharge with the high ion temperature (HIT) mode has been

obtained using 2.45GHz LHCD on both the limiter and the single null configuration[16]. The ion

temperatures Tyt and T i n have been measured with two kinds of neutral particle analyzer (NEA),

NEAP (9-90 K) andNEAT( 9-36 K) respectively, here 9 is the angle between the line of sight and

toroidal direction. The HIT mode is obtained under the following conditions; 1.4xl018m"3 ne

2.0x1018 irf3 and -2.5cm AR(=R-Rg) -0.5cm in the limiter configuration, where R means the
horizontal plasma position. However, as the horizontal position of the plasma must be controlled
tightly in the single null configuration, and the position scan can not be carried out in the single null
configuration. The density window is the similar both in the limiter and single null configurations.
The HIT mode has been successfully maintained for 1 min by exquisite control of AR and ne as shown
in Fig.8.

The HIT mode is characterized by the steep temperature gradient formed around half of the
minor radius as shown in Fig.9. This suggests that a transport barrier is formed in the middle of the
plasma. A transition from low ion temperature (LIT) to HIT sometimes takes place in the fast time
scale ( 10ms). At the transition, both T^ andT i n measured with NEAT and NEAP change
simultaneously within the sampling time of 10ms. This indicates that T ; becomes almost isotropic at
any time and the energetic ions with small V// are well confined at least during the estimated value of
pitch angle scattering time (~8 ms for 9=36 K).
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Fig. 8. Time evolutions of Tt at r~0cm (closed
circles) and r~3.6cm (closed squares) in long
sustained HIT discharge.
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Fig. 9. Radial Profiles ofTi at r~0cm in the HIT
mode (closed circles) and the LIT mode (open
circles).

These experimental results indicate that 1) effective ion heating takes place in the fullLHCD
plasma, 2) energetic ions are confined well by the weak poloidal field. In HIT region, ion heating does
not occur by direct heating via linear mode conversion process of LHW. Moreover the power via the
slowing down process almost flows from energetic electrons to bulk electrons. Mechanism of ion
heating may be that the wave excited by the energetic electrons accelerated by LHW interacts with
ions. The electromagnetic (EM) wave emitted from the plasma are detected by a horn antenna
through a quartz vacuum window. Main part of the EM wave corresponds to the wave with the
frequency of the 2.45 GHz. This is clearly originated from the injected microwave of 2.45 GHz
LHCD. The EM wave at the frequency of the 2.45 } 0.4 GHz is sometimes observed. This sideband
wave is originated by the scattering process of the waves of 2.45 GHz and 0.4 GHz, therefore, the
signal of sideband wave shows that the wave with the frequency of 0.4 GHz exists in the plasma. This
wave of 0.4 GHz may have a relation to the ion heating, because the time evolution of the power of
the EM wave correlates with that of the ion temperature as shown in Fig. 10. Around 6 s, T ; is clearly
higher than Te and ion heating takes place. At that time, the amplitude of the EM wave of the
sideband increases and the abrupt decrease of both Tj and amplitude of EM wave occurs at 7.5 s.
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Fig. 10. Top figure shows the time evolution of the amplitude of EM wave at the frequency 2.45 GHz
- 0.4 GHzmeasured with a spectrum analyzer. The amplitude of pump wave (2.45GHz) is about 30
dBm. Bottom figure shows the time evolution of Tt at the plasma center.
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As for the confinement of energetic ions, although the mechanism is not made clear, the
energetic ions by weak poloidal field may be confined well by the presence of appropriate negative
radial electric field shear. The study for the confinement of energetic ions in the weak poloidal field
must be continued further, because the same situation is considered in the field of ot particle physics
in a reactor plasma.

The optimum window for HIT may be qualitatively explained as the following. For the density
window, the coupling of LHW to the plasma and the slowing down process of energetic electrons play
an essential role. In low density side of the window, electrons are easily accelerated, but the coupling
between the plasma and LHW become worse. On the contrary, the improvement of the coupling are
competed with the enhancement of the slowing down process in high density side of the window. As
the results, the number of energetic electrons has an optimum value at the appropriate density. For
the position window, the coupling and the loss of energetic electrons are essential. An outward shift
of plasma improves the coupling. However, as the orbits of energetic electrons shift outward, the
energetic electrons frequently hit the limiter and the launcher of LHW . On the contrary, inward
shift of plasma reduces the loss of energetic electrons, but it makes the coupling of the LHW with
plasma worse. Therefore, the number of energetic electrons has an optimum value at the appropriate
position.

100

CD

10 20 30 40 50

Discharge duration (s)

0
60

Fig. 1I The values of Tt (open circles) and / Tt (solid circles) just before the transition from HIT to
LIT as the function of the discharge duration.

The maximum values of T ; and / T ; seem to be limited in the HIT discharge as shown in Fig.
11, although the maintenance of the HIT mode does not depend on duration of the discharge. The
maximum value of / T ; reaches up to 85 keV/m, which is comparable to / T ; in the internal
transport barrier on the large tokamaks. As the MHD instabilities are not observed just before the
transition from HIT to LIT, the direct cause of the termination of the HIT mode is not made clear.

When the hot spot sometimes appears in the very early phase of the discharge on the limiter
configuration, the HIT mode can not be obtained for the whole of the discharge. This suggests that
the impurity generated by the hot spot plunges into the core plasma and it prevents from achieving
the HIT mode. It should be noted that the performance of the plasma is not recovered after the
extinction of the hot spot appeared in the very early phase. This indicates again that the position
control in the break-down phase is very important to achieve the high performance plasma.

Generally speaking, the HIT experiments on TRIAM-1M is the good news of steady state
operation of tokamak, because the high performance plasma can be maintained by exquisite control
for the longer time than the required time for steady recycling ratio. While, the high performance
results in the large tokamaks may not reach the steady state condition, but remain transient
phenomena in the view point of the recycling. This result of TRIAM-1M indicates that the
steady-state high performance plasma with / T ; ~ 60 keV/mcan be obtained by the exquisite control
for the whole of discharges including the very early phase.
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5. ©RECENT PROGRESSES OF THE PLASMA ON THE SINGLE NULL CONFIGURATION

Establishment of technique to maintain long single-null configuration with high elongation, K,
has been desired for the future reactor both to remove the huge heat load and to improve the plasma
performance [15]. Figure 12 shows the summary of the achieved K plotted as a function of discharge
duration in various tokamaks in the world. This figure clearly shows the difficulty of the long
duration discharge with high K. Generally speaking, main reasons of the difficulty are vertical
displacement event (VDE) and power handling on the divertor plate. Although discharge in circular
limiter configuration was successfully maintained for longer than 2 hours using hall generators
without drift problem of integrator, VDE cannot be avoided in the single null configuration because
of the slow time response of hall generators. Vertical position control system was improved to aim
at the long duration sustainment of the single null divertor configuration by LHCD and the control
as fast as the skin time of the vacuum wall was tried. Although the present duration time is limited by
both V2t value of the power supply for vertical position control and the drift of the integrator, where
V and t show the voltage and the duration of power supply and the value of V2t corresponds to the
calorific power of the power supply, the single null configuration with K ~ 1.5 for 1 min by 2.45 GHz
LHCD only; PRF = 22 kW, B, = 6 T, ne = 1 x 1018 m'3, Te = 600 eV, Ip = 23 kA was successfully
achieved. This result indicates that the steady-state discharge of high K in the single null
configuration, is possible by developing quick-responsible and long-time-measureable magnetic

sensor.
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Fig. 12. Plasma elongation, K, as a function of the discharge duration in various tokamaks. The
data on the single null configuration in TRIAM-1M (open circles) and in other tokamak (open
triangles), on the limiter configuration in TRIAM-1M (close circles) and in other tokamak (close
triangles) are plotted in the figure.

The energy of 200 MJ has been injected into the plasma in the limiter configuration. The hot
spot and the intense sputtering sometimes appears during the long discharge due to the huge heat load.
While, the hot spot and the intense sputtering does not occur in the single null configuration. This
shows the better power handling in the single null configuration can be achieved than that in the
limiter configuration. The input energy to the divertor plate has been measured with the temperature
rise of cooling water of the divertor plate. The thermal input calculated by integrating the
temperature rise multiplied by the water flow is plotted as a function of discharge duration in Fig. 13.
At first, the plasma is produced in limiter configuration from 0 to 4 s. During this phase, the thermal
input to the divertor plate is not detected as shown in Fig. 13. From 4 s to 6 s, the plasma
configuration is drastically changed and the single null configuration is formed at 6 s. After 6 s the
thermal input to the divertor plate increases linearly with the discharge duration. From the slope, the
input power is estimated to be 10 kW, which is about 30 % of the energy lost from the plasma. This
result indicates that apart of the input energy flows to the divertor plate instead of the limiter, and
consequently the hot spot is difficult to be formed.
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Discharge duration (sec)

Fig. 13. Input energy to the divertor plate as the function of the discharge duration in 8.2GHz
LHCD plasma. The single null configuration is formed completely at 6 s.

As a part of input energy flows to the divertor plate, the heat load to limiter is reduced and
consequently the hot spot and intense sputtering is difficult to take place on the single null
configuration, compared with the limiter one. The improved thermal insulation between the wall and
the plasma on single null configuration brings to higher performance plasma as shown in Fig. 14. The
maximum ion temperature reaches at more than 5 keV.
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Fig. 14 Time evolution ofTj (closed circles). The configuration is changed gradually from 4 s to
6s and at 6 s, the single null configuration is formed completely.

6. CURRENT PROFILE CONTROL USING COMBINED LHCD

Recently the controllability of the magnetic shear (i.e., current profile) has been investigated
from a viewpoint of correlation with the various improved confinement modes. In the present
method, the negative shear is formed by increasing the current diffusion time using the neutral beam
heating at the current ramp-up phase. However, this method is not available for the steady-state
plasma. As for the method of the current profile control using LHCD in many devices, the discharge
duration is not enough because it is shorter than the current diffusion time. The development of the
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non-inductive current drive method is indispensable to sustaining the current profile in the steady
state. As for the current drive efficiency, in many devices it is estimated under such a best condition
as the electric field exists in the plasma as described in the section 3.5. It is an important issue
whether the improvement of the current drive efficiency can consist with the control of the current
profile in steady state.

4 6 8
PH (kW)

10 12

Fig. 15 Demonstration of the controllability of current profile using combined with 8.2GHz and 2.45
GHz LHCD. Insets show the radial profile of hard X-ray of 80 keV emitted from energetic electrons
driving plasma current.

The controllability of the current profile has been investigated by the combination of
2.45GHz and 8.2GHz LHCD with different spectra of parallel refractive index (N,,) [17]. The
2.45GHz LHW is superimposed on the high density plasma sustained by 8.2GHz LHCD (8.2GHz +
2.45GHz LHCD). The controllability of the current profile in 8.2GHz + 2.45GHz LHCD is shown in
Fig. 15. Shafranov A (=(3p + \I2-1) remarkably reduces depending on the power of 2.45GHz LHW,
Prf(2.45GHz). The internal inductance li is estimated using A and (3p , which is obtained in a kinetic
manner. From this estimation, the value 1; decreases with Pjf(2.45GHz) and the change in 1; is up to
about -0.4. It suggests that the current profile becomes broad with Prf{2.45GHz), which is supported
by the measurement of hard X-ray emission profile viewing vertically as shown in the insets of
Fig.15.

In the combination of two LHW' s, the current drive efficiency is improved by a factor of about
1.5 times (-CMxlO^Am^W1). The effective temperature of the high energy electrons estimated
from the slope in the spectrum of hard X-ray emission increases by a factor of 1.2 times by
superimposing the 2.45GHz LHW, although it does not change by increasing only Prf(8.2GHz). This
suggests that the higher energy electrons are accelerated by superimposing the 2.45GHz LHW and
therefore the local current density may be changed.

The well-controlled current profile can be successfully sustained for about 2 orders in
magnitude longer than the current diffusion time (/cL/R~200ms) and moreover and the current drive
efficiency is improved by the combined LHCD. This indicates that the compatibility of the profile
control and sufficient current drive efficiency is achieved by the combined LHCD.

7. PLASMA-WALL INTERACTION AND INTERACTION AND MATERIAL STUDIES USING
LONG

DISCHARGES

High energy charge exchange (CX) particles emitted from the core plasma bombard the plasma
facing wall and result in the sputtering and formation of lattice defects in the materials. The defects
may affect material properties such as thermal conductivity and mechanical strength. The behavior
of CX-particles and their effects on materials have been studied by exposing the material specimens
to the long duration discharge plasma of the TRIAM-1M by using a collector probe system [18].
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Fig. 16. TEM dark field images showing radiation damage in molybdenum placed at plasma facing
side by exposing to the high ion temperature discharges.

The transmission electron micrographs (dark field images) in Fig. 16 show typical damage in
molybdenum specimens exposed to plasma by inserting in the scrape-off layer through a horizontal
port; 6mm behind the poloidal limiter surface. In order to eliminate the effects of the charged
particles and to collimate the incident directions of the neutral particles, the specimens were
mounted in the holes ( 2 mm in diameter and 4 mm in depth) at the plasma facing side. The holes
direct to the five different directions from the bottom to the top of the plasma with semiangle of 14
degrees. They were exposed to successive high ion temperature discharge (hydrogen plasma, limiter
configuration) sustained by lower hybrid current drive (2.45GHz). Typical plasma parameters were as

follows; T p l .5~2.5keV, ne =1.5xlO18/m3, Ip=20~25kA. The duration time of each discharge was

about 1 min and the total duration time reached 31.5 min. The temperature of the specimen holder
during exposure was almost constant at about 23°C. Such type of material irradiation experiment,
which requires large accumulation of particle load, cannot be performed so easy except TRIAM-1M.
As shown in the figure, dislocation loops (aggregates of radiation induced interstitials, small white dot
images) were formed with strong specimen direction dependence. Namely, considerable amount of
damage (defect density: 3-4xlO15/m2) was observed in the specimens directing to the lower side (-
45, -30 degrees) and the plasma center (0 degree), while almost no damage for those directing to the
upper side (30, 45 degrees). These results imply that CX-neutrals with enough energy to cause
radiation damage in metals were mainly formed in the lower half of the plasma. According to the
stereo-observation, the defects distribute up to 40-50nm in depth, which corresponds to those for
the damage production by hydrogen particles ranging from 3 to 6 keV. This fact means that some
part of CX-particles have energy of several keV, which is enough for radiation damage in
molybdenum, and is correspond well with the result of energy spectrum measurement of neutral
particles with NEA. By comparing quantitatively with hydrogen ion irradiation experiments carried
out before, the flux of the hydrogen neutrals responsible for the damage was estimated to be about
1.5x1018/m2/s. It must be pointed out that this flux is not low from the stand point of material
damage. As demonstrated in Fig. 17, which shows the evolution of radiation damage in molybdenum
under 2 keV hydrogen ion irradiation, the amount of the defect reaches saturated level by the
irradiation about 1022ions/m2 [23] and results in strong surface hardening [24]. Due to strong
interaction between hydrogen and the radiation induced interstitial atoms, formation of the
dislocation loops is enhanced very much under hydrogen irradiation [25]. Figure 18 shows
macroscopic damage of a pre-thinned tungsten foil, which was located at 6mm behind the poloidal
limiter surface for one experimental campaign. The specimen was cracked along grainboundaries.lt
seems that the energetic hydrogen atoms, which can penetrate into the subsurface region through the
surface, diffused into the bulk and brought the hydrogen embrittlement. These experimental results
indicated the influences of the energetic hydrogen influx are not restricted in the surface and shallow
subsurface range but may change even the properties of bulk materials [26].
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The localized formation of energetic CX-neutrals at the lower half of the plasma indicates
stronger sputtering and radiation damage at the bottom of the torus. The present results are also
important for understanding and assessment of erosion and damage of PFC and also for impurity
behavior.

2.0X1011 it 2.2X1022

Fig. 17. TEM bright field images showing radiation damage in molybdenum under 2 keV hydrogen
ion irradiation at room temperature.

^Et-". ^«_K?

Fig. 18. Macroscopic damage of pre-thinned tungsten specimens placed on the inner wall of the
vacuum vessel for one experimental campaign (about 3 months).

8. SUMMARY AND CONCLUSION

The up-to-date issues and demonstrations for approach to future fusion reactor are proposed
as the following through the experience of the achievement of super ultra long tokamak discharges
(SULD) sustained by lower hybrid current drive (LHCD) over 2 hours.

1) Issue of the control of initial phase of plasma.
2) Issue of the avoidance of the hot spot.
3) Demonstration of the recycling property.
4) Issue of the abrupt stop of the long discharges.
5) Demonstration of steady-state high performance plasma.
6) Issue of the development of new control to maintain the plasma with high K.
7) Demonstration of the long discharge with the favorable current profile.
8) Issue of the serious damage to the material caused by energetic neutral particles.

These issues and demonstrations may become guide for future fusion reactor.
The position control is very important to avoid the hot spot, especially in the initial phase of

plasma the bad control sometimes causes the plasma disruption. The time scale required to reach the
steady recycling ratio is about a few tens seconds, which does not depend on the electron density so
much. This time scale is the standard for steady-state operation. The transport barrier could be
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maintained for longer than 1 min and this indicates that the high performance plasma with transport
barrier can be maintained in steady state. In TRIAM-1M, the steady-state plasma both with high K
on the single null configuration and with controlled current profile using the combination of LHW's.
are successfully demonstrated. These efforts for the steady-state operations has been carried out to
obtain the steady-state higher performance plasma.
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WAGNER, F., ANTON, M., BALDZUHN, J., BLEUEL, J., BRAKEL, R., BURHENN, R.,
CATTANEI, G., ENDLER, M., ERCKMANN, V., FENG, Y., FIEDLER, S., GEIGER, J.,
GEIST, T., GIANNONE, L., GRIGULL, P., HARTFUSS, H.-J., HARTMANN, D., HERRE,
G., HIRSCH, M., HOLZHAUER, E., JANICKE, R., KICK, M., KISSLINGER, J.,
KOPONEN, J., KUHNER, G., LAQUA, H.P., MAASSBERG, H., SARDEI, F., STROTH, U.,
WELLER, A., ZOLETNIK, S., CHATENET, J.H., DORST, D., ELSNER, A., GORNER, C,
HACKER, H., KARGER, F., KNAUER, J., KONIG, R., LAQUA, H., MCCORMICK, K.,
NIEDERMEYER, NUHRENBERG, C , OTT, W., PENNINGSFELD, F.-P., SALAT, A.,
SCHNEIDER, F., THEIMER, G., WALTER, H., WENDLAND, C, WERNER, A.,
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Max-Planck-Institut fur Plasmaphysik, EURATOM Association, Garching, Germany

Abstract

The Wendelstein stellarator programme of Garching has developed low shear stellarators
with successively optimised designs to remove the intrinsic deficiencies of this 3D concept.
W7-X, presently under construction, is in internal terminology a fully optimised stellarator.
W7-AS, the presently operated device, is a partly optimised stellarator. The optimisation of
stellarators aims at improved neoclassical confinement in the long mean free path regime and
improved equilibrium and stability properties. In this report, we address equilibrium, stability,
turbulent and collisional energy confinement aspects (role of magnetic shear, role of the radial
electric field, low and improved confinement regimes), particle transport, transport and
turbulence at the plasma edge, high density operation, ECRH (OXB scheme) and ICRF heating and
the deve-lopment of the island divertor for exhaust. The maximal parameters achieved in W7-AS
(at dif-ferent discharge types) are: Te = 5.8 keV, T; = 1.5 keV, ne = 3 x 1020 nr3 , <(3> = 2%, TE =
50 ms.

The W7-X concept:

The stellarator Wendelstein 7-X (W7-X, presently under construction in Greifswald,
Mecklenburg-Vorpommern, Germany) is optimised based on the concept of quasi-isodynamicity
III. A truly isodynamic confinement geometry has poloidal symmetry with the consequence of
plasma flows on a flux surface only, without neoclassical radial fluxes. In order to utilise this
concept in a toroidally closed system, a specific geometry is necessary. Straight and helical sectors
alternate forming - viewed from above - a pentagon in the case of W7-X. The magnetic field is
increased at the corners of the pentagon to restrict reflected particles to the straight sectors
where their banana orbits rotate poloidally. By this means radial neoclassical fluxes at the low
level of that of symmetric systems can be achieved. In order to guarantee the high-P to be only
weakly dependent on P (resistive ballooning is expected to limit W7-X to 5%), pressure driven
parallel currents must also be minimised. The concept of quasi- isodynamicity allows <)^>/<i±2>,
which is 2/v2 for a classical stellarator, to be reduced to 0.32/v2 (v = i I2n) for W7-X, and the
bootstrap current to be simultaneously minimised. To reduce <j||2>, the plasma cross-sections are
strongly elongated at the corners (K ~ 3.6); bootstrap current could be minimised in W7-X (unlike
in quasi-helical or quasi-toroidal systems - in the latter case a strong bootstrap current is actually
desired) by appropriately adjusted toroidal and helical curvatures. Thus, the properties of the
optimised design are only weakly dependent on p. The rotational transform i of W7-X is selected
around i(a) = 1 (0.8 < i{a) < 1.2) with a small variation between core and edge (0.8 < Ua) < 1 or
1 < t(a) < 1.25); low shear promises good confinement as long as low order m/n field perturbations
are avoided. In order to also minimise high m/n turbulence, limited magnetic shear is provided to
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the extent that low order rationals are still excluded. An edge separatrix can be formed via a chain
of edge islands (5/5 or alternatively 5/6) which are radially extended because of low shear and
consequently are expected to effectively divert the fluxes from the plasma and to establish the
magnetic part of an island divertor.

The W7-AS device:

W7-AS has the form of a pentagon and its field structure is partly optimised {<1?>I<]\}> =
0.85 i(a) 2) 121. The field system is composed of modular coils (t{a) = 0.4); toroidal field coils
allow changes of i(a), vertical field coils allow to vary the radial plasma position; W7-AS is also
equipped with an OH system e.g. to compensate the bootstrap current. In addition, the magnetic
field strength in the corners of the pentagon can be varied (variation of mirror ratio). The
bootstrap current is tokamak-like and increases i(a); generally, operation is such that a
superimposed inductive current cancels this increase of the edge rotational transform i(a) to
maintain the pre-set value. Shear can be varied with OH current and by ECCD. The vertical field
allows changes of the magnetic well and thus modifies stability properties. In addition, it allows
changes of the plasma wall interaction with 5x2 graphite tiles mounted symmetrically at the
inboard walls.

Equilibrium properties:

The optimisation of W7-AS has been demonstrated by indirect measurement of the parallel
currents <j||2> which were found to be reduced as expected 131 and by the demonstration of reduced
Shafranov shift in high P equilibria in comparison to a classical 1 = 2 stellarator 141. Maximum
<P>-values close to 2% have been reached at W7-AS. This limitation is due to restricted heating
power at given radiation losses. High (3 operation is carried out at low field of < 1.25 T and at high
density. Under these conditions, orbit losses are predicted for energetic particles injected by the
counter beam line 151. The increase in P with NBI is found to be mainly due to the co-beams. The
additional increment in p achieved with the counter beams is small. The high-P programme on
W7-AS will be continued with reversing the counter injector into co-direction. Under these
conditions it is expected that p is limited by resistive interchange 161.

0 400 t[ms] 0 400 t [ms]
Fig. 1. Development of a discharge with rising OH current. Left: Central electron temperature;
right: rise of external rotational transform ia and Mirnov signal.

Stability properties:

The high-p plasmas of W7-AS are rather quiescent, and reach stationary phases till the
heating has been turned off 111. No violent MHD processes occur in the high- p phase. With a
low-order rational in the plasma core, a pressure driven mode may appear which rotates in
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electron drift direction with a few kHz and which does not reduce the energy content of the
plasma. With plasma current - either bootstrap current, or induced current by OH or ECCD /8/ -
current driven tearing modes can appear due to resonances. Their impact on the plasma depends
on the current level. Although the plasma does not disrupt, the current induced formation of
tearing mode islands causes the irreversible loss of a major part of the energy content 191. A
current induced rise in t(a) by Ax ~ 0.2 is sufficient, if t(a) = 0.5 is reached to expel 80% of the
energy content. Figure 1 shows the discharge development in such a scenario. Plotted is the
central temperature, the variation of va by the plasma current and finally the development of
unstable conditions seen in the Mirnov signals.

The most conspicuous MHD feature of W7-AS are global Alfven eigenmodes (GAE) which
are driven by that part of the fast particle spectrum which is in resonance /10/. In case of side-
band excitation (m+1), particle velocities down to vA/10 can contribute. GAEs appear typically in
the absence of a rational i in the plasma and in the low shear case of W7-AS their frequency
resides closely below the corresponding continuum band. The frequency varies with density,
isotope mass and field in the expected form. The GAE modes generally saturate at a level up to
8B/B = 10"4 there is no evidence, at present, that they limit the NBI heating efficiency (locally or
globally). With shear (via induced current), the GAE activity changes into TAE modes which are
more localised (at the gap) and are characterised by a larger poloidal harmonic content. The mode
pattern depends on t and a large variety is observed - cases up to m = 9 and cases with a node in
the radial eigenfunction are observed. For both the GAE and the TAE activity, the eigenfunctions
are well described by a three-dimensional MHD code (CAS 3D /11/) and by a gyrofluid model /12/.

Confinement and the role of shear:

Low vacuum field shear in the Wendelstein line is a design characteristic. The idea behind
low shear is that low-order resonances arising from the mode spectrum of the magnetic field as
well as from external field perturbations should be avoided as they reduce by the development of
magnetic islands - as originally thought. The most obvious experimental evidence is that, in the
accessible t-range of W7-AS, good confinement is established in the vicinity of t(a) = 1/2 and 1/3
where larger i-intervals free of resonances occur. (Empirically, it is found that resonances beyond
m=20 have no influence.). There is ample experimental evidence which demonstrates the
sensitivity of confinement on i(a) (see Fig. 2, left side). At low shear, confinement can be
,,good" but, without further means, it is at the L-mode level (e.g. in the iota window 0.50 < t(a) <
0.53. Outside this range, the confinement is at a sub-L-mode level. As described below,
confinement can be increased to the H-mode level in the favourable i-windows.

The shear studies of W7-AS are of general interest because of the low central magnetic
shear obviously required for advanced tokamak scenarios and because different theoretical
concepts exist predicting different dependencies of turbulent transport on shear. The studies are
carried out for Te/Tj » 1 (ECRF heating) and only the response of electron transport on shear is
investigated. The current necessary to introduce strong shear in W7-AS is too low (L <30 kA) to
affect the power balance / l l / .

The impact oft and shear S can be separated at low shear (Ip < 5kA, A t(a) = 0.007Ip/kA).
Good confinement develops if specifically the plasma periphery remains free of resonances. Little
shear is tolerable in this case. On the contrary, if the edge value, \{a), is selected such that
rational i-values (m < 20) intersperse the plasma outer range, the temperature gradient is flat and
confinement is degraded in case of insufficient shear. Good confinement is possible even in the
presence of resonances, if sufficient shear is established. With strong shear (Ip ~ +25 kA) - and
the sign of S does not matter - the confinement is good and loses its subtle dependencies on iota
(see Fig. 2, left side) /13, 14/. The shear where i loses its impact is about S ~\ m"1. A rather
sensitive situation is established at low shear. Little shear can degrade good confinement or
improve bad confinement depending on the preselected value of t{a). Under marginal conditions,
good confinement can be transformed into degraded confinement (sub-L-mode level) if the
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plasma current (e.g. self-induced) moves v{a) into the range with resonances. Also the opposite
has been observed.

The impact of resonances on transport can be modelled /15/ by a composition of the
electron heat diffusivity from three components: the neoclassical Xneo, the anomalous one %an,
which describes the good confinement (L-mode level) and an additional one £xn m which
represents the contribution of the resonances. The view is that resonances do not necessarily
cause islands, which short-circuit a small radial range, but rather that it gives rise to locally
enhanced turbulence. The ^nm term is parameterized by an amplitude a ^ , a radial range of
effectiveness and a damping factor which itself depends on shear. There are three fit-parameters
which are determined from the confinement results in experimental scans which allowed x n m to be
varied. Figure 2 compares the experimentally measured variation of the energy content W with
Ua) at different plasma currents (shear values) with the modelling results. The existence of
enhanced turbulence at the location of a resonance has not yet been demonstrated. Microwave
scattering shows, however, that the integral density fluctuation level is enhanced under degraded
confinement in the radial range of the resonances.

0.5 0.55
t(a)

0.45 0.5 0.55
t(a)

0.6

Fig. 2 shows the experimental variation of the energy content Wwith ia; parameter is the plasma
current 1'; the right side shows the modelled dependence of the electron energy content We.

Neoclassical core transport:

In cases of improved confinement, the core electron temperature rises and because of the
strong Te-dependence of Qneo (~Te

9/2 (without Er-field)), the core confinement becomes
neoclassical. The better confinement is, the more extended is the neoclassical core /16/.

In those cases where a separate analysis is possible, the ion transport in the plasma core is
found to be at the neoclassical level. Under good confinement conditions at high electron
temperature, the electron core transport can also be neoclassical. With established electric field,
the highest ion- and electron temperatures are measured - under different discharge conditions,
however: 1.5 keVand5.8 keV, respectively. The presence of E,. reduces the heat diffusivities by
up to one order of magnitude from the expected neoclassical level without field.

The neoclassical fluxes in stellarators depend explicitly on the radial electric field which
itself is determined by the balance of the particle fluxes. The radial electric field represents a
thermodynamic force and drives particle flux T (= D n E / r e ) whereas the diffusivities ( D ^ D ^ )
depend themselves on Er. The non-linear relation allows different branches of stable transport
equilibria which depend operationally on Te/T ; /17/. The agreement between the measured radial
electric field and the one computed on the basis of neoclassical transport even for turbulent
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plasma conditions points, as in other cases, to the intrinsic ambipolarity of the prevailing
electrostatic turbulence. The highest ion temperatures are obtained with NBI when Te ~ T;. In
this case the ion root develops and is characterised by a negative electric field. The highest
electron temperature develops with ECRH when Te » Tj. Here the electron root is establshed in
the plasma core whereas the plasma periphery remains at the ion root. Detailed analysis has
shown that the electron root cannot develop in W7-AS exclusively on the basis of thermal fluxes
rather the loss of non-thermal electrons energised by ECRH contributes to the ambipolarity
condition /18/. In the experiment the bifurcation point between the two roots can be selected and
the plasma responds at this setting with unstable behaviour (Figure 3 shows the consequence of a
dithering behaviour of the neo-classical ambipolarity condition on Te): Te of the core plasma
oscillates between a state with low electric field (ion root) and one with high field (electron root)
with Er improved neoclassical confinement. The plasma periphery remains passively at the ion
root.

0.52 0.54 0.55
t(s)

Fig. 3. Plotted is the electron temperature at different radii versus time for a marginal case where
the plasma core switches between the electron- (highly positive electric field) and ion root (low
positive field). The periphery remains at the ion root.

Global confinement and improved regimes:

The W7-AS energy confinement data are part of the International Stellarator Scaling ISS95
/191. Data are selected only from the iota ranges around 0.334 and 0.53 where confinement is
good at the L-mode level (the turbulent plasma periphery determines xE also in cases with neo-
classical core). It is interesting that the xE values of W7-AS are superior to those of torsatrons
typically by 50%. (The first results from LHD, presented at this conference, indicate
improvements in comparison to the scaling expectation /20/). The separate shear studies on W7-
AS do not give evidence that the reason is the difference in shear of the two helical concepts. The
xE scaling of W7-AS alone is: xE ~ B0-73P-°-54ne°-5L2-72. The size scaling (L) is selected to have
correct dimensions. It is close to the size scaling of ISS95: L2-86. The data base of W7-AS also
shows the saturation of confinement time with ECRH heated plasmas at higher densities when
analysed by Bayesian probability theory 1211. The W7-AS scaling can be rephrased in
dimensionless parameters: B xE « p-2.53p-0.03v-0.06 j ^ e scaling is between Bohm and gyro-Bohm.

In the above mentioned i-ranges the confinement can be improved above the L-mode level.
Similar to the tokamak, two obviously different paths are possible: The first is the establishment
of the H-mode edge conditions and the second the steepening of the density profile. Apart from
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the insight, that the H-mode is rather universal and not restricted to the conditions of tokamaks,
the studies on W7-AS have shown that the H-mode develops in specific i-ranges where poloidal
flow damping (from the field structure) is low 1221.

I 1 1 1 1 1 1—i—I 1 1 1 1 1 1 1

0.5
time (s)

0.7 0.8

Fig. 4 plots the energy content Wjia, the density ne and Ze« the temperatures, the Ha radiation
and the spectroscopically measured radial electric field Er versus time for a low power beam
heated discharge. At constant density, the confinement improves spontaneously from about 0.25
to 0.4 s.

Figure 4 shows an alternative path to good confinement /30/. The development of the plasma
energy content is spontaneous but occurs on a slow time scale (8t = TE). An interesting aspect of
this regime is that the energy content rises at constant density via the rise in T e and Tj. The
gradual improvement is accompanied by a gradual reduction of H a which itself is quiescent. E r

becomes more and more negative and develops along the neoclassical expectation. The major
characteristics of this confinement regime is the narrowing of the density profile and low edge
density. The technical prerequisite is a well conditioned device with low recycling properties and
boronised walls. There is strong reminiscence to improved tokamak regimes which demonstrate a
similar link between bulk confinement quality, edge properties, recycling control and density
profile development /23/. The source fuelling by NBI or combined NBI+ECRH contributes to the
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profile peaking. In the initial phase of confinement improvement, the Te profile gradually
expands. At low power (0.5 MW) and high density (1020 m~3), xE values above 50 ms have been
observed - a factor two above ISS95 and in the ball park of expectations based on ELMy H-mode
scaling.

Particle transport:

Stellarator density profiles are flat in the plasma core under central heating conditions
without central fuelling. The gradients reside at the plasma edge in the range of the recycling
source. With core fuelling (NBI), profiles peak as a consequence of the changed source
distribution. With strong central ECRH, the density profile becomes even hollow. With off-axis
ECRH heating and flat central temperature profiles, the core density profile peakens (see Fig. 5)
/24/. EIRENE calculations show that core fuelling is not dominant under the conditions of these
experiments.

These observations elucidate the effects which govern the particle transport. Besides
diffusion, thermal diffusion plays a role. The experimental analysis shows, that the thermally
driven (F °c Te') neoclassical flux component, which is outward directed in stellarators can explain
the hollow profiles of central heating. The consequence of this term in particle transport is
detrimental because it may lead to unfavourable and even unstable density profiles in larger
devices 1251. As a consequence, the existence of a concective inward flow (by the Er/T-term or
resulting from the background turbulence) superimposed onto the other two mechanism has also
an important practical aspect. This term in the transport equation was therefore carefully studied
in perturbation experiments analysing gas oscillation experiments 1261 and by studying the
peaking of the core density profile when ECRH was switched from central to off-axis heating /24/
(see Fig. 5). The modelling of the temporal phases yields an inward velocity of about 1 m/s for
the inner half which rises to the plasma edge to about 4 m/s. Though the particle fluxes in the
core are generally close to the neoclassical level and 3D-effects of neoclassical transport causes
outward directed thermal diffusion, there remains a favourable inward flow term. Nevertheless,
particle transport studies and core fuelling techniques will further require specific attention in large
helical devices.
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Fig. 5. On the left side, the electron temperature profile (ECE) and on the right side the density
profile (10 channel interferometer) are plotted for an experimental scenario, where the ECRH
power deposition was varied in steps from the core to the periphery and back again (see arrows).

Impurity transport has been studied by means of different impurity injection techniques like
laser blow-off and gas oscillation. For ECRH plasmas with central electron densities of 0.4 - 5 x
1019 n r 3 the radiation decay time of the highest ionization states of laser blow-off injected
aluminium (Al XII, Al XIII) - a measure of the global impurity confinement time - scales as
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TAl~f>ECF"°'8neo1'2 (ECRH heating power PECF> central electron density neo) 1211. The scaling is
supported by local transport coefficients (diffusion coefficient D, convective velocity v) obtained
from the analysis of radial and temporal soft-X ray profile developments after impurity injection
/28, 29/. Typically for ECRH discharges, a moderate diffusion coefficient is observed in the
central region (D - 0 . 2 - 1 m2/s, decreasing with density), whereas smaller diffusion coefficients
(D ~ 0.03 - 0.1 m2/s) are obtained for the outer third of the plasma.

In low and medium electron density plasmas (< 4 x 1019 irr3) impurity radiation saturates
and stationary conditions are achieved during the discharge pulse (typically one second). Towards
higher electron densities (> 5 x 1019 nr 3 ) impurity radiation and Z^ often do not reach
stationarity within the discharge duration but show a steady increase with the tendency to saturate
at times longer than the performed pulse length. Assuming constant impurity sources this
behaviour is a consequence of rather low diffusion coefficients as derived from measured data in
particular in the outer region of the plasma. These discharges are also expected from modelling to
reach a final intrinsic impurity concentration level related to the strength of its source.

A slow increase of Zeff during the pulse duration was also observed in high confinement NBI
discharges /30/ (see Fig. 4) at high central electron density (1.2 x 1020 n r 3 ) and a slightly peaked
electron density profile. A rather low diffusion coefficient D(r)=0.07m2/s and an inward
convection velocity of 5r/a m/s were derived from aluminium injection experiments. The
implications of the low diffusion coefficients on high density operation will be discussed further
below and will be critically assessed in the planned island divertor programme of W7-AS.

Edge transport and turbulence:

Detailed edge transport studies were carried out in W7-AS under limiter conditions (to
simplify the analysis) /31/. The dominant scaling parameter is the density both for D and %e «=
l/ne. With increasing heating power the diffusivities increase and thus reflect the scaling of the
global confinement times. It is interesting that the edge transport scales similarly to the global
confinement and can, on the other hand, be quantitatively investigated by probes.

In the scrape-off layer (SOL) and around the last closed magnetic surface (LCMS), arrays of
Langmuir probes are used to investigate the spatio-temporal structure of ion saturation current
(Isat) and floating potential (O^) fluctuations and to determine the radial flux. Density
fluctuations can be observed from the SOL to several cm inside the LCMS with a fast Li beam
diagnostic by applying a deconvolution technique to the radial correlation function of the Li light
profiles /32/. For the SOL, the fluctuation characteristics from these measurements are in
agreement with those found by Langmuir probe measurements and rule out major falsifications of
the data caused by the probe.

These fluctuations exhibit broad spectra decaying rapidly towards high frequencies. Most of
the spectral power is located below a few 10 kHz. A characterisation in terms of correlation
functions shows typical lifetimes of 10-30 (is, poloidal correlation lengths of few cm and radial
correlation lengths about half the poloidal correlation lengths (i. e. of the order of the radial
gradient scale lengths) /33, 34, 40/. Parallel to the magnetic field, a correlation of 90% for 6 m
distance between probe tips has been found in the SOL both for Igat and Ofl /34/. The fluctuations
thus have the character of filaments extending between the intersections of a magnetic flux
bundle with the limiters. These structures are moving poloidally with several 100 m/s (at 2.5 T)
up to 2000-4000 m/s (at 1.25 T) in the ion diamagnetic drift direction in the SOL and in the
opposite direction inside the LCMS. Just inside the LCMS, the correlation parallel to the magnetic
field is found to be 40-50% for a probe separation of 32 m /35/. Whether this reduction in the
parallel correlation is due to the different magnetic field topology on closed magnetic surfaces,
due to the higher distance between the probes or due to the fact that the stabilising impact of the
high field side enters (in contrast to the SOL measurements), remains to be investigated. Isat and
Ofl fluctuations are well correlated, with a phase angle of Tt/4-n/2, resulting in an outward directed
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net particle transport dominated by few short and poloidally located ,,events" /34/. The spatial
and temporal scales of the fluctuations in the SOL, their amplitude and the induced radial
transport are well reproduced by a two-dimensional drift-interchange code which allows for a self-
consistent development of the radial profiles and retains the sheath boundary conditions at the
limiters 1111.

The technique of fast swept Langmuir probes was used to measure simultaneously plasma
density, electron temperature and plasma potential fluctuations /38/. For those discharge
conditions used, Te fluctuations have a somewhat smaller relative fluctuation amplitude than

density fluctuations (Te/Te = 0.5fie/ne) and the fluctuations of these two quantities are almost in
phase. The conductive part of the radial electron energy transport due to fluctuations of the radial
ExB velocity is found to be of the same order of magnitude as the convective part: n<Te E0>/B ~
T e<n eE e>/B. It is therefore justified to compare the plasma parameter dependencies of the
fluctuation-induced radial particle transport calculated from Isat and Ofl fluctuations directly with
parameter dependencies of the global energy confinement time /39/. The particle transport is
reduced and the energy confinement time increases in a corresponding manner when increasing
the plasma density, increasing the field or reducing the heating power in ECRH discharges. The
confinement variations with ne, B and P are accompanied by changes in the lifetime and poloidal

size of the fluctuation structures. The increases in the radial flux when reducing the density or
increasing the heating power are caused by increases of the fluctuation amplitude, predominantly
of the potential fluctuations /40/. Details will be published elsewhere.

High density operation:

Stellarators can operate at high density. The limitation is by a breakdown of the energy
balance at the plasma edge due to excessive radiation and recycling losses I AM. The plasma decay
is slow and can be influenced at any phase by reduction of the gas-flow rate or by increasing of the
heating power. Of relevance for larger devices is the scaling of the maximum operation density
(the value which can be stably sustained). Both edge and line averaged density scale with power
and field. The edge density scaling is: ne ~ B0-8 P0-5 L"0-62. The L-scaling is selected to yield a
dimensional correct relation. With the heating power foreseen for W7-X, the operational density
would surpass the one achieved in W7-AS.
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Fig. 6. Time evolution of radial profile of electron temperature and density from Thomson
scattering.

The kinetics of the radiative decay of high-density discharges was studies at reduced beam
power (380 kW). As there is no MHD stability criterion involved rather the impurity radiation
plays a decisive role, the main emphasis is the possible modelling of density limit discharges on
the basis of the measured transport coefficients. At B = 2.5 T, beam fuelled discharges were



124 OV2/4

established with constant central densities from l.lxlO^m"3 to 1.6xlO20 m"3; during each density
plateau a peak in the diamagnetic energy developed and the level of radiated power rose during the
discharge. The diamagnetic energy decreased faster in the collapse phase at higher density. The
magnetic configuration was bounded by the two tangential limiters at the top and bottom of an
elliptical cross section for discharges with t(a) of 0.34. The radial profiles of the diffusion
coefficient, D, and inward pinch velocity, v, were calculated from measurements of the time
evolution of soft x-ray emission and Al impurity lines after aluminum impurity injection by laser
blow-off 1291 as described above. Using the radial profiles of D and v derived from laser blow off
experiments, together with the time evolution of the density and temperature profiles and an
assumed constant impurity flux of each impurity at the boundary, simulations of the time
evolution of bolometer and soft x-ray radiation profiles were carried out with the transport code
ASTRA /42/ and the impurity transport code STRAHL /43/. In Fig. 6, the time evolution of the
radial profiles of the electron temperature and density from Thomson scattering are shown. In
Fig. 7, the measured and simulated radiation profiles for the bolometer and soft x-ray (12.5 mm
beryllium foil filter) cameras for the density plateau discharge considered are compared. These
simplified assumptions are sufficient to satisfactorily simulate the peaking of the measured
bolometer and soft x-ray profiles and show that during the discharge the impurity density profiles
with a central peak continuously increase. Equilibrium is not reached as the time constant for this
process is much longer than the duration of the discharge. The consequent increase of the central
radiated power and the decrease in net power to the plasma together with the slow central density
rise, leads to a reduction of the central temperature which reinforces the increase in radiated
power and finally terminates the discharge. These studies are the first step to predictively model
the high density operational limit in W7-AS.
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Fig. 7. A comparison of the measured (see Fig. 6) and simulated (right column) radiation
profiles for the density plateau discharge. The radiation profiles deduced from the bolometer and
soft x-ray (12.5 mm Be filter ) cameras are shown in the first and second rows respectively. The
bolometer and soft x-ray profiles were simulated using a diffusion coefficient and an inward
pinch coefficient profile calculated from Al laser blow off experiments and time dependent
electron temperature and density profiles with the impurity transport code STRAHL and the time
dependent transport code ASTRA. Three impurity flux sources ( C, Cl and Cu ) at the plasma
boundary were assumed.
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The island divertor concept:

W7-X will be equipped with an island divertor IAAI. W7-AS already allows basic elements of
this concept to be evaluated. At t(a) > 0.4, the edge is bounded by a chain of intrinsic 5/m
magnetic islands (with m = 8, 9, 10 in the W7-AS case). The device is presently operated with
poloidal inboard limiters which, however, will be replaced in 1999 by ten symmetrically arranged
island divertor modules (designed for 5/9 boundary islands) with strong geometrical similarity t o
the W7-X divertor concept IA5I. The divertor concept was prepared by experiments on the
plasma flow diversion by islands /46/ and by predictive code simulations of island divertor
scenarios. A 3D edge transport code EMC3 (Edge Monte Carlo 3D) has been developed /47/,
coupled to the EIRENE neutral transport code /48/, and first applied to pure hydrogen plasmas
(inclusion of impurity transport is under way) in the 5/9 island divertor configuration. In parallel,
the (geometrically less adequate) B2-EIRENE code /49/ was applied to the same, but helically
averaged configuration /50/ for ,,proof of principle" predictions including more complete physics
(impurity transport, strongly radiative and detached scenarios), and for benchmarking the EMC3-
EIRENE code. The EMC3-EIRENE code is a candidate also for future W7-X applications.

Fig. 8. Shown is a half-cross section of the W7-AS plasma near the elliptical plane; the planned
divertor structures (target and baffles) as sketched. Plotted is the ion source for three different
density values. Density increases from left to right.

The results of these preliminary studies show gross agreement with tokamak x-point
divertor scenarios, but in detail reflect characteristic geometrical differences. In contrast to
tokamak divertors, island divertors in stellarators necessarily have a 3D magnetic structure,
toroidally discontinuous targets (localised recycling zones), smaller radial separations between
target and main plasma, and, in general, longer field line connection lengths from target to target
(small field line pitch inside the islands). These features affect the penetration of recycling
neutrals and impurities into the main plasma, as well as the ratio of the cross-field to parallel
transport (plasma flow diversion) within the SOL. Both are crucial for divertor performance.
Nevertheless, the experiments mentioned give strong indications of a significant radial diversion
of the plasma flow by the islands even at these conditions /45/. Slight asymmetries of the plasma
flow measured inside the islands at low density, could be well reproduced by the EMC3-EIRENE
code by superimposing an ExB plasma drift caused by T e profiles decreasing towards the O-point
/51/. With increasing density and for typical heating powers and cross field transport coefficients
/31/, the code results predict edge parameter regimes passing through the same sequence as in
tokamak divertors: from a linear SOL regime over high recycling with strong particle flux
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enhancement (both, EMC3-EIRENE and B2-EIRENE) to stable (energy) detachment with strong
divertor radiation and very low divertor leakage for neutrals (B2-EIRENE, multifluid, with carbon
sputtered from the targets). Figure 8 shows the ion source nen0<av> ion for various densities. At
high density (right side), the ionisation front has moved away from the target plate to the
separatrix. The stability limit coincides with a breakdown of the particle flux to the targets
(complete detachment). In contrast to typical tokamak scenarios, the stronger contributions
from cross-field transport of energy, particle and momentum lead to significantly flattened
downstream deposition profiles over the whole density range and to ,,layer"-type detachment.
Diffusive and viscous radial coupling of particles flowing in opposite direction along the closely
neighboured island fans is found to cause momentum losses for the single fans in addition to
charge exchange losses thus easing the transition to detachment. Varying the field line pitch by
factors of 1/2 - 2 (by special control coils in W7-AS) does not substantially change this picture.

Wave heating:

The accessible plasma density for ECRH with electromagnetic waves in ordinary and
extraordinary polarisation (O- and X-mode) is limited by plasma cut-off. For the electrostatic
electron Bernstein wave (EBW), the third EC-mode which is able to propagate in a hot plasma,
no such limit exists. However, since EBWs cannot be excited from the outside, they have to be
generated via mode conversion from the electromagnetic waves. One possible way for this is the
so called OXB-process 1521. In a first step (OX-process) a slow (vph < c) X-wave is generated at
the O-mode cut-off density from a fast (vpll > c) O-wave launched from the outside with an
optimal angle oblique to the magnetic field vector. The X-wave then propagates towards the
upper hybrid resonance (UHR) layer, where it is converted into an EBW (XB-process). Both
processes take place at the density gradient region and are very sensitive to the plasma conditions
there (level of turbulence). The influence of the plasma parameters on the conversion efficiencies
was investigated at W7-AS for 70 GHz ECRH-frequency. For both processes optimal target
plasma conditions could be found, so that the EBWs were generated with an efficiency of more
than 80%. After the OXB-process the EBWs propagate towards the dense plasma centre, where
they are absorbed near the cyclotron resonance layer. The radial absorption profile was estimated
from the soft X-ray emission by switching the power. The radial shift of the absorption zone was
investigated by changing the position of the ECR-layer in a magnetic field scan. Due to the very
strong damping of the EBWs and due to a non vanishing parallel component of the EBW vector
(oblique launch), a large Doppler shift of the EC-absorption towards the lower field is seen. For
our experimental plasma parameters (Te=500 eV, ne=1.5 x 1020 m~3) central EBW-heating could
be achieved for a central magnetic field of 2.13 T. The target plasma was sustained by 360 kW
NBI. Additional OXB-heating with a power of 330 kW increases the plasma energy as well the
central plasma temperature by 30% (AW=2.5 kJ, AT=110 eV) compared with a discharge with
NBI only.

Also the inverse process, the EB-wave emission through the O-X-B angular window was
detected and EB-wave emission spectra were measured. Beside the local thermal cyclotron
emission of EB-waves, which in principle could then be used for temperature measurement,
nonlocal broad-band EB-radiation was found 1531.

Operation of ICRH from the high-field-side with a narrow lc spectrum successful ICRF
heating became possible /54/. In resonant and non-resonant heating scenarios, the ion and
electron temperature of ECRH and NBI target plasmas were increased. Simultaneously the plasma
density could be kept constant and there was no rise in impurity concentration. The investigated
scenarios were: D(H), 4He(H) minority heating (minority species in brackets), D/H mode
conversion heating, second harmonic H heating. Since recycling strongly determines the plasma
composition, proper wall conditioning was imperative to obtain sufficiently low hydrogen
concentration for minority heating. The efficiency of these scenarios was determined by
comparing the increase in diamagnetic energy with expectations based on power scaling. Thus the
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efficiency was found to be comparable to that obtained in tokamaks. In particular, D(H) minority
heating is similarly more efficient than second harmonic hydrogen heating. Using the same
heating scenarios it was also possible to sustain target plasmas solely with ICRF. Several energy
confinement times into the ICRF phase, the plasma parameters reached steady-state values of
density, temperatures and impurity radiation. The duration of these discharges was determined
only by arcs in the RF system or limited on purpose to avoid excessive ohmic heating of the
uncooled antenna. The maximum plasma duration was one second.

References

III NUHRENBERG, J., et al., Trans. Fusion Technology, 27 (1995) 71
GORI, S., et al., in Theory of Fusion Plasmas, 1996, 335
LOTZ, W., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1990 (Proc.
13th Int. Conf. Washington, 1990) Vol.2, IAEA, Vienna (1991) 603
WOBIG, H., Plasma Physics and Controlled Fusion 33 (1993) 687

111 SAPPER, J. et al., Fusion Technol. 17 (1990) 62
131 RENNER, H. et al., Controlled Fusion and Plasma Physics, Proc. 19th European Conf.

(Innsbruck, 1992) Vol 16C pt I, p 501.
14/ GRIEGER, G., et al., Phys. Fluids B 4 (1992) 2081.
151 GEIGER, J., et al., Proc. 23th EPS Conf. on Contr. Fusion, and Plasma Physics (Kiev)

20C Part II, 491 (1996)
161 PENNINGSFELD, F.P., et al., Proc. 23th EPS Conf. on Contr. Fusion, and Plasma

Physics (Kiev) 20C Part II, 483 (1996)
111 KICK, M., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1996 (Proc.

16th Int. Conf. Montreal, 1996) Vol.2, IAEA, Vienna (1997) 27
181 ERCKMANN, V., this conference
191 WAGNER, F., et al., Proc. 25th Eur. Conf. on Controlled Fusion and Plasma Physics

Prague, 1998, to be published
l\0l WELLER, A., this conference
Illl NUHRENBERG, C, submitted to Phys. Plasmas
1111 SPONG, D.A., et al., Nucl. Fusion 35 (1995) 1687
/13/ BRAKEL, R., et al., Plasma Phys. Contr. Fusion, 39B, 273 (1997)
IUI BRAKEL, R., et al., J. Plasma and Fusion Res. SERIES, 1, 80 (1998)
/15/ BRAKEL, R., Proc. 25th Eur. Conf. on Controlled Fusion and Plasma Physics Prague,

1998, to be published
1X61 KICK, M., 25th Eur. Conf. on Controlled Fusion and Plasma Physics Prague, 1998, to be

published in Plasma Phys. Contr. Fusion.
l\ll MAASSBERG, H., et al., submitted for publication in Plasma Phys. Contr. Fusion
/18/ MAASSBERG, H., et al., submitted for publication in Plasma Phys. Contr. Fusion
/19/ STROTH, U., et al., Nucl. Fusion 36(8) (1996)1063
/20/ IIYOSHI, A., this conference
/21/ DOSE, V., et al., accepted for Phys. Rev. Letters
/22/ HIRSCH, M., et al., in Plasma Physics and Controlled Nuclear Fusion Research 1996

(Proc. 16th Int. Conf. Montreal, 1996) Vol.2, IAEA, Vienna (1997) 315
/23/ WAGNER, F., et al., Plasma Phys. Contr. Fusion 35, 1321, 1993
/24/ STROTH, U., et al., submitted to Phys. Rev. Letter.
/25/ SIMMET, E.E., et al., Proc. of the 24th Europ. Conf. on Controlled Fusion and Plasma

Physics, Berchtesgaden, 1997, Vol. 4, p. 1673.
1161 KOPONEN, J.P.T., et al., to be published in Nucl. Fus.
/27/ BURHENN, R., et al., Proc. 22nd EPS Conf. on Contr. Fusion, and Plasma Physics

(Bournemouth) 19C Part III, 145 (1995)
/28/ BURHENN, R., et.al, Rev. Sci. Instrum., Vol.70, No. 1, (1999), (to be published)
/29/ BURHENN, R., et al., Proc. 24nd EPS Conf. on Contr. Fusion, and Plasma Physics

(Berchtesgaden) 21A Part IV, 1609 (1997)
/30/ STROTH, U., et al., Plasma Phys. Control. Fusion 40, 1551 (1998)
/31/ GRIGULL, P., et al., Proc. 10th Intern. Conf. on Stellarators, IAEA Technical Meeting,

Madrid, Spain, 1995, Report EUR-CIEMAT 30 (1995), p. 73



128 OV2/4

/32/ ZOLETNIK, S., et al., Plasma Phys. Contr. Fusion 40 (1998) 1399-1416
/33/ BALBIN, R., et al., 19th EPS Conf. Contr. Fus. Plasma Phys. (Innsbruck), 16C, part II

(1992), 783-786
/34/ ENDLER, M., et al., Physica Scripta 51 (1995), 610-616
/35/ BLEUEL, J., et al., 24th EPS Conf. Contr. Fus. Plasma Phys. (Berchtesgaden), vol. 21A,

part IV (1997), 1613-1616
/36/ BLEUEL, J., et al., 23rd EPS Conf. Contr. Fus. Plasma Phys. (Kiev), vol. 20C, part II

(1996), 727-730
1311 BLEUEL, J., et al., 25th EPS Conf. Contr. Fus. Plasma Phys. (Prague, 1998)
mi GIANNONE, L., et al., Phys. Plasmas 1 (1994), 3614-3621
1391 PFEIFFER, U., et al., Contrib. Plasma Phys. 38 (1998), 134-144
/40/ BLEUEL, J., Elektrostatische Turbulenz am Plasmarand des Stellarators W7-AS, PhD

thesis, Technische Universitat Miinchen (1998), Max-Planck-Institut fur Plasmaphysik
Report IPP III/235

/41/ GRIGULL, P., et al., Proc. 11th Int. Stellarator Conf. & 8th Int. TOKI Conf. on Plasma
Physics and Controlled Nulear Fusion, Toki, Japan, 1997, J. Plasma Fusion Res. Series,
Vol. 1 (1998) 291

I All PEREVERZEV, G. et al., IPP Report 5/42, 1991
/43/ BEHRINGER, K., JET Report, JET-R(87) 08, 1987
/44/ KISSLINGER, J., et al., 21th EPS Conf. Contr. Fus. Plasma Phys. (Montpellier), vol. 18B,

part I, p. 368
/45/ SARDEI, F., et al., J. Nucl. Mater. 241-243 (1997) 135
1461 GRIGULL, P., et al., J. Nucl. Mater. 241-243 (1997) 935
/47/ FENG, Y., et al., Proc. 13th Intern. Conf. on Plasma-Surface Interactions, San Diego,

USA, 1998, to be published in J. Nucl. Fusion
/48/ REITER, D., The EIRENE Code, Report No. 2599, Institut fur Plasmaphysik,
Association EURATOM-KFA, Julich, 1992
/49/ BRAAMS, B.J., A Multi Fluid Code for Simulation of the Edge Plasma in Tokamaks,

Report No. (NET) EUR-FU/XII-80/87/68, Comm. of the EC, Brussels, 1987
SCHNEIDER, R., et al., J. Nucl. Mater. 196-198 (1992) 810

/50/ HERRE, G. et al., Proc. 13th Intern. Conf. on Plasma-Surface Interactions, San Diego,
USA, 1998, to be published in J. Nucl. Fusion

/51/ FENG, Y., et al., 24th EPS Conf. on Controlled Fusion and Plasma Physics,
Berchtesgaden, Germany, 1997, Erophys. Conf. Abstracts 21A, IV, p. 1569

/52/ PREINHAELTER, J., and KOPECKY , V., J. Plasma Phys. 10 (1973) 1
LAQUA, H.P., et al., Phys. Ref. Let. Vol. 78, No. 18, pp.3467-3470, 1997

1531 LAQUA, H.P., et al., Phys. Ref. Let. Vol. 81, No. 10, pp.2060-2063, 1998
754/ HARTMANN, D., this conference



129 OV2/5

THE SPHERICAL TOKAMAK XA0053869
PROGRAMME AT CULHAM
Alan SYKES
representing the START, NBI, MAST and Theory teams

EURATOM / UKAEA Fusion Association
Culham Science Centre, Abingdon, Oxon., OX 14 3DB, UK

Abstract
The Spherical Tokamak (ST) is the low aspect ratio limit of the conventional tokamak,

and appears to offer attractive physics properties in a simpler device. The START (Small Tight
Aspect Ratio Tokamak) experiment provided the world's first demonstration of the properties of
hot plasmas in an ST configuration, and was operational at Culham from January 1991 to March
1998, obtaining plasma current of up to 300kA and pulse durations of ~ 50ms. Its successor,
MAST is scheduled to obtain first plasma in Autumn 1998 and is a purpose built, high vacuum
machine designed to have a tenfold increase in plasma volume with plasma currents up to 2MA.
Current drive and heating will be by a combination of induction-compression as on START, a
high-performance central solenoid, 1.5MW ECRH and 5MW of Neutral Beam Injection. The
promising results from START are reviewed, and the many challenges posed for the next
generation of purpose-built STs (such as MAST) are described.

1. INTRODUCTION
In 1986 Peng and Strickler outlined many potential theoretical advantages of the

'spherical torus' concept [1], in which the aspect ratio A = R/a of a conventional tokamak is

substantially reduced towards unity. It was conjectured [2] that this 'Spherical Tokamak' (ST)

plasma would share some of the desirable features of the spheromak and RFP devices but with

tokamak - like confinement and MHD stability provided by tokamak values of the safety factor

q. Predicted advantages include a naturally high elongation (K~2); high toroidal p; and near-

omnigeneous regions which suggest improved confinement. These predictions have now been

verified experimentally, in particular by the START device at Culham [3] but also on a range of

smaller ST's (e.g. CDX-U, HIT, TS-3, MEDUSA, ROTAMAK-ST).

A survey of results and the present understanding is given in Section 2 and it is shown

that, although indications are very promising, many questions about confinement, (3-limits and

stability in the ST remain. These pose an exciting challenge for the next generation of ST

experiments including MAST (UK), PEGASUS and NSTX (US), GLOBUS-M (Russian

Federation), ETE (Brazil) and TS-4 (Japan).

2. EXPERIMENTAL RESULTS FROM STs

The first STs were obtained by inserting a central rod into an existing fusion experiment,

as in the Lucas Heights Rotamak [4], the Heidelberg Spheromak [5], and in the SPHEX

'rodamak' [6]. Each of these small experiments yielded interesting and promising equilibrium

and stability results - for example, it was found in the Heidelberg device that a small rod current

stabilised the tilt instability of the spheromak, and use of a pre-existing toroidal field in SPHEX

improved energy coupling from gun to plasma - but all had cold plasmas. The first test of the ST
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concept in a hot (> lOOeV) plasma was provided by the START (Small Tight Aspect Ratio

Tokamak) experiment at Culham [3]. Although built as a low-budget device, START has

achieved significant performance with typical parameters: major and minor radii Ro, a - 0.3m,

0.23m, aspect ratio ~ 1.3, elongation -1.8, plasma volume 0.5m3, <nc> ~ 5xl019m"3, central

electron and ion temperatures - 300eV, vacuum toroidal field at Ro ~ 0.3T and plasma currents of

up to 310kA. Considerably higher <nc> and Te0 were achieved seperately.

2.1 Equilibrium properties

A feature of the ST is the increasingly efficient use of the toroidal field as aspect ratio A reduces,

due to the large increase in edge safety factor qa produced by toroidal effects.
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Fig 1 Equilibrium features of high-beta START discharge #35533. The dashed lines indicate
flux surfaces, full lines \B\ contours. A true magnetic well appears at high beta

Whereas in the centre of the plasma the flux surfaces appear as in a conventional

tokamak, near the edge of an ST plasma the field lines dwell in the high-field inboard region, so

that q is greatly increased. An example is shown in Fig 1; the value of q95 in this reconstruction of

a high-beta START discharge is 6 times larger than the cylindrical, circular-section 'equivalent'

given by qcyl = 5a2BT / Rip (mT / MA). The increase in q at ultra-low aspect ratio is even larger, as

can be seen from equilibrium calculations and has been directly shown by probe measurements

of the magnetic field in the Rotamak - ST at Flinders [7]; at aspect ratio - 1 . 1 the edge safety

factor is some 30 times the cylindrical, circular - section equivalent.

This increase in safety factor q has several consequences. For example, the toroidal field

in the centre of present and next-generation ST experiments is typically a factor 10 lower than in

conventional tokamaks, and high values of normalised current IN = Ip / (aB0) [MA / mT] can be

achieved before q95 falls below 2. Since, from Troyon scaling, the maximum obtainable p (before

the plasma becomes unstable to ballooning or kink modes) is proportional to IN this implies that

high p should be obtainable if the Troyon scaling applies to the ST (next Section). An additional

feature is that at the high p values attained in START the diamagnetic effect of the high P

counters the paramagnetic effect of the high normalised current, and a local magnetic minimum
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in |B| can appear, as shown in Fig 1. This should improve stability [8] and also modify particle

orbits, reduce trapping and therefore increase current drive efficiency.

A simple parameter reflecting this efficient use of toroidal field is the ratio of plasma

current to centre rod current, 1,/L^ In recent ST experiments Ifi^ ratios exceeding unity have

been attained. START has achieved L/L^ = 1.2 in plasmas of aspect ratio A = 1.3 [3], and

recently, the Rotamak-ST has reached L/L^ = 1.1 at A = 1.1 with no sign of any MHD limit [7].

The TS-3 device at Tokyo has explored the spheromak / ST interface, and shown that 1,/L^ can

increase substantially at ultra-low A, exceeding 3 at A = 1.1, in agreement with modelling [9].

2.2 High (3 properties

The ratio P of the plasma pressure to the magnetic pressure is a measure of the efficiency

of a fusion device, and using a 1MW Neutral Beam heating system loaned from Oak Ridge

National Laboratory, US, START has reached average (3 ~ 40%, Fig 2, more than three times the

highest value obtained in a tokamak of conventional aspect ratio. Injection was of hydrogen at ~

30keV.

In Fig 2 (3 is defined as PT = 2JJ,0 JpdV / (VB0
2) where V is the plasma volume, Bo the

vacuum toroidal field at the geometric centre of the plasma. The ratio PN of p to the normalised

current IN has been raised to |3N ~ 5.9 and in addition it is shown that high P values of PT > 30%

and PN > 4 can be sustained for several energy confinement times [10].

The points shown in Fig 2 are determined by equilibrium reconstruction using EFIT [11].

Good agreement is usually obtained between this magnetic method and the kinetic method where

electron temperature and density profiles are obtained from the 30-point Thomson scattering

(TS) diagnostic, the thermal ion temperature profile measured by the CELESTE charge exchange

diagnostic, and the fast ion component (typically 20%) derived from Monte Carlo modelling.
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Fig 2 Measurements of average pr values in START; data obtained from magnetic

reconstruction using EFIT
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Several of the highest beta discharges exhibit features associated with improved

confinement regimes in the conventional tokamak, for example the ELM-like eatures on Da

traces (Fig 3d), a steepening in edge profiles indicated by TS measurements (Fig 3f) and the

sharply-defined plasma edge seen on optical diagnostics such as the high-speed video camera

(Fig 3g). It is also noticeable that at the onset of this regime the energy confinement begins to

exceed that predicted by the usual ITER scalings (Fig 3e).

It is a very promising feature that high p and good confinement can be achieved simultaneously.

However it is known that additional care is required in the parameterisation of the EFIT

reconstruction to accurately represent these sharp-edged configurations which may have

substantial edge currents and detailed modelling (comparing magnetic and kinetic evaluations) is

in progress and may lead to slight (less than 5%) changes in the PT values shown in Fig 2.

2.3 Central beta in START

The central (3, defined here by Po = 2(i0 pa / Ba
2 where pa and Ba are the plasma pressure

and vacuum toroidal field at the plasma magnetic axis, can exceed 100% in START. Whereas the

average beta can be adequately determined by a careful reconstruction of magnetic data using

EFIT, the central beta is not so well determined and requires a kinetic derivation. The individual
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components are shown in Fig 4 at time t=38ms in #35533, when the Thomson Scattering data

(30-point electron temperature and density profiles) and charge exchange spectroscopy data (ion

temperature) is taken. The fast ion component is derived self-consistently by iterating with the

EFIT equilibrium reconstruction (dashed line). At t=38 this process gives |30 = 91% which,

assuming the profile can be extrapolated to the end of the shot at 40.8ms, indicates |3O = 153%.
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Fig 4 Measurements of central p values in START by kinetic method at t=38ms. The full line is
the sum of the thermal energy, determined from Thomson scattering and CX
spectroscopy, and the fast ion pressure. The dashed line is the self-consistent EFIT
reconstruction

2.4 Operating Space

2.4.1 density limit: In these high pressure regimes, high densities with ne > 1020m"3 have been

obtained on START , with Greenwald number G =7ta2 n Jl^ [1020m"'/MA] ~ 1, as shown in Fig

5. The operating space has been further extended by use of pellet injection (in a

collaboration with ENEA Frascati and Ris0). This was used to inject a single pellet of

frozen deuterium into a START plasma, launching from the top / inboard side; the pellet

ablates and can fuel the plasma close to the centre. Results on START show increases in

plasma density of up to a factor three, and extend the operating space as shown in fig 5,

approaching Greenwald number G ~ 1.5 and Murakami parameter M = n eR/B [1020m"2/T]

~ 2.4 [12].

Injection of a frozen deuterium pellet into an ELMing NBI heated discharge #34881
produced the traces shown in Fig 6. There is a two-fold increase in line average density; the
sawtoothing stops; but the Edge Localised Mode activity continues, consistent with successful
central refuelling of this discharge.
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gas puff-valve fuelled discharges is shown

2.4.2 q limits: A remarkable feature of the Double-Null Divertor (DND) high beta discharges is

that operation is possible at q95 values as low as 2.3. Earlier modelling used a limiter plasma

model which suggested a q-edge limit of ~ 4 for low aspect ratio, highly shaped discharges. More

recent modelling using a seperatrix plasma model suggests [13] that values as low as q95 ~ 1.1

may be attainable assuming some wall stabilisation.

Fig 6 Injection of a pellet into ELMing NBI heated 34881 in START; the density doubles,
sawtoothing ceases but the ELMs continue
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2.4.3 Beta limit: Enhanced stability properties of the low aspect ratio configuration have

been demonstrated at very high P values on START. In plasmas with |3N > 4 modelling suggests

that the second stability regime for "ballooning" modes may have been accessed, with low

central shear [14].

The values of |3N achieved in collisional plasmas on START significantly exceed the usual

Troyon limit of (3N = 3.5 shown in Fig 2, in marked contrast to the situation in large, collisionless

tokamaks of conventional aspect ratio, where neo-classical tearing modes limit |3N to

approximately 2. Recent calculations [15] show that the (stabilising) Glasser term is relatively

higher for a typical spherical tokamak equilibrium, so neo-classical tearing modes may not be

such an issue. It remains to be seen from the next generation of larger, hotter and less collisional

STs whether these favourable predictions are borne out experimentally to allow the high pN

operation observed in START.

2.5 The 'Internal Reconnection Event' (IRE)
At high density or low-q, operation in START is usually limited by 'Internal

Reconnection Events' or IREs. These have several similarities to the 'soft disruption' seen in

conventional tokamaks (including pre-cursors and an energy quench), occur typically once or

twice in each discharge in START, and are also observed in CDX-U [16], Medusa [17] and HIST

[18]. They appear to be associated with low m mode activity; for example, a small IRE sometimes

occurs early in a START discharge when the central q value first falls below 2, and an m=2

instability can grow rapidly. Heavy gas puffing, or a reduction of toroidal field (and/or increase

of plasma current), can also lead to a series of IREs.

An interesting non-linear simulation model of the IRE process has been proposed by

Hayashi et al [19]. They show that at low aspect ratio, the m=2/n=2 and m=l/n=l modes can

couple (in agreement with experimental evidence from CDX-U) and, via magnetic reconnection

between internal and external fields, exhibit the current spike, reduction in thermal energy, and

helical deformation seen in experiment.

Equilibrium reconstructions based on magnetic data and kinetic profile measurements

show that the current profile flattens as a consequence of the IRE in START. At low aspect ratio

the plasma naturally has high elongation which increases further (as seen experimentally) when

the internal inductance decreases; this increases q at the plasma edge and has a stabilising effect

(Sec. 2.7).

2.6 Energetic Particle-Driven Instabilities in Spherical Tokamaks
Several distinct classes of MHD instability have been observed during beam-heated

discharges in START [14]. Although apparently benign in START, the excitation of Alfvenic

instabilities by energetic ions may be a generic feature of STs since spherical tokamaks are

characterised by low toroidal fields. It remains to be established, however, to what extent the

instabilities in START arise from circumstances unique to that machine. Calculations of particle

orbits show that significant numbers of beam ions in START cross the last closed flux surface and

are neutralised. This effect, which gives rise to unstable distributions in velocity space, will be less
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important in MAST and negligible in ST power plants. Thus, one of the sources of instability

drive in START is unlikely to be present in larger spherical tokamaks.

2.7 Resilience to major disruptions
Until October 1995, IREs in low aspect ratio START plasmas (for A < 1.8) were nearly

always benign; a reduction in thermal energy content, a current spike and an increase in plasma

elongation were the only consequences, and major (current-terminating) disruptions were very

seldom seen (except when A > 1.8).

The explanation proposed [20] for this apparent immunity from the major disruption is

that, following the flattening of the current profile associated with an IRE, low aspect ratio

plasmas exhibit a significant increase in elongation which acts both to raise q95, enhancing

stability, and also (by reducing the plasma inductance, which leads to a significant increase in

plasma current) to counteract the inward contraction of the plasma ring, thus avoiding heavy

limiter interaction.

The close proximity of the X-point coils in START, as seen in Fig 7, inhibits this

elongation, and indeed since installation of the X-point coils in 1995 disruptions at low q have

occurred more frequently. It is hoped that the much greater clearance incorporated in the

successor device, MAST, will restore the strong resilience to major disruptions initially

demonstrated in START. Such a resilience would be a great advantage in future large, high

current devices and is another key feature requiring study in the new generation of STs.

CAS PUFF TUBE 1 METRE
TF RETURN LIMB

VACUUM VESSEL

Fig 7 Layout of the START experiment, showing close proximity of X-point (divertor) coils
to typical high performance plasmas
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2.8 Energy Confinement in START

The accurate determination of energy confinement in START is difficult due to the

transient nature of the discharges and the uncertainty in measurement of the beam power

absorbed. To obtain the data, the total plasma energy is found from EFIT reconstructions based

on carefully calibrated magnetic data, and then the fast ion component is estimated and

subtracted in order to determine the plasma thermal energy. The input power P is here taken as

the sum of the Ohmic input and the NBI power absorbed, i.e. the shine-through and first orbit

losses (which together can be as high as 50% in START, because of the relatively low plasma

current and small plasma size) are subtracted.

2 3

ITERL97P(ms)
2 3

ITERH97P(ms)

Fig 8 START L-mode data for NBI heated plasmas, compared to recent ITER L (Fig 8a) and H
(Fig 8b) mode scalings. The high-$ START shot 35533 is indicated by :

In fig 8 a comparison is made between the START results (for auxiliary heated L-mode

data, i.e. showing no H-mode features) and the commonly-used ITER97 scaling laws produced to

represent L-mode (Fig 8a) and H-mode (Fig 8b) confinement in conventional aspect ratio

tokamaks. It is seen that the predictions of these empirical scaling laws for H- and L-mode

confinement times are similar at the START aspect ratio; indeed the point indicated by • is below

the prediction of the ITER L scaling (Fig 8a) but above the H-mode scaling (Fig 8b). Moreover,

the experimental evidence (see section 2.2, and 2.9 below) indicates that improved confinement

regimes very similar to H modes can exist on START, and indeed were observed in the high-beta

shot 35533.

This anomaly may be resolved by a re-definition due to Kardaun [21] of the plasma

elongation from K, = b/a to K, = (plasma area) / rca2. This has a significant effect on the

interpretation of the bean-shaped plasmas in PBX-M, and produces a change to the aspect ratio

dependence of the H -mode ITER scaling which leaves the predictions for ITER unchanged but

gives an increased prediction for START data. The new ITER 98Pbyl scaling [21] is compared

with the auxiliary-heated START confinement database in Fig 9a. It is seen that confinement in

the ELMy discharges (solid symbols) is generally somewhat higher than in the L-mode (open

symbols) and is quite well fitted by the new scaling, defined by

xE (ITER98pbyl) = 0.0503*M°n * I091 * B015 * TC,072 * R2'05 * e057 * n19
a44/P°-65.
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Fig 9b shows a comparison of START Ohmic data with neo-Alcator scaling, using the

definition x n.A = 0.07 n e aR2q*, where q* =5 a2 BT f / (R Ip), 8 = triangularity, and f is the

'shape factor' [1+K2 (1 + 282 -1.283)] 12 .

An interesting feature of START Ohmic discharges is that, whereas standard Ohmic

discharges (denoted by open circles in Fig 9b) have significant radiative losses, application of the

NBI in the early stages of a discharge gives hotter discharges which, (evaluating confinement

several slowing-down periods after the NBI is cut off), have good confinement. These 'assisted

Ohmic' discharges, denoted by open triangles in Fig 9b, are evaluated at least 5ms after the beam

3-

E

(ms)
2-

1 2 3 4

ITER 98pby1 (ms)

OH Data 1 ^

/

o

0 OH
V OH(BA)
A OH(ELMy)

•

2 3 4

Neo-Alcator(ms)

Fig 9a START auxiliary-heated confinement database compared with ITER98PByl scaling
Fig 9b START Ohmic confinement database compared with neo-Alcator scaling

cut - off (complete thermalisation of the beam ions is achieved in ~2ms). Indeed these 'beam-

assisted Ohmic' discharges can exhibit improved confinement features (solid triangles), and yield

some of the highest confinement data..

The START confinement data will, in conjunction with data from the next generation of

STs, establish an ST confinement scaling which will enable the performance of futute

applications of the ST (e.g. Volume Neutron Source, power plant) to be predicted; the data will

also have a significant impact on the tokamak confinement scaling laws.

2.9 Features of Improved Confinement in START

Recent high performance START discharges have exhibited several of the characteristics

of an H-mode type improved confinement regime [22]. These include: long ELMy periods;

changes in poloidal rotation; a reduction in Da intensity; a sharpening of the plasma edge in CCD

images; an edge pedestal in density, and spontaneous increase in plasma density. A rapid rise in

energy is observed between ELMs, representing a significant increase in the confinement.

ELMing behaviour has not been observed in standard Ohmic discharges but can occur after the

beam is cut-off, for example in shot 36429 (Fig 10).
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Fig 10.In Shot 36429 the beam is cut off just as ELMs appear. ELMing continues, with some
ELM-free periods. From t~ 39ms this can be regarded as an Ohmic plasma, as the beam
ions will have fully thermalised

The ELMing discharges observed in START are the first indications that an improved

confinement regime, displaying a transport barrier, can be accessed in a spherical tokamak.

Although typical START discharges are well above the usual power threshold for access to H-

mode [23], H-mode like behaviour was only achieved in certain START discharges under the best

vacuum conditions and in specific parameter regimes. This may be due to the relatively poor

vacuum conditions on START and / or the high edge neutral density, exacerbated by the high

ratio of tank volume to plasma volume (about 20:1) in START. Physics of the access to H-mode

for the ST is hence another feature awaiting further study.

2.10 Edge Physics in START

The power loading onto plasma -facing surfaces is an important issue at tight aspect ratio,

because the power exhausted from the confined plasma may be distributed over a smaller area. A

detailed study of power deposition to the four strike points of the START standard double null

divertor configuration (Fig 11) has revealed a strong in-out asymmetry and an up-down

asymmetry on the inboard side [26].

The strike zones are typically narrow (-0.5- 1.5cm) and, considering the significant

poloidal flux expansion from the mid-plane (by a factor of -8-12), this indicates the presence of
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large gradients across the scrape-off layer (SOL), [27]. The observed up-down asymmetry would

appear to be related to particle drifts due to the electric field in the SOL, which may dominate the

magnetic curvature drifts in START . The in-out asymmetry however is probably not due to

particle drift effects.

-0.5

-1.0

-1.0 1.0

Fig 11 Flux surfaces, SOL and location of strike points in a typical DND discharge in START

It is observed that more power flows into the outboard SOL than would be predicted

based on the relative surface areas, and indeed the highest power densities (of about 4 - 8 MW /

m2 in NBI-heated START discharges) were found to be at the outboard strike point.

2.11 Halo Currents in STs
Shaped tokamak plasmas at conventional aspect ratio are naturally unstable to vertical

displacements, and in the event of feedback control failure during a plasma disruption the

resulting vertical motion and current quench is often accompanied by the establishment of "halo"

currents, flowing in a composite circuit completed between the plasma and surrounding

conductors. Toroidal asymmetries in the halo current give rise to a net lateral or tilt force on the

vessel. Results from conventional tokamaks such as COMPASS-D [28] indicate that the total halo

current can approach 40% of the plasma current, and that toroidal asymmetries are significant,

with toroidal peaking factors up to -3.5.

Although plasmas on START can be vertically stable for high elongations (depending

on current profile), vertical displacements can occur at still higher elongations and/or during a

disruption. Measurements of halo currents have been performed on START, confirming results

from CDX-U [16] that for the Spherical Tokamak, the symmetric halo currents on the central
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column appear to be very small (< 3%) with small asymmetry currents (< 5%), and therefore

should not be a problem for the next generation of devices.

These results are consistent with recent models which describe the toroidal asymmetry in

terms of inductively linked plasma-wall circuit elements [29,30]- The mechanism depends on the

composite circuit "linking' the torus both poloidally and toroidally. At low aspect ratio the

relatively short connection length around the centre tube allows eddy currents to flow in the

toroidal direction, providing a stabilising effect which hinders the development of halo

asymmetry.

3. NEXT GENERATION ST EXPERIMENTS

As described in Section 2, results from the first prototype ST experiments appear to be

very promising. It remains both to verify these results (high beta, good confinement, large

operating space, resilience to disruptions, etc.) in larger, less collisional, better controlled plasmas

with longer pulses, and also to explore the advanced features now predicted by modelling. These

include reduced turbulence due to the high ExB shearing rate, and (for high beta plasmas) the

appearance of a true magnetic well; and self-consistent stable, high beta configurations with very

high bootstrap fraction which may avoid limitations due to neo-classical tearing modes.

3.1 The MAST device now nearing completion at Culham [31] is essentially a scaled-up

version of the successful START experiment but with good vacuum conditions, controlled

(rather than capacitor bank) power supplies, and having a plasma cross-section comparable to

ASDEX-U and DIII-D. Key parameters of START and MAST are compared in Table 1.

R
a

K(elongation)
R/a

•'•rod

BT(R)
" N B I

* ECRH

pulse length
Bakeout temp
plasma volume

MAST
0.7m
0.5m
< 3

>1.3
<2MA

< 2.2MA
< 0.63T

5MW
1.5MW
1 -5s

200 °C
~5m3

START
0.32m
0.25m

<4
>1.2

<0.31MA
< 0.5MA
<0.31T

1MW
< 0.2MW
< 0.06s
50 °C

~0.5m3

Table 1 Comparison of key parameters for START and MAST

3.2 NBI programme on MAST . The ORNL injector used on START at up to 40keV and 1MW

power was remarkably successful at producing plasma heating but was not suitable for current

drive on the relatively small START plasma due to high shine-through at low plasma densities.

This injector is being augmented by a further beam line, and the ion sources are being upgraded

for MAST to higher energies and for pulse lengths of up to 5s. The total power obtainable should

be up to 5MW. Deuterium injection will be used and the installation will be co-injection. Beam



142 OV2/5

energies of 60 - 70keV and tangency radius of 70cm are optimal for both plasma heating and

current drive.

•55
8 • • '.

4 - -

2 - -

0

1.000

w 0.100
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0.010

H 0.001

2 4 6
n.(0)

5 10 15 20
n,(0) (10"m-J)

Fig 13 (a) shine-through (and beam-stop loading) becomes small for neo >1 x 10!9m'3

(b) high current drive efficiency achieved; beam-driven current Ibd ~ 0.5MA
forneo = 2xl019m3

Calculations show that injection at these energies and tangency radius into a typical

MAST plasma of Ro=0.7m, a=0.5m will produce low shine-through for neo > lxl019m"3 (Fig 13a)

and injection of a 60keV, 3.8MW beam into a IMA plasma of neo = 2xlO19 m'3 will drive a

substantial plasma current of -0.5MA (Fig 13b), the remaining current being largely self-driven.

This demonstration of significant bootstrap current (predicted by modelling) is also a key part of

the ST programme at Culham. An advantage of operation at these relatively low densities is that

the existing 1.5MW, 60GHz ECRH facility can be used to provide substantial plasma heating at

the same time as the NBI, giving additional flexibility. Installation of the first beamline is planned

for early 1999.

4. FUTURE APPLICATIONS

DT fuelled larger STs of -10MA [32] and Volume Neutron Source designs [33] based

on the ST appear extremely promising and may provide an important low-cost step on the route

to a fusion power plant. However DT devices with an unshielded centre-post cannot use a

conventional solenoid for induction and ramp-up. Several schemes are under consideration;

MAST will use the 'induction-compression' scheme used so successfully in START for current

initiation, and the application of NBI in 1999 will test the favourable current drive properties

predicted by modelling and reviewed in the previous section.

Power plant designs based on an ST [33], [34] demonstrate the economic viability of this

route to fusion power and have attractive featrures (e.g. simple normal conducting coils, no

inboard blanket) which lend themselves to novel maintenance methods [34]. The evaluation of

the ST Power Plant concept of course requires considerable input from the next generation of

purpose-built STs.
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5. CONCLUSIONS

As indicated in the previous sections, there are many features observed in START and

other prototype STs which appear to be very promising ((3T ~ 40%, Po ~ 100%, a magnetic well,

improved confinement regime, disruption resilience etc.) and results from these experiments are

providing new insights into toroidal confinement physics and reducing uncertainties in the

application of scaling laws, applicable to all types of tokamak. Important objectives of the next

generation of hot, low collisionality MA-level devices such as MAST, PEGASUS, NSTX, TS-4,

GLOBUS-M and ETE will be to verify these results in less collisional plasma regimes, and to

increase the tokamak database through developing the aspect ratio and size scaling. Potentially,

the Spherical Tokamak offers a low cost route to fusion for both volume neutron source and

power plant applications but first it is important to demonstrate steady state operation (as

theoretically predicted) via efficient current drive with high bootstrap current fraction, and to

demonstrate operation at the high beta and high plasma elongations required for an efficient ST

power plant.
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Chairman: R.J. Goldston (United States of America)

OVERVIEWS 2

Paper IAEA-CN-69/OV2/1 (presented by E.S. Marmar)

DISCUSSION

C. GORMEZANO: Do you associate the rotation that you have observed with ICRH
with improved confinement or is it good confinement which induces toroidal rotation?

E.S. MARMAR: We believe the rotation is a result of ICRF interactions with fast
passing particles, rather than being due to improved confinement per se.

K. IDA: How does the toroidal rotation relate to the poloidal field or plasma current?
What do you think is the mechanism that drives the toroidal rotation observed without
momentum input from neutral beams?

E.S. MARMAR: For fixed plasma current, the induced toroidal rotation increases with
increasing stored energy, while for fixed stored energy, the rotation velocity scales inversely
with plasma current.

One mechanism, which appears to be consistent with the experimental observations, is
described in paper IAEA-CN-69/THP2/34 by C.S. Chang et al. As described in that model,
the ICRF resonance is shifted by the finite kj| according to:

co = coc i - kj| Vj|

Horizontal orbital shifts, which can be comparable to the resonance shift, break the symmetry
(even if ky is symmetric), and ICRF heating of passing particles results in a net inward shift of
ions, in turn leading to a positive radial electric field and toroidal rotation in the co-current
direction. The model correctly predicts the directionality and magnitude of the rotation, as
well as the observed dependence on plasma current.

Y.K.M. PENG: Please comment on the scaling width of the pedestal in Alcator C-Mod
relative to those observed in other larger tokamaks of lower magnetic field.

E.S. MARMAR: The measured H-mode pedestals on C-Mod are clearly narrower than
those observed on larger, lower field tokamaks, including DIII-D, ASDEX-Upgrade, JET and
JT-60U. The physical reasons for these differences are not yet clear. We do know that the
pedestal widths on C-Mod are strongly influenced by plasma current (width decreases with
increasing current) and are not sensitive to the toroidal field strength. This could point to a
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[3-poloidal influence, but it is premature to draw firm conclusions. The width is also affected
by the nature of the H-Mode (ELM-free versus Enhanced D-Alpha, for example). We do
calculate that the C-Mod pedestal pressure gradients are often close to, or even exceed
somewhat, the first stability limit for ballooning modes.
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Paper IAEA-CN-69/OV2/2 (presented by A.J. Becoulet)

DISCUSSION

R. KAITA: In your scenario with LHCD and high bootstrap current, where do you
expect the LH current to be driven? Do you still need LHCD if you have a large bootstrap
current?

A.J. BECOULET: At high magnetic field, and for the densities considered, a
significant fraction of the LH driven current is still expected to be deposited on axis. The
present simulations, however, are 0-D considerations including only the self-consistent
computation of non-inductive current drive and confinement. They do not include profile
effects such as ITB formations which could have a strong influence on the balance between
bootstrap current and LHCD.

R. J. HAWRYLUK: In the LHCD sustained discharge, what was (3N when the onset of
tearing modes occurred? Is the onset well described by theory?

A.J. BECOULET: [3N was approximately 0.4. Theory predicts perfectly the onset of
such a mode, as described in the paper and the corresponding reference.
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Paper IAEA-CN-69/OV2/3 (presented by S. Itoh)

DISCUSSION

M. PORKOLAB: In the HIT mode, how can you be sure that it is not representative of
a hot ion tail as observed in past LHCD experiments, as opposed to a bulk ion temperature?
After all, LHCD mostly heats electrons, and ions are presumably heated by parametric decay
waves.

S. ITOH: The density regime of the HIT discharge in TRIAM-IM is quite different
from that of past ion heating experiments using LHCD. In this density regime, linear mode
conversion of LHW and ion heating by parametric decay waves do not take place because of
the low density. The ion energy spectra measured with NEA in both perpendicular and
parallel directions to the magnetic field is isotropic in the energy range 1-10 keV. Moreover,
the energetic ions can survive after the termination of LHW. This indicates that the energetic
ions are well confined for the time required to become isotropic.

C. GORMEZANO: When you observe a transport barrier on ions, do you also observe
a transport barrier on electron temperature and electron density?

S. ITOH: The line-averaged electron density does not change before or after the
transition. The electron temperature profile has not yet been checked.
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Paper IAEA-CN-69/OV2/4 (presented by F. Wagner)

DISCUSSION

D.D. RYUTOV: In your oral presentation you showed the following expression for
particle flux:

Vn VT
r~(D,—+D 2—+u)

What is the meaning of the last term? In particular, will this term remain non-zero in
plasma with Vn = 0, VT = 0? If not, it could be included in the first two terms, leading just to
redefinition of Di and D2. I could imagine only one term in the local transport model, namely
proportional to V(j). If all three gradients are zero, the flux in a local model must be zero.

F. WAGNER: The case Vn = VT = 0 cannot be achieved in the experiment. I tried to
show that Vn •*• 0 in the case of VT ~ 0 (off-axis heating) and Vn < 0 in the case of VT » 0
(central heating). Di and D2 are the neoclassical values of a stellarator. The question is
whether there remains a turbulent flux nu directed to the core (as in tokamaks). What might
drive it is not resolved.

G.H. NEILSON: Is the geometry of the W7-AS (and W7-X) island divertor structure
highly sensitive to changes in equilibrium parameters (e.g. beta) and how does that affect the
ability to remove heat and particles?

F. WAGNER: On W7-AS we have specifically selected an open island divertor
geometry as a first step to detailed study of the characteristics of the strike points when we go
from low to high density and beta. The islands remain intact and the strike point well-defined
when p is raised to ~ 2%. There is a shift in the expected direction (there is no equilibrium
code for quantitative analysis) which will not affect the full island divertor operation. As a
result of the optimization, (3 will not affect the island divertor operation of W7-X. A bootstrap
current beyond the expected limit would affect the X-point location.



150 O V 2 / D

Paper IAEA-CN-69/OV2/5 (presented by A. Sykes)

DISCUSSION

B. COPPI: What, in your opinion, is the least desirable feature of the ST concept?

A. SYKES: Results from the prototype experiments such as START are most
promising and show no undesirable features. A major uncertainty is the behaviour in
collisionless regimes - we await information from the next generation of larger devices, now
nearing operation.

M. PORKOLAB: What was the bootstrap current fraction at the record 40% (3 you
have achieved on START?

A. SYKES: Bootstrap current values of the high |3 discharges on START are low
(<15%) due to the relatively high collisionality of START plasmas at the high densities (>
5 x 1019m"3) and low temperatures (~ 250 eV) of these plasmas.

M. PORKOLAB: How will you deal with stability in MAST at the higher p and (3N

values without a nearby conducting wall stabilization?

A. SYKES: Theoretically, discharges of similar (3 and (3N should be achievable on
MAST without the need for conducting wall stabilization. Unlike START, these discharges
will be of low collisionality (and so have higher bootstrap current fraction) and will therefore
provide a test of the properties of neoclassical tearing modes in the ST.

H. TOYAMA: The high (3 experiments on START are outstanding. With regard to the
confinement properties, what determines the electron heat diffusivity of START plasma? In
ST, higher plasma current is available with lower toroidal field; are magnetic fluctuations
related to confinement properties?

A. SYKES: The global energy confinement on START appears to be quite well
represented by the latest ITER scalings. Local diffusivity is still under investigation; it is
believed that the ions behave neoclassically in the plasma centre [D. Gates et al., Phys.
Plasmas 5 (1998) 1775], and optical images of START plasmas in "improved confinement"
mode show a very sharp edge, indicative of a low turbulence level.

R.D. STAMBAUGH: Since the divertor coils were installed on START you have seen
current driven disruptions at low qgs but not pressure driven disruptions even though (3N
reaches almost 6. Could you clarify the situation in regard to pressure driven disruptions?
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A. SYKES: Yes, disruptions have occurred at low q95 operation since the divertor coils
were installed. As the high P discharges also had low q95; it is not easy to distinguish the role
(if any) of pressure driven instabilities. Future devices with higher heating power should be
able to attain high (3 at higher q^s and we should therefore be able to investigate pressure
limits.
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RECENT ADVANCES IN INDIRECT DRIVE ICF TARGET XA0053870
PHYSICS AT LLNL*

B. A. HAMMEL, T.P. BERNAT, G.W. COLLINS, S. HAAN,
O.L. LANDEN, B.J. MACGOWAN, and L.J. SUTER1,
Lawrence Livermore National Laboratory,
Livermore, California 94551
USA

Abstract

In preparation for ignition on the National Ignition Facility, the Lawrence Livermore
National Laboratory's Inertial Confinement Fusion Program, working in collaboration with Los
Alamos National Laboratory, Commissariat a l'Energie Atomique (CEA), and Laboratory for Laser
Energetics at the University of Rochester, has performed a broad range of experiments on the Nova
and Omega lasers to test the fundamentals of the NIF target designs. These studies have refined our
understanding of the important target physics, and have led to many of the specifications for the
NIF laser and the cryogenic ignition targets. Our recent work has been focused in the areas of
hohlraum energetics, symmetry, shock physics, and target design optimization & fabrication.

1. INTRODUCTION

In preparation for ignition on the NIF, we are performing a range of experiments on the Nova
and Omega lasers to refine our understanding in key areas of target physics. This work is divided into
four principal areas; 1) Hohlraum Energetics and the optimization of laser/hohlraum coupling; 2) X-
ray drive symmetry and the development of techniques to measure and control it's time dependence;
3) the development of techniques to accurately time the four shock compression of the fuel; and 4)
the refinement of ignition capsule designs and the fabrication of cryogenic targets.

2. ENERGETICS

The NIF ignition hohlraum will be heated by 192 laser beams at 0.35 micron wavelength,
producing a peak energy of up to 1.8 MJ. We can relate the quantity of x-rays absorbed by a NIF
indirect drive ignition capsule, Ecap, to the laser energy, EL, via the expression

ECap ^abs^CEflHR-cap E L (1)

Where r|abs is the fraction of incident laser energy absorbed by the hohlraum, r\CE is the
conversion efficiency of laser light into x-rays and "nHR.cap is the fraction of generated x-rays which
are actually absorbed by the capsule. r|abs is typically assumed to be 1 -(fraction of incident light back
reflected by stimulated brillioun and raman scattering). Since EL is nominally 1.8MJ, our standard
point design capsules [1] which absorb 150kJ of x-rays require riabsriCE fiHR-caP

=0-083. Additional
constraints [2] are that the hohlraum be gas filled; the laser pulse shape be carefully tailored; and the
peak radiation temperature (Tr) be 300eV.

Work performed under the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under contract W-7405-ENG-48.
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Numerical simulations of the ignition hohlraum and capsule show a theoretical conversion
efficiency, r\CE ~ 0.8 and ar|HR.cap = 0.14, producing a theoretical riCE r|HR_cap = 0.11. This provides a
25% margin for uncertainties, relative to the required 0.083 coupling efficiency. This uncertainty
budget allows us to be off somewhat in our assumptions and still expect to achieve ignition. For
example, if t|abs=l and r[CE r|HR.cap =0.11 then EL=1.35MJ would successfully drive our ignition design.
Or if stimulated backscattering losses proved to be as much as 25% but T|CE riHR.cap =0.11, then NIF's
expected 1.8MJ will successfully drive the ignition design. Similarly if r)abs>0.75 and EL =1.8MJ, then
values of r\CE T|HR_cap <0.11 would also work.

Given this picture of capsule coupling efficiency, much of our Nova research over the past
decade can be broken down into two tasks related to hohlraum energetics: (1) Make T|abs as close to 1
as possible in ignition hohlraums; and (2) Test if T|CE T|HR_cap is as given by hydro simulations

These Nova experiments and their related analysis indicate that NIF coupling efficiency will
meet the requirements for ignition. As we discuss below, ongoing experiments studying stimulated
brillouin and raman backscattering (also known as Laser Plasma Interactions or LPI) in NIF "plasma
emulators" imply that the total backscattered losses from these two processes should be <10%.
Similarly, ongoing experiments examining the radiation environment of Nova hohlraums imply that
r\CE T|HR.cap will be very close to our expectations from modeling.

2.1. Laser Absorption (T|abs)

The NIF point design has two cones of beams at angles of ~23 degrees and ~50 degrees entering
each laser entrance hole (LEH)[2]. In this design the inner cone at 23 degrees passes through a long
path length of HeH2 gas before striking gold where it converts to x-rays. LPI analysis [3] of ignition
hohlraum simulations suggest that the plasma environment important for inner cone backscattering
can be approximated on Nova with an -2.5-3 mm diameter balloon filled with 1 atm of C3Hg or
C5H12 [4]. Heating such "gas bags" with nine Nova beams produces millimeter scalelengths of plasma
of electron density spanning the range of interest for NIF inner beams (0.07-0.1 critical density) at
an electron temperature of ~3keV. In these experiments the tenth Nova beam is used as a probe to
measure backscattering for the different plasma conditions with a variety of beam conditioning
techniques [5] (by beam conditioning we mean modifications to the laser's optical train which
"smooth" the intensity distribution at the beam's focal spot).

For NIF's outer cone at 50 degrees, a similar LPI analysis shows that it is most susceptible to
backscattering when it interacts with the long scale length gold "shelf created when gold hohlraum
blow-off is tamped by the hohlraum's gas fill. Additional simulations show that this gold shelf can be
well emulated on Nova with a standard "scale 1.0" Nova hohlraum (1.6 mm diameter, 2.4 mm long,
1.2 mm diameter LEH's) filled with 1 atm of methane gas and irradiated with a 2.2ns, 3:1 contrast
ratio shaped pulse known as ps22. Once again nine Nova beams are used to create the plasma and the
tenth is used to explore backscattering with a variety of beam conditioning techniques.

The net result of several years experiments using increasingly refined beam conditioning
techniques has been to reduce backscatter losses from our inner and outer cone plasma emulators to
levels which we believe are acceptable for NIF. Experiments using our most advanced beam
smoothing techniques suggest that the total backscatter losses for the outer cone will be <~5%[5].
Results from Nova gas bag targets, emulating the inner NIF cone, suggest that the total inner beam
losses will be <5-10% [5].

On NIF, the outer beams will have ~2/3 of the laser's energy and the inner beams the
remaining 1/3. To the degree that the Nova experiments properly emulate the NIF hohlraum plasma
and backscattering physics, these LPI experiments suggest that the total losses due to backscattering
will be ~(2/3)x5%+(l/3)x(5-10%) for a total of 5-7%. Consequently, we currently estimate that
Tlabs=l-(backscattered fraction) in our NIF point design may well be greater than 90%.
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We can test our ability to properly predict T|CE r|HR_cap by testing our ability to model/predict
the relationship between a hohlraum's drive (Tr

4) and the incident laser power, PL. To see this
heuristically, rewrite equation (1) as

TICE TlHR-cap (riabsPL)=Pcap=(l-«cap)AcapO T f
4 (2)

Where PL is the laser power, Pcap=d Ecap /dt, Acap is the area of the capsule, acap is the fraction
of incident x-rays re-emitted by the capsule (also known as it's albedo), and c is the Stephan-
Boltzman constant. Thus, for a given capsule of known albedo and area, if we know r|abs, then a
knowledge of the relationship between laser power, PL, and Tr

4 gives us knowledge of T|CE T\UR.cav.

For a number of years experiments have been carried out on Nova [6] and on other facilities to
measure, in increasing detail [7], the relationship between PL and Tr

4. Since 1995 many such
experiments have been performed at Nova as part of a collaboration between the US Department of
Energy and the French CEA. Under this collaboration we have investigated an extremely wide range
of hohlraums and pulse shapes, including gas filled, pulse shaped, ignition-like hohlraums using
advanced beam conditioning techniques on all 10 Nova beams [8]. Our most successful technique for
measuring hohlraum drive has been to measure the x-ray flux emerging from the laser entrance hole
at a modest polar angle (e.g. 22.5 degrees on Nova, 35 degrees on Omega) [9]. For example, Fig. 1
shows a comparison between simulated flux/sr and observed flux/sr exiting the LEH of a methane
filled Nova scale 1.0 hohlraum irradiated with a 2.2ns, 5:1 contrast ratio, pulse (ps26). In this case
the measured flux was -10% higher than expected from simulations (in order to simulate this and all
other hohlraums in the data base, we reduce the incident laser power by the empirically measured
backscatter losses; i.e. r|abs is known via measurement). Peak hohlraum drive for this experiment was
~240eV. In all, our time dependent hohlraum drive database includes hohlraums from two facilities
(Nova and Omega) which range in temperature from ~110eV to 285eV and have drive pulses between
1 and 6.5ns. Examination of this collection of data leads us to estimate that Lasnex reproduces LEH
measurements of time dependent Tr

4to 4%±7%; i.e., the experimental Tr
4 measurement will be

typically contained within a band constructed by taking 1.04xTLasnex(t)
4±7%. However, the absolute

calibration uncertainty of our principal x-ray flux diagnostic [10] is ±10%. Adding this in quadrature
to the + 7% leads us to conclude that the true Tr

4will be 1.04±0.12 of Lasnex' Tr
4.

Given this, we conclude that for a given capsule area and albedo, an ignition hohlraum's T|CE

T|HR.cap will be ~1.04±0.12 of coupling predicted by our simulations. Applying that to the point design
gives an estimated coupling of 0.115±0.012.
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FIG. 1. X-radiation flux/sr from the LEH of a methane filled Nova hohlraum irradiated by "ps26".
Solid curves are the measured flux/sr and the measured flux/sr multiplied by 0.9. Dashed curve is the
flux/sr from a Lasnex simulation of this experiment.

3. SYMMETRY

In cylindrical hohlraums, flux asymmetries can be decomposed into a Legendre series Pn, with
P2 usually the largest intrinsic asymmetry. The P2 asymmetry varies in time principally due to
motion of the hot laser illuminated rings of plasma as the hohlraum wall blows inward. For x-ray-
driven ignition to succeed on the NIF facility, P2 flux asymmetries imposed on the imploding capsule
averaged over any temporal window T must be maintained below = [20/x (ns)] % [11 12]. The
baseline plan for NIF hohlraums is to provide continuous P2 control (i.e. "beam phasing") by varying
the power ratio between at least two sets of beam rings sufficiently separated to cancel the effects of
plasma motion. The next order asymmetry, the P4 moment, must be zeroed out to the <1% level at
the capsule by choosing an optimal separation for the beam rings. Higher order asymmetry modes
such as P6 and P8 are intrinsically smoothed out at the capsule to 1% levels, but the larger
hydrodynamic instability growth of perturbations seeded by these shorter wavelength modes limits
the tolerable time-integrated P6 and P8 to < 0.5%. These conditions place stringent requirements on
both measurement accuracy and symmetry control.

Techniques for inferring the flux asymmetries have included recording emission profiles of the
hohlraum wall [13], re-emission profiles from high Z spheres [14 ,15] and distortions of surrogate
imploding capsules [15] and foam balls [16]. Using these techniques, time-integrated control of P2 to
the 1% level has been demonstrated by appropriate beam pointing in both vacuum [17 ,18] and gas-
filled hohlraums [19]. Two recent campaigns conducted at the Omega [20 ,21] and Nova [22] laser
facilities have extended the symmetry studies by demonstrating time-dependent control of P2 and P4

flux asymmetries. Most recently, a NIF-like multiple ring illumination has been used at Omega to
reduce P2 and P4 symmetry swings to levels below those required for ignition on NIF. All campaigns
[23] used 2-mm scale, 200 eV hohlraums driven by 2.2 ns-long, pulse-shaped 3(0 beams with peak
powers of 10-20 TW. Time-dependent flux asymmetries were inferred from the shapes of backlit
surrogate foam balls. Out-of-round shape deviations at the few micron level are decomposed into
Legendre moments which can be differentiated in time to extract flux asymmetry moments.

At Nova, time-dependent symmetry control was achieved by a combination of a) sending
different pulses down each half of each beam-line and b) defocusing beams, thus creating two rings of
illumination with a time-varying power ratio, but with limited adjustability in ring separation [24].
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The measured second order Legendre foam ball distortions are plotted in Fig. 2 for cases with and
without different pulse shapes on each half beam. To enhance the effects of the asymmetry swing in
the absence of beam phasing, an inner pointing has been deliberately chosen which does not yield a
round image at the end of the drive. Fig. 2 clearly shows a greater swing in time in the foam ball
distortion in the absence of beam phasing.

For the most recent Omega campaign, a NIF-like multiple ring illumination with adjustable ring
separation was exercised. Since the presence of two rings pointed far from the P2 node position
naturally reduces the P2 symmetry swing, no beam phasing was required. The results from the
measured and predicted second and fourth order foam ball distortions are plotted in Fig. 3a and b.
Differentiating the data, we infer < 5% P2 and P4 asymmetries over any 1 ns interval, below the
maximum level tolerable for ignition on NIF. This is to be compared with larger 10% P2 swings and
4% average P4 for traditional single pulse, single ring illumination.

As a test of the improved symmetry provided by these multiple cone hohlraums, a series of
moderate (lOx) and high (20x) convergence implosions were performed. The convergence ratio was
varied between lOx and 20x by changing the initial fuel fill pressure from 50 arm to 10 arm D2. Both
low growth factor plain plastic and high growth factor Ge-doped plastic capsule ablators were used.
The measured x-ray core image ellipticities were close to round (a/b = 1.1 ±0.1), in agreement with
2-D simulations. The convergences as measured by a secondary fusion reaction were within 10% of
calculated.

The ratio of measured neutron yields to calculated neutron yields from ID simulations
excluding mix and asymmetry effects are plotted in Figure 4 versus measured convergence ratio for
these Omega implosions and older Nova implosions with similar pulse-shape and capsule parameters.
The recent multiple ring implosion yields from Omega are closer to ID predictions than the older
single ring Nova yields [25 ,26], suggesting better symmetry does improve implosion performance.
Moreover, the yield degradation due to the intrinsic even order asymmetries are calculated to be
negligible (<5%) for the multiple ring Omega campaigns. The degradation in Omega yields compared
to ID predictions are currently ascribed equally to Pj asymmetries due to beam-to-beam power
imbalances and mix at the pusher-fuel interface. 2-D simulations for these experiments, with mix and
asymmetry included, are ongoing.

10 =r

0

-10=.
0 1

t(ns)
FIG. 2: Results from Nova split beam campaign. Foam ball second order Legendre distortions for
phased (triangles) and unphased (open circles) drive. Curves are fits to the data.

Future experiments will better quantify the importance of low order random flux asymmetries
on capsule performance. If random asymmetries can be reduced near the level of the intrinsic
asymmetries, then we can envisage studying mix effects due to capsule surface roughness in the
absence of asymmetry. In addition, we are planning on demonstrating symmetry techniques at the
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NIF-scale (6-mm hohlraums). The first 6 to 8 ns of the NIF hohlraum drive can be emulated by
Omega and Nova-class lasers. Furthermore, by combining beam staggering with multiple ring
illumination, we should be able to minimize P2 and P4 asymmetries so that important higher order
modes such as P6 and P8 can be isolated.
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FIG. 3. Results from multiple cone Omega campaign, a) Foam ball second order and b) fourth
order Legendre distortions. Curves are calculated distortions.
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FIG. 4. Ratio of measured to calculated neutron yields vs. measured convergence ratio for multiple
ring Omega implosions (closed circles) and Nova implosions (open circles). Both campaigns used
1.2% Ge-doped plastic capsule ablators and a 2.2 ns-long, 6:1 contrast pulse-shaped drive.

4. SHOCK PHYSICS

NIF ignition implosions will require precise laser pulse shaping to achieve the required low
isentrope compression of the DT fuel. (FIG. 5).
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Optimized Be/Cu capsule (300 eV, 1.3 MJ)
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FIG. 5 Sensitivity of shock tuning for an optimized Be/Cu capsule design. Contours show islands of
roughly constant yield. Variations in the pulse shape were carried out so as to include only one
variation in the optimized shape.

This figure shows the simulated performance for a fully optimized Be/Cu capsule designed for a
300 eV hohlraum drive and 1.3 MJ of laser energy for one specific variation in capsule tuning. Four
shocks, each increasing the fuel pressure by ~ 4 and starting with an initial fuel shock pressure of near
0.8 Mbar. Here the change in timing, by say At, is performed so as to slide the rest of the pulse shape
later in time by At. Most of the degradation in capsule performance with miss-timed shocks is due t o
the increase in fuel entropy. If shocks are timed too close together, shocks converge inside the cold
DT fuel and produce a single strong shock. This strong shock heats up the fuel making it difficult to
compress. If shocks are timed too far apart, a significant decompression of the fuel occurs after the
first shock has passed through the gas solid interface and again the next shock heats up the
decompressed fuel through PAV work.

Our approach for timing shocks on NIF is to measure the shock trajectories and to adjust the
laser drive for proper shock timing. We will use planar packages on the side of NIF hohlraums to
determine the fuel shock trajectory in 1-D and then less sensitive convergent techniques to test the
timing of capsules inside the hohlraums. The planar experimental geometry is shown in Fig. 6. As
shown we will use both side on radiography and face on velocity interferometry (VISAR) [27] to
follow the fuel shock trajectory.

We have tested these techniques in an experiment using a Be pusher directly illuminated with
7.6 x 1013 W/cm2 at 532 nm. This illumination launches a shock wave in Be which then unloads into
deuterium producing a deuterium shock velocity of 33 um/ns. In the case of radiography, the shock
trajectory is measured directly from the streak record. In the case of VISAR, the shock velocity
results in a fringe shift, and the shock trajectory is determined by integrating the velocity profile
over time. The VISAR data also provides a measure of the shock reflectivity, which is used to
understand the transport properties of material at the shock front. The shock velocity from
radiography and VISAR are measured to about 2% and <1% accuracy respectively. These techniques,
along with less accurate convergent techniques, will provide enough accuracy to properly tune shocks
on the NIF.
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FIG. 6. Schematic diagram of the cryogenic target for radiation driven planer shock timing
measurements.

We are also using these experiments to test the equation of state of the fuel and ablator
materials required for optimizing ignition capsule designs. In a recent series of experiments we have
mapped out the single shock hugoniot for D2 up to 3 Mbar and tested the single shock hugoniot of
CH and Be ablators up to 40 and 15 Mbar respectively.
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FIG. 7 Deuterium single shock Hugoniot. Dark circles are data taken at the Nova laser facility, open
squares are gas gun data, the dashed line is from the Sesame library, and the solid line is a new
linear mixing-dissociation equation of state model. The initial density of liquid deuterium is 0.17g/cc
at ~ 20 K..

Hugoniot relations do not provide or require temperature which is an important constraint to
any equation of state. Temperature determines how much extra work (size of driver) is needed to
compress the fuel to the required density. Because of its importance we have also measured the
temperature along the single shock Hugoniot and we plot the temperature vs pressure and
temperature vs density in Fig. 8 [28]. These data show that the temperature increases very slowly
with increasing shock strength up to about 1 eV. This slow increase in temperature with pressure is
caused by molecular dissociation and ionization which increase the heat capacity of the fluid,
resulting in increased compressibility near IMbar and a reduction in the fuel entropy from the first
shock in the NIF target design. This "softer" equation of state results in greater margin in ignition
designs.
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FIG. 8 Deuterium shock temperature along the single shock Hugoniot. Dark circles are data taken at
the Nova laser facility, open diamonds are gas gun data, the dashed line is from the Sesame library,
and the solid line is a new linear mixing-dissociation equation of state model. The initial density of
liquid deuterium is 0.17g/cc at ~ 20 K.

5. IGNITION CAPSULES

Three types of ignition capsules are under development and theoretical investigation:
beryllium, polyimide, and CH polymers. A set of 3-dimensional implosion simulations [29] were
recently completed for this set of NIF ignition designs. The simulations included imposed capsule and
D-T ice surface spectra, based upon measurements of polymer sphere capsules and cryogenic D-T
layers observed in cylindrical cells. As seen in Fig. 9, for the same ice roughness and capsule surface
roughness, beryllium is superior to polyimide, which is superior to CH. However, while CH capsules
have been used over the past decade in both direct and indirect drive experiments, beryllium and
polyimide capsule development is not yet complete. We review their status below.

5.1. Beryllium Capsules

There are several reasons for beryllium's superior implosion performance [28] 30]. Beryllium
has a lower x-ray albedo and heat capacity than polymers in the temperature range characteristic of
NIF hohlraums. This makes Be more efficient and less susceptible to Rayleigh-Taylor instabilities
seeded by surface imperfections, as indicated in Fig 9. Its higher density also makes it less susceptible
to "feed out" instabilities resulting from roughness perturbations in the frozen DT fuel layer. Its
opacity, which is matched to the drive temperature to minimize instability growth and fuel preheat,
can be adjusted by adding higher Z dopants. Also, beryllium's strength allows the capsules to hold their
fuel charge at room temperature, so cryogenic assembly and handling is not required. Finally
beryllium's high thermal conductivity implies that a uniform thickness cryogenic layer may be easier
to make (see below). On the debit side, the technique discussed below for enhancing the surface finish
of frozen DT layers cannot be applied, and layer characterization is also a much larger problem.

Two methods of fabricating beryllium capsules are being pursued: bonding together
micromachined hemishells, at Los Alamos National Laboratory [31], and coating the beryllium onto
suitable mandrels by sputter deposition, at Livermore.

In the latter approach, beryllium doped with copper has been sputter deposited onto thin
polymer mandrels [32], as shown in Fig 10. Sputtered beryllium is typically columnar in structure,
with column widths of a few microns. Such materials typically have less than bulk strength, and the
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columnar structure results in high-mode surface roughness. This roughness has been reduced from
about 150 nm rms to about 50 nm, measured in a 10 jxm surface patch, by substrate biasing of order
120 volts. The bulk columnar structure has been completely eliminated by boron doping at
concentrations around 11% [33] as seen in Fig 10. A particular convenience of sputter-deposition is
the ease of changing dopant concentrations and types using multiple or specially fabricated sputtering
sources, and the ability to produce non-equilibrium material mixtures such as the near-amorphous
BeB of Fig 10.

5.2. Polyimide Capsules

The yield sensitivity of polyimide capsules to surface roughness is comparable to beryllium (Fig
9), while its intermediate density (1.4-1.5g/cm3 compared with about 1 for CH and 1.85 for
beryllium) makes it more susceptible to ice roughness than beryllium, but less than for CH. A
polyimide capsule potentially has high strength, allowing for room temperature transport with full
DT fills [34].

Uniform thickness polyimide ablators are being applied to capsule mandrels by a vapor
deposition technique. In this approach the monomer precursors are independently heated under high
vacuum to produce monomer vapor fluxes that are directed upon thin-walled capsule mandrels that
are being agitated in a pan. The two monomers react on the surface of the mandrels to form a poly
(amic acid), which upon further careful heating is converted to polyimide. To obtain high strength
coatings it is necessary to carefully balance the vapor fluxes by control of the temperatures of the
monomer sources.

To date we have worked with monomers that produce a Kapton-like film [35]. Coating rates
are typically 1-2 |im/h. Coatings as thick as 80 jxm have been produced, and strengths as high as 100
MPa have been measured. For room temperature transport strengths in excess of 120 MPa are
necessary, and we plan to be able to achieve this goal by better control of stoichiometry and coating
rate of the monomers, variations in heat treatments, and switching to monomer sources known to
produce higher strength polymers. Preliminary investigation of the coating surface finish indicates
that reasonably smooth coatings are routinely produced, though localized coating defects sometimes
appear that may be related to stoichiometry or deposited debris.

5.3. Cryogenic Fuel Layers

The beta-decay energy deposited in solid D-T drives a phenomenon called "beta layering" in
which an irregular formation of solid D-T inside an ICF capsule evolves into a spherically symmetric

3
layer. For "clean" (no He present) D-T at the triple point (19.8 K), there is an exponential
approach to perfect symmetry with a time constant ~ 25 minutes.

As discussed for Fig. 9, the performance of an ignition target depends upon the modal
spectrum of the inner D-T ice surface, although less sensitively than the capsule outer surfaces. This
spectrum, and methods to control it, are currently being investigated. Beta-layered surfaces have been
examined in spherical polymer capsules with a very small fill tube for introducing the D-T [36]. We
have found that layers with surfaces smooth enough to ignite in 2 and 3 dimensional simulations in
any of the capsule materials can be formed, as seen in Fig 11 (a). In Fig 11 (b), the surface spectrum
taken from shadowgraphs is compared with the spectrum used in the simulations of Fig 9. Those
simulations used only the portion of the spectrum above mode 15. To obtain this layer quality in
spheres, the initial layer must be developed from a single nucleation point, which requires avoiding
severe supercooling. Similar surface spectra have been obtained in cylindrical experiments [37].

10
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FIG. 9 (a) Yield vs. ablator rms surface roughness for the best ice surfaces obtainable (1 jXm for
beryllium, 0.5 jim for polymers using auxiliary smoothing techniques). The rms is derived from the
model spectrum of fig. ll(b), using model 1 to 120. Ice roughness from natural p layering is
approximately Ifim, and enhanced smoothing by infrared absorption ({$+) may give 5)1 m rms. (b)
Yield vs. ice roughness for the best rms outer surface roughness (10 nm).
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F/G. 10 Sputter deposition approach for fabricating beryllium ignition capsules.
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FIG. 11 (a) A shadowgram of a very smooth D-T layer formed by beta-layering in a very thin
(approximately 10 fxm) polymer shell; (b) the surface spectrum from (a) compared to that used in
the simulations of Fig 9.

The fuel layer smoothening by beta heating is halted by the surface energies of the
multicrystalline surfaces. However, smoother surfaces would increase confidence in ignition on the
NIF by allowing for uncertainties in the simulations and variations in the surface features, and by
allowing designs that ignite at lower drive energies.

Increasing the volumetric heating rate of the solid should give smoother surfaces. Absorbed
radiation from an infrared laser provides this additional heating, allowing us to increase the heating
thirty-fold over beta-heating, with the limit being set only by the available laser intensity [38]. This
bulk heating can be applied to D2 or HD solids, making it easier to experiment without the
complications of using tritium. The technique has been applied to HD layers in polymer spheres by
centering them in a diffusely reflecting integrating sphere into which the infrared is injected and
symmetrized [39]. The layer smoothness achieved was comparable to that of beta layering in
spheres, with a similar spectrum. To form layers by infrared absorption, the radiation wavelength has
to be selected for the particular isotope or mixture, but is generally in the 2 to 3 micron range. There
must also be a suitable transparency band in the capsule material. The plasma polymer ablator used
for current Nova experiments has such a window, provided it is formed from fully deuterated organic
monomers. Being applicable to non-tritiated fuel layers, such as D2 or isotopic mixtures, this may be
the only way to make sufficiently smooth layers of these materials, which could prove very useful in
the pre-ignition phase of NIF experiments.

The cryogenic fuel layer must be uniformly thick to better than 1% to yield a sufficiently
symmetric implosion. For this, the interface between the fuel layer and the spherical capsule must be
isothermal to 15 JJ.K at an average temperature of 18.5 K. For indirect-drive, the hohlraum is a mini-
cryostat, with the heat from the beta-decay conducted to the wall, but the isotherms in an isothermal
cylindrical hohlraum are not spherical, and in fact can severely distort the layer. However, a high
thermal conductivity capsule ameliorates this problem which gives a another large advantage to
beryllium. For plastics, on the other hand, the hohlraum boundary temperature must be tailored to
provide spherical isotherms at the capsule. We are designing and testing hohlraums that will do this as
in Fig 12. Azimuthally symmetric cooling will require specially designed contacts, as indicated in Fig
12. The axial temperature profile on the hohlraum wall will be maintained by microheaters on the
hohlraum exterior. Thermal modeling [40] shows that a uniform surface heating flux very nearly
produces the required thermal profile if the cooling rings are attached at the hohlraum ends with
partial shielding as shown.

12
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FIG. 12 Forming a uniformly thick fuel layer in a cryogenic ignition hohlraum will require very
careful thermal control provided by the hohlraum.
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ABSTRACT

The principal role of the Laboratory for Laser Energetics (LLE) is the development
and validation of the direct-drive approach to inertial fusion. The LLE experimental
and theoretical programs in support of this mission were organized to provide a
moderate-gain option for the U.S. National Ignition Facility (NIF). Experimental
implementation of the LLE program is carried out on the LLE's 30-kJ, 60-beam, UV
OMEGA laser. This paper summarizes the status of the direct-drive ICF physics program
at LLE with emphasis on the development of beam-smoothing techniques, long-scale-
length plasma interaction experiments, direct-drive planar-foil hydrodynamic instability
experiments, the effect of laser nonuniformity on target stability, integrated spherical
target implosion experiments, design of direct-drive targets, development of target
diagnostic techniques, and implementation of cryogenic-fuel-layering technology.

I. INTRODUCTION
Within the U.S. National ICF program, the principal role of the Laboratory for

Laser Energetics (LLE) is the development and validation of the direct-drive approach
to inertial fusion. The LLE experimental and theoretical programs in support of this
mission are organized to provide a moderate-gain option for the National Ignition
Facility (NIF). Experimental implementation of the LLE program is carried out on the
LLE's 30-kJ, 60-beam, UV OMEGA laser in collaboration with Lawrence Livermore
(LLNL) and the Los Alamos (LANL) National Laboratories.

This paper summarizes the status of the direct-drive ICF physics program at LLE
with emphasis on the development of beam-smoothing techniques, long-scale-length
plasma interaction experiments, direct-drive planar-foil hydrodynamic instability
experiments, the effect of laser nonuniformity on target stability, integrated spherical
target implosion experiments, design of direct-drive targets, development of target
diagnostic techniques, and implementation of cryogenic-fuel-layering technology.

To provide the required irradiation uniformity for direct-drive ICF, we have
developed and implemented on OMEGA two-dimensional smoothing by spectral
dispersion (2-D SSD) [1]. The OMEGASSD system is operating with a2-D bandwidth
of 1.25 x 1.75 A. Using recently innovated technology for fabricating distributed phase
plates (DPP's), the 2-D SSD system on OMEGA has demonstrated a single-beam
nonuniformity of 12% rms, which corresponds to 4% rms for 60-beam irradiation of
spherical targets. It is anticipated that the nonuniformity will be reduced to 2% rms for
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a 2-D SSD bandwidth of 3 x 10 A in the IR (for modulation frequencies of 3 and
10 GHz, respectively) and with distributed polarization rotators (DPR's). The
effectiveness of DPR's was demonstrated on five-beam planar Rayleigh-Taylor target
experiments [2]. Efficient broad-bandwidth frequency conversion was demonstrated
recently at LLE [3]. SSD has also been shown to decrease backscattered light in indirect-
drive targets [4-9], and an SSD system is being implemented on the NIF with the
ability not to preclude its 2-D enhancement for direct-drive experiments on the NIF.

Laser-plasma interactions were investigated in exploding-foil plasmas with density-
gradient scale lengths comparable to those expected in direct-drive NIF coronal plasmas.
The plasma was created by exploding CH foils with 18 OMEGA beams. The plasma
was then heated with 20 additional OMEGA beams, creating a density-scale length of
approximately 1 mm, a peak on-axis density of 18% of critical density, temperature in
excess of 3.5 keV, and a velocity-gradient length of 1 mm. An interaction beam outfitted
with various phase plates then permitted carrying out interaction experiments at 2 x
1014, 6 X 1014, and 1.5 X 1015 W/cm2 average intensity. The peak density was determined
by stimulated Raman scattering (SRS) for the underdense plasma. No stimulated
Brillouin scattering was observed in these experiments when phase plates (DPP's)
were used. Similar experiments were carried out in plasmas generated from thick targets
where a critical surface remains throughout the interaction time. Here, too, no SBS
was observed when DPP's were used at 1.5 x 1015 W/cm2.

Hydrodynamic instabilities and laser imprinting experiments [2,10,11] have been
carried out in planar as well as spherical geometries. Various beam-smoothing techniques
were used including phase plates with no bandwidth, 2-D SSD, and DPR's. The
imprinting was observed using face-on radiography after Rayleigh-Taylor growth, and
it was clearly seen that the smallest level of laser imprinting corresponded to the best
irradiation uniformity achieved with the use of SSD as well as DPR's [2]. Radiography
was also used to measure the Rayleigh-Taylor growth rate in planar foils [ 12] accelerated
at 100 jlmlns2 at a laser intensity of 2 x 1014 W/cm2. These foils had imposed mass
perturbations with initial wavelengths of 20, 31, and 60 jxm. The measured growth
rates compare favorably with simulations carried out using the 2-D hydrodynamic
code ORCHID.

In a spherical-target experiment designed to investigate hydrodynamic instabilities
in a converging geometry [13-16], we have measured conditions in both the fuel and
the pusher layers of imploding capsules. The RT growth during deceleration was
measured using buried signature layers on the inside of the shell and Ar doping in the
fuel. The signature layers were either CD or Ti-doped polymer layers buried 0 to 5 jim
from the fuel-pusher interface. X-ray spectroscopy and monochromatic x-ray imaging
were used to interrogate the signature layer [17-20].

The development of target diagnostics to characterize the extreme density and
temperature conditions of ICF capsules is a high priority of the LLE program. An
alternative to x-ray backlighting was developed whereby the cold, compressed shell
can be imaged using Kaline radiation in titanium-doped shell implosions [19,20]. By
measuring the dimensions of the cold pusher shell at the time of peak compression and
shell area density via K-edge absorption, it was possible to estimate the shell density.

Charged particles from fusion reactions are also used to measure core conditions.
Using a novel charged-particle spectrometer [21,22] jointly developed with MIT,
measurements have been made of the charged-particle spectra emitted during direct-
drive shell implosions. In some of the initial experiments with this device the fuel ion
temperature during the thermonuclear burn was determined by measuring the ratio
between DD fusion reactions and D3He reactions in D3He-filled capsules. Various
charged particle signatures are used to diagnose the core and shell areal densities.

To achieve high-density conditions of interest to NIF direct-drive capsules, a
cryogenic capsule target filling, characterization, and handling system is being
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constructed in a joint effort with General Atomics and LANL. This system will be
completed in 1999 and used to carry out direct-drive validation experiments in
preparation for direct-drive experiments on NIF.

II. ILLUMINATION UNIFORMITY
High laser-irradiation uniformity is an important requirement for successful direct-

drive ICF. Direct-drive laser irradiation uniformity is achieved on OMEGA for different
ranges of spatial frequencies by a number of techniques. The technique of smoothing
by spectral dispersion (SSD) [1] significantly reduces irradiation nonuniformity at
high spatial frequencies by rapidly shifting the laser speckle pattern generated by
distributed phase plates (DPP's) [23,24]. A high-frequency electro-optic phase
modulator produces a time-varying wavelength modulation that is subsequently
angularly deflected by a diffraction grating required to shift the speckle pattern.
Extremely smooth, time-averaged intensity profiles are achieved on a time scale
corresponding to the inverse bandwidth impressed by the phase modulation. Two-
dimensional SSD (2-D SSD) extends the smoothing benefits of SSD by combining the
deflections of the laser speckle pattern in two orthogonal directions that are created by
two separate stages of bulk electro-optic phase modulators.

The current 2-D SSD implementation on OMEGA employs phase modulators
operating at 3.3 and 3.0 GHz in a single-pass configuration. It produces a maximum
infrared bandwidth of 1.25 x 1.75 A, which is frequency converted to a total ultraviolet
bandwidth of approximately 0.25 THz (UV). FM-to-AM conversion mechanisms and
phase modulator performance currently limit this maximum bandwidth.

The smoothing performance for the current 2-D SSD implementation, as well as a
system planned to produce over 1 THz of bandwidth with a similar number of
independent speckle patterns, is presented in Fig. 1, which plots the time-integrated
rms irradiation nonuniformity on target versus integration time, including the effects
of DPR's. The initial smoothing rate is directly proportional to the SSD bandwidth,
while the asymptotic nonuniformity is inversely related to the square root of the number
of independent speckle patterns on the target. For an SSD system employing critical
dispersion, this roughly corresponds to the number of FM sidebands imposed by the
phase modulator on the beam. The asymptotic uniformity for both systems is essentially
the same, but the integration time required to achieve 2% nonuniformity is reduced
from nearly 250 ps to about 70 ps by increasing the total SSD bandwidth. A useful
review of various alternate approaches to beam smoothing is found in Ref. [25].

Achieving high beam uniformity on OMEGA requires both generation of large
infrared bandwidths and efficient frequency conversion of these bandwidths into the
ultraviolet. Bandwidth generation will soon be improved by implementing a double-
pass, 2-D SSD architecture that is limited only by the efficiency of the current OMEGA
frequency-conversion crystals to approximately 0.35 THz (UV). The double-pass
architecture also incorporates a 10 GHz frequency phase modulator to reduce the

Fig. 1. Plot of time-integrated rms
irradiation nonuniformity on target
as a function of averaging time for
the current 0.25 THz bandwidth
SSD system on OMEGA (dashed
curve) and that for the improved
1 THz SSD system.

Asymptotic ams °HJNSpeckle
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Averaging time (ps)
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smoothing time and will allow increasing the color cycles in the future to ultimately
achieve 1-THz (UV) bandwidth. The ultimate configuration should achieve a 2-D SSD
bandwidth of 1.5 x 12 A in the IR using phase modulators operating at 3.3 and
10 GHz, respectively. Approximately 2% rms irradiation nonuniformity on target is
projected for this system within 60 ps.

Converting the infrared bandwidth corresponding to these UV bandwidths on
OMEGA requires enhanced frequency conversion using a dual-tripler scheme [3]
recently proposed at LLNL and demonstrated at LLE. Due to the expense and long
procurement cycle for the additional tripler crystals, enhanced bandwidth conversion
will be implemented first on 10 beams to perform planar geometry experiments and
later on all 60 OMEGA beams for spherical implosion studies.

Polarization smoothing using distributed polarization rotators (DPR's) [2,25,26]
effectively doubles the number of speckle patterns generated on target by each beam,
resulting in a -y'2 reduction in nonuniformity for spatial frequencies above 12 mm""1

(A = 80-^um-wavelength). DPR's implemented on five OMEGA beams for planar
Rayleigh-Taylor targets have already demonstrated the predicted smoothing
improvements, and a full complement of DPR's have been ordered for OMEGA
spherical implosion experiments and will be installed in 1999.

The temporal dependence of beam smoothing produced by SSD on OMEGA was
investigated by recording ultraviolet equivalent-target-plane (ETP) images of 100-ps
and 3-ns square laser pulses. An ETP image of a laser pulse with zero accumulated
fi-integral (SB < 0.5) was also recorded to quantify the amount of beam smoothing due
to the beam self-phase modulation at high laser powers.

An ETP setup recorded the images with a charge-coupled-device (CCD) camera
instead of film. The low noise level of the CCD camera is fully exploited in this
experiment to extract power spectra with negligible noise levels. The power spectrum
is the azimuthal sum at each frequency of the square of the Fourier amplitudes, and the
cutoff wave number is given by the smallest laser speckle. The power spectra are
normalized to the dc component, and the o ^ is defined as the square root of the ratio
of the power in the high frequencies to the power in the low frequencies (e.g., k <
0.04 jivcT1).

Power spectra calculated from the measured ETP images for various laser pulses
are shown in Fig. 2. The power spectrum for Efi = 0 and no FM bandwidth (top curve)
has the highest (Jrms = 0.94 (designed value: o ^ = 0.99). The second curve is the
power spectrum of a 100-ps pulse without SSD and TB = 5.0 radians resulting in CfTmi

= 0.82. The same pulse with SSD (0.25 THz, third curve) reduces Gms to 0.21. A 3-ns
square pulse with SSD [0.25 THz, fourth (bottom) curve] yields <Jms = 0.06. It should

OV3/3
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Fig. 2. Power spectra calculated from the
measured ETP images for various laser
pulses of the SSD smoothing time
experiment.
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be noted that a smoothing time of 3 ns is unrealistically long, but that smoothing times
of 100 ps to 300 ps are more likely for direct-drive ICF experiments.

III. LONG-SCALE-LENGTH PLASMA PHYSICS EXPERIMENTS
The OMEGA geometry is well suited to carrying out planar-foil experiments

designed to produce NIF-like plasma conditions. A large plasma is typically created
by exploding a flat foil with a subset of OMEGA beams . The plasma is heated with
additional beams to create a density-scale length of approximately 1 mm, a peak on-
axis density of 18% of critical density (ne ~ 1.7 x 1021 cm"3), and temperatures in
excess of 3.5 keV. Using an interaction beam focused with a specially designed phase
plate, experiments can be carried out for intensities spanning the range of 1014 W/cm2

to 1.5 x 1015 W/cm2 average intensity.
In one set of experiments designed to simulate NIF plasma conditions, solid targets

were irradiated with stacked 1-ns square-top pulses to generate a drive pulse lasting
approximately 3 ns. An interaction beam at an intensity of 1.5 X 1015 W/cm2 was
focused into the critical density plasma. Observations of the backscattered light (see
Fig. 3) indicate that there is no significant stimulated brillouin scattering present with
an interaction beam smoothed by means of SSD.

352 Solid targets
Te ~ 4 kev
Critical density present
Ln ~ Lu ~ 0.7 mm
I~1.5xl0i5W/cm2
~ overlapped NIF intensity
at peak

-0.1% reflection
from near critical?

SBS seen in rapidly cooling
plasma (<0.2%)

350

Fig. 3. Streak camera recordings of heating beams, interaction beam, and SBS backscatter in long-
scale-length plasma experiments carried out on OMEGA. Shot 12639 is a control experiment with no
interaction beam. On shot 12600 the interaction beam is timed to coincide with peak density conditions;
on shot 12634, the interaction beam arrives after the heating beams have turned off. The highest reflection
(<0.2%) is observed when the interaction beam irradiates the rapidly cooling plasma after the heating
beams are turned off.
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IV. IMPRINTING MEASUREMENTS
We define laser beam imprinting to be the generation of mass perturbations seeded

by laser nonuniformities. Planar-driven-foil experiments were conducted on OMEGA
to investigate the effect of improved uniformity on imprinting and the related instability
growth. The experimental setup for carrying out these measurements is shown in
Fig. 4. The effect of improved uniformity is evident visually on the x-ray radiographs
taken of the driven foils at 1.9 ns of a 3-ns pulse (see Fig. 5). With only phase plates
(DPP's) significant nonuniformity is observed. With 2-D SSD (at 0.25 THz), and more
so with distributed polarization rotators (DPR's), the nonuniformity is significantly
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reduced. Fourier analysis of the target radiographs shows the beneficial effects of
improved irradiation uniformity (see Fig. 6).

X-ray
framing

5 drive beams
= 2x 1014W/cm2

Pinhole
array

Fig. 4. Experimental set up
for carrying out imprinting
measurements on driven foils.

Backlighter
beams

Backlighter
foil

E841S

>> *. .' •" ( a ) , (c)

E9118

Fig. 5. The effect of increased uniformity is observed in x-ray radiographs of accelerated targets at
1.9 ns into a 3-ns pulse: (a) DPP only, (b) DPP and 2-D SSD, and (c) DPP and 2-D SSD and DPR's.
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Fig. 6. Fourier analysis of target radiographs shows the beneficial effects of reduced irradiation
nonuniformity.
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V. SPHERICAL BURNTHOUGH TARGET EXPERIMENTS
A series of spherical burnthrough experiments were conducted to investigate the

effects of laser uniformity changes on RT growth in imploding capsules [ 13-16]. These
experiments used time-resolved x-ray spectroscopy to measure x-ray emission from a
signature layer buried under a CH ablator (see Fig. 7). The onset time of x-ray line
emission from this layer has been shown to be a sensitive indicator of both irradiation
nonuniformities and Rayleigh-Taylor growth. Spectra were recorded from targets
imploded using DPP-smoothed beams with and without SSD. Analysis of the data was
carried out using a multimode RT postprocessor to the 1-D hydrocode LILAC, which
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uses an initial perturbation spectrum derived from actual single-beam uniformity data
[14]. The conversion between laser uniformity and initial mass perturbation (the "imprint
parameter") in the model is calculated by normalizing against one experimental point
and is then left unchanged for all subsequent calculations. Figure 8 shows the measured
and calculated signature-layer emission times (burnthrough times) as a function of CH
ablator thickness. The effective SSD smoothing time can be inferred from this type of
experiment.
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Fig. 8. Plot of measured (round points)
and calculated burnthrough times
(squares) as a function of CH ablator
thickness for the cases with DPP's only
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VI. DIAGNOSTICS FOR HIGH-DENSITY IMPLOSIONS
In a collaboration that includes scientists from LLE, MIT, and LLNL, two magnetic

charged-particle spectrometers [21,22] (see Fig. 9) using an array of CR-39 track
detectors were fielded on OMEGA. Spectroscopic measurements of energetic charged
particles were carried out on OMEGA. Individual line profiles of charged fusion
products were obtained, including D-3He protons (14.7 MeV) and alphas (3.6 MeV),
DT alphas (3.5 MeV), and DD protons (3.0 MeV) and tritons (1.0 MeV). The
measurements provided fusion yields, ion temperatures, fuel and ablator areal densities,
and identification and quantification of anomalous charged-particle acceleration effects.
In addition, energetic ablator ions with energy up to 1.2 MeV were observed. In
particular, under certain conditions, sharply defined "lines" of energetic ablator protons
were detected. When they occur, they have strong intensities at energies around 400
keV, with separations between adjacent "lines" of the order of 20 keV. These data were
obtained with a spectrometer with a 7.6-kG magnet and CR-39 track detectors. The
spectrometers resolve particles from 50 keV to 30 MeV (proton-equivalent energy, or
energy of a particle with the same gyroradius as a proton of this energy).
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Fig. 9. Schematic of charged
particle spectrometer showing
relative positions of various energy
charged particles.
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VII. OMEGA CRYOGENIC-TARGET-HANDLING SYSTEM UPDATE
The design of the OMEGA Cryogenic-Target-Handling System (OCTHS) has been

a 5-year collaborative project undertaken initially by General Atomic Corp. (GA) and
assisted in recent years by LLE and LANL. The design phase is complete. Equipment
has been procured and fabricated. Individual components are arriving from vendors.
These components are being tested, in parallel, at GAand at LLE. The testing is planned
to be completed at GA by March 1999, and all the equipment will be in-house at
Rochester by April 1999. The system (see Fig. 10) will be integrated with the existing
facility during the summer of 1999. The schedule is for the system to be operational
with deuterium/helium mixtures by October 1999.

Direct-drive targets (1-mm-diam and <3-/im wall thickness) will be filled to a
maximum room temperature pressure of 1500 atm (DT or D2/He) and then cooled to
18 K. These conditions provide a 100-^m ice layer inside the target. Four targets can
be processed simultaneously. Targets are individually transported to the center of the
target chamber using a portable cryostat. Here the cooling shrouds are retracted (using
a linear motor) at a constant acceleration of 2.5 g, which equates to a maximum velocity
of 5 m/s. The frozen target is exposed to ambient room radiation for <50 msec, before
the laser is fired. During this time the target is calculated to increase in temperature by
less than 0.3 K, thus maintaining its structural and material integrity.

Fig. 10. Overview of the major
components that comprise the OMEGA
cryogenic target delivery system.

Target
chamber

Tritium facility

LLE tritium
equipment

DT
compressor

Permeation
cryostat

L Shroud
retractor

-Transfer cart



175

OV3/3
VIII. ACKNOWLEDGMENT

This work was supported by the U.S. Department of Energy Office of Inertial
Confinement Fusion under Cooperative Agreement No. DE-FC03-92SF19460, the
University of Rochester, and the New York State Energy Research and Development
Authority. The support of DOE does not constitute an endorsement by DOE of the
views expressed in this article.

IX. REFERENCES
1. SKUPSKY, S. et al., Laser-beam pulse shaping using spectral beam deflection,

J. Appl. Phys. 73 (1993) 2678-2685.
2. BOEHLY, T. R. et al., The reduction of laser imprinting using polarization

smoothing on a solid-state ICF laser, submitted to J. Appl. Phys.
3. EIMERL, D. et al., Multicrystal designs for efficient third-harmonic generation,

Opt. Lett. 22 (1997) 1208-1210; BABUSHKIN, A. et al., Demonstration of
the dual-tripler scheme for increased-bandwidth third-harmonic generation,
Opt. Lett. 23 (1998) 927-929.

4. MOODY, J. D. et al., Beam smoothing effects on the stimulated Brillouin
scattering (SBS) instability in Nova exploding foil plasmas, Phys. Plasmas 2
(1995)4285-4296.

5. MOODY, J. D. et al., Beam smoothing effects on stimulated Raman and
Brillouin backscattering in laser-produced plasmas, J. Fusion Energy 12 (1993)
323-330.

6. BALDIS, H. A. et al., Parametric instabilities and laser-beam smoothing,
Lawrence Livermore National Laboratory, Livermore, CA, ICF Quarterly
Report UCRL-LR-105821-93-3 (1993) 137-144.

7. MACGOWAN, B. J. et al., Laser-plasma interactions in ignition-scale hohlraum
plasmas, Phys. Plasmas 3 (1996) 2029-2040.

8. MONTGOMERY, D. S. et al, Effects of laser beam smoothing on stimulated
Raman scattering in exploding foil plasmas, Phys. Plasmas 3 (1996)
1728-1736.

9. FERNANDEZ, J. C. et al., Measurement of laser-plasma instability relevant to
ignition hohlraums, Phys. Plasmas 4 (1997) 1849-1856.

10. BOEHLY, T. R. et al., The effect of increased irradiation uniformity on
imprinting by 351-nm laser light, in Laser Interaction and Related Plasma
Phenomena, edited by MILEY, G. H. and CAMPBELL, E. M. (American
Institute of Physics, New York, 1997), Vol. 406, pp. 122-129.

11. SMALYUK, V. A. et al., Studies of the 3-D evolution of imprinting in planar
targets accelerated by UV light, Bull. Am. Phys. Soc. 42 (1997) 1910-1911.

12. KNAUER, J. P. et al., Single-mode Rayleigh-Taylor growth-rate measurements
with the OMEGA laser system, in Laser Interaction and Related Plasma
Phenomena, edited by MILEY, G. H. and CAMPBELL, E. M. (American
Institute of Physics, New York, 1997), Vol. 406, pp. 284-293.

13. BRADLEY, D. K. et al., Measurements of core and pusher conditions in
surrogate capsule implosions on the OMEGA laser system, Phys. Plasmas 5
(1998) 1870-1879.

14. DELETTREZ, J. et al., Effect of barrier layers in burnthrough experiments
with 351-nm laser illumination, Phys. Rev. A 41 (1990) 5583-5593.

15. BRADLEY, D. K., DELETTREZ, J. A., AND VERDON, C. P., Measurements
of the effect of laser beam smoothing on direct-drive inertial-confinement-
fusion capsule implosions, Phys. Rev. Lett. 68 (1992) 2774-2777.

16. DELETTREZ, J., BRADLEY, D. K., AND VERDON, C. P., The role of the
Rayleigh-Taylor instability in laser-driven burnthrough experiments, Phys.
Plasmas 1 (1994) 2342-2349.



176

OV3/3
17. YAAKOBI, B. et al., Novel methods for diagnosing mixing and laser-fusion

target performance using x-ray spectroscopy of an embedded titanium layer,
Opt. Photonics News (1997) 42-43.

18. MARSHALL, F. J. et al., A high-resolution x-ray microscope for laser-driven
planar-foil experiments, Phys. Plasmas 5 (1998) 1118-1124.

19. YAAKOBI, B. AND MARSHALL, F. J., Imaging the cold, compressed shell in
laser implosions using the Ka fluorescence of a titantium dopant, accepted for
publication in J. Quant. Spectrosc. Radiat. Transf.

20. YAAKOBI, B., MARSHALL, F. J., AND BRADLEY, D. K., Pinhole-array
x-ray spectrometer for laser-fusion experiments, accepted for publication in
Appl. Opt.

21. PETRASSO, R. D. et al., Measuring implosion symmetry and core conditions
in the National Ignition Facility, Phys. Rev. Lett. 77 (1996) 2718-2721.

22. HICKS, D. G. et al., Design of an electronic charged particle spectrometer to
measure pR on inertial fusion experiments, Rev. Sci. Instrum. 68 (1997)
589-592.

23. KESSLER, T. J. et al., Laser phase conversion using continuous distributed
phase plates, in Solid State Lasers for Application to Inertial Confinement
Fusion, edited by ANDRE, M. L. (SPIE, Bellingham, WA, 1997), Vol. 3047,
pp. 272-281.

24. LIN, Y, KESSLER, T. J., AND LAWRENCE, G. N., Distributed phase plates
for super-Gaussian focal-plane irradiance profiles, Opt. Lett. 20 (1995)
764-766.

25. ROTHENBERG, J. E., Comparison of beam-smoothing methods for direct-
drive inertial confinement fusion, J. Opt. Soc. Am. B 14 (1997) 1664-1671.

26. Phase conversion using distributed polarization rotation, Laboratory for Laser
Energetics LLE Review 45, NTIS document No. DOE/DP40200-149 (1990)
1-12. Copies may be obtained from the National Technical Information Service,
Springfield, VA 22161.



177 OV3/D

SESSION OV3

Monday, 19 October 1998, at 4.30 p.m.

Chairman: T. Yamanaka (Japan)

OVERVIEWS 3

Paper IAEA-CN-69/OV3/1 (presented by B.A. Hammel)

DISCUSSION

T. DESAI: For laser energy coupling inside the hohlraum, you consider backscattered
stimulated Brillouin scattering (SBS) and stimulated Raman scattering (SRS) as loss
mechanisms. Why do you neglect specular reflection inside the hohlraum which, although it
remains inside the hohlraum, is rather dangerous?

B.A. HAMMEL: The issue with specular reflection that you would be concerned
about is whether the light focused onto the target, after it had bounced off the inner cylindrical
surface and led to a perturbation that was essentially a seed for Rayleigh-Taylor growth. We
have not seen any evidence of this occurring. If it was thought to be a problem, one way of
getting around it would be to have the hohlraum made up of facets instead of a cylinder.
There is no evidence that it has been a problem. It is certainly not a case of laser loss, but
rather a Rayleigh-Taylor imprint phenomenon.
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Paper IAEA-CN-69/OV3/2 (presented by K. Mima)

DISCUSSION

D.D. RYUTOV: What was the ion current in the jet-like object?

K. MIMA: In the experiment, the total number of MeV ions is estimated from the
neutron yield to be 1012 ~ 1013. Roughly speaking, ion pulse duration is 1 ps and the jet is
30 urn in diameter. These parameters indicate that the maximum peak ion current is
101 0~10nA/cm2 .

K. LACKNER: If there is a finite angle between the incoming laser and the electron
beam produced, this will limit the interaction length between the two and thus, ultimately, the
intensity of the electron beam. Is the process whereby the finite angle is produced
understood? Will this not limit the usefulness of this effect for the fast ignitor concept?

K. MIMA: The dominant mechanism of MeV electron generation is the electron
acceleration by large amplitude longitudinal waves which are excited by the usual mode
conversion and/or the second harmonic mode conversion near the cut-off surface. The
electron beam direction is determined by the plasma density gradient and the laser propagation
direction. Accordingly, the interaction distance is very short and the finite angle between the
laser and the electron beam does not therefore limit the electron beam intensity. As for the
direction of the forward electron beam, this has not yet been resolved. Recent experiments
and simulations indicate that the electron beams are pinched strongly by a self-generated
magnetic field. There is therefore a need for more study of electron beam dynamics from the
standpoint of fast ignition usefulness.
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Paper IAEA-CN-69/OV3/3 (presented by J.M. Soures)

DISCUSSION

H. NISHIMURA: In the direct-drive scheme, an order of % non-uniformity must be
attained in a wide range of mode numbers. On OMEGA, how do you evaluate experimentally
the irradiation uniformity on spherical targets?

J.M. SOURES: We characterize the irradiation non-uniformity by several means.
First, we measure the equivalent target plane energy distribution of individual OMEGA beams
and then calculate the irradiation profile when these beams are superposed on the surface of
spherical targets. Second, we carry out irradiation uniformity measurements on target by
using X-ray emission from Au-coated spherical targets. Third, we carry out time-resolved
imprinting measurements of the type discussed in this paper. Finally, we characterize the
beam-to-beam power variance by measuring the time-history of many of the OMEGA beams
using streak cameras.
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Paper IAEA-CN-69/OV3/4 (presented by R.J. Leeper)

DISCUSSION

G. FUSSMANN: Supposing you are successful and can bring your 5 mm diameter
pellets to ignition, would that not be a small H-bomb?

R.J. LEEPER: The highest yield capsule described here has a yield of 600 MJ. The
highest yield that anyone has ever discussed for these types of systems is 1000 MJ. Energy
output in this range is certainly very small relative to a "small" H-bomb. Even small
conventional chemical explosives produce much higher energies than these capsules.

dl
S. ELIEZER: What are the threshold parameters (such as current (I), —, number of

dt
wires per unit length, radius of wire, etc.) for a symmetric Z-pinch?

R.J. LEEPER: In answering this question, let me first describe the parameters on Z
that underlie symmetric Z-pinches. Single wire arrays of 290 7.5 urn diameter tungsten wires
that are at an initial diameter of 40 mm located inside a solid return current can (no holes),
driven by a 3.5 MV, 19-20 MA, 100 ns risetime pulse, give a symmetric Z-pinch. We also use
nested wire arrays of 240 wires at 40 mm diameter onto 120 wires at 20 mm of 7.5 urn
tungsten wires driven by the same 3.5 MV, 19-20 MA, 100 ns risetime pulse. In this work,
the single most important parameter for a symmetric implosion is the intergap wire spacing in
the array, which must be < 0.5 mm. Symmetric implosions depend on prepulse and wire
material, but we do not yet know how to completely evaluate this effect. On the Sandia
Saturn Facility, it was found that a prepulse that went from 0-100 kA in 150 ns enabled a
40 Al (aluminium) wire array to merge into a plasma shell that, when driven by a 7 MA pulse
in 50 ns, yielded a symmetric implosion. If the prepulse was doubled in current, a wire array
of only 20 Al wires was found adequate for a symmetric implosion. If the prepulse current
was halved to 50 kA, 80 wires were necessary for symmetric implosion. Finally, another
consideration for symmetric implosions is Rayleigh-Taylor (RT) instabilities in the r-z plane.
To minimize the effects of RT, the implosion time needs to be reduced to a minimum value
while still maintaining coupling to the accelerator. This can be done by either reducing the
mass of the wire array and/or reducing the radius of the array. These results are to be found in
T.W.L. Sanford et al., PRL 5063 (1996).

K. LACKNER: Considering reactor aspects of the concepts presented, some
components would be sacrificed at each shot and others would have to survive long-term.
Where would you place the boundary between them, and how do you plan to protect the
"permanent" components from the explosion, seeing that they will be much closer to the pellet
than in other inertial fusion schemes.

R.J. LEEPER: The main goal of our work is to demonstrate high yield capsule
implosions in the laboratory before worrying too much about engineering a reactor scheme.
That would be a significant scientific achievement, establishing inertial confinement as a viable
potential energy source. Then, on the basis of a sound knowledge of high yield capsule
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physics, we could start thinking seriously about engineering a reactor with a Z-pinch type
scheme, or perhaps another approach like heavy ions. The boundary between "sacrificed" and
"permanent" components for a Z-pinch reactor scheme has not yet been determined. It may
not be necessary for the "permanent" components in a Z-pinch scheme to be closer to the
pellet than in other inertial schemes; that would depend on the design. For example, we have
considered an "inverse diode" scheme in which the Z-pinch components would be driven by a
remote ion beam located many metres from the Z-pinch components. With this type of
approach we would use conventional ICF reactor schemes with Li waterfalls and so on.

NEXT PAGE(S)
left BLANK
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mROVERVIEW XA0053872

Y. SHIMOMURA, R. AYMAR, V. CHUYANOV, M. HUGUET, R. PARKER
and the International Thermonuclear Experimental Reactor (ITER)
Joint Central Team and Home Teams

Abstract

This report summarizes technical works of six years done by the ITER Joint Central Team and Home
Teams under terms of Agreement of the ITER Engineering Design Activities. The major products are as
follows: complete and detailed engineering design with supporting assessments, industrial-based cost estimates
and schedule, non-site specific comprehensive safety and environmental assessment, and technology R&D to
validate and qualify design including proof of technologies and industrial manufacture and testing of full size or
scalable models of key components. The ITER design is at an advanced stage of maturity and contains sufficient
technical information for a construction decision. The operation of ITER will demonstrate the availability of a
new energy source, fusion.

1. INTRODUCTION

The ITER Project is a project being conducted under the auspices of the IAEA according to
the terms of a four-party agreement among the European Atomic Energy Community (EU), the
Government of Japan (JA), the Government of the Russian Federation (RF), and the Government
of the United States (US), referred to herein as the Parties. "The overall programmatic objective
of ITER is to demonstrate the scientific and technological feasibility of fusion energy for peaceful
purposes. ITER would accomplish this by demonstrating controlled ignition and extended burn of
deuterium-tritium plasmas, with steady state as an ultimate goal, by demonstrating technologies
essential to a reactor in an integrated system, and by performing integrated testing of the
high-heat flux and nuclear components required to utilize fusion energy for practical
purposes."[1]

Fusion energy programs throughout the world have benefited from a remarkable degree of
openness and global cooperation which has brought with it dramatic progress in scientific
understanding and performance achievement. The leading fusion experiments such as JET,
JT-60U and TFTR, have realized their full performance potential, producing fusion power of
10-16 MW [2, 3], achieving equivalent break even condition [4] and investigating operation
modes which may lead to a steady-state operation in ITER [5]. At the same time, supporting or
specialized experiments in these and other devices, theory development and technology
development are together broadening scientific understanding and establishing competence in
fusion technologies. The logical next step for all the leading fusion programs is now to progress to
study the physics of burning plasmas and steady-state operation, and to demonstrate and test the
key fusion technologies and engineering to establish the feasibility of fusion as an energy source;
ITER will fulfill this next step. The ITER project arose from the recognition by the leading
programs of the comparable positions reached in existing experiments and of the benefit to be
derived from undertaking the next step jointly. Collaboration on ITER provides significant
savings through sharing of costs, and more importantly, the opportunity to pool experience and
expertise gained over recent decades, and to draw from the scientific and technological expertise
of all the world's leading fusion experiments and programs in an integrated and focused venture.

The original detailed technical objectives to achieve the overall programmatic objective of
ITER were adopted by the Parties in 1992 [6]. ITER will have two roughly ten-year phases of
operation, the Basic Performance Phase and an Enhanced Performance Phase. The first phase
will address the issues of controlled ignition, extended burn, steady-state operation, and the testing
of blanket modules. ITER's technical objectives require demonstration of controlled ignition and
extended burn, in inductive pulses with a flat-top duration of approximately 1000 s and an
average neutron wall loading of about 1 MW/m2. ITER should also aim to demonstrate
steady-state operation using non-inductive current drive in reactor relevant conditions. It is
assumed that for the first phase there will be an adequate supply of tritium from external sources.
The second phase would emphasize improving overall performance and carrying out a higher
fluence component and materials testing program. Tritium breeding might be implemented for
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this phase. ITER must also be designed to demonstrate the safety and environmental acceptability
of fusion as an energy source.

The original Engineering Design Activities (EDA) of ITER were completed by the Parties
in July 1998 after 6 years' activities. Canada and Kazakhstan were also involved in the Project by
associations with Europe and Russia respectively. During this period, the Parties agreed to produce
a detailed, complete and fully integrated engineering design of ITER and all technical data
necessary for decisions on the construction of ITER. The results of the EDA are available to the
Parties to use either through international collaboration or within their domestic programs. The
deliverables given at the end of the EDA met the original plan. The ITER design, supported by
technology R&D, is at an advanced stage of maturity and contains sufficient technical
information for the construction decision. Mainly due to delay of the construction decision, a
three year extension of EDA is foreseen. During this period, site(s) specific design adaptations and
safety analysis, preparation of license applications, prototype testing and further physics studies,
and preparation of documents for future procurement are planned. The Parties will also develop
proposals and necessary supporting information for complete realization of ITER including a
draft agreement for construction and operation.

Due to increasing financial constraints, it becomes difficult to secure a commitment to
finance the construction effort at the originally agreed costs. Therefore, the Parties are seeking
cost reduction at the expense of assured performance. A Special Work Group of the Parties'
representatives developed new technical requirements for possible changes to the original
technical objectives with a view to establishing option(s) of minimum cost still satisfying the
overall program objectives of the ITER EDA Agreement. The developed technical guidelines are
as follows:

Plasma Performance
• Extended burn in inductively driven plasmas at Q>10 for a range of scenarios;
• Aim at demonstrating steady-state through current drive at Q>5; and
• Controlled ignition not precluded.

Engineering Performance and Testing
• Demonstrate availability and integration of essential fusion technologies;
• Test components for a future reactor; and
• Test tritium breeding module concepts.

The new requirements are still consistent with the integrated "one-step" strategy to DEMO.
This proposal was approved by the Parties at the ITER Council [8] which requests:

• Establish option(s) of minimum cost aimed at a target of approximately 50% of the
direct capital cost of the present design with reduced detailed technical objectives, which
would still satisfy the overall program of ITER; and

• Use existing design solutions and associated R&D.

In order to select major parameters and design features of a reduced cost ITER by the end of
1998, an intense joint work of Joint Central Team and Home Teams is under progress. The
existing EDA technical output of design choices, generic technologies and large R&D results are
generally directly applied to a reduced cost ITER. Therefore, a reduced cost ITER will be able to
be well developed in a relatively short period and the detail design report will be available
July 2000 when the joint assessment of the ITER construction and operation by the Parties is
planned.

In this paper, technical work done based on the original technical objectives during the
original EDA period (July 1992-July 1998) is summarized.

2. ITER DESIGN [9-13]

According to the original plan, the main parameters summarized in Table I were defined
after careful study of the balance between physics requirements for plasma confinement, control
and stability based on ITER Physics Basis and Physics Rules [9], and engineering constraints such
as heat loads, electromagnetic and mechanical characteristics, neutron shielding and
maintainability to ensure safe and reliable operation within reasonable cost.
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TABLE I. NOMINAL PARAMETERS AND DIMENSIONS OF ITER

Total Fusion Power
Neutron Wall Loading
Plasma Major Radius
Plasma Minor Radius
Vertical Elongation @95% Flux Surface (k95)
Triangularity @95% Flux Surface (895)
Plasma Current
Toroidal Field @ 8.1 m Radius/ Toroidal Field Coil
Divertor Configuration
Auxiliary Heating Power

1.5 GW
1 MW/m2

8.1 m
2.8 m

1.6
0.24

21 MA
5.7 T / 12.5 T

Single Null
100 MW

Plasma performance of ITER is assessed based on the most recent experimental results and
modeling. The three issues that most directly determine the plasma performance are:

• Energy confinement, edge parameters and capacity to reach and sustain H mode;
• 13 (ratio of plasma pressure to magnetic field pressure) and particle density; and
• Impurity dilution, radiation losses, helium exhaust and divertor power handling.

Each of these issues has been studied thoroughly in a collaborative framework of voluntary
ITER physics activities, coordinated through Expert Groups, which draws on the full range of
physics expertise throughout the Parties' Fusion programs. The results are summarized in the
ITER Physics Basis and Physics Rules [9]. Based on the results, ITER performance and its
nominal operational domain were studied and can be summarized in Fig. 1 (a) and (b) which plot
fusion power for a 21 MA discharge as a function of the H-mode enhancement factor, H H , which
characterizes the global energy confinement time in relation to its reference extrapolated value
based on ELMy H-mode confinement. The plots take into account critical parameters concerning
power loss (Ploss) across the separatrix normalized by L-H power thresholds (PLHX particle

density (n) normalized by Greenwald density (new) a nd normalized beta ( P N ) and indicate the

domain where the three conditions, Ploss/PLH > 1? n/nGW < 1-5, PN < 2.5 are satisfied either in
ignited condition (Fig. 1 (a)) or in driven mode with heating power Paux = 100 MW (Fig. 1 (b)).
In the case of ignition the available range of operational parameters around their normal values is
commensurate with the possible uncertainties in extrapolation of confinement time. In driven
modes, the feasible region is extended to cover a larger range of uncertainties.

(a) Ignition Paux = 100 MW
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The dynamic analysis and simulations indicate that time-dependent requirements for plasma
operation — low divertor heat loads, helium pumping, H-mode power thresholds, etc., — can be
fulfilled and controlled simultaneously.

The design incorporates all of the provisions needed for the reliable operation and control
of ignited/or high Q driven-burn DT plasmas with fusion powers in the 1-1.5 GW range and fusion
burn durations ^ 1000 s. The nominal plasma parameters are chosen such that with "reference"
physics basis assumptions about attainable energy confinement, attainable plasma density,
adequate divertor target heat load, and projected plasma impurity content, sustained D-T burn
with power a 1 GW is possible. Auxiliary heating and/or current drive powers of up to 100 MW
are provided for the initiation of ignited burn and for the sustainment of high-Q (& 10) driven
burn. The in-vessel plasma-facing surfaces and nuclear shielding modules are designed for
steady-state power handling capabilities. The Poloidal Field coil system is sized and configured
such that static and dynamic plasma equilibrium control at plasma currents of up to 24 MA is
possible, and supplies sufficient inductive current drive to enable nominal 21-MA, 1600-s duration
pulses (including a 1000-s fusion burn) to be produced. Somewhat shorter duration (500-s burn)
inductively-sustained pulses at 24 MA are possible. Extension of the controlled burn duration up
to ~ 6000 s in a reduced-current driven-burn mode is also feasible. A true steady-state plasma
operation with current driven by non-inductive methods at 1 GW range of fusion power in a
reverse shear configuration can also be accessible.

Detailed designs for major specific components were developed, coherence of parts or
subsystems with whole was achieved and all outstanding design issues were resolved except site-
specific adaptations. Based on the design work and fabrication experience of R&D components,
detailed industrial-based cost estimates were performed and the costs were shown consistent with
originally agreed costs.

Table II summarizes key engineering features of the design. The essential engineering
features on the tokamak core include:

• An integrated structural arrangement in which super conducting magnet coils (20 cased
toroidal field coils, 9 poloidal field coils and a monolithic central solenoid) and vacuum
vessel are linked to provide an overall assembly which simplifies the equilibration of
electromagnetic loads in all conditions, relying largely on the robustness of strong TF coil
cases (Fig. 2); and

• Modular in-vessel components (blanket modules on back-plate and divertor cassettes
shown in Fig. 3) designed to be readily and safely maintainable by a practical combination
of remote handling and hands-on techniques.

The tokamak is contained in a cryostat vessel, situated in an underground pit, inside a
building of about 50 m height (Fig. 2). Peripheral equipment such as fueling and pumping, heat
transfer, auxiliary heating and remote handling are arranged in galleries around the main pit. If the
seismic ground peak acceleration is larger than 0.2 g, isolation will be added (Fig. 4), placing a
seismic gap at the pit wall, creating an isolated (64 m diameter) "tokamak pit" supported by
flexible bearings, still vertically but allowing large horizontal movement (~ 200 mm). This
concept minimizes the design changes due to different seismic conditions. The main services
required for ITER such as the electrical power, cooling water, fuel treatment, information flow,
assembly and maintenance facilities, waste treatment, etc. are distributed in ancillary buildings and
other structures throughout a site about 60 hectares overall.



187 OV4/1

TABLE II. SUMMARY OF KEY ENGINEERING FEATURES OF THE DESIGN

Super conducting toroidal field coils (20 coils)
Superconductor

Structure
Maximum Field

Super conducting Central Solenoid (CS)
Superconductor
Structure
Maximum Field

Super conducting poloidal field coils (PF 1-9)
Superconductor
Structure
Maximum Field

Vacuum Vessel
Structure

Material

1st Wall/Blanket (Basic Performance Phase)
Structure

Materials

Divertor
Configuration

Materials

Cryostat
Structure
Maximum inner dimensions
Material

Heat Transfer Systems (water-cooled)
Heat released in the Tokamak during
nominal pulsed operation

Cryoplant
Nominal average He refrigeration/
liquefaction rate for magnets and Divertor
cryopumps (4.5 K)
Nominal cooling capacity at 80 K

Additional Heating and Current Drive
Total injected power
Candidate Additional Heating and Current
Drive (H&CD) systems

Electrical Power Supply
Pulsed Power supply from grid

Total active/reactive power demand
Steady-State Power Supply from grid

Total active/reactive power demand

n in circular Incoloy jacket
in grooved radial plates
Pancake wound, in welded steel case
12.5 T

Sn in square Incoloy jacket
Layer wound
13 T

NbTi in square Stainless Steel conduit
Double pancakes
5 T (PF 1-8), 6.7 T (PF 9)

Double-wall welded ribbed shell, with
internal shield plates and ferro-magnetic
inserts
Stainless Steel 316 LN structure, SS 304
with 2% boron shield, SS 430 inserts

Armor-faced modules mechanically-
attached to toroidal backplate
Be armor
Copper alloy heat sink
Stainless Steel 316 LN structure

Single null
60 solid replaceable cassettes
W alloy and C plasma facing components
Copper alloy heat sink
Stainless Steel 316 LN structure

Ribbed cylinder with flat ends
36 m diameter, 30 m height
Stainless Steel 304L

2200 MW at ~ 4 MPa water pressure,
150°C

120 kW/0.25 kg/s

510 kW

100 MW
Electron Cyclotron, Ion Cyclotron,
Lower Hybrid , Neutral Beam from
1 MeV negative ions

650 MW/500 Mvar

230 MW/160 Mvar
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Cooling Pipe
Vertical Port

Blanket

Vacuum Vessel

Divertor

Horizontal Port

Divertor
Port

FIG. 3. Isometric view of vacuum vessel, blanket and divertor.

Upper Heat Itans
System (HTS) vau
43000 g

Isolation device

FIG. 4. Tokamak building and pit.
Left: north-south cutaway view.

Right: east-west cross-section view (in case of seismic isolation).
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3. ITER SAFETY [6]

Safety objectives of ITER are as follows:

• ITER shall be designed to be site-able in any of the Four Parties;
• ITER shall be designed, constructed, operated and decommissioned to ensure the

protection of the public, site personnel and the environment; and
• ITER should demonstrate the safety and environmental potential of fusion.

In order to ensure ITER would be site-able by any of the Parties, it was recognized that a
design was needed that would be robust to variations in safety approach and criteria. In other
words, only a limited number of design changes would be needed to accommodate a Party's
regulatory requirements. For this purpose, the ITER safety design guideline was developed with all
Home Teams and has been implemented in the ITER design. This includes radioactive dose and
release design guidelines established in accordance with internationally accepted conservative
criteria and the principle of As Low As Reasonably Achievable (ALARA), and the well-established
nuclear design concepts of Defense in Depth and Multiple Lines of Defense.

A comprehensive safety assessment of the ITER design has been completed and results
show the following.

(a) A high level of safety is integrated into the ITER design
General safety design requirements were established with Home Teams including the
conservative radioactive release limits. The design incorporates the well-established
concepts of Defense in Depth and multiple lines of defense to attain high confidence in the
reliability of critical safety features of the facility and ensure protection against postulated
accidents.

(b) Radioactive effluents and emissions during normal operation are low
A comprehensive analysis of effluents and emissions shows that the total releases are well
within ITER design release limits established in accordance with internationally accepted
criteria and the principles of ALARA. Although there are uncertainties in the release
estimates, there is adequate flexibility in the design to modify atmospheric and liquid control
systems for improved performance.

(c) The ITER design ensures protection of the public
A comprehensive analysis of Reference sequences has been performed using the best safety
analysis computer programs available worldwide with conservative assumptions. Radioactive
releases are well within the ITER design release limits conservatively established. Two
fundamentally different approaches, i.e., bottom-up and top-down approaches have been
applied to the identification of all potential accident sequences. It has been confirmed that
the consequences of the identified sequences are enveloped by the assessed consequences of
the reference events.

(d) Waste and Decommissioning
Wastes stream has been studied in detail and a phased ITER Decommissioning Scenario has
been developed by maximizing the use of existing facilities and equipment and using the
advantage of cool down effects. All in-vessel components can be dismantled by the existing
remote maintenance equipment used during ITER operation and all ex-vessel components
can be dismantled by conventional tools. Only the vacuum vessel requires assistance of
remote operation for dismantling or a further mothball for a later dismantle with human
access. The major final radioactive waste is the in-vessel components.

(e) Occupational Safety
Radiation protection and ALARA analysis have been started. Throughout the life cycle of
ITER, the Radiation Protection Program will continue to be updated and occupational
safety consideration incorporated in the future design work.



191 OV4/1

(f) Ultimate Safety Margins.

In addition to these studies, ultimate safety margins have been studied in order to
demonstrate the intrinsic positive safety characteristics of magnetic fusion.

The fusion reaction is self-limiting bounded by the B-limit of the plasma. Under any
failure conditions of the vacuum vessel or the in-vessel components, the fusion
reactions are physically impossible.

• The radioactive inventory is moderate and the ultimate performance of confinement
barriers that needs to be assured in accidents will be about one order of magnitude
reduction for tritium and mobilizable metallic dust for ITER, whereas six to seven orders
of magnitude reduction is required for iodine and rare gas in fission power reactors.

• Radioactive decay heat densities are moderate. Therefore, structural melting of the
plasma vessel is physically impossible and fast acting emergency cooling systems are not
required.

Hypothetical accident sequences are investigated that would challenge the line of defense
associated with failure of safety functions and potential energy sources, i.e., decay heat
removal or confinement barriers, coolant energy and relating over pressure, plasma energy
due to failure of power shutdown, steam-first wall material reaction due to over heat,
hydrogen explosions, and magnetic energy. It is shown that there is no technical
justification for evacuation of the public even under the worst case conditions of these
hypothetical accident sequences. This result is mainly induced from the intrinsically positive
safety and environmental characteristics of fusion such as passive fusion power shutdown,
fusion power limitation, modest radioactive inventories, modest radioactive decay heat, and
conservative structural design of the tokamak system including the multiple boundaries of
the magnetic fusion reactor, i.e., the vacuum vessel attached with the pressure suppression
tank and the cryostat. These features are common in a magnetic fusion reactor and ITER
has the same level of size, power and radioactive inventories in a Fusion Power Plant.
Therefore these favorable safety characteristics of ITER show fusion's safety and
environmental potential.

Concluding the safety assessment, ITER could be constructed and operated without undue
risk to health and safety, and without significant environmental impacts. A study on ultimate
safety margins shows favorable safety characteristics of magnetic fusion. Home Team Expert
reviews indicate that a technical basis to start a discussion with regulatory authorities has been well
developed.

4. ITER TECHNOLOGY R&D

The overall philosophy for ITER design has been to use established approaches and to
validate their application to ITER through detailed analysis and by making and testing large/full
scale models and prototypes of the critical systems. Major technical challenges in ITER are as
follows:

• Unprecedented size of the super conducting magnet and structures;
• High neutron flux and high heat flux at the first wall/shield blanket;
• Extremely high heat flux in the divertor;
• Remote handling for maintenance/intervention of an activated tokamak structure;
• The first fusion machine with large radioactive inventory; and
• Unique equipment for fusion reactors such as fueling, pumping, heating/current drive

system, diagnostics, etc.

ITER is being supported by extensive technology R&D to validate key aspects of design,
including development and qualification of the applicable technologies and development and
verification of industrial level manufacturing techniques with related quality assurance (QA).
Technology R&D for ITER is now focused on seven large projects each devoted to one of the
key aspects of the design as follows.
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Two of the Projects are directed towards developing super conducting magnet technology to
a level that will allow the various ITER magnets to be built with confidence. The Central Solenoid
(CS) Model Coil Project and the Toroidal Field (TF) Model Coil Project are intended to drive the
development of the ITER full-scale conductor, including the manufacturing of strand, cable,
conduit and termination, and the conductor R&D in relation to AC losses, stability and joint
performance. These Model Coil projects also integrate the supporting R&D programs on coil
manufacturing technologies, including electrical insulation, winding processes (wind, react, and
transfer) and quality assurance. In each case the Home Teams concerned are collaborating to
produce relevant scale model coils and associated mechanical structures. The total planned
production of 29 tons of Nb3Sn stand, from seven different suppliers throughout the four Parties,
has been produced and qualified. For the CS model coil, the cabling and jacketing technology and
winding techniques have been established and these activities have been completed. The next
critical step, the heat treatment to react the super conducting alloy without degrading the
mechanical properties of the Incoloy jacket, has been successfully achieved. All of the layers of
the coil fabricated in Japan and the US are under assembly and get treatment.

For the TF model coil, forging and machining of the radial plates are complete. Cabling and
jacketing work is also complete. Winding, reaction treatment and transfer of the reacted
conductor on the radial plates have been also successfully demonstrated. All this work was
performed in the EU. Dedicated coil test facilities, for the CS Model Coil in Japan and for the TF
Model Coil in the EU, have been completed and stand ready to install the model coils for test
programs aimed at gaining broad experience in their operational flexibility and to understand their
performance margins. A 1 km jacketing has been completed in RF which confirmed the
fabrication feasibility of the full size both in the length and the cross section.

Three Projects focus on key in-vessel components, including development and
demonstration of necessary fabrication technologies and initial testing for performance and
assembly/integration into the Tokamak system.

In the Vacuum Vessel Sector Project, the main objective is to produce a full scale sector of
the ITER vacuum vessel, to establish the tolerances, and to undertake initial testing of mechanical
and hydraulic performance. The key technologies have been established and, in relation to
manufacturing techniques, two full-scale vacuum vessel segments (half sectors) have been
completed in industry, using a range of welding techniques, within the required tolerances. They
were welded to each other at the Japan Atomic Energy Research Institute (JAERI) to simulate the
field joint at the ITER site.

The Blanket Module Project is aimed at producing and testing full scale modules of primary
wall elements, and full scale, partial prototypes of coolant manifolds and backplate, and at
demonstrating prototype integration in a model sector. The key technology has successfully
developed, tested and qualified a range of crucial material interfaces such as Be/Cu and Cu/Stainless
Steel, bonded using advanced techniques in the four Parties. A full scale model, without the
attached components, has been completed in Japan. The shield-modules are attached to the
backplate by mechanical means based on flexible connections to the backplate and interlocking,
insulated keys between adjacent modules. These components were also developed. Full-scale
modules with attached components are under fabrication in EU and will be tested to confirm that
they meet the anticipated loads, the electrical insulating and the remote handling requirements
together with the necessary accuracy of positioning.

The Divertor Cassette Project aims to demonstrate that a divertor can be built with
tolerances and to withstand the very high thermal and mechanical loads imposed on it during
normal operation and during transients. To this end, a full-scale prototype of a half-cassette is
being built by the four Parties and subjected to high heat flux and mechanical tests in US. The key
technologies of the high heat flux components of the divertor have been successfully
demonstrated in the four Parties, using W-alloy and CFC as plasma facing materials bonded to
copper cooled by high velocity water using both hypervaportron and swirl-tube technologies.

10
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The last two of the Large Projects focus on ensuring the availability of appropriate remote
handling technologies which allow intervention in contaminated and activated conditions in
reasonable time scales. These technologies should provide the flexibility needed for ITER to
pursue its scientific and technical goals whilst satisfying stringent safety and environmental
requirements. In this area, full scale tools and facilities should be developed, their testing extended
over a long period of time in order not only to check the right procedures, but also to optimize
their use in detail and minimize the intervention time, and develop rescue procedures and
equipment to recover equipment and components when necessary. This goal will require training
of operators.

The Blanket Module Remote Handling Project is aimed at demonstrating that the ITER
Blanket modules can be replaced remotely. This involves proof of principle and related tests of
remote handling transport scenarios including opening and closing of the vacuum vessel and of the
use of a transport vehicle on monorail inside the vacuum vessel for the installation and removal
of blanket modules. The procedures have already been successfully demonstrated at about one
fourth scale so as to reduce the risk/cost for the development of full-scale equipment. Work is
now in progress on a full scale demonstration. The fabrication of the full scale equipment/tools,
such as rail-mounted vehicle/manipulator system, and cooling pipe welding/cutting/inspection
tools has been completed in Japan. Integrated tests in a Blanket Test Platform which simulates
the full scale structure of a 180 degree ITER in-vessel region, are providing a comprehensive
validation of the remote handling system so as to allow completion of the detailed design of
components and the remote handling equipment.

In the Divertor Remote Handling Development, the main objective is to demonstrate that
the ITER divertor cassettes can be removed remotely from the vacuum vessel and remotely
refurbished in a Hot Cell. This involves the design and manufacture of full scale prototype remote
handling equipment and tools, and their testing in a Divertor Test Platform (to simulate a portion
of the divertor area of the Tokamak) and a Divertor Refurbishment Platform to simulate the
refurbishment facility. Construction of the necessary equipment and facilities has been completed
mainly in EU and integrated tests started.

In addition to these large projects, development of key components for fueling,
heating/current drive, tritium process and diagnostic systems, irradiation tests and safety relating
R&D are in progress.

The technical output from R&D validates the technologies and confirms manufacturing
techniques and QA incorporated in the ITER Design and supports the manufacturing cost
estimates for important key cost drivers. The activities are foreseen as continuing beyond
July 1998 to further the prototype component testing and/or to optimize their operational use.
Their performance also offers insights for a possible future collaborative construction activity.
Already much valuable and relevant experience has been gained in the management of industrial
scale, cross-party ventures. The successful progress of the projects increases confidence in the
possibility of jointly constructing ITER in an international project framework.

5. ITER OPERATION

5.1. Operation plan

The construction schedule that leads up to the first hydrogen plasma operation was
developed based on analysis of procurement, fabrication, installation and commissioning of all the
ITER systems and gives 9 years from the start of the purchase order for the tokamak building and
the super conducting cables. This period includes about one year of integrated commissioning,
including vacuum pumping of a few months, discharge cleaning of a few weeks, and coil excitation
tests, which ensures that all of the ITER plant is ready to operate, except some subsystems such
as tritium plant, hot cells and radioactive material storage, unneeded in the first operation period
with hydrogen plasma. ITER will have two phases of operation "Basic Performance Phase"
(BPP) and "Enhanced Performance Phase" (EPP). Major operation features are summarized
below.

11
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Basic Performance Phase (10 years)

Operation of ITER will progress step by step from hydrogen plasma operation with low
plasma current, low magnetic field, short pulse and low duty factor without fusion power to
deuterium-tritium plasma operation with full plasma current, full magnetic field, long pulse and
high duty factor with full fusion power. In each step, characteristics of plasma will be confirmed
which will significantly reduce uncertainties in the next step.

During the first 2.5 years, hydrogen plasma experiments will be done, no fusion reaction
occurs and ITER in-vessel components are not activated nor contaminated by tritium. Under this
non activated condition, ITER will be commissioned with tokamak discharges at the maximum
plasma current and the maximum magnetic field. A reliable plasma operation scenario to achieve
the maximum plasma current will be developed. In this sense, this phase can be defined as the pre-
nuclear commissioning phase. Then deuterium plasma experiments will start with a limited
amount of tritium and the final ITER commissioning will be done, especially with regard to
shielding performance. The fusion power and pulse length will be gradually increased. This
approach ensures safe and reliable operation of ITER. In the fifth year, the reference operation
with 1.5 GW and 1000 s burn pulse is planned to be achieved. In parallel with the development of
the reference operation, various operation modes including the steady state-operation will be
studied. The plan of BPP is summarized in Table III.

TABLE III. ITER PLASMA OPERATION PLAN FOR BASIC PERFORMANCE PHASE
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In the Basic Performance Phase, tests of ITER tritium breeding blanket for the next phase,
i.e., the Extended Performance Phase, and blankets for the Demonstration Fusion Reactor
(DEMO) will be started. At present, four tritium breeding DEMO relevant blanket concepts are
planned in the Parties' program for testing in ITER, in addition to one for the breeding blanket
for the EPP of ITER to produce a large fraction of the tritium fuel. ITER has assigned four
equatorial ports during the BPP for testing tritium breeding blankets. Accumulation of average
neutron fluence on the first wall is planned to be up to 0.3 MWa/m2. A possible external tritium
supply is sufficient for this phase. The amount of net consumption of tritium increases from
0.6 kg/a to 6.5 kg/a during the 7.5 years of this DT phase.

Transient Phase from BPP to EPP (2 years)

The shielding blankets will be replaced by the breeding blankets because external tritium
resources are not sufficient for a significantly higher fluence than that of the BPP. This process
requires about 2 years. A tritium breeding ratio of about 0.8 would be sufficient to provide about
1 MWa/m2 during 10 years operation assuming an external supply of 1.7 kg tritium per year.

12
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Enhanced Performance Phase (about 10 years)

A detailed operation plan for the EPP has not been developed because it will depend on the
plasma performance and operating experience obtained during the BPP. However, it is foreseen
that there will be less emphasis on physics studies, and more emphasis on optimization of
performances and reliable operation to produce high neutron fluxes and fluences, using the most
promising operational modes developed during the BPP.

Remote Experiment Concept

In order to use ITER efficiently and to involve large fusion communities within the Parties,
remote experimental capabilities are foreseen. In order to realize this mode of operation, the
machine operation with plasma will have to be developed to a certain level of expertise and many
excellent plasma and machine operation groups will have to exist to ensure operational know-how
is disseminated. The initial operation, i.e., the hydrogen phase, especially the first year, is the real
ITER commissioning phase with plasma and the initial learning phase to develop machine and
plasma operation and train future operational groups. Therefore, in this early phase, working at
one site is fundamental and moderate operational shifts, i.e., two experimental shifts plus one
night shift of limited activities like discharge cleaning, similar to those of the present large
tokamaks, may fit in this phase. Remote experimental sites could be introduced after this period.
Remote experiments, with the assistance of a limited number of people at the machine site, will
be performed within a range of parameters and conditions agreed to in advance or given by the
on-site control room.

5.2. Plasma operation [14]

5.2.1. Inductive plasma operation

The reference plasma operation scenario for ITER is based on saw-toothing ELMy H-mode
operation wherein the 21-MA current flattop required during the 1000-s burn is sustained by
inductive current drive. The scenario concept is identical to that employed in the present
generation of shaped-cross-section divertor tokamaks. Figures 5 and 6 illustrate the scenario
concept and show the plasma current/shape/configuration evolution that plays a key role in the
scenario concept.

Key features of the nominal plasma operation scenario include \) a 530 Wb PF system flux
swing, 2) inductive plasma initiation (Townsend avalanche breakdown), with EC assist) in a
high-order multipole field null positioned near an outboard port-mounted startup/shutdown
limiter, 3) minor radius and elongation expansion of the startup plasma on the limiter prior t o
divertor formation at Ip ~15 MA, and 4) maintenance of a precisely-controlled single-null
divertor plasma configuration during the heating/burn/burn-termination phase of the scenario.
Termination of the plasma current is effected following burn termination with a controlled minor
radius and elongation contraction on the limiter.

Simulations of the plasma startup and shutdown dynamics show that the required MHD
stability (trajectory in the q-l{ domain) and the edge plasma power balance required to avoid a
density limit disruption are satisfied with acceptable margins. These simulations also show that the
plasma resistive flux (volt-second) consumption during the startup and current rampup phase falls
within the design basis guideline of 0.45^oRoIp(~ 100 Wb) and that a 80 Wb of PF system flux
swing will be available for sustaining the 21-MA plasma current during fusion burn. For the
nominal estimated burn-phase plasma resistive voltage, this flux swing will provide a 1300-s
duration burn.

The nominal plasma operation scenario design basis is predicated upon a 'reference case'
burn phase plasma with Ip = 21 MA, poloidal beta = 0.9 and dimensionless internal inductance
/j(3) = 0.9. The sizing of the poloidal field coils and their power supplies is such that plasma
equilibrium control and in most cases a 1000-s inductively-sustained burn can be obtained for
21-MA plasmas with 0.7 s bp £ 1.2 and 0.7 s l\ £ 1.1. Plasma operation with Ip = 24 MA

13
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(q95~2.6) and the corresponding bp and l[ for 1.5 GW fusion power is also feasible. The
inductively-sustained burn duration at 24 MA is about 500 s.

The scenario concept illustrated in Figs 5 and 6 will also support ITER operation with
ohmic and auxiliary-heated DD plasmas during initial plasma commissioning, and extended-pulse
inductively sustained driven-burn operation with reduced plasma current (e.g., ~ 6000 s burn at
~ 1 GW with Ip = 17 MA and 100 MW auxiliary heating power).

Begin Pulse
c

FIG. 5. PF and plasma parameter waveforms for the
nominal 21-MA plasma operation scenario.

FIG. 6. Plasma configuration
evolution and features for the 21-MA
plasma scenario.

5.2.2. Steady-state and enhanced performance operation

The ITER design also incorporates the hardware provisions including sufficient poloidal
field system flexibility and plasma magnetic control capability, and also various options for
radially-localized heating and current drive that are now anticipated to be necessary to support
steady-state plasma operation sustained entirely by non-inductive current drive and bootstrap
current. Assessments of the feasibility of achieving such steady-state operation in ITER confirm
that the major capabilities of the present design are consistent with known requirements for the
reversed-shear plasma operation modes that are now obtained (mostly on a transient basis) in
present tokamaks [15]. However, since the physics basis understanding of these modes and the
plasma operation features required to sustain and control them on a steady-state basis are still
subjects of physics R&D, at the present time the degree to which steady-state operation can be
achieved in ITER and the details of how such operation will be controlled remain as research to be
undertaken in the future.

A number of considerations related to ITER plasma operation and control in an reverse
shear mode have already emerged. First, the required reversed shear with weak or negative central
magnetic shear (s = r/q dq/dr) can readily be produced in ITER by the same current and/or shape
ramping combined with early auxiliary heating methods that have been successfully used to
obtained enhanced performance reverse shear mode in present tokamaks. Second, the ITER
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poloidal field system and divertor system are compatible with the production and stabilization of a
high-q, low 1;, high-elongation, high-triangularity plasma that can be obtained by shifting the
plasma outward with decreased minor radius (e.g., outward shift ~ 0.5 m, Ro ~ 8.6 m, a ~ 2.35 m,
Ip ~ 12 MA, q95 ~ 5, lj ~ 0.4, k95 ~ 2.0 and 695 ~ 0.45). Third, non-inductive maintenance of a
suitable reverse-shear current profile and a non-inductively sustained 12 MA current with about
9.5 MA of bootstrap current is consistent with 100 MW of current drive power suitably
apportioned between on-axis and off-axis deposition. These features all support the premise that
non-inductively sustained steady-state plasma operation in the 1 GW power regime is possible in
ITER if an appropriate energy confinement enhancement (e.g. ~ 1.3 times of ELMy H-mode
confinement) and a high poloidal beta (e.g. ~ 2.3) are achieved.

6. CONCLUSIONS

(1) The ITER design, given in the final design report [6], is at an advanced stage of maturity
which contains the necessary technical information to satisfy the purpose of the EDA
Agreement and to start the site(s) specific design adaptations.

(2) The ITER design incorporates the provisions needed for the reliable operation and control
of ignited and/or high-Q driven-burn DT plasmas with fusion powers in the 1-1.5 GW range
and fusion burn durations a 1000 s. Extension of the controlled burn duration of up to
~ 6000 s in a reduced-current driven-burn operation mode appears feasible. A true steady-
state operation plasma with & 1 GW fusion power in a reverse-plasma operation mode may
also be attainable, but detailed understanding of the physics basis for the attainment and
control of such plasmas remains as an on-going task for the world magnetic fusion program.

(3) The safety assessment shows that ITER could be constructed and operated without undue
risk to health and safety, without significant environmental impacts, showing the favorable
safety characteristics of magnetic fusion energy production. A technical base to satisfy
regulatory authorities of any potential host country has been developed.

(4) The program of technology R&D, embodied in the seven large projects and other
supporting tasks, validates the key aspects of the ITER design, including development and
qualification of the applicable technologies and development and verification of industrial
techniques in manufacturing components prototypes, with related QA. It also provides a
substantial industrial database for cost estimates. At the same time the projects have
successfully pioneered efficient modes of international collaboration which could be possible
precursors for a collaborative construction of ITER and which is a valuable asset to any
possible future collaboration in fusion development.

(5) Operation of ITER is planned to progress step by step from hydrogen plasma operation
with low plasma current, low magnetic field, short pulse and low duty factor without fusion
power to the full deuterium-tritium burn operation in the fifth year. In each step,
characteristics of plasma will be understood which will significantly reduce uncertainties in
the next step. This approach enhances safety and reliability of the ITER operation. Remote
experimental capabilities are foreseen to use ITER efficiently and to involve large fusion
communities within the Parties.

(6) The ITER project has so far proved to be an unprecedented and successful model of
international cooperation in science and technology in which all participants benefit not
only from the technical results but also from the experience of different approaches to
project organization and management. It has proved to be an effective and efficient vehicle
for the fusion engineering needed to realize any concepts of commercial magnetic fusion
reactors. Bringing ITER to full realization through joint construction and operation will
continue this process.

(7) A three year extension of the EDA is now foreseen. During this period, the Parties need to
resolve the key issues of siting and regulatory clearance, cost sharing and procurement
arrangements, and establishing the legal framework and organization appropriate to a global
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venture of ITER's size and technical demands. The following technical work was originally
planned to help reinforce the technical basis for a positive construction decision:

• Adapting the design to the specific characteristics of possible construction sites;
• Supporting preparations for formal applications for licenses to build and operate ITER;
• Extending prototype testing to provide data on operational margin;
• Finalizing the design and procurement specifications and related documentation for the

ITER systems taking into account industrial capabilities; and
• Consolidating the scientific basis of ITER operations.

However, due to financial constraints, this extension will now be used to develop reduced
cost option(s) of ITER, aiming at a target of approximately 50% of the direct capital cost
of the present design with reduced detailed technical objectives which would still satisfy the
overall program of ITER. The existing EDA technical output of design choices, generic
technologies and large R&D results are generally directly applied to a reduced cost ITER.
Therefore, a reduced cost ITER will be able to be well developed in a relatively short period
and the detail design report will be available July 2000 when the joint assessment of the
ITER construction and operation by the Parties is planned.
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ABSTRACT. This paper reviews the physics of fusion alpha particles and energetic neutral beam ions
studied in the final phase of TFTR operation, with an emphasis on observations in Reversed magnetic
Shear (RS) and Enhanced Reversed Shear (ERS) D-T plasmas. Energy-resolved measurements of the
radial profiles of confined, trapped alphas in RS plasmas exhibit reduced core alpha density with
increasing alpha energy, in contrast to plasmas with normal monotonic shear. The measured profiles are
consistent with predictions of increased alpha loss due to stochastic ripple diffusion and increased first-
orbit loss in RS plasmas. In experiments in which a short tritium beam pulse is injected into a deuterium
RS plasma, the measured D-T neutron emission is lower than standard predictions assuming first orbit
loss and stochastic ripple diffusion of the beam ions. A microwave reflectometer measured the spatial
localization of low-toroidal mode number (n), alpha-driven Toroidal Alfven Eigenmodes (TAEs) in D-T
RS discharges. Although the observed ballooning character of the n=4 mode is consistent with predictions
of a kinetic-MHD stability code, the observed anti-ballooning nature of the n=2 mode is not. Furthermore,
the modeling does not show the observed strong dependence of mode frequency on n. These alpha-driven
TAEs do not cause measurable alpha loss in TFTR. Other Alfven frequency modes with n=2-4 seen in
both D-T and D-D ERS and RS discharges are localized to the weak magnetic shear region near qmin. In
10-20% of D-T discharges, normal low-n MHD activity causes alpha loss at levels above the first orbit
loss rate.

1. INTRODUCTION

Deuterium-tritium (D-T) operation of the Tokamak Fusion Test Reactor (TFTR)
provided a valuable opportunity to study the physics of alpha particles produced by D-T
fusion reactions and other energetic particles, such as neutral beam injected ions, in plasma
conditions similar to those expected in a tokamak reactor. These experiments were made
possible by a unique set of diagnostics for both confined and escaping energetic alphas. The
experiments naturally divided into two phases, each addressing different concerns.

The initial experiments were performed in monotonic-shear discharges with values of
the central safety factor, q(0), less than one and studied the basic slowing-down and
confinement properties of the alphas. The primary conclusions of these experiments were:
1) alpha slowing-down was classical; 2) the alphas were well confined with an upper limit on
the anomalous radial diffusivity (in addition to neoclassical transport) of 0.1 m2/s or less; 3)
sawteeth caused strong radial redistribution of confined alphas but little additional alpha loss
from the plasma in most cases; 4) alpha heating of the electrons was observed at predicted
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levels; and 5) transport of alpha ash (thermal helium ions) was similar to that of other
thermal ions and was sufficiently rapid that the alpha ash profiles were primarily determined
by the alpha source profile and recycling. This work is the subject of several recent reviews
[1-3], which contain references to the original papers.

During the time of these initial experiments, interest developed in reactor concepts
based on 'advanced confinement' tokamak operating regimes, inspired by experiments on
TFTR [4] and other tokamaks which demonstrated the superior confinement properties of
the Enhanced Reversed Shear (ERS) operating regime. ERS plasmas are characterized by
near-neoclassical ion thermal and particle transport in the core region of the plasma, which
is believed to be the result of stabilization by sheared plasma flow of turbulence-driven
transport. In TFTR ERS plasmas, transitions to enhanced confinement were seen shortly
after the start of high power neutral beam injection into a Reversed Shear (RS) plasma. The
non-monotonic q(r) profile with q(0)>l of the RS target plasma was produced by low-power
beam injection into the plasma current ramp-up period of the discharge [4]. It was expected
that such q(r) profiles could lead to energetic alpha and beam-ion behavior different from
that observed in discharges with monotonic q(r) profiles with q(0)<l. In particular, ripple-
induced alpha losses could be enhanced in a reactor operating in the ERS regime, possibly
leading to reduced alpha heating efficiency and damage to the first wall. Since understanding
fast ion behavior in RS and ERS plasmas is important to development of these regimes for a
reactor, later TFTR experiments on alpha particle and fast ion physics emphasized studies
in these plasmas. This paper reviews these final experiments, including: 1) the effects of
stochastic ripple diffusion on alpha confinement in RS plasmas; 2) beam ion confinement in
RS discharges; 3) alpha-driven Toroidal Alfven Eigenmodes (TAEs) in RS plasmas; and 4)
MHD-induced alpha loss. Implications for a reactor and directions for future work are
discussed in the concluding section.

2. EFFECTS OF STOCHASTIC RIPPLE DIFFUSION ON ALPHA CONFINEMENT

The same conditions that are associated with enhanced thermal and particle ion
confinement in ERS plasmas, i. e., high core q and non-monotonic q(r) profiles, are
predicted to produce higher levels of stochastic ripple loss of energetic alphas in RS and ERS
plasmas than in discharges with monotonic q(r) profiles and q(0)<l. This observation
motivated experiments on TFTR to study the effects of stochastic ripple diffusion on
energetic alpha confinement.

ORBIT [5, 6], a fast, Hamiltonian-coordinate, guiding-center code, was used to perform
D-T simulations of alpha particle loss in deuterium RS plasmas [7]. ORBIT follows an
ensemble of alpha particles with an initial energy of 3.5 MeV for one slowing down time in a
realistic magnetic geometry. The code includes the non-collisional processes of stochastic
ripple diffusion and first orbit loss and the collisional processes of pitch angle scattering and
slowing down. This Monte Carlo code makes use of a rapid algorithm for the domain free of
stochastic ripple diffusion, allowing simulations with large numbers of alphas to be
performed. The ORBIT simulations were compared with measurements in D-T plasmas of
the radial profiles of the density of confined trapped alphas as a function of energy.

Figure 1 shows trapped alpha particle confinement domains predicted by ORBIT for RS
and monotonic shear discharges at three alpha energies. The RS and monotonic shear (MS)
discharges had similar values of the plasma current (Ip=1.6 MA in the RS case and 1.8 MA in
the MS case) toroidal magnetic field (RS: Bf=4.6 T and MS: 4.8 T), and injected beam power
(RS: Pb=25 MW and MS: 23 MW). The major radius, R, was 2.60 m in both cases, and the
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3.5MeV

\'p. .

7. ORBIT code calculations of trapped alpha particle confinement domains show no
confinement of 3.5 MeV trapped alphas in reversed shear discharges.

minor radius, a, was 0.94 m in the RS plasma and 0.96 m in the monotonic shear discharge.
In the RS plasma, q was greater than two over the entire radius. The entire plasma was above
the threshold for stochastic ripple loss of trapped alphas at the 3.5 MeV birth energy, as
shown in Fig. 1. This was not the case in the monotonic shear discharge, which had a
significant alpha confinement domain at 3.5 MeV. At an intermediate alpha energy of 1.75
MeV, the confinement domain was smaller in the RS plasma than in the monotonic shear
plasma, while the confinement domains at 0.35 MeV were of similar size in both types of
discharge.

Approximately 33% of the 3.5 MeV alphas were born on trapped orbits. In the RS case,
these alphas were calculated to be promptly lost due to being on unconfined orbits or as a
result of stochastic ripple diffusion. Pitch angle scattering of passing alphas repopulated the
trapped alpha distribution, resulting in continued loss as the alphas slowed down. These
effects are seen in Fig 2, which shows the predicted alpha losses over one alpha slowing
down time in the RS and monotonic shear cases. (The slowing down time was ~0.08 s in the

40
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FIG. 2. ORBIT code calculations of alpha loss as a function of time normalized to the alpha
slowing down time, xslow, in reversed shear and monotonic shear plasmas.
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RS case.) The predicted cumulative alpha loss in the RS discharge was 40% by the end of one
slowing down time, twice that of the monotonic shear plasma.

Radial profiles of the trapped alphas were measured in these RS and monotonic shear
discharges by the Pellet Charge Exchange (PCX) diagnostic [8]. The PCX diagnostic
measured the energy-resolved radial profile of the confined alphas by mass and energy
analysis of alphas neutralized by double charge-exchange with He-like ions in the ablation
cloud of an injected lithium or boron pellet. Deeply trapped alphas with pitch vparaUeI/v = -
0.05 were observed in a narrow vertical window about the plasma midplane. The measured
alpha density profiles in RS and monotonic shear plasmas at alpha energies of 0.6 MeV and
1.35 MeV are shown in Fig. 3. Because the PCX diagnostic could not measure the absolute
alpha density, the measurements are normalized to the predicted values at the indicated
radial point in each case. The profiles in the RS plasma exhibit reduced alpha density in the
core with increasing energy, while the profiles in the monotonic shear case have similar
shapes. This observation is consistent with the expected ripple loss of high energy trapped
alphas. The ORBIT code simulations shown in Fig. 3 reproduce the PCX diagnostic
measurements well, confirming that the ORBIT model includes the essential physics and
that stochastic ripple diffusion leads to significant alpha loss in RS plasmas.

Alpha loss from similar RS discharges at Ip=1.6 MA was measured by a scintillator
detector located 90° below the plasma midplane [9]. The alpha loss per D-T neutron was
approximately three times larger in RS discharges than in similar monotonic shear
discharges. This is qualitatively consistent with the increased first-orbit loss at this location
caused by higher values of q in the plasma core. As a result of the shadowing effect of the
outer limiters in the large minor radius RS and ERS plasmas, the alpha loss could not be
measured using the detector 20° below the midplane, which would be expected to see
enhanced alpha loss due to stochastic ripple diffusion.

The calculated total alpha-particle loss in a TFTR RS discharge of ~40%, twice the
level in a similar monotonic shear discharge, implies strong constraints on the acceptable
level of ripple in a reactor operating in the RS regime. Ripple loss in ITER RS plasmas has
been reduced to acceptable levels by the use of ferritic shims [10]. Global ripple losses should
not significantly reduce the efficiency of alpha heating in a reactor, but concern remains
that locally peaked alpha losses could cause damage to the wall.
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FIG. 3. PCX diagnostic measurements and ORBIT code calculations of trapped alpha densities
in reversed shear and monotonic shear discharges show reduced alpha core alpha density with
increasing alpha energy in the reversed shear case.
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The conclusion that alpha particle loss is larger in RS plasmas than in those with
monotonic shear motivates study of the confinement of other types of energetic ions in RS
discharges. Experiments to study beam ion confinement in RS plasmas on TFTR were
performed by injecting short tritium beam pulses into deuterium plasmas heated by
deuterium beam injection. These 'beam-blip' experiments took advantage of the large
difference in the cross sections for D-T and D-D fusion reactions which allowed the
confinement of the deuterium and tritium beam ions to be individually deduced. The plasma
stored energy depended only on the deuterium beam ion confinement because the tritium
beam pulse did not significantly perturb the background plasma. The tritium beam pulse was
short compared to the beam ion slowing down time so the peak value of the 14 MeV
neutron emission, SDT, during the beam blip depended only on tritium beam ion confinement,
while the subsequent decay rate was indicative of tritium beam ion transport.

Experiments were performed in RS discharges with 9 MW of steady deuterium beam
power and a pair of 5 MW tritium beam blips of 50 ms duration, as shown in Fig. 4. Both
co- and counter-injected tritium beam blips had similar effects on SDT; we focus here on a
discharge with a counter-injected tritium beam blip. The RS background plasma was typical
for TFTR RS and ERS experiments and had the following parameters: Ip=l .6 MA, B-^4.3 T,
R=2.60 m, and a=0.94 m. The Shafranov shift calculated by TRANSP was 0.14 m. The q-
profiles were obtained from Motional Stark Effect diagnostic measurements and were
characterized by q(0)~5, qmin~3, and q(a)~ 6. No significant MHD activity or locked modes
were present.

Fig. 4 also shows the time evolution of the measured SDT and a prediction from the
TRANSP time-dependent transport code. The TRANSP simulation used measured ion
temperature and Zeffprofiles as inputs and assumed both first-orbit loss and stochastic ripple
diffusion. TRANSP utilizes a stochastic ripple diffusion model based on the Goldston-White-
Boozer criterion [11] scaled by a multiplier obtained from comparisons with ORBIT code
results [12]. As seen in Fig. 4, the TRANSP model over-estimates the measured peak SDT

during the beam blip by 25%, compared to the D-T neutron measurement error of ±8%. The
calculated neutron emission falls within the error bars on the measurement well after the
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Fig. 4. Measured D-T neutron emission for a tritium beam blip injected into a deuterium
reversed shear discharge. TRANSP code predictions with and without the effects of stochastic
ripple diffusion are also shown. TRANSP overestimates the peak neutron emission by ~25%.
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blip, probably as a result of pitch angle scattering conversion of passing beam ions to
trapped ions, which are then lost. It is important to note that similar TRANSP modeling,
including first orbit loss and stochastic ripple diffusion, generally showed satisfactory
agreement with the measured neutron emission and stored energy in monotonic shear
discharges. A TRANSP model which does not include the effects of stochastic ripple
diffusion is also shown in Fig. 4 and indicates the magnitude of the effect of ripple on the
neutron emission. The error bar on the TRANSP calculation in Fig. 4 is an estimate based
on a group of TRANSP runs in which input parameters were varied. Note that the effect of
vacuum magnetic fields on the beam ion orbits is not significant for these large major radius
plasmas which closely fit the limiter aperture.

It was not possible to directly measure the beam ion loss in these experiments.
However, significant beam ion loss in JT-60U RS discharges was deduced from triton burn-up
measurements [13]. The JT-60U measurements were explained by ripple loss of the beam
ions. However, there are several differences between the two experiments: the toroidal field
ripple on JT-60U is significantly larger than on TFTR, the ratio of pitch angle scattering
time to slowing down time is an order of magnitude larger for 1 MeV tritons than for 100
keV beam ions, the orbit size relative to the plasma size is four times larger for 1 MeV
tritons, and the birth velocity distribution functions are quite different.

The explanation for the discrepancy between the calculated and measured values of the
D-T neutron emission in these discharges remains unclear. The fact that the discrepancy is
greatest at the peak neutron emission indicates that prompt loss of beam ions is responsible,
as opposed to anomalous diffusion of the beam ions. Stochastic ripple diffusion remains the
likely candidate. The stochastic ripple diffusion calculation is sensitive to the details of the
q(r) profile, in particular, the values of q(0) and the q,™ radius, and it is also sensitive to
radial variations in the beam deposition. Further modeling work will evaluate whether or not
varying these quantities within their uncertainties can bring the predictions to within the
error bars on the measurements. It is important to resolve this discrepancy, given the likely
importance of stochastic ripple diffusion in determining the confinement of energetic ions
generated by auxiliary heating in a reactor operating in the RS regime.

4. ALPHA-DRIVEN TOROIDAL ALFVEN EIGENMODES

The pressure profile of alpha particles created by D-T fusion reactions is highly peaked
in the plasma core. The free energy available in the strong alpha pressure gradient can drive
various collective instabilities, and a particular mode is destabilized when its growth rate
exceeds its damping rate. Early theoretical work predicted that toroidal Alfven eigenmodes
(TAEs) could be destabilized by super-Alfvenic alpha particles via parallel wave-particle
resonances [14]. These modes occur within toroidicity-induced gaps in the shear Alfven
spectrum. Alpha-driven TAEs are a concern for reactors because they could cause significant
alpha loss. Thus, experiments to study alpha-driven TAEs were performed in TFTR D-T
plasmas.

Although TAEs driven by neutral beam ions and energetic minority ions created by ion
cyclotron heating were observed in deuterium plasmas on a variety of devices [15] early
attempts to observe alpha-driven TAEs during high-power beam heating in TFTR D-T
plasmas were unsuccessful because the modes were stabilized by various damping
mechanisms, including Landau damping on unthermalized beam ions, electron Landau
damping, and radiative damping on kinetic Alfven waves [16]. Because the alpha slowing -
down time is long compared to that of beam ions, Pa(0) remains high compared to the total
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plasma B(0) for several hundred milliseconds following the termination of beam injection.
The damping terms, which increase with B(0), decrease faster than the alpha drive term,
reducing the stability of the TAEs. The optimum time to look for TAEs is therefore 0.1-
0.2 s after the end of beam injection. However, alpha-driven TAEs were not observed
following beam injection in high fusion power D-T plasmas with q(0)<l and values of Bo(0)
up to -0.3%.

Further theoretical work revealed that reducing the core magnetic shear and raising q(0)
to values greater than one might allow alpha-driven TAEs to be observed following beam
injection in TFTR. This is because radiative damping decreases with increasing mode width
and decreasing shear, while the condition q(0)>l aligns the low-n gaps in the shear Alfven
spectrum with the peak of the Ba gradient and reduces radiative damping. Thus, the first
observations of alpha-driven TAEs were made in weak-shear TFTR D-T discharges with
q(0)>l [17]. These discharges were similar to RS plasmas in that q(0)>l was obtained by
neutral beam injection into the current ramp-up phase of the discharge, but differ because
there was no shear reversal in the core region. TAEs were seen in plasmas with q(0) greater
than -1.5.

Figure 5 shows the beam timing and time evolution of Ba(0) and P(0) calculated by
TRANSP for a discharge in which alpha-driven TAEs were observed. The slow decay of
Bo(0) compared to B(0) following beam injection is clearly seen, and TAEs were observed
starting ~0.1 s into this period when Ba(0)~0.06%. Mirnov coil measurements of edge
poloidal magnetic field fluctuations relative to the average field, BQ/BT , show the
appearance of TAEs with toroidal mode numbers n= 2-5. (Modes with n=l and n=6 were
also sometimes seen.) BQ/BT is small, less than 6 x 1 0 ' 9 , at the wall. The mode frequencies
are in the range 150-250 kHz and increase with increasing toroidal mode number. The
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Fig. 5. Time evolution o/Ba (0) and $(0) and Mirnov coil data showing TAE signatures.
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Fig. 6. Observed TAEs appear when Yo/Yd calculated by NOVA-K code peaks.

frequency of each mode increases with time because the Alfven velocity increases as the
density falls following termination of beam injection.

The TAE drive term, ya, and the total damping term, yd, were calculated perturbatively
with the NOVA-K kinetic-MHD stability code [18]. The time evolution of the ratio Yc/Yd
for the n=4 mode is shown overlaid on the Mirnov data in Fig. 6. The n=4 mode appears at
the maximum of yo/yd. Radiative damping is the dominant damping mechanism during the
time that TAEs are seen.

The calculated and observed mode frequencies at the time of peak amplitude of the n=4
mode, 2.92 s, are shown in Fig. 7 for modes with n=2-5. The measured frequencies exhibit a
strong dependence on n while the calculated frequencies do not. The predicted frequencies of
the modes with n=3-5 are close to the measured values, while the calculated n=2 mode
frequency is significantly lower than the measurement. The cause of these discrepancies is
unclear as frequency corrections due to kinetic effects or plasma rotation are much smaller
than the difference.

The radial locations of the TAEs were measured using an X-mode reflectometer, which
measured the phase fluctuations on microwave probe beams reflected from their cutoff
layers. This was a local measurement because the phase fluctuations were primarily due to
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FIG. 7. Measured TAE frequencies show stronger dependence on mode number than
predicted by NOVA-K code.



207

OV4/2

0.06 .

-1.0 1.0 -1.0
(R-Ro)/a (R-R0)/a

FIG. 8. Reflectometer measurements ofTAE mode locations. The NOVA-K code predicts the
ballooning character of the n"=4 mode but not the anti-ballooning character of the n=2
mode.

density fluctuations at the location of each X-mode cutoff layer. The reflectometer had
three fixed frequencies and could therefore make measurements at three radial locations for
a given value of the toroidal field. The radial position of the cutoff layer is sensitive to the
toroidal field, so radially-resolved measurements could be made by making 10% variations in
the toroidal field while holding q(a) constant. Figure 8 shows such a measurement of the
radial structure of the phase fluctuation level for the n=4 and n=2 modes, obtained by
combining data from a number of discharges with reproducible mode activity as seen on the
Mirnov coils. Both modes were localized in the core at r/a~0.3. The n=4 mode had a
ballooning radial structure, i. e., localized on the low field side of the magnetic axis, while
the n=2 mode was anti-ballooning (localized on the high field side). Fig. 8 also shows the
phase fluctuation level calculated from the NOVA-K modeling of the density perturbations
due to these modes. The calculations are in agreement with the measured ballooning
structure of the n=4 mode, but predict that the n=2 mode should also have a ballooning
structure, in contrast to the measurements. This indicates that the n=4 mode is a TAE but
that the n=2 mode may not be a TAE [18].

There was no measurable alpha loss associated with any of the alpha-driven TAEs
observed on TFTR. This is not surprising because the modes were very weak. However,
TAE-driven alpha transport may be an issue for a reactor. In ITER, TAEs are predicted to
have higher values of n than in present devices due to the lower pa/a [10]. Some modes with
n= 10-30 are predicted to be unstable and could therefore drive alpha transport. Although
considerable progress has been made in developing the theory of alpha-driven TAEs, further
experimental and theoretical work is needed to ensure that reliable predictions can be made
for a reactor.

In addition to alpha-driven-TAEs, low-n modes (n=2-4) in the Alfven range of
frequencies (90-160 kHz) were observed in RS and ERS discharges heated by ~ 100 keV beam
ions [19]. These modes were seen in the high-power and reduced-power beam heating phases
of both deuterium and D-T plasmas. Reflectometer measurements showed them to be
radially localized to the weak magnetic shear region around qmin. These modes have not been
definitively identified, but may be TAEs driven by beam ions or kinetic ballooning modes.
Enhanced alpha loss was not associated with these modes, consistent with the observation
that the modes were weak.
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5. MHD-INDUCED ALPHA LOSS

It is well known that MHD activity causes time-dependent internal magnetic field
perturbations which can degrade fast-ion confinement. This phenomenon has been studied
for D-D fusion products and other fast ions in deuterium experiments on TFTR and
elsewhere [20]. MHD-induced alpha loss is a potentially serious issue for reactors: even when
the MHD activity is not strong enough to cause significant global alpha losses and thus loss
of alpha heating power, wall damage could result from localized alpha losses.

MHD-induced alpha loss in TFTR D-T plasmas was studied using a group of lost alpha
detectors located at one toroidal location and four different poloidal angles below the
midplane: 20°, 45°, 60°, and 90° [9]. The 20° detector could be moved radially and the other
three were fixed at positions just outside the radius of the outer poloidal limiters. These
scintillator detectors could measure the alpha loss flux as a function of time with a frequency
response up to 100 kHz. Both monotonic shear and RS discharges were studied.

MHD activity was found to cause measurable alpha loss at levels above the first orbit
loss background level in 10-20% of the D-T discharges studied [21]. Normal coherent low
frequency modes, higher frequency coherent modes (e. g., kinetic ballooning modes [22]),
and stationary magnetic perturbations, caused local alpha loss rates up to twice first-orbit
loss levels. Reconnection events, such as sawtooth crashes and major and minor disruptions,
caused larger bursts of local loss for periods less than 1 ms. Sawteeth have also been observed
to cause radial redistribution of confined alphas in TFTR [8, 23].

Two examples of MHD-induced alpha loss are shown in figures 9 and 10. Fig. 9 shows
the signals seen by the 60° detector and the Mirnov coils during a mode with a frequency of
~300 Hz. This mode was identified to be a combination of a 2/1 (m=2, n=l) tearing mode
and a 1/1 kink mode. The alpha loss is strongly modulated in phase with the Mirnov coil
signals. This MHD mode caused the local alpha loss to increase by up to a factor of two over
the background first-orbit loss level at this detector, but the corresponding increase of global
alpha loss was estimated to be much smaller. Figure 10 shows alpha loss during a sawtooth
crash. The first of two short bursts of alpha loss seen in the 90° detector is well correlated
with the measured drop in the core electron temperature. Significant poloidal variation of
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combination of a 2/1 tearing mode and a 1/1 kink mode.
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Fig. 10. Alpha loss and drop in core electron temperature due to a sawtooth crash.

alpha loss was often seen: alpha loss due to low-n coherent MHD activity usually peaked at
45-60° below the midplane, while alpha loss caused by disruptions and sawtooth crashes
usually peaked at the 90° detector and the 20° detector. The theory of alpha transport due
to sawteeth developed by Kolesnichenko et al. [24] predicts significant losses at 90° below
the midplane.

Coherent low-frequency MHD is theoretically predicted to cause alpha loss by two
mechanisms [25]: 1) radial transport due to internal field perturbations can move both
passing and trapped alphas to the wall, and 2) counter-passing alphas in the plasma core can
become converted to trapped alphas which are lost promptly. Figure 11 shows a plot of an
ORBIT code prediction of global alpha loss normalized to total loss (first-orbit loss and
ripple-induced loss) versus assumed magnetic island width for the same 2/1 mode shown in
Fig. 9. The calculated alpha loss increases with increasing island width, and significantly
exceeds the first orbit loss level for large island widths. The measured local alpha loss in this
case is shown in Fig. 11. The global alpha loss calculated with both the measured 2/1 island
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FIG. 11. ORBIT code predictions of global MHD-induced alpha loss due to an assumed 2/1
island similar to the mode shown in Fig. 9. The calculated effect of an additional 1/1
internal kink mode is also plotted. The range of observed increases in alpha loss (normalized
to thepre-MHD induced loss) is shown. The model is in qualitative agreement with the data.
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width and 1/1 kink flux surface displacement is also shown in Fig. 11. The global alpha loss
including MHD-induced alpha loss is 4%, i. e., about -25% above the global loss calculated
assuming no MHD modes. This is in qualitative agreement with the range of the observed
MHD-induced alpha loss, which was up to a factor of two for the 60° detector, but was much
less for the 45° and 90° detectors.

Alpha loss due to coherent MHD activity increases with increasing alpha gyroradius
relative to the plasma minor radius, pa/a, for constant island size relative to minor radius.
Thus, while alpha loss due to coherent MHD activity can be significant for TFTR, it is
expected to be negligible for ITER because pa/a is much smaller. However, alpha loss due to
reconnection events such as sawteeth and disruptions may still be significant in reactor-scale
plasmas because the alpha motion in these events is not explicitly dependent on pa/a. To
evaluate the local wall heat load due to alphas in future D-T devices, it will be important to
consider the effect of the vacuum fields on the escaping alpha orbits. This has been shown
to be significant in modeling the poloidal dependence of alpha loss due to sawteeth [24] and
toroidal field ripple in TFTR [26].

6. CONCLUSION

We have given an overview of the physics of alpha particles and neutral beam ions
studied in the final phase of TFTR operation, with an emphasis on observations in Reversed
Shear (RS) and Enhanced Reversed Shear (ERS) D-T plasmas. The primary conclusions
regarding the implications of our results for a reactor are:

1. Energy-resolved measurements of the radial profiles of confined, trapped alphas in RS
plasmas exhibit reduced core alpha density with increasing alpha energy, in contrast to the
monotonic shear case. The measured profiles are consistent with guiding-center code
predictions of increased alpha loss due to stochastic ripple diffusion and first orbit loss in RS
plasmas. These results imply that toroidal field ripple must be minimized in a reactor
operating in the RS regime.

2. Experiments to study beam ion confinement in RS plasmas on TFTR were performed by
injecting short tritium beam pulses into deuterium plasmas. TRANSP calculations including
stochastic ripple diffusion overestimate the measured peak D-T neutron emission by -25%.
In contrast, similar TRANSP modeling of monotonic shear discharges generally showed
satisfactory agreement with the measured neutron emission and stored energy. Beam-ion
loss on a time scale faster than the beam ion slowing down time is the cause of this
discrepancy in RS plasmas. The stochastic ripple diffusion models are sensitive to small
changes in the beam deposition and to uncertainties in the q(r) profile. Since these
observations may have implications for a reactor operating in the RS regime, further work is
needed to understand this phenomenon.

3. Alpha-driven, low-n Toroidal Alfven Eigenmodes (TAEs) were observed in D-T
discharges with weak magnetic shear. The appearance of these modes following the
termination of beam injection is predicted by the NOVA-K MHD stability code. The TAEs
were sufficiently weak that they did not cause loss of alphas from the plasma. A microwave
reflectometer measured the spatial localization of the modes. The NOVA-K modeling
reproduces the observed ballooning radial character of the n=4 mode, but not the observed
anti-ballooning character of the n=2 mode. In addition, the modeling does not show the
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observed strong dependence of mode frequency on n. Thus, some, but not all, features of the
observed alpha-driven TAEs are explained by the NOVA-K modeling. Further development
of the theory is required to fully explain the observations and to benchmark the models so
that they can be reliably used to predict TAE behavior in a reactor. Modes in the Alfven
range of frequencies with n=2-4 are seen in both deuterium and D-T ERS and RS discharges.
Reflectometer measurements indicate that they are localized to the weak magnetic shear
region near qmin. These modes occurred in both the high- and reduced-power phases of ERS
plasmas and did not cause measurable alpha loss. The identity of these modes is not clear.

4. MHD activity caused increased alpha loss at levels above first orbit loss in 10-20% of D-
T discharges produced on TFTR, and most types of MHD activity caused alpha loss:
coherent low-frequency modes, higher-frequency modes such as kinetic ballooning modes,
stationary magnetic perturbations, sawtooth crashes, and major and minor disruptions.
Significant poloidal variation of the alpha loss was often seen. Global alpha loss due to low-
frequency coherent MHD activity is likely to be negligible in a reactor due to the lower po/a,
but damage due to localized loss remains a possibility. Further theoretical work is needed to
determine whether or not alpha loss due to reconnection events such as sawteeth or
disruptions will be significant in a reactor.

Finally, it is worthwhile to put these conclusions into the context of the requirements
for a reactor operating in a modified magnetic shear regime. In such a reactor plasma, the
plasma pressure and q profiles must simultaneously be consistent with: 1) enhanced thermal
confinement; 2) alpha heating; 3) MHD stability; and 4) a self-consistent bootstrap current.
At present, it is not known whether these requirements can be met simultaneously. In
addition, fast particle confinement must be good, for both the alphas and for fast ions
produced by auxiliary heating, to ensure efficient plasma heating and to avoid localized
losses which could damage the first wall. The results presented here show that achieving
good fast ion confinement in a modified magnetic shear reactor may impose different design
and operational requirements than those for a reactor operating in a monotonic shear
regime.
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Abstract

The closed ASDEX Upgrade divertor II "Lyra" is capable to handle heating powers up to 20 MW or
P/R of 12 MW/m due to a reduction of maximum heat flux to the target plates by more than a factor of
two compared to the open divertor I. This reduction is caused by high radiative losses from carbon and
hydrogen inside the divertor region and is in agreement with B2-Eirene modelling predictions.

At medium densities in the H-mode the type-I ELM behaviour shows no dependence from the heating
method (NBI, ICRH). ASDEX Upgrade-JET dimensionless identity experiments showed compatibility
of the L-H transition with core physics constraints, while in the H-mode confinement inconsistencies with
the invariance principle were established.

At high densities close to the Greenwald density the MHD limited edge pressures, influence of di-
vertor detachment on seperatrix parameters and increasing edge transport lead to limited edge densities
and finally temperatures below the critical edge temperatures for H-mode. This results in a drastically
increase of the H-mode threshold power and an upper H-mode density limit with gas-puff refuelling. The
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H-mode confinement degradation approaching this density limit is caused by the ballooning mode limited Q Y 4 / 1
edge pressures and "stiff" temperature profiles relating core and edge temperatures. Repetitive high-field
side pellet injection allows for H-mode operation well above the Greenwald density, and moreover higher
confinement than with gas fuelling is found up to the highest densities.

Neoclassical tearing modes limit the achievable (3 depending on the collisionality at the resonant sur-
face. In agreement with the polarization current model the onset (3 is found to be proportional to the ion
gyro-radius in the collisionless regime, while higher collisionalities are stabilizing. The fractional energy
loss connected with saturated modes at high pressures is about 25 %. Reduction of neoclassical mode
amplitude and increase of (3 has been demonstrated by using phased ECR heating and current drive in the
islands O-point.

Advanced tokamak operation with internal transport barriers for both ions and electrons have been
achieved with flat shear profiles and q0 > 1 or with reversed shear and qmin > 2. With fiat shear a stationary
H-mode scenario was maintained for 40 confinement times and several internal skin times with $N = 2
and an HJXER-S9P = 2.4, where fishbones keep the q$ at one. (3^ is limited by either neoclassical tearing
modes in case of flat shear or kink modes with reversed shear.

1. Introduction

The ASDEX Upgrade non-circular tokamak programme has largely been concerned with edge and
divertor physics in the high-power H-mode regime with the new Div II divertor configuration, with the
aim of identifying and optimizing ways for safe power exhaust and particle control (ash removal). Ad-
ditionally, during the last few years core physics, confinement and performance related, have played an
increasingly important role. Especially edge-core interaction has been the subject of pioneering work in
ASDEX Upgrade. The edge operational diagram introduced characterizes different edge operating con-
ditions for L- and H-mode in connection with the ballooning and density limits. MHD stability and (3
limits as well as the avoidance and mitigation of disruptions have been further main topics. Investigation
of scenarios and physics of advanced tokamak plasma concepts has also been started. Alignment of the
internal transport barrier with the optimal shear profile and the compatibility of this new idea with station-
ary operation at high power and, simultaneously, a cold divertor are to be the key elements of this future
programme.

Here the similarity of ASDEX Upgrade to ITER in poloidal field coil system and divertor configu-
ration makes it particularly suited to testing control strategies for shape, plasma performance and mode
stabilization (e.g. feedback stabilization of neoclassical MHD modes with ECRH/CD). Additionally, the
similarity in cross-section (R/a = 3.3, K < 1.8, 6 < 0.2) to other divertor tokamaks is important in deter-
mining size scalings for core and edge physics. This collaborative work, including extrapolation to ITER
parameters, has continued with emphasis on the confinement scaling at high densities.

Since the summer of 1997, ASDEX Upgrade has been operated with the new Div II installation,
"LYRA", and with a cryompump (100 m3/s pumping speed), both shown in Fig. 1 together with the pre-
vious configuration (Div I).

cryo pump

Figure 1: Poloidal cross-section of the original ASDEX Upgrade Divertor I (left) and of the new Diver-
tor II (LYRA, right). The flux surfaces in both figures have a radial separation of 12 mm in the plasma
midplane.
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While Div I used fiat target plates (covered with fine-grain graphite) close to the X-point to benefit O V 4 / 3
from the large flux expansion there, Div II has vertical, lyre-shaped targets to reflect the neutrals created
at the target preferentially towards the power-conducting sheath close to the separatrix, and to make the
target heat load distribution as homogenous as possible. Details of the design, which is rather similar to
the present ITER reference design, are described in [1].

At the same time, the heating systems were substantially upgraded. For neutral beam injection of D°
at60keV, a second injector box was installed, providing a total NBI power of 20 MW in D°, and 14MW
in H°. The scaling parameter P/R for divertor discharges now reaches values of about 12 MW/m, roughly
a factor of only 3 below the ITER value. This heating power further allows p limit and MHD stability
studies with toroidal fields of up to 3 T and extended H-mode studies in hydrogen. The ICRH system was
equipped with 3 db couplers [2] to enhance the system efficiency in ELMy plasmas, allowing coupling
of the full power of 5.7 MW. The ECRH system now consists of two gyrotrons with a power of 0.8 MW
for 2 s, allowing stabilization of neoclassical modes [3,4], and transport studies, as described later. The
pellet injection system was modified to allow pellet injection from the high-field side (HFS) now also with
a centrifuge [5].

The following sections discuss the main topics of the ASDEX Upgrade experiments, viz. energy and
particle exhaust (Sect. 2), confinement (Sect. 3) and H-mode physics (Sect. 4), operation at high density,
including high-field-side pellet injection (Sect. 5), characterization and feedback stabilization of neoclas-
sical tearing modes (Sect. 6) and concept improvement with internal transport barriers, demonstrating the
possibility of steady state together with an H-mode edge (Sect. 7).

25 Heat flux Wfl*Hbd§^KBf**M>t»e*«l«; ~ . „ T T „ , . . . .
5 MWNI; ELM averaged rigure 2: Heat flux to the outer strike point region
5 MW Nl; between ELMs L

measured by infrared thermography as comparison
5 MW Nl; ELM averaged r . , . T T _ . , -

e : / \ \ r for Div I and Div II. In Div II, a heating power of
15 MW leads to a heat flux on the target plate which
is similar to that in Div I with only 5 MW of heating
power. At the same heating power, the heat flux in0.5 Div II is significantly reduced.

0.0

1.05 1.10 1.15 1.20 1.25
Length across surface \m]

2. Energy and particle exhaust

A detailed overview of energy and particle exhaust in Div II is presented in [6]. The LYRA divertor
has been very successfully operated, and the maximum heat flux on the target plates has been reduced by
a factor of more than 2, compared with Div I (Fig. 2). The maximum heat flux in discharges with input
powers of up to 20 MW is below 5 MW/m2. This reduction of the power flow results from an increased
radiative power loss, which is concentrated in the divertor region. With Div II, about 45 % of the input
power is radiated below the X-point (75 % total). Most of the divertor radiation is concentrated in a small
emission zone along the separatrix, as measured with bolometry during a vertical sweep of the plasma.
This was already predicted by modelling with the B2-Eirene code, and the agreement is shown in Fig. 3.
There are two pronounced radiation density peaks in both the inner and outer divertor fan with values
of up to 15 MW/m3. The predicted radiation band is clearly seen with a width of a few centimetres and
a radiation density of about 3-4 MW/m3 at the inner divertor. Since there are no suitable lines of sight
for the outer divertor yet, the corresponding band cannot be detected there. In the main plasma one finds
radiation mainly along the separatrix with radiation densities below 1 MW/m3.

The enhanced divertor radiation is not caused by a stronger influx of carbon, but is due to an increased
combined radiation efficiency of carbon and hydrogen in the divertor plasma. Carbon cools the SOL
plasma down to the 5 eV region, where hydrogen losses become significant. This process is based on
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Figure 3: a) (left): B2-Eirene modelling of the radiation distribution predicts radiation bands between
the X-point and strike points, b) (right): The reconstructed radiation distribution using virtual lines of
sight during vertical shift of the plasma reveals a narrow radiation band between the inner strike point
and X-point.

the interplay between the following four effects, as could be partly disentangled by 2D modelling and
experimental parameter variations:

- Neutrals are reflected towards the "hot" separatrix region due to the highly inclined target plates.
- The high density and an electron temperature of a few eV allow effective radiation of hydrogen.

Carbon produces the necessary pre-cooling of the divertor plasma to make the hydrogenic losses
more effective.

- The volume for radiation is increased by broadening of the SOL due to radial transport. This is
especially the case for discharges with type-I ELMs, as is found experimentally [7]. Under these
conditions (P/,ea, > 2.5 MW) the boundary is at the ballooning limit, resulting in an increase of %j_
with rising power.

B2-Eirene modelling describes the experimental data if the carbon sputter yield and the perpendicular
transport coefficients are properly adapted, and allows an insight into the physical mechanisms responsi-
ble for the increase of the divertor radiation [8].

The fact that the fractional radiative loss in the divertor is rather independent of the heating power
suggests that self-regulating mechanisms are effective. For relatively cold divertor conditions, the particle
flux at the target increases with the power flowing into the divertor, leading to higher radiative losses.
In addition, the dependence of the carbon erosion on particle flux and impact energy may contribute to
keeping the divertor radiation resilient to strong variations of the input power.

The modified divertor geometry also strongly influences the compression (defined as
no.div/^ion.edge) °f deuterium as well as helium, as was predicted by B2-EIRENE modelling [8]. For both
ion species, the compression ratio in Div II is much larger than in Div I, resulting in practically identical
enrichment ratios for helium [9] and identical values for p* = x*Hej\E = 4 . . . 6.

3. Confinement physics

3.1. Confinement identity in ASDEX Upgrade and JET

Confinement identity experiments were conducted in ASDEX Upgrade and JET [10] in which the di-
mensionless variables (p*, v*, (3) and plasma shape were made the same. As expected, Bt%E is the same in
the two devices at low density but not at high density (ne/ncw ~ 0.8). It seems therefore that the physics
of confinement degradation with increasing density, which is related to edge effects (Sect. 5 and Ref.
[11]), is not necessarily compatible with the invariance principle, at least not in the form used here. This
is supported by the analysis of profiles which at both low and high density exhibit a good match of den-
sity and temperature and therefore of p*,v* and p\ However, it reveals that the NBI power deposition
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profiles were significantly more peaked in JET than in ASDEX Upgrade, leading to a factor of about 2 QV4/3
difference of the heat fluxes at mid-radius. This leads to a corresponding difference of diffusivity although
the dimensionless parameters are quite similar.

3.2. Transport studies with ECRH

On- and off-axis ECRH has been applied to ohmically heated plasmas. Between 300 kW and 600 kW
of RF power was injected at about mid-radius into discharges with about 800 kW of ohmic heating. On
top of this, a 10% power modulation at 30 Hz was added to study the behaviour of transient transport.
Comparing on- and off-axis injection, the temperature profiles remain quite peaked in the off-axis case.
Analysis of the power balance and heat pulses launched by modulated ECRH indicate a strong transport
reduction in the central region, between the ECRH deposition and the plasma axis, to sustain such peaked
profiles. The possibility of an anomalous inward heat pinch can be ruled out.

Heat pulse propagation from ECRH modulation and sawteeth was compared over a large range of
plasma parameters [11] with NBI background heating up to 5 MW and hydrogen or deuterium gas. The
ratio of the heat pulse (%HP) and power balance (%PB) diffusivities in deuterium strongly increases with
heating power up to about 10 (ECRH modulation), while it is 15 for sawtooth heat pulses at Pheat = 5
MW. This suggests that transport might be determined by a critical gradient effect. The ratio %HP/XPB in
hydrogen exhibits a weaker increase with heating power up to a value of 3. Generally, it is observed that
XHP from sawteeth is up to twice as high as that from ECRH modulation.

3.3. Profile saturation and isotope effect

For both isotopes a temperature profile saturation with increasing heating power is observed in AS-
DEX Upgrade. The stationary high-power deuterium data well below new fit the thermal ITER ELMy
H-mode scalings. The hydrogen data show an even stronger confinement decay with increasing power
which is only compatible with the scaling if a (log-linear) interaction term for the power and isotope mass
Ai is included [12]. For a pair of discharges with identical global parameters except for A,- and the same
density profiles the variation of the confinement was a factor of two larger than expected from the scal-
ing. The corresponding Te profiles differ by a radially constant factor, exhibiting "stiffness" as described
in Sect. 5.

4. H-mode threshold

The scaling and physics of the H-mode threshold has been investigated in ASDEX Upgrade in various
regimes [13,14]. With Div II, the H-mode power threshold, expressed in terms of nexBt, has increased by
about 20 %. However, the dependence on the edge density is unchanged and the scaling difference orig-
inates from a slightly different density profile peaking in the two geometries, which is generally visible
in L-mode. The critical edge temperature for the H-mode transition in hydrogen and deuterium plasmas
differs by only about 20 % for similar parameters, i.e much less than the heating power isotope effect
of a factor of 2. A simple scaling has been found which describes the H-mode threshold in local edge
parameters [15,16] even in cases where the power threshold diverges.

Identity experiments in JET and ASDEX Upgrade have been used to test the compatibility of local
parameters at the L-to H transition with Kadomtsev constraints [10,17]. Bt, Ip and the edge density are
adjusted to match dimensionless parameters in the two machines of different size. Unlike in confinement
similarity studies, the heating power cannot be varied in order to achieve a match, but is defined by the
occurrence of the H-mode transition. Thus, in principle, only 2 out of 3 dimensionless parameters p*, [3
and v* can be matched. It was found, however, that p* and (5 at the transition depend only weakly on v*
and all three parameters can be simultaneously matched . Figure 4 shows that even the T profile shapes
at the L-H transition satisfy the core Kadomtsev constraints. This demonstrates compatibility with the
Kadomtsev constraints, e.g. all H-mode physics models based entirely on Fokker-Planck and Maxwells
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equations. An alternative assumption of atomic physics being relevant, e.g. via ionization or charge ex-
change processes, would lead to a different scaling of dimensional parameters with size [18].

H-mode theories which aim at explaing the driving and inhibiting forces for the observed build-up of
the radial electric field Er [19] have been tested on ASDEX Upgrade. A quantitative comparison of the
neutral friction force, using 2D EIRENE Monte Carlo neutral transport calculations, with neoclassical
viscosity has been done in full geometry [20]. In typical medium-density cases, the neutral forces are
weak and can affect Er only through their effect on toroidal rotation. Due to experimental uncertainties,
in particular in the mutual alignment of various measured edge profiles, it is very difficult to estimate orbit
effects. Monte Carlo charged-particle calculations in full ASDEX Upgrade flux surface geometry show
that the ion orbit loss current may account for the driving forces needed to compensate for the effect of
neoclassical viscosity [21] at V* sa 1. However, experimentally the H-mode transition is achieved in a
wide range of collisionalities, ranging up to much higher values. A possible driving mechanism ofExB
rotation is Reynold stress due to the turbulence which causes anomalous transport. Various simulations
of edge transport in the drift-Alfven-ballooning regime relevant at the plasma edge have been performed
[22-24], but so far no definite picture exists on whether such an effect is obtained in a local model or not.

In ASDEX Upgrade, for powers ranging from 2.5 to 5 MW, with the plasma far into the H-mode (1.5
to 3 times the threshold power, clear type I ELMs), no differences were observed in the ELM behaviour
between NI and ICRF heated plasmas. Not only is the ELM frequency at the same power and density
identical, but the average edge electron temperature (near the separatrix, 0.95 < ppot < 1.05) and the
amplitude of the variation of the edge electron temperature due to the ELMs are the same [2,25].

5. High density H-mode operation

Dedicated experiments over a wide range of plasma parameters are carried out in ASDEX Upgrade to
investigate confinement and operational limits. The H-mode density limit [26] is closely connected with
a back-transition to L-mode, followed by the typical L-mode density limit scenario [27], full detachment,
MARFE expansion onto the closed flux surface, resistive MHD and eventually disruption. This sequence
is routinely interrupted in ASDEX Upgrade, where after detection of an expanding MARFE the control
system automatically increases the heating power and cuts off the gas puff, thereby avoiding a density
limit disruption. As a final protection method, an impurity-doped "killer pellet" or high gas puff is used
to mitigate the disruption.

A wide parameter range (Ip = 0.4... 1.4MA,JS( = 1.3.. .3 T,PNBI = 2.5.. . 20 MW) was used together
with controlled optimum heating-power-dependent neutral-gas flux to identify scalings with increased
precision. At high densities, core fuelling by gas puff becomes inefficient, and the density profile flattens
with increasing fuelling rate (see below). Figure 5 (a) shows the measured heating power dependence
of the density limit, normalized as a first approximation to the Greenwald density now [29]. The power
is normalized to Pthr{ne — now) ^ «GW-BJ « l^q to reflect the L-H transition power threshold found at
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Figure 5: (a) H-mode and L-mode density limits in global operation space, showing a strong deviation
of the H-L back-transition from the Pthr °^ Jie Bt scaling near r^, (b) comparison with boundary layer
(BLS, Ref. [28]) and Greenwald scalings in a.Bt scan (see text).

low and medium densities (Ptp,r « neBt) extrapolated to the Greenwald density now — Ip/no2. At high
density, the heating power needed to stay in the H-mode increases significantly above the threshold scaling
at lower densities, resulting in a weak power dependence of the H-mode density limit, ne

e
xp °< P° 1 5 [5].

The wide parameter variation can be used to test more-physics-based scalings derived from edge physics,
e.g. the H-mode density limit scaling proposed in Ref. [28] on the basis of boundary layer transport at the
onset of detachment (BLS, nf" « P°lB^-53/q^f) in comparison with the Greenwald scaling (GW, n™ oc
Bt/q$5). As the two scalings differ mostly in their Bt dependence, a Bt scan is used for discrimination.
Figure 5 (b) shows fits to the experimental data nfp, individually normalized to the scalings (curves) and
the residuals with respect to a fit to the data points alone (circles). This fit yields ne

e
xp <x P°A5B°-6/qlf5,

which is close to the BLS model and has a noticeable difference to a pure Greenwald-type scaling. Local
edge parameter measurements [30] reveal that near the H-mode density limit the onset of detachment in
between and during type-Hi ELMs occurs at edge collisionalities close to those encountered at the H-L
back-transition. The back-transition itself is recognized as a breakdown of the temperature gradient (edge
transport barrier) inside the separatrix. It is not clear whether this apparent change of radial transport has
a causal relation to the detachment or is caused by an independent mechanism. One possibility might
be a collisionality dependence of anomalous transport at high edge (S (near the ballooning limit). Current
transport simulations disagree whether this effect is created locally by drift-Alfven-ballooning turbulence
[22] or not [23].

For densities raised towards the density limit, confinement deterioration with respect to H-mode scal-
ing laws and reduction of stored energy are found [16]. This is illustrated in Fig. 6 a for a density ramp
experiment, where the neutral-gas flux and the heating power were raised together to avoid MARFE for-
mation. Even with increased heating power, the H-factors relative to L-mode (HIXERS9P) and ELMy H-
mode (HjTER92Py) decrease by about 50% when a density of 90% now ia approached. The origin of this
degradation can be inferred from the profiles, taken at 3 different times, demonstrating that this deterio-
ration is due to an edge-core relation via stiff temperature profiles. Increasing the density by gas puff, the
main density rise takes place at the edge, leading to flattening of density profiles (Fig. 6 b). In regimes with
sufficient heating power flux, e.g. in type I-ELMy H-mode or in type III-ELMy phases with high power
near the H-mode density limit, a limitation of the logarithmic gradient T'/T = l/Lr is observed [11,15],
independent of (varying) power deposition profiles, radiation profiles, gas puff and density range. The
self-similar profiles lead to a relation T(0) <* Tedge. With increasing edge density, the pressure gradient
limit due to ELMs, in conjunction with a fixed edge pedestal width, forces a reduction of edge tempera-
ture, which in turn leads to reduction of the core temperature (Fig. 6 c). Shown are ion temperatures, but
the same observation is made for electron temperatures as well. As the density profile is essentially flat,
a reduction of the volume-integrated pressure or thermal stored energy results.

One can expect to achieve improved confinement if high core and low edge densities can be com-
bined, i.e. if a significant density gradient can be maintained in the confined plasma. This is achieved
by pellet injection, in particular from the high-field side [5,31], which results in improved fuelling effi-
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Figure 6: Time traces (a), Density (b) and ion temperature (c) profiles for a density ramp experiment.
With increasing edge density, the edge temperature and core temperature drop, leading to deterioration of
confinement.

ciency and deeper pellet penetration compared with injection from the low-field side with the same pellet
parameters. Figure 7 (a) shows density profiles in the course of a pellet train. The edge density gradi-
ent zone is extended into the core plasma, leading to a larger core density with a moderate increase of
the edge density. Compared with gas puff, first a much higher density well above the Greenwald density
limit can be achieved. Secondly, at any given density, improved confinement is found (Fig. 7 b), but the
envelope of all pellet discharge trajectories still indicates a reduction of confinement with increasing den-
sity, in contrast to the prediction of the ITER H92P(y) confinement scaling. While at low heating powers,
high confinement can be achieved together with operation well above now, at high heating power the en-
ergy content decreases with increasing density already below new This is at least partly due to the fact
that core temperature profiles are limited by the edge pressure gradient, which has a very weak power
dependence[32].
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Figure 7: Pellet injection from the high-field side: (a) Density build-up during a train of pellets, (b) MHD
stored energy vs. density from trajectories of discharges with different heating powers.
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6. Neoclassical tearing mode studies and ECCD feedback stabilization

The onset of neoclassical tearing modes (NTMs) leads to the most serious (3 limit in ASDEX Upgrade.
The Pp value for the onset of such modes is found to be proportional to the ion gyro-radius for collisionless
plasmas as proposed by the ion polarization current model [3]. Within this model one arrives at §p,Onset <*
*(e,ve / /) • p* with£(£,ve / /) = e3/2 forv e / / < 1 and 1 forv e / / » 1 {veff = v«/(»i£a>*) ~ v*/p*]i. (0* is
the electron diamagnetic drift frequency. In Fig. 8,the onset conditions in the much more unstable colli-
sionless regime \eff <C 1 are represented, and the $p,onset <* P*p scaling on ion mass is shown for different
species. Using the stabilizing effect of higher collisionalities, a scenario was developed for plasma dis-
charges at high density with large heating power and energy content in which the limiting (3/2)-mode can
be avoided in ASDEX Upgrade. As shown in Fig. 9, this scenario has allowed stationary high values of
P [33].

Only islands larger than a minimum "seed" island have positive growth rates. In ASDEX Upgrade the
seed island is often produced by sawteeth, although sometimes neoclassical modes start after fishbones
or even grow spontaneously [34]. Although the seed island creation by the (2,2)-precursor of a sawtooth
is regarded as the most common mechanism for the triggering of NTMs, in ASDEX Upgrade it has been
found that the sawtooth crash produces a (3,2)-seed island directly, without a coupled (2,2)-mode. Since
fishbones are usually regarded as an ideal instability, acting only on the fast particle distribution, they
should not be able to produce magnetic reconnection [35]. Nevertheless, it has been shown that fishbones
do change the temperature of the background plasma on a much faster time scale than would just follow
from the redistribution of the fast particles and the accompanying reduced heating power. For an NTM
following fishbones, Pp is higher than in cases with a sawtooth trigger, indicating that fishbones are less
efficient than sawtooth crashes in producing seed islands [34].

The degree of confinement deterioration due to neoclassical tearing modes has been investigated and
compared with corresponding numerical simulations [36]. The fractional energy loss due to a (3,2)-mode
was found to saturate for high pressures at around 25 %, which is in good agreement with the theoretical
results. Thereby the theoretically derived saturation of the island width with plasma pressure, the confine-
ment deterioration with increasing island width and the observed density decrease influencing the energy
confinement as described by the ITER-97P H-mode scaling have been combined.

Since neoclassical islands are driven by the vanishing bootstrap current inside the island, the growth of
these modes can be influenced by phased heating and current drive into the O-point of the island. Recently,
a reduction in amplitude of a neoclassical (3,2) tearing mode and partial recovery from an initial drop
of p by 40 % were been achieved in ASDEX Upgrade by using modulated ECCD/ECRH [4,38] with a
maximum pulse length of 200 ms, see Fig. 10. The resonance position was adjusted according to the
island location detected by ECE. The ECCD timing was controlled by Mirnov signals of the modeing
such a way as to drive current only in the island O-point.

In numerical simulations, including an externally driven current into Ohm's law, one finds that sta-
bilization of neoclassical tearing modes should be possible if the external current replaces the missing
bootstrap current inside the island [37]. The driven current has been calculated using a dynamic model
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Figure 10: Active control of the neoclassical
tearing mode with O-point ECCD. The smooth
reduction of the mode amplitude is accompa-
nied by an increase in (3^.

based on a 3D Fokker-Planck code coupled to the electric field diffusion and the island evolution equa-
tions. The stabilization efficiency strongly depends on the width of the driven current layer. If the current
layer width is small enough, one can completely stabilize the island since the pressure is not completely
flattened across small islands, resulting in a reduced driving term due to the smaller helical hole in the
bootstrap current.

7. Advanced tokamak operation

Improved core confinement due to modification of the current profile has been observed in several
tokamaks. Common to these regimes of operation is the flattening of the central current profile corre-
sponding to a zero or even negative value of the central magnetic shear (s = - -£., where q is the safety
factor). There is increasing evidence that, in addition to magnetic shear stabilization, a combination with
E xB shear stabilization is required for the initiation of internal transport barriers (ITB) [39,40].

On ASDEX Upgrade, various operating scenarios have been tested to achieve improved core confine-
ment by modifying the current density profile by means of early additional heating in the current ramp to
reduce current diffusion at low initial density (ne < 3 x 1019 m~3):

1) ITBs with an H-mode edge in combination with a flat, but still hollow, ^-profile with qo > 1 are ob-
tained, which offer stationary, inductively driven H-mode operation with increased performance in terms
of confinement and p\ Such ^-profiles with q$ w 1 - 1.5, resulting in /,• values above 0.8 at q$5 > 3 to-
gether with broad pressure profiles [poj < p >< 3), help to avoid ideal kink modes occurring at pw > 4/,-
without wall stabilization. pV values between 3 and 4 would be possible, if the neoclassical tearing modes
unstable under these conditions for (3/y > 2.2 could be stabilized by active feedback control as described
in the previous section. Plasma shapes with higher elongation K and triangularity 5 than those now being
used in ASDEX Upgrade (K < 1.8,5 < 0.2) should help by reducing A'.
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2) ITBs with reversed shear and qmjn values above 2 could only be transiently established in ASDEX
Upgrade both with plasma edge parameters comparable to L-mode and with an H-mode edge. Here, ITBs
with L-mode edge are distinguished by steep pressure gradients in the barrier region, while discharges
with improved core confinement and H-mode edge exhibit more moderate gradients. These current pro-
files would offer the route for true steady-state, non-inductively driven tokamak operation combining im-
proved performance and high bootstrap current fraction ft,s — lt,s/Ip °= PA"?95 V̂ U at high #95 > 4 and
PAT > 4. Low (m,n) neoclassical tearing modes are avoided by the reversed shear and qmin > 2, but ideal
kink modes are already unstable at low pV values due to the broad j-profile with low /,• values. Wall sta-
bilization, broad pressure profiles and plasma shapes with high elongation and triangularity are therefore
needed to achieve (3^ > 4. The possibly arising resistive wall modes would again need active feedback
control by coils creating toroidal n=l and 2 components at the wall.

7.1. Stationary H-mode with improved core confinement

A stationary regime of operation has been found which shows improved core confinement of both
electrons and ions caused by an internal transport barrier (ITB) in combination with an H-mode edge [41].
In Fig. 11, the main plasma parameters of such a discharge are illustrated. During the current ramp of
0.8 MA/s moderate neutral beam heating of 2.5 MW is applied. At t = 1 s the X-point is formed and
the L-H-transition occurs. After the current flat top is reached, the NBI power is raised to 5 MW and the
line-averaged density is kept at 4 x 1019 m~3.

While the electron and ion temperatures increase at the same rate during the current ramp at a heating
power of 2.5 MW, 7] reaches almost twice the value of Te when the heating power is doubled. Central
values of 7} = 10 keV and Te = 6.5 keV, HITER&9_P = 2.4, and pV = 2 are maintained for 6 s, only limited
by the programmed duration of the NBI. This corresponds to 40 confinement times or 2.5 resistive time
scales for internal current redistribution, which here is the time taken by a current perturbation to diffuse
over half of the minor radius. The perturbation was assumed to be located inside the half-radius region
and to conserve the total plasma flux. The 8-channel motional Stark effect (MSE) polarimeter data show
that the current profile remains stationary shortly after the full neutral-beam power is applied. In addition,
the measured loop voltage is also stationary within 10 %. These discharges resulted in the highest value of
«£>.o x Tw x %E (7.5 x 1019 keV s m~3 for 6 s and 8 x 1019 keV s m~3 for 1 s) so far observed on ASDEX
Upgrade.

The profiles of the plasma temperature, density and toroidal rotation velocity (see Fig. 12) show, in
addition to the H-mode pedestal, a step starting at ptor = 0.6 which, compared with ASDEX Upgrade

11
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Figure 13: Radial profiles from ASTRA analysis for stationary ITB discharge with H-mode edge (at 2.5 s
of # 11190). a) Ion and electron thermal conductivity, b) Composition of current profile. Shown are the
total current density and the contributions of ohmic current (oh), neutral-beam current drive (NB) and
bootstrap current (bs). c) Radial profiles of electron and deuteron densities, and Zeff at 4 s of discharge
# 11190. The Zeff profile represents an upper limit.

transport barriers with L-mode edge, is less pronounced. The density peaking is ne,o/«e = 1-5. Energy
transport has been analyzed with the 1-1/2-D ASTRA code. In the central regions of the plasma the ion
thermal conductivity drops to neoclassical values, but also the electron thermal conductivity is at a low
level, indicating that the transport reduction is not limited to the ions, as seen in Fig. 13.

The only MHD activity observed in the core of the plasma is strong (1,1) fishbones which start at 1.1
s at p « 0.2 and accompany the entire 5 MW heating phase, indicating that the central q is in the vicinity
of one; but not low enough for the formation of sawteeth. These fishbone oscillations seem to behave
like a resistive MHD instability [35]. Similar to sawteeth, but on a much faster time scale of 1 ms, the
soft X-ray (SXR) and Te (from ECE) profiles show a relaxation oscillation expelling energy and possibly
also impurities. The magnetic reconnection due to fishbones would also explain that, despite q being in
the vicinity of one, sawteeth do not appear, since the fishbone oscillations could serve as a mechanism
for keeping q at one. This is supported by the ASTRA calculations, which solve the current diffusion
equation using the experimental temperature and Zeff evolution, using Kadomtsev reconnection, which
redistributes the central current as soon as q drops below one. The resulting ^-profile is fiat in the centre
with q ss 1 inside ptor = 0.2, which is consistent with the location of the (1,1) fishbone mode derived from
the SXR oscillations. Without this mechanism a stationary current profile is not attained in the transport
calculation.

The composition of the current density profile from ASTRA is illustrated in Fig. 13 b. The total cur-
rent profile is flat in the centre, but still monotonic, which is supported by the bootstrap current having its
maximum close to the centre due to a smaller pressure gradient as compared with internal transport barri-
ers with L-mode edge. These stationary discharges with ITB are mainly inductively driven (Uioop = 0.15
V) and exhibit on-axis peaked ohmic, bootstrap and beam ion driven currents. The moderate bootstrap
current fraction of 25% of Ip is due to the pV = 2.2 limit for this scenario, which, however, offers a po-
tential for long-pulse, stationary operation with high central nxT values and good performance.

The impurity content and Zeff profiles are slightly peaked in the plasma centre (see Fig. 13c) , but
no temporal accumulation is observed from 2 s until the end of the 5 MW heating phase. From spectro-
scopic data the main impurities have been identified as helium (He: 5%), carbon (C: 2.5%), oxygen (O:
1.2%) and silicon (Si: « 0.3%) after siliconization of the vacuum vessel. Neglecting the presence of ele-
ments with Z larger than Si, an upper limit of Zeff was inferred from SXR emission by using an impurity
transport code. The peaking of the electron density is partially caused by the impurities, but nevertheless
the deuteron density also increases towards the plasma centre. The steady-state is possibly caused by the
strong fishbone activity expelling, like sawteeth, impurities from the plasma core.

If the density is increased at constant heating power, sawteeth appear and the ITB is lost but is restored
as soon as the gas puff and density are reduced. This may be due to 1) a density dependence of the ITB
power threshold, 2) an effect of Ti/Te variation, where T; approaches the nearly unchanged Te, or 3) the

12
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Figure 14: Radial profiles of ion and electron temperatures (ECE and Thomson scattering), electron
density, toroidal rotational velocity (vtor) of discharge with ITB, L-mode edge, and reversed shear with
qmin > 2. The time point chosen is at maximum performance just before termination of the ITB. The ion
and electron thermal conductivities (%,-,<,) from ASTRA analysis are compared with the neoclassical ion
thermal conductivity GCieo)[10]. The calculated q-profile is given in d).

increase of neutral particle flux and simultaneous decrease of density peaking.
When increasing the beam power, p\r is limited by the occurrence of (3,2) neoclassical tearing modes,

the onset of which is always preceded by a fishbone. Considering that sawteeth are not present, the second
harmonic of a (1,1) fishbone acts as a seed island for the initiation of (3,2) neoclassical tearing modes [3].
The resulting P-limit is close to $N = 2.2. At 6.25 MW of NBI, $N = 2.2 could still be maintained for
a duration of 1 s, after which a (3,2) mode occurred due to the proximity to the p-limit. With further
increased heating power (up to 10 MW), transient phases with higher pjv —•>• 3 and H89p —> 3 are observed
which are terminated by neoclassical tearing modes. Due to the low density, the (3,2) modes were usually
followed by (2,1) modes which ultimately lock.

7.2. Internal transport barrier with reversed shear and qmin > 2

Applying 5 MW of NB heating power during the Ip ramp of 0.8 MA/s has yielded transient reversed-
shear plasmas with ITB's during this ramp-up phase. These ITB phases were usually terminated by (2,1)
modes already, when the plasmas still possessed an L-mode edge due to the initial limiter phase. The H-
mode transition occurring with the ion (VB) drift towards the forming X-point only reduced the connected
P-drop.

Avoiding the H-mode transition by staying in limiter configuration has yielded, high reversed-shear
plasmas with ITB's and central values of Te = 5 keV and 7} = 15 keV. The confinement enhancement
factor of H[XER89-P =1-9 and normalized beta of PA? = 1.6 are limited by both the smaller radial extent
of the barrier region (ptor < 0.5) and the L-mode edge.

Figure 14 shows the profiles of the temperature, density, toroidal rotational velocity, and q of such a
discharge with L-mode edge and ITB. Associated with the high ion temperatures are toroidal velocities
of up to 370 km/s. Transport analysis again shows that the ion thermal conductivities are at neoclassical
values in the plasma core. The plateau in 7} leads to the rise of %,• towards the plasma centre, the uncertainty
of which is large (50%) since it sensitively depends on the 7} gradient there. Such ion thermal transport
enhancement near the magnetic axis might be explained by including finite orbit corrections to Xneo since
the measured Er field leads to an ion orbit increase counteracting the orbit squeezing effect in this region.
The electron thermal conductivity inside the barrier is larger than %,, as reflected in the large difference
between 7j and Te, which is only partially caused by the stronger NBI heating of the ions.

The q-profile, inferred from the transport calculations, exhibits a negative central shear region with
qmin > 2. The limiting (2,1) mode, presumably an external kink mode, occurs as soon as a q — 2 surface
is formed due to the constantly penetrating current. This is supported by the increasing time delay for the
mode occurrence of about 0.4 s when the toroidal field was enhanced from 2 to 2.8 T at Ip = 1 MA.
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8. Summary OV4/3

The following conclusions can be drawn from the comparison between the more closed Div II and the
more open Div I configurations. No major changes occurred in the typical high-power density ramp-up
scenarios, this including similar values for the upper density limit in H-mode and the ultimate L-mode
density limit. However, as expected the divertor neutral density is higher in the more closed Div II, lead-
ing to detachment at lower densities. A strong improvement of the helium exhaust efficiency has been
achieved, affording a ratio x* {He)/iE « 4 . . . 6.

The most important observation in the Div II geometry is a strongly distributed power flux to the
surrounding structures both during ELM and ELM-free phases. Even with a heating power of 20 MW
the maximum local heat flux density in the strike point region stays below 5 MW/m2. The origin of this
reduction by a factor of about three compared with Div I is a larger fraction of divertor radiation (up to
55 % of the heating power) due to increased cooling by hydrogen and carbon radiation in this divertor
geometry. This result is in agreement with B2-Eirene simulations and may have a strong influence on the
future divertor designs.

Several new results have been obtained in the confinement and performance related physics. The
characterization of the L-H transition in terms of local edge parameters clearly indicates a minor influence
of the collisionality. A result from the ASDEX Upgrade-JET dimensionless identity experiments is that
the L-H transition is compatible with core physics contraints (p*. v*, P) and shows no evidence of direct
influence from atomic physics processes. ELM frequencies were found to be rather independent of the
heating method up to 6 MW (a factor of 2.5 above the L-H transition power) when using either NBI or
ICRH minority heating.

One of the main focuses of our work was an ITER-relevant ELMy H-mode scenario close to the opera-
tion limits, namely density and p-limits, where the confinement is strongly influenced. While the H-mode
transition can be reached up to high collisionalities and densities close to the Greenwald density, although
with finally drastically enhanced threshold power, the H-mode confinement degrades strongly in relation
to ITER-92P scaling. The reported temperature profile resilience might be caused by turbulent convection
relating the plasma parameters at the edge transport barrier to the core parameters. As a consequence, the
achievable core temperatures and pressures degrade at high densities because the achievable edge pres-
sure and its gradients are limited by the edge ballooning mode. Stationary H-mode operation at densities
20 to 40 % above the Greenwald density was demonstrated with pellet refuelling from the high-field side.
The higher densities compared with gas puff-refuelled plasmas are due to widening of the density gradient
region inside the separatrix. These pellet-refuelled plasmas have better confinement than gas-puff-fuelled
ones, in general. At low heating powers, high confinement is maintained up to the highest densities, but
at high heating power a reduction of confinement with increasing density is again found.

At high heating powers, neoclassical tearing modes, mainly (3/2) modes but also (2/1) modes at lower
densities, limit the achievable (3, but also fishbones may be a limiting factor, depending on the collision-
ality at the resonant ^-surfaces. At high densities and therefore high collisionality neoclassical modes can
be suppressed, allowing slightly higher P#. The seed island size necessary for the growth of neoclassical
modes decreases at higher p values, while at lower p a big seed island triggered by a sawtooth is necessary.
Spontaneous, but slowly growing neoclassical modes have also been observed. The measured saturated
island width and the scaling with p* and V* agree with theoretical MHD calculations for the polarization
model. For the first time, neoclassical tearing modes have been actively stabilized by feedback-controlled
ECCD into the island's O-point. This feedback stabilization scheme has a high potential for next-step de-
vices since the ECRH powers required are only a few per cent of the applied heating power and the driven
currents in the islands are only 1 % of the total plasma current. New MHD phenomena were observed, re-
sistive interchange modes with centrally inverted pressure profiles and cascades of high-n tearing modes
in flat shear regions [42].

In advanced tokamak scenarios strongly reduced core transport was achieved with flat shear profiles
and q{0) > 1 or with reversed shear and qmin > 2, created by freezing the current profile with 'early' heat-
ing (ECRH, ICRH, NBI) during current ramp-up, which was followed by stronger central heating with
up to 10 MW NBI in the flat-top. A stationary H-mode scenario with internal transport barriers for ions,
electrons, particles and toroidal momentum, HITER-&9P

 = 2.4 and P# = 2.0 was maintained for 40 con-
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finement times and several internal skin times. Highest n[r{iE values of 8 x 1019 keV s m—3 (for 1 s) fi'VA/'l
observed so far in ASDEX Upgrade were obtained in these discharges. Both ion and electron transport
were strongly reduced inside the barrier region, and no temporal accumulation of impurities was observed.
The stationarity of the discharges is associated with a fishbone induced stabilization of the current pro-
file occuring with small scale perturbations, which in contrast to sawteeth are compatible with improved
confinement. Attempts to increase (3^ were limited by either (3,2) neoclassical tearing modes in the case
of flat q profile or (2,1) modes with reversed shear profile by approaching qmjn — 2.

During the next years, investigations will be continued with enhanced capabilities for plasma shapes
with higher triangularity (5 —> 0.45), off-axis current drive (< 400 kA, by NB-CD with 100 keV D° and
ICCD using mode conversion) and extended pulse lengths of up to 10 seconds.
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Abstract.

An overview of the Frascati Tokamak Upgrade results during the period 1996-1998 is
presented. Most of the activity has been devoted to the investigation of the electron heat
transport with flat/nonmonotonic safety factor profiles. Up to 14keV of electron
temperature have been obtained using electron cyclotron resonance heating (ECRH) on
the current ramp. The transport analysis shows a very low electron heat transport in the
region with flat/nonmonotonic safety factor profile. The electron thermal conductivity is
strongly dependent on the MHD activity and it drops to values of the order 0.1m2/s in the
absence of MHD fluctuations. Upon varying the resonance position in steady state
conditions the effect of the ECRH on the sawtooth stabilization has been also
investigated. Lower hybrid current drive studies have been performed in order to
investigate the dependence of the current drive efficiency with density. Previous results of
the Alcator C tokamak pointed out that at high density rather low efficiency values were
obtained. The investigation carried out on FTU shows that such a result can be explained
as due to the electron temperature dependence of the current drive efficiency. No
degradation of the current drive efficiency is indeed observed on FTU even at density
values of the order 1020m"3. Ion Bernstein wave (IBW) heating studies have been also
carried out in order to check the behaviour of wave-plasma coupling which is found in
agreement with linear theory. Finally, impurity transport studies have been carried out. It
has been possible to have a direct measurement of the flux of Mo33 which turns out to be
in agreement with the expectation of quasilinear theory.

1. INTRODUCTION

After a major shutdown during 1995 for the insertion of the toroidal limiter, the Frascati
Tokamak Upgrade (FTU) (B=8T, I<;1.6MA, a=0.3m, R=1.3m) restarted the operations in the
first half of 1996. The heating systems became operational during 1996-1997. At present, the
Lower Hybrid system (8GHz, tpUjse=ls) is made by 5 gyrotrons (1MW each at the generator)

1 ENEA fellowship
2 Associazione EURATOM-ENEA-CNR sulla FusioneMilano, Italy
3 The John Hopkins University, Baltimore, MD 21218
4 Lawrence Livermore Ntaional Labortories, Livermore, CA 94550
5 Institut National de la Recerche Scientifique (INRS), Montreal, Canada
6INFM and II Universita di Roma "Tor Vergata"
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feeding 5 grills on two FTU windows. The maximum power delivered so far to the plasma is
1.7MW. The new electron cyclotron resonance heating (ECRH) system has been completed
during the first half of 1998. It consists of 4 gyrotrons (140GHz, 0.5MW, tpuise=0.5s) with a
launching system which allows to inject power at oblique angle to perform Current Drive
(ECCD). So far, the maximum injected power has been 0.8MW. The Ion Bernstein Wave (IBW)
Heating system (433MHz, tpUjse=ls) is at present fed by one klystron. The maximum power

coupled so far has been 0.35MW.
With the heating systems described above, FTU is characterized by dominant electron

heating, contrary to most of the present tokamaks which have dominant ion heating.
Furthermore, the localized ECRH absorption makes possible a detailed investigation of electron
transport. Most of the activity carried out so far has been devoted to the investigation of the
electron transport in the presence of flat/nonmonotonic safety factor profiles obtained by a fast
ramp of the plasma current. Upon heating the plasma by ECRH in order to slow down the
current density evolution, it has been possible to achieve up to 14keV electron temperature with
0.7 MW of ECRH power deposited in the plasma center at a line average density
ne=0.36-1020m"3. The value of the electron thermal diffusivity in the region characterized by
low/negative magnetic shear is comparable with that obtained in ohmic discharges at similar
values of density and current. It is remarkable that such a low value of the diffusivity is obtained
in conditions characterized by a large value of the electron temperature and temperature
gradient. The electron transport is further reduced when the MHD activity is quenched. This
occurs when the minimum of the safety factor is close to an integer value. In these conditions,
an electron heat diffusivity as low as xe=0.1m2/s is measured in the presence of a central
temperature of 8keV. These results point out the crucial role played by the electromagnetic
fluctuations in affecting the electron transport in the presence of flat/inverted safety factor
profiles.

The ECRH is also particularly useful to test the effect of a localized perturbation in the
resistivity on the global MHD stability. Transient sawtooth stabilization has been obtained by
heating near the inversion radius.

An important part of the FTU activity has been devoted to the lower hybrid current drive
(LHCD) studies in order to check the expected behaviour of the LHCD efficiency at high
density. Previous results from high magnetic field tokamaks showed rather low values of the
efficiency at reactor relevant densities. On FTU, LHCD studies have been performed in a wide
range of density and magnetic field values. In the case, relevant for these studies, of wave
accessibility to the plasma center, the FTU results show no degradation of the efficiency at high
density and seems to point out a dependence of the efficiency on the electron temperature in
qualitative agreement with the expectations of quasilinear theory. This result is further
supported by a comparison with the results of several tokamaks.

In the paper the coupling results of the IBW experiment will be also outlined. The IBW
experiment in FTU has the unique feature of using a waveguide array as a launching system. This
minimizes the interaction with the plasma. Indeed, no significant impurity influx has been
observed during IBW injection. The results are consistent with the predictions of linear theory
of wave-plasma coupling.

The last subject outlined in the paper is the investigation of impurity transport. This is
part of a collaborative effort with Lawrence Livermore National Laboratory and the John
Hopkins University. The idea underlying this study is that at sufficiently small impurity
concentration, impurities are simply advected in the background turbulence and the analysis of
their transport behaviour can provide information on the turbulent fluctuations causing
transport. It can be shown indeed that the impurity flux can be written exactly as the sum of a
diffusive and a convective part, with the diffusion coefficient D and the convective velocity V
being independent of the impurity density. The impurity flux has been obtained in a direct way
by measuring the intensity of spectral lines emitted by Mo32+' Mo31+ and Mo30+' and assuming
steady state conditions. Remarkably, the obtained radial profiles of D and V also explain the
behaviour of Mo ions at lower charge state. This result is consistent with the expectations of a
simple calculation based on quasilinear theory.

2. TRANSPORT AND MHD STUDIES WITH ECRH ON FAST CURRENT RAMPS

Up to 800 kW of ECRH power at 140 GHz [1] have been injected during the current
ramp-up phase of 700 kA plasma discharges. Heating at the fundamental frequency, with
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FIG. 1 Fast current ramp time traces, pulse
12799, 360 kWECRH: (a) plasma current
(b) central line averaged density (c)
electron temperature at R=0.97 m, from
ECE polycromator.

FIG. 2 Electron temperature profiles at
t= 0.095 s; full points: pulse 12658, 350
kW ECRH power, hollow initial current
profile; crosses: pulse 14669, 690 kW ECRH
power, peaked initial current profile.

perpendicular, low field side launch with ordinary polarisation has been used, so that the resonant
magnetic field Bj is 5 T. By changing Bx both on-axis and off-axis experiments have been
performed. The fast current ramp-up scenario (5 MA/s, Fig. 1) has been selected because it is
characterised by a variety of the current density profiles (depending on the pre-ECRH current
profile and on the impurity content), going from very peaked cases when sawtooth or m=l
MHD activity can be detected already at t=0.050 s, before ECRH injection, to very broad or
hollow cases, that often terminate with a reconnection consistent with double-tearing modes at
resonance surfaces characterised by an integer q value. In this scenario the ECRH experiments
have produced very high peak electron temperature, up to 14 keV for 690 kW injected power,
Fig. 2. Due to localisation and the full absorption of the injected power, these experiments allow
to perform a quantitative analysis of the energy transport in a plasma condition where the
energy transport is dominated by the electron channel (due to the low density, the electron-ion
coupling is very weak) and the magnetic shear values change significantly. The information on
the current density profile is obtained by the solution of the diffusion equation for the poloidal
magnetic field using Spitzer resistivity evaluated from the electron temperature measured by
ECE diagnostics. It has been checked that the results are consistent with the MHD behaviour of
the discharges, that has been studied extensively.

2.1 Transport analysis

When ECRH is localised at the plasma centre high electron temperatures are obtained,
Fig.2, both for hollow and peaked pre-ECRH current density profiles. The time history of the
two cases are different. The hollow pre-ECRH current profiles remain hollow during the initial
phase of the additional heating and induce a crash due to the double tearing activity, when the
q=2 surface enters the plasma, at t=0.1 s in Fig. l(c).
In the cases of peaked pre-ECRH current profiles, the electron temperature reaches a maximum,
followed by a degradation and eventually by the onset of the sawtooth activity. This last
situation was characterised by m=l MHD activity even in the pre-ECRH phase.

In on-axis heating experiment the interpretative local transport analysis shows (Fig. 3)
that the value of the effective electron thermal diffusivity in the plasma core is in the range
0.2-^0.3 m^/s, rather independently of the detail of the q profile, even if in the case of broader
current profile also the region of lower electron thermal diffusivity appears to be broader. The
interpretative analysis results are meaningful only in the plasma core, excluding the narrow
ECRH deposition region (« 2 cm FWHM). In the more external plasma region the local analysis
is made difficult by the role of the radiation and the uncertainty on the ohmic power evaluation
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FIG. 3 Radial profile of the electron
thermal diffusivity in the plasma core at t=
0.095 s; full points: pulse 12658, 350 kW
ECRH power; squares: pulse 14669, 690
kW ECRH power. Shaded area indicate the
uncertainity on the diffusivity value.
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FIG. 4 Electron temperature profiles at
times marked on the plot for the pulse
12953, 325 kW off-axis ECRH power; the
full points indicates the pre-ECRH profile.
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FIG. 5 Electron temperature profiles at
times marked on the plot for the pulse
12616, 290 kW off-axis ECRH power; the
full points indicates the pre-ECRH profile.
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in the transient conditions characterising the fast current ramps, as indicated by the shaded area
in Fig. 3. This last difficulty prevents also a precise evaluation of the global energy confinement
of these discharges, that are also characterised by high Zeff value, due to the high current and
low density situation.

In ECRH off-axis experiments the plasma attains lower temperature values compared to
the on-axis cases, as the additional heating is distributed on a larger volume. In off-axis
experiments plasma discharges having pre-ECRH peaked or hollow current profiles behave
qualitatively in different ways. In the case of a hollow initial current profile, Fig.4, the
temperature profile remains hollow during the ECRH, showing a trend to become flat in the
region inside the ECRH deposition layer. This behaviour can be considered as the mark of an
underlying diffusive transport mechanism that can be described by a local thermal diffusivity. In
the case of plasma discharges having peaked pre-ECRH profiles, the electron temperature
profile remains peaked, Fig. 5. The behaviour could be qualified as non-diffusive or the sign of
the existence of a inward energy pinch mechanism. Nevertheless it can also be explained by the
effect of the residual ohmic heating, that in this case is peaked while it was itself hollow in the
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case of a hollow pre-ECRH current profile. Indeed the different qualitative behaviour has been
reproduced by simulating, [2], the two kind of discharges using the Bohm term from the electron
thermal diffusivity of one of the recently proposed Bohm/Gyro-Bohm models [3]. In that
framework, the residual ohmic heating plays the key role in controlling the shape of the plasma
temperature for the off-axis heating scenario. Both experiments have been performed at low
ECRH power, »300 kW, so that future experiments at a higher power level will provide a better
insight on this question.

2.2 MHD analysis

The MHD behaviour of FTU discharges with peaked pressure profile and negative or low
magnetic shear in the plasma core is a relevant issue as it affects the core confinement
properties. This is not surprising, since the low magnetic shear (s=rq'/q) reduces the line bending
stabilizing effect, and the local poloidal beta (|3p(r)=2u.o(<p>-p(r))/Bp(r)2, < > being the volume
average within the radius r) reaches values Pp>3. Current ramps with central ECRH are
particularly interesting as the minimum q value (q^m) s lo w ty decreases from qmin>3 to qmin=l-

The main features of MHD activity can be found in Fig. 1. The sharp drop occurring at
t=99 ms is caused by an m/n=2/l double tearing instability that grows at qmjn=2, [4], while the

rapid oscillations starting at t=150 ms are m/n=l/l sawtooth precursors. Besides these well
identified features, erratic Te fluctuations with 2*5% amplitude are present during most of the
ECRH pulse. At t«=135 ms (a short time before the appearance of m=l precursors, i.e. when
qm jn=l), the temperature evolution reverts from fluctuating to monotonically increasing. In the
next subsections, the main observations on the double tearing instability will be summarized, and
the possible origin of macroscopic temperature fluctuations will be discussed.

2.2.1. Double tearing modes

The evolution of double tearing modes during current ramps with ECRH features a clear
branching: a precursor oscillation, lasting for 0.5 ms, is followed by a sudden growth
acceleration, leading either to full reconnection in less than 25 ms, or to a large saturated
oscillation that reduces the central temperature but leaves a peaked profile. The structure of
precursor and saturated oscillations is a displacement with even parity, which affects more than
one third on the plasma radius [5]. The fast time scale and the global nature of the perturbation
imply that the mode must be ideally unstable, or at least marginally unstable [4]. The full
reconnection case is similar to a sawtooth crash (apart from the wider radial extent), while the
saturated oscillation resembles the so called subordinate sawtooth relaxation, with the
remarkable exception that the mode structure is m/n=2/l (the mode numbers can be
unambiguously identified as the large oscillation is detected by the Mirnov coils).

The behaviour of double tearing modes is well correlated with the temperature profile
shape before ECRH (the profiles before the double tearing are very similar in all cases): strongly
hollow initial profiles are associated with full reconnection, while moderately peaked profiles
result in small saturated oscillations. According to resistive diffusion calculations, discharges with
full reconnection are characterized by a wider negative shear region; however, the precursor
oscillation is quite similar in both cases. If the initial profile is peaked enough, qmin^ already

before ECRH, and the double tearing mode is not observed.

2.2.2. Macroscopic temperature fluctuations

The erratic T e fluctuations observed during central ECRH play a role in heat transport, in
fact, as the temperature evolution reverts from fluctuating to monotonically increasing at
q m i n »l , the thermal energy in the plasma core increases at a rate amounting to 60+70% of the
local heating power. This indicates that an effective transport barrier sets in when the
fluctuations are suppressed. Profile evolution shows that the barrier extends throughout the
plasma core [Fig. 6]. Time dependent transport analysis gives a factor two reduction of the heat
diffusivity during the temperature rise. A similar suppression of electron heat transport at
q m m « l is observed in MHD quiescent post-pellet plasma; in this case, the low electron heat
trasport regime survives for at least one confinement time [6].
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The existence of a pause at qmin^l points to a causal role played by MHD modes excited
at qm in= m^n resonances with relatively low m, n, in fact the distribution of such resonances
features larger gapts around integer q values. As the poloidal magnetic field increases in the
central region on the resistive diffusion time scale, qmin slowly decreases and sequentially
crosses low order rational values and gaps; when q m j n is close to a low order resonance, a
temperature drop occurs, while, if q m j n is in a gap, the peak temperature rises since the modes

are effective only if they resonate in the zero shear region. This view is enforced by the
observation that a strong temperature rise is also observed at qmin^ when the 2/1 double
tearing mode is weak [6]. Furthermore, in some cases, MHD oscillations are directly observed in
conjunction with temperature drops [5]. The concept of effective transport barriers associated
with the gaps around integer q values does not apply to monotonic q profiles, as in that case
gaps and resonances are closely packed together.

3. LOWER-HYBRID CURRENT DRIVE

The FTU experimental programme with Lower Hybrid (LH) radiofrequency power system
has been devoted to provide detailed information on the issue of the generation of toroidal

current in the high plasma density regimes foreseen for ITER (line averaged density iTe»lxl0^^

mf3). The FTU experiment is particularly suited for this purpose, because its high toroidal field
and its high LH frequency, fQ=8 GHz [7], allow to minimise the negative effects on the current

drive (CD) efficiency previously found at high density. The CD efficiency is defined as

T|C D=IL H_n eR/PL H [1020m3A/W], where I L H (MA) is the LH driven current, R (m) is the

tokamak major radius and PT TT (MW) is the coupled LH power.

Most of the experimental activity has been devoted to study the behaviour of the LH
current drive (LHCD) efficiency at high plasma density. Previous results obtained on Alcator C
[8] at high density showed a rather low efficiency r\Qjy=0A2 for Brj.=10 T, as compared with

that achieved, at much lower densities, on the largest tokamaks such as JET [9] or JT-60 [10],
where rip-pj=0.3 at ne =0.2x1020nT3. On the other hand, quasi linear theory predicts no

degradation of the efficiency with increasing density: the suprathermal electron tail should be
quenched almost linearly with n

The results obtained on FTU, where 11^^=0.21 for effective ion charge Zeff=l, show that

the possibility exists to attain efficiencies as high as those on JET or JT-60 also at high density.
The reason for the discrepancy with the Alcator C results can be attributed to the favourable
scaling of iVr-) with <Te>, the volume averaged electron plasma temperature. Indeed, the main

difference between FTU and Alcator C is that substantially higher TQ values are achieved in

FTU, with peak values T e 0> 2.0 keV on FTU against Te0«0.6 keV on Alcator C. [8, 11]. The

enhancement of ^rj) wu"h T e can be inferred not only from data taken on a single device

[9,10], but it is also evident from the comparison between various tokamaks operating in quite
different regimes, as illustrated below.

The LHCD efficiency studies have been performed on FTU in the following ranges:

0.3sn e<1.15xl02 0 m ' 3 , 0 .2£P L H s l . l MW, 0.22sIps0.5 MA, 4<;BT£7.1 T. No operational
limit was met so far due to impurity influx: LH pulses with a transmitted power density at the
grill mouth larger than 10 kW/cm2 and longer than 0.7 s are routinely and safely run, even at
the highest P L H achieved so far, i.e. PLH=1-7

 M W t 1 2 ] -

The LH power routinely available so far has allowed to achieve a full CD phase only for
n e=0.5xl0 2" m , for higher density only partial CD is obtained. A relevant example of the
time evolution of the main plasma quantities is given in Fig. 7. The LH power sustains steadily
the plasma current for more than 0.5 s (the estimated inductive time scale ^rm is 0.4 s) at ne

=0.45xl02 0 m'3 , central value n e 0 = 0.7x020 m"3, and T e 0 » 4 keV upon stabilisation of the

6
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F/G. 7 Temporal evolution of the main plasma
quantities during a full CD phase at relatively
low density, a) Line averaged and peak plasma
density; b) Coupled lower hybrid power; c)
Loop voltage which is maintained at zero for
about 0.5 s; d) Central electron temperature; e)
Average ion charge, Zeff
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FIG. 8 Behaviour of the CD efficiency
versus <Te> for the whole data set of FTU,

with >ze~ 1.17xlO20 m-3-. N\\ff=1.52 and
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sawtooth activity. For higher density a drop up to 50% of the loop voltage Vi with TgQ> 2 keV

has been achieved at ne=0.9xl0 m"^ (neQ=1.2xl0™ m'^). Even in partial CD regimes we

are confident to evaluate quite reliably v\rjy> because in FTU the effect of the residual electric

field on the suprathermal electron tail is small, within the experimental errors [13]. The ratio
*LH^P *s e v a m a t e d m FTIJ taking into account the change in the LH phase of the loop

voltageand of the bulk conductivity but neglecting the effect of the residual electric field on the
fast electron tail. In the quasi steady states considered here, the conductivity is simply

3/2
proportional to <Te > (<..> stands for volume average) and inversely proportional to Zgff

since the internal inductive effects are negligible and the electric field is almost radially uniform,
therefore:

(1) • = ! - •

V,1,LH

r3/2 \

^eff.OH

The efficiency for a clean plasma (Zeff=l) ^rr\ *s t n e n obtained taking into account the

effect of the impurities on the CD, efficiency predicted by quasilinear-theory which yields v\rr\
theory -*

^oc (Zeff+5)"1
Only the cases with a first penetration inside r/a=2/3 have been selected. Indeed, as soon

as this condition is violated, either by lowering By or NIIQ, the peak value of the LH Nn

spectrum (Nil is the index of refraction parallel to By), or by increasing ne, the experimental

CD efficiency drops substantially. Data are presented in Fig. 8, where the r\rj) v a l u e s are plotted

versus <Te>. The favourable scaling in FTU of the CD efficiency with the electronic

temperature is evident, and it has been confirmed directly during the preliminary experiments of
combined LHCD + electron cyclotron heating [14].
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The positive trend of T\QT\ with <Te> applies to all tokamaks [13], as shown in Fig. 9

where the TI^T) values, extrapolated to clean plasma conditions (ZQ^=\), from the coldest (HT-

6B [15]) to the hottest (JET [9]) device are plotted versus <Te>. The data are selected in the

range 1.7sNi|osl.9, if available, otherwise, they are corrected for the different LH phase

velocity. The largest <Te> interval available in the literature is examined, and the highest

reported efficiencies are considered, except for Alcator C for which f\(^r) ^s t a ^ e n a t

i i e =lx l0^^ m . These results are in qualitative agreement with theoretical expectations [16].
LHCD was also used for current profile control. Sawtooth oscillations were stabilised at low
density (n e <0.6xl0^ m'^) for values of the loop voltage drop larger then 60% and at high

density ((n e>0.8xl0^ m"^) even at lower values [17]. Negative central shear configurations in
low temperature plasmas were achieved via off-axis LHCD, showing the capability of controlling
the power deposition even in a regime where the power absorption at the first ray pass is
negligible [16].

4. ELECTRON CYCLOTRON HEATING AND CURRENT DRIVE

The fundamental coce resonance (B=5T) with low field side launch in the ordinary
polarisation is utilised for the absorption of the Electron Cyclotron wave (ECW). The ECRH
system on FTU tokamak is composed of four sub-units, each one with its own gyrotron
(140 GHz, 0.5 MW, 0.5 s), polariser (pair of flat corrugated mirrors), transmission line (circular
and corrugated, 88.9 mm i.d.) and launching antenna (focusing mirror). Each antenna is steerable
both in the vertical and in the toroidal directions [1], for providing off-axis ECW absorption at
fixed toroidal magnetic field and electron cyclotron current drive (ECCD).

4.1 High density ECRH

The cut-off electron density in these conditions (140 GHz, fundamental resonance, O-
mode) is n e c u t . o f f = 2.4 1020 m"3. The electron temperature in this high density range is
T e o=l keV in typical FTU ohmic discharges (Ip«700 kA), which implies that the e-i energy
equipartition time («10 ms) is less than the global electron energy confinement time (=30 ms).
ECRH experiments have been performed [18] at high density with a single ECRH unit delivering
350kW to the plasma (Fig. 10).

8
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ature is estimated from D-D neutron
emission in a Deuterium discharge.
<Te>/Ti~1.7

The observed rise time of the ion temperature is in agreement with the assumption of a
neo-classical e-i collisionality. However, ion energy losses larger by a factor =2 than neo-
classical have to be accepted to explain the final value of the ion temperature (ATj /Tj= 0.1). It
should be noted, however, that the large T e variations due to sawteeth could induce to an over
estimate of the effective average e-i power transfer and, consequently, of the ion diffusivity.

4.2 Localized ECW absorption, electron heating&thermal transport, MHD
stabilization

The absorption coefficient for the EC wave propagating into the plasma as an O-mode is
significant (»1.5 cm"1) only within a few cm from the resonance position r r j s . Single pass
absorption is higher than 95% in most target plasmas provided that rrjs/as0.5, where electron
temperature and density are high enough to provide significant optical thickness.

The e.m. beam radius, as small as «1.8 cm in vacuum, is appreciably increased by
refraction only if the peak electron density is close to cut-off (from ne/ncut.off&0.7). It follows
that the size or of the absorbing volume is small with respect to the plasma radius, being Sr/a»0.2
at worst in most of the experiments.

Localized ECW absorption has been used in FTU to deposit additional heating power in
the good confinement region (on-axis ECRH during current ramp-up), to evaluate thermal
insulation properties and to control MHD instabilities (sawteeth). Off-axis ECRH, localized at
the sawteeth inversion radius, can lead to stabilization due to shear reduction at rq=j(Fig. 11).
The fast local change in the resistivity forces a flattening of the current density profile inside
the absorption radius. Stabilization is eventually lost as the plasma shifts outwards because of the
increased pressure, and ECW absorption falls again inside the reconnecting area. Off-axis ECCD
with oblique launch can be used to enhance sawteeth stabilization, but this technique is really
effective at high power, because of the relatively low current drive efficiency estimated in these
conditions: T 1 E C C D

= Iec/Pec«10"2 A/W.

The sawtooth-free phase is suitable for the evaluation of thermal confinement properties
by using an interpretative transport code. The value found in the region 0.2<r/a<0.4, where the
heat flux is dominated by ECRH and the error due to uncertainties in the ohmic input term is

9
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negligible, can be as low as %e " 0.4 m2/s, very close to the one observed during ECRH on the
current ramp-up at about the same plasma current and electron density.

5. ION BERNSTEIN WAVE COUPLING EXPERIMENT

The ion Bernstein wave (IBW) heating scheme utilises the IBW, a hot plasma wave
propagating in the range of an ion cyclotron harmonic frequency, for carrying the
radiofrequency power in the core of the tokamak plasma and coupling directly on the thermal
ions [19]. Moreover, recent theory [20] and experiments [21] have shown that spatially
localised IBWs can induce a velocity shear layer useful for core barrier formation via turbulence
stabilisation. The IBW experiment on FTU [22, 12] is the first experiment utilising a waveguide
antenna similar to the grill antennas of the Lower Hybrid current drive experiments; the IBW
scheme needs to launch, in fact, the same slow electron plasma wave. This antenna excites slow
electron plasma waves which are expected to mode convert into IBWs near the cold Lower

Hybrid resonance layer, which is located in the scrape-off plasma. Furthermore due to the fj"2

dependence of the ponderomotive potential, the higher operating frequency of the IBW-FTU
experiment is a special feature which gives this experiment more chances to work free from
parasitic phenomena, such as non-linear phenomena, induced in the scrape-off plasma by the
electrostatic waves excited by the antenna, so making possible to test the IBW heating scenario
via slow wave.

The antenna is fed by a pressurised coaxial transmission line connected to a 433MHz
klystron power generator. A vacuum tight alumina window located in the waveguides allows to
connect the antenna to the vacuum chamber. The antenna capability to couple the RF power to
the plasma has been successfully tested. About 300 kW of RF power, only limited by the present
capability of the RF power supply, were coupled to the plasma free from arcing in the antenna.
The corresponding RF power density is about 1.3 kW/cm2; a value in the range of performance
expected by extrapolating the best results obtained by the waveguide grill antennas employed in
the Lower Hybrid heating and current drive experiments. In order to optimise the antenna
coupling, the position of the antenna and the waveguide phasing were changed shot by shot
during the experiment. The plasma density at the antenna-plasma interface was monitored by
Langmuir probes located at the antenna mouth.

As a result, the RF power reflection coefficient, for a given waveguide phasing, mainly
depends on the plasma density measured at the antenna mouth. The best coupling,
corresponding to an RF power reflection coefficient of 15%+20%, is obtained by operating at a
plasma density of a few 1016 m"3 measured a the antenna mouth, and waveguide phasing of about
40°.

A comparison with the results of the model developed for the IBW waveguide antenna
coupling [23, 24] is shown in Fig. 12. Both the measured and the expected reflection
coefficients increase by increasing the plasma density at the antenna-plasma interface.

Moreover, no direct IBW coupling is found, by operating with plasma densities greater

10
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FIG. 12 Comparison of the measured and calculated RF power reflection coefficients of the
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m"than 10 m" at the grill, as expected by the model. The waveguide phasing which has produced
the minimum RF power reflection during the experiment is lower than the value of 180°,
expected by the computation. This difference can be due to a possible effect of wave reflection
on the vacuum vessel which can modify the electric field spectrum at the antenna-plasma
interface. This effect, not considered in the model, could occur within a range of a few parallel
wavelengths from the antenna (50 cm typically).

However the agreement of the measured and the expected RF power antenna reflection
trends with the plasma density gives confidence that the antenna can work properly in
launching the slow wave necessary for the IBW experiment.

6. IMPURITY TRANSPORT STUDIES

The radial profiles for the diffusive and convective impurity transport coefficients D and
V in the plasma core (0 < r/a < 0.7) have been obtained by the measurements of the absolute
fluxes of a few species of molybdenum ions (Mo33+ to Mo ) under the assumption of steady-
state conditions, and compared with the quasilinear expression for the anomalous transport
induced by electrostatic turbulence [25]. The L-shell emission spectra of Mo - Mo in the
range 4 - 5.5 A were obtained with a rotating crystal spectrometer. Using a detailed collisional-
radiative model developed at LLNL that incorporates ab initio atomic calculations [26], we
identify a reliable line transition from each ion in each discharge and measure its experimental
brightness as a function of impact parameter. From these measurements, it is possible, using the
calculated atomic data, to get the radial density profile Nz(r) for the three ions (Z=32, 31 and
30). Then, the flux T31+ can be derived from the continuity equation [27], in steady state, from
the knowledge of the source terms. Under the assumption that impurities do not alter the
background turbulence dynamics (which is correct as long as the impurity concentration is
sufficiently low) it is possible to show that the impurity flux can be exactly written as Fz=-D
Vnz+Vnz> with D and V depending only on the turbulence characteristics and the impurity
charge, but being independent of the impurity density. Thus, from the experimental
measurements, it is possible to determine the radial profile of D and V. The D nd V profiles have
been compared with the theroretical expression obtained from quasilinear theory. The perturbed
distribution function for impurities is obtained from the Drift-Kinetic equation using a Krook
model for the collision operator. The frequency co of the fluctuating electric field is taken as a
parameter in the calculation. The experimental results are very well reproduced with co in the

rangelO^ to2xlO^ Hz, in agreement with the spectrum of fluctuations expected on FTU. The
comparison is shown in Fig. 13.

1 1
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FIG. 13 Diffusion coefficient and convective velocity measured (dotted) and calculated
(continuous)

7. FUTURE PLANS

The possibility of modification of FTU in order to study D-shaped plasmas (FTU-D) at
high Pp with a large bootstrap fraction is at present under investigation. Elongations up to k=1.6
and high triangularity values can be obtained by a proper programming of the poloidal coils. The
plasma will be close to the wall in the outer part. Thus, typical aspect ratio values will be in the
range R/a=5.5. The use of the ECRH system constrains the operation to B=2.5T and B=5T.
Plasmas with a double X-point well inside the vacuum chamber can be run up to a plasma current
around 350kA. In these conditions the bootstrap fraction is expected, on the basis of the
ITERH97 [28] scaling, to be in the range 80-90%. Typical plasma parameter are give in Table
I.

TABLE I. Plasma parameters of three FTU-D equilibria achievable in the presence of 4MW
of heating power. The first two columns refer to separatrix equilibria, namely a 5T
equilibrium at the maximum current (col. 1) and a 2.5T equilibrium (col.2) at 250kA. In
these two columns only the parameters achievable in the H-mode are shown. On the
contrary, column 3 refers to a limiter equilibrium at the maximum current. Both L mode and
H mode parameters are shown in this case. The coefficient H-ITER-97 is the improvement
factor with respect to L-mode confinement expected on the basis of the H-mode scaling.

IP (kA)
B(T)
k
q*
H-ITER-97
tE(ms)
neLine ( l O V )
<Te> (keV)
p%
Pp
PN% (mT/MA)
fB
tskin(s)

Col. 1
A=5.76

(a= .184m)

H-mode
350

5
1.58

4
2.75
48
1.4
2.5
1.16
3.5
3

0.96
0.77

Col. 2
A=5.92

(a= .179m)

H-mode
250
2.5
1.63
2.8

2.52
26

0.83
2.4
2.5
3.7
4.6

1

0.66

Col. 3
A=5.4

(a= .216)

L-mode H-mode
800

5
1.39

2
1

33
2.5
82

1.3
1.6

0.66
0.44
0.9

0.13
0.51

3.9
1.6
1.1
2.2

0.33
2

12
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The main goals of this experiment will be:
- the investigation of the access to enhanced confinement regimes with additional heating

systems which do not fuel the plasma and do not induce a rotation;
- the study of MHD (and neoclassical MHD) stability in the presence of a large bootstrap

fraction;
- the achievement and control of advanced scenario configurations on a time scale

comparable or larger than the skin time.
Since FTU is mainly equipped with electron heating systems, it will be possible to perform

detailed investigations of the electron transport behaviour. This is particularly relevant for
burning plasma conditions since the alpha particles heat directly the electron population.

References

[I] CIRANT, S., et al., "Long pulse ECRH experiments at 140 GHz on FTU tokamak", Proc.
10th Joint Workshop on ECE and ECRH, T. Donne1 and Toon Verhoeven Editors, 369
(1997).

[2] BRACCO, G., et al., "Energy transport analysis of high temperature and high density FTU
plasma discharges", Paper IAEA-F1-CN-69/EXP2/01, these proceedings

[3] VLAD, G., et al., "A general empirically based microinstability transport model", Nucl.
Fusion 38 (1998) 557.

[4] BURATTI, P. et al., "MHD activity in FTU plasmas with reversed magnetic shear",
Plasma Phys. Contr. Fusion 39, B303 (1997).

[5] BURATTI, P. et al., "MHD studies in FTU plasmas with low and negative magnetic
shear", Paper IAEA-F1-CN-69/EXP3/01, these proceedings .

[6] BURATTI, P. et al., "Internal MHD modes in FTU plasmas with high core confinement"
25th EPS Conf. on Controlled Fusion and Plasma Physics, Prague 1998.

[7] TUCCILLO, A.A et al., II Int. Workshop on Strong Microwaves in Plasmas, Nizhny
Novgorod, 15-22 August 1993, V. 1, p. 47-59

[8] PORKOLAB, M., SCHUSS, J. J., LLOYD, B., et al., Phys. Rev. Lett., V. 53 , p. 450,
(1984)

[9] EKEDHAL, A., BARANOV, Y., DOBBING, J., et al. Proc 2 3 r d EPS Conf. on Plasma
Phys. and Controll. Fusion, Kiev, Ukraine, 24 - 28 June 1996, V.20C, part II, p. 969

[10] WATARI, T., Plasma Phys. Controll. Fus, V. 35, p. A181, (1993)
[II] KNOWLTON S.,. Porkolab, M, Takase, Y. ,et al. Phys. Rev Lett., V. 57 , p. 587, (1986)
[12] PERICOLI RIDOLFINI V., et al. "High Density Lower Hybrid Current Drive and Ion

Bernstein wave heating experiments on FTU" IAEA-F1-CN69/CDP/4 these proceedings
[13] PERICOLI RIDOLFINI, V., et al. Phys. Rev. Lett, to be published

[14] PERICOLI RIDOLFINI, V., CIRANT, S., et al., Proc 24 t h EPS Conf. on Controll. Fusion
and Plasma Phys, Berchtesgaden, Germany, 9 - 1 3 June 1997, V21A, Part III, p. 1157

[15] CAO, Y., et al., Proc. 13 t h Conf. on Plasma Phys and Controll. Nucl. Fusion Research,
Washington DC, USA, 1-6 Oct. 1990, V. I, p. 411

[16] BARBATO, E., Plasma Phys. Control. Fusion 40, (1998) A63
[17] TUDISCO O., et al., 2nd Europhysics topical Conference on "Radio Frequency Heating

and Current Drive of Fusion Devices, Brussels (Belgium), January 20-23 1998, p. 153
[18] CIRANT S. et al., "Electron Cyclotron Heating at 140 GHz on FTU Tokamak During

Current Ramp-Up and Steady-State Conditions" - Paper IAEA-F1-CN69/CD1/3, these
proceedings

[19] ONO, M., Phys. Fluids B 2 (1993) 241.
[20] CRADDOCK, G., et al., Phys. Rev. Lett. 67 (1991) 1535.
[21] LEBLANC, B., et al., Phys. Plasmas 2 (1995) 741.
[22] CESARIO, R. et al., and references therein, in 2nd Europhysics Topical Conference on

Radio Frequency Heating and Current Drive of Fusion Devices, Brussels (Belgium) 1998,
edited by J. Jaquinot, G. Van Oost, R.R. eynants, European Physical Society, brussels
(Belgium) 1998, Vol. 22A, p. 65.

[23] CESARIO, R., DE MARCO, F., SAUTER, O., Nuclear Fusion, 38 No. 1 (1998) 31.
[24] CESARIO, R., et al., Nuclear Fusion, 34 11 (1994) 1527; CARDINALI, A., et al., in

Proceedings of the 21st EPS Conference on Controlled Fusion and Plasma Physics,
Montpellier, 1994 (European Physical Society, Petit-Lancy, 1994) p. 968;

13



242 OV4/4

RUSSEL, D. A., et al., Phys. Plasmas, Vol. 5 No. 3, (1998) 743
[25] PACELLA D. et al. "Impurity Transport Studies on the FTU Tokamak IAEA-CN-

69/EXP1/01 these proceedings
[26] FOURNIER, K., PACELLA, D., et al 1996 Phys. Rev. A 54 3870
[27] PACELLA, D., et al 1997 Plasma Phys. Control. Fusion 39 1501

14



243 OV4/5

XA0053876
CONFINEMENT PHYSICS STUDY IN A SMALL
LOW-ASPECT-RATIO HELICAL DEVICE CHS

S. OKAMURA, K. MATSUOKA, R. AKIYAMA, D. S. D ARROW1', A. EJIRI2),
A. FUJISAWA, M. FUJIWARA, M. GOTO, K. IDA, H. IDEI, H. IGUCHI, N. INOUE,
M. ISOBE, K. ITOH, S. KADO, K. KHLOPENKOV3', T. KONDO3), S. KUBO,
A. LAZAROS4), S. LEE, G. MATSUNAGA5), T. MINAMI, S. MORITA, S. MURAKAMI,
N. NAKAJIMA, N. NIKAI5), S. NISHIMURA, I. NOMURA, S. OHDACHI, K. OHKUNI5),
M. OSAKABE, R. PAVLICHENKO3', B. PETERSON, R. SAKAMOTO, H. SANUKI,
M. SASAO, A. SHIMIZU5>, Y. SfflRAI3), S. SUDO, S. TAKAGI5), C. TAKAHASHI,
S. TAKAYAMA3), M. TAKECHI5), K. TANAKA, K. TOI, K. YAMAZAKI,
M. YOKOYAMA, Y. YOSfflMURA, T. WATARI

National Institute for Fusion Science,
Toki 509-5292,
Japan

Abstract

The configuration parameter of the plasma position relative to the center of the helical coil winding is
very effective one for controlling the MHD stability and the trapped particle confinement in Heliotron/Torsatron
systems. But these two characteristics are contradictory to each other in this parameter. The inward shifted con-
figuration is favorable for the drift-orbit-optimization but it is predicted unstable with the Mercier criterion.
Various physics problems, such as electric field structure, plasma rotation and MHD phenomena, have been stud-
ied in CHS with a compromising intermediate position. With this standard configuration, CHS has supplied ex-
perimental results for understanding general toroidal confinement physics and low-aspect-ratio helical systems. In
the recent experiments, it was found that the wide range of inward shifted configurations gives stable plasma dis-
charges without any restriction to the special pressure profile. Such enhanced range of operation made it possible
to study experimentally the drift-orbit-optimized configuration in the Heliotron/Torsatron systems. The effect of
configuration improvement was studied with plasmas in a low collisionality regime.

1. INTRODUCTION

CHS (Compact Helical System) is a small low-aspect-ratio Heliotron/Torsatron device (Ap ~
5) [1]. Since its construction at ten years ago, various plasma physics experiments have been con-
ducted. The main objective was to confirm the advantage of low-aspect-ratio design of Heliotron/
Torsatron system and to supply the experimental database for the next generation helical system
LHD [2]. A large part of the scientific achievement in helical system research that supported the
decision of constructing LHD came from the Heliotron-E experiments. Since there was a large
difference in the aspect ratio between two machines (Ap ~ 11 for H-E and Ap ~ 6.5 for LHD), the
scientific experience of the CHS experiment was very important to proceed to LHD. The dataset of
global confinement of CHS has been incorporated into the world-wide stellarator scaling study [3]
and it confirmed that the confinement capability of CHS is on the general scaling line of global
confinement for helical systems. A low-aspect-ratio design of a Heliotron/Torsatron system
generally gives a higher MHD stability limit. CHS achieved the highest beta value among helical
systems [4] and demonstrated the possibility of realizing the stable discharge with a necessary beta
for helical reactor designs.

1) Princeton Plasma Physics Laboratory, Princeton, N. J., U.S.A.
2) The Graduate School of Science, Tokyo Univ., Tokyo 113-0033, Japan
3) The Graduate Univ. for Advanced Studies, Toki 509-5292, Japan
4) National Technical University, Athens, Greece
5) Dep. of Energy Eng. Science, Nagoya Univ., Nagoya 464-8603, Japan
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The compactness of the device also benefits to practical aspects of the experiments. It is
possible to have a minimum requisite size of minor radius (a ~ 0.2 m) with a relatively small ma-
chine size (R = 1 m). This size of minor radius is necessary to clearly separate the core plasma
confinement from the various physical processes in the plasma edge region. The advantage of a
small size device is especially apparent when a new topic of physical research is planned. The
preparation of hardware can be done quickly and at a relatively small cost. Typical examples are
new diagnostic tools which have been installed in CHS. They opened new area of physics research
in helical systems : the HIBP (heavy ion beam probe) for the electric field study [5], the TVCXS
(charge exchange spectroscopy with CCD camera) for the plasma rotation and electric field study
[6] and the TESPEL (tracer-encapsulated solid pellet injection) for precise transport study with the
impurity injection [7]. Machine operation is flexible for a small size device. The H-mode was
studied in the discharges with inductive current which was produced by swinging the poloidal field
[8]. The dynamic plasma position control for high beta plasma was also demonstrated [4].

The flexibility of the magnetic field configuration control of CHS enables the optimization
study of the magnetic field structure. Although the range of configuration space is limited, the
optimization for the drift orbits of deeply trapped particles is possible in the experiment. The es-
sential problem for such an optimization in Heliotron/Torsatron systems is the contradiction of
drift orbit optimization and MHD stability. In CHS, the stability of discharges, which is more stable
than the limit from the Mercier criterion, gives a much wider configuration space and enables the
drift-orbit-optimization study. The effect of higher harmonic ripples in the vicinity of the
magnetic axis is clarified in the experiments in the low collisionality regime.

2. MAGNETIC CONFIGURATION OF CHS DEVICE

In Heliotron/Torsatron configurations, a considerable amount of deeply trapped particles in
the helical ripples do not escape directly from the confinement region. They drift around follow-
ing the helical structure of the magnetic field. But such drift orbits and the magnetic surfaces do
not always coincide and the deviation of trapped particle orbits from the magnetic surfaces causes
the ripple transport processes for low collisionality plasmas. This problem depends on the struc-
ture of helical windings. CHS has two helical windings (/ = 2) with eight toroidal periods (m = 8).
These helical coils produce the vacuum rotational transform i = 0.3 at the center and 1.0 at the
boundary. A large pitch modulation of the helical winding (a* = 0.3) is adopted for the CHS
device as shown by the winding law of the helical coils given by Eq. (1).

9 = N <j> + a* sin(N (J)), N = mil, (1)

where 6 is the toroidal and <j) is the poloidal angle, respectively. A pitch modulation gives two op-
posite effects depending on its sign. A negative sign enhances the helical ripples in the inboard
side of torus which gives better coincidence of drift orbits to magnetic surfaces. But such a modi-
fication of the helical winding reduces the size of the last closed magnetic surface (LCMS). Since
the most important subject of CHS was to realize a low-aspect-ratio helical device, a positive num-
ber of oc* was selected. From this point of view, CHS has a negatively optimized magnetic field
configuration for trapped particle orbits.

Even with a given helical coil structure, the characteristics of the magnetic field configura-
tion can be largely varied with poloidal field control. CHS has three sets of poloidal coils which
make it possible to control three free parameters in poloidal field (vertical field, quadrupole field,
...). Because the drift orbits of deeply trapped particles are determined by the structure of the
magnetic field strength, they are much less sensitive to the vertical field settings than the configu-
ration of magnetic surfaces. Therefore, it is possible to coincide approximately the magnetic
surfaces and the drift orbits by controlling the magnetic surface positions with the poloidal field.
In CHS, such a configuration can be obtained by strongly shifting the magnetic surfaces to the
inboard side of the torus.
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Several magnetic surface characteristics which are important for confinement studies are
shown in Fig. 1 as a function of the magnetic axis position Raxx • The plasma volume is maximum
at Rax = 98 cm which is supposed to be the standard configuration from the viewpoint of making
a fat plasma in a small device. The minimum aspect ratio 4.5 is obtained at the same position. The
magnetic well is formed in the central region of a vacuum field when Rax > 95 cm. The edge
region is stabilized by the magnetic shear. The magnetic well is also increased by the Shafranov
shift of magnetic axis for finite beta plasmas. The radius of magnetic well region is plotted in Fig.
1 for both vacuum field and the equilibrium with 1 % average beta. The profile of rotational
transform varies depending on Rax parameter. The magnetic shear parameter is largest at Rax = 96
cm and decreases for both the outward shift and the inward shift of magnetic axis.
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FIG. 1. Plasma volume (a), normalized radius of magnetic well region for 1 %
beta (b) and for 0 % beta (c), relative area of closed Mod-B minimum contour
(d), field ripple on magnetic axis (e), as a function of magnetic axis position Rax-

Most of magnetic axis positions in Fig. 1 are smaller than the major radius of helical coil
winding (R = 1 m). It is because of the low aspect ratio characteristics of CHS and the positive
pitch modulation of the helical coils. For the standard and inward shifted configurations (Rax < 97
cm), the LCMS is determined by the inboard side of the vacuum vessel wall working as eight
symmetric limiters. For the outward shifted configuration, the LCMS is given by the magnetic
separatrix.

Drift orbits of deeply trapped particles are approximately illustrated using the Mod-B
minimum plots which are contour plots of minimum magnetic field strength along the field line
within one helical period. A relative area of the largest Mod-B minimum contour line enclosed by
the LCMS is plotted also in Fig. 1. Rax = 87.7 cm gives the best configuration from this point of
view while sacrificing plasma volume and the magnetic well. The field ripple on the magnetic axis
is also important for the neoclassical heat transport and the parallel viscosity of the plasma rota-
tion. It comes from the two effects of both the helical excursion of the magnetic axis (toroidal
effect) and the variation of the distance between the helical coils and the magnetic axis (helical
effect). The dependence is shown in Fig. 1.

A large portion of the discharges in CHS have been produced with Rax = 92.1, or 94.9 cm
since these configurations gave best performance for both NBI and ECH plasmas in CHS. Such
range of magnetic axis position is a standard selection of Heliotron/Torsatron systems to com-
promise both the MHD stability and trapped particle orbits. This paper describes the experimental
results to compare discharges in these standard configurations and more inward shifted configu-

1 Rax is defined as the major radius of a magnetic axis at the vertically elongated toroidal cross section in
the vacuum field. It is an operational parameter which reflects the setting of currents in helical and
poloidal coils. It does not give the real position of the magnetic axis for a finite beta equilibrium.
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rations which gives the drift-orbit-optimization for Heliotron/Torsatron systems.

3. CONFINEMENT CHARACTERISTICS IN STANDARD CONFIGURATION

The database of CHS global confinement time which was incorporated in the international
stellarator scaling study (ISS-95) [3] was taken from the discharges with standard configurations
(Rax = 92.1 or 94.9 cm). For this study, because the collisionality of most discharges were in the
collisional or plateau regime, the characteristics of trapped particle orbits did not have a large
effect. More important aspects are anomalous transport and the engineering feasibility of efficient
plasma heating. By contributing to the global confinement scaling, CHS assured the possibility of
designing a helical system with a low aspect ratio. It is an important basis in planning a compact
helical reactor. Two directions of helical system research for both a high aspect ratio (Ap - 10)
and a low aspect ratio (Ap - 3 - 4) became possible.

The global confinement time of a collisional plasma is better with the standard configura-
tion than the outward shifted one (Rax > 95 cm) even though the plasma volume is smaller than at
Rax = 98 cm [9]. This result is opposite to the common understanding of global confinement in
relation to MHD stability. In this respect, the magnetic well does not assist better confinement in
CHS. On the other hand the global confinement stays on the similar level for the inward shifted
configuration (Rax < 92 cm) even though the ideal MHD stability becomes worse. It should be
noted that there remains some ambiguity in evaluating the heating efficiency because the behavior
of high energy particles are difficult to fully understand both for ECH and NBI heated plasmas.
The confinement characteristics of less collisional plasmas will be discussed in Section 6.

A typical electron temperature and density profiles of ECH plasma are shown in Fig. 2. The
output power of the 106 GHz gyrotron was 300 kW and the magnetic field was 1.9 T on the mag-
netic axis in the standard configuration Rax = 92.1 cm. The double folded structure is noticed in
the temperature profile. Such structure is general for ECH plasmas in CHS and a much clearer ex-
ample is obtained for a low density plasma (ne ~ 2 - 3 x l O 1 2 cm"3) with the electric potential pro-
file measurement by HIBP [10]. The electric potential showed the similar double folded profile.
The collisionality of helical ripple trapped particles is less than unity at a half radius in Fig. 2, and
the experimentally obtained electron thermal conductivity is close to the neoclassical value (Ze ~ 3
m2 sec"1).
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FIG. 2. Electron temperature and density profiles for 106 GHz ECH
heating. Rax = 92.1 cm, Baxis = 1.9 T.

The highest ion temperature was obtained in the high ion temperature mode experiments in
CHS using NBI heating [11]. The profile of ion temperature measured by TVCXS diagnostics is
shown in Fig. 3 together with the electron temperature and density profiles. The magnetic field
was 1.9 T and the configuration with Rax = 92.1 cm was selected. Single co-injection beam was
used with a careful tuning for the better beam focusing. Strong wall conditioning with the titanium
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gettering was necessary to suppress the wall recycling which resulted in the peaked density profile
mostly fueled with the injected beam.
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FIG. 3. (a) Ion temperature and electron temperature profiles and (b)
electron density profile in high ion temperature mode experiment

CHS has two neutral beam injectors (NBI #1 and #2), the maximum energy of which are 40
keV and 36 keV respectively. Two beams are installed so as to make a balanced tangential injec-
tion. One system (NBI #1) is movable to allow various injection angle to the magnetic field for the
purpose of high energy particle confinement study. The ratio of the ion Larmor radius to the
plasma minor radius is 1/6 to 1/7 for 1 T operation (1/30 for LHD with Eo = 180 keV and Bt = 3
T). In the case of tangential injection the toroidal shift of the passing orbit of the beam ions from
the magnetic surface becomes 1/2 to 1/3 times minor radius. Combined with large Larmor radius
size, the real trajectories of beam ions show very complicated structure especially for the passing
boundary particles. As an example, an orbit of a co-injected beam particle with a pitch angel of 48
degree at the detector position is shown in Fig. 4. It makes an excursion out of the LCMS on the
outboard side of torus, and comes back into inside of the LCMS.

VJ LCMS
of horizontally elongated^lasma
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FIG. 4. Toroidal projection of full orbit trajectory for 38 keV proton with 48 degree
pitch angle at detector position. The last closed magnetic surface is shown for the
toroidal cross section where the escaping particle probe is installed. Magnetic field
configuration is Rax = 94.9 cm and the magnetic field strength is Bt = 0.9 T.
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Those particles play an important role not only in the plasma wall interaction, but also in the
charge exchange loss of the beam particles. On CHS, an escaping particle probe which resolves the
gyro-radius and pitch angle was installed and these particles were studied [12, 13]. Generally, the
signal strength of the escaping passing boundary particles shows a similar time evolution to that of
plasma pressure.

The pressure of high energy beam ions is large for most of NBI discharges. For low density
discharges, total energy of beam components is comparable to the thermal energy of plasmas.
Various MHD phenomena are observed which have the close relation to the beam components.
Beam driven TAE mode was found in CHS for the first time in helical devices [14], which are
closely related to the GAE mode found in Wendelstein 7-AS [15]. Another topic in this field is
fishbone like MHD oscillations [14, 16]. This oscillation is observed only for the co-injection of
the beam. One possible reason is the difference in the rotational transform profile for the co-
injection and the counter-injection. The observed beam driven current was about 10 kA in the
experiments with Bt = 0.9 T. It can vary the rotational transform considerably (by 30 - 100 %) in
the plasma central region which gives large effects on these instabilities.

Toroidal plasma rotation driven by the tangential NBI was studied experimentally and gave
an understanding of neoclassical parallel viscosity due to the magnetic field ripples (TTMP effect).
The rotation depends largely on the configuration because of the different ripple structures.
Figure 5 shows the toroidal plasma rotation speed driven by the co- and counter-beam as a
function of Rax [17]. The maximum speed was observed for the configuration with Rax = 89.9 cm
where the field ripple is minimum as shown in Fig. 1 in Section 1. A more complete calculation of
neoclassical parallel viscosity was made based on the magnetic surface averaging of the field gra-
dient 1 (= < dB/ds >) at r/a = 0.2 which is plotted in Fig. 5. The dependence of measured rotation
speed on Rax is consistent with this calculated viscosity if the perpendicular viscosity of 0.2 m2/s is
added to slightly modify the profile of rotation. The standard configuration of CHS allows a large
toroidal rotation speed which might contribute to better global confinement.

V)

e

40

30

20

10

^Co-injection

D - -
Counter-injection
i i i i

0.6

0.4

o.;

88 90 92 94 96 98 100 102 104
Rax (cm)

FIG. 5. Dependence of toroidal rotation velocity of plasma on magnetic axis
position. Both co-injection NBI heating and counter-injection case are plotted.
Averaged magnetic field gradient 7 is also plotted for r/a = 0.2 magnetic surface.

It was found in the perpendicular beam injection experiments and ICRF heating experi-
ments that the confinement of perpendicular high energy ions is bad in the standard configuration
of CHS. In the NBI experiments, NBI #1 which was set for perpendicular injection could not heat
the plasma at all [18]. On the other hand, the ICRF experiments were successful in CHS only if the
experimental scenario of electron heating was adopted [19]. These results are consistent with the
theoretical analysis of trapped particle orbits for the standard configuration.
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In order to solve these problems, the experiments were planned to extend the operational
range of magnetic axis position Rax. An optimized configuration for the deeply trapped particles
is obtained with Rax = 87.7 cm. A mod-B minimum contour plot for this configuration is shown
in Fig. 6 with a plot for the Rax = 92.1 cm as a reference. The plots are made for the magnetic
coordinates. To achieve a good coincidence of drift orbits with the magnetic surfaces which are
shown in Fig. 6(a), a control of the quadrupole component of the poloidal field is necessary. The
toroidally averaged flux surfaces of Fig. 6(a) are almost circular while the standard configuration
shown in Fig. 6(b) has a small vertical elongation of the averaged magnetic surfaces.

ZXs

(a) Rax = 87.7 cm (b) Rax = 92.1 cm

FIG. 6. Mod-B minimum plots for drift-orbit-optimized configuration
Rax = 87.7 cm and standard configuration Rax = 92.1 cm.

The magnetic field ripple structure for the drift orbit optimized configuration is shown in
Fig. 7 for three different minor radii. The minimum values of field strength at all bottoms of rip-
ples are almost constant. Such feature was discussed many years ago in terms of the a-optimiza-
tion of the helical magnetic field [20, 21]. More advanced optimization of helical field requires
the alignment of the field strength of magnetic field ripples both at their maxima and minima,
which is called quasi-omnigenous. It is impossible to make a quasi-omnigenous optimization in
CHS based on its existing helical coils. Since the plasma parameters we can obtain in most experi-
ments are barely in the collisionless regime, a partial optimization shown in Fig. 6 and 7 should be
effective for improving the confinement.

(r/a) = 0.31

(r/a) = 0.64

(r/a) = 0.88 VvVwvWvV VI WVWVAAI V V Wvw\Ai\l V v vWw*

Rax = 92.1 cm configuration

(r/a) = 0.67

FIG. 7. Magnetic field ripple structure at three different minor radii for drift-
orbit-optimized configuration Rax = 87.7 cm. The ripple structure for standard
configuration is also plotted for comparison.

4. ELECTRIC FIELD IN THE STANDARD CONFIGURATION

The effect of electric field on the confinement has been discussed in helical systems from
the very early phase of its research. It was in the framework of neoclassical transport which is dif-
ferent from the discussion of the effect of electric field shear on the anomalous transport. In heli-
cal devices, because the anomalous effect on transport is still large, both aspects of electric field are
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important. Large efforts have been made in CHS for the development of diagnostic tools for
electric field measurements. The TVCXS measured impurity flow profiles (mostly with carbon
impurity) both in the poloidal and toroidal directions and gave information of electric field pro-
files [22]. This diagnostics worked well for the middle and high density plasmas heated by NBI.
The HIBP measured full profiles of electric potential for both ECH and NBI plasmas with a rela-
tively low density [23]. Figure 8 shows the electric field profiles of NBI plasmas measured by
TVCXS for three different densities. The magnetic field was about 0.9 T with standard configura-
tions. Stronger electric field was observed for the higher density plasmas. The profile shape and
the strength of the electric field is consistent with the neoclassical theory prediction.
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FIG. 8. Electric field measurements by TVCXS diagnostics for NBI plasmas with
three different densities. Simultaneous measurement of electric field by HIBP is
plotted with a solid line for the middle density case.

The potential profiles for ECH and NBI plasmas measured by HIBP are shown in Fig. 9 for
the magnetic field 0.88 T with a standard configuration Rax = 92.1 cm. The radial electric field is
positive in the central region of ECH plasmas. The potential profile with stronger ECH shows a
double folded structure which corresponds to the similar electron temperature profile mentioned
in Section 3. The effect of electric field on the neoclassical heat transport has not been clearly
identified in the comparison of heat transport coefficient obtained from the experiment with the
neoclassical model. The electric field shear at the boundary region of higher density ECH plasma
is 50 V/cm2 which is expected to contribute to the reduction of anomalous transport by about 10
% [10].
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FIG. 9. Electric potential measurements by HIBP diagnostics. Electron densities for
low ne ECH was 3 X 1012 cm'3, for high ne ECH, 8 X 1012 cm'3. Input power for high
power ECH was 300 kW while others were 100 kW.

HIBP can measure the potential profile of NBI only for the density lower than 2 x 1013cm"3.
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It is because the radiation from the plasma disturbs the measurement of the secondary ionized
beam. On the other hand TVCXS has a difficulty in measuring the electric field for low density
NBI plasmas because the electric field is very small for these plasmas. Simultaneous measurements
of both diagnostics were made successfully for the intermediate density NBI plasma. The solid line
in Fig. 8 shows the electric field profile calculated from the potential profile measurement by
HIBP for the NBI plasma shown in Fig. 9. The discrete points are plotted from the measurement
by TVCXS. These two diagnostics show good agreement with each other for this range of density.

Another effect of electric field on the confinement in helical systems is the resonant loss of
high energy trapped particles. Because the radial electric field of NBI plasmas is negative, the E x
B motion and the curvature drift motion are canceled out for a particular energy which causes the
direct loss of trapped particles. The energy spectrum of fast neutral particles which have almost
perpendicular pitch angles is shown in Fig. 10(a) for the high magnetic field experiment (Bt =
1.76 T). It has a dip in the range from 2 to 4 keV. Tail components in the higher energy range
come from tangentially injected high energy beam ions. This dip appeared only when strong ion
heating occurred. Exponential fitting (shown by the line in the figure) of the perpendicular spec-
trum in the energy range of 0.45 < Eo < 1.2 keV (below the dip energy) gave almost the same ion
temperature as the TVCXS gave. Energy spectrum for the measuring angle shifted by 16 degrees
(denoted by 'oblique') is also shown in the figure for the comparison. The dip of the spectrum
disappeared in this case. Because the spectrum with an intermediate measuring angle showed about
70 % dip compared with the perpendicular case, the width of the resonant loss cone is of the order
of 10 degree. The spectrum dip position corresponds to the calculated particle energy for the
resonant loss process.
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FIG. 10. (a) Spectrum of fast neutral particles obtained by FNA diagnostic. Open circles
are from the measurement with perpendicular observation angle to the magnetic field.
Small closed circles are with 16 degrees shifted angle. Straight line is the result of
spectrum fitting in the energy range : 0.45 < Eo < 1.2 keV for getting ion temperature.
Magnetic field configuration was Rax — 92.1 cm and the field strength was Bt = 1.76 T.
(b) Time variation of energy spectrum slope in the range of 1 < Eo < 2 keV for NBI
discharges with and without ECH. The dip of energy spectrum was decreased by
application of ECH. The ion temperature measured by TVCXS diagnostic was 600 eV at
70 msec. Magnetic field configuration was Rax = 92.1 cm and Bt = 0.88 T.

Plasma potential control for NBI plasmas with the application of ECH was demonstrated
previously in CHS [24]. The electric field changed from negative to positive during the applica-
tion of ECH on NBI plasmas. Similar control was made for this plasma by applying 200 kW 53
GHz ECH in the low field experiment (Bt = 0.88 T). Time variation of the local slope of the fast
neutral particle energy spectrum (explained by an equivalent temperature in the energy range
from 1 to 2 keV) is shown in Fig. 10(b) for the perpendicular pitch angle measurement. During
ECH, this slope became smaller (higher equivalent temperature) which is the indication of decrease
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of the dip in the spectrum. The reduction of the carbon impurity was also observed during ECH
pulse. However the ion temperature did not show any significant increase during ECH which indi-
cate that the resonant loss of ions in CHS is still negligible compared with the total energy loss
mechanisms of ions.

The electric field has been measured for various discharges in CHS. The profiles are consis-
tent with the neoclassical particle flow modeling for most cases. However the comprehensive evi-
dence of confinement improvement with the electric field has not been obtained so far in CHS be-
cause the separation of anomalous loss from the neoclassical transport is difficult for most dis-
charges. Nevertheless some observations were made which showed the coincidence of electric field
structure and the temperature profile. One example is high power ECH plasmas which showed a
double folded structure both in the potential and temperature profiles. In this case, because the
contribution of the central part of a plasma to the total energy is small, an improvement of global
confinement is not noticeable. Another example is in the high ion temperature mode experiments
which showed the coincidence of transition from L mode to high ion temperature mode with a
significant change of electric field profile [11].

5. MHD STABILITY OF OPTIMIZED CONFIGURATION

In discussions of the experimental operation scenarios of Heliotron/Torsatron devices,
largely inward shifted configurations are usually excluded because they are (supposed to be) not
MHD stable. The ideal interchange stability of Heliotron/Torsatron systems is given by the combi-
nation of magnetic well and magnetic shear stabilizing effects. It is a general tendency for all
Heliotron/Torsatron devices that the stability is lost when the magnetic surfaces are shifted inward
because the magnetic well disappears and the magnetic shear is decreased. It has been discussed
that there is no good compatibility of the drift-orbit-optimization and the MHD stability for
Heliotron/Torsatron systems.
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FIG. 11. Ideal MHD stability map for inward shifted configurations. Solid gray
line gives Mercier stability boundary. Dotted one gives low-mode stability
boundary. The value Rax is given for the vacuum configuration.

NBI discharges in CHS appeared to be more stable than the prediction of the ideal inter-
change stability theory. Discharges in the configurations which have a large Mercier unstable area
in the central region were obtained without any instability. Figure 11 shows beta values and the
plasma boundary positions of selected discharges from the series of experiments of drift-orbit-op-
timization. The plasma boundary position Roo is defined as an averaged major radius of the last

10
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closed magnetic surface 2. The Rax parameters for the vacuum cases are shown below the Roo val-
ues for the comparison between them. Two thick lines in the figure indicate the boundary of the
ideal interchange stability from the Mercier criterion. The right side of the solid line (outward
shifted configuration) is the region where the equilibrium is Mercier stable for whole plasma re-
gion. The equilibrium in the left side has at least one unstable magnetic surface for the inter-
change mode. Since the low mode instabilities are the most dangerous ones, there is a region of
low growth rate of such a mode which is practically stable for the laboratory plasmas even with the
Mercier unstable condition. A thick dotted line gives such a low mode stability boundary. The
drift-orbit-optimization shown in Fig. 6 is realized at the plasma boundary position Roo = 90 cm.
The square and circle points are the data points with NBI and ECH heating respectively. They are
all stable discharges though the Mercier stability analysis predicts instability.

Three triangles in Fig. 11 are taken from the high beta experiments in CHS [4]. An example
of the plasma movement is shown by an arrow for the discharge which became Mercier stable as
the plasma beta increased (second stability for the interchange mode). The Mercier stability gen-
erally becomes better when the plasma beta increases because of the outward shift of the plasma
position and the creation of magnetic well due to the Shafranov shift. Fig 11 shows that discharges
in the inward shifted configuration of CHS were already stable even before reaching the second
Mercier stability. There is a first stability region for very low beta values given by the magnetic
shear stabilization effect. But such region is limited for very low beta and is below the beta values
of ECH discharges shown in the figure.

The ballooning stability analysis was made for the high beta discharges in Fig. 11 [25]. The
calculated stability boundary was close to 2 % beta for strongly localized structure in the toroidal
direction. However, since the toroidal Fourier modes for such structure are very high, it is pre-
dicted that these modes would not be excited in the real laboratory plasmas. The magnetic fluc-
tuations were measured for various beta values in the experiments. The fluctuation level increased
as the beta increased but it was saturated in amplitude when the beta became close to 2 % [26, 16].
Because the fluctuation measurements were made with a poloidal array of magnetic probes which
were installed at the toroidal cross section where the ballooning mode is localized, the saturation of
magnetic fluctuations at 2 % beta implies that the ballooning mode did not limit the beta. The
consideration of power balance including the heating efficiency of NBI could explain the ob-
tained beta value of 2 % [27].

The MHD stability analysis largely depends on the pressure profile of the discharge.
Because stabilization due to the magnetic shear works in the boundary region even for the inward
shifted configuration, an artificial pressure profile which has a very flat shape in the central region
and has a pressure gradient localized only in the boundary region could be Mercier stable.
Profiles of temperature and density were measured carefully for all discharges shown in Fig. 11.
Two typical examples are shown in Fig. 12 for the standard configuration (Rax = 92.1 cm) and for
the drift-orbit-optimized configuration (Rax = 87.7 cm). No essential difference is found between
the two configurations.

In the equilibrium calculation for the stability analysis, the beam pressure profile calculated
with a beam deposition code is added to the kinetic pressure. Since the beam pressure in CHS
makes up a large part of the total pressure, there remains an ambiguity in the pressure profiles
from this part. Total pressure profiles were in the range of normal profiles observed in the CHS
experiments which can be described by the formula : p(r) <* (1 - r2)06 with 1.5 < a < 2.5. This dif-
ference in profile shape does not essentially effect the stability conclusion except for the differ-
ence in the ratio of average beta and the central beta values. Difficulty in modeling also comes

2 Plasma position is denoted here by the position of LCMS from the finite beta equilibrium instead of
Rax because this parameter is closely related to the MHD stability.

11
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from the large toroidal shift of the passing beam trajectories which causes the non uniformity of
the beam pressure on a magnetic surface. Though the contribution of the anisotropic beam pres-
sure to the MHD stability is also important, it usually excites instability (e.g., MHD modes de-
scribed in Section 3) and it is difficult to find the stabilizing effect given by the beam component.
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FIG. 14. (right side) Dependence of magnetic fluctuations on average beta for different
LCMS positions.

The Mercier stability map for the Rax = 88.8 cm is shown in Fig. 13 calculated with the
pressure profile : p(r) «= (1 - r2)2. The contour lines of a Mercier criterion Dj [28] is plotted for Dj
= 0 and Dj = 0.2. Magnetic surfaces inside Dj = 0 contour line for a given beta are unstable for a
Mercier criterion. Dj = 0.2 contour line gives the low mode stability boundary [29] which corre-
sponds to the dotted line in Fig. 11. Thin dotted lines are also drawn in Fig. 13 to show the posi-
tions of particular radii : the boundary of the magnetic well and the positions of the low order ra-
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tional surfaces of 1/2 and 2/3. The magnetic surface with i = 1 disappears for this inward shifted
configuration. Finite beta equilibrium was calculated using the free boundary VMEC code [30]
with a vacuum field of the Rax = 88.8 cm configuration. Due to the outward shift of the boundary
and the Shafranov shift, the equilibrium finally reaches close to the second stability region when
the beta reaches 2 %. But the experimental condition shown in Fig. 11 is in an unstable region
based on the Mercier criterion.

Figure 14 shows the magnetic fluctuations measured for the NBI discharges shown in Fig.
10 as a function of plasma beta. There are different types of magnetic fluctuations in CHS [14]
which were excited either by pressure gradient or by the high energy beam ions. But generally the
total fluctuation level is larger for the inward shifted discharges than for the outward shifted ones
for Roo > 92 cm [16]. However for those discharges shown in Fig. 14 (Roo < 92 cm) they did not
increase even though the Mercier stability condition became worse as the plasma position is moved
inward.

Beta values achieved for these discharges are lower than the one obtained for the Rax = 92.1
cm configuration. It is mostly because the experiment time for the operation of these optimized
configuration was not sufficient to achieve as good a machine condition as the high beta experi-
ment campaign with the standard configuration. A reduced plasma volume is also a disadvanta-
geous point for the heating efficiency and also because of the wall effects during the high density
operation.

A small disruptive drop of density and energy were observed in discharges with the inward
shifted configuration Rax = 88.8 cm. But such phenomena could not be observed frequently even
when the plasma gets close to the highest obtainable beta value for a particular configuration.
There might be hidden parameters for such an instability which have not been clearly understood.

6. CONFINEMENT OF OPTIMIZED CONFIGURATION

The effect of confinement improvement by the drift-orbit-optimization was studied with
ECH plasmas with plasma parameters in the low collisionality. Beta values of these plasmas are on
the order of 0.1 % and the magnetic field configuration is almost the same as the vacuum configu-
ration. The radial structure of major ripple components are shown in Fig. 15 for the standard
configuration (Rax = 92.1 cm) and the optimized one (Rax = 87.7 cm) in addition to the mod-B
minimum contour plots already shown in Fig. 5 in Section 3. A mirror ripple component
(poloidal mode is zero) appears in the Rax = 87.7 cm configuration although it is very small for
Rax = 92.1 cm. Because, in central region of the standard configuration, all ripples are consider-
ably small compared to the toroidicity, the transport in the central region is supposed to be domi-
nated by that for an axisymmetric torus. The transport due to helical ripples is important in the
region of r/a = 1/3 ~ 2/3. For the region from a half radius to the boundary, the anomalous trans-
port becomes increasingly dominant.

Series of ECH discharges were made for several Rax parameters between the optimized con-
figuration and the standard one. 200 kW of heating power at 53 GHz frequency was used with
good microwave beam focusing at the magnetic axis (half width of the gaussian profile for the
electric field is 1.5 cm in the poloidal direction). The magnetic field strength on the axis was 0.95
T. The single-path absorption is estimated to be about 70 % for the typical plasma parameters in
the experiments. The plasma density was set at 5 - 6 x 10 12cm'3 to ensure the collisionless condi-
tion.

Figure 16 shows the plasma diamagnetic energy normalized by the plasma volume and the
central electron temperature as a function of the position of the magnetic axis Rax. The normal-
ized plasma energy increased as the Rax is shifted inward which demonstrates the confinement im-
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provement. But it started to drop before getting to the final optimized configuration Rax = 87.7
cm. On the other hand, the increase of the central electron temperature was observed only for Rax
= 91.1 cm and it decreased for the further inward shift.
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Results of the transport analysis for Rax = 92.1 cm are shown in Fig. 17. Figure 17a shows
the profiles of collisionalities of ve* and ve**. ve* is the collisionality for the toroidal banana
orbit which is the ratio of the electron ion collision frequency vei to Vb, where Vb = £tV2i/ R
(Te/me)

1/2. ve** is the collisionality for the helical banana orbit where ve** = vei/veq', veq' =
(£h/£t)3/4Vb. Fig 17b shows the calculated neoclassical heat transport coefficients together with the
one deduced from the experimental observation of electron temperature profile. Three calculated
profiles are shown in Fig. 17b for the transport coefficient which comes from the axisymmetric
toroidicity, helical ripples and the sum of these. Since the calculation is based on the single helicity
model, the effect of configuration optimization cannot be included.
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FIG. 16. Dependence of volume normalized energy and central
electron temperature on the position of magnetic axis Rax-

From this calculation, it is expected that the neoclassical transport in the central region of
the Rax = 92.1 cm configuration is dominated by the tokamak-like banana particle motions. But
in the region near the half radius, transport caused by the helical ripples becomes more important.
The increase of the global confinement for the inward shifted configuration comes from the im-
provement of transport near the half radius because the contribution of this area is much larger
than the one from the central region. The configuration optimization had a large effect on the
transport in this region by suppressing the ripple diffusion of trapped particles caused by the drift
motion. On the other hand, in the central region, the helical ripple diffusion is not the dominating
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diffusion process for the Rax = 92.1 cm configuration. When the magnetic axis is shifted inward,
ripple on the axis is increased as shown in Fig. 1 in Section 2. It is expected that the additional
transport appeared due to the increased ripple near the magnetic axis. This might be the reason
why the central electron temperature decreased for the inward shifted configuration.
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FIG. 17. (a) Collisionality for toroidal banana particles (ve*) and helical banana particles
(ve**) for ECH plasma shown in standard configuration Rax - 92.1 cm at Bt = 0.88 T.
(b) Neo-classical conductivities of tokamak-like symmetric term (s), helical ripple term (r)
and sum of these (n) are plotted for the plasma shown in Fig. 16 at Rax = 92.1 cm.
Conductivity calculated from the electron temperature profile is plotted as (e). Single helicity
model is used. Effect of electric field is not included.

Since the optimized configuration Rax = 87.7 cm is strongly shifted toward the helical coil
on the inboard side of torus, a stochasticity of the magnetic surface appears at the boundary with i
= 0.8. It depends also on the quadrupole component. This effect is one of possible causes for the
degradation of the global confinement for Rax < 89 cm.

The effect of electric field in the neoclassical transport could be another key for under-
standing the confinement improvement (and the degradation) with the drift-orbit-optimized con-
figuration. The measurement of electric potential for the optimized configuration is planned. The
possibility of controlling the mirror ripples on the magnetic axis with additional perturbation coils
is also under consideration.

7. CONCLUSION

The Compact Helical System (CHS) experiment has extended the configuration range of
helical confinement system to the low-aspect-ratio field. It not only provides necessary scientific
support for the continuing new LHD project at NIFS, but also presents a very important achieve-
ment for the future direction of helical confinement research on the way to a commercial reactor.
The compactness is always the most important key issue.

CHS has developed new advanced diagnostics and fully utilized them to solve fundamental
physics problems related to both the general toroidal confinement study and the confinement
physics in helical systems. The structures of the electric field and the plasma rotation were investi-
gated in details and quantitatively. Transient phenomena of the potential structure was also re-
vealed. The transport was investigated with an active diagnostic tool using pellet injection. Various
kinetic MHD modes were studied which characterize plasmas confined in helical systems.

The improved confinement modes are found for both electron and ion confinement. An
internal transport barrier was found for the electron temperature profile which is related to a simi-
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lar potential profile. The high ion temperature mode was found for NBI discharges which gave 1
keV ion temperatures.

A wide range of configurations were studied for MHD stability and the confinement im-
provement. It was found that discharges in Mercier unstable configurations were experimentally
stable in CHS. The methods of optimization for Heliotron/Torsatron systems were investigated.
The drift-orbit-optimization was tested with low collisionality plasmas and the effect of reduction
of helical ripple transport was confirmed. The direction to a more advanced optimization is a fu-
ture problem.
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Paper IAEA-CN-69/OV4/2 (presented by B.C. Stratton)

DISCUSSION

Ya.L KOLESNICHENKO: One explanation for the discrepancy between the
experimentally observed beam ion loss and predictions using the ORBIT code could be that
beam particles excite a plasma instability which affects velocity distribution. Have you
observed any evidence of a plasma instability? In particular, have you observed ion cyclotron
emission?

B.C. STRATTON: These plasmas had no, or very weak, MHD activity at the high
frequencies that would be expected to interact with neutral beam ions. We did not measure
the ion cyclotron emission in these discharges.

A. JAUN: I am puzzled by your conclusion that part of the instabilities (n ~ 4.5)
observed in the 100 kHz range are TAEs, and others (n = 2) are not. Do you have
experimental evidence that only part of them scale with the AlfVen frequency, or does your
conclusion derive only from the contradiction with the NOVA-K calculations?

B.C. STRATTON: The measured frequencies of all of these modes (n = 2-5) are
observed to scale with the AlfVen phase velocity, so all of these modes are AlfVen frequency
modes. Further work is needed to determine whether or not the n = 2 mode is a TAE or
another type of Alfven frequency mode.

B. SAOUTIC: You do not discriminate between ERS and RS plasmas. It is well
known that strong rotation produces trajectory modification like orbit squeezing. Have you
investigated the difference in alpha particle confinement or hot beam ion confinement
between RS and ERS plasmas?

B.C. STRATTON: We did not study energetic alpha particle confinement or beam ion
confinement in ERS plasmas, only in RS plasmas.

B. COPPI: What is the relative rise of the q = 1 region in the experiments described?
For sawteeth to have a real effect on burning plasmas, the ratio of the volume contained
within the q = 1 surface to the total volume should be considerable, typically > 1/10.

B.C. STRATTON: The q = 1 radius was typically in the range r/a = 0.25-0.3 in the
studies of the effects of sawteeth on alpha particle confinement.

J.F. LYON: You compared ORBIT code calculations with pellet measurements of the
alpha population for mono tonic and reversed shear plasmas. It was necessary to normalize
the measurement to the calculation for one of these cases, but why was it necessary to
normalize for both since the difference between these is of interest?
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B.C. STRATTON: The PCX diagnostic was not able to make absolute measurements
of the alpha particle density, because the magnitude of the signals depended on the details of
the pellet ablation, which varied from shot to shot. Thus, it was not possible to make a direct
comparison of the measured relative alpha densities in the reversed shear and monotonic
shear cases.

J.F. LYON: A correlation was seen between measured alpha loss signals and
2/1 MHD (Mirnov loop) signals, but there seemed to be a significant time delay between
these signals. Do you understand the reason for this delay?

B.C. STRATTON: There was no delay between the measured alpha loss and Mirnov
coil signals in this case.
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Paper IAEA-CN-69/OV4/3 (presented by O. Gruber)

DISCUSSION

D. MOREAU: You mentioned performing simulations with the ASTRA code for
studying the q-profile evolution in the internal transport barrier discharges. Did you try to
simulate these discharges with a transport model which combines the effects of magnetic
shear and E x B rotation shear, like the one we implemented in ASTRA, and which of these
effects dominates in these discharges (either from direct experimental data, or from
simulations)?

O. GRUBER: The q-profile evolution was done in ASTRA transport analysis using
the measured T, n, Zeff and P^d profiles and neoclassical resistivity. In addition, current
density modifications due to the observed fishbone activity were included. Transport
modelling with ASTRA simulations, including both magnetic shear and E x B rotational
shear, is under way.

R.J. GOLDSTON: This is a very impressive paper. Other than fast-particle effects, it
is hard to think of a topic that the ASDEX Team has not reported here. Taking into account
all of the key factors: PN, H, X*UC ITE, Zeff, n/now, do we have an operating point for ITER
and for a future power plant? A crucial issue is that a power plant must have about the same
values for H, T^e / xE and Zeff as ITER, but possibly values for PN and n/now which are twice
as high. In particular, how confident are you in the p* scaling of neoclassical modes and what
are the implications for the maximum m's and n's that will be excited?

O. GRUBER: I believe we certainly have operating points for the cost-reduced driven
ITER design. Firstly, the lower density of n/now ~ 0.8 offers the "standard H-mode scenario"
with high confinement and the proven stabilization of neoclassical modes necessary for
attaining high (3N values. Secondly, our improved performance mode with H-mode edge
barrier and internal transport barrier at q-profiles, which are still monotonous but flat with
q(0) > 1, opens the operational space further. In particular, the high nTtE values on axis will
support this inductively driven regime.

Regarding a future power plant, (3N will certainly have to be raised if we want true
steady-state capability (non-inductively driven) and the ARIES designs propose n/now^ 1,
which we have not yet achieved in advanced scenarios. Further work is needed, particularly
concerning control of MHD. With respect to neoclassical modes, I would refer you to paper
IAEA-CN-69/EX8/2 by S. Giinter et al. One has to consider that ITER or power plants will
operate not only at lower p*, but also at higher effective collisionality v7p*, which stabilizes
neoclassical modes.



263 OV4/D

Paper IAEA-CN-69/OV4/4 (presented by F. Romanelli)

DISCUSSION

M. PORKOLAB: Have you done comparison experiments with ECH without current
ramp (i.e. flat-top current and density) at the same values of ne, Te and, if so, how does AT6

compare? In other words, how great is the effect of the reversed modified shear on transport
during electron heating.

F. ROMANELLI: We do not measure the safety factor profile. On the basis of the
current diffusion simulation, we find that in discharges with weak magnetic shear the electron
thermal conductivity is very low when MHD activity is quenched, a condition which is
difficult to achieve with positive magnetic shear.

K. IDA: Does the very low thermal diffusivity explain the time evolution of electron
temperature? In other words, does the thermal diffusivity derived from the radial profile of
heat flux vs temperature gradient (Q(r), nVTe(r)) agree with that derived from the time
evolution of heat flux vs temperature gradient (Q(t), nVT(t))?

F. ROMANELLI: We have performed a time-dependent 1-D predictive simulation of
low/reversed magnetic shear discharges using a mixed Bohm-gyroBohm model, which shows
reasonable agreement with the experimental results.

Y.K.M. PENG: With reference to the plan to study confinement on FTU without
plasma rotation, have you made an estimate of the diamagnetic drift velocities of the very
high Te plasma and compared it with the plasma sound speed?

F. ROMANELLI: There are plans to study confinement without plasma rotation
externally injected, i.e. in a situation similar to that of a reactor. The diamagnetic velocity can
be an order of magnitude higher than in ohmic plasmas.

K. HANADA: How do you deal with the OH field effect in T|CD? In the steady-state
operation region, T|CD becomes quite low as compared with that in OH plasma. The OH field
effect needs to be considered.

F. ROMANELLI: If a residual electric field is present, we attribute the change in the
bulk plasma resistivity to the change in electron temperature and Zeff. Theoretical calculation
shows that the effect of hot electron conductivity is small and can be neglected in our
analysis.
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Paper IAEA-CN-69/OV4/5 (presented by S. Okamura)

DISCUSSION

R.J. GOLDSTON: In one of the viewgraphs in your oral presentation you showed that
CHS had violated low-mode MHD stability. What ideal or resistive modes were considered?

S. OKAMURA: That line is actually the Di = 0.2 contour line which is an approximate
condition of the ideal low-mode stability boundary for heliotron/torsatrons (c.f. Ichiguchi, K.,
et al., Nucl. Fusion 33. (1993) 481 - reference [28] in my paper).

J.F. LYON: Is there any evidence for ballooning modes? Are you able to detect them
at the beta values you have? Are they expected?

S. OKAMURA: Magnetic fluctuation measurements give no evidence of ballooning
modes. As we have detectors at the local bad curvature region, we should be able to detect
them if they appear.

D.A. SPONG: Do you measure strong losses of your energetic beam ions during either
the fishbone or TAE activity?

S. OKAMURA: We have observed synchronized losses of fast ions detected by our
loss ion probe for fishbone but no measurable loss for TAE. Since no precise evaluation has
been made of the absolute value of the losses, we cannot say at present whether they are
strong or not.
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Abstract

The 1997 DT experiment (DTE1) at the Joint European Torus included studies of the behaviour of alpha
particles in high temperature plasmas. Clear alpha particle heating was observed in a series of otherwise similar
10MW hot-ion H-modes by scanning the DT mixture from 0%T to 93 %T. Maxima in central temperature and
energy content were obtained which corresponded with the maximum in fusion yield. Alfven Eigenmodes (AEs)
have been detected in JET, driven by NBI or ICRH fast ions. However, in agreement with theory, no AE activity
was observed in DT plasmas which could be attributed to alpha particle drive, except in the afterglow of some
Optimised Shear pulses. Ion Cyclotron Emission (ICE) was detected at harmonics of the alpha particle cyclotron
frequency at the outer edge of the plasma. The ICE is interpreted as being close to magnetoacoustic cyclotron
instability, driven by inverted alpha distributions at the plasma edge. The high-energy neutral particle spectra showed
features, which are ascribed to a mixture of alphas, neutralised by helium-like impurities, and deuterons, born from
elastic collisions with alpha particles and neutralised by hydrogen-like impurities. The results of all these studies
are consistent with classical alpha particle trapping and slowing-down. Future DT experiments will aim to increase
alpha particle pressure, so interactions with plasma instabilities can be studied. The measurement of knock-on
neutral triton spectra offers a clean way to determine confined alpha densities in these future experiments.

1. INTRODUCTION

JET was designed to be able to trap alpha particles produced by DT fusion reactions. One of the
four areas of work, foreseen in the JET Design Proposal [1], was "the study of alpha particle production,
confinement and the consequent plasma heating". A start was made on this work in the recent DTE1
experiments and this paper will describe the results obtained.

The behaviour of MeV range ions in JET plasmas had previously been studied using ICRH minor-
ity ions and DD or D3He fusion products [2]. The results showed that the trapping and slowing-down of
high-energy ions is classical and that they can be redistributed by mhd events, such as sawteeth. These
fast ion distributions are not, however, typical of that expected of DT alpha particles, slowing-down in a
burning plasma. The ICRH minority ion distributions have v±/vn»l, in contrast to the isotropic distribu-
tion of DT alphas, whilst the pressure of DD and tfHe is at least two orders of magnitude too small.
These features are not of importance for classical processes but do have a profound effect on instabilities
driven by fast ions. The most important of these are thought to be Alfven instabilities, such as TAEs [3],
which theoretical studies indicate could be a major cause of alpha-particle losses. Thus the DT experi-
ments in TFTR [4] and JET presented the first opportunities to study appropriate fast ion distributions in
high temperature plasmas.

The highest gain JET DT plasmas have Pa/Phear=0.13, where it is possible to detect the increase in
temperature and energy content due to alpha heating. The next section describes an experiment [5],
designed to distinguish alpha heating from potential changes in plasma behaviour due to isotopic effects.
The third section describes measurements of Alfven instabilities in DD and DT plasmas and the results of
associated stability calculations. Ion Cyclotron Emission (ICE), driven by high energy ions, has been
observed in a wide range of JET plasmas [6]. The fourth section describes observations of ICE in DT
plasmas and deductions that can be made from them about the alpha particle distribution function. The

see Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L. Watkins)
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fifth section describes NPA measurements of neutral alpha emission, arising from double charge
exchange, and the observation that the low energy part of the spectrum is dominated by deuterons, knocked-
on by elastic collisions with alpha particles. The sixth section discusses the implications of these studies
for burning DT plasmas and future DT experiments in JET.

2. THE ALPHA HEATING EXPERIMENT

During the preparation of high performance plasmas for DTE1, a 3.8MA/3.4T hot ion H-mode
was obtained with 10MW NBI which had an ELM-free period in excess of 2.5s and sawtooth periods of
more than 1 s. These timescales should be compared with those of the energy confinement time and the
central alpha particle slowing-down time; both of which were about Is. Simulations showed that more
than 5MW fusion power would be produced in a 50:50 DT mixture so that significant electron heating by
alpha particles should occur. An experimental test was carried out using ICRH as a substitute for alpha
heating. This showed that the 1 -2keV increase in Te(0) would be detectable against the variations due to
sawteeth and that the ELM free period was long enough for the alphas to stack up. A previous measure-
ment of alpha heating on TFTR [7] had indicated the need to separate alpha heating from isotopic effects
on plasma confinement and heating. Having obtained a hot ion H-mode at 1OMW, it became technically
possible to perform a 5 point scan from pure T injection to pure D injection. By matching the plasma
mixture to that of the NBI, a scan could be performed in which the alpha heating would stand out as a
maximum on top of variations due to isotopic effects.

In order to obtain plasma DT mixtures, which matched those of the beams, it was necessary to load
the plasma facing surfaces with the correct mixture, using high density tokamak plasmas. This procedure
resulted in a scan from pure D to 93%T, where 1.5MW fusion power was obtained. The optimum mix-
ture, of 50-60%, produced a fusion power of 6.7MW. Thus the intended maximum in alpha heating
power, with mixture, had been achieved.

The pulse with the maximum fusion yield (pulse 42847) is compared with that with the maximum
tritium content (pulse 43011) in figure 1. The sawtooth period is comparable for all the tritium rich pulses
and rather longer than the deuterium reference pulses because of an increase in fast ion pressure around
the q=l surface, associated with tritium NBI [8]. For clarity, therefore, a deuterium pulse has not been
included in figure 1. The figure shows the clear increase in central temperatures and thermal energy
content due to the alpha heating. Not only is the energy content larger in pulse 42847 but there is an
800kW difference in heating rate. This is comparable to the computed difference in alpha heating
powers. Profile analysis shows that alpha heating increases the central power density to the electrons

12.0 15.013.0 14.0

Time (s)

Fig.l. (a) The absorbed NBI power, (b) the alpha heating power, (c) the thermal plasma energy and (d)
the central ion (CXS) and electron (ECE) temperatures for the maximum fusion yield pulse (solid) and
the 93% tritium pulse (dashed).
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Fig.2. Central electron temperature (ECE) against alpha (or ICRH) power. The bars indicate the varia-
tions in NBIpower relative to the nominal 10.6MW.

from 50kW.irf3 in pulse 43011 to 80kW.m~3 in pulse 42847; to be compared with a difference in rate of
increase of energy density of 50kW.m"3. These comparisons indicate that, within errors, the data are
consistent with the alpha particles being trapped and slowing down classically.

Figure 2 shows the central electron temperature, at the sawtooth peak, against alpha or ICRH
power for selected pulses from the dataset. Some pulses, most notably the 20%T point, showed a clear
deterioration in Te(0) when edge mhd was present. These points were excluded from figure 2, together
with those which show a deviation of more than 5% from the nominal applied power of 10.6MW. The
figure shows a clear correlation between Te(0) and alpha power. The tick marks at the ends of the hori-
zontal bars indicate the residual variation in applied power, relative to that in pulse 43011, and indicate
how much of the temperature change is from this source. Data from the ICRH test pulses has been
included for comparison since, like alpha power, ICRH mainly couples to the electrons and is concen-
trated near the plasma centre. It is encouraging that the effects of alpha heating and ICRH are so similar.

A regression fit using the entire dataset, of Te(0) to the applied power and the alpha power, shows
that the change in Te(0) due to 1.3MW of alpha power is 1.3±0.23keV. The standard error for the fit has
been given, which reflects pulse to pulse variation in the data, and it should be remembered that there are
systematic, calibration errors of 5% for Te(0) and 10% for the alpha power. If the electron density or
isotopic mix are included as regression variables, their coefficients are zero, within errors. Curiously, the
coefficients for the applied power, which is predominantly NBI, and the alpha heating power are identi-
cal, even though NBI predominantly heats the ions in the core. This has not been explained, although it
might be speculated that this is an indication that the central and edge electron temperatures are strongly
coupled.

The effect of the alpha heating also shows up across the mixture scan as clear maxima in the ion
temperature and thermal energy content. The latter shows an increase of slightly more than 1MJ in 9MJ.
The thermal energy confinement time is constant across the scan, within errors, at 1.2s. There are some
signs that the points with maximum alpha power have slightly better confinement which might be as-
cribed to the peaked alpha source. However, this is a 20% effect on points which have 20% errors. More
importantly, the energy confinement time of the pure D and nearly pure T pulses is the same and so does
not show any isotopic effect.

Unambiguous identification of the alpha heating in other high performance DT hot ion H-modes is
not as easy as in this dedicated scan. The extra NBI power that was available with tritium was exploited
as much as possible and one of the NBI systems was not operated with tritium. Thus corresponding pure
deuterium or tritium pulses do not exist. However, record plasma energy contents and electron
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temperatures for this type of pulse show clear signs of the alpha heating. It is notable that the transport
analysis of similar DD and DT pulses yield the same core electron thermal diffusivity when the alpha
heating source is included but very different values when it is not [9].

3. ALFVEN INSTABILITIES IN DD AND DT PLASMAS

The excitation threshold for TAEs, driven by ICRH-accelerated energetic protons, is PICRH~4MW

in JET high performance H-mode discharges (with the central safety factory ~ 1, magnetic fields ranging
from 3 to 3.6T and plasma currents up to 3.4 MA) [10]. This threshold is consistent with theoretical
modelling [11], in which the minimum proton energy required for the AE instability was estimated to be
in the range from 500 keV to 1 MeV. ICRH-driven AEs were used during the recent JET campaign to
obtain diagnostic information about the ICRH-accelerated fast ion population [12,13].

The ICRH-driven AE instability threshold, in Optimised Shear (OS) discharges with high central
q and low initial plasma density, can be as low as PICRH~1MW. This is consistent with a lower energy ion
tail required for the AE instability and with the significantly increased efficiency of AE interaction with
energetic ions, y / co <* q2. Figure 3 shows a spectrogram of magnetic fluctuations measured using a
magnetic pick-up coil in an OS pulse 40399. TAEs and Ellipticity induced AEs (EAEs), driven by ICRH
minority ions, can be seen.

Resonance conditions with NBI ions of energies up to F4 = 150keV can only be obtained in low
toroidal field plasmas Bj < IT. Excitation of Alfven Eigenmodes was seen during the injection of tritium
beams, Eb = 160keV, into a tritium target at a toroidal magnetic field 0.9T (pulse 43014) and the injection
of deuterium beams, Eb = 140keV, into a deuterium plasma at a toroidal magnetic field of 0.8T (pulses
43846,43847). No evidence for the excitation of Alfven Eigenmodes was seen in low magnetic field, By
= IT, hydrogen plasma heated by the hydrogen beams with energy Ê , = HOkeV. The threshold NBI
power was found to be PNBi = 8-10MW, corresponding to a beam density of rib= 5xlO18 m"3. Simulations
using the CASTOR-K model showed very strong drive, y /co>l%, provided for the AE by the neutral
beam ions in tritium and deuterium cases. In contrast, the simulations showed that no significant drive
could be provided by the 110 keV hydrogen beams for similar experimental conditions. Details of this
work are being prepared for publication elsewhere.

In the high performance hot ion H-mode experiments on JET with fusion powers up to 16.1 MW
and central (3a(0) ~ 0.7% (pulse 42976), no observable AE activity was found on the external magnetic
measurements. The absence of the alpha particle driven AEs is in agreement with the CASTOR-K stabil-
ity calculations [14]. Due to a combination of the mode structure and finite orbit effects, the most
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Fig.3. Spectrogram of magnetic fluctuations in OS pulse 40399 showing AEs excited by ICRH minority
ions at frequencies around 200kHz (TAEs) and 400kHz (EAEs). The signals at 1 OOkHz and below are due
to mhd instability.
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unstable modes in JET in the presence of DT alphas are Kinetic TAEs with toroidal mode numbers
ranging from n = 5 to 8. The analysis shows that although alpha particles have a strong destabilising
effect, the experimental <p a

> ^ 103 is approximately a factor 2 too low to overcome the damping asso-
ciated with NBI ions and mode globalisation.

In OS plasmas, AEs are found to be always unstable during the high performance phase due to the
presence of a high energy minority ion tail generated by the high power ICRH used in the regime. The
most favourable condition for the observation of alpha particles excitation of AEs is created by a sudden
switch off of the auxiliary heating [7]. AE activity is observed around 500ms into the afterglow phase.
Stability calculations performed by the CASTOR-K model shows that, a few hundreds of milliseconds
into the afterglow phase, the drive from slowing-down alpha particles can overcome the AE's several
damping mechanisms. The presence of a slowing-down tail of ICRH generated ions provides an addi-
tional drive, which can be comparable to the alpha particle drive. However, quantification of the ICRH
drive contribution is difficult without a reliable estimate of the mean minority ion velocity.

4. ION CYCLOTRON EMISSION FROM DT PLASMAS

The collective effect most easily excited by DT alpha particles is spectrally structured, suprathermal
Ion Cyclotron Emission (ICE) [15]. Indeed, the observation of ICE, driven by the fusion products of DD
reactions, predates the use of tritium in JET [6]. Such emission has provided useful information on the
behaviour of fast ions, particularly DT alphas, and further studies of ICE in present experiments should
facilitate predictions of alpha behaviour in Next Step machines. The difficulty of observing alpha parti-
cles in the core of tokamaks is such that ICE has received considerable theoretical interest for the diag-
nostic information that it might yield. There is a consensus view that the mechanism for fusion product
driven ICE is based on the Magnetoacoustic Cyclotron Instability (MCI) [16]. The MCI is driven by
marginally-trapped fusion products, born in the plasma centre, which generate an inverted population at
the edge because the fusion rate is relatively low there.

During DTE1, ICE was detected by using one of the ICRH antennae as a receiver [17]. It had been
thought that, in any discharges with ICRH, the ICE would be swamped by the fast wave source. How-
ever, this turned out not to be the case and there is clear evidence of ICE in the radiofrequency spectra of
several ICRH heated DT plasmas. In pulse 42697, for example, which had ICRH, 1° and D° NBI, emis-
sion was detected at the second, third, fourth and fifth harmonics of the edge alpha particle or deuteron
cyclotron frequency. T° and D° NBI were used at similar levels in this pulse; so, the absence of ICE at
harmonics of the tritium cyclotron frequency is taken to mean that the ICE that is observed is due to
alphas, rather than NBI deuterons. It is possible that fundamental emission was present as well but was
missed because the spectrum analyser sweep crossed the fundamental frequency too early for there to
have been a build-up of alphas which could cause ICE. An important feature of ICRH heated plasmas is
high central electron temperatures and slowing-down times. In the case of pulse 42697, the central alpha
slowing-down time was 1.8s, which was three times as long as the spectral sweep used for measurement
of the ICE. Thus, at the time of measurement, the alpha particle distribution was highly peaked towards
the birth energy.

A series of T° NBI heated plasmas (pulses 41571-41576) show ICE at the fundamental alpha
particle cyclotron frequency which increases in strength with NBI and so DT fusion power. The spectra
from three of the pulses are shown in figure 4. The absence of emission at harmonics of the alpha cyclo-
tron frequency is notable. In contrast to the ICRH heated plasma, the alpha slowing-down time is, at
most, 0.3 s. This means that, by the time of measurement, the slowing-down distribution is more devel-
oped and less peaked towards the birth energy.

The observed ICE has been interpreted by computing the linear stability for a model alpha particle
distribution, which is a narrow Gaussian distributed about the passing/trapped boundary for alphas born
in the core of the plasma. The MCI dispersion relation is solved with the model alpha distribution contri-
bution to the dielectric tensor. The instability drive is found to be very sensitive to the width of the alpha
distribution. As the width of the distribution increases, the higher harmonics are stabilised first. This
suggests an explanation for the observed difference between the ICRH heated pulse and the T NBI series:
With its very long slowing down time, the ICRH heated plasma had an narrow alpha particle distribution
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Fig. 4. The ICE spectra of three T° NBI heated plasmas. Solid markers show cocn/a and harmonics whilst
dotted markers show coDT and harmonics. Calibration markers are indicated on the top spectrum. The
emission at a>Ca can be seen to increase with NBI power.

at the plasma edge and this drives MCI strongly at all harmonics of the cyclotron frequency. On the other
hand, the pulses in the NBI series had a short slowing down times, so that the alpha distribution was
broad and the MCI drive at cyclotron harmonics was weak. Whilst not definitive, these observations are
strongly suggestive of the applicability of classical slowing-down to alphas in DT plasmas.

5. ALPHA DENSITY MEASUREMENT USING A HIGH ENERGY NPA

This section describes the first non-perturbing measurement of the distribution function of con-
fined alphas in the energy range 0.8<E(MeV)<3 and MeV energy knock-on deuterons, produced in elas-
tic nuclear collisions between alphas and plasma ions[18]. The measurements were made using a con-
ventional E||B neutral particle analyser. Neutralisation of alpha particles was effected by double charge-
exchange interactions with helium-like intrinsic impurities, C, Be and He, analogous to the neutralisation
of MeV hydrogen atoms by hydrogen-like impurities [19]. Mixing of4He and D neutral fluxes in the
NPA is a consequence of the degeneracy of the NPA with respect to 4He atoms of energy E and D atoms
of energy E/2.

Measurements of the line-of-sight integrated energy distribution function F(EJ were made in hot
ion H-modes, using only D° and T° NBI with a fuel mixture nD/(nD+nT) ~ 0.5. Figure 5 shows the atomic
flux, O(E), measured in two time intervals; the first being the initial 0.5s of NBI and the second the
subsequent 0.75s. Both of these intervals are about the same duration as the slowing-down times, 0.65s
and Is respectively, and longer than the characteristic time for the increase in the alpha particle source-
rate, which is 0.25-0.4s. The alpha particle distribution function should be far from equilibrium so that
<1>(E) should be depleted at low energies. However, this is far from being the case. The solid lines are
model predictions, based on classical alpha slowing-down, and are far short of the data below 1.6MeV.
This excess signal is ascribed to deuterons, knocked on from the thermal distribution by alphas.

When the formalism in [18] is used, it is found that the neutralisation probabilities for knock-on
deuterons and alphas are related by Pvd~150Pva- This circumstance makes it possible that the flux of
neutralised knock-on deuterons be comparable in magnitude to that of neutralised alphas, even though
the density of knock-on deuterons is ~10~2 of that of the alpha particles. Since the tail of knock-on
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Pulse No: 42677, t(s) = 12,5 - 13,3

1.6 2.2
E (MeV)

Fig. 5. The normalised atomic flux at the NPA, 0(E),
integrated over intervals I and II, described in the
text. The NPA was set up for measurements at 8
energies, indicated by thorns on the energy axis.
Errors due to uncertainties in neutron noise and
counting statistics are shown. The curves show the
expected 0(E) if alphas were the only source of
atomic flux.
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Fig. 6. The measured line-of-sight integrated dis-
tribution function for alpha particles and knock-
on deuterons, deduced from NPA measurements in
the second time interval, described in the text. The
error bars incorporate counting statistics, uncer-
tainties in subtraction of neutron noise, uncertain-
ties in key plasma parameters and in determining
the neutralisation probabilities Pva and PvD. For
comparison, calculated distributions are shown as
solid lines.

deuterons has typically suffered only one substantial elastic nuclear collision, the high energy deuteron
distribution function is linearly related to that of the alphas. Thus, separate line-of-sight distribution
functions can be deduced from the NPA data. These are shown in figure 6 and are compared with calcu-
lated distributions. The agreement is satisfactory, apart from the two highest energy points where a de-
pletion of the signal occurs at high power levels of the neutral beam under the neutral particle analyser.
The reason for this is not understood but appears to be due to anisotropy which is not being modelled.

This observation of a knock-on deuteron tail offers an attractive possibility for measuring the
alpha particle distribution function in future DT experiments: The high energy triton neutral spectrum
should be unpolluted by any other neutrals and the atomic physics of hydrogenic neutral production is
simpler than that of helium. Therefore, the knock-on triton spectrum should be relatively simply related
to the alpha particle distribution function.

6. CONCLUSIONS

During the JET DTE1 experiment, a definitive demonstration of plasma heating by alpha particles
was obtained in a dedicated series of hot ion H-modes. The level of heating is such that there cannot be
significant anomalous alpha losses and the temporal development of the heating is consistent with clas-
sical slowing down, although it must be said that this does not constitute a strong test of this. This series
of plasmas also showed little or no isotope dependence for energy confinement in the hot ion H-mode.
All observations of TAEs in DD and DT plasmas are in accord with stability calculations. NBI ions
provided strong damping during high performance DT pulses so that unambiguous alpha-driven instabil-
ity was not observed. Ion Cyclotron Emission was observed and, as previously, can be related to edge
magnetoacoustic cyclotron instability driven by alphas whose orbits extend from the plasma core to the
edge. All ICE observations are consistent with classical alpha trapping and features of the data support
classical slowing-down as well. Measurements of the neutral alpha and deuteron fluxes show a
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significant component of high energy deuterons, knocked-on from the thermal distribution by confined
alphas. The measured spectrum is in reasonable accord with calculations, which assume classical slow-
ing-down and measured or calculated elastic nuclear cross-sections.

A future DT experiment in JET should benefit in developments in plasma performance to enable
better alpha particle studies. Of particular value would be the attainment of sufficient alpha pressure that
TAE instability occurs so that the resulting alpha losses and instability saturation levels can be evaluated.
It had been intended to use the saddle coils during DTE1 to excite TAEs. However, the low-n modes to
which the saddle coils couple were so stable in divertor configurations that this intention was not real-
ised. A dedicated coil with a wider n-spectrum should allow definitive tests of TAE theory, even when the
modes are stable. It will be necessary to document the effects of mhd instability, such as sawteeth and
ELMS, on alphas in steady-state plasmas. To this end, the measurement of core alpha density profiles
through the neutral knock-on triton flux will be of great utility.
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Abstract

The radiative improved mode is a tokamak regime offering many attractive reactor features. In this paper
the RI-mode of TEXTOR-94 is shown to follow the same scaling as the Linear Ohmic Confinement regime,
thus identifying it as one of the most fundamental tokamak operational regimes. The current understanding
derived from experiments and modeling of the conditions necessary for sustaining the mode is reviewed as are the
mechanisms leading to L- to RI- mode transition. The compatibility of high impurity seeding with the low
central power density of a burning reactor is discussed as well as RI-mode properties at and beyond the Greenwald
density.

1. INTRODUCTION

In a given device, the dominant scaling parameter for the energy confinement T in
ohmically heated tokamak discharges is the density, as reflected in the Neo-Alcator or Linear
Ohmic Confinement (LOC) scaling law

t N A . oc n R2 a q oc n R B a3 I"1 (1)

where n is the central line-averaged density, R and a the major and minor radius respectively and
q the safety factor at the plasma boundary, B the toroidal field and Ip the plasma current. In
contrast, in auxiliary heated discharges, the density is normally of minor importance and
essentially replaced by the plasma current as the main scaling parameter, whereas in addition
degradation with increasing power occurs. Examples of these are the ITER L-mode scaling law L-
89P, which, for deuterium plasmas and applied to TEXTOR-94 geometry, reads (units : n (1020

m-3), B(T), Ip (MA), P(MW)):

XL 8 9_P = 0.105 n0 1 0 B 0 2 I j 8 5 P- 0 5 0 (s), (2)

and the ITER ELM-free H-mode scaling H-93P, which predicts:

* Researcher at FWO Vlaanderen
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Fig. 1 Temporal evolution of H-mode enhancement factor fH93, line density ne, heating
power (ICRH and NBI) and intensity of Ne-VIII line in long pulse RI-M discharge.

The Radiative Improved Mode (abbreviated RI-M) [1-4] is an auxiliary heated regime in
which the confinement is improved with respect to the L-mode scaling and which, because it is
characterised by the reappearance of the density as the main scaling parameter, permits to obtain
confinement as high as H-mode. The qualifier "radiative" refers to the fact that the mode was
discovered while establishing the feasibility of the 'cold plasma mantle' concept as a means to
solve the reactor exhaust problem [5,6]. This RI-M regime allows to produce in TEXTOR-94
simultaneously many highly desirable reactor features: (i) confinement of the quality of ELM-
free or ELMy H-mode (= 0.85 ELM-free) at densities around the Greenwald density limit, (ii)
edge radiation fractions up to 95% of the total input power, (iii) high beta (normalised beta pn=2
or poloidal beta Pp=1.5), i.e. up to the previously observed beta limits of TEXTOR-94, (iv)
negligible effect of the seeded impurity on the neutron yield, (v) high values for the figure of
merit for ignition margin fL89/q up to 0.80 at high densities. Here, fLg9 is the enhancement factor
of the observed confinement with respect to the scaling expression (2) whereas later on also fH93
will be used to denote the enhancement with respect to expression (3). These excellent properties
can be stationarily maintained for times as long as the available flux swing. Figure 1 shows such
an example sustained for 7s which amounts to 160 i, i.e. the ratio of burn time to confinement
time for ITER and longer than the current diffusion time for the discharge concerned.

The present paper presents an overview of the recent developments in the experimental RI-
mode program of TEXTOR-94 and of the advances that have been made in the understanding of
the nature and the operational requirements of the RI-M.

2. THE CONFINEMENT OF THE RI-MODE

The crosses in Fig. 2 show, plotted versus the normalised density n / n G r (or Greenwald
number Nor) where nGr is the Greenwald density (= lp/n a2), the quantity x P°-67/Ip for the
auxiliary heated discharges (combinations of NBI-co, NBI-cou and ICRH) in the TEXTOR-94
database (250 < Ip (kA) < 500, 1.7 < B(T) < 2.6, a = 0.46 m, deuterium, boronised walls), in
which neon was used as a seeding element to set the radiating mantle. Also shown on this diagram
by the circles are the ohmic discharges from which these discharges started. Note however that the
neon was only introduced in the auxiliary heated phase of the discharges. For each of the
auxiliary heated discharges we have moreover calculated tL89 P°-67/Ip, i.e. using for x the value
given by Eq. (2), and find all these predictions to fall in a domain delineated by the contour
marked L-mode. Two straight solid lines are also added to the figure, representing respectively

x = 0.18 n P-0-67

x = 0.15 IpP-0-67

and (4)

(5)

The first of these lines passes at the same time through the LOC points and through the highest
auxiliary heated discharges (which we qualify as RI-M discharges). The lowest auxiliary heated
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Fig. 2. The TEXTOR-94 database of auxiliary (crosses) and ohmically (circles) heated
plasmas plotted in a (i P0-67 / Ip , normalised density) diagramme. The lower contour
delineates the domain of the L-mode prediction and the upper one that of the H-mode
prediction for the auxiliary heated discharges. Also shown are the lines corresponding to
Eqs. (4) and (5).

discharges and the saturated ohmic confinement (SOC) ones are seen to overlap mutually as well
as with the domain predicted by the L-mode scaling law, and are (neglecting a weak n and B
dependence) well approximated by the second line. A last addition to Fig. 2 is the contour
marked H-mode which contains the points representing TH93 P°-67/Ip of the auxiliary heated
discharges, confirming that the RI-M surpasses the ELM-free H-mode at a density somewhat
below NGr = 1.

It is worthwhile adding that with a freshly siliconised wall the center of gravity of the
auxiliary heating shot database decisively shifts away from the L-mode and aligns almost
exclusively with the RI-M one. Note finally that Eqs.(4) and (5) pertain only to D injection in D
plasmas and that for H into D lower confinement is found [7].

From the data shown in Fig. 2, it would appear that the RI-M and the LOC discharges do not
only have a common density dependence [8] but indeed follow the same scaling. For the LOC
data this confirms the weaker current dependence (note also that P « Ip) found earlier on
TEXTOR [9] and that the B-dependence on modern day machines [10] appears to be weaker than
expressed by Eq. (1). For the RI-M data, Eq. (4) essentially reproduces the earlier RI-M scaling
[3, 8] except that specific B-dependence studies have shown the latter also here to be unimportant.
The similarity of the scaling in SOC and L-mode was noted before [11]; in TEXTOR-94 they are
apparently identical.

These observations lead to the following conclusions: (i) The current dependence in Eq. (1)
is also effectively a power one such that ohmic LOC plasmas 'degrade' with power. The RI-M is
characterised by the same scaling and does not present an extra degradation with respect to the
LOC. The fact that Eqs. (4) and (5) have the same power dependence suggests that in all regimes %
decreases when the temperature T increases and that this dependence is of the form T~2. For the
LOC - RI-M branch, Eq. (4) suggests that the effective thermal conductivity, which we will call
XFUM. scales as T2 ir1.
(ii) If the identity in scaling implies the same physics, the RI-M database is also the LOC database
and actually also the Improved Ohmic Confinement (IOC) database, meaning that obtaining the
RI-M out of L-mode might need the same control actions as getting IOC out of SOC. The RI-M is
then also not a peculiarity but is one of the most fundamental tokamak modes (LOC - IOC - RI-
M), not unexpected [12] but requiring considerable operational skill to achieve with auxiliary
heating.

Indeed, to reach by means of RI-M an f H 9 3 of at least 0.85 a certain number of control
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conditions have to be fulfilled: (i) y = Prad/P > 0.45-0.5 through the seeding (Ne, Ar) or sputtering
(Si) of medium Z impurities; (ii) a density exceeding about 75% of the Greenwald density; (iii) a
minimal deuterium co-injection of 20 to 25% of Ptot in a deuterium plasma; (iv) an optimum
horizontal position depending on the current, toroidal magnetic field, heating scenario and wall
condition; (v) low gas puff rate. Please note that in ASDEX [13] neon seeding and low gas feed
rates were agents for allowing access from the SOC to the IOC, while SOC only occurs above the
Shimomura density [11] which equals 0.5 nG r . It is also important to note here that in ISX-B it
was possible to generate a density dependent scaling in auxiliary heated plasmas by either
increased radiation or plasma position displacements [14].

3. UNDERSTANDING THE RI-MODE

The TEXTOR confinement situation can schematically be summarised in Fig. 3a. To aid
our understanding of the RI-M we describe the temporal evolution of two model discharges,
giving rise to the trajectories 1 and 2. Trajectory 1 is that of a discharge (see Fig. 3b) evolving
from L to RI-M as a result of neon injection at high density. The other trajectory traces a
discharge with siliconised walls which stays all the time in the RI-M while gas puffing raises the
density.

The most salient feature of discharge 1 is the peaking of the density profile (characterised
by the ratio yn of the central density to the volume averaged density n(0)/<n>) occurring as the
result of the neon injection while fH93 rises from 0.72 to 1.03. In discharge 2 (Fig. 3c) ̂ 93 rises
from 0.65 to 0.95 but yn remains practically constant. Note that in discharge 2 the confinement
increase tracks the increase in n / T2, i.e. in XRIM"1- AS this is not at all the case for discharge 1, one
has to conclude that the physical mechanisms leading to confinement improvement are quite
different. Also the particle confinement time xp evolves quite differently. The high energy phases
are both RI-Mode, however, and their values of %RIM. TP an(^ Yn a r e quite similar. Note in passing,
that, although there is a strong dependence of Tp on density in the RI-M [15], the particle
confinement at the same density is higher in RI-M than in L-mode.

The picture that emerges globally from this type of comparisons is that the RI-M is a regime
with peaked profiles and high particle confinement in which the transport is governed by a
turbulent mode with an effective x°cT2/n, a prototypical example of which might be the Dissipative
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Trapped Electron Mode. Note carefully that a RI-M does not necessarily have to grow out of an
L-mode, as demonstrated by trajectory 2. However, when it does so, as is the case in discharge 1, a
different turbulent mode must be first quenched before the RI-M can be obtained.

Note furthermore that the true character of the L-mode can only show up where a clear
distinction with the RI-M is possible, typically above Nor = 0.75. There, L-mode plasmas from the
data base (fH93 < 0.75) are broad with yn of order 1.4-1.6 whereas a RI-M with an fH93 of at least
0.9 requires a yn of 1.6 or higher (see also Fig. 3). Observations are that both the presence of the
NBI-Co beam [16] and the plasma displacements are needed to assure this peaking to be possible.

4. MODELING THE L-MODE TO RI-MODE TRANSITION

Understanding this growth of RI-M out of L-mode requires then to (i) ascertain the
mechanism of profile peaking, and (2) identify the mode dominating L-mode confinement.
Significant progress has been made on both these scores.

Modeling the density profiles with the RITM code has shown [17] that an essential
ingredient for peaking the density profile is the action of the radiative mantle on the anomalous
inward pinch Vjn, which is taken of the form v in = l /2T e dTe/dr D, where D is the perpendicular
particle diffusivity. This form can be justified by arguments of profile consistency [18], but more
generally as a fundamental off-diagonal contribution of the transport matrix for fluctuation
driven particle transport [19]. It was also found to be essential in explaining the SOC-IOC
transitions in ASDEX [20]. Impurity seeding lowers the temperature at the edge and steepens the
temperature gradient deeper inside the plasma. As at the same time the edge density is found to be
lowered or clamped, the neutral ionisation length and the fuelling efficiency increase and the edge
diffusivity decreases, effects which all further favor the profile peaking (leading as well to an
enhanced xp). Typically, the ratio vin/D increases globally by a factor of two. Note that the thus
sketched interplay results in the edge plasma properties becoming a sensitive monitor for
distinguishing L and RI-M [21]. In Fig. 4 it is seen that discharges in the density range 0.8 <
n / n G r <1.1 have edge densities and edge temperatures at the LCFS which clearly separate
according to their L- (0.5 < fn93< 0.7) or RI-M-character (0.85 < fn93< 1.10). Also shown in this
diagram is the trajectory followed by our model discharge (Fig.3b).

The strong increase of xp substantially reduces the convective energy losses and is found in
simulations by means of RITM and TRANSP to be responsible for up to a quarter of the energy
confinement improvement. The major part is however due to a reduction in thermal conductivity.
Figure 5 shows the changes in the effective conductivity %eff (electrons and ions combined) given
by TRANSP for the two model discharges of Fig. 3. In both cases %eff changes over the whole
profile. Indications are that the ion channel gets a larger share of the energy increase in Fig. 3b
than in Fig.3c. Modeling by means of a nonlinear gyrokinetic particle-in-cell simulation [22]
show that in the first discharge the ion thermal flux should drop by a factor 6 on account of a
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reduction of Ion Temperature Gradient (ITG)-Driven turbulence during the evolving density and
temperature profiles. These simulations indicate that about 20% of the improvement is a result of
the increase of the neon concentration, the rest is to be accounted by the profile changes. ITG-
mode suppression is therefore a candidate for the confinement improvement from L to RI-M. It
can not be ruled out that the presence of a minimal amount of the NBI-Co injection serves,
through sheared toroidal velocity, the additional purpose of enhancing the EXB shear [23],
capable of further quenching ITG-modes. The RI-M state can however be achieved without
significant EXB shear as it can be sustained with balanced injection [24] and as appears to be
suggested by the identity in the scaling of LOC and RI-M plasmas. Note furthermore that ITG was
assumed to be suppressed in IOC without rotation [13].

5. IMPORTANT ISSUES FOR RI-MODE

5.1. Impurities

As indicated, a confinement as good as Elmy H-mode requires, at n / n G r >0.75, a radiation
fraction y > 0.45-0.50, achievable through very moderate seeding. If however optimal RI-M
confinement (fn93>l) is to be combined with more substantial heat exhaust (say y > 0.8), the
question automatically arises whether this can be achieved with central impurity levels and
concomitant Bremsstrahlung losses PBrem that would be compatible with the rather low central
power density of a burning plasma Pa .

In the discharge of Fig. 3b, y grows from 0.35 to 0.85. Charge exchange recombination
spectroscopy measurements [25] show the central carbon concentration to decrease from 0.014 to
0.010 and the central neon one to rise from 0 to 0.009. The central oxygen concentration, found
by assuming that the ratio of the oxygen to carbon densities equals the ratio of the fluxes of these
elements measured at the ALT-limiter, drops from 0.007 to 0.005. These concentrations combine
to give a central deuterium concentration fDT which changes from 0.86 to 0.81. This almost
constant dilution can be understood by a partial replacement of the intrinsic impurities by the
seeded one, as witnessed by the observed decreases of the fluxes of these elements at the limiter. It
is also consistent with the measured behaviour of the neutron yield in this and other discharges
[26]. The central effective charge Zeff increases however, as a result of the replacement of low Z
by higher Z elements, from 1.8 to 2.5, values which are confirmed by resistivity measurements.

While such an increase in Zeff raises the central Pbrem. o n e should note that the important
reactor quantity is PBrem/Pa ocZeff/(f^)T TJ.-5). An increased Zeff and dilution is compensated by
the concomitant RI-M confinement improvement which allows to achieve at the same density a
strongly increased Te. It remains important to note however that the low central dilution is the
result of the development of a hollow distribution of the impurity concentration over the plasma
radius [27]. Simulations by RITM can only reproduce this feature by discarding any anomalous
inward impurity pinch (which, as argued before, is essential for the main ions) and retaining only
a neo-classical one exhibiting temperature screening in the Pfirsch-Schliiter- regime in the outer
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half of the plasma. The confirmation of this property on other, larger devices constitutes a decisive
step for the heat exhaust prospects of a possible RI-M reactor.

5.2. Beta-limit and Greenwald limit

L-mode and RI-M discharges have the same beta-limit. For high and medium currents, the
plasma beta is limited at a normalised toroidal Pn = 2. Attempts to go over this limit result in back-
transitions (sudden loss of confinement) triggered by MHD activity, mainly around the q =
1.5 surface and which grows up within a few ms before the back-transition. At very low current,
the poloidal beta seems to be limiting (pp = 1.5 to 1.6).

Studying the density limit in the Rl-mode is of paramount importance because of the
confinement scaling with density. Experimentally it is found that in RI-M discharges the
Greenwald density (NGr = 1) is a rather stringent constraint: NGr up to 1.05 can be stationary
maintained; transiently NGr = 1.20 is possible but a minor or major disruption follows. Note also
that these assertions pertain to discharges in which the external gas feed is either strongly reduced
or totally absent. With gas puffing, NGr = 1 can be more readily overcome, but at the expense of a
strongly degraded confinement. These results are illustrated in Figure 6, where three discharges
with NGr ~1 are compared. The heating power is 1.75 MW in all cases and the common initial
density is 3.0 1019 nr3 (NGr = 0.66). At t = 1 s, the gas valve opens in response the valve voltage
Vg , itself feedback controlled to reach a preset total number of particles in the discharge, and the
density rises accordingly. At t = 1.3 s, neon is injected to set up RI-M conditions. Discharges 1
sets the stationary reference: NGr = 0.9, ^93 = 0.95, Vg= 0 from 1.8 s on. Discharge 2 rises to
NGr = 1.05, fH93 =1.13 after the closure of the valve. Please note the strongly reduced energy as
long as the valve is open and the disruptive end of the discharge. Discharge 3 has the gas valve
open all the time, allowing the density to rise to NGr = 1.17 but with fH93 dropping to 0.67 and
with very flattened density profiles (not shown).

6. CONCLUSIONS

The RI-Mode in TEXTOR-94 has been shown to obey the same confinement scaling as the
Linear Ohmic Confinement regime, which allows to identify it as one of the most fundamental
tokamak modes, the LOC - IOC - RI-M regime. With the IOC-mode, the RI-M has not only its
scaling in common, but also many recipes that are essential for its attainment. A crucial ingredient
turns out to be the creation of appropriate wall conditions assuring reduced recycling combined
with high fuelling efficiency from the walls, made possible by adequate wall preparation
techniques studied over many years on TEXTOR. This turns out to be especially useful for
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achieving high density operation without passing at any time through L-mode conditions, such as
is the case with fresh siliconisation.

Because of its density dependent scaling, the full confinement quality is attained at high
density, close to or above the Greenwald density, where most H-mode plasmas show degraded
confinement. To fully realise this potential reactor advantage of the RI-M it becomes of utmost
importance to establish the size dependence of the RI-M scaling law and to confirm the favorable
radial impurity distribution on larger devices. It is equally important to try to extend the optimal
RI-M confinement beyond the hitherto achieved and already high densities.
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Abstract

The Enhanced Da or EDA H-mode regime in Alcator C-Mod has been investigated and
compared in detail to ELM-free plasmas. (In this paper, ELM-free will refer to discharges with no
type I ELMs and with no sign of EDA, though technically, most EDA plasmas are ELM-free as well.)
EDA discharges have only slightly lower energy confinement than comparable ELM-free ones, but
show markedly reduced impurity confinement. Thus EDA discharges do not accumulate impurities
and typically have a lower fraction of radiated power. EDA plasmas are seen to be more likely at low
plasma current (q > 3.7 - 4), for moderate plasma shaping, (0.35 - 0.55), and for high neutral pressures.
No obvious trends were observed with input power or pressure (ß). In both H-mode regimes, and in
ICRF heated L-modes, central impurity toroidal rotation has been deduced, from the Doppler shifts of
argon x-ray lines. Rotation velocities up to 1.3 x 105 m/s in the co-current direction have been
observed in H-mode discharges that had no direct momentum input. There is a strong correlation
between the increase in the central impurity rotation velocity and the increase in the plasma stored
energy, induced by ICRF heating. In otherwise similar discharges with the same stored energy
increase, plasmas with lower current rotate faster. The ion pressure gradient is an unimportant
contributor to the central impurity rotation and the presence of a substantial core radial electric field is
inferred during the ICRF pulse. An inward shift of ions induced by ICRF waves could give rise to a
non-ambipolar electric field in the plasma core. Comparisons with a neo-classical ion orbit shift model
show good agreement with the observations, both in magnitude, and in the scaling with plasma
current.

1. Background

The observations presented here were obtained from the Alcator C-Mod tokamak, a compact
(major radius R = 0.67 m, minor radius a = 0.22 m), high field device (2.6 < BT < 7.9 T) which has
operated with plasma currents between 0.23 and 1.5 MA and average electron densities between 0.24
and 5.9 x 1020/m3 (gas fueled). The standard shape for C-Mod plasmas has an elongation (K) between
1.55 and 1.75, lower triangularity (8L) near 0.5 and an upper triangularity (8u) near 0.3. Up to 3.5 MW
of ICRF power at 80 MHz is available, from 2 dipole antennas, each with 0,n phasing; the cases
described here are all with H minority heating. Total input power can reach 4.5 MW. H-modes are
obtained under a wide variety of conditions.

Work supported by U.S. DOE contract DE-AC02-78ET51013
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clearly visible on the probes, there is no
measurable loss of particles from the plasma.

2. EDA and ELM-free H-modes

We have observed a promising H-mode regime, which can evolve out of ELM-free discharges
and is characterized by good energy confinement, moderate particle confinement, and no type I ELMs.
[1,2]. The edge temperature can reach 600-800 eV, well above the threshold for type III ELMs, and
the pressure gradient in the transport barrier would seem to challenge MHD stability limits. We have
named this regime EDA or Enhanced Da mode after its salient characteristic. Traces comparing typical
ELM-free and EDA discharges are shown in figure 1. Unlike ELM-free discharges, which have long
impurity confinement time and often end with a radiative collapse, this regime seems to have true
steady-state potential. The EDA can last, without obvious change, for the duration of the RF heating
pulse, about 10 energy confinement times. Unlike standard ELMy discharges, EDA plasmas show no
intermittent loss of particles and energy. The peak heat loads associated with type I ELMs can reach
unacceptable levels when extrapolated to reactor scale devices. In an EDA discharge, the edge
gradients seem to be limited by a continuous process, rather than a periodic one.

EDA may be related to regimes seen on other devices, notably JET's Low Particle Confinement
(LPC) H-mode[3] which was also obtained with ICRF heating. It also shares some characteristics
with type II ELMs reported by DIII-D[4] and small ELMs seen on JT60-U when the plasma
triangularity was increased[5]. In all of these cases, good energy confinement is combined with
increased particle transport, leading to H-modes without impurity accumulation. The LPC mode
lasted only about 1 second and type II ELMy discharges were also transient, with type I ELMs
eventually returning. The occurrence of these regimes is consistent with the effects of plasma shaping
which are described in more detail below; the disappearance of large ELMs is strongly correlated with
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plasma triangularity. Unraveling the connection between EDA and other "small" ELM regimes is
made somewhat confusing by the appearance of low amplitude ELMs on top of an EDA background.
Shown in figure 2, these ELMs occur when (3 rises above a threshold roughly characterized by (3N ~
1.2-1.3. It is possible that devices operating consistently above this level would never see a "pure"
EDA.

In Alcator C-Mod, energy confinement enhancement relative to the ITER89 L-mode scaling is
found to be, on average, 1.8 for EDA discharges and 2.1 for ELM-free. EDA confinement is about
15% higher than the ITER97 H-mode scaling for ELMy plasmas. The difference in confinement
between the two regimes reflects the difference in their pedestal temperatures. In C-Mod, a simple
offset-linear relation exists between edge temperature and global confinement^]. This relation is
consistent with marginal stability and critical gradient-length models of plasma transport. For
discharges with radiated power more than 50% of the input power, confinement begins to decrease,
approaching L-mode levels for radiated fractions over 0.9[2]. High neutral pressures are also
associated with degraded confinement. Plasmas with midplane pressures greater than 0.2-0.3 mTorr
(divertor pressures > 40mTorr) begin to show a drop in confinement, a trend which continues to the
highest recorded pressures which were above 1 mTorr (divertor pressure ~ 150-200 mTorr) where xE is
close to L-mode levels. The drop in confinement is continuous and even in the extreme cases, the
discharges are clearly still in H-mode; discrete transitions can be seen on edge diagnostics when the
plasma returns to L-mode. When comparing with global scaling laws, consideration is limited to
discharges with radiated power fraction < 0.50 and divertor neutral pressure < 40 mTorr. Impurity
particle confinement, Ti, in EDA plasmas is in the range 0.15-0.2 seconds, roughly 2-3 x TE , unlike
ELM-free plasmas where Xi > 0.5 seconds. Analysis of impurity profile evolution shows higher
diffusivity and a weaker pinch for EDA discharges than for ELM-free. In C-Mod, the density rise that
accompanies the L/H transition is large enough to keep the plasma near the global power threshold
even at the highest powers available. The data are all taken in the range P/PTHRESHOLD ~ 0.9-1.6, where
PTHRESHOLD is taken to be proportional to density and evaluated in the fully developed H-mode. There
is no obvious trend for discharges nearer the global threshold to have lower confinement.

The difference in pedestal temperature and impurity confinement in EDA may be the result of
transport driven by enhanced levels of turbulence which have been observed in the edge of these
plasmas. The EDA is characterized by much higher levels of density fluctuations in the barrier region
seen by reflectometry[6]. These are broadband, extending to at least 400 kHz usually accompanied by
a quasi-coherent feature which can appear anywhere from 60 - 130 kHz. Unlike the Ha signal, which
may suggest that the ELM-free to EDA transition is gradual, the fluctuations are seen to turn on
abruptly. There is some evidence on the Ha signal of "dithers" between the two regimes. EDA is also
accompanied by higher levels of magnetic fluctuations[7,8]. These are also broadband, extending at
least to several hundred kHz and without any strong coherent component. The magnetic fluctuations
are seen to rotate rapidly in the electron diamagnetic direction, an observation consistent with the
presence of a strong negative radial electric field in the plasma edge. Perpendicular rotation speeds
are typically in the range 20-60 km/sec implying electric field magnitudes of 100-250 kV/m. This
contrasts with spectroscopic observations in the plasma core where Er is positive and about a tenth the
magnitude.

3. EDA and ELM-free H-mode Operational Space

The conditions under which either ELM-free or EDA H-modes are obtained are beginning to be
understood, hi describing the EDA/ELM-free boundary, it is necessary to define quantitative metrics
for sorting discharges into one or the other category. While most H-mode plasmas are clearly
classified as one or the other, a certain amount of ambiguity exists in some cases. The Da level itself is
probably not the best measure, particularly for transient conditions. This is not surprising considering
the geometric distribution of this light and its origin as part of both ionization and recombination
processes. The presence of high frequency edge fluctuations may be the best indication, but these
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Fig 3. Results of studies to determine EDA-ELM-free boundary, (a). Plasma current scan at 5.3T and
standard plasma shape. The transition occurs at about 1 MA or q95 ~ 3.8. (b). A magnetic field scan
at Ip = 1 MA and standard shape. Again the transition occurs at q95 ~ 3.8. (c). Occurrence of the
two regimes as a function of average triangularity and mid-plane neutral pressure. EDA discharges
are seen to occur at moderate values of triangularity and are more likely at higher neutral pressure,
(d). q95 plotted for data from the previous graph. In this case ELM-free discharges also occur at the
highest values ofq95, suggesting a dependence on both shape and safety factor.

observations are not available for all times or for all discharges. As a practical matter, we have chosen
to use impurity accumulation as the final arbiter. Plasmas with impurity radiation steadily increasing
with a time constant less than 0.5 seconds (and, of course, with no ELMs) were classified as ELM-
free.

EDA plasmas are more likely at the highest target plasma densities and high midplane or
divertor neutral pressures. For our standard shape plasmas at 1 MA, discharges with midplane neutral
pressures greater than 0.1 mTorr or with ohmic target densities greater than 1.5-2 x 1020 m"3 are
invariably EDA. EDA is also correlated with high plasma density, but not as strongly as with neutral
pressure. High plasma currents favor ELM-free behavior, with a transition near 1 MA, and EDA
generally absent at 1.2 MA and above. For the standard shape, and BT = 5.4 T, 1 MA corresponds to q
at the 95% flux surface, q95 = 3.7 - 4.0. Magnetic field scans at constant current show a transition to
EDA as q95 rises to near 4. Figures 3a and 3b summarize the results of current and field scans, where
the transition to EDA is seen to occur at approximately the same q95 in either case. Plasma shape also
seems to play an important role in determining the type of H-mode. For otherwise identical conditions,
discharges with the lowest and highest 8 were consistently ELM-free while those with moderate 8
were more likely to be EDA. This can be illustrated in figure 3 c where the average triangularity is
plotted against midplane neutral pressure. In this plane, regions of predominately EDA and
predominately ELM-free can be distinguished. Similar trends can be observed in individual discharges
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where 8 is scanned dynamically. (It must be noted that changes in plasma shape can effect the
coupling to the divertor; thus shaping effects cannot be entirely isolated.)The effect of shaping cannot
be explained simply as the variation in q95 at constant current. In fact, the trends are opposite to those
described above. Figure 3d shows the two regimes in the 8, qg5 plane. In this case, discharges at
higher q are ELM-free. Thus we must conclude that the EDA/ELM-free boundary depends on both
q95 and shape.

Edge density profiles measured by reflectometry and electron temperature profiles by ECE
show widths which can be less than 1 cm, near the limit of the diagnostic resolution[9]. The
temperature width does not show any clear trends with those parameters identified as essential for the
EDA/ELM-free boundary and VTe is found to be roughly constant under a wide range of conditions.
By contrast, an edge soft x-ray array shows the steepest pedestal, with widths as short as 2 mm in high
current ELM-free H-modes[10]. Soft x-ray widths also show an inverse dependence on plasma current
and a positive correlation with triangularity. Parameters which cause the x-ray width to drop are
generally the same as those which cause transitions from EDA to ELM-free behavior. Temperature
pedestal heights show relatively little dependence on the type of H mode, which may suggest that the
EDA regime mainly affects particle and/or impurity confinement. This would be consistent with the
observed weak effect on global energy confinement.

4. Rotation Observations and Scaling

A surprising result from recent C-Mod experiments has been the observation of substantial
toroidal rotation in the plasma core in plasmas with ICRF and ohmic heating only[l 1]. Main ion mach
numbers up to 0.3 have been inferred from measurements of impurity rotation, density and
temperature. On most other tokamaks, observations of rotation have been made in plasmas with an
external momentum source, usually provided by neutral beams. Er has been inferred from measured
impurity rotation and the force balance equation; a recent comprehensive review may be found in
reference [12].Toroidal impurity rotation in ohmic plasmas (no net momentum input) is consistent
with neoclassical predictions [13,14]; in ohmic L-mode discharges, impurities rotate in the direction
opposite to the plasma current. It is difficult to separate the contribution to the rotation from the direct
momentum input of the neutral beams and the rotation that may be associated with (or induced by) H-
modes. ICRF-only heated discharges provide an opportunity for the study of toroidal rotation in
auxiliary-heated plasmas with no direct momentum input. Co-current rotation in ICRF-only plasmas
[12,15] has been documented, alternately explained by high energy ion loss and the effects of the ion
pressure gradient [15].

Measurements in C-Mod were made with a set of von Hamos type crystal x-ray spectrometers.
Five of these spectrometers view the plasma at an angle only 6° off perpendicular and are thus more
sensitive to poloidal rather than toroidal rotation. Spectrometers view from both positive and negative
poloidal and toroidal angles, yielding, in principle, unambiguous measurements of both velocity
components. A sixth spectrometer has a tangential view of the plasma core and can make accurate
measurements at lower values of toroidal velocity. This instrument is also used to check the accuracy
of the larger array. X-ray spectra of the Lyman a doublet of A r m were recorded and line shapes
analyzed to provide measurements of Ar ion temperature, density, and rotation velocity. The force
balance equation can then be used to calculate the radial electric field.

In Alcator C-Mod during the ICRF pulse, the rotation is in the co-current direction (opposite to
that during the ohmic portion of the discharge). When the plasma current direction is reversed, the
rotation during ICRF heating also switches, remaining in the co-current direction. The magnitude of
the rotation is largest (1.3 x 105 m/s, 200 kRad/s) during the best H-mode discharges. The magnitude
of the rotation velocity during ICRF heating increases with the stored energy increase, regardless of
input power or electron density, over a range of two orders of magnitude. The plasmas with the
highest H-factors rotate the fastest. In general, the rotation is not an effect only of H-mode per se\
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Fig. 4. Time histories of the plasma current and
ICRF pulse (top), plasma stored energy (middle)
and argon toroidal rotation velocity (bottom) for
a 0.6 MA discharge (solid line) and 1.0 MA
discharge (dash-dot).
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Fig. 5. The central toroidal rotation velocity
as a function of plasma current for stored
energy increases between 40 and 60 kJ

some high H-factor L-mode plasmas rotate faster than some modest H-factor H-mode plasmas. The
toroidal rotation velocity is peaked at the magnetic axis, and falls off quickly with minor radius. Any
poloidal component of the rotation velocity inside of 0.06 m is < 3 x 103 m/s. While the trend of
increasing rotation velocity with increasing stored energy is clear, there is a certain amount of scatter
in the data, some of which is due to dependence on the plasma current. In otherwise similar plasmas
with comparable stored energy increases, the toroidal rotation is higher in plasmas with lower current.
This effect is demonstrated in figure 4, where the time histories of the plasma current, stored energy
and rotation velocity are shown for two 5.4 T discharges with 2.5 MW of ICRF power between .6 and
1.2 s. The stored energy increase during the ICRF pulse in both cases is about 45 kJ, although the 1
MA plasma has a higher stored energy target plasma before .6 s. The 600 kA plasma rotates about a
factor of two faster compared to the higher current case. This trend of higher rotation with lower
plasma current is emphasized in figure 5, which shows the toroidal rotation velocity as a function of
plasma current, for fixed plasma stored energy increase.

The rotation velocity decays with a characteristic time between 50 and 100 ms following the
ICRF turn-off, slightly less than the energy confinement time, and much shorter than the predicted
neoclassical momentum slowing down time. For argon, the diamagnetic contribution to Er from the
force balance equation,VP / neZ, is negligible compared to the rotation terms. Values of Er up to 30
kV/m at r/a = .3 have been inferred, although VeBT/BP has been ignored compared to V<j,. The
inference is that during the ICRF heating, a strong radial electric field forms near the plasma center.

5. Rotation - Possible Origin

In an effort to understand this rotation from basic neo-classical considerations, measured central
impurity rotation profiles [11] for an ELM-free ICRF H-mode plasma have been compared with the
calculated neo-classical impurity rotation profiles, evaluated using the expressions in Ref.[14]. These
profiles are shown in figure 6. Er is not included in these profiles since there is no independent or
direct measurement, and no first-principles calculation. Also shown are the calculated main ion
profiles. The measured core value for Ve < 3 x 10 m/s is consistent with the calculations. However,
the central impurity toroidal rotation profiles can only be made to agree with the calculations by
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Fig. 6. Calculated toroidal (top) rotation
velocity profiles for argon ions (solid) and
deuterons (dash-dot-dot-dot) and poloidal
rotation velocity profiles (bottom) for an
ELM-free ICRF H-mode discharge. The
filled circles show the measured argon
toroidal and poloidal rotation velocities

inclusion of a substantial core E,. The suggestion is that, during the ICRF H-mode, there is the
formation of a strong radial electric field near the plasma center which leads to the central toroidal
rotation.

One possible mechanism that can give rise to Er is an inward shift of energetic ion orbits
induced by ICRF waves [16]. During H minority heating at 5.4 T with an ICRF at 80 MHz and
nH/nD=2-5%, an ion tail is formed, with energies in the 20-50 keV range. These ions interact with the
RF at resonance locations given by co = coci - k||V||. For C-Mod, fy -ISm"1, leading to a resonance

shift of 1 - 2 x 1 0 s~ , which corresponds to a displacement of several cm in the resonance location.
This displacement, combined with the neo-classical orbit shift, allows certain classes of fast particles
to interact more strongly with the RF fields, breaking the fy symmetry and leading to net ion flows.
For our parameters, the net movement is inward and this small non-ambipolar flow can create a
substantial positive E,.. The toroidal rotation is the plasma's response to this imposed field. In
addition to the correct sign of the rotation, this theory also predicts the approximate magnitude of the
induced rotation and its observed current dependence.

6. Discussion

EDA seems to be a regime where the edge pedestal gradients are relaxed by a continuous rather
than an intermittent process. Even when small ELMs are seen on top of the EDA as shown in figure 2,
these do not seem to carry out any measurable amount of energy or particles, nor do they diminish the
size of the pedestal. By contrast, type I ELMs are believed to be a relaxation oscillation driven by the
improved transport in the H-mode barrier and limited by pressure driven [17] or current driven [18]
MHD modes. Hegna [19] and Connor [20] have formulated a picture for ELM behavior by
calculating stability in the Ja , a plane (where Ja is the edge current density and a is the normalized
edge pressure gradient, Rfi'). In this picture, the edge of an H-mode plasma evolves to the pressure
driven ballooning limit on a transport time scale, then toward the current driven "peeling mode" limit
on a current diffusion time scale. The ballooning limit is seen as a "soft" limit, where transport is
increased but the pedestal remains intact. ELMs are identified with the peeling limit, which is
essentially an external kink, and results in destruction of the barrier. We note that one might expect to
see an increase in edge turbulence as an ELM-free discharge approaches its first large ELM; in fact
this is not generally observed. The observed dependence on triangularity and safety factor suggest
that MHD stability also plays an important role in determining the EDA/ELM-free boundary.
Superficially, the dependences are reminiscent of those reported by Miller [21], where the plasma edge
was shown to have the easiest access to second stability at moderate 8 and at higher q95. However, to



288

EX1/4

make that connection, we would have to identify EDA as the more MHD stable regime. This view is
contradicted by the increased level of turbulence and decreased particle confinement seen in EDA.

The MHD topology is rather complicated however, depending critically on the local magnitude
of edge current density and pressure gradient. Thus individual flux surfaces within the pedestal may be
near one of several stability limits. The effects of shaping and safety factor discussed above cannot be
explained by a simple S/q2 analysis. Resolution of these issues must await improved measurements of
these profiles planned for future experimental campaigns. The observed effects of neutrals may
ultimately be explained within the same model. We note that high levels of neutrals in the plasma
edge can lower the edge temperature through direct cooling (via charge exchange and convective
losses) or by weakening the transport barrier via shear flow damping. We have observed slower mode
rotation at high neutral densities, which can be interpreted as damping of the underlying perpendicular
flows[8]. Regardless of the mechanism, lower edge temperatures are observed at high neutral densities
from which we can infer higher collisionalities and smaller edge currents from both the ohmic and
bootstrap drives. These effects will tend to keep the plasma edge away from the peeling boundary and
thus suppress type I ELMs. Finally we note the possible connection to theories of drift Alfven
turbulence. Three dimensional electromagnetic simulations show that plasmas at higher collisionality
are subject to turbulence due to the non-linear evolution of resistive ballooning modes [22].

The observation of strong rotation driven in ICRF heated plasmas suggests the possibility of
creating and controlling internal transport barriers (ITB) with minority heating ICRF alone. The
standard model for formation of ITBs relies on turbulence suppression by sheared ExB flows. The
seed for these flows is believed, in many cases, to be from beam driven rotation. In a reactor, with its
large value of n^a, it is unlikely that neutral beams can be used to drive significant rotation. RF drives
may provide a substitute, but creating such a barrier would require more rotation than has been
observed so far. It should be possible to increase the drive by increasing the input power and by
launching an asymmetric k spectrum[16]. Of course, RF alone will not provide an internal particle
source, which may be a critical component for ITB formation.
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Paper IAEA-CN-69/EX1/1 (presented by P.R. Thomas)

DISCUSSION

Ya.I. KOLESNICHENKO: Can you explain why the frequency spectrum of the ion
cyclotron emission that you showed differs essentially from those in deuterium discharges
and in the preliminary tritium experiment (spectral lines are not split into doublet, and they do
not merge into continuum in the high-frequency part of the spectrum)?

P.R. THOMAS: The spectra I showed are simple because they arise from excitation by
fast ions in a plasma with a short slowing down time. The inversion of the fast ion population
at the edge is not very strong and so only the fundamental is excited. The ICRH heated
plasmas that I referred to have much higher electron temperatures and so produce ICE spectra
very similar to those in the preliminary tritium experiment.

R.D. STAMBAUGH: Congratulations on these excellent measurements of a-heating,
one of our principal objectives in fusion research. Do you anticipate new a-effects in the
optimized shear regime?

P.R. THOMAS: Thank you for your kind remark. Optimized shear plasmas, with
their increased central safety factor, are more unstable to TAEs than those with q on axis near
to unity. However, intense ICRH is used in the optimized shear scenarios, which provides
strong TAE drive. Alpha driven TAEs could undoubtedly be observed if ICRH were not
used. This might require more NBI than is presently available.



290 EX1/D

Paper IAEA-CN-69/EX1/2 (presented by T. Fujita)

DISCUSSION

K. LACKNER: Did you observe neoclassical modes in the reversed shear scenarios
with H-mode edge and relatively low qmin?

T. FUJITA: The p limit in H-mode edge reversed shear discharges was mostly
determined by a collapse with ideal modes, as was the case in L-mode edge discharges.
Continuous modes were observed in some H-mode edge discharges but their properties have
not yet been analysed.

V.V. PARAIL: Your example of ITB plasma with H-mode edge shows a weak
internal barrier. Do you have any examples of the ITB plasma in ELMy H-mode with better
performance?

T. FUJITA: We have some discharges with clearer ITB with an ELMy H-mode edge,
though their duration was shorter (less than 2 seconds). An example is shown in Refs [9]
and [10 - this conference, paper IAEA-CN-69/EX5/4] (Fig. l(c)).

M.E. MAUEL: Have you identified the MHD instability responsible for the p collapse
limiting your high-performance reversed shear discharges?

T. FUJITA: The MHD instability responsible for p collapse is considered to be a
low-n kink-ballooning mode based on observations of the fast growth time of fluctuations.

M.E. MAUEL: Do you have a theoretical explanation for the improvement in stability
seen with the H-mode edge?

T. FUJITA: Improvement of the P limit with the H-mode edge is shown by ideal
stability analysis in paper IAEA-CN-69/THP2/31.

R.J. HAWRYLUK: Previously on TFTR and JET, it was reported that the threshold
power for ITB formation was a strong function of Bt. What is the scaling on JT-60U? For
the JT-60U reversed shear discharge presented, what was

T. FUJITA: No systematic study of the Bt dependence of threshold power has yet been
carried out on JT-60U, though it appears that ITBs can be formed easily in a low field. The
toroidal field of the discharges in this paper is 3.5-4.3 T.
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Paper IAEA-CN-69/EX1/3 (presented by R.R. Weynants)

DISCUSSION

K. LACKNER: Your confinement law has no explicit dependence on magnetic field
or current, which is of course counter-intuitive. Do you have a dimensionless form of this
scaling law?

R.R. WEYNANTS: We have studied the dependence on <n> J, P and B and have
indeed found that the B-dependence is very weak in both the linear ohmic confinement and
the radiation improved mode (RI-M) regime. As we are not in a position to study the size
dependence, I would hesitate to advance a dimensionless scaling as yet.

E.S. MARMAR: In many enhanced confinement modes related to peaked density
profiles, the fuelling must be dominated by core sources (beams or pellets). For the RI-M
discharges, what fraction of the fuelling is due to beam particles?

R.R. WEYNANTS: As only 20-25% of the total power input has to come from beam
injection, in order to maintain the RI-M at high density, the beam fuelling accounts for only
about 10%. It should be noted that the observed profile peaking (n(0)/<n>) in our RI-M stays
below a value of 2, whereas in such regimes as the TFTR supershot regime much higher
values can be achieved.

B. COPPI: What is the typical value of the parameter r), = dlnT;/dlnn of your peaked
density profiles?

R.R. WEYNANTS: I cannot quote the T|i values, but will check with our modellers.

B. COPPI: Given that it is difficult to ignite for Zeff > 1.6, how do you envisage
attaining ignition regimes?

R.R. WEYNANTS: At the present time I can only note that the ITER FDR (Final
Design Report) studies have shown that radiation levels as high as 75% can be achieved using
Ar or Xe injection without jeopardizing the chances of ignition. These radiation levels should
be enough to set up Rl-confinement.

R.W. CONN: As one goes to more powerful machines, the power flow to the edge
increases and neon will burn out at the edge. Do you think switching to Ar, or even Xe, will
work in a reactor such as ITER, and what are the associated values o

R.R. WEYNANTS: The ITER FDR studies show that Ar or Xe impurity seeding can
bring the total power radiated from inside the LCFS (last closed flux surface) to levels
(± 75%) that would allow the Rl-mode to develop at central Zeff values that are compatible
with the central alpha heating power. However, these calculations were performed with an
impurity transport model that is not necessarily describing the transport in Rl-mode.
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M. PORKOLAB: In the past you needed at least ~ 25% of the heating power to be in
the form of neutral beams (in addition to ICRF power) to get RI-M. If the beam fuelling
contribution is indeed only 10%, what is the role of NBI and, in particular, have you been
able to obtain the RI-M with only ICRF heating?

R.R. WEYNANTS: With ICRH we can also restore some density dependence, but
with a slope that is lower than the RI-M scaling. Analysis shows that ICRH (not counter
injection) can provoke the peaking of the density profile that can be achieved with
co-injection.
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Paper IAEA-CN-69/EX1/4 (presented by M.J. Greenwald)

DISCUSSION

Y. KAMADA: You indicate the regions related to non-dimensional parameters such as
q95, (3N and 8 for the onset condition of enhanced D-alpha (EDA). Have you also observed
the onset condition related to absolute values, such as edge temperature or density?

M.J. GREENWALD: The edge temperatures for EDA discharges are only slightly
lower than for ELM-free. On C-Mod, the global confinement and core temperature gradients
are proportional to the edge temperature, so the small difference in confinement between the
two regimes is reflected by the edge temperature. We do see a dependence on target density,
that is the density in the ohmic phase, just before the RF is applied. EDA predominates for
target densities greater than about 1.5 x 1020 m"3, which is about % the density limit. No
dependence on density in the H-mode is observed.

F. PERKINS: Could the EDA be the result of direct interaction between the edge
plasma and an energized antenna?

M.J. GREENWALD: We have no evidence that the EDA is a direct consequence of
RF vs NBI heating. Our feeling is that the regime may be seen on C-Mod rather than other
machines because of its particular shape or closed divertor configuration.

F. PERKINS: ASDEX-U sees ordinary Type I ELMS with ICRF. Which
phenomenology is appropriate for extrapolation to ITER?

M.J. GREENWALD: The absence of EDA in RF heated ASDEX-U discharges might
be seen as evidence that RF alone is not responsible. It is worth noting that, so far,
ASDEX-U has run at triangularities below the threshold at which we observe EDA.

M.C. ZARNSTORFF: Your plot showing sensitivity of the EDA onset to neutral
pressure (Fig. 3c) appears to show EDA points across the full range of neutral pressure. What
parameter distinguishes the EDA from non-EDA plasmas at low neutral pressure?

M.J. GREENWALD: While we have identified global variables which begin to
separate the EDA and ELM-free regimes, there are - as you noted - regions of substantial
overlap. This suggests that we have not identified all the relevant variables. It is possible that
consideration of local variables and gradients will allow clearer separation.

M.C. ZARNSTORFF: How does the ICRF driven rotation at fixed (~ large r/a)
location vary with resonance location?

M.J. GREENWALD: We have carried out field scans, which moved the ICRF
resonance off axis to perhaps r/a = ± 0.3. No difference in rotation (or heating efficiency) was
observed. We plan to extend the range of these scans in future experiments.
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K. IDA: In most measurements toroidal rotation is in the counter direction when there
is no toroidal momentum input, and this can be explained by the off diagonal term of the
transport matrix. Toroidal rotation in the co-direction is, therefore, a unique feature. Is there
any evidence to suggest that the co-rotation observed is directly driven by ICRF wave? How
sensitive is the toroidal rotation profile to the position of ICRF resonance?

M.J. GREENWALD: Without ICRF we do indeed see the counter rotation which is
predicted by neoclassical theory. This rotation is much smaller than the co-rotation seen with
RF. In our next campaign, we will be carrying out a series of experiments to test the theory of
RF flow drive.
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Abstract

Equilibrium and stability properties in the WENDELSTEIN 7-AS stellarator are investigated
experimentally and compared with theoretical predictions for particular cases. The topology of
equilibrium magnetic surfaces and of global MHD modes is inferred from X-ray tomography. The
predicted effects of externally driven currents and internal currents on the equilibrium surfaces
could be confirmed experimentally. In particular the reduced Shafranov shift due to reduced
Pfirsch-Schlüter currents in W7-AS could be verified. Up to the maximum accessible ß ((ß) ~ 2 %)
plasmas can be confined without significant deterioration by pressure driven MHD-activity.
However, global modes in the stable MHD spectrum such as global and toroidal Alfvén eigenmodes
(GAE, TAE) can be destabilised by energetic ions from neutral beam heating. These instabilities
appear as very coherent low frequency modes (< 40 kHz) in the lower ß regime without
significant impact on the global confinement. At medium ß very strong particle driven MHD
modes with frequencies up to the range of 500 kHz can be observed. These modes can show
nonlinear behaviour including periodic bursting and frequency chirping in combination with
significant plasma energy losses. With increasing ß Alfvén modes are widely stable, because under
these conditions the damping relative to the particle drive is increased. Besides the global mode
activity small scale turbulent structures have been investigated in the plasma core and at the edge.
The measured data of electron temperature, density and magnetic fluctuations do not yet allow to
assess turbulence driven transport fluxes. However, correlations with the global confinement have
been found, and the measured amplitudes are in the range expected to be relevant for anomalous
transport. The observed dependence of the confinement on the edge rotational transform and
magnetic shear can be explained in terms of enhanced transport at rational surfaces, however, the
underlying mechanism is still unclear.

1. INTRODUCTION

In WENDELSTEIN 7-AS (major radius R = 2 m, effective plasma radius a < 0.2 m) the
magnetic configuration has been optimised to some extent with respect to equilibrium, MHD
stability and neoclassical transport properties. A key element is the reduction of the internal
parallel currents (Pfirsch-Schlüter and bootstrap currents) achieved by a 3-dimensional field
geometry, which results in good equilibrium properties (eg. small Shafranov shift) and improved
MHD stability simultaneously [1]. The existence of high quality flux surfaces is the basis for good
confinement in W7-AS. In the usual net-current-free operation the configuration is characterised
by very low magnetic shear, and therefore, small field errors can lead to large stationary islands
particularly around low order rational surfaces. Since also MHD instabilities as well as magnetic
turbulence are expected to lead to deteriorations of a similar kind, the rotational transform i = 1/q
is adjusted by means of the toroidal field system to avoid major resonances. Optimum
confinement is established when t stays within nearly resonance-free zones just in the vicinity of
1/3 and 1/2. Detailed measurements of vacuum flux surfaces using a probing electron beam [1,2]
have shown both, a good agreement with field line tracing calculations as well as the existence of
large islands, if low order resonances are contained in the i-profile. In the presence of plasma the
surfaces are modified by the internal currents. The edge rotational transform can be feedback
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controlled by driving a small Ohmic heating (OH) current, which compensates the bootstrap
current (net current-free operation). Current driven MHD such as tearing modes only occurs in
the presence of significant net currents driven inductively or by electron cyclotron current drive
(ECCD) [3]. In the absence of significant magnetic shear the global MHD stability against
pressure driven modes (interchange and ballooning modes) relies on a magnetic well. The
predicted ideal MHD stability limits for standard field configurations in W7-AS are in the range
{p) ~ 2 %. A main purpose of this paper is the attempt to benchmark the predicted MHD
properties with experimental data. Another related aim is to investigate the interrelation of global
MHD activity and small scale turbulent fluctuations with anomalous transport, confinement
transitions and operational limits. A particular emphasis is on Alfven Eigenmodes, which are in
the stable MHD spectrum, but which can be destabilised by resonant Landau interactions with
energetic ions from neutral beam injection (NBI). These modes cannot be easily suppressed by
field optimisation, and therefore, their role needs to be further investigated in devices like W7-X.

2. HIGH-BETA EQUILIBRIUM AND MHD MODES

Maximum p values of (P) ~ 1.9 % and (3(0) « 4.5 % have been reached in W7-AS at
magnetic fields of B = 0.9 - 1.3 T with NBI heating powers up to 3 MW [4]. The almost
tangential injection system operates at 50 - 55 kV and allows for balanced injection, in order to
avoid too large beam driven currents. Under the conditions of high p the electron density reaches
2-3x102° m-3 leading to temperatures of only 200 - 300 eV.

The reconstruction of equilibrium surfaces by magnetic probe measurements in W7-AS is very
difficult due to the small field changes. Therefore, a multi-camera soft X-ray detector system was
installed for tomographic analyses of equilibrium surfaces and mode structures [5,6]. This device
consists of 10 compact cameras with a total number of 320 sight-lines surrounding the plasma
inside the vacuum vessel. Various numerical methods for the reconstruction of the emissivity
contours and for the separation of mode structures from the equilibrium have been applied.

t= 135ms, pB=1.35% t = 270ms, po = 4.41%

190 210200 210 180 190 200
R [cm] R [cm]

Fig. 1. X-ray emissivity contours as obtained from tomographic reconstructions (Maximum
Entropy method) compared with equilibrium flux surfaces (NEMEC code, solid contour lines).
The analysis is made for the Iow-j3 phase (left, /3(0) ~ 1.4 %) and the high-/3 phase (right,
/3(0) ~ 4.4 %) of #41618. The (3 induced horizontal axis shift reaches 7-8 cm.

A particular aim was to compare the NEMEC free boundary equilibrium code calculations [7]
with experimental data. The calculated equilibria are widely used for plasma analysis. Very good
agreement is usually obtained between the equilibrium calculations and X-ray tomographic
reconstructions, particularly in the gradient region of the X-ray emissivity profiles, where the
reconstructions are most reliable. Two major effects predicted by the code calculations could be
verified: - firstly, the displacement of the flux surfaces due to Pfirsch-Schluter currents (Shafranov
shift) in agreement with earlier measurements [2], - secondly the different modification of flux
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surfaces by parallel and antiparallel inductive currents [7]. The effect of the Shafranov shift is
illustrated in fig. 1 where X-ray tomograms at different (3 during a discharge are compared with
NEMEC calculations. In accordance with the calculations the observed horizontal axis shift at
high p (P(0) ~ 4.5 %) reaches values, which correspond to a significant fraction of the plasma
radius (0.4 - 0.45 a). Along with the geometric changes of the flux surfaces the t-profile is
modified from i ~ 0.35 (almost constant in vacuum configuration) to a moderate shear profile at
high p that varies between 0.404 > i > 0.27 between center and edge. Therefore, at high |3 low
order rational surfaces cannot be avoided anymore.

Actually under these conditions often coherent low frequency (~ 4 kHz) mode activity is
observed in the X-ray emission, which indicates a pressure driven global mode at the most
important rational surface. In addition weak MHD activity is found around 15 and 35 kHz, which
is probably driven by fast particles (see section 3.). For the same discharge, which was used for the
equilibrium analysis shown in fig. 1, a stability analysis has been performed for the high-P case
(#41618, B = 1.22T, <p> = 1.7 %, (3(0) = 3.6 %, ne = 1.8x102" m-3, Tc = 0.35 keV,
PNBi ~ 3 MW). The local analysis comprised the evaluation of the local stability criteria (Mercier
criterion, resistive interchange criterion), and the local ballooning analysis along a closed field line
[8]. The Mercier criterion indicates stability across the whole plasma, whereas the resistive
interchange criterion is violated for s > 0.75 (s normalised flux coordinate), which corresponds to
an effective plasma radius of r~ 15.25 cm. This is consistent with an earlier study of
configurations with reduced magnetic well [9]. The evaluation of the local stability analysis is
shown in fig. 2. The field line ballooning indicates also stability in the outer plasma region, for
example at the rational surfaces t = 3/10 at s = 0.688 and t = 2/7 at s = 0.818.

Local stability criteria
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Fig. 2. The local stability analysis of the high-P shot 41618 yields a resistive-interchange
unstable region for s sO.75 f r a 15.25 cm). The plasma is ideally stable across the whole plasma.

The global stability properties have been studied with the CAS3D code [10,11]. The latest code
version (CAS3D3) [12] also allows to analyse the stable part of the ideal MHD spectrum in full
three-dimensional (3-d) geometry, including fluid compression and using a physical kinetic energy
term, so that physical growth rates and frequencies can be calculated for comparison with
measured frequencies. In the analysis 162 radial intervals and 40 perturbation Fourier harmonics
have been used, which were selected according to the i-profile and the mode family chosen
(N = 0,1,2 in the 5-periodic W7-AS) [10]. In the stable MHD spectrum the computational spectra
for the N = 1 and N = 2 mode families, which have been studied in more detail, show gap
formation, which may occur in the sound spectrum as well as in the Alfven spectrum. Several gap
modes in the CAS3D3 calculations have been detected by comparisons with the analytical sound
and Alfven continua: in the low frequency part several global modes (N = 1) appear in a
toroidicity and an ellipticity induced gap of the sound spectrum, respectively
((m,n) = (3,1) + (4,1) at « 1.8 kHz, and (4,1) + (2,1) at « 4.6 kHz), where m,n are the poloidal
and toroidal mode numbers). In the higher frequency range the CAS3D3 calculations reveal gap
formation in the Alfven branches of the spectrum and the existence of global, stable modes. In
particular, toroidal Alfven eigenmodes (TAE) with main components (m,n) = (3,1) + (4,1) (N = 1
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mode family) at 22 kHz and (m,n) = (6,2) + (7,2) (N = 2 mode family) at 38 kHz are predicted.
Typically several global modes are found by CAS3D3, which are composed of similar poloidal
mode numbers, but differ in the number of radial nodes and in the sign of the poloidal harmonics
(odd and even modes). The global modes may be destabilised by resonant fast particles (see next
section) and cause some of the experimentally observed activity. However, more computational
and experimental studies are needed to explain this weak MHD-activity in the high-p regime.

3. ENERGETIC PARTICLE DRIVEN MODES

The most striking MHD instabilities in W7-AS have been identified as global Alfven
eigenmodes, which are in the stable MHD spectrum driven unstable by wave particle resonances
with energetic ions of the neutral beam slowing down distribution [13]. These modes cannot be
suppressed by avoiding rational surfaces since they occur in gaps of the continuous shear Alfven
spectrum given by coA = k||-vA with finite parallel wave vector k|| = (m-i - n)/R ^ 0. Under the
usual low shear conditions in W7-AS and close to a low order resonance i = n/m, where optimum
confinement is found [14], the (m,n) continuum does not extend to zero frequency. Underneath
the continuous spectrum a gap remains, in which global Alfven eigenmodes (GAE) with low
frequencies are predicted (typically 20 -40 kHz in W7-AS) [13,15]. Experimentally they appear
typically as coherent mode activity with one or a few lines dominating the frequency spectrum.
This activity is usually not causing any significant transport. The spatial 2-d structure of GAE and
TAE modes has been derived from X-ray tomography analysis.
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Fig. 3. GAE-activity in a HNBI discharge. In the frequency spectrogram of a soft X-ray
signal several lines appear below 40 kHz (left). For the upper 2 lines the X-ray reconstructions
show extended mode structures with m = 3 (middle) and with higher (m - 8,9, or 10?, right).

In fig. 3 an example is shown for a more complicated frequency spectrum (left) and for
reconstructed mode structures (right) corresponding to the 2 uppermost spectral lines. Whereas in
the case of the equilibrium reconstructions the maximum entropy method is used, a first order
regularisation method is used for the mode analysis in combination with either Fourier filtering of
the raw data or singular value decomposition (SVD) techniques in order to separate different mode
structures [5]. The analysis of fig. 3 refers to a high-confinement NBI discharge (HNBI) in W7-
AS [16] (#43711, B = 2.5T, ne =1x1020 m-*, Te = 0.9 keV, PNBI - 0.35 MW). In this case a
relatively high bootstrap current develops, which is compensated by an OH-current, resulting in
the formation of i = 1/3 in the plasma, therefore, closing of the (3,1) gap towards the plasma
center. In many cases modes with a similar poloidal structure are observed, which are at different
frequencies, and also differ by a node in their radial eigenfunctions.
The influence of (moderate) magnetic shear on the Alfven spectrum has been studied by driving
OH-currents of different magnitude and polarity [17]. With increasing shear a transition from
GAE to TAE modes has been found. A TAE mode has been identified in discharge #39042 by the
poloidal structure, which varies from m = 6 in the outer region to m = 5 towards the inside as
deduced from the X-ray tomographic analysis (fig. 4). The mode structure and frequency are in
agreement with CAS3D3 code calculations. Additional (axisymmetric) calculations with a
TAE/GAE gyrofluid model [15], which includes drive and damping terms to describe the particle
effects, give similar results and predict instability for the n = 2 (m =5,6) TAE mode observed.
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Fig. 4. X-ray tomography of a TAE mode with main poloidal components m= 6 outside
and m= 5 inside (left). In the middle radial profiles of the two main poloidal harmonics from
Fourier decomposition of the tomogram are shown, which are in qualitative agreement with the
Fourier harmonics of the normal displacement as calculated with CAS3D3 (right).

For the case of this (weak) TAE activity the interaction of the mode with the fast particles has
been studied with the guiding center particle following code HAGIS [18]. As input toroidal
averages of the equilibrium and of the perturbations from CAS3D3 (fig. 4, right), as well as
calculated radial and energy distributions of the particles were used. A saturation amplitude of

B/B~2xlO^ and a linear growth rate for the particle drive of y/«>~l-5% has been calculated,
which is consistent with typical gyrofluid calculations. The particle interaction with the TAE
causes a 15 % shift of the MHD frequency and very small redistributions of the fast particle
distributions around the resonances (~ 10"4 relative density perturbation), which, however, do not
lead to any significant particle losses.

The low frequency coherent GAE modes occur preferentially in the low-(3 NBI regime (low
shear, ne(0)~ 10~20 n r 3 , low NBI power), where the Alfven speed typically exceeds the fast ion
velocity. Therefore, the modes with poloidal wave number m are excited via the m± 1 sideband
resonances at much lower resonant particle velocities (typically V||im+1 = 0.1-vA) if the t-profile is
close to the rational value n/m (small ky). This is sketched in fig. 5, where the resonant particle
velocities for fundamental and sideband excitation are compared as a function of mode number m.

Under conditions, where a significant fraction of fast particles has velocities > vA and the
fast particle beta is sufficiently high, the beam driven mode activity can change significantly. A
transition to higher frequencies (up to = 500 kHz) and to bursting behaviour and intermittent

2.0-

l .Oi

0.50J

relative resonance velocities

. . . • * - •

I V iota = 0.35

k_par,m/k_par,m±l/p

-10 0 5 10
poloidal mode number m

Fig. 5. Resonant parallel particle velocities normalised to the Alfven speed for fundamental
(v\\ = VA) and m+1 sideband resonances. The rotational transform used (l= 0.35) is close to
n/m = 1/3. Under this condition the sideband resonance velocities for the (m,n) = (3,1) mode are
well below vA.
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Fig. 6. Bursting MHD-activity in the higher frequency range at higher /?. Left: Plasma
energy (diamagnetic loop), averaged Alfven speed normalised to maximum particle velocity,
Mirnov signal and NBI power. Right: The mode activity is correlated with small relaxations of the
plasma energy and Ha-emission. The Mirnov spectrogram shows several lines up to 250 kHz.

mode activity together with frequency chirping is often observed. This regime is characterised by
relatively high p (low field) and intermediate NBI power, for which the plasma density can be
kept well below the radiative density limit. This MHD activity can cause significant deterioration
of the energy confinement as deduced from correlations with relaxations of the plasma energy
and temperature. Inreased particle losses are deduced from the signature of the H

Growth Rates #43348 Mode Energies #43348

COT
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Fig. 7. Dependence of growth rates (upper left), frequencies (lower left) on the mean fast
particle velocity normalised to the central Alfven velocity as calculated with the parameters of
#43348 (see fig. 6) by the gyrofluid model for the case n= 1. At higher velocities modes with
significantly higher growth rates and frequencies are destabilised with much broader spectra of
poloidal harmonics including opposite helicity modes (m < 0).

The bursting and frequency chirping behaviour suggests that at least a part of the lost particles
could be fast ions resonating with the modes. In fig. 6 an example is shown for these effects
(#43348, B = 1 . 2 T , <p> » 1.4 %, P(0) = 2.4 %, p f88t(0) « 0.5 %, n e -1 .2xlO 2 0 m"3,
PNBI ~ 2 MW). The gyrofluid calculations for this case predict the transition to unstable Alfven
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modes in the frequency range of the observed activity as the mean fast particle velocity
normalised to the central Alfven speed exceeds unity (fig. 7). However, in the experiment
(Vbeam)/VA(O) is marginally below 1. The higher threshold of the fast particle velocity in the
calculations might be due to the approximation of the fast ion velocity distribution by a
maxwellian. Compared with the low frequency GAE mode the calculated spectrum of poloidal
mode harmonics in the case of the high frequency mode is broader and shifted to m numbers
which involve higher k||-values.

The onset of the high frequency Alfven modes is often observed during a density ramp,
when vA falls below the threshold for the fundamental resonance [19]. At higher densities
approaching the maximum plasma p the beam driven modes usually become stabilised again,
probably due to higher continuum damping (increased shear) and reduced values of Pfast/fWrmai- At
the time of mode stabilisation a transition to better confinement is usually observed. A detailed
understanding of the high frequency MHD activity is not possible so far due to lack of
experimental data concerning the poloidal and radial structure. There might be also an
explanation in terms of kinetic ballooning modes (KBM) or the energetic-particle continuum
mode (EPM) [20,21]. The threshold condition to drive the EPM unstable given in ref. 19 is
typically exceeded, but the expected frequency should be restricted to the range < 80 kHz.

4. TURBULENCE AND FLUCTUATIONS

Under optimum confinement conditions the observed radial energy transport is reduced to
neoclassical levels in a large interior region of the plasma [16,22]. In the majority of plasma
conditions, however, anomalous transport plays an important role, in particular towards the
plasma edge. Although MHD modes can cause enhanced transport, in most cases they cannot
account for the anomalous transport, which is considered to be driven by microinstabilities. Small
scale fluctuations are investigated by different diagnostics including an electron cyclotron
emission (ECE) correlation radiometer, a reflectometer, u.-wave scattering, beam emission
spectroscopy (BES) using a Lithium beam and magnetic probes. Due to the lack of measurements
of electric field fluctuations inside the plasma no quantitative assessment of turbulent transport
fluxes can be made at present. Here we try to describe the essential characteristics of the observed
fluctuation and their interrelation with anomalous transport.
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Fig. 8. Burst-like fluctuations inside the LCFS. Left: space-time correlation function of

density fluctuations from BES. Right: poloidal correlation function of Mirnov signals.

The dependency of anomalous transport on details of the t-profile (content of rational
values and shear) [14] implies some features of the underlying turbulence: the instabilities are
located around rational surfaces, and their effect is reduced by shear. These observations could be
consistent with drift Alfven turbulence [23], which also could provide a drive for Alfven
eigenmodes appearing occasionally during electron cyclotron heating (ECRH) or Ohmic heating
[24] in the absence of fast ions. In the confinement region the turbulent electron temperature and
density fluctuations in the 40 - 100 kHz range are in phase and well correlated. The temperature
fluctuations [25] vanish under VTe = 0 conditions, where density fluctuations are still present.

This behaviour could be explained by a convective mixing process which scales with Te/VTe. The
leading parameter dependency of the temperature fluctuations is an inverse scaling with the
temperature.
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A particular feature of the fluctuations at the edge is the burst-like oscillating instability
extending over a few centimeters inside the last closed flux surface (LCFS) [26] well correlated in
both density and magnetic signals. Fig. 8 shows the space-time correlation function of the density
fluctuations as deduced from the Li-beam BES measurements and the cross correlation function
for the poloidal array of 16 Mirnov coils. The Mirnov data imply rotating short-lived structures
(50 - 100 u.s) with ky-values of ~ 0 and relatively long poloidal wavelengths in the range 30 -
50 cm. These burst-like fluctuations are considered to be related to transport because of their

location, the scaling with density, the sensitive dependence on the i-profile and their suppression
during optimum confinement. Another class of fluctuations causing enhanced transport are ELM-
like relaxations with typical duration of 200 - 500 |xs, which can occur even outside the H-mode
operational window [27]. As in the case of ELMs these relaxations cause a local flattening of the
density and temperature profiles around the LCFS (particle and heat expulsion).

5. CONCLUSIONS

The predicted performance of the partially optimised stellarator configuration with respect
to equilibrium flux surfaces and stability against pressure driven global modes at high (3 could be
confirmed experimentally. The excitation of global AlfVen eigenmodes by resonant fast particles
can lead to a significant deterioration of the confinement under particular operational conditions.
Therefore, extensive experimental studies and numerical code calculations have been made in
order to improve their understanding, which might help to assess their potential danger in larger
machines like W7-X. Further studies, particularly in the higher frequency regime, seem to be
necessary. The investigations of small scale fluctuations have shown correlations with anomalous
transport. However, the underlying processes are not well known, and quantitative estimates of
the turbulent transport are not possible on the basis of the available data.
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Abstract

First plasmas have been successfully achieved in the TJ-II stellarator using electron
cyclotron resonance heating (f = 53.2 GHz, PECRH - 250 kW). Initial experiments have explored
the TJ-II flexibility in a wide range of plasma volumes, different rotational transform and
magnetic well values. In this paper, the main results of this campaign are presented and, in
particular, the influence of plasma wall interaction phenomena on TJ-II operation is discussed
briefly.

I. INTRODUCTION

First plasmas have been achieved in the TJ-II stellarator using ECR heating. TJ-II is a low
magnetic shear stellarator of the Heliac type with an average major radius of 1.5 m and average
minor radius of < 0.22 m. The magnetic field (Bo ^ 1.2 T) is generated by a system of poloidal,
toroidal and vertical field coils. The central conductors, which provide the flexibility of the TJ-II
device, (i.e., its rotational transform and magnetic well depth can be varied over a wide range),
consist of a circular coil and two helical coils which are wrapped around the central conductor
(Fig. 1). The main characteristics of TJ-II are: a) strong helical variation of its magnetic axis;
b) very favourable MHD characteristics with potential for high beta operation; c) operational
flexibility and d) bean shaped plasma cross section [1]. The existence of closed and nested
magnetic surfaces, in good agreement with the calculated ones, has been demonstrated by
magnetic surface measurements made at low magnetic fields [2]. Two gyrotrons (53.2 GHz, up to
700 kW) have been installed for the first stage. The first quasioptical transmission line allows
perpendicular power injection while the second one, which is equipped with a movable mirror
located inside the vacuum chamber, enables the position of power deposition to be varied while
also inducing current by electron cyclotron current drive (ECCD) [3,4]. In a second stage, 2 MW
of additional NBI will be available at the beginning of 2000 [5]. Also, a state of the art set of
plasma diagnostics, that includes most of the standard systems used in magnetic fusion
experiments, is being installed [6]. In addition, a powerful data acquisition system is in operation
to handle the large amounts of data (=125 Mbyte/discharge) [7]. The physics programme of the
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TJ-II stellarator is focused on transport studies in low collisionality plasmas, operational limits in
high beta plasmas, and on studies of transport optimisation and its relationship with the radial
electric field.

Figure 1: Schematic view of the TJ-II coil system

Characteristics of the ECRH system

The first TJ-II plasmas were obtained using one gyrotron (f = 53.2 GHz, PECRH ~ 250 kW)
with a pulse length of At ~ (100 - 250) ms, and with perpendicular power injection into hydrogen
plasmas. The gyrotron is fed by a high voltage power supply that is based on solid state
commutative technology. The ECRH output power has a Gaussian-like beam shape. Power is
launched into plasmas, through a boron nitride window mounted on the bottom port at the
toroidal angle (|> = 25°, as an extraordinary wave perpendicular to the magnetic field [8]. The
transmission line consists of 8 mirrors of which six are cylindrical mirrors coupled into pairs. The
remaining two mirrors are elliptic. A receiving antenna is placed in the transmission line at the
edge of the third mirror in order to monitor the microwave power. A power transmission
efficiency of 0.9 has been achieved along this mirror line and the wave beam diameter is ~10 cm
at the plasma border. In addition, a set of receiving antennas has been installed along the TJ-II
vessel in order to measure the multi-pass absorption. Measurements show that the residual
microwave power that is not absorbed directly by the plasma bulk is absorbed after a few passes
through the plasma column. This is in agreement with the extensive linear ray tracing calculations
carried out to analyse the performance of the ECRH system in TJ-II [3,4].

Wall conditions

In the experiments reported here, the plasma has been exposed to only metallic (stainless
steel) components. According to calculations and to magnetic field mappings (see below), the
interaction between the plasma and the vacuum vessel occur mainly in the region surrounding the
central coil system, i.e., in the groove. A set of stainless steel plates acts as a thermal shield, thus
creating an almost symmetrical helical limiter. Prior to experiments, vacuum levels of ~ lx l0" 7

mbar are achieved using a set of turbomolecular pumps whose total pumping speed is ~ 4000 1/s
[9]. In the initial phase, room temperature glow discharge cleaning with helium has been used for
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..-3wall conditioning. The glow discharge is sustained at a voltage of ~ 300 V (at P = 5 x 10 J mbar)
between the chamber and two L-shaped anodes. The total discharge current is typically 1 A per
anode, equivalent to a current density of 4 (O.Acm"2. In future phases, vacuum vessel baking (to
150°) and various coating techniques (such as boronization and lithiation) will be used. Two
mobile poloidal limiters have been installed in TJ-II to allow the interaction between the plasma
and the vessel to be reduced when required. A set of Langmuir probes and thermoresistances are
embedded in the limiters to enable the scrape of layer (SOL) region to be characterised. The
influence of poloidal limiters on the SOL thickness and on impurity fueling, as compared with the
limiting effect of other parts of the TJ-II vessel (helical limiter), has been studied.

II. CONFIGURATIONAL EFFECTS AND CONFINEMENT STUDIES IN ECRH PLASMAS

Characteristics of the magnetic field and influence of plasma volume on confinement.

The parameters characterising the five configurations considered in this study are shown in
Table I. Figure 2 shows the vacuum flux surfaces at the toroidal angle $ = 0 for three
configurations. Free boundary equilibria were obtained using a three dimensional equilibrium
code (NEMEC).

Name
38_38_37

46_46_43

100_32_60

100_40_63

100 50 65

io
1.50
1.60
1.42
1.51
1.61

l b

1.62
1.73
1.52
1.61
1.73

Well (%)

2.6

4.0

2.2

2.3

2.7

Vol(m3)
0.337
0.560
0.934
1.065
1.260

Ro(%)
3.0

2.3

1.5

1.7

2.4

Rb(%)
18.4
24.2
32.0
35.8
40.7

Table I: TJ-II configuration characteristics in the plasma volume scan experiment. Ro and Rb are the mod(B)
ripple at the magnetic axis and at the boundary respectively. The same notation is used for i.

38 38 37 100 32 60 100 50 65

i > \ o
: O

Figure 2: TJ-II vacuum configurations
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Plasma configurations with a wide range of plasma volumes, 0.3 - 1.2 m-̂ , and average
plasma radius in the range 0.12 - 0.22 m were chosen. The vacuum rotational transform profile is
very flat [iota (0) -iota(a) ~ 0.1] and the magnetic well in the studied configurations is in the range
2 to 4 %. The poloidal location of the plasma-wall interaction in a specific interaction region
evolves with the magnetic configurations. Although some degree of toroidal asymmetry is
estimated, no hot spots are foreseen in the groove area (helical limiter).

1000 1100 1200
Time(ms)

1300

Figure 3: The time evolution of line averaged plasma density,
(ECE) central electron temperature and stored energy for a TJ-II
magnetic configuration with central iota(O) =1.6 (see table I).

The time evolution of a ECRH
discharge is shown in figure 3 for a
magnetic configuration with the
central iota (0) ~ 1.6. Good conditions
for preionization and for plasma start-
up by ECRH were achieved by
injection of hydrogen at several tens
of milliseconds before the gyrotron
pulse. Typical pressures were in the
10~5 mbar range, in agreement with
particle balance, and delays between
the density built-up and the gyrotron
pulse were typically a few
mill iseconds. Quasi-stationary
discharges with the electron cyclotron
heating lasting up to 250 ms were
obtained. The average electron density
achieved was <ne> = 0.5-1.0 x 101 9

m~3, the central electron and ion
temperatures, Te and Ti, were ~ 0.4 to
0.8 keV and - 0 . 1 keV respectively,
and the stored energy, W, was ~ 0.8 kJ
(Fig. 3).

Electron temperature profiles obtained from 2nd harmonic ECE and multiposition
Thomson scattering system measurements are shown in figure 4 for a series of discharges with iota
(0) ~ 1.51. In fact, good agreement is found between the ECE, multiposition Thomson scattering
and Si(Li) detector (when available) measurements. The central temperatures are about 600 eV for
these discharges. The distortion of the profiles on the low field side of the plasma is interpreted as
being caused by a significant population of suprathermal electrons which gives rise to ECE at
downshifted frequencies. The edge temperature obtained with edge probes is in the range Te (a) ~
1 0 - 2 0 eV. Plasma currents, I, of ~ 0.5 kA have been measured, but these appear to be dependent
on the location of the plasma resonance (on/off axis heating) which is consistent with ECCD
calculations.

Plasma parameter radial profiles have been determined in the plasma boundary region for a
range of plasma configurations using fast movable probes and probes installed in movable
poloidal limiters. In general, good agreement (within + 0.5 cm) has been obtained between the
location of the Last Closed Flux Surface (LCFS) computed from equilibrium codes and the
confinement plasma radius taken as the shear layer location, i.e., the point were the electric field
changes direction from positive (radially outwards) to negative.

It has been found that global confinement properties are strongly dependent on plasma
volume. Figure 5 shows stored plasma energy versus plasma volume. The stored energy increases
from 200 J for V ~ 0.34 m-̂  (the smallest plasma configuration), to 1 kJ for V ~ 1.2 m^. In the
largest plasma configurations, the measured stored plasma energy, W, is = (0.8 - 1) kJ and the
global energy confinement time, TE* = W/ PECRH> is (3 - 4) ms.
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Plasma densities up to the cut-off density (ne(0) = 1.75 x 10^" m~3) have been achieved by
means of appropriate gas puffing during a plasma discharge. The time decay of the H(x signal
indicates an effective particle confinement time (T-p*) lower than 15 ms for the wall conditions
reported here. By considering that all losses are due to the (helical) limiter while assuming that
other sources or sinks can be ignored, then the radial flux is given by F L C F S ~ 0.5 n(a)csA/Lc,
where L c is the characteristic connection length to the limiter and A is the e-folding length of
particle flux. Field mapping calculations yield L c ~ (4 - 5) m (helical limiter) and probe
measurements indicate A. = 1.5 - 2 cm in the upper region of the bean shaped plasma (toroidal
angle = 38°). The diffusion coefficient can be described by DsoL = T L C F S /Vn ~ 1 nWs. This
value is close to DBohm. A density scan has shown that the diffusion coefficient scales roughly with
the inverse of edge plasma density. A rough estimation of the global particle confinement time
can be obtained from Vne/S FLCFS> where S is the plasma surface and V the volume. This ratio,
which is in the range 5 - 8 ms, is consistent with Hoc measurements, if allowance for a moderate
recycling coefficient is made.

Thomson scattering measurements for different plasma configurations show that the density
profile is rather flat whereas the temperature profile is peaked. This result appears to be rather
similar to previous studies of plasma profiles in stellarators. The influence of plasma density and
collisionality on plasma profiles is currently under investigation.

Rotational transform scan and plasma profiles

An investigation on the influence of natural plasma resonances on plasma profiles and
confinement is under way. A magnetic configuration scan has been done to move the 8/5
resonance from the edge to the central region of the plasma. The presence of the natural 8/5
rational surface in the plasma boundary region, as predicted by equilibrium codes for this
configuration, has been observed as a flattening in the edge profiles (i.e., ion saturation current
and floating potential) (Fig. 6). Interestingly the flattening (with a radial extension of about 1 cm)
in density and floating potential profiles is not the same. This is interpreted in terms of the
difference in particle and energy transport coefficients in the plasma boundary region. To date,
no significant influence of the 8/5 resonance has been observed on global confinement properties.
Further experiments are in progress to investigate the influence of major resonances (4/3) on
plasma profiles and confinement.

Magnetic well scan and plasma operation

The flexibility of TJ-II allows the magnetic well depth to be modified over at a broad range
of values ( - 0 - 6 %). This high degree of flexibility in the TJ-II device makes it attractive for
investigating transport characteristics close to pressure gradient instability thresholds. A
preliminary study has been initiated with magnetic configurations having the same rotational
transform (iota (0) = 1.8) but with the magnetic well varied from 0.2 to 2%. Figure 7 shows the
magnetic well radial profile [(V'(r) - V'(0))/V'(0)] for these configurations. The configuration
with the smallest magnetic well (~ 0.2) has magnetic hill in the outer plasma region (r/a > 0.7).
Radial electric fields at the plasma boundary region are of the order of 20 V/cm in the plasma
configurations with a magnetic well of 6%. In the configuration with the smallest well (~ 0.2), this
becomes ~ 2 V/cm. Work is underway to study the structure of pressure profiles and fluctuations
in configurations with a wide range of magnetic well values.

III. INFLUENCE OF POLOIDAL LIMITER ON PLASMA EDGE STUDIES AND PLASMA
OPERATION

The role of the mobile (poloidal) limiters on plasma profiles and their influence on
impurity dilution effects has been studied in the plasma configuration with plasma volume of 1.2
m ;,3
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Figure 6: Radial profiles of ion saturation and floating
potential in the plasma configuration for iota (0) = 1.5.
The flattening of the profile in the plasma boundary
region is interpreted in terms of the influence of
magnetic islands (8/5) in plasma profiles.

Field mapping calculations have shown that the characteristic connection length to the
poloidal limiter along the flux tube is of 50 m. This value reduces to 3 - 4 m in the case of
plasmas with the helical limiter. Radial profiles of ion saturation current and floating potential
have been measured for different radial locations of the poloidal limiter. The shear layer location
moves inwards as the poloidal limiter is inserted into the plasma edge region and the ion saturation
scale length increases. The e-folding length for the ion saturation current increases from 1 cm,
when the poloidal limiter is fully removed from the plasma, to 3 cm when the limiting effect of the
poloidal limiter is dominant (Fig. 8). This result is in good agreement with field mapping
estimates for Lc (i.e., A, = Lc^' ).

A systematic reduction in plasma fuelling by wall impurities is observed as the poloidal
limiter is inserted into the plasma, thus permitting a better density control by external gas
injection and localised recycling on the mobile limiters.
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Figure 8: Ion saturation decay lengths for different radial locations of the limiter: (a) the poloidal limiter is
located in the proximity of the LCFS computed from equilibrium codes; (b) limiting effect of both poloidal and
helical limiters; (c) the limiting effect of the poloidal limiter is dominant.

IV. CONCLUSIONS

The first plasmas of the TJ-II stellarator have been successfully achieved using a 53.2 GHz
gyrotron with ECR heating (PECRH ~ 250 kW). Quasi-stationary discharges lasting up to 200 ms
have been obtained with central electron temperatures from 400 to 800 eV, plasma densities <ne>
~ (0,5 - 1 ) x 10*9 m~3, stored energies in the range 0.2 to 1 kJ and global energy confinement
times of up to 4 ms. First experiments have explored the TJ-II flexibility in different plasma
volumes and for a wide range of iota and magnetic well values. As expected, in TJ-II, the plasma-
wall interaction shows very distinctive features that play an important role in machine operation.
An intensive program in first wall conditioning is under development to control the influence of
neutrals and radiation on plasma properties.
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HELICAL EXPERIMENTS

Paper IAEA-CN-69/EX2/1 (presented by A. Weller)

DISCUSSION

Y. NAGAYAMA: Why do modes with the same number have different frequencies?
For example, the m = 5 mode has a very high and a very low frequency.

A. WELLER: The m = 5 mode at very low frequency is probably not a global Alfven
eigenmode. In the case of the two m = 3 modes, the radial eigenfunctions are different. Thus,
different eigenfrequencies are to be expected. No numerical modelling with a 3-D code,
which could explain the frequencies observed, is available for this discharge.

G.Y. FU: What is the calculated beta limit of high-n ballooning modes (for the 2% p
case)?

A. WELLER: In the < P > ~ 2% case, a local ballooning analysis gave stability against
high-n ballooning modes. The actual limit has not yet been determined for this case.
According to earlier studies, the expected ballooning limit is a little over [3 = 2%.

G.Y. FU: Can a regime of unstable ballooning modes be accessed in the experiments?

A. WELLER: With the available power, configurations can be established that should
have reduced stability limits. However, ballooning modes have not yet been identified
experimentally.
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Paper IAEA-CN-69/EX2/2 (presented by K. Ida)

DISCUSSION

F. WAGNER: Could you please clarify the possible mechanism for the improvement

of %i along with the peaking of the density profile, assuming %\ = xj100 + %jurb? Is it

associated with improvement of %"eo (Er) with a more negative Er, or has it to do with a

reduction in %|urb, either because it is Ti driven and stabilized with peaked density or perhaps

because there is more Er x B decorrelation?

K. IDA: The mechanism for improvement of %i associated with density peaking is
unclear at the moment. The observed %i is still larger than that estimated by neoclassical
theory. Therefore, %"eo may not be responsible. The Er and Er shear are larger in high T;
mode discharge than in L-mode. However, the observed Er shear is much smaller than that
observed in H-mode plasma and so the observed Er shear may not be enough to explain the
reduction in %,.

J.H. HARRIS: Can you use your charge exchange data to compute directly the power
loss due to the helical ripple and thus cross-check your conclusion that ripple losses do not
affect overall confinement?

K. IDA: Yes, we can calculate the power loss, because the range of the pitch angle and
the loss cone energy have been measured with a neutral particle analyser. The power loss is
not important, as long as the neutral beam is injected tangentially, because only fast ions with
nearly perpendicular velocity escape from the plasma through the loss cone.
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Paper IAEA-CN-69/EX2/3 (presented by M. Fujiwara)

DISCUSSION

R.J. GOLDSTON: Wall conditioning must be an important part of your success.
Could you describe your wall-conditioning techniques, including baking, surface depositions
or gettering?

M. FUJIWARA: Baking of the vacuum vessel is limited to a temperature of 100°C.
We have conducted ECR and glow discharge cleaning. In addition, Ti gettering is applied,
typically, for an hour a day.

K. HAN AD A: What is the reason for density clamping in the hydrogen discharge? Is
it a kind of wall saturation phenomenon?

M. FUJIWARA: The present wall is stainless steel, which pumps hydrogen. In
addition, hydrocarbon molecule generation may play a role in pumping. Density clamping
occurs before wall saturation.
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Paper IAEA-CN-69/EX2/4 (presented by C. Alejaldre)

DISCUSSION

J.H. HARRIS: An important feature of the flexible heliac is the very large range of
rotational transforms that can be attained. Although your operations are still in an early stage,
can you say yet whether the effect of higher transform is good, bad or indifferent?

C. ALEJALDRE: The dominant effect we have studied so far is the influence of
volume, and in these configurations the influence of rotational transform in confinement is
not evident. A dedicated campaign will be carried out in the future.

S. OKAMURA: The quality of the electron temperature profile measurement is
sufficiently high to discuss the small shift in the axis position. Do you have an explanation
for it? Could it be related to the finite beta effect?

C. ALEJALDRE: The value of the beta is too small (~ 0.2%) to have an effect on the
shift observed. It is most likely due to the uncertainty in the model used for conversion from
real co-ordinates to flux co-ordinates.
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Paper IAEA-CN-69/EX2/5 (presented by T. Obiki)

DISCUSSION

F. WAGNER: From your on-axis, off-axis ECRH experiments you conclude that the
confinement time TE improves with peaking of the temperature profile. As the definition of
xE contains the volume integral over the power density, there is a trivial reason why xE is
larger for central than off-axis heating (same total power). Is there evidence that %e is higher
in the off-axis case in the gradient region in comparison to the on-axis case?

T. OBIKI: The estimation of the power absorption profile was made for only part of
the experimental data. We cannot discuss the difference in %e for on- and off-axis heating in
detail at present. No clear differences in Te at about a/2 were observed in either case,
although the power density there was higher for the off-axis case. To explain this
observation, the degradation of %e and/or the existence of non-diffusive heat flow should be
taken into account. The details are under investigation.

EXT PAGE(S)
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ENERGY AND PARTICLE CONTROL CHARACTERISTICS XA0053882
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Garching und Berlin, Germany

Abstract
In 1997 the new 'LYRA' divertor went into operation at ASDEX Upgrade and the neutral beam heating power was
increased to 20 MW by installation of a second injector. This leads to the relatively high value of P/R of 12 MW/m.
It has been shown that the ASDEX Upgrade LYRA divertor is capable of handling such high heating powers. Mea-
surements presented in this paper reveal a reduction of the maximum heat flux in the LYRA divertor by more than a
factor of two compared to the open Divertor I. This reduction is caused by radiative losses inside the divertor region.
Carbon radiation cools the divertor plasma down to a few eV where hydrogen radiation losses become significant.
They are increased due to an effective reflection of neutrals into the hot separatrix region. B2-Eirene modelling of
the performed experiments supports the experimental findings and refines the understanding of loss processes in
the divertor region.

1. INTRODUCTION

The width of the scrape-off layer (SOL) does not necessarily increase in proportion to the size of the
device. This poses severe problems for the power exhaust in a fusion reactor. If we take ITER as described
in the final design report (FDR) [1], a power flow across the separatrix in the order of 100 to 150 MW
might be needed to stay in the H-mode [2]. A major fraction of this power has to be radiated to side
walls before reaching the divertor target plates in order to limit the maximum deposited power density to
technically feasible values below 10 MW/m2. The ITER FDR reference divertor [1] has been designed
according to these requirements, but the basic ideas are still to be confirmed by experiments.

Because of its geometrical similarity, the available heating power and the extensive diagnostics, the
ASDEX Upgrade divertor tokamak plays a key role in this ITER R&D programme. In order to investigate
the impact of the geometry on the divertor performance, the relatively open divertor configuration (Div I)
has been replaced recently by a deeper, rather tightly baffled divertor with strongly inclined and inverted
target plates (Div II, or 'LYRA' divertor), resembling the present ITER divertor design. In parallel to the
divertor reconstruction, the neutral injection heating power was doubled from 10 to 20 MW by adding a
second injector box. In this paper, we concentrate on the power handling and the helium exhaust capability
of the new LYRA divertor.

2. EXPERIMENTAL SETUP OF ASDEX UPGRADE

2.1. The ASDEX Upgrade LYRA-Divertor

The old Div I configuration (Fig. 1, left part) in ASDEX Upgrade was characterized by flat horizontal
divertor plates, where the outer target plate was put close to the X-point to benefit from the large flux
expansion in that region. The target material was fine grain graphite. It had a relatively open divertor
chamber with a small pumping baffle in the outer divertor, which nevertheless was quite important for
good particle exhaust.

1
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Figure 1: Poloidal cross-section ofASDEX Upgrade with Div I (left) and Div II in the LYRA configuration
being operational since 1997 (right).

The new, fairly closed, LYRA divertor [3] (Fig. 1, right part) was designed to test the physics of the
proposed ITER divertor, in particular the exhaust of power and particles consistent with good core con-
finement. Additionally, ASDEX Upgrade needed a hardened divertor to be able to operate at increased
heating power. Div II is relatively deep and well baffled towards the main chamber. Based on experimen-
tal observations in Div I and on modelling calculations, the target plates and the roof baffle were shaped
to improve the detachment properties and to reduce the target heat flux especially close to the separatrix.
The constructive measure taken to increase the power handling capability of the LYRA divertor is the
use of toroidally tilted carbon fibre composite (CFC) targets for the strike point modules to avoid lead-
ing edges. The power flow for a 5 s pulse is limited by the heat capacity of the target and the maximum
tolerable surface temperature to about 9 MW/m2.

2.2. Pumping, Heating and Diagnostics

For the LYRA divertor experimental phase the existing pumping system, consisting of 14 turbomole-
cular pumps with 10 n? js total pumping efficiency, was improved by adding a cryopump with 100 m3/s
nominal pumping speed. The cool-down of the cryopump to liquid He temperature (4.2 K) reduces the
vacuum vessel pressure by almost a factor of 10 and allows a better control of the edge density during
plasma discharges.

The total neutral beam heating (NBI) power has been doubled by installing a second injector reaching
a total of 14 MW in H° (55 keV) or 20 MW in Z>° (60 keV). The new divertor geometry and the installation
of the second injector required the redesign and adaption of existing diagnostics as well as the installation
of new systems. Effort was made to get information as comprehensive as possible about the divertor
plasma and the plasma target interaction as a prerequisite to understand the interplay of the various loss
mechanisms which finally determine the heat flux to the divertor.

3. EXPERIMENTAL RESULTS

3.1. Experimental Parameters

To obtain a reference point for experimental parameter variations and modelling, a reference discharge
was defined and repeated several times, allowing the collection of data with different settings of particu-
lar diagnostics and the demonstration of the reproducibility of the results. The heating power was chosen
to be 15 MW neutral beam injection, resulting in a high value of the parameter Pheat/Ro = 9 MW/m [4].
The electron density was set to a medium value ne/n^remwald= 0.5, corresponding to the natural H-mode
density with no gas puffing and no cryopumping. The selected density value together with the restriction
to 15 MW heating power results in good plasma performance (HITERS9P < 1.8. p \ < 2.6) just below the
onset of neoclassical tearing modes [5], which would distort the SOL observations. A power scan from
2.5 to 15 MW in the type-I ELMy H-mode regime is used to investigate the dependence of the diver-
tor radiation on input power, comparisons between Div I and Div II are done for the intermediate power
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level of 5 MW. The variation of the plasma current from 1 to 0.4 MA demonstrates the influence of SOL
transport for the divertor load. All data presented in this paper are obtained without impurity seeding.

3.2. Radiation losses

3.2.1. Radiation pattern

Radiation from ASDEX Upgrade plasmas is measured routinely and the radiation patterns are calcu-
lated using anisotropic diffusion model tomography [6]. Fractional radiative powers ^rad^heat f° r t n e

divertor and the main chamber are shown in Fig. 2 versus the heating power for various confinement
regimes. No pronounced dependence on the heating power is seen, except a slight decrease of the frac-
tional divertor radiation with Pheat for Div n. Radiation from the divertor (i.e. all radiation below a virtual
horizontal line through the X-point) typically amounts to about 40% of the input power for Div II. Sig-
nificantly lower values are seen for low plasma currents, a fact which is attributed to the increased SOL
transport in these cases which diminishes the power input into the narrow divertor region.

In Div I the divertor radiation fraction was only about 20%. The main chamber radiative fraction is
comparable for both divertor configurations.
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Figure 2: Radiated power normalized to the heating power a) (left) in the divertor and b) (right) in the
main chamber. The data set includes ohmic, L-mode, and H-mode discharges.

3.2.2. Radiation on divertor plates
2-—

Total heat flux from thermography
Radiative heat flux

#10982

inner divertor roof baffle outer divertor

Figure 3: Total heat flux to the divertor plates measured by thermography and radiative heat flux calcu-
lated from the reconstructed radiation pattern for the reference discharge.

The major fraction of power radiated in the divertor region is absorbed by the divertor structure due to
the closed geometry of the LYRA and is measured both by bolometry and thermography. This radiative
heat flux to the divertor targets is calculated from the radiation pattern and compared to the total heat
flux as measured by thermography [7], as shown in Fig. 3. It is obvious that the thermography has to be
corrected for the radiative heat flux to obtain that part which is transferred by the plasma to the divertor
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(plasma heat flux). Except at the outer strike point module the total heat flux is dominated by radiation.
The plasma heat flux to the inner strike point is underestimated by the fast thermography system which
observes a shadowed region of the tilted strike point modules.

Figure 4 shows the power balance for the reference conditions including 2 heating power plateaus
of 5 and 15 MW, with the radiation correction of the thermographic measurement included. The power
balance is fulfilled very well (within 10%), the small amount of missing power is attributed to fast particle
losses and the underestimation of the inner divertor load.

EX3/2

Figure 4: Power balance for the reference discharge with two heating power plateaus at 5 and 15 MW.
D° -> D+ NBI, Ip = 1 MA, Bt = -2.5T, q95 = 4.

3.3. Divertor target load

The divertor load in ASDEX Upgrade is measured by 3 thermography systems [7]. Heat flux profiles
across the outer strike point module, the most loaded part of the divertor, measured by thermography are
shown in Fig. 5. The reduction factor of the maximum heat flux in the LYRA divertor is between 2 and
3 for comparable discharge conditions.
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Figure 5: Heat flux to the outer strike point region measured by infrared thermography a) (left) for dif-
ferent discharges and b) (right) for a discharge with a strike point movement onto the roof baffle (Div I
configuration). The parallel heat flux at the target is shown to eliminate geometric effects.

The ELM behaviour known from Div I, showing at the outer target plate a moderate increase of the
heat flux in the ELM without changing the shape of the profile, is also found in Div II.

In addition to the variation of the plasma parameters, the strike point position was changed to check
the significance of the divertor closeness and the target inclination. In one single discharge the inner and
outer strike points were moved upwards by about 10 cm from a position inside the narrow divertor leg

4
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into a region above the roof baffle. The heat flux profiles measured at the outer (vertical) target are n eariyEX3/2
unchanged. Another discharge was used to move the outer strike point onto the (horizontal) roof baf-
fle simulating the change from LYRA conditions to Div I situation. The maximum heat flux increased
by about a factor of 2 for the roof baffle position (Fig. 5b), demonstrating the importance of the target
inclination.

3.4. Radiation band between strike points and X-point

Modelling of the radiation density with the B2-Eirene code [8] predicts a small emission zone along
the separatrix between the X-point and the strike points (Fig. 6a). To verify this radiation band experimen-
tally, the plasma was moved in the z-direction, increasing the effective spatial resolution of the bolometry.

Modelling Experiment

Figure 6: a) (left): B2-Eirene modelling of the radiation distribution predicts radiation bands between
X-point and strike points, b) (right): Reconstructed radiation distribution using virtual lines of sight dur-
ing vertical shift of the plasma reveals a narrow radiation zone from inner strike point to the X-point. A
corresponding band at the outer strike point cannot be detected due to missing bolometer lines of sight.

Fig. 6b shows the ELM averaged result for a medium power (5 MW) discharge. There are two pro-
nounced peaks of the radiation density in both the inner and outer divertor fan with values up to 15 MW/m3.
The predicted radiation band is clearly seen with a width of a few centimeters and a radiation density of
about 3-4 MW/m3 at the inner divertor. Since there are no suitable lines of sight for the outer divertor yet,
the corresponding band cannot be detected there. In the main plasma one finds radiation mainly along
the separatrix with radiation densities below 1 MW/m3. Integrating the radiation density over the whole
plasma, it turns out that the total radiated power is about 75% of the input power.

Measurements from various spectrometers as well as modelling with B2-Eirene show that the radi-
ation peak directly above the strike point originates from hydrogen and carbon (C^ ,C2+,C3+), whereas
only C2+ and C3+ ions contribute to the emission of the band from the strike point to the X-point.

3.5. Composition of the divertor radiation

The following analysis is aimed at separating the contribution of hydrogen and carbon to the radiative
losses in Div II. For this, carbon radiation was measured for various experimental conditions (L- and H-
mode, hydrogen and deuterium plasmas, heating power PM = 1. . . 20 MW) and was compared to the flux
dependence of the total radiation measured by bolometry. Attached or semi-detached divertor conditions
are used allowing the measurement of the particle flux rather than the density by spectroscopy.

Making use of the ion flux measured by Langmuir probes, F,, and the bolometric measurements, F ^ ° ,
at a line of sight through the outer divertor leg a radiative potential may be estimated using the simple
ansatz, <£>rac{ = jF^° / r , - . <&ra({ corresponds to the total radiated energy per hydrogen ion, measured in
eV (Fig. 7a), e is the elementary charge. For simplicity, it is assumed that the total radiation is caused by
hydrogen and carbon so that the line of sight integrated radiative power density can be described as

"*)• (1)
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The hydrogen contribution to the total radiative potential does not depend on the particle flux and is

about <f>^ = 20 eV. This leaves about 80 eV of carbon radiation for a hydrogen flux of F, = 1022 m~2s~1

(see Fig. 7a). Assuming an effective carbon erosion yield Yc = 2.5% for this flux value, we obtain a ra-
diative potential of carbon ^ad = 3.2 keV, which is an upper estimate and includes the neglected contri-
butions of other spurious radiators like boron and oxygen.

10°
Si
CD

2 10
B
o

*
•

•
x

H
D
H-mode

X
^ « siope= -0.53

subtract 20 eV for
hydrogen: slopes -1

105

104

.9 ^

^ o
CO T~

1 °E

o
to
T3
CO

d

no
r

_§.

cy

^ .

\

10.0

1.0

0.1
^22

r, (m"2si 1023

Figure 7: a) (left) Total radiative potential and line integrated power from bolometry, normalized by the
ion flux, b) (right) normalized line integrated CHI (465 nm) emission.

The hydrogen-corrected total radiative potential, <J>^ = Yc<3?^ad, is proportional to Fr l for fluxes
F,- > 1022 m~2s~1 and shows the same flux dependence as the direct CIII measurement (Fig. 7b). The
flux dependence of 4>^ is mainly attributed to the flux-dependent carbon erosion yield Yc, which has the
asypmtotic dependence Yc °< Ff1 for high fluxes and adapts a flux-independent value for small values of

n pi.
In order to check whether the carbon radiation estimated by bolometry can be directly reconciled by

carbon spectroscopy, we calculate the C2+ radiative losses (predominantly in the VUV spectral range)
by extrapolation of an individual line (which is accessible by spectroscopy in the visible range) using
the collisional-radiative model ADAS [10]. Assuming that C2+ is responsible for about half of the car-
bon radiation (the other half originating from C3+, C1" and C°) the bolometric measurement for F,- =
1022m~2s~' may be explained using realistic divertor parameters, e. %.,ne— 3-1020m~3 andT e= 11 eV.
In any case, high values of the electron density are required to obtain a consistent picture of the radiated
power.

3.6. Pumping and helium exhaust

Figure 8a shows compression ratios in ASDEX Upgrade, calculated from the decay rate of Hel-lines
with a modified two chamber model [11]. In Div II there is some leakage from the outer pump chamber
towards the main chamber with a conductance of ~ 7 0 m 3 / s- T h i s leakage and the conductance below the
outer strike point module have to be taken into account in the two chamber model used previously.

The achieved compression ratios in Div II are by a factor of 2 or more higher than the values observed
in Div I. Since, however, the deuterium compression (nOjiV^e,sep) is also higher, as shown in Fig. 8b, the
enrichment factors (ratio of helium and deuterium compression) are in the same range as in Div I, i.e.
between 0.2 and 0.5.

The higher helium compression was predicted by 2D modelling with B2-Eirene [ 12] and can be under-
stood from geometric reasons. The majority of helium ions reach the divertor target not at the separatrix,
but further out in the SOL. In Div I the neutrals created at the target plate had a high probability to enter
the main plasma. This probability increased with their mean free path. In Div II, to the contrary, the neu-
trals created at the target are reflected towards the dome baffle entrance, and once they are below the dome
baffle their chance of returning to the divertor plasma is rather small. To reach the dome baffle entrance,
however, the neutrals have to cross the divertor leg, and here the long mean free path of helium turns into
an advantage.

Therefore, from the modelling, it was also expected that helium exhaust in DIV-II would depend on
the strike point position [12]. Helium neutrals, with their rather large mean free path, will enter the di-
vertor ballistically, and the probability for doing so decreases strongly with increasing distance of the
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Figure 8: Helium (a) and deuterium (b) compression inASDEX Upgrade as a function of line averaged
density. Open diamonds are data from DIV I, solid squares from DIVII.

recycling location to the divertor entrance (which means a decreasing solid angle). Therefore a decrease
in the He exhaust rate is expected when moving the strike point upward, while deuterium neutrals will
always suffer many collisions, and they enter the divertor chamber independent of its exact location. In
ASDEX Upgrade we have compared otherwise similar discharges which had either the normal strike point
position or divertor strike points moved upward by 3 cm [13]. This variation did not have any influence
on the deuterium compression, but the helium exhaust rate in the discharge where the strike point on the
target plates is further away from the baffle entrance, is smaller by 35% in agreement with the modelling
predictions. The relatively large scattering of the compression ratio, specifically at higher heating powers,
may be also correlated to the preciseness of the strike point positioning.

4. DISCUSSION AND SUMMARY

In general it has been found, that the LYRA divertor with the much higher closure improves divertor
performance without limiting the core plasma performance in ELMy H-mode plasmas [14]. The maxi-
mum heat flux to the LYRA divertor is reduced by more than a factor of 2 compared to Div I. The max-
imum heat flux measured in high power shots with a heating power up to 20 MW is below 5 MW/m2.
The reduction of the plasma heat flux in comparison to the horizontal target configuration is a result of
an increased radiative power loss inside the divertor as measured by bolometry. The enhanced divertor
radiation is caused by an increased combined radiation efficiency of carbon and hydrogen in the divertor
plasma. Carbon cools the SOL plasma down to the 5 eV region where hydrogen losses become signif-
icant. The interplay between the following four effects seems to be the reason, which could be partly
disentangled by modelling and pronounced experimental parameter variations:

- Neutrals are reflected towards the "hot" separatrix region due to the highly inclined target plates.
- The high density and an electron temperature of a few eV allow an effective radiation of hydrogen.
- Carbon produces the necessary pre-cooling of the divertor plasma to make the hydrogenic losses more
effective.
- The volume for radiation is increased by broadening the SOL due to radial transport. This is espe-
cially the case for discharges with type-I ELMs as it is found experimentally [15]. Under these conditions
0?heat - ^ MW) the boundary is at the ballooning limit, resulting in an increase of %X with rising power.

B2-Eirene modelling results describe the experimental data if the carbon sputter yield and the per-
pendicular transport coefficient are properly adapted, and allows an insight to the physical mechanisms
responsible for the increase of the divertor radiation [8].

The fact that the fractional radiative loss in the divertor is rather independent of the heating power
suggests that self-regulating mechanisms are effective. For relatively cold divertor conditions, the particle
flux at the target increases with power flowing into the divertor, leading to higher radiative losses. In
addition, flux- and impact energy dependences of the carbon erosion may contribute to keep the divertor
radiation resilient against strong variations of the input power.

Further analysis of the underlying physics processes and modelling efforts are necessary to disentan-
gle the various effects, in combination with extensive experimental parameter variations. This is specif-

7
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ically necessary for the extrapolation to a reactor size plasma.
Overall, the Div II results for ASDEX Upgrade demonstrate the possibility of optimizing the geometry

to obtain minimum power load together with optimum particle exhaust and large operational window
without negatively affecting the core confinement.
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Abstract

Detailed profiles of the volumetric recombination occurring in Alcator C-Mod plasmas are
presented. During detachment the recombination sink is compared to the divertor plate sink as well
as the divertor ion source. Depending on plasma conditions, volume recombination removes between
10 and 75% of the ions before they reach the plates. A second, equally important process that leads
to a drop in plate ion current is inferred to be a reduction in divertor ion source, which is correlated
with a drop in power flowing into the ionization region and the pressure loss of detachment. For high
ne the divertor recombination can cross the separatrix near the x-point, cool the core and lead to a
disruption. Experimental measurements show a difference in ion and neutral velocities for H-mode
detached plasmas. The resulting ion-neutral collisions are found to be more efficacious than
recombination in removing momentum from the ions. The neutral component of volumetric power
emission from the divertor has been measured by means of a novel filtering technique to be substantial
(~ 20% of the total divertor volumetric emission).

1. INTRODUCTION

Finding ways of dissipating the SOL heat flux is a major thrust of magnetic fusion research.
Dissipative divertor scenarios, such as the radiative and detached divertor (see for example [1,2] and
references therein), are successful in lowering the temperatures at the divertor plates to ~ 1 - 5 eV
[3,4], At such low Te's ion-neutral collisions and volume recombination become important in
comparison to ionization [5-7]. This paper reports results of a study in which the roles of these
processes as sinks for power, momentum, and ion flow to the divertor plates were investigated.

These measurements were made on the Alcator C-Mod tokamak. A general description of
the diagnostics and characteristics of the device are contained elsewhere [8]. All data included in this
paper were obtained with 5.3 T toroidal magnetic field and a lower x-point. Data are reported for
discharges ranging from ohmic to ICRF-heated plasmas (both L- and H-mode confinement).

2. ION FLOW TO THE PLATES

Volume recombination has been shown to exist in divertor plasmas [9-18] but its contribution as a
sink for ions, as evidenced by the reduction in ion flow to the divertor plates, is more difficult to
quantify [9,11,13,15,16,18]. We examine here the magnitude and time-dependence relative to the
rate of ions reaching the divertor plates and of the ion source during divertor detachment.

The Balmer and Lyman series spectra and nearby continuum emitted from recombining plasma
regions are utilized to derive the local ne, Te, and volume recombination rate. These spectra are
measured with visible [16,19] and VUV spectrometers [13,19], The visible spectrometer can
simultaneously monitor up to 16 inputs, corresponding to different chords within the views 'O' and
'T' of the plasma, Fig. 1. The VUV spectrometer has a single, nearly horizontal viewing chord, that
can be scanned to look through the x-point and above. The primary characteristic of both Balmer and
Lyman spectra is that the line intensities Ip->q are recombination-dominated, as evidenced by the fact
that they decrease much more slowly for increasing p than in the case where the emission is produced
by excitation from the ground state [13,19].

present address Applied Research Center, 12050 Jeffereson Ave., Newport News, Va. 23606.
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To determine the recombination rate we need first to identify the basic characteristics of the
recombining region. The techniques used are described elsewhere [13,15,16,19]. Typical visible and
VUV recombining spectra are shown in Fig. 2. The widths of the Stark-broadened Balmer lines are a
measure of ne. A fit of a Saha-Boltzmann distribution to the p=5-8 Balmer lines gives Te. Both ne and
T e can also be derived from the VUV continuum at ^<91 nm, Fig. 2(b). The opacity of the plasma to
the Lyman series emission is estimated by the measurement of Da/Lyp and a radiative transfer model.
The modeling also shows that in these plasmas, trapping reduces the recombination rate by a factor
~5 relative to the optically-thin case.

The primary method of estimating the volume recombination rate is based on a formalism
described in a previous work [13,15] that allows one to determine the recombination rate, given
knowledge of the emitting region ne, Te, any D° line brightness, and opacity to the Lyman series. Due
to lack of Da/Lyp measurements for all discharges and locations, we have conservatively assumed in
this analysis that the highest measured levels of opacity exist everywhere in the divertor. This
potentially leads to a significant underestimate (~ factor of 2) of the volume recombination rate.

Results of the above analyses for a typical discharge, utilizing the Dy line brightness, are given
in Fig. 3. These data are from view 'O' of Fig. 1 where the viewing chords are almost perpendicular to
the outer divertor plate surface. Each chord provides information about the plasma characteristics
from the dominant emission region along the viewing chord located at a particular height z above the
strike point (z=0). For reference, the outer divertor 'nose' (see Fig. 1) is at z ~ 5 cm. Divertor
detachment, identified as a localized pressure loss at the plate compared to upstream, starts at ~ 0.6
seconds and spreads across the viewing region until ~ 0.8 seconds, when the entire region is detached.
The core density is increasing up until 1.0 seconds. Even in the initial time frame shown, before
pressure loss is observed, there is a high ne (3a), low Te, (3b), recombining region (3c) in the field of
view. The probe measurements at the plate surface show Te there to be higher (4-10 eV) and a range
in ne (0.2-l.xl021m-3) implying that the plasma characteristics shown in the initial time are likely
from the private flux region. As time increases, the peak ne and recombination rate increase and the
recombining region expands across the separatrix and up the plate. At 1.1 seconds a significant
amount of recombination is occurring in regions above the field of view 'O' and is then monitored by
the second view 'T ' .

View'T

-0.30

•£•

-0.50 •

400 420
Wavelength (run)

-0.70
0.4 0.6

R(m)
Figure 1: The AlcatorC-Mod divertor region.
View 'O' includes 7 choidal views of the cuter
divertor. View 'T includes S choidal views.
Viewing chords have < 1 cm spatial res obi tion

90 95
Wavelength (run)

Figure 2: Typical D recomtiinirtr. spectra in. the
visible (a) and VUV (b). Dashed line represent?
a radiative recent uiatbn model w/emissicn region
length- 1.5 cm, Bj-LSxlO31 m3, Te=0.7 eV. "
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The profiles of recombination obtained from views 'O' and 'T' can be spatially integrated to
obtain the volume recombination sink (IR) in the region of the inner or outer divertor (or total). We
have made assumptions of toroidal symmetry and selected a poloidal plane of integration; the divertor
surface for view 'O ' and a horizontal plane through the x-point for view T ' . We also integrate the
ion saturation current obtained from divertor probes across the divertor surface to obtain the plate ion
sink (Ip). The total ion sink (also source) is then I§sIR +Ip. These integrals over just the outer
divertor are shown in Fig. 4a for the same ohmic discharge shown in Fig. 3. The outer divertor plate
current, IP, starts decreasing at ~0.73 seconds, ultimately dropping to ~25% of its peak level. The
local drop in ion current can be larger (>10) and is simultaneous with local drops in pressure starting at
~0.6 seconds. Recombination (IR) increases before detachment and before any clear loss in Ip. The IR

increase during the discharge is not equal to the drop in IP. Thus the total ion source, Ig, decreases
during detachment. By the end of the shot most ions (-75%) created in the divertor recombine before
reaching the divertor plate.

The drop in ion source is potentially very significant. Scalings based on a 'two-point' model
(e.g. Ref. [20]) for attached plasmas would predict that the total ion source should scale as
n e ^SOL w ^ e r e n e ^s t n e density upstream in the SOL and PSOL the power flowing across the
separatrix. If we assume thatnf °= nf , then there is a drop in ion source to ~ 50% of its predicted
attached value. This further emphasizes that the drop in IP is due both to a increase in IR and a
decrease in Is. The magnitude and time behavior of Ip, IR, and I s are similar for the inner divertor.

The drop in ion source correlates with changes in power flowing into the ionization region as
well as momentum loss from the plasma. To illustrate the former effect we show two other detached
discharges, Fig. 4b-c. The discharge shown in Fig. 4b is similar to that shown in Fig. 3 and 4a until
ICRF heating is added at 0.9 seconds. The divertor then reattaches over most of the plate and IP

increases above ohmic attached values (with constant ne). From comparison of multiple divertor
views we find that the recombination region shrinks and moves back to the plate even as IR decreases

0

b)

I 2 3
z(cm)

Figure 3: Evolution of Hie outer diverted' character-
istics . (a) n^ piofiles derived fiom S tark b joadening Q p Q 2 34 Q g Q 8 10 1 ^ 14
of Balmer8-*2 line j(b)Te derived from fit of S aha ,_,
dis tribution to Balrner population dere ities (5-*£[); " ^ -*'
(c) Local recombination rate b as ed on n*, Te, IX{ Figure 4: Outer divertor ion sinks for (a) Ohmic,
intensity, assumptions of opacity, and 00 ICRF heating of detached plasma^and
recombinations/photon factor [13]. Cc) detachment of anH-mode plasmawithNagas.
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only slightly in magnitude! Close examination of the plasma characteristics indicates that the local
volume recombination rate increases due to local increases in ne. The primary effect of adding
power to a detached discharge was to increase the ion source. In Fig. 4c we see the effect of
decreasing the power flowing into the ionization region. N2 gas is added at 0.7 seconds to an
attached H-mode discharge. The ion current to the outer divertor plate and local plasma pressure both
start decreasing shortly after the N2 gas feed is initiated while ne is held constant. However, there is
little or no volume recombination (-10% of Is). This emphasizes that a strong recombination sink is
not necessary to reduce the ion current to the plates. Experimentally, decreasing the ion source is as
effective as increasing volumetric recombination for decreasing the flow of ions to the divertor
plates.

It is difficult to determine which regions of the divertor are affected by recombination from just
the chordal integral data shown in Figures 3-4. We follow changes in the recombination region
characteristics by imaging Dy emission from the divertor with a CCD camera. Those Dy images are
then inverted by a singular value decomposition method [21,22], to provide local emissivities. Fig. 5
provides snapshots of the emission from a discharge where ne increases until 1.0 second. In Fig. 5a
detachment has just started and the recombination is concentrated near the plate (ne=l .9xlO2Om-3).
As the density is increased, the recombination region expands along flux surfaces away from the
divertor plate towards the x-point and the midplane SOL, Fig. 5b (ne=3.0xl020m-3). This expansion
occurs both in the private and common flux regions and corresponds to flux surfaces that impact the
outer divertor plate below the 'nose' (see Fig. 1) and are 'detached'. Finally, in Fig. 5c, the discharge
has reached the highest core density, a value of ne=3.3xl02°m-3, almost twice the detachment
threshold (1.8xlO2°m-3) for this 800 kA ohmic discharge. There are two recombination regions, one
in the divertor and a second INSIDE the separatrix, reaching 4 cm above the x-point. The
corresponding midplane location for this region is 0.4 cm inside the separatrix. The recombination-
dominated character of this 'x-point MARFE' is very similar to that recently identified for the
MARFE at the inner midplane [19].

The existence of a second cold (< leV) and dense (~1.5xlO2Om~3) recombining region inside
the separatrix leads to effects on core radiation and the Te profile. In Fig. 6(a) the time behavior of
the principal VUV line intensities are shown for a chord passing through the upper edge of the x-
point MARFE. The O5+ (145 eV ionization energy) line intensity peaks and decreases after 0.7
seconds. The sequential peaking and drop of successively lower-energy charge states of N and D imply
that the local Te is dropping precipitously from ~ 50-70 eV —> ~5 eV. The plasma above the x-point
becomes so cold that D line radiation is dominant. An ECE measurement of Te 2 cm inside the
separatrix at the midplane mirrors this cooling effect, Fig. 6(b). The discharge terminates when the
x-point MARFE moves from the x-point to the inner wall and spreads poloidally. All of this occurs
at a density corresponding to ~60% of the Greenwald limit [23].

-0.30
(a) 0.5 sec (a) 0 a sec (a) 1.0 sec

0.40 0.70 9601K01I0.50 0.60
R(m)

Figure 5: B-H eirass ivity contour plots obtained by inversion of CCD images for 3 times (a) 0.5 sec.,
iV;=l .felO^m"3 shortly after "the start of detachment; (b ) 0 8 sec, ivs=3.0xld20m'3; and
(c) n4=3.3::10Xm":\Ma>imuincontciir51:W'in2. Each contour step 0.62 kW/m2.
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With the geometric information provided by the CCD images of Fig. 5 we can attempt to
compare the relative magnitude of IR (only the divertor recombination) and Ip over a number of
discharges with varying ne, Fig. 7. As expected, the plate current peaks, and then falls as ne is
increased past the detachment threshold (ne=1.8xl020m-3 for 0.8 MA, =2.2xl020m-3 for 1 MA).
The story is slightly more complicated for IR. For both 0.8 and 1.0 MA discharges IR increases
linearly through the detachment threshold until Ip starts to asymptote to a minimum. The 0.8 MA
discharges are then characterized by a saturation in the recombination level as the x-point MARFE
begins forming (ne=2.5xl020m-3 ) andne is further increased. The x-point MARFE is just beginning
to form in 1 MA discharges and the saturation in IR is not clear in that case.

3. MOMENTUM LOSS

The loss in plasma pressure at the divertor plates is a primary characteristic of detachment.
Both recombination and ion-neutral collisions (charge-exchange and elastic) transfer momentum from
ions to neutrals. We can express these momentum losses as

+pe mnv2] = - -m(v)Sr (1)

x is along the magnetic field X\v&,pie are the ion and electron static pressures (Tt = Te is assumed), m
is the ion mass, n and v are the plasma density and velocity, and vH is the neutral velocity. St_n =
nnH<av>i_n and Sr = n2<ov>r are the charge-exchange and recombination rates. The transfer of
momentum to the walls is the same for either process; perpendicular transport of parallel momentum
through i-n and n-n collisions (for the i-n mean free path smaller than the plasma fan width). In this
section we try to estimate the role of i-n collisions as a sink for ion momentum in detached H-mode
plasmas and compare it to that of recombination (based on section 2).

Ion-neutral collisions are only effective as a momentum sink if the relative velocity of the two
species is non-negligible. We have addressed this question by comparing the Doppler shifts ofneutral
atoms (Da) and various ions (B-II, He-II), respectively, as measured with a high-resolution visible
spectrometer [24], Fig. 8a shows the loss in pressure at the plate relative to upstream for an H-mode
plasma similar to that of Fig. 4c. H-mode starts at 0.52 seconds. N2 gas is injected at 0.7 seconds
followed shortly by detachment (loss in pressure). The corresponding ion and neutral velocities are

0.7 0.8
time (s)

Figure 6: (a) VUV Brightness fioma horizontal
chord through the upper edge of the recombination
region (Fig. 5c); all normalised to the same level.
(h) Tt., 2 cm inside the separatrbt, measured by ECE

4.0

Figure 7: Recombination aid. plate ion sinks
for two different plasma, currents V5.iv..
OJSMA: Ip ( ), IR ( 0 ; IMA Ip(- -)
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shown in Fig. 8b with the ratio DJDa (photon rates) in Fig. 8c. The latter is provided asan indicator
of the dominance of either excitation or recombination in determining the D a brightness [10,14]. If
excitation (recombination) dominates, then the D a Doppler shift corresponds to the neutral (ion)
velocity. For the ohmic detached C-Mod plasmas of Figures 3 and 4a, Dy/Da > 0.35 corresponding to
a low Te (~0.5 eV) high ne (lxl021m~3) recombining region and thus D a is a measure of the ion
velocity for those discharges. On the other hand, for the detached H-mode plasmas of Fig. 8, the
opposite is true - Dy/Da is low and very little recombination is contributing to the D a brightness (~
10%). The resultant neutra l velocities are measurably lower than the ion velocities (He-II). Such
differences in velocities between neutrals and ions makes the momentum transfer very efficient in this
region.

4. NEUTRAL POWER LOSS

Neutrals can potentially play an important role as an energy sink as well. We present here initial
measurements of neutral power emission from the divertor region using a new filtering technique
[26,27]. The detectors used are standard metal-film bolometers as developed for use on ASDEX [28].
They are sensitive to radiation (E < 5 keV) as well as neutrals that are absorbed in the foil. In order to
'filter' out the neutral component we inject neutral D2 or He into the bolometer camera housing to
raise the pressure there to ~ 200 mTorr. At such pressures the mfp for small-angle scattering ( a few
mm) is much shorter than the distance a neutral must travel through the high-pressure region to reach
the bolometer foils and be absorbed (~4 cm). The presence of such high neutral densities in the
bolometer camera leads to changes in the bolometer sensitivity (~15%) and cooling of the foils by
heat conduction through the gas to the surrounding housing (~10% of a typical signal). These are
both taken into account in this analysis.

This technique has been used to study a set of ICRF-heated detached L-mode discharges similar
to that of Fig. 4b. Three such discharges are shown in Fig. 9; two with neutral filtering starting at ~0.5
seconds, one discharge without filtering (solid line). The ICRF heating period during which the
divertor plasma reattaches over most of the plate, is labeled. The neutral component remains at a

1000

•unfiltered
filtered.

\2 1.40.S 1.0
Time (sec)

Figure 8. Detached H-mode characteristics: N2
gas feed starts it 0.7 sec; detachment 5 tarb
at '--OS sec: a) Electron pressure in SOL ( )
and at the plate ( ); (b) vfl(jF,r tow aids plate
for He-II ( ) and D t t ( - -); c) D / D ^ ratio.

0.0 02 0.4 0.6 OS 1.0 1.2 1.4
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Figure 9. Integrated bolometer s ignal from ths
divertor with( ) and without ( ) neutral
gas filtering. Detachmentstarts at 06 sec for
this L-mode shot. The ICEF power causes
reattachment over most of the divertor plate.
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fairly constant fraction (-20%) of the total integrated emission through both ohmic detached, and
partially reattached periods. The emission is peaked on bolometer chords aimed in the vicinity of the
x-point or below. A simple model [29] of the neutral component of power and particle fluxes predicts
that the neutral power flow should be O.3-O.5x the D° radiated power. Based on the above
measurements the impurities would then account for 0-40% of the divertor volumetric power losses.
This appears low and at odds with previous measurements [1]. It is possible that some aspect of the
model and/or analysis needs to be improved.

5. DISCUSSION

5.1 Loss of ion current

The large range in recombination levels of detached plasmas relative to the total ion sink (10-
75%) is striking. This variation implies that the level of recombination is not a determining factor
for detachment while at the same time it can still be a strong sink for ions. The existence of
recombination before detachment points towards the possible existence of a dense cold detached
region in the private flux zone prior to moving across the divertor leg to the plates.

The growth of the recombination region as the plasma density is increased past the detachment
threshold can have important consequences for the core plasma. The x-point MARFE that forms at
the highest densities cools the plasma just inside the separatrix and can lead to a disruption. This
phenomenon may lead to further insight into density limits.

The results shown in this paper emphasize that we must pay attention to the ion source as well
as sinks. We must explain - without the necessity of invoking a strong recombination sink - how the
ion source and sink of particles (Is) can decrease in detachment. To aid in this discussion we display
two forms for the scaling of ion source:

eIsx(20 eV + e + YT e) = P S O L - PRAD,Z + ^IRXYT e (2)

2 Z L (3)
Equation (2) is based just on energy considerations [16]. The basic 'two-point' model scaling
mentioned earlier has been extended here [eq. (3)], by the fmom term [=(neTe)Div/'neTe)sOL]5 f° r

detached regimes [30]. eis the ionization potential, P§OL
 an& ^RAD Z a r e the power flowing into the

SOL and radiated by impurities respectively, and y the sheath heat transmission coefficient. The IR
term in eq. (2) should be small compared to the terms on the LHS and so we can ignore it for this
discussion. Before detachment (fmom=l)> Eq. 3 predicts that a decrease in P§OL should increase, not
decrease Ip, exactly the dependence we see in Fig. 3a. Equations (2) and (3) are consistent through the
strong implicit dependence of Te on ne and PsOL enforced by the condition of pressure constant on a
flux surface.

After detachment, the terms in parentheses of eq. (2) are no longer dominated by yT e and eq.
(2) predicts a linear relation between el s and PgQL" PRAD,Z- The decrease in fmOm during detachment
can lead to decreases in Ig.

Let us return to the discharges shown in Fig. 4a-c where we will be addressing the total effect on
both divertors. In the first discharge [4(a)] the above equations would predict that as ne is increased
the ion source should also increase until detachment. Then, as ne is increased still further (holding
^SOL" PRAD,Z ~ constant) eq. (2) would predict that the ion source should stay ~ constant. Again this
seems consistent with Fig. 4a. The increase or decrease in (PsoL" PRAD z ) t^S 4(b) and 4(c)]
correspondingly increases or decreases Is, again consistent with the above equations. A more
quantitative analysis is presented elsewhere [16, 31],

5.2 Momentum loss

The ability to measure the neutral and ion velocities has given support to the importance of i-n
collisions in removing momentum from the ion fluid. In addition, these measurements allow us to
compare the relative efficacy of recombination and i-n neutral collisions in transferring momentum
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to the neutral population. The ratio of recombination to i-n collision momentum transfer rates [25]
is:

R = [<ov>r]/[ (l-vH/v)(nH/n)<av> i.n] (4)

Using the measured velocities and recombination parameters that maximize <ov>r (opaque ohmic
plasmas - Fig. 3a-b), R is close to 1 only for unrealistically low values of nH/n (~5xlO"4) in the
divertor. The above equation assumes that the regions over which recombination and i-n collisions
remove momentum are identical. In reality, i-n collisions can act over significantly larger regions.
The implication is that i-n collisions are likely to dominate the transfer of ion momentum to
neutrals. The diffusion of momentum out of the plasma fan also carries energy as evidenced by the
neutral power measured by the bolometers (section 4).

6. SUMMARY

The measurements presented here indicate that the loss of plate ion current during detachment
is due to both an increase in recombination (ion sink) and a decrease in ion source/sink. The latter is
consistent with decreases in energy available for ionization as well as increases in friction. During
detachment, volume recombination can account for up to 75% of the total ion sink (source) in ohmic
plasmas. Volume recombination increases as the detached region expands along and across flux
surfaces and the ion current decreases. At the highest densities, in ohmic plasmas, we see that divertor
detachment can lead to an x-point MARFE, core cooling and a plasma disruption. In H-mode plasmas
where detachment is brought about by increasing radiative losses, the recombination ion sink is < 10%
of the ion source. High levels of recombination are thus not a necessary condition for detachment.

A significant difference in ion and neutral velocities, necessary for efficient removal of
momentum, has been observed in some H-mode discharges. This gives further support to the basic
models of momentum removal by ion-neutral collisions. An estimate of the relative role of
recombination and i-n collisions in making the initial transfer of momentum from the ion fluid has
been made. It appears that i-n collisions are more effective in momentum transfer for vH /v i o n<l. In
any case i-n collisions are responsible for transferring the momentum to the walls.

Based on a novel neutral filtering technique applied to bolometers we find that neutrals appear
to also be an important vehicle for transfer of energy out the divertor plasma.
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CONFINEMENT DEGRADATION OF ELMY H-MODES AT HIGH DENSITY AND/OR
RADIATED POWER FRACTION
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Abstract

High density, high radiated power fraction and small ELMs are key elements of the current ITER design. In
JET, these conditions are shown to be associated with high ELM frequency, low pedestal pressure and correspond-
ingly reduced global energy confinement time. This paper reviews our current understanding of the connections
between these parameters.

1. INTRODUCTION

The existing ITER design requires a density at or above the Greenwald density limit
(/GL = ne/Ke,Greenwaid > 1-1) H]> combined with a high energy confinement time (for ignition
foL^9i > 1-1 using the ITERH-97P(y) scaling[2]). High total radiated power fraction is also required to
protect the divertor [3] (excluding bremsstrahlung,^ad>0.75). There are three critical issues which have
not received much attention in energy confinement scaling studies: (1) degradation ofxE with/GL [4,5],
(2) degradation of iE withfrad and (3) failure offGL to increase with gas fuelling rate [4,5,6]. The first two
of these problems form the subject of this paper.

Figure l(a) shows the variation of the normalised Lawson product fdHgj as a function of the
Greenwald density fraction/ci for low triangularity H-modes (8 < 0.24). These pulses were either unfuelled,
had strong deuterium fuelling or seeding with neon or nitrogen impurity (points selected with total radi-
ated power fraction frac] > 0.4, excluding neutral losses). Deuterium gas fuelling results in a modest
increase in density but the normalised Lawson product is not increased. At higher fuelling rates the
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Fig.l (a) Showing fcL^9ivsfGLfor unfuelled, impurity seeded and D2 fuelled H-modes in the JETMkI
and Mklla divertor for Ip- 1.9-2.9MA and triangularity S< 0.24. (b) fGLH91vs faL for a triangularity
scan in Mklla with deuterium fuelling for identical Ip and PNBI [7].

See Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L.Watkins)
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discharges return to L-mode and disrupt in exactly the same way as L-mode discharges [8]. The upper
limit in density and confinement is very similar for impurity seeded and deuterium fuelled discharges. As
deuterium fuelling rate is increased the type I ELM frequency rises until at some point the frequency
jumps up due to the onset of higher frequency type III ELMs. It is at this point that the greatest loss in
energy confinement is observed [4, 5]. With impurity seeded discharges, without significant deuterium
fuelling, the type I ELM frequency decreases until there is a sudden jump to high frequency type III
ELMs at which point - 25% of the stored energy is lost [9]. In both cases intermediate states can also be
produced where there are compound ELMs which appear to be a mixture of type I and type III ELMs.

Figure l(b) shows data from deuterium fuelling scans into 2.5MA/2.5T H-modes in Mklla in
which the plasma triangularity was varied [7]. This data shows that increasing the plasma triangularity
raises the main plasma density at which the confinement degrades. High triangularity pulses have a
lower ELM frequency for a given gas fuelling rate and plasma density.

2. DEGRADATION OF THE H-MODE PEDESTAL

2.1 Relationship between ELM frequency and confinement

The rollover in energy confinement at high density and/or radiation appears to be dominated by
changes in time averaged pedestal pressure with ELM frequency, fgLM [10]. Figure 2(a) shows this
relationship for D2 and N2 seeded discharges at fixed current and input power.

The pedestal pressure cycles seen in JET during ELMs have an asymptotic form which for given
field and current are independent of ELM frequency, as in the example of Fig. 2(b). The equation de-
scribing this time evolution is [10]:

-P • )(\-
max rmin)\l

e~t/T
(1)

where Pmin is the pressure to which the pedestal crashes after an ELM andPmax is the saturation pressure
which would pertain in the absence of an ELM and x is the edge reheat time. From a time average of (1)
an equivalent expression for confinement time can be derived [10]:

^93-/93 J9Z \JX\V (2)
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Fig. 2 (a) H93 vs. ELM frequency from experiment and model and (b) pedestal pressure cycles anddivertor
D(x vs. time for an unfuelled discharge and identical pulses with D2 and D2+N2 fuelling [10].
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where,/is the ELM frequency, f9^is thecontribution to the H-factor from the core profile and f9^
e is

the maximum contribution from the pedestal. It is more consistent to apply this model to the ELM-free
ITERH-93P scaling since ITERH-97P(y) is already a fit to an ELMy data set. Figure 2(a) compares
equation (2), using x = 0.034, f$°f = 1.02 and f ^ = 0.44, with data from the JET Mklla campaign (Ip
= 2.5MA, BT = 2.5T and P N BI= 12MW). Both low and high triangularity pulses fit the model well. The
main effect of increasing the triangularity is to lower the ELM frequency at a given density. The same
model fits a wider range of plasma current (1.8-4.8MA) and neutral beam power with the additional
assumption that T/TE = 14 [10].

2.2 Pedestal width scalings and the Type I to Type III ELM transition

The relationships discussed in the previous sections show how confinement varies with ELM
frequency but what controls ELM frequency? Good confinement is generally associated with type I
ELMs which are thought to occur when the edge pressure gradient reaches the ideal ballooning limit. If
this is true then the critical pressure gradient for type I ELMs is expected to scale as [11]:

Pcr"/A°cllSy
(3)

where Ip is the plasma current, S is the magnetic shear and A is the pedestal width. The edge pressure
evolves with time according to equation (1) until the edge pressure reaches Pcnt, Fig.2(b). Figure 3 shows
fits to the P°rit data for type I ELMs in unfuelled discharges for a range of S, Ip and isotopic mass (H, D,
T) assuming that A is proportional to either the fast ion Larmor radius P,crit Ij>S2Pijastor the thermal
ion Larmor radius P ' <^IPS Pi thermal-

Although in this data set the fit which assumes that the width is proportional to pi,fast is slightly better
than that for Pi,thermab m e uncertainties are such that one cannot use this method to distinguish between
the two models. A similar analysis of gas-fuelling scans shows a better fit to the scaling withpijthermai than
Pi,fest[12]. This difference might be attributed to the effect of gas fuelling on the fast particle population
but the issue is as yet unresolved. The attraction of the fast particle picture is that it allows a qualitative
explanation of other phenomena. For example:

• In hot ion H-mode tritium neutral beam injection into a deuterium plasma produces a similar
pedestal pressure to T injection into T plasma which is higher than D injection into D [13, 14].

• In hot ion H-mode, Pcnt for the first ELM is higher for 140keV neutral beam injection than it is for
80keV at identical edge ion temperature.

• On axis ICRH heating which produces relatively low edge fast particle populations is character-
ised by high frequency type III ELMs and correspondingly low edge pressure when compared
with neutral beam heated discharges at the same input power, Fig. 4.
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Fig.4 Comparison ofRF and NB ELMs edge pressure and Da.

Whether the pedestal width scales as the fast or thermal ion poloidal Larmor radius, the loss in confine-
ment and rise in type I ELM frequency with gas fuelling can be associated with a cooling of the edge. In
the limit of low or high Te, the energy of fast particles is expected to be constant. In JET however, the
edge plasma is in a transitional regime and the mean fast ion energy derived from Fokker-Planck calcu-
lations varies between 30keV and 50keV.

The critical question for understanding the loss of energy confinement at high density and/or
radiation is - what causes the transition to type III ELMs? There are two possibilities currently under
consideration:

1. Collisionality may be the critical parameter for transition to type III ELMs, perhaps due to the
onset of resistive ballooning instabilities [15].

2. Non-ambipolar losses of fast particles within one poloidal Larmor radius of the separatrix may
create a radial electric field and hence the velocity shear which stabilises the pedestal region. For
this to happen a critical density of fast particles at the edge of the pedestal would be required.
Strong gas fuelling may deplete the fast particle population through charge exchange processes
thus leading to a transition from type I to type III ELMs [14].

Deuterium fuelling of type I ELMy H-modes clearly raises the collisionality at the pedestal. Impu-
rity seeding, combined with low deuterium fuelling rates, can however produce type III ELMs at much
lower line average density, Fig. l(a). It therefore appears to be possible to produce type III ELMs at up to
an order of magnitude lower pedestal collisionality (°= nZe^Te ) than is observed in equivalent type I
ELMy discharges. Another argument against collisionality as the sole cause of the type I to type III ELM
transition is that type III ELMs are observed in ICRH heated discharges despite lower collisionality. In
the example of Fig. 4 the collisionality at the top of the pedestal is ten times lower in the ICRH heated
discharge than in the NBI case. If it is the collisionality at the separatrix which matters [15] then the
situation is not so clear cut. Our analysis indicates that the collisionality near the separatrix can be very
similar with type I and type III ELMs but the analysis is inconclusive.

Despite the loss in pedestal pressure associated with ICRH heated H-modes the global energy
confinement time, after corrections for the fast ion contributions to the energy are made, is as good as in
the best type I ELMy H-modes with neutral beam heating. Local transport analysis with the TRANSP
code shows that the core %eff profiles in such cases are identical. The reason for the similarity in the
global energy confinement time is that the power deposition profile for ICRH heated discharges is strongly
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peaked on axis while for neutral beam heated ELMy H-modes it is almost flat [11]. Due to the lack of
strong profile resilience seen in JET this difference results in a peaking of the core pressure profiles of
ICRH heated discharges which almost exactly cancels the loss in pedestal pressure. A lack of a specific
description of the pedestal scaling is thus not the only deficiency of existing global energy confinement
scalings. The power deposition profile predicted for alpha particle heating in ITER has a shape which lies
about halfway between the NBI and ICRH heating profiles in JET. This would be expected to partially
offset any loss in pedestal energy associated with the need to operate with small high frequency ELMs.

The hypothesis that depletion of the edge fast ion population is responsible for the type I to type III
ELM transition is also difficult to prove. Analysis of trace tritium transport experiments has highlighted
the fact that current models do not correctly predict the fast particle population near the edge of the
plasma [16]. The observed anomaly is also found to be dependent on gas-puffing. Existing Fokker Planck
calculations of the neutral beam deposition do not contain an adequate description of the edge charge
exchange losses. They do however show the lowest fast ion energies and densities in the strongly fuelled
and impurity seeded plasmas. It is not possible at present to show a causal relationship between fast ion
density and the transition from type I to type III ELMs.

3. EFFECT OF RADIATION ON CORE TRANSPORT

3.1 Local transport analysis

Experiments at JET have been aimed at establishing whether the core confinement of strongly
radiating pulses is consistent with Gyro-Bohm scaling. Previous global confinement analysis pointed to
Bohm-like behaviour which would be very unfavourable for ITER [17]. Recent local transport analysis
of dimensionless scaling experiments in the radiative regime [18] has shown that, provided the effect of
variations in collisionality can be ignored, the scaling of%ejf in the core with normalised gyro radius p*
is most consistent with Gyro-Bohm scaling, Fig. 5. Near the edge of the plasma (r/a>0.75) the transport
scaling becomes more Bohm like. How the width of this region scales is not clear at present.

3.2 CDH identity pulses

In highly radiative discharges in JET, type III ELMs and low pedestal pressure are synonymous.
This is consistent with the behaviour seen in CDH modes in ASDEX-Upgrade (AUG) [19]. However, in
AUG the loss of pedestal pressure is compensated by a slight peaking of the core pressure profile. This
effect is not seen in the normal range of JET parameters. Work has therefore started on "core identity"
experiments which are intended to match the shape and dimensionless parameters (q?5, p*, v* and p) of
AUG CDH pulses with neon seeding. In JET an AUG shaped, q?5=4, low 6 equilibrium has been used
with BT/Ip = 1.24/0.88 and PNI=4.6MW. This corresponds to q95=4, low 8 equilibrium, BT/Ip = 2.5/1.0,
PNI=7.5MW in AUG. Under these conditions it has been possible to produce a discharge with K^-l and
type III ELMs. After the transition from type I to type III ELMs there is a slight peaking of the pressure
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Fig. 5 Logarithmic plot of%eg/B (TRANSP) vs. p* at r/a=0.6 for a variety of impurity and deuterium
seeded discharges. Pulses 38612, 38608 and 38605 form a p* scan at constant (5 (but V* varies).
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Fig. 6 (a) A UG CDH "core identity " experiment in JET in which a transition to type IIIELMs is observed
without significant loss of global energy confinement, (b) Average electron pressure profiles for the type
I and type III ELM phases which peak after the transition.

profile, Fig. 6. As in AUG, this seems to result from a peaking of the density profile which offsets the
edge pressure loss. Similar compensation of pedestal losses is seen in ICRH heated H-modes but in this
case it is due to a more centrally peaked power deposition profile than in comparable NBI heated plasmas.
In the CDH identity pulses there is no significant change in power deposition profile although the sawtooth
amplitude increases after the transition to type III ELMs. It is not yet clear whether the peaking effect
seen in Fig. 6 has the same origins as that observed in AUG. The phenomenon is not very robust and
attempts to raise the density and/or radiated power fraction resulted in a pressure loss across the whole
profile and reduced global confinement H^<0.8. Experiments with the JET MkllGB divertor have also
failed so far to reproduce this effect.

4. DISCUSSION AND CONCLUSION

High density, high radiated power fraction and small ELMs are key elements of the current ITER
design. However, it is clear that in JET there is trade-off between ELM size and% which is represented
in Fig. 7. Since ELMs are often irregular the maximum size may be more important than the average and
so both values are shown. To get the maximum ELM size below the 2% level thought tolerable for ITER
implies a significant loss in global energy confinement.

In JET, the best performance in terms of the normalised Lawson product/ci-ffpz is actually ob-
tained with unfuelled or lightly fuelled type I ELMy H-modes. Strong gas fuelling produces a relatively
small gain in density and this is at the price of a reduced energy confinement time. Raising the radiated
power fraction to achieve type III ELMs and low divertor power loading results in a 25% reduction in
confinement time. The only effective way found to increase the valuefGLH9y which can be achieved is by
raising the plasma triangularity.

These results have been shown to be consistent with a semi-empirical model for the ELM pressure
cycles relating the ELM frequency to the average pedestal pressure [10]. It is clear from this work that
the scaling of the core and edge contributions to the global energy confinement need to be considered
independently [20]. A limitation of the semi-empirical model is that it assumes a knowledge of the ELM
frequency, it also assumes that each ELM takes the edge plasma pressure down to a similar base level.
Attention has tended to be focused on the scaling of the critical pressure for type I ELMs but this model
highlights the fact that the scaling of the lower limit of the pressure cycles is just as important and is
currently not understood. The greatest jump in ELM frequency, and hence the largest loss in averaged
pedestal pressure, is associated with the transition from type I to type III ELMs. At present there is no
conclusive explanation for this transition. Collisionality at the pedestal or further out near the separatrix
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. 7 H93 vs. ELM size (A W/W)for a series ofD2 and N2 seeded discharges with 8-0.23, Ip= 2.5MA, BT

- 2.5T and PNBI ~ 12MW. Average and maximum ELM size are compared to the semi-empirical model
for the ELM pressure cycles[10].

may play a role does not appear to be the only factor. Ideas about the role of fast particles show promise
for understanding why type III ELMs are always seen with ICRH heating and why the neutral beam mass
and energy affect the critical pressure for type I ELMs in hot ion H-modes. However, the conclusive
experiment involving deuterium beam injection into a hydrogen plasma has yet to be carried out.

The loss of pedestal energy associated with strong gas fuelling and high radiated power fraction
may be acceptable for ITER provided the core confinement scaling is Gyro-Bohm, as indicated by recent
JET results. Further work is however required to determine how the thickness of the Bohm like region
observed near the edge of the plasma scales. The extent to which core peaking can offset confinement
losses near the edge and whether this can be scaled to larger devices is currently under investigation.
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Abstract
Systematic investigations of H-mode density limit (H—>L-mode back transition) plasmas with gas fuelling
and alternatively with additional pellet injection from the magnetic high-field-side HFS are being per-
formed in the new closed divertor configuration DV-II. The resulting database covering a wide range of
the externally controllable plasma parameters /,,. Bt and Pheat confirms that the H-mode threshold po wer
exceeds the generally accepted prediction Pj^t oc ne Bt dramatically when one approaches Greenwald
densities. Additionally, in contrast to the Greenwald scaling a moderate Bf-dependence of the H-mode
density limit is found. The limit is observed to coincide with divertor detachment and a strong increase
of the edge thermal transport, which has, however, no detrimental effect, on global TE-

The pellet injection scheme from the magnetic high-field-side HFS, developed recently on ASDEX
Upgrade, leads to fast particle drifts which are, contrary to the standard injection from the low-field-
side, directed into the plasma, core. This improves markedly the pellet particle fuelling efficiency. The
responsible physical mechanism, the diamagnetic particle drift of the pellet ablatant was successfully
verified recently. Other increased particle losses on respectively different time scales after the ablation
process, however, still persist. Generally, a clear gain in achievable density and plasma stored energy is
achieved with stationary HFS pellet injection compared to gas-puffing.

1. Introduction

In order to achieve thermonuclear burn, future fusion experiments must safely operate at
rather high density, while retaining sufficiently high energy confinement. Since present reactor
concepts base on H-mode confinement t, the accessibility of the H-mode at the desired high
densities has to be demonstrated. Present experiments, however, show that the useful tokamak
operation space is limited towards high density by various processes, such as excessive edge
radiation cooling, the onset of MHD instabilities (e.g. ballooning limit), detac hment or simply
by intolerable energy confinement degradation (e.g. loss of H-mode, called here 'H-mode densit y
limit'). The empirically gained heating power independent Greenwald density limit scaling,
H^w (x Ip / a2 cc Bt/{q^R) [1], which primarily has been developed for OH and L-mode
discharges, was found to be quite successful in describing experimental data.

As often demonstrated injection of cryogenic pellets is a successful tool to surpass the Green-
wald limit. However, past experiments have revealed that in the ELMy H-mode the pellet,
particle fuelling efficiency degrades strongly with increasing heating power. This holds for the
standard injection scheme from the magnetic lo w field side (LFS).

During the short process of pellet ablation these particles build a short living high pressure
plasmoid which is subject to a diamagnetic force. This force points radially outwards. Therefore
we altered our system to inject pellets from the inner side of the torus, i.e. from the magnetic high
field side (HFS) [2]. This new injection scheme leads to significantly improved instantaneous
particle fuelling efficiency while the density build-up in the plasma may be still goverend by
transport degradation phenomena, thereafter.
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In the first part the paper presents parameter dependencies of the H-mode density limit with
large variation of the externally controllable parameters plasma, current, toroidal magnetic field
and heating power. In the second part, the advantages of the novel HFS pellet injection scheme
on plasma performance is discussed.

2. Discharge Parameters

Our investigations concentrated on lower single null discharges (R = 1.65 m. a = 0.5 m,
K ~ 1.6, 6 < 0.2) in deuterium with plasma currents Ip of 0.4-1.2 MA and toroidal magnetic
fields Bt of 1.3-3 T, corresponding to edge safety factors #95 between 3 and 11. NBI heating
powers up to 15 MW have been applied. ne ranged from 0.5 • 1020???~3 to 1.7 • 1020???~3.

The pellet experiments were performed at one particular plasma current of 0.8 MA. The
deuterium pellets were injected from the upper HFS with an inclination angle of « 44° with
respect to the midplane directed towards the plasma centre [3]. Current technical configurations
of the centrifuge temporarily limited the achievable pellet velocity and repetition rate to 240 m/s
and 60 Hz, respectively. The related particle flux of <£> « 1022D/s corresponds to a strong gas-
puff by means of external valves. In density feed-back mode the 'dead time' connected with
the centrifuge rotation frequency of about 80 ms results in noticeable density oscillations. The
ongoing increase in pellet velocity will molder this disadvantage.

3. High Densi ty Operation with Pure Gas-puffing

3.1. Experimental Phenomenology of High Density H-modes

The H-mode is generally accessible when the input heating power Pheat exceeds a cer-
tain limit depending on density and magnetic field P^t

H = c • nt J5< where the con-
stant c depends primarily on ion species and ion VB drift direction. The back-transition
H—>L-mode shows the same parameter dependencies but occurs at about half the threshold
power P)^t

H [4]. Closely above the H-mode is characterized by high frequency type-III ELM's
(9 VELM/9 Pheat < 0), but well above the threshold the ELM activity changes to lower
frequency type-1 ELMs (d VELM/9 Pheat > 0) [5].

During density build-up of H-mode plasmas up to the non disruptive H-mode density limit
the discharges normally pass the following phases :
the ELM frequency rises and at high density the ELM's revert from type-I back to type-III. The
density at the separatrix ns

e
ep increases monotonically with ne but tends to saturate in the high

density type-III ELM phase despite an increasing neutral particle flux. Divertor detachment
sets in firstly at the separatrix between type-I ELM's at high densities and develops clearly
further during the type-III ELM phase. In parallel, the H-mode pedestal edge pressure gradient
which approaches the ideal ballooning limit in the type-I ELM phases decreases slightly with
the appearance of type-III ELM's. Taking the practically constant edge density and neglecting
the small variation of the power across the separatrix Psep = Pheat — Pract • ^n e measured
drop in VTe can be interpreted as an enhancement of the edge transport, i.e. a significant
rise of the effective perpendicular electron transport coefficient x* j_ <* Psep I ine VTe) [7].
It is important to note that although x* ± increases strongly at the plasma, edge, this has no
immediate deleterious effect on the global TE [6-9]. The confinement degrades smoothly during
the entire density rise to L-mode levels. In parallel, the electron temperature closely inside the
separatrix at the H-mode transport barrier approaches « 150 eV at the density limit, indicating
that the loss of H-mode is a lower edge temperature limit [20]. If ne is increased further after
the H—»L-mode transition the separatrix temperature drops further, a Marfe forms close to the
X-point and the discharge disrupts.
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Figure 1: The operation diagram shows the strong deviation of the power needed to achieve
H-mode close below n^w from the usual Pheat °̂  ^e Bt scaling.

3.2. H-mode Limit Parameter Dependencies

3.2.1. Global Parameters

Approaching the Greenwald limit the L<f*H-mode threshold power is found to deviate from
the above scaling and rises dramatically, see Figure 1. This means that the H-mode density
limit becomes nearly independent of Pheat- Additionally, the Lf+H-mode hysteresis is vanished.
Earlier experiments on ASDEX Upgrade have shown this detrimental effect at one particular
plasma current of Ip = 0.8 MA [13].

To get more confidence into the validity of the deviation, further parameter scans have been
performed, especially in Ip, Bt and Pheat- Figure 1 gives an overview over these experiments.
To combine the data of different Ip in one picture with the common H-mode threshold scaling
we introduce a first approximation and replace ne by normalized densities ne / n^w' in the
Pheat « "e Bt expression. This leads to Pheat I (Jp 19$) « % / n^W• Figure 1 demonstrates
clearly that the earlies findings [13] hold also for the significantly enlarged parameter space. It
is interesting to note that the increase of Ip by a factor of 3 yields roughly the same normalized
densities ne / n^H ' , i.e. at 1.2 MA three times the line averaged density than at 0.4 MA. This
is noticeable since the large density variation implies, in parallel, a strong modification of the
particle fuelling profiles for both, recycling and NBI heating sources. One can suspect that the
particle fuelling profile shape has no strong effect on the loss of the H-mode. Normally, with
gas-puffing alone the Greenwald limit is not exceeded. In the L-mode, however, it can clearly
be surpassed; see Fig. 1.

To get deeper insight into the H-mode limit physics we performed a detailed fit to the
database. The wide parameter variation might also allow for the discrimination between different-
density limit models. The experiments are well described by the empirical regression fit :

0 1 5 0 6 1

[102Om~3, MWm"2. T], where q± = Psep/S and S is the plasma surface. It is remarkably
close to the scaling following scaling proposed in [14]

0.09 DO.53
nBLS _ 4 ij^-L °t

which relates the H-mode density limit to divertor detachment. We also compared our
findings with the Greenwald scaling
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1 1.5 2 2.5 3 3.5
Figure 2: ne

e
xp/nc

e
alc versus Bt for ASDEX Upgrade data (circles). The experimental data are

normalized by the three different scalings and the fit through each data set is plotted. The
parameter dependencies are described in the text. A clear difference is seen between the empirical
fitne cc B®'6 and the Greenwald scaling ne oc Bt.

nfw = JP =
TTCi q+R

[102Om~3.MA,m,T] where g is determined by the plasma shape and held constant in our
experiments.
While the first two scalings virtually coincide on the existing database, the deviations from the
Greenwald scaling can be reliably assessed. This is particularly true of the Bt dependence which
is clearly weaker than in the Greenwald scaling, as illustrated in Fig. 2.
In edge based models the Bt dependence is directly related to the ^-dependence of the under-
lying transverse scrape-off layer transport (BLS scaling). The wide Bt variation in the present
database offers for the first time the possibility to discriminate between various alternative
transport models.

3.2.2. Local Edge Parameters

The density profiles are very flat in the bulk and steep in the edge region, as shown in Fig.
3 b). During the ne rise the ratio ns

e
ep / ne increases but in the at least partly detached type-Ill
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Figure 3: The Figure demonstrates a strong density profile similarity at the H-mode density limit.
The corresponding density profiles in DV-I are analyzed only at Ip = 0.8 MA. The L-mode profile
is drawn for comparison.
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ELM phase close to the density limit the ratio reaches a. constant value independently of the
absolute ne, i.e. the profiles there are strongly self-similar over a wide density range as seen in
Fig. 3 a). This is different to findings in the open divertor DV-I, where nfv increased roughly
quadratically with ne. Also the edge densities at a given ne were clearly lower [13,17]. The
latter holds not only for the high density H-mode but also for practically all other plasma, modes
in DV-II [17]. The weak power dependence of the separatrix density nsep/Ip oc P^p found in
DV-I [13] is preserved in DV-II.

3.3. High Density Operation with HFS Pellet Injection

Particle deposition deep inside the separatrix, in H-mode plasmas inside the transport bar-
rier, qualitatively differs from gas-puffing acting primarily at the edge. But strong pellet particle
fluxes applied to achieve high plasma densities are always accompanied b)r strong parasitic gas-
puffs originating from the outflowing pellet particles, especially for LFS injection. Since high
recycling leads to energy confinement degradation, the physics of the pellet particle losses is
investigated with the aim to avoid them.
First, short time phenomena affecting the particle fuelling profile during the pellet ablation are
discussed. Thereafter, long term aspects during high density steady state pellet fuelling are
presented.

3.3.1. Fast Particle Drifts During Pellet Ablation

Pellets injected into a hot plasma sublimate and a neutral gas cloud is forming around the
pellet [18]. Due to the incoming electron heat flux the gas is ionized and the plasmoid of cold,
dense plasma expands along the magnetic field lines in /ts time scale [11]. Due to shielding
effects the ablation is strongly modulated [16]. Measurements showed a mean plasmoid density
of 3 • 1023m~3 and temperature of 2 eV in an ohmic discharge being in good agreement with
measurements in other tokamaks [10]. Since the heating electrons are much faster than the
expanding plasmoid ions the plasmoid acts as an energy sponge and its normalized pressure
j3 oc n T/B2 rises quickly despite energy losses due to ablation, ionization, and radiation. This
localized high-/!? plasmoid is diamagnetic with respect to the surrounding plasma. The related
acceleration ap in an inhomogenious field to the LFS of
drives velocities up to 103...104 m/s.

ch: 1 2 3 ...

OC T / (mR) 109
ms

- 2 [12]

. . . 3 2 1

Figure 4: Comparison of the ablation and drift behaviour of HFS and LFS injected pellets in
bremsstrahlung emissivity. The pronounced spikes correspond to the fast drifting plasmoids and
the broad peaks to the pellet ablation itself. The geometry of the observation channels is sketched
in the top.

In recent experiments this high-/?-drift was measured for the first time highly resolved in
radius and time. Both ablation paths (HFS and LFS) are observed by 10 radially separated

5
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channels, as shown in Figure 4. This Figure gives an example of the bremsstrahlung emissivities
(538 nm) of one HFS and one LFS pellet, respectively. In the case of LFS injection the signals
start with a broad peak followed by pronounced spikes. This behaviour is different with HFS
injection. Here the detected radiation starts with several increasing spikes and ends in a broad
peak. This is, in fact, what one expects in case of ablation plasmoids accelerated in major
radius direction: In LFS injection first the pellet pass one line of sight. Therefore the main peak
is associated with the radiation which originates directly from the ablation cloud surrounding
the pellet which slowly passes the line of sight. The spikes afterwards correspond to fastly
backwards drifting plasmoids. The separation of the spikes is thought to be caused by the well
known fluctuation in the ablation rate [10]. In the case of pellet injection from the HFS drifting
plasmoids moving ahead the pellet cross the viewing channel before the broad ablation peak
follows. The plasmoid velocities and direction deduced from the spikes agree well with theoretical
estimates. The particles quickl.y lost from the plasma during LFS injection are favourably pushed
towards the plasma, core during HFS injection. Principally, additional particle loss is caused a
few ms after injection by pellet induced ELM's [15].

3.3.2. Steady State HFS Pellet Fuelling

The main aim of our experiments was demonstration of density feed-back steady state op-
eration close to or even beyond n^w' with clear H-mode characteristics. The target plasma,
conditions were varied mainly by changing the external gas-puff rate, pumping speed (e.g. by
cryopumping) and the preprogrammed density ns

e
et.

In the course of the experiments it was found that the global confinement characteristics of
purely gas refuelled discharges were preserved during the pellet fuelling phase. The actual peak
density ne, e.g., decayed after each pellet towards the equilibrium value ne

e
qw found in equivalent

discharges without pellet injection. The density evolution after the injection of a pellet can be
described by the expression:

ne(t) = nl*u{t0) + Ae-(*-fo»/1Oms + (A - 4 ) c - (
The fastly decaying component of 10 ms specifies the loss of approximately half of the pellet
mass (A « 1 • 1019???"3). A is the required density enhancement fis

f
et — nf" and to is the

injection time. This suggests that the pellet induces a short lasting (« 10 ms) increase of particle
transport, probably by enhanced turbulence. The slow component of 120 ms corresponds to the
usual bulk particle confinement.
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Figure 5: Two examples of staedy state HFS pellet fuelled discharges. The needed pellet flux $
depends on the requested density excess A. independently of its distance to nf^'. nfn i
1 • 1020m-3.

Injection at a sufficiently high pellet frequency can raise the density to the requested level



349 EX3/6
ns

t
ei The density enhancement A, however, determines the required pellet particle flux, irre-

spectively of the initial plasma, conditions. This behaviour is shown in Figure 5 a), where ne time
traces are shown for discharges with different initial conditions and different n*et. In Figure 5 b)
the required pellet particle flux is plotted versus A for the whole database. The approximately
linear increase of the required pellet particle flux <& with density increment A indicates that
particle confinement remains nearly unchanged.

On the other side, we found in earlier studies, that HFS injection increases the bulk den-
sity while the separatrix region does not change significantly [19]. The reduced particle losses
connected to HFS injection yield clear gain in plasma stored energy WMHD in contrast to ex-
periments with LFS injection [22], as demonstrated in Figure 6. The improvements are most
pronounced at low heating powers. However, the confinement is still degraded with respect to
extrapolations gained from scaling laws like the ITERH92-P scaling represented by the solid
curves in Figure 6.
Notably, it should be mentioned that pellets can trigger neoclassical tearing modes [21] with
detrimental effect on TE- These modes are not observed in gas fuelled high-density discharges.

0.7

[MJ]

0.5

0.3:

W,MHD

Gas Puffing
P = 7.5 MW

0

Figure 6: The shaded areas sketch the achieved operation space in plasma stored energy WMHD

and ne of stationary HFS pellet fuelled H-mode discharges at, three different Pheai- A clear
limitation towards high WMHD and ne is seen which is not yet understood. For comparison a
trajectory of a gas fuelled discharge is included. As reference the energy content of a 10 MW
heated discharge is calculated (curve, ITERH92-P H-mode scaling).

A key element to understand the behaviour of pellet refuelled discharges described so far
seems to be the evolution of density and temperature profiles. The measured evolution of
electron density profiles with a. ms temporal resolution gives no indication for a significant
change of the gradient in the boundary region even for the time shortly after pellet injection.
During the enhanced transport phase of fast density decay the loss from the plasma corresponds
to a particle flux of about <£> « 1022/s crossing the edge region. As this flux is about one order
of magnitude stronger than the fluxes usually encountered (e.g. a flux of 1021/s results at 10
MW NBI injection), we conclude that the diffusivity in the barrier region increases significantly
during such phases as expected in a critical gradient situation. The excess density beyond that
of purely gas fuelled discharges is caused by a radial broadening of the edge gradient zone into
the plasma core. The central part of the profile remains almost flat.
The evolution of the electron temperature profile close to the plasma edge behaves like related
gas-puffed discharges. A significant difference is observed, however, in the core region. In gas
fuelled H-mode discharges with saturated edge pressure gradients (e.g. type-1 ELMy H-mode)
the temperature profiles show remarkable resilience [20]. When pellet injection sets in, the
bulk temperatures drop below the according values. This contributes at least partially to the
degradation of the plasma, energy when ne is increased.
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4. Summary

Systematic studies of H-mode density limit plasmas with gas fuelling and alternatively with
additional pellet injection from the magnetic high-field-side HFS were performed in the new
closed divertor configuration DV-II. The resulting database covering a wide range of the external
controllable plasma parameters Ip,Bt and Pheat confirms that the H-mode threshold power
exceeds dramatically the generally accepted prediction P^t

H oc ne Bi when one approaches
Greenwald densities. This makes it difficult to maintain the H-mode at high densities. In parallel,
the large parameter variation revealed a moderate independence of the H-mode density limit in
contrast to the Greenwald scaling. This dependence can be reproduced by models which connect
density saturation to divertor detachment [14]. The H-mode density limit is accompanied by
detachment and a strong increase of the edge thermal transport inside the separatrix [7]. It is
not yet clear what the actual cause of the H—>-L-backtransition is. Normally, ne > nftt is not
obtained with gas fuelling.

On the other hand, pellet injection is able to surpass the Greenwald limit significantly in
steady state. The new pellet injection scheme from the high-field-side, recently developed on
ASDEX Upgrade, has significantly increased the pellet particle fuelling efficiency, especially at
high heating powers.
It has been experimentally verified that the improved fuelling efficiency is caused by a diamag-
netic drift of the pellet ablatant in major radius direction. While it drifts out from the confined
plasma in the conventional low-field-side injection scheme, the ablatant moves favourably into
the bulk during HFS injection. Nevertheless, additional particles losses connected with pellet
injection like ELM induced losses and transient degradation of particle confinement still persist.
With respect to the energy confinement a clear gain of the order of < 25 % is achieved. The
reduction of this profit towards high heating powers, however, is not well understood. Further
optimization can probably combine pellet injection with conserved high TE-
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Abstract

Steady-state H-modes in type III ELM regime on TdeV with electron cyclotron and lower
hybrid heating are investigated with respect to lower hybrid wave coupling, threshold power, helium
pumping and separation between separatrix and surrounding structures. Energy confinement is found
to improve as the distance between separatrix and divertor baffle is reduced. With off-axis EC heating,
reduced particle transport is observed inside the deposition zone, but no energy transport barrier is
obtained. New measurements on compact toroid fuelling are reported which indicate that further
optimization of the injector is required.

1. INTRODUCTION:

TdeV (R~0.83m, a~0.22 m, K-l.l, B=2 T, K0.25 MA) is a divertor tokamak with biasable
divertor plates and flexible plasma shape control to alter the divertor configuration. Additional heating
power is provided by electron cyclotron resonance heating (ECRH, 110 GHz, up to 600 kW) and by
lower hybrid current drive power (LHCD, 3.7 GHz, up to 1 MW). Well-controlled stationary H-modes
have been obtained with both heating systems.

In the following section, lower hybrid wave coupling to the plasma in L- and H-mode are
discussed, and the synergy between the two heating methods is examined. The third section describes
the characteristics of the H-mode in TdeV. In the fourth section, the effect of on-axis and off-axis
ECRH heating on the density profile is analyzed. The fifth section reports the observations on helium
pumping in L and H mode, and describes the effect of divertor geometry. The sixth section provides
an update on compact toroid injection experiments into TdeV.

2. LOWER HYBRID WAVE COUPLING AND SYNERGY WITH ECRH

Well-controlled H modes were produced with lower hybrid heating alone at an input power
level of 350 to 450 kW (LH power 130-350 kW). At higher LH power levels, recycling and degassing
increased, rendering the control of density difficult, so that H-modes were not stationary.

2.1. Antenna coupling in L and H-mode plasmas

In general, LH antenna coupling deteriorates when going from L to H-mode in similar plasma
conditions. The reflection coefficient at the grill increases by up to a factor of two in H-mode plasmas
because of the steepening of the density gradient near the separatrix and the resulting lower SOL
density. Figure 1 displays edge density profiles in L and H-mode (averaged over ELM's) obtained
from reflectometry. The change in reflection coefficient due to the H-mode depends on several factors:
the distance d between the LH antenna and the separatrix, the direction of the ion VB drift, the ELM
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frequency and amplitude, injected power, the launched N|| , etc. Figure 2 shows an example of the
modulation induced by the ELM's on the reflection coefficient when antenna-separatrix separation d is
2.5 cm. The D a emission, the antenna reflection coefficient, and the ion saturation current at the
antenna are well correlated.
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Fig. 1. Edge density profiles in L and H-mode
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reflection

In L-mode at high density, the total reflection coefficient rises to 10% as d is increased to 4 cm,
but saturates at this value for distances as large as 10 cm. For d=\0 cm, however, no H-modes were
obtained, probably due to an influx of impurities at high LH power resulting from electrons
accelerated at the antenna mouth and hitting machine structures not conceived to handle such a power
flux. A moveable antenna guard limiter has been installed to mitigate this problem.

2.2. Current drive synergy between ECCD and LHCD in L-mode

To determine if the non-inductive current driven by a combination of LH+EC waves was higher
than the sum of the currents driven by each system separately, a series of four shots was used, all with
~500 kW of EC heating (which essentially determines the temperature). It comprises EC heating
alone, ECCD alone, EC heating with LHCD, and ECCD with LHCD. Comparison of the shots allows
the different components of driven current to be deduced.

For EC deposition near 2=0 cm, a synergy effect was observed with the combined systems
driving ~8% (11.5 kA) more current than the sum of the currents for each system used separately in
CD mode (115 kA of ILH and 25 kA of IEC). For deposition near z=5 cm (0.25 a), an anti-synergy
effect was observed with the combined systems driving ~ 10% (16 kA) less current than the sum of the
currents for the RF systems used separately (118 kA of ILH and 40 kA of IEc)- Besides the deposition
radius, the only difference between these cases was he = 1.8x10 m in the first case and he =
1.2x10 m in the second case. More experiments are planned to investigate these effects.

Simulations have shown that good synergy should be obtained when combining LH and EC
waves in certain regions of physical and parameter space [1]. More simulations involving the whole
plasma volume are however needed for direct comparison with experiments.

3. CHARACTERISTICS OF THE H-MODE IN TdeV

Well-controlled stationary H-modes have been obtained with both ECRH and LHCD heating
systems. With the additional power applied (<500 kW), these H-modes remain in the type III ELM
regime [2]. Power thresholds are comparable with those predicted by the ITER scaling laws. A
pronounced threshold in edge density is observed, below which no L-H transitions occur. Line-
average densities were limited to below ~6xlO m because at higher densities, ECRH is limited by
refraction and cut-off and LHCD by accessibility. The plasma density is controlled by gas fuelling,
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mainly in the plasma chamber, and by divertor pumping (~5 m /s). The density profile is modified by
the additional heating power. Steady-state H-modes (which require control of edge density - see
below) are thus obtained by using as a control signal one channel of the interferometer, whose impact
parameter is ~0.6 of the plasma minor radius.

An extremely strong dependence of the H-mode transition on the separatrix density was
observed. When the density was not well-controlled, repetitive L-H transitions were observed which
occurred at precisely the same value of separatrix density, 1.5x10 m . The back transitions were all
obtained at a lower value, 1.3x10 m . When the separatrix density was held constant above the H-L
threshold steady-state H-modes were obtained for the duration of the heating power pulse. For such
shots, an increase of the type III ELM frequency with decreasing separatrix density is clearly
observed, indicating that the power threshold is approached as the density decreases.

Line density at L-H and H-L transitions Separatrix density at L-H and H-L transitions
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Fig. 3. Total input power vs. line average density at the L-H threshold. Filled symbols denote L-H transitions,
open symbols H-L transitions. Ohmic-heated values are indicated by open circles, lower-hybrid heating by filled
circles. All values except for the two filled squares are for VB drift towards the divertor. The ITER threshold
power scaling laws are indicated for reference by thick lines, dotted without and dashed with elongation
dependence.

On Fig. 3, the input heating power at the transition has been plotted against line average and
separatrix density respectively. These plots include both L-H transitions for ECRH with favorable
VB drift, ECRH with unfavorable VB drift, and Lower Hybrid heating with favorable VB drift. For
the H-L back transition, only points for ECRH with favorable VB drift and OH alone after ECRH
turn-off are plotted. In terms of the line-average density, the lower values of threshold power are
consistent with the ITER H-mode power threshold scaling laws [3]. No significant hysteresis is
obtained between L-H and H-L transitions, nor is there a significantly different power threshold for the
two VB directions. In terms of the separatrix density, there is a clear separation between the L-H and
the H-L threshold, as expected from the discussion in the preceding paragraph. The L-H transition for
the "unfavorable" VB direction actually lies at lower values of separatrix density, comparable to
those for the H-L transition with "favorable" VB .

3.1. Variation of gaps

H-modes were obtained as distance between separatrix and the divertor baffle was reduced to
less than one density scrape-off layer in L-mode (AL_SOL~15 mm at the midplane, ~10% of flux). The
time to H-mode transition increases somewhat, from ~15 to ~19 ms, and is accompanied by a slight
increase in ELM repetition rate. Only at the smallest distance of 0.7 AL_SOL

 w a s there an appreciable
increase both in time to transition ( 50 ms for this shot series) and in ELM frequency (~x2) [4]. These
effects indicate that the power threshold increases as the separation is reduced. Similar conclusions
can be drawn from the effect of reducing the distance between separatrix and outboard limiter to less
than one A L . S O L -
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3.2. H-mode confinement with reduced gaps

On Fig. 4, the ratio of stored energy from diamagnetic measurements in H-mode to that in
L-mode is plotted for the gap variations and for the same shot series described above. As the outboard
separation is reduced, the confinement appears to degrade. However, an improvement in H-mode
confinement over L-mode is observed as the separatrix to divertor baffle distance is reduced (as
discussed above, the smallest separation had a much higher He content, and is therefore only joined
with a dashed line). This experiment was repeated for gaps of 2.5 and 0.7 AL-SOL

 a nd now confirms
that at similar helium contents, the ELM amplitude is decreased, the ELM frequency is increased, and
the confinement is improved for the smaller separatrix-divertor baffle gap (Fig. 4 - filled diamonds -
we compare only the trend, and not the absolute values because the machine conditions were probably
quite different). However, the sharp increase in confinement at small baffle separation was not seen
for these conditions.

w /w
H-mode L-moda

Fig. 4. Ratio of diamagnetic measurement in H-mode Fig. 5. Illustration of the magnetic geometry of TdeV
to that in L-mode plotted against gap width expressed indicating minimum gaps for figure 4. Flux is plotted
in number of L-mode density scrape-off layers. Round as 5% contours
symbols for separatrix. divertor baffle gap (results for
same He concentration are filled diamonds), square
for decreasing outboard separatrix. limiter gap.

3.3. Effect of biasing on the H-mode

Divertor plate biasing [5] mainly influences the edge of the discharge and can therefore control
H/L mode transitions. Negative (positive) biasing is detrimental (favorable) to the H-mode as shown
on Fig. 6.

-250 V- EC=500 kW EC=200 kW > 2 5 0 V

Hedge (4x10 m" ) fledge (4x10 m )

0 500 1000 ms 500 1000 ms
Fig. 6. Effect of negative (left) and positive (right) biasing on the H-mode

With 500 kW of ECRH and no biasing, a stationary H-mode is obtained. When -250 V is
applied to the divertor plate with respect to the vessel, the discharge turns into L-mode at the same
edge density. When the discharge is operated just below the threshold with 200 kW of ECRH and no
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biasing, applying +250 V induces a stationary H-mode during the whole EC period. Reversing the
toroidal field and plasma current polarity (anti-parallel in TdeV), does not reverse this effect; negative
biasing remains detrimental to H-mode and positive biasing favors it regardless of BT direction. Our
results on biasing polarity, contrary to those of JFT-2M [6], confirm the theory that H/L transitions are
governed by the radial electric field gradients and not its polarity.

4. PROFILE MODIFICATIONS IN H-MODE WITH ON AND OFF-AXIS HEATING

On-axis 500KW(ii0GHz) Off-axis
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Fig. 7. Time development of parameters Fig. 8. Early (dashed) and late (full) profiles during off-axis
during on and off-axis heating in H-mode heating in H-mode

Figure 7 compares stationary H-modes obtained with central and off-axis (r/a=.65) EC heating.
The peaking factor curves, «</ne, demonstrate that central power deposition flattens the density profile
whereas during off-axis deposition the initially flat profile peaks progressively. The temperature
profiles exhibit a complementary behaviour (Fig. 8) such that the local pressure is approximately
constant, as is the diamagnetic energy. The central safety factor q0, is close to unity during on-axis
deposition and evolves from 0.9 to 1.3 during off-axis heating, consistent with neoclassical resistivity.
The evolution of the density profile for the off-axis case over a characteristic resistive time suggests
that the current penetration is important for density peaking. Density peaking is also observed in L-
mode with off-axis heating at high densities but disappears completely below «e~3xl019m"3.

Figure 9 presents the incremental particle diffusion coefficient and pinch velocity (deduced
from gas modulation experiments) for the early (flat density profile in Fig. 8) and late phase (peaked
profile of Fig. 8) of the EC heating period. Consistent with the observed temporal penetration, both
coefficients are significantly larger for flat ne(r) than for peaked ne(r), indicating a transport barrier
near the deposition radius for the peaked profile. An ASTRA [7] heat transport analysis of these two
cases has been performed. The experimental Te and ne profiles and experimental diffusion coefficients
and particle pinch are inputs to the analysis. Neoclassical ion energy transport is assumed, with a
factor adjusted to fit the measured axial values. As seen on other machines (DIII-D, RTP), a negative
electron heat flux inside the deposition radius is deduced opposing the temperature gradient in both
cases. Accordingly, non-diffusive heat transport such as non local transport or a heat pinch which
could result from suprathermals or trapped electrons must be invoked. Heat flux is reduced inside the
confinement zone with respect to on-axis heating. Contrary to particle transport, the energy flux does
not, however, change with the density profile.

5. HELIUM EXHAUST

Pumping is performed in the active divertor only via the slot between the near-horizontal and
near-vertical divertor plates (Fig. 10), using a commercial cryosorption pump efficient for both
deuterium and helium. Helium is puffed in the main chamber early in the discharge and its decay time
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constant ( T ? ) is measured in the main plasma. Using a two-reservoir model, xp is related to He
compression (CHe) from which the enrichment (77) is calculated [8]. Figure 10 shows the divertor
pressure, He partial pressure and enrichment obtained with and without EC heating with outboard
(OB) and private region (PR) pumping geometries. OH results are also shown. H-modes appear to
have only a small effect on divertor pressures. The increased particle confinement obtained from the
edge barrier is cancelled by the loss of confinement effect due to strong heating, however the He
enrichment is seen to decrease by about 25%. On the other hand, the L-mode doubled the divertor
pressures with respect to ohmic discharges and provided a 25% increase in enrichment. For both
ohmic and H-mode, better He exhaust is obtained for outboard (OB) than for private region (PR)
pumping.
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Fig. 9. Particle transport coefficients deduced from Fig. 10. Helium exhaust for OH, H and L-modes.
gas modulation experiments for flat and peaked H- Plasma density(a), divertor helium pressure and
mode profiles helium global confinement time (b), and helium

enrichment (c) against divertor deuterium pressure.

6. INJECTION OF COMPACT TOROIDS (CT)

Compact toroids (CT) have been injected into the tokamak plasma of TdeV. An off axis (r/a
-0.5-0.6) increase of the electron density on a fast time scale (~ 0.5 ms) was observed and has been
interpreted as an indication of direct CT fuelling of the tokamak plasma [9]. More recent faster time
scale (10p,sec) measurements the CT visible bremsstrahlung emission and of the line integrated
electron density have been performed, for injection both into a toroidal field (without tokamak plasma)
and into a tokamak plasma are reported here.

For injection into a toroidal field, the visible bremsstrahlung measurements (fig. l la) indicate
CT penetration of the magnetic field on a fast time scale (~ 20p.sec). Part of the plasma expands along
the toroidal field lines and is observed on the same time scale by the interferometer situated in the
diagnostic port adjacent to that of CT injection (1 =34. cm). A significant portion of the injected
plasma is subsequently ejected from the higher toroidal field region by the J x B force associated with
the VB drift on a time scale of 50-60 p.sec consistent with the outward acceleration
(dv/dt ~ 2 cs /R, Te ~ 5 eV) predicted by theoretical modeling [10]. The density deposition profile as
observed by the interferometry measurements increases radially outward. CT penetration for injection
into a toroidal field is qualitatively consistent with the CT penetration model [11].

For CT injection into a tokamak plasma, the visible bremsstrahlung chords outside the
separatrix register a prompt (~20|J.sec) signal of the same level as for injection into a toroidal field of
equal value but the chords passing inside the separatrix show a much weaker prompt signal. The line
integrated density (plasma chords) increases on a slower time scale (~200jxsec). A time/radial position
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contour plot of the line integrated density increment (fig. 1 lb) shows the density increase moving
inward from the edge of the tokamak plasma (separatrix), producing an axi-symmetric density increase
at r/a =0.5-0.6 in about 1.0 msec. The estimated diffusion coefficient associated with this inward
transport of plasma (D ~ 10 m2/sec) is much greater than normal published values.

Bremsstrahlung measurements indicate a prompt (~ 20)isec) rise only on chords outside the
separatrix in the presence of tokamak plasma, whereas all chords rise rapidly when only the toroidal
field is present. Similarly, interferometry exhibits a fast rise on a similar time scale for the latter
experiment, and a slower increase (~200|i.sec) during a tokamak discharge. A time/radial position
contour plot (Fig. 11) of the line integrated density increment clearly shows the density increase
coming from the edge of the tokamak plasma (separatrix) moving inward before peaking.
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0.08 -

0.06 -

t(ms) t(ms) 1.0 -

0.8
0.0

o.6 1.0 1.10.8 0.9
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Fig. 11. False color contour plots of (ajvisible bremsstrahlung emission from CT plasma injected only into a
toroidal field (0.4 T) and (b) interferometer signal increment on injection into a tokamak plasma at 1.07 T. The
ordinate represents time, the abscissa major radius, (plasma center at 0.83 m, plasma edge at 1.08 m). Bright
colors denote high density. Note the different time scales

The tokamak plasma thus significantly modifies the progression of the injected plasma. A
possible explanation is that, for the CT's produced for the TdeV injection experiments, only a small
portion of the injected plasma was mcluded in the CT magnetic fields, the major part trailing behind
the spheromak with a velocity close to the CT velocity (e.g. trailing plasma produced by the CT gun
[9] or plasma shed by the CT spheromak). This non spheromak plasma can transverse a magnetic field
because of the drift associated with the self-consistent Hall electric field. However, this plasma will
not penetrate significantly past the separatrix because the finite perpendicular conductivity of the
tokamak plasma short circuits the Hall electric field. It is hypothesized that this plasma component
effectively fuelled the tokamak plasma (from the edge) in the TdeV experiments.

CT fuelling of a tokamak plasma thus requires an optimization of the CT injector so as to
maximize the plasma confined in the spheromak which can then penetrate the tokamak plasma (not
just magnetic field) and deposit its fuel.

7. CONCLUSION

Steady-state H-modes in type III ELM regime have been produced on TdeV with electron
cyclotron and lower hybrid heating. LH wave coupling becomes more difficult in H-mode because of
the steeper edge density gradient. In L-mode, a small degree of synergy between the two current drive
systems has been demonstrated. Further theoretical and experimental work is required to optimize this
effect.

The input power for L-H transition is consistent with the ITER threshold power scaling laws. In
terms of line-average density, no hysteresis is observed between L-H and H-L transitions. The L-H
transition in TdeV is extremely sensitive to the separatrix density, which manifests itself as a threshold
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density below which no L-H transitions were obtained with the available power. In terms of separatrix
density, there is a clear hysteresis between L-H transitions, which occur at a higher value than H-L
transitions for the same input power. Positive biasing of the divertor plate with respect to the vacuum
vessel reduces the H-mode power threshold at the same edge density, whereas negative biasing
increases it.

H-modes were obtained with an outboard separatrix-limiter distance less than or of the order of
one density scrape-off length. The confinement at the smallest distance was reduced by about 10%.
Reduction of the separatrix-divertor baffle distance in a similar fashion improved the H-mode
confinement over a more open configuration.

Off-axis EC heating manifests itself in gradual peaking of the density profile on a resistive time
scale and gradually reduced particle transport region inside the deposition zone. No change in energy
flux is observed. However, only a non-diffusive energy transport inside the deposition radius is
consistent with the observed pressure profiles.

Helium exhaust in H-mode is reduced by ~25% with respect to ohmic heated plasmas, and by
~50% with respect to L-mode plasmas. The total divertor pressures were comparable for the three
cases. For both ohmic and H-mode, better He exhaust is obtained for outboard (OB) than for private
region (PR) pumping.

Fast time-scale measurements indicate that only a small fraction of the plasma injected by the
CT fueller penetrated well past the separatrix into the tokamak plasma, whereas the totality penetrated
a purely toroidal field. An hypothesis has been exposed which explains the observations, and indicates
that further optimization of the CT injector to maximize the quantity of plasma magnetically confined
in the spheromak is necessary to assure more central CT fuelling.
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Wednesday, 21 October 1998, at 10.40 a.m.

Chairman: M. Keilhacker (Germany)

DIVERTORS 1

Papers IAEA-CN-69/EXP4/05 and 06 (rapporteured by N. Hosogane)

DISCUSSION

R. MAINGI: Do you have any measurements or analysis of the change in scrape-off
layer (SOL) flow with the "puff and pump" technique?

N. ASAKURA: We have not observed any change so far. Since the pumping slot is
located at the inner divertor, the pumping effect might not be observed at the outer mid-plane.
We plan to pump at the outer divertor next year in order to investigate this effect.

A. KALLENBACH: The main chamber Zeff is compared to divertor carbon fluxes
only. Can you give an estimate of the relative fractions of the core Zeff caused by divertor and
main chamber sources?

N. HOSOGANE: We have not measured carbon influx in the main chamber.
However, assuming that carbon impurities are generated by charge exchange neutrals, carbon
influxes are considered to be at the same level for three discharges, since the neutral particle
flux estimated by Da intensity is at a similar level.

D.D. RYUTOV: Do you have any information regarding the radial electric field? Can
ExB drift play a role in the flow reversal?

N. ASAKURA: The electric field was evaluated from measured Te and Vf (floating
potential) profiles. In our case, the ExB term is smaller than the ion diamagnetic term in the
scrape-off layer. We think the effect is small.
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Paper IAEA-CN-69/EX3/2 (presented by M. Kaufmann)

DISCUSSION

R.J. HAWRYLUK: I have three questions. Firstly, did the energy confinement time
improve with improved baffling of Divertor II? Secondly, did Zeff decrease in Divertor II,
which is a closed divertor with enhanced power radiated? Lastly, DIII-D has had difficulty in
achieving internal transport barriers in detached discharges with high neutral pressure. What
is your experience on ASDEX-U?

M. KAUFMANN: The energy confinement is not directly dependent on the neutral
gas flow and hence, not on baffling. It depends on the plasma separatrix density, which we
can control in both divertors. The Zeff has not changed from Divertor I to Divertor II. It is
low in any case, however - typically between 1.5 and 2. The essential progress in Divertor II
is due to the geometry, where one gets twice the radiation with the same Zeff. With the
internal barrier we have no problems with the divertor heat load. In the ITB discharges
P± / F is below 1 MW/m2. The radiation fraction Prad/Pheat is about 0.6, which is similar to
discharges with the same <ne> and without an internal transport barrier.

R.J. GOLDSTON: I understand that your results showing main chamber neutral
density to be independent of divertor geometry explain the lack of progress on ne vs. ncreenwaia-
In the past you have reported scrape-off widths in ASDEX and ASDEX-Upgrade. Are these
results, especially vs. power, consistent with any of the theories of MHD turbulence
(ballooning, interchange, including line-tying and kinetic effects) that have been published?

M. KAUFMANN: The neutral gas density (or flow) has no direct influence either on
confinement or on the density limit. The essential parameter is the plasma density in the
separatrix region. Raising the boundary density in the H-mode leads to a limit where an
MHD limit of the ballooning type, the extrapolated H-mode limit, transport degradation and
full detachment come together at more or less the same time. So far, we have not been able to
distinguish between those effects. As anticipated, we have found no difference between the
two divertors.

With respect to the type-I ELMy H-mode boundary, the product n-T somewhat inside
the separatrix remains constant, if one changes power or density and the gradient is close to
the ballooning limit (see W. Suttrop's publications). So far, it has not been possible to derive
a similar database outside the separatrix. However, the experiments indicate that also outside
the separatrix VP ~ VPbaiiooning- Assuming that the SOL broadens as power increases, this will
lead to reduced power density on the target plates and should stabilize the radiation power
fraction.
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Paper IAEA-CN-69/EX3/3 (presented by B. Lipschultz)

DISCUSSION

R. SCHNEIDER: In the case of N2 puffed discharges, a reduction in ion saturation
current due to increased impurity losses without the onset of volume recombination is
expected even from simple 2-point models, because the ion saturation current at the target
plate is determined by both the net input power into the divertor recycling zone and the
recombination fraction. Thus, either increasing impurity losses or volume recombination
leads to ion saturation reduction.

B. LIPSCHULTZ: I agree with this explanation of the data. The important thing,
however, is to verify models through experiments.
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Paper IAEA-CN-69/EX3/4 (presented by H. Kawashima)

DISCUSSION

R. MAINGI: What limits the achievable density (<ne>/ne
G) of 0.7 with H-mode? Is it

detachment onset or MARFEs?

H. KAWASHIMA: It depends on the increase of the core radiation by impurity
accumulation at the ELM-free H-mode. When the radiation loss power exceeds ~ 70% of
input power, the H-factor of the ELM-free H-mode degrades and then the H- to L-mode
transition occurs. Detachment or MARFEs are, however, not observed.

I.H. HUTCHINSON: Your "IL" mode bears a close resemblance to what we call
"enhanced Da" H-mode in Alcator C-Mod, which we know is indeed H-mode in the sense
that there is still a clearly measured edge pedestal and transport barrier at the edge, albeit with
greater particle transport. Do you have diagnostics to determine whether there is an edge
pedestal in IL-mode?

H. KAWASHIMA: Usually the Te(r) and ne(r) measured by television Thomson
scattering (TVTS) are used to determine the formation of an edge pedestal. However, TVTS
did not work on the IL-mode discharges, and the formation of the edge pedestal was not clear.
From the soft X-ray emission profiles shown in Figs 4(b) and 5(b), some transport barrier
seems to form further inside (r/a < 0.5) at the IL-mode and the core plasma confinement
improves.
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Paper IAEA-CN-69/EX3/5 (presented by G.F. Matthews)

DISCUSSION

X. GARBET: There exist H-modes in ohmic or ECRH heated discharges, where the
amount of fast ions is low. Thus, an expression for the pedestal width based on a fast ion
Larmor radius does not seem to me to be suitable in all cases. Could you comment on that?

G.F. MATTHEWS: The fast ion hypothesis applies specifically to the pedestal width
for type I ELMs. I would agree that, if there are clear examples where electron heating alone
produces type I ELMs, the case for the fast ion theory is weakened. Results from ICRH
heated discharges on ASDEX-Upgrade presented at this conference may fall into this
category. However, a full analysis needs to be carried out.

Y. KAMADA: At which radial location did you evaluate such edge parameters as
Pi,thermai and pi;fast ? How large is the pedestal width in typical cases?

G.F. MATTHEWS: The measurements are currently all made at the top of the
pedestal. Te is measured with heterodyne ECE, Tj by charge exchange spectroscopy, ne with
an edge interferometer channel, and T^st is calculated with a Fokker-Planck code for the
neutral beam particles.

F. PERKINS: Is the confinement degradation observed as n —> noR a degradation of
edge energy content or core energy content? Fusion power in a reactor will depend
principally on central pressure.

G.F. MATTHEWS: The confinement degradation is the result of a reduction in the
average plasma pressure at the plasma edge. Since this is the boundary condition for the core
profile, reductions in edge pressure are reflected more or less linearly across the whole core
profile. Hence, lower edge pressure means lower fusion power unless compensated by an
improvement in core transport.

R. MAINGI: You estimate the pedestal width by assuming a first stability limit. If
you have access to second stability, particularly at the higher triangularity, this would result in
an over-estimation of the pedestal width. Have you done any calculations to determine if you
have second stability access?

G.F. MATTHEWS: We currently use measurements at the top of the pedestal along
with the assumption that the pedestal is at the first stability limit to infer a width scaling. This
is because of a lack of adequate diagnostic data for the pedestal itself. However, recent
developments in edge Thomson scattering should provide us with the necessary data for the
stability analysis.
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G.M. STAEBLER: Nitrogen injection increases the ELM frequency and you have
shown that this degrades energy confinement. What is the result with higher Z impurities like
neon or argon which cause a decrease in the ELM frequency?

G.F. MATTHEWS: Deuterium fuelling does increase the ELM frequency. However,
impurities used on their own, or with low deuterium fuelling rates, initially reduce the ELM
frequency and thus improve the confinement. At some point, however, there is a sudden
transition to type III ELMs and loss of confinement. Experiments have been carried out at
JET with nitrogen, neon, argon and krypton impurities and all show the same behaviour.
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Paper IAEA-CN-69/EX3/6 (presented by V. Mertens)

DISCUSSION

R.D. MONK: You have related the H-mode density limit to the detachment model of
Borrass. Have you seen any reduction of the density limit in Divertor II compared to
Divertor I since we have seen the lower onset of detachment in Divertor II?

V. MERTENS: We do not see any reduction of density limit in Divertor II, although
the strike points detach at lower densities compared to Divertor I. This is because the outer
scrape-off layer wing is still attached.

R.J. GOLDSTON: In your pellet injection experiments, what was the maximum PN at
n = now? Is there any sign of increased MHD-like activity as power is increased, with PN
apparently fixed?

V. MERTENS: The maximum PN is approximately 1.1-1.3 at nfw, and there is no
MHD activity. Generally, there is no sign of enhanced MHD activity as power is increased.
In some very rare cases, pellets have triggered neoclassical modes at nfw .

B. SAOUTIC: When increasing the power coupled to the plasma, one can expect an
increase in pellet ablation and a decrease in fuelling efficiency. Could that explain the power
limit observed to keep the H-mode at a density higher than the Greenwald density?

V. MERTENS: The mechanism you refer to holds for the standard low field side
pellet injection. With the new high field side injection, there is no degradation of pellet
fuelling efficiency with increasing heating power. The cause of the limitation of plasma
stored energy is still unclear.
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Paper IAEA-CN-69/EX3/7 (presented by R. Decoste)

DISCUSSION

M. TENDLER: Can you quantify your important result on the beneficial impact of the
positive biasing of the SOL on the power threshold for triggering the H-mode?

G.W. PACHER: No power scan was performed. As an indication, at 300 kW input
power, + 250 V was sufficient to produce the H-mode, and at 600 kW input power, -250 V
was sufficient to destroy the H-mode. These are not necessarily minimum values, since for
other conditions in which L-modes are reproducibly produced for 0 volt bias, essentially the
same H-modes were produced for biasing voltages between +100 and + 250 V.

R. MAINGI: Shaing, Itoh and Carreras have theories to indicate that neutrals at the
95% flux surface inhibit the transition. DIII-D DEGAS calculations have shown that the
neutral density at the 95% flux surface scales inversely with the separatrix density. Have you
investigated the role of neutrals in setting the lower density limit for H-mode access?

G.W. PACHER: We have not investigated this aspect in detail. However, we have
indications that higher neutral density is not detrimental, in that H-modes appear easier to
obtain if gas fuelling is present than if the density appears only from recycling. H-modes at
constant power have also been triggered by a gas puff which raised the edge density.
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Abstract
This paper presents an overview of recent experimental results obtained on the RFX device. We succeeded

in obtaining and study RFP plasma with a plasma current up to 1 MA with negligible radiation losses and low
effective charge. The local power and particle balance shows that in standard operation the plasma core is
dominated by magnetic turbulence and that the global confinement is mainly provided by the edge region where a
strongly sheared radial electric field is present. With poloidal current drive the amplitude of magnetic fluctuation
and the thermal conductivity of the plasma core are reduced leading to improved confinement. Reduced heat
transport is also observed when the width of the n spectrum of magnetic fluctuations is reduced.

1. INTRODUCTION

With its dimensions (R=2m, a=0.46m) RFX is one of the three large RFP experiments in the
world. It is unique in its volt-second capability and power supply system that allow for a plasma
current up to 2 MA and a pulse duration up to 0.25 s with full control of current and field
waveforms [1]. The overall goal of the RFX project is to study the physics of the RFP
configuration at high plasma current to assess its potential for reactor application.

In RFX the magnetic configuration can be reliably produced for a pulse duration much longer
than the resistive decay time with a variety of setting up, showing that the dynamo mechanism
driving the poloidal current in the plasma is quite robust[l-2]. On the contrary the thermal
behaviour of the discharge and its plasma resistivity show a remarkable dependence on the fine
tuning of the configuration with respect to field errors at the gaps of the conductive shell and to
the plasma horizontal position. Indeed with its ohmic power input exceeding the level of 20 MW,
RFX relies on the possibility to distribute smoothly the heat load on its graphite first wall. However
it has become increasingly evident that the possibility to minimise the radial magnetic field at the
first wall is limited by a natural tendency of a RFP plasma to break symmetry due to mode locking
phenomena: unstable MHD modes, saturated at finite amplitudes, lock in phase and to the wall
already during the setting up of the configuration and produce a helical deformation of the
magnetic surfaces which causes enhanced plasma-wall interaction [3].

In the recent years the experimental programme of RFX has been confronted with the issue
of understanding the limitations on plasma performances caused by localised plasma-wall
interaction and of finding operational ways to overcome them or ameliorate their consequences. In
parallel the nature of the helical deformation has been addressed and clearly related to the
mechanism driving the magnetic dynamo. Finally the best performing discharges have been
diagnosed in details to gain information on the mechanisms driving energy and particle transport in
a RFP and to identify possible routes to improve the properties of the configuration with respect
to plasma confinement.

Correspondingly this paper is structured in four parts: in section 2 we discuss our
measurements of radiation losses and effective charge under various operating conditions. In
section 3 our present understanding of the dynamo mechanism and of its relation with mode
locking is discussed. In section 4 we summarise the results of our transport studies. Enhanced
confinement regimes are discussed in section 5 and our conclusions are presented in the last section.

'These authors are also members of INFM, Unita di Padova
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2. PLASMA-WALL INTERACTION

Plasma wall interaction in RFX can lead to intolerable
impurity influx. This is clearly shown in standard
discharges with plasma current at the MA level, where
carbon blooming at the toroidal location of the helical
deformation and consequent discharge termination are
usual features. We had therefore to assess the effect of
impurities in terms of radiation losses and increased
resistivity, when documenting RFX discharges for
physics studies, and to identify viable strategies to
improve its performance. Due to the non uniformity
of the power deposition to the wall, a good diagnostic
coverage of the plasma surface has been necessary to
evaluate quantitatively impurity influxes and radiation
losses.

Radiation losses have been routinely measured
by an integrated SXR and bolometric tomographic
diagnostic. A considerable effort has been dedicated
both to the study of the emissivity distributions and to
their dependence on plasma parameters. Maximum

FIG. I Radiated power fraction as a function of entropy reconstruction of tomographic measurements
the ratio I/N (N being the surface integrated confirm that most of the radiation comes from an
electron density) for plasma discharge with outer layer whose width is 0.15-0.3 of the plasma
Ip-0.6 MA. Open dots (crosses) were obtained minor radius. The radiated fraction increases with the
before (after) boronization. electron density, ranging typically between 5% to

20% of the input power, Fig. 1, and reaches a
minimum when the first wall is freshly boronized. Therefore radiated power is usually a negligible
loss channel except at very high densities, where it could be responsible for the observed saturation
of global confinement with density, and in discharges where carbon blooming is observed. Analysing
in more detail the space structure of total radiation losses it has been observed that they are
localised in the edge and asymmetric both in the toroidal and in the poloidal directions. In the
toroidal direction strong enhancement of radiated power is observed in the region of the helical
deformation. A careful analysis [4] has shown that this region may be responsible of approximately
30 to 50% of the total power lost by radiation. Similarly, the impurity influx from this region is of
the order of 50% of the total one. Far from the helical distortion, poloidal asymmetries are
observed in the emissivity profiles which correlate with plasma horizontal position. A displaced
plasma equilibrium leads to a larger localised influx of impurities, which in their lower ionisation
states are mostly responsible for radiation. This kind of asymmetry has been found to change with
plasma density, the radiating layer being more symmetric e

at higher densities.
Despite the large power load to the graphite and

provided carbon blooming is avoided, the plasma
effective charge is relatively low and similar to that found
in tokamaks for the same electron densities. The main
contribution to Zeff comes from oxygen and carbon,

while metals have only seldom shown up in the spectra.
The result of a density scan performed with Ip = 0.6 MA
is displayed in Fig. 2. We observe Zeff values and a
density dependence identical to those of an equivalent

F
4 i.

-j Before boronisation :

» After boronisation j

4 5 6

n ( x1019 m'3)

ohmically heated tokamak with values close to unity at
FIG. 2 Density dependence of the effective
charge, as deduced from continuous visiblehigh density and with boronized walls. On the contrary, . . , , . . . , „ ,° , , , - , , • u i emission for plasma discharge with In-u.owe observe that Zeff doe not increase when plasma J P

. . , , . . , . MA. Open (closed)dots were obtained before
current is increased at constant plasma density, despite
the increased ohmic power. A consistent picture of the

(after) boronization.
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impurity content in RFX has been obtained with a diffusion code which can satisfactorily reproduce
bolometric losses, visible bremsstrahlung, impurity influxes and soft X-ray emission profiles [5]. A
study of the mechanisms behind the observed impurity behaviour is presented in a companion
paper at this conference [6]. It turns out that the value of effective sputtering coefficient in RFX is
similar to the value reported in tokamaks and this in turn is due to similar values of temperature in
the SOL. Screening of impurities, as deduced with the help of a Montecarlo code, can be very
effective due to the steep gradient of density at the edge [7].

Among the various conditioning procedures, boronization with diborane has produced the
most beneficial effects. In fact, after wall boronization Zeff value approaches unity and the
radiation barrier moves towards higher densities, i. e. in the parameter region where the best
confinements are found. Boronization together with carefully dosed glow discharge cleaning in
helium and hydrogen has been particularly effective in improving the control of the hydrogen
recycling, otherwise essentially determined by the graphite wall. Further recycling control
capability has been gained with hot wall operations (T=280 °C) especially at high currents. The
beneficial effect of the boronization procedure however lasts for about fifty shots when the plasma
current exceeds the MA level. The reduced capability of oxygen trapping has been associated to the
formation of hydrogenated carbon-rich layers, originated by erosion phenomena due to localised
plasma-wall interaction [8]. The analysis of the time evolution of vessel temperature between
shots has shown that more than 40% of the input power is deposited in the region of the locked
deformation. This information has been used to evaluate the temperature distribution on tiles
located in the locking region. Calculations show that carbon blooming at the edge of such a tile is
reached after 40 ms in discharges with 1 MA plasma current as indeed observed. In these conditions
carbon bloom is avoidable if the helical deformation can be reduced or shifted toroidally during the
discharge as recently achieved, see next section.

3. DYNAMO PHYSICS AND LOCKED MODES

Studies conducted in this area have addressed the issue of the influence of boundary
conditions, and notably of the plasma-shell distance, on the dynamo mechanism and its relation
with the phenomenon of mode locking. More recently we have focused our efforts on the
possibility of controlling the position of the helical deformation with external means. All
mechanisms proposed to explain the dynamo rely on the non linear interaction of low-m resistive
MHD modes resonant inside the reversal surface, usually referred to as dynamo modes.

The poloidal electric field
generated by the dynamo is found
also in three-dimensional
numerical simulations [9-10-11]
and has been experimentally
measured [12]. Both simulations
and experiments show that
periodical discrete relaxation
events (DRE) are involved in the
mechanism and generate at least a
fraction of the plasma toroidal
flux. Marginal stability to dynamo
mode seems to be a natural
requirement to sustain the RFP
configuration in inductively driven
toroidal discharges and indeed the
analysis of magnetic
measurements has shown that the
current profile in RFX is
consistent with the requirement of
marginal stability to internal
resistive m=l modes [13].

ice 200
[degress]

3O0

FIG. 3 a) Measured pattern of the toroidal component of the magnetic
field as measured on the inner surface of the conductive shell, b) the
same pattern as computed in three dimensional MHD simulations. .
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Numerical simulations also predict that the dynamo modes in their non-linear interaction
have a natural tendency to lock in phase among themselves [9]. We gathered clear experimental
evidence that the helical deformation of the plasma column is caused by dynamo modes. A Fourier
analysis in real space shows that the helical deformation is composed of modes resonant inside the
reversal layer [14].

These modes increase during DRE [15] while they decrease systematically when the dynamo
action is reduced by external poloidal current drive, see section 5. Moreover magnetic
measurements of this deformation are well described by a model where helical currents are added to
an axisymmetric current profile on the corresponding resonant surfaces of the main dynamo modes
seen in RFX and the toroidal flux generated during DRE is well accounted for by the variation of
these helical currents [16]. Finally the observed pattern of the toroidal field on the inner side of
the conductive shell is very similar to the results obtained by three dimensional numerical
simulations [11] as shown in Fig. 3. The influence of shell proximity on the dynamo mechanism
has been studied using discharges with shifted equilibria and by a comparison of RFP devices with
different shell proximity. The analysis shows that with increasing shell distance the current
distribution evolves toward a fully relaxed Taylor profile where the ratio of parallel current to the
total magnetic field remains constant over the plasma cross-section [16]. This is consistent with
the marginal stability requirement but entails a larger toroidal field generation for larger plasma-
shell separation. Although this increase of field is only of the order of 20% for RFX parameters,
the question arises of whether the stronger action required to the dynamo does not imply an
increase in the mode amplitude which can badly affect plasma performances. For this reason we
have carried out a careful comparison of similar discharges obtained in RFX and MST, where a
closer distance between shell and plasma exists. The results of this analysis have shown that during
standard operation similar macroscopic behaviour and confinement properties are obtained in the
two devices [17]. Although the shell proximity does not seem to have a strong influence on plasma
behaviour, a conductive shell close to the plasma brings the benefit of reducing the radial
component of the magnetic field at the wall due the helical deformation, thereby alleviating the
problem of localised heat deposition. Also a good magnetic design of such a shell, where errors due
to gaps and portholes are minimised, helps to reduce the electromagnetic torque on the dynamo
modes, thereby avoiding the locking of the helical deformation to the wall, as observed in some
circumstances in MST. Strict limits on shell proximity are dictated by linear MHD stability theory
for modes not directly involved in the dynamo mechanism, namely for m=0 modes and for modes
resonating outside the reversal layer. Since they are located in the good confinement region of a
standard RFP, they can have a strong impact on the confinement properties of the configuration.
However m=0 modes, predicted to be usually unstable for RFX conditions, become relevant only
during dynamo relaxation events while modes
resonant outside the radius of reversal, also 100°
predicted unstable, are never observed. Because of
the need of minimising localised heat deposition to
operate RFX with a plasma current above the MA
level, a large fraction of the experimental effort in
this field has been devoted to the issue of wall
locking. Minimising the error at the gaps through
feedback systems was instrumental in achieving a
uniform distribution over different discharges for
the toroidal position of the helical deformation.

We were also successful in influencing the locking Q Q Q 2 Q 4 Q 6 Q g 1 0

position by applying a toroidally localised ' ' r/a
perturbation to the toroidal field. This produces a FIG 4 The radial profiie of thermal
m=0 radial field which interacts with the m=l conductivity during standard operation
dynamo modes through non linear effects. In a (dashed line) and during poloidal current
series of discharges with static perturbation we could drive (solid line). The dashed region around
localise the deformation with almost 100% each profile corresponds to 25%-75%
reliability. These results have motivated a confidence interval, as estimated with a
modification of the toroidal field power supply to Montecarlo code.
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sweep the perturbation toroidally during the discharge. With this method we were able to shift the
region of high heat load on the first wall during the discharge allowing operation at high current
without carbon bloom. More details are given in a companion paper at this conference [18].

4. ENERGY AND PARTICLE TRANSPORT

The energy and particle local balance were studied in standard discharges by the analysis of
density and temperature profiles. A clear variation of temperature profiles with plasma parameters
has been found with more peaked profiles being observed at low plasma density and high plasma
current. Edge and core region show different behaviour [19] . In fact the edge gradient does not
show any appreciable density dependence, whereas the slope of the profile in the intermediate
region increases as density is lowered (i.e. when the ratio I/N is higher, N being the surface
integrated electron density). The density profiles are flat or slightly peaked in the centre at low
density and become hollow at high density, with large density gradients only in a region of a few
centimetres from the edge [20]. A detailed transport analysis of density profiles indicates that an
outward convective velocity, V, is required to explain the stationary and hollow profiles observed
at high density. An interpretative analysis [20] suggests that the density dependence of the shape
of the profiles could be explained by the same core transport mechanism coupled to changes in the
source profiles and edge diffusivity. Experimental profiles can be satisfactorily reproduced by the V
and D values derived by the Rechester Rosenbluth's theory of diffusion in a stochastic magnetic
field [21]. In the framework of this theory, the global convective velocity would be composed of
the inward E^xBe drift (the main classical term in RFPs), and of an additional outward particle flux
proportional to the temperature gradient [22]. The differences found in the outer region (r/a>0.9)
cannot be explained in term of stochastic transport. In fact the estimate of D in this region for the
low and the high density case cannot be justified since neither large differences in the temperature
(a factor >10 would be necessary), nor a dependence of the magnetic fluctuation on density is seen
in that region. Some other mechanism seems to be responsible for transport in the r/a>0.9 region
[20]. The local power balance in RFX shows that most of the energy loss is due to transport and
that in standard operation the profile of thermal conductivity % has a minimum very close to the
edge, as shown in Fig. 4. The signature of magnetic turbulence on core transport is seen from the
ratio %/D, which is consistent with the square roots of the ion mass, and from the reduction of
conductivity with increasing Lundquist number [19]. The value of % at the edge has been found to
decrease with increasing density while an increase is observed in the core. This implies that the
observed increase of the global confinement time with density is due to the properties of the edge
region. Particle diffusivity in this region also shows a favourable dependence with increasing density
[20]. The most interesting feature of the edge region of RFX consists of a sheared radial electric
field with shearing rate comparable to tokamaks [23]. The resulting ExB velocity is in agreement
with direct measurements of the plasma flow velocity, as measured by Langmuir probes, which have

given for 0.5 MA discharges a velocity shear of the order of 10" s~* across the last closed magnetic
surface (LCMS). This is comparable to the naturally occurring velocity shear observed across
LCMS in tokamaks and stellarators and has a similar origin related to the different dynamics of
ions and electrons along open field lines. A remarkable feature of RFX is the presence of a
spontaneous second velocity shear region just inside the LCMS where the gradient of the radial
electric field is negative. The velocity shear in this second region increases almost linearly with the
plasma current and its width scales with the Larmor radius. A mechanism based on ion losses on
unconfined gyro-orbits can explain the generation of plasma flow [24].The fluid velocity
associated with the radial field has been also studied by spectroscopic measurements of Doppler
shift of impurity lines. It is essentially perpendicular to the local magnetic field at the edge and
becomes nearly parallel to it moving toward the core [25]. Once again two different mechanisms of
flow generation seem to be acting in the core and in the edge region.

The value of the flow measured in the region outside the reversal layer is consistent with
stabilisation of external resistive mode when the presence of the liner is taken into account.

Probe measurements and reflectometry have been used to characterise the edge turbulence as
reported in more detail in a companion paper at this conference [26]. These studies have shown
that energy and particle transport driven by magnetic turbulence becomes negligible in this region,
thus confirming MST results [27]. Electrostatic turbulence is responsible for particle transport and

5
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the particle diffusivity is in agreement with the results of the analysis of density profiles reported
above. Only a fraction of about 30% of the total energy flux can be accounted for by electrostatic
turbulence and the driven flux is almost convective in nature [28]. These measurements have also
shown that a reduction of particle diffusivity is associated with the shear layer mainly caused by a
decrease of coherence between density and velocity fluctuations. The BDT criterion for shear
decorrelation of turbulence has been tested and found to be marginally satisfied [29].

5. ENHANCED CONFINEMENT REGIMES

Reducing the impact of magnetic turbulence on core transport has become one of the major
challenges of the RFP research. This requires to interfere with the dynamo mechanism to reduce
the stochastic region created by internal tearing modes. External poloidal current drive is an useful
tool since it reduces the need of the dynamo and/or can modify the current density profile,
stabilising modes and reducing the associated particle and energy transport. Tests of this concept
performed on the MST reversed field pinch with a technique named Pulsed Poloidal Current Drive
(PPCD) supported this hypothesis showing strong reduction of magnetic fluctuations measured at
plasma edge and suppression of sawteeth MHD activity [30]. We adopted this technique in RFX by
applying a series of one to five poloidal voltage pulses on the toroidal field winding and obtained
reduction of magnetic fluctuations at various plasma current levels. Results of a 0.8 MA PPCD
experiment are shown in Fig. 5. In a range of I/N and F, we can reproducibly obtain improvements
in many plasma parameters lasting, in the best cases, for several milliseconds, i.e. for a time greater
than the energy confinement time which is of the order of 1 ms for standard RFX discharges. We
always find a strong increase of soft X ray emission and a peaking of its profile, confirming that
PPCD is able to drive changes in the whole plasma configuration and not only at the edge. The
time evolution of on-axis Te reveals an increase up to 75% with respect to the pre-PPCD value in
the best cases (Fig. 5). Electron temperature radial profiles have been measured near the maximum
of the soft X ray emission: a clear evidence has been obtained of a peaking of T e profiles during
PPCD while electron density shows a little decrease without profile modification. Reduced plasma
wall interaction is usually observed during PPCD and is attributed to the decreased amplitude of
locked mode perturbation. Zeff and total radiation losses decrease, particularly in the outer
equatorial edge region, where the main interaction with the wall is concentrated because of the
Shafranov shift of the plasma. A careful comparison with the performance of stationary discharges
with high 0 values, comparable to the post-PPCD ones, shows that amplitude of magnetic

fluctuations is lower and peaking of the T e profiles is
larger during PPCD. These features can therefore be
interpreted as due to the reduction of dynamo action
induced by PPCD and not simply as an effect of a
transition to higher values of 0 . An increase of poloidal
beta by 30-40% has been evaluated from the integration
of profiles, assuming Te=Tj. For the calculation of the
energy confinement time, TE, the ohmic input power has
been estimated using the equilibrium (X&p model to
compute the contribution from the variation of the
plasma internal magnetic energy: TE can double during the
period of poloidal voltage application, reaching a value of
2 ms which can be maintained for more than 5 ms in the
best cases. As an alternative approach we have estimated
the ohmic input power by mean of the ohmic dissipation
taking into account the Spitzer resistivity, the measured

FIG. 5. Waveforms of (a) plasma current, electron temperature and Zeff and again modelling the
(b) normalised mean square of the toroidal c u r r e n t profile with the |l&p model obtaining results in
component of the fluctuating magnetic g Q o d a g r e e m e n t w i t h t h e previous calculation. The
field, (c) on-axis electron temperature (d) , r. . , rr . r „ „ „ « .. , ,
energy confinement time during pulsed beneficial effects of PPCD on the core plasma are best
poloidal current drive experiments. s h o w n by t h e malysls o f l o c a l P o w e r b a l a n c e I 3 1 ] - T h e

improved confinement during PPCD is due to a reduction
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of % in the core to a value similar to the edge as
depicted in Fig. 4. This reduction is consistent with
the Rechester-Rosenbluth expression for magnetically
driven transport and the observed reduction in the
amplitude of magnetic fluctuations. Recently some
spontaneous transitions to an improved confinement
regime have been seen in RFX during normal
operation. This regime is associated to a peaking of
the current profile and has been dubbed a-mode. It is
observed during the current ramp-down and can last
for several ms. Its typical signature is a slowing down
of the current decay accompanied by a decrease of
loop voltage and an increase of SXR emission. In the
a-mode we systematically observe a remarkable
modification of the n spectrum of m=l modes which
becomes sharply peaked around n=8-9 with all modes
with n>9 being reduced to a value much below their
normal amplitude. Such single helicity states are
expected to have a reduced stochastic region and seem
to be at the origin of many diverse observations of enhanced confinement in RFPs [32]. In this
respect it is useful to note that often our best PPCD pulses evolve toward a single helicity magnetic
spectrum.

Enhanced energy confinement has also been observed in set of H pellet injection
experiments in discharges with L,= 0.6-0.8 MA. The RFX 8-pellet injector was used to fire mainly

'small' pellets of 1.5-10^0 atoms at velocity of 400-̂ -500 m/s, which were generally completely
ablated in the plasma core. Pellet injection proved to be useful to peak the density profiles,
allowing to achieve transient improvements of the plasma P and confinement time, and as a
diagnostic tool for particle and energy transport analyses. When a pellet is injected in the RFX
plasma, despite the relative large perturbation in the density profile and central value, very little
effects are produced on the plasma current, loop voltage, total radiated power, Ha emission,

reversal and pinch parameters F and 0 . A drop in the central electron temperature in the range
50-^130 eV is generally observed with a transient flattening of the profile as shown in Fig. 6. The
temperature recovers the pre-pellet central value and profile in 2-4 ms. The initially flat or
slightly hollow density profile, which is typically found in the medium/low density regimes where
the pellet are injected, becomes centrally peaked with a maximum peaking factor no/<n> which
ranges between 1.5 and 2. The profile then diffuses back to the original one in a time of 1-5 ms.
The faster diffusion times are generally due to a MHD Dynamo Relaxation Event (DRE), which is
triggered when the pellet reaches and cools the plasma core. In DRE-free cases, obtained more
frequently by injecting pellets during the improved confinement phase produced by PPCD, a fast
re-heating is seen and xE is found to increase by a factor about 1.5 for a few confinement times.

6. CONCLUSIONS

The experience gained with RFX has shown that a RFP configuration can be maintained for times
longer than resistive diffusion time by the dynamo mechanism. However the resort to the dynamo
implies a breaking of the toroidal symmetry with a consequent localisation of the heat flux to the
wall. The use of a conductive shell near to the plasma helps to overcome this problem but for long
pulses an active control of the position of the helical deformation is required. We have shown that
such a control is achievable by using the toroidal winding of the device and this has allowed for the
first time to run 1 MA discharges with reduced Zeff and radiation losses. Beside breaking symmetry,
the need of the dynamo also causes a deterioration of magnetic surfaces in the plasma core leading
to high values of thermal conductivity there. Thermal insulation is therefore provided mainly by a
thin layer at the plasma edge. The nature of thermal transport in this layer is still unclear and it is
expected that a better understanding will offer the possibility to increase its extension and/or to
reduce its thermal conductivity. However, to continue to consider the RFP as a viable option for a
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fusion reactor, it is necessary to recover an acceptable level of thermal insulation also in the
plasma core. Pulsed poloidal current drive constitutes the first step in this direction and
experimental results show that it is indeed capable to improve core confinement. Additional
improvement could be offered by the possibility to run a RFP discharge in a nearly single helicity
state. By combining these two approaches and with the support of good plasma diagnostics, we aim
to improve confinement properties in a wide current range and to give better insight into the
physics of low field magnetically confined plasmas. Further progress in the direction of reactor
application can be expected if effective tools to modify and interact actively with the plasma are
identified and deployed in the experiment. This requires a shift in plasma engineering from an
approach based on an optimised passive control through conductive elements to a new one based
on the adoption of active control techniques for magnetic configuration, current profile, plasma
rotation and mode spectrum. The results presented in this paper indicate that this is a valuable and
viable approach.
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ABSTRACT

Reversed field pinch (RFP) experiment on a new large machine, TPE-RX has been started from March
1998. Major and minor radii of TPE-RX are 1.7175m and 0.45m, and the maximum designed plasma current
(Ip) and discharge duration are IMA and 100ms, respectively. TPE-RX is being operated in the medium Ip

region (Ip < 500kA) with discharge duration about 80ms and RFP discharges with good reproducibility are
routinely obtained, where the precise compensation of error field at poloidal gap of thick shell is indispensable.
In a series of initial phase of experiment, following results are obtained. Non-inductive part of toroidal loop
voltage (Rplp) as low as 12 V is obtained at low Ip (~150kA), but it increases with Ip and becomes 22V at Ip

~450kA. However, it is shown that Rplp is gradually decreasing as the discharge cleaning has been continued.
Further decrease of Rplp will be expected under the improved wall condition. In almost of all discharges,
especially with large Ip (>250kA) the wall and phase locking of the MHD fluctuations is observed. However,
several discharges without this mode locking are found in low Ip and low filling pressure cases. Measurements
of electron density (<ne>) by CO2 laser interferometer, electron temperature (Te) by soft x-ray pulse height
analysis and ion temperature (T;) by CV Doppler broadening have been started. Measured values are <nc>~
5xl018m'3, Te ~1000-1200eV and Tj ~ 130±50eV for the discharge with Ip~ 270kA and reversal/pinch
parameters ~ -0.1/1.6, although it is possible that this high Tc may correspond to high energy part and low T;

may correspond to the value near the edge since the radiation profile of CV line is very hollow. An interesting
dependence of plasma rotation on Ip is found in the Doppler shift measurement of CV line.

1. INTRODUCTION

TPE-RX is a new large reversed field pinch (RFP) machine[l,2] whose major and minor radii are
1.7175m and 0.45m, maximum flux swing of iron core is ±2VS, designed maximum plasma current
(Ip) is up to 1 MA and designed discharge duration is 100 ms, respectively. TPE-RX is the successor
of former TPE-1RM20 machine and has a comparable size with RFX[3] and MST[4] which are large
RFP machines currently operated in the world.

The main purpose of TPE-RX is to demonstrate the possibility that the RFP will become a simple
and efficient fusion reactor by showing the improved confinement property through the simultaneous
attainment of low toroidal loop voltage (Vioop <10V) and large poloidal beta ((3p>0.1) values. Then, the
energy confinement time (tE) longer than 5ms will be obtained. If the improved confinement in the high
pinch parameter region[5] is realized, PP~ 20% will be obtained and the TE exceeding 10 ms can be
expected.

The construction of TPE-RX was initiated in the spring of 1997 and the first RFP plasma was
obtained at the beginning of March in 1998. Although the discharge cleaning is still under way, the
plasma experiment on TPE-RX has been started[6].

In this report, initial experimental results of TPE-RX will be described. The experiment has been
conducted in the medium Ip region (< 500kA) mainly because of the capability of power supply, which
is almost the same with that used in TPE-1RM2O[1].

2. MACHINE CHARACTERISTICS OF TPE-RX

One of the most important characteristics in TPE-RX machine design is its equilibrium system
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for canceling the poloidal shell gap error field and for controlling the plasma horizontal displacement
(Shafranov shift) under the existence of a thick conducting shell[7]. Almost the same technique as used
in TPE-1RM2O[8] is introduced in TPE-RX with several minor modifications. The equilibrium system
of TPE-RX consists of doubly layered thin (0.5mm thickness) copper shells, thick aluminum (50mm
thickness) single shell, primary vertical field, control vertical field, saddle coil field, quasi-DC vertical
field and pulsed vertical field.

The thick shell provides the main part of the vertical field for plasma equilibrium, stabilizes slowly
growing MHD modes and shields external error fields caused by various sources. The thick shell has
the proximity of b/a=1.16, where a is the plasma radius and b is the inner radius of the shell. Inside the
thick shell, the thin shells are closely attached on a vacuum vessel for stabilizing the fast growing mode
with good shell proximity (b/a=1.08). Poloidal shell gaps of two thin shells and thick shell are over
lapping each other for compensating the poloidal gap error field caused by the fast variation of plasma.

The primary external vertical field, which is produced by the hybrid poloidal coil (Ohmic coil),
provides the first order of compensation of the poloidal shell gap error field. The current flowing in the
hybrid poloidal coil, hence the produced vertical field, is almost proportional to the plasma current
because of the strong coupling between them by the iron core. The secondary pre-programmed
auxiliary vertical field (control vertical field), which is produced with independent vertical field coils, is
used for the further accurate compensation of the gap error field which may be dependent on the
individual discharge condition. The saddle coils which are wound just outside the poloidal shell gap
provides the real time compensation of the gap error field by the feedback control of coil current[9].

In TPE-RX the plasma equilibrium position can be actively controlled by the quasi-DC vertical field,
which is produced by the same control vertical field coil and is canceled by the pulsed vertical field
during initial breakdown phase. The pulsed vertical field coils are wound on the inner surface of the
thick shell (space between the thin shell and thick shell) with return windings on the outer surface of
the thick shell. To reduce the necessary strength of quasi-DC vertical field for centering the plasma in
the vacuum vessel, the center of the vacuum vessel is shifted by 17.5mm in the outer direction of the
torus with respect to the center of the thick shell.

Although preliminary experiments with the quasi-DC vertical field have been made, where the quasi-
DC vertical field shows relatively small effect compared with the results in TPE-1RM20, all
experimental results reported here were obtained without using the quasi-DC vertical field because the
power supply for the quasi-DC vertical field and pulsed vertical field do not have sufficient power.

The vacuum vessel of TPE-RX is composed of equally distributed sixteen bellows sections (2mm
thickness) and sixteen thick plate sections (6mm thickness) [10]. They are welded into one piece. All
ports are attached on the thick plate sections. The material of them is stainless steel (SUS316L). Two
hundred and forty-four molybdenum limiters with mushroom shape (98.5mm(|)) are attached in thick
plate sections for protecting the vacuum vessel. Limiter surface protrudes by 5mm with respect to the
bellows inner surface. Thirty-four of them are attached at the shell gap section, where the strongest
plasma-wall interaction may be anticipated and fourteen limiters are attached in each thick plate
section almost equally distributed in the poloidal direction.

3. EXPERIMENTAL RESULTS OF TPE-RX

3-1. Discharge characteristics and loop voltage

From the start of operation, more than six thousands of RFP discharges have been made[l 1] and
the non-inductive part of the toroidal loop voltage, RPIP shows gradual decrease as the discharges have
been continued (see Fig.l). As shown in Fig.l, this decreasing trend still continues, which indicates
that the discharge cleaning has not reached at saturated level and further improvement of wall
condition will be expected. In the present stage, the RPIP as low as 12V is obtained in low Ip case
(~150kA), which is slightly higher than the expected value (~10V).
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Fig.l Variation of non-inductive part of toroidal voltage as a function of shot number.

Figure 2 shows wave forms of \, toroidal magnetic field, reversal parameter F, pinch parameter 0 ,
etc. in a typical RFP discharge with Ip~270kA and F/0 —0.1/1.6. F and 0 are defined as F=Btw/<Bt>
and 0 =Bpw/<Bt>, where Btw and Bpw are the toroidal field and poloidal field on the plasma surface,
respectively, and <Bt> is the volume averaged toroidal field in the plasma. In this typical discharge the
value of Rplp = 15-17V is obtained.

Shot 7322 1998-8-31 Voh = 5/1.5kV, Vtf= 2/0/0.lkV, pO = 0.5mTorrD2
W

H

Fig.2 Waveforms of the plasma current, Ip, averaged toroidal field, <Bt>, toroidal fields on the plasma,
Btw-in, and outside the wall, B^.,,,,,, loop voltage, Vioop, non-inductive part of Vioop, RPIP, F and Q
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Fig.3 Residual error field at the poloidal thick shell gap after compensation by the saddle coil field.

One problem in the behavior of RPIP at the present stage is that the RPIP increases with L. in offset
linear manner, RPIP~ 0.034*Ip+7, where Ip is in kA. The RPIP becomes 22V at Ip~450kA. The cause of
this trend may be the increasing plasma wall interaction at high Ip, which may be improved by the
further wall conditioning and precise plasma equilibrium control with a new power supply which will
be installed in near future.

Figure 3 shows an example of the compensation of the shell gap error field by the saddle coil field
which is controlled to minimize the vertical flux through the shell gap with feedback control[9]. The
averaged error vertical field is reduced within 0.4% of the poloidal magnetic field after the setting up.
In the experiment where an additional shell gap error field is applied, it is shown that the plasma
performance such as the discharge duration and value of RPIP, is affected when the error field becomes
3 - 5% of the poloidal field. It is found that the compensation without the control vertical field is
sufficient for the present medium Ip discharges.

Recently the error field with horizontal and/or higher poloidal mode components is found by the
detail measurement of magnetic field at the shell gap. Cause of it and its effect on the plasma are now
being investigated.

3-2. Phase and wall Locking of magnetic fluctuation

The mode locking of magnetic fluctuation in phase and to the wall of the vacuum vessel is
observed almost of all discharges in TPE-RX[11]. The toroidally localized magnetic fluctuation stays
at a certain position of the torus, which locally enhances the plasma-wall interaction and may damage
the vacuum vessel. This mode locking phenomena is quite similar to that observed in RFX[12].
However, the amplitude of the radial component of wall locked mode is about 2% of the poloidal
magnetic field and is smaller than that in RFX.

The positions where the wall locking takes place are scattered almost randomly around the torus
with some concentration (20-25%) at the poloidal gap of the thick shell. Local temperature rise of the
vacuum vessel in each shot, which is monitored by thermocouples, shows good correlation with the
wall locked mode. The peak temperature rise is observed at the almost same place of the wall locking.

In several low Ip cases, discharges without mode locking are obtained in TPE-RX. Although the
mechanism why they appear has not been clear, it is found that the operation with low filling gas
pressure is a key point[l 1]. Comparison between the cases with and without mode locking and between
the results of TPE-RX and RFX will contribute to understanding and solving the problem of wall
locking.

3-3. Measurement of electron density and temperature

The plasma electron density (<rie>) is measured at a central vertical chord by a two-color (CO2
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and HeNe) laser interferometer. The time variation of <rie> is shown in Fig.4 for the typical discharge
with Ip~270kA, where the initial filling pressure of deuterium is 0.5mTorr. The initial peak of <n<;>
corresponds to only 40% ionization.

Following the initial peak, the density is pumped out as observed in many RFP experiments, but it is
rather slow in TPE-RX (time scale with ~10-15ms) compared with others. After the pump out, the
density gradually increases from t~15ms to 25ms, stays at quasi-stationary value, ~ 5xl018m"3 from
t~25ms to 50ms and then gradually decreases toward the end of discharge for t>50ms. The Ip

dependence of <ne> at this stationary phase is shown in Fig.5. The value of <ne> increases with Ip and
becomes ~ 7.8xl018m"3 at Ip~370kA. However, the value of so-called I/N (the ratio of plasma current
to line electron density) decreases with Ip, I/N ~ 1.3xl0"13A/m at Ip~ 170kA and I/N ~ 7.5xlO"!4A/m at
Ip~370kA.

<ne> E20/m3
0.2

0.15

0.1

0.05

0

-0.05

TPE-RX Shot No =8020
Ip=270kA, Normal Theta

<ne>

20 40
t(ms)

60 80

Fig. 4 Time variation of the chord averaged electron density (central vertical chord) in the typical
discharge case (Ip ~ 270M, F/@ ~ -0.1/1.6, P0=0.5mTorr).
Measured by two-color (CO2 and HeNe) interferometer.
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Fig. 5 Dependence of chord averaged electron density (central chord) on plasma current. Ip~ 170-3 70kA,
F/B ~ -0.1/1.6, P0=0.5-0.7mTorr

In the above experiment the density is not actively controlled and is decided by the recycling at the
wall of vacuum chamber. Preliminary experiment of the density control experiment has been made and
it is shown that the density can be increased and becomes almost doubled, from ~5xl018m"3 to ~
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lxl019rrf3by a medium gas puffing where the global plasma parameters, such as IP, Vioop, discharge
duration, etc., show small variations. However, the density decays within about 10ms after the gas
puffing was closed.

It should be noted that the vibration of the interferometer, which is caused by the high speed
mechanical contact switch used in the ohmic heating circuit, gives some oscillating variation in <n<;>
signal. The effect of this variation is compensated as small as possible but small effect still remains,
especially near the end of discharge. It should not be taken as actual plasma variation.

The electron temperature (Tc) is measured by the soft x-ray (sx) pulse height analysis with SiLi
detector. The obtained value is about ~ 1000 - 1200 eV for t= 20-40ms in the typical discharge. In the
early discharge phase for t=10-20ms the temperature is slightly low, ~870eV. Clear Ip dependence has
not been observed. It is well-known that the sx measurement is rather sensitive to the high energy tail
of the electron velocity distribution. Moreover, the L-line emission of the molybdenum which is used as
the limiter material is strong and masks the sx spectrum at the energy range from 2.3kev to 2.7keV.
Therefore, the detail analysis of the sx spectrum becomes difficult and it is not clear at the present
stage whether the measured value corresponds to the bulk electron temperature.

3-4. Measurements by spectroscopy

Plasma rotation velocity and ion temperature are measured by the Doppler shift and broadening of
the CV line emission (227.1nm)[13]. The measured CV ion temperature is about 130 ± 50eV for the
typical discharge with Ip~270kA. The radiation profiles of CV are also measured by another multi-
spectrometer system. The measured profile of CV radiation is very hollow and the normalized radius of
the maximum radiation is about ~0.9. This means that the CV temperature may not correspond to the
core ion temperature. It is also indicated that the electron temperature near the edge is not low, may be
in the range around a hundred eV.

The plasma toroidal rotation velocity estimated by the shift of CV line shows peculiar behavior. Its
direction and magnitude vary as the Ip increases; opposite direction to Ip at low Ip (~ -5±4km/s at
Ip~200kA), around zero at Ip~270kA and the same direction with Ip at high Ip (~ 5±4km/s at Ip~370kA).
Possibly this variation is related to the change of the radial electric field. The variation of the radial
electric field consistent with this TPE-RX result is reported in the plasma potential measurement on
RFX[14], In the case without the mode locking at low Ip (Ip~ 200kA), the rotation speed increases up
to ~ -10±4km/s.

4. DISCUSSION

It is commonly observed in many RFPs that the non-inductive part of toroidal loop voltage is
higher than the value estimated form the electron temperature even if a large value of effective ion
charge, Zeff is assumed in the calculation of the resistivity. The anomaly part in the loop voltage is
comparable or larger than the resistive part in many cases, for example, anomaly part is about 1/2 of
the total loop voltage in TPE-1RM2O[8].

For the typical discharge in TPE-RX (Ip~ 270kA, RPIP~ 15V, F/6 ~ -0.1/1.6), the central value of
conductive electron temperature (Tec) is estimated by assuming the polynomial function model (the
internal inductance ~1.3 and helical form factor ~7.5) and parabolic temperature profile. If the
anomaly part is not taken into account Tec would be ~150eV when Zeff=l is assumed, ~430eV for
Zef}=5 and ~700eV for Zefi=10. These large Zeff values may not be impossible since the molybdenum
limiters are used.

However, if the value obtained by sx measurement is assumed to be the bulk central electron
temperature, unrealistically large value of Zeff about 20 has to be introduced to explain the present
value of Rplp. Therefore, the anomaly part should have a large portion in the loop voltage. When the
anomaly part is assumed to be one half of the loop voltage, then, the value of Tec would be ~1 lOOeV
when Zeff=10 is assumed. This value of Tec is in the same magnitude of the measured value by sx.
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In the previous experiments on TPE-1RM2O[15] and many other RFPs, pp~ 0.1 has been obtained
in the usual discharge conditions with 0 ~ 1.6. If this pp value is still held in the present experiment on
TPE-RX, the Tec will be ~700eV for the typical discharge if the T; = Te and parabolic profiles are
assumed. If Tj = 0.6Te is used, which is the case in TPE-1RM20 experiments, Tec will be ~900eV.
These values are not so much different from the value obtained by the sx measurement.

The poloidal beta for the electron pressure is about 7% if the value of Te obtained by the sx
measurement is used as the central electron temperature and the parabolic pressure profile is assumed.
Therefore, the total poloidal beta about 10% may not be unrealistic. If we use RPIP ~15V and assume
(3p~0.1, the energy confinement time of the present experiment on TPE-RX will be ~1.4ms, although
the possibility still remains that this high Te value may not correspond to the bulk electron.

5. SUMMARY

A new large RFP machine, TPE-RX was constructed and is being operated successfully from the
March of 1998. The RFP discharges in medium Ip region (<500kA) have been obtained with
reasonable duration time (~80ms) routinely. The non-inductive part of toroidal loop voltage, RpIp as
low as 12V has been obtained for the low Ip case (~150kA) but it increases with Ip and becomes 22V at
Ip~450kA. The RPIP value has shown the gradually decreasing trend as the discharge cleaning has been
continued. It is expected that the further decrease of RPIP will be realized when the wall condition of the
vacuum vessel is improved.

It is demonstrated that the error field at the poloidal gap of thick shell is correctly compensated,
within 0.4% of the poloidal field. This value is well bellow the necessary criteria (~3-5%).

The mode and wall locking of the magnetic fluctuation has been observed in almost of all discharges,
which is well correlated with the local temperature rise of the vacuum vessel. However, the several
discharges without the mode locking are found in particular conditions with low Ip and low filling gas
pressure.

The electron density, <n<>, temperature, Te and ion temperature, Tj are measured by the CO2 laser
interferometer, soft x-ray pulse height analysis and CV Doppler broadening, respectively. For the
typical discharge case with Ip~270kA and F/0~ -0.1/1.6, <ne>~ 5xlO18m"3, Tc~1000-1200eV and T;

~130±50eV are obtained. However, it is not clear whether these temperature values are corresponding
to the core plasma, namely, it is possible that this high electron temperature may correspond to the high
energy part and this low ion temperature may correspond to the value near edge since the radiation
profile of CV line is very hollow.

By using above values, the poloidal beta for the electron pressure is estimated to be about 7% if the
parabolic pressure profile is assumed. Therefore, the total toroidal beta about 10% may not be
unrealistic. When we use RPIP ~15V and pp~0.1, the energy confinement time will be ~1.4ms, although
several uncertainties and assumptions are included in the estimation.

The plasma toroidal rotation is measured by the Doppler shift of CV line. It is shown that the
direction of rotation varies with Ip ; in the same direction with Ip for large Ip (~370kA) and opposite
direction for small Ip (~200kA).

It should be noted that the TPE-RX is still under construction since the power supply presently used
is the old one which is almost the same with that used former RFP machine TPE-1RM20 whose scale
was almost 1/3 of TPE-RX. Therefore, the present operation of TPE-RX is limited in many aspects. It
is planned that the power supply will be powered up within following several years.
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Abstract

Global heat and particle transport in the reversed field pinch (RFP) result primarily from
large-scale, resistive MHD fluctuations which cause the magnetic field in the core of the plasma
to become stochastic. Achieving a better understanding of this turbulent transport and identifying
ways to reduce it are critical RFP development issues. We report measurements of the Lundquist
number scaling (5-scaling) of magnetic and ion flow velocity fluctuations in the Madison
Symmetric Torus (MST) RFP. The S-scaling of magnetic fluctuations in MST is weaker than
previous measurements b /B-S'1 r\n smaller (lower S) RFP plasmas. Impurity ion flow velocity
fluctuations (measured with fast Doppler spectroscopy) have a scaling similar to the magnetic
fluctuations, falling in the range V/VA ~ S~!a08~ai9' • The MHD dynamo (Vxb) up to 15 V/m
was measured in the plasma core. Interestingly, the scaling of the MHD dynamo (Vxb)
~ 5- [0-64- 0.88] j s s t r o n g e r m a n for j t s constituents, a result of decreased coherency between V and
b with increasing 5. A weak S-scaling of magnetic fluctuations implies fluctuation suppression
measures (e.g. current profile control) may be required in higher-S RFP plasmas. Two types of
current profile modifications have been examined - inductive and electrostatic. The inductive
control halves the amplitude of global magnetic fluctuations and improves the confinement by a
factor of 5. The electrostatic current injection, localized in the edge plasma, reduces edge
resonant fluctuations and improves the energy confinement. In addition, regimes with
confinement improvement associated with the plasma flow profile are attained.

1. INTRODUCTION

Global heat and particle transport in the reversed field pinch (RFP) result primarily from
large-scale, resistive MHD fluctuations which cause the magnetic field in the core of the plasma
to become stochastic [1,2]. Because this dominant turbulence is well described by resistive MHD,
the obvious dimensionless scaling test is with the Lundquist number S = x R /xA , the ratio of the
resistive diffusion time to the (poloidal) Alfven time. Since S increases with the plasma size,
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magnetic field, and temperature, S oc aBT^ l', the scaling results are relevant for RFP reactor
development.

Past measurements in devices smaller than MST (lower S) focused on magnetic
fluctuations and observed more or less favorable scaling ranging from b/B~S~l/' [3] to
b IB ~ S"1 / '[4]. The MST experiments aimed to (1) extend the scaling to larger S, (2) include,
for the first time, the scaling of flow velocity fluctuations, (3) help resolve conflicting theoretical
predictions for the scaling, and (4) examine the 5-scaling of the MHD dynamo. The main result
of these studies is that the magnetic fluctuation amplitude scales more weakly than observed at
lower S, implying a greater need for controlled reduction or suppression of magnetic turbulence
(e.g. by current profile control) to avoid physically large, high current RFP reactor. In MST,
fluctuation reduction has been achieved with auxiliary inductive and electrostatic poloidal current
drive in the edge plasma. To date the largest reduction occurs with inductive current drive, during
which the energy confinement increases five-fold [5, 6],

In addition to these planned approaches using current profile control, new regimes of
improved confinement have been discovered which appear to be associated with changes in the
plasma flow, either by biasing the edge plasma with an inserted electrode, or occurring
spontaneously, subject to constraints on toroidal field reversal, plasma density, and wall
conditioning. In these cases, either or both magnetic and electrostatic fluctuations are reduced.
Both a change in the global flow profile and the formation of localized flow shear in the edge
have been observed in these plasmas.

In this paper the S-scaling experiments will be described in Section 2, the current profile
control experiments will be described in Section 3, and the plasma confinement improvement
associated with flow modifications will be described in Section 4.

2. FLUCTUATION SCALING WITH LUNDQUIST NUMBER

In this section we summarize comprehensive results of magnetic and velocity fluctuation
measurements [7, 8]. The measurements were done in the MST RFP [9] with minor radius of a =
0.5 m, and major radius of R = 1.5 m. The plasma current was varied from / = 150 kA to / =
500 kA. The plasma density was not varied independently but rather the data were obtained at
two values of a parameter I/N (N = nena2): (l)Z/N = 2x 10"14 A- m (low I/N) and
(2)Z/N = 6x 10~14 A-m (high I/N). The Spitzer resistivity was calculated as
r| = 5.22x 10~5lnA- ZeffT~3/2 (eV)Q- m, with a Thomson scattering measured central electron
temperature and laser interferometer measured central chord averaged electron density ne. The
mean ion charge Z^ was calculated using measured bremsstrahlung radiation power. The range
of S accessible in MST was from 7x 104 to 106, extending previous measurements beyond
S«104.

Magnetic fluctuations in MST were measured by a set of 64 toroidally separated
magnetic pickup coils located on the inner surface of the MST vacuum conducting shell. These
toroidal coils can resolve toroidal modes with n < 32. The total rms fluctuation was determined
by adding the power in all resolved modes. The rms fluctuation (averaged over 5 ms) is shown
versus 5 in Fig. 1 for (a) low I/N and (b) high I/N. We find that (1) the amplitude of magnetic
fluctuations is high, about 1 %, (2) the scaling is weak, and (3) the scaling depends on density;



385

EX4/5

lOQ

10

FIG. 1. The scaling of the rms magnetic fluctuations with the Lundquist number

therefore S might not be a unique scaling parameter, and perhaps other parameters, such as
viscosity, might be important. Recent nonlinear 3D cylindrical MHD calculations [10, 11] have
found that that fluctuation amplitude scales as S"018 (2.5x 103 < S< 4x 104 ). Theoretical analysis
by Mattor [12] gives the scaling 5-025 or S° depending on the continuous or discrete nature of the
RFP dynamo fluctuations. Both continuous and discrete dynamo were observed in MST.

The velocity fluctuations were measured via Doppler shift of C44 line radiation with a
fast, high throughput spectrometer [8, 13, 14, 15]. Fluctuations of velocity with an amplitude, of
several km/s were measured and correlated with magnetic fluctuations. The frequency spectra of

0 10 20 30 40 50
frequency (kHz)

FIG. 2. Coherence of fluctuating velocity and magnetic field.
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FIG. 3. Estimated magnetic island widths and q-profile during PPCD. The

fluctuation decrease so islands do not overlap.

the coherence between the fluctuating poloidal velocity vs and the n = 9 component of the

surface poloidal magnetic field B9 9 is shown in Fig. 2. A high coherence in the 4-30 kHz range

contributes to a significant dynamo product [vx B] which can be as high as 15 V/m.

The scaling of the velocity fluctuations is weak, with different velocity components

scaling as vv oc S~019 , and u9 oc s~008 [8]. Somewhat suprisingly, the dynamo product scaling is

strong 5-

higher S.

[0.64-0.88]
s t r o n g s c a ] i ng comes from decreased coherence between v and B at

3. CURRENT PROFILE CONTROL

A weak scaling of fluctuations with S implies that active control of fluctuations is

necessary. MHD simulations [11] suggest that flattening of the parallel current profile can

decreases the magnetic fluctuation amplitude. In MST two types of current profile modification

were tested - inductive and electrostatic.

Inductive poloidal current drive (also called pulsed poloidal current drive, or PPCD)is

accomplished by transiently changing the toroidal flux. This leads to a halving of the magnetic

fluctuation amplitude and five-fold increase in the energy confinement time, with both an

increase in the plasma thermal energy (beta) and a decrease in the Ohmic input power -

Ref. [5, 6]. As an illustration of progress toward mitigating stochastic magnetic transport in the

RFP, the estimated safety factor profile and magnetic island widths associated with the core-

resonant m=l tearing modes are shown in Fig. 3 during PPCD in MST. In a standard RFP, the

islands are well overlapped throughout the core region. During PPCD, the island widths (Fig. 3)

are reduced to levels such that island overlap no longer occurs, consistent with a large reduction

in thermal transport. Recent measurements in the RFX experiment [16, 17] reveal that the
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FIG. 4. Magnetic n-1 fluctuation decreases during electrostatic current
injection in the sense to flatten the current profile.

normally flat electron temperature profile becomes peaked during PPCD, providing additional
evidence for core magnetic fluctuation reduction.

For electrostatic current drive we used novel plasma electron emitters [18] to inject field
aligned electron current at the plasma edge. The injection can be oriented either in the sense to
flatten the current profile - co-injection, or in the opposite direction - counter-injection. The core
resonant m=l, n=6 magnetic fluctuations were not sensitive to the direction of the injection,
which might be explained by the edge localization of the injected current. On the other hand, the
edge resonant m=0, n=l modes were sensitive to the orientation of injected current and decreased
in amplitude when the injected current flattened the current profile [19] - Fig. 4. The Ohmic
power was lower and the electron temperature higher during co-injection which indicates the
positive effect of the current injection on the energy confinement - Table I.

TABLE I. ENERGY CONFINEMENT IS BETTER FOR CO-INJECTION THAN FOR
COUNTER-INJECTION.

CO

ne p Pohmic T E

Te (eV) ( io 1 9 r r r 3 ) (%) (MW) (ms)

181 1.5 9.2 5.61 1.47

CTR 91 1.4 4.5 7.23 0.52

4. PLASMA FLOW RELATED CONFINEMENT IMPROVEMENT

In addition to the regimes a with modified current profile, other regimes with improved
confinement have been found. The improvement occurs even though the current profile
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modification was not specifically targeted. A common feature of these regimes is a significant
change in the edge plasma flow profile.

One of these regimes, the so-called Enhanced Confinement (EC) regime occurs
spontaneously, at a low plasma density, with deep magnetic field reversal, and clean walls [20,
21]. The regime is characterized by broadband reduction of both global magnetic and edge
electrostatic fluctuations and up to three-fold confinement improvement -Fig. 5. The plasma
potential profile is shown in the same figure and implies a narrow, ~ 1 cm wide region of strongly

en
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42 44 46 48
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FIG. 5. Radial profiles of fluctuating and equilibrium plasma potential. Strong Er

gradient is formed ,and fluctuations are reduced.

sheared [Ex B] flow in the edge. However, the fluctuation reductions are not limited to this shear
layer and occur for both small and large scale turbulence at all frequencies. Similar regimes were
found in the TPE-1RM20 device [22]. We note that flow shear is observed in PPCD discharges as
well [21, 23] but its contribution to the confinement improvement is unknown. Confinement
improvement associated with velocity shear is also observed in the RFX device [24].

Confinement improvement also occurs in plasmas with inserted biased electrodes [25]. In
these plasmas edge electrostatic potential fluctuations also decrease, and the particle confinement
improves, evidenced by an increase in density and the edge density gradient - Fig. 6. Electrostatic
fluctuations are known to cause large particle transport in the RFP edge [26]. Magnetic
fluctuations and energy confinement do not change with bias, consistent with the understanding
that magnetic fluctuations regulate energy confinement in the RFP. The edge radial electric field
increases and a large change in the plasma flow (-25 km/s) occurs with biasing. The change in
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velocity shear is small compared to the overall change in the magnitude of the flow velocity
across the profile.
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FIG. 6. Density profile in biased plasmas.

These observations suggest that flow and flow shear may be effective for the reduction of
turbulent transport in the RFP [27]. This subject has emerged only recently and requires further
experimental, and especially theoretical, work. Shearless plasma flow itself needs to be explored,
since, for example, it can affect the rotation of edge resonant fluctuations which might otherwise
be stationary in the lab frame.

5. SUMMARY AND CONCLUSIONS

In summary, the scaling of magnetic and ion velocity fluctuations with Lundquist number
S< 106 has been measured in MST. Unlike smaller RFP plasmas with S<104, magnetic
fluctuations decrease more slowly than the most favorable b /Bx S'1 /:. The ion velocity
fluctuations, measured for the first time in MST, also scale relatively weakly. However, the MHD
dynamo scales strongly with S, in accordance with expectations from Ohm's law. This appears to
result from decreased coherence between the magnetic and velocity fluctuations with increasing
S. A weak scaling of the transport causing magnetic fluctuations with S (increasing plasma size,
magnetic field, and temperature) implies active turbulence suppression may be required to
improve the RFP's reactor attractiveness. Auxiliary edge poloidal current drive, using inductive
and electrostatic current drive techniques, produces a significant reduction of the fluctuation
amplitude and a dramatic increase in the energy confinement. So far, inductive current drive is
more effective than electrostatic current injection. Experimental tests of RF current drive with
promise for greater current profile control are in preparation. Confinement improvement
associated with changes in the plasma flow are also observed. This occurs either with electrode
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biasing or spontaneously (in some MST plasmas). Mechanisms of flow shear turbulence
suppression are suggested by observed changes in the flow magnitude (biasing) and by the
formation of a localized region of strong flow shear (spontaneously).
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Abstract

The central-cell density and the diamagnetic signal were doubled due to plug potential
formation by ECRH in the hot ion mode experiments on the GAMMA 10 tandem mirror. In order
to obtain these remarkable results, the axisymmetrized heating patterns of ECRH and ICRF were
optimized. Furthermore, conducting plates were installed adjacent to the surface of the plasma along
the flat shaped magnetic flux tube located at the anchor transition regions; the plates may contribute
to reduce some irregular electric fields produced possibly with ECRH in these thin flux tube regions.
The conducting plates contributed to the reduction of the radial loss rate to be less than 3% of the
total particle losses along with the improvements in the reproducibility of the experiments and the
controllability of the potential confinement. The increases in the central-cell density and the
diamagnetism in association with the increase in the plug potentials scaled well with increasing the
ECRH powers. A plug potential of 0.6 kV and a density increase of 100% were achieved using an
ECRH power of 140 kW injected into both plugregions. The plasma confinement was improved by
an order of magnitude over a simple mirror confinement due to the tandem mirror potential
formation.

1. INTRODUCTION

In the GAMMA 10 tandem mirror, plug and thermal barrier potentials of 1.7 kVand 1.1 kV
were attained with an energy confinement time of 0.6 sec [1,2]. Following the results in this plasma
operational mode, recent GAMMA 10 experiments have been carried out for the purpose of further
increase in ion temperatures and densities by an ion cyclotron range of frequency (ICRF) heating
associated with potential pluggings due to electron cyclotron resonance heatings (ECRH). The
increase in the ICRF heating power sources along with the suitable adjustment of the ICRF heating
powers on the type III and double half-turn antennas, improved ion temperatures to be 10 keVwith
P=6% [3]. This operational mode is hereafter referred to as a hot ion mode. In the hot ion mode,
plasma was sustained by the ICRF heating with gas puffing in the central cell. Positive plugpotentials
were formed in the axisymmetric end mirror cells by an application of a fundamental ECRH to the
ICRF sustained plasma. However, a density increase due to the potential confinement was less than
10% [3]. After the recent optimizations of the axisymmetrized heating patterns of ECRH and ICRF
heating powers achieved a density increase of 50% [4].

The improvement of plasma confinement in the hot ion mode was studied with a newly
developed end loss ion energy analyser (ELA), which can completely eliminate the signal disturbance
from high energy electrons and can directly obtain the energy spectra of end loss ions [5]. The
potential confinement of passing ions was clearly shown by the waveforms of end-loss currents as
well as their energy spectra. For the potential confinement in the hot ion mode, some radial losses of
passing ions were observed. A radial loss rate of the passing ions was measured by analysing end loss
currents under the condition with a single ended plugging. Though the radial loss rate was usually
several percents, a shot with an estimated radial loss rate of less than 3% was obtained.

In addition to the optimizations of ECRH and ICRF heating, conducting plates have been
installed in the anchor transition regions to fix the potential at the plasma boundary, thereby
reducing possible irregular electric fields, which were considered to be a cause of the radial loss.
Experiments have been carried out during a 6 month period with the conducting plates.
Improvements in the reproducibility and controllability of the potential confinement experiments
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have been obtained. The central cell density and diamagnetic signal were doubled with the potential
confinement after the installation of the conducting plates.

2. THE GAMMA 10 TANDEM MIRROR

The GAMMA 10 tandem mirror consists of a central cell, two anchor cells and two end mirror
cells. The anchor cells with a minimum B configuration locate at both ends of the central cell and are
connected to the end mirror cells. Ions in the central cell are heated by a slow ion cyclotron wave
excited by a pair of double half-turn antennas installed near both ends of the central cell. Ions in the
anchor cells are also heated by another ion cyclotron wave with a frequency different from that in the
central cell. The plasma is initiated by magneto-plasma-dynamic (MPD) plasma guns located at the
both ends. The plasma is sustained by ICRF heating with gas puffing in the central cell. Positive plug
potentials are formed in the axisymmetric end mirror cells by fundamental ECRH.

For plasma diagnostics, the followings are mainly used. Plasma densities are measured with
microwave interferometers at several locations along GAMMA 10. End loss currents and ion energy
spectra at the ends are measured with the newly developed end loss ion energy analysers (ELA) [5].
Plasma potentials in the central cell and in the barrier region are measured with heavy ion beam
probes [6]. The plasma potentials in the plug regions are determined by the energy analysis of end
loss ions measured with the ELA. The plasma confinement potential is determined as the potential
difference between the plug region and the central cell. The ion temperature is determined from the
data using a charge-exchange neutral-particle energy analyser together with the diamagnetic signal.
The electron temperature is obtained from x-ray diagnostics. Several types of x-ray diagnostics, such
as x-ray spectrum analysis, x-ray absorption methods, and x-ray tomographic reconstructions using
semiconductor detectors, as well as microchannel plates have been employed for obtaining electron
velocity distribution functions and their spatial variations. The atomic hydrogen Ha emission is
observed radially and axially to determine the ionization rate: this system is absolutely calibrated
using an NIST tungsten lamp.

3. POTENTIAL CONFINEMENT IN GAMMA 10

3.1 Potential confinement and radial loss

In GAMMA 10 experiments, an ICRF sustained plasma was at first produced. The ICRF
heatings in the central cell and anchor cells with gas puffing in the central cell sustains a hot ion
plasma with an ion temperature and plasma density of about 4 keV and 2x 10 cm" , respectively.
The ion temperature in the central cell was anisotropic with a ratio of the perpendicular to parallel
temperature of around 10. No major radial particle loss was observed with the ICRF sustained plasma.
After the plasma reached a steady state, ECRH is applied to the plug region for producing the plug
potential. Only fundamental ECRH at the plug was used in these experiments.

Potential confinement was studied under various heating scenarios such as without ECRH,
ECRH at one end, and ECRH at both ends. Figure 1 (a) illustrates the axial magnetic field strength and
locations of the heating systems used in this experiment. The waveforms of ion end loss currents and
central-cell line densities are shown in Figs.l(b) and (c), where NLCC denotes the central-cell line
density, and E-ELA and W-ELA indicate end loss current to the east and west ends. When ECRH is
applied only to the west plug, the ion current to the west ELA (W-ELA) decreases due to the
potential reflection of low energy ions, while the ion current to the east ELA (E-ELA) increases due
to the ions reflected by the west plug potential; NLCC does not increase. When ECRH is applied to
both plugs, NLCC increases due to potential confinement.

Another evidence of potential confinement was given by an analysis of the end loss ion energy.
Figures 2(a) and (b) show the waveforms of the central-cell line density and the end loss current for
a shot with potential confinement. Figure 2(c) shows the energy distributions of end loss ions at four
different times [see the same labels in Figs. 2(b) for identifying the observation times].
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FIG. I (a) Axial magnetic field strength and location of heating systems,
(b) to (c) Central cell line densities (NLCC) and end loss currents
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FIG. 2 Central cell line density (a), end-loss current (b), and energy distributions of end loss
ions (c) where (e), (f), (g), and (h) correspond to the instants indicated in Figure (b).
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FIG.3 (a) Waveforms of the central-cell line density and end-loss current for a shot with the
density increase of 30%. (b) Waveforms of the central-cell line density and end-loss
current for a shot with the density increase of'50%.

The energy distribution of the ICRF sustained plasma is shown by (e). The ion temperature is 0.35
keV, which is about one tenth of the central-cell ion temperature. The high energy ions in the central
cell are lost mainly by charge exchange loss before they are scattered into the loss cone, because of
their large temperature anisotropy. At the time (f) just after the potential formation, the low energy
portion disappears because the low energy ions are potentially confined. The confining potential is
approximately determined as the potential difference corresponding to the peak energy of the
distribution in (f) and the peak energy in (e) of Fig. 2(b). At the latter times (g) and(h), the confining
potential decreases. However, it can be seen on the energy distributions at (g) and (h) that the higher
energy portion increases compared with the distribution at (e). This indicates an increase in the ion
temperature during potential confinement.

Figure 3 (a) shows waveforms of the central-cell line density and end-loss current for a shot with
a density increase of 30%. The end loss current decreases after formation of a confining potential by
ECRH and then gradually increases. When ECRH is turned off, a short burst appears in the end loss
current due to axial drain of the potentially confined plasma. The waveform of the end loss current,
together with the waveform of the central-cell line density, indicates plasma confinement by the
potential. However, the steady state end-loss current that occurs during ECRH is smaller than the
current occurring before and after ECRH. Plasma production near the axis determined from Ha
measurement does not change much during ECRH. Therefore, smaller end-loss current during ECRH
suggests some radial losses of the potentially confined plasma. A radial loss rate was determined from
a single ended plugging data such as shown in Fig. l(b). From the measurements of the decrement and
the increment of the end loss currents at both ends, we obtained a radial loss rate of passing ions, that
is, a rate of the radial loss of passing ions during their passage through the anchor and plug/barrier cells.
The radial loss rate corresponding to the shot shown in Fig. 3(a) is 9%. Under another experimental
condition, a smaller radial loss rate of less than 3% was obtained for the shot shown in Fig. 3(b). In
this shot, the lack of the end loss current during ECRH was smaller than the shot in Fig. 3(a) and the
increase in the central-cell line density was 50%.

3.2 Installation of anchor conducting plate

The mechanism of the radial loss and the region where the loss takes place have not been
identified; however, we suspect the losses from the anchor transition regions. In the anchor
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FIG.4 A quarter of a magnetic flux tube and conducting plates in an anchor cell.
The magnetic flux tube maps to a circular magnetic flux tube of 0.4 m diam.
at the central cell midplane.

transition region with fanning minimum B field, a circular magnetic flux tube of 0.4 m in diam. at the
central-cell midplane maps to a0.025mxl.4m elliptic tube. Some irregular electric fields possibly
occurring with ECRH cause radial loss by E<B drift in the region due to the short distance across the
plasma. Conducting plates were installed near the surface of the plasma in the fanning magnetic flux
tube in order to fix the potential at the plasma boundary for reducing irregular electric fields. Figure
4 schematically illustrate a quarter of the conducting plates in the east anchor. The length of the
plates is 124 cm and the width of PI, P2, P3, and P4 are 24.8 cm, 29.6 cm, 9.6 cm, and 7.8 cm,
respectively. The spacing of each pair of conducting plates is set so as to follow the shape of the
magnetic flux tube. Pairs of PI, P2, P3, andP4 are separated by 7.0 cm, 5.0 cm, 7.0 cm, and 10 cm,
respectively. All plates are electrically independent. Therefore, the potential of each plate can be
independently changed by changing a resistance connected to the plate.

3.3 Experiments with the anchor conducting plates

After the wall conditionings of the conducting plates, experiments were carried out for about
6 months. Reproducibility and controllability of experiments were improved and a larger density
increase with potential confinement was obtained. The increment of the density and diamagnetism
became larger with plasma shots in accordance with the progress of the wall conditioning. Figures 5(a)
and (b) show the central-cell line density and diamagnetic signal, respectively. Both values are
doubled bythe formation of a plug potential. ECRH was applied from 80 msto 130 ms. The duration
of ECRH can be extended up to 75 ms which is the limit of the gyrotron power supply. The FWHM
values of the central-cell density profiles were 16 cm before and during ECRH. The plasma density on
the axis at 120 ms was 2.7x10 2 cm"3. The diamagnetism in Fig. 5(b) is mainly due to hot ions with
an average temperature of 2.8 keV. The temperature profile was more peaked than the density
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Shot No. 159226
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50 100 150 200
Time(ms)
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FIG.5 Central-cell line density (a) and diamagnetic
signal (b) for a shot when they are doubled by
formation of a plug potential at ECRH power of
140 kWin each plug region. The plasma density
on the axis at the peak line density is 2.2x1012

cm
-3

profile; the temperature on the axis was 4.5 keV.
The particle confinement time of the ICRF sustained plasma was estimated as rP=eN/I, where

e is the unit charge, Ms the total number of ions in a flux tube, and/ is the end loss ion current to both
ends of the flux tube. The end loss currents to both ends were balanced and the end-loss current
measured with the E-ELA was used to measure the particle confinement time. The plasma density in
the anchor cell was nearly equal to that in the central cell, and was taken into account for the total
number of ions in a flux tube. The particle confinement time was 5 ms in a flux tube located at a radius
of 2 cm at the central-cell midplane. To estimate the possibility of radial losses, the particle source
was evaluated from Ha measurement and compared with the end loss current measured with the ELAs
for the ICRF sustained plasma. The radial loss of the ICRF sustained plasma was estimated to be much
smaller than the axial loss, as far as the core plasma within the FWHM density profile was concerned.
Therefore, the Ha measurement corresponded to the end loss current. By comparing the Ha
measurements for plasmas with and without ECRH, the particle source during ECRH was determined.
The particle confinement time for the shot shown in Fig.5 was obtained from edN/dt=Iion-Iioss where
/ j o n is the equivalent ionization current, /ioss is the loss current, because the time variation of the
density has to betaken into account. The particle confinement time of 40 ms was obtained at the
time 85 ms in Fig. 5(a), which is a one order of magnitude improvement due to potential confinement.
The energy confinement time is obtained as tE=W/P, where FFisthe energy content of the plasma and
P is the input power of the ICRF heating. Energy confinement time of 10ms was obtained for the
shot in Fig. 5. The effect of potential confinement on electrons was measured in a shot similar to the
shot in Fig. 5. The electron temperature increased by 35% from 60 eV and the electron energy
content increased by 70%, in accordance with the density increase during potential confinement.
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FIG. 6 Increment of the central-cell line density and the
confining potential as a function of the ECRHpower
in each plug region.

Figure 6 indicates the increment of the central-cell line density and the confining potential as
a function of the ECRH power in each plug region. A density increase of 100% and a confining
potential of 0.6 kVwere obtained at an ECRH power of 140 kW. The increment of the density was
larger when the conducting plate potential were floating. The floating potentials were about 400 Von
the central-cell side and about 150 Von the plug/barrier cell side.

4. SUMMARY

The potential formation by ECRH at the plug regions and the potential confinement were
clearly demonstrated by the data on the waveforms of the end loss currents with a single ended
plugging and both endedpluggings. The analyses of the end loss ion energies consistently showed the
evidence of the potential formation as well as the potential confinement. Suggested some amount of
radial losses of the potentially confined plasma was improved to be less than 3% of the total particle
losses using newly installed conducting plates in the anchor transition regions. The increases in the
central-cell density and the diamagnetism in association with the increase in the plug potentials
scaled well with increasing the ECRH powers. A plug potential of 0.6 kV and a density increase of
100% were achieved at the ECRH power of 140 kW. The particle and energy confinement times
were improved to be 40 msand 10 ms, respectively, due to the tandem mirror potential formation.
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SESSION EX4

Thursday, 22 October 1998, at 8.50 a.m.

Chairman: I.C. Nascimento (Brazil)

INNOVATIVE CONCEPTS, REVERSED FIELD AND MIRROR EXPERIMENTS

Papers IAEA-CN-69/ICP/01-05, 09-10 (rapporteured by D.C. Robinson)

DISCUSSION

H. TOYAMA: What are the critical issues needing to be tackled in experiments on
second generation spherical tori, such as NSTX, MAST and Globus-M, to ensure the success
of ST reactors? Please give quantitative indications where possible.

D.C. ROBINSON: The key issues for the further development of spherical tori are:
the extrapolation of confinement to more collisionless plasmas at large size and currents, the
scaling of the SOL width which is key to the exhaust problem, demonstration of quasi-steady-
state operation with a large fraction of pressure driven currents and, linked to this, further
increase in the |3 value at higher elongations (K > 2).
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Papers IAEA-CN-69/ICP/06-08,11-12 (rapporteured by M.C. Zarnstorff)

DISCUSSION

D.D. RYUTOV: I am intrigued by your indication that the configuration of the quasi-
omnigenous stellarator is not dependent on beta. When we studied omnigenous
configurations in the late 70s-early 80s in conjunction with non-axisymmetric mirror systems,
we found that quasi-omnigeneity falls apart at higher betas (we were interested in betas ~
50%). I presume that there would be a similar effect in a quasi-omnigenous stellarator. Can
you comment on that?

M.C. ZARNSTORFF: The quasi-omnigenous configurations are optimized at the
MHD P-limit (~ 2-3% so far). The configurations are approximately invariant for lower
J3 values owing to balancing of the effects of plasma currents (diamagnetic, Pfirsch-Schluter,
and bootstrap). Higher p values have not been examined.
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Paper IAEA-CN-69/EX4/3 (presented by R. Bartiromo)

DISCUSSION

R.J. GOLDSTON: Perhaps you could tell us the absolute confinement time in the
turbulent state, and in the quieter states. How close do the quieter states come to (3 = constant
scaling?

A. BUFFA: In our standard case we have a relatively wide mode spectrum and,
correspondingly, the transport in the core region is consistent with stochastic diffusion. In
this case, our typical XE ~ 1 ms. In our enhanced confinement regimes we have measured
reduced core transport and a correspondingly narrow mode spectrum. In this case TE increases
by a factor of ~ 2-3. At currents up to 0.6 MA these values fit the (3 ~ constant scaling.

M.E. MAUEL: As you may know, in tokamak plasmas, when magnetic islands are
made to rotate with respect to the background plasma by rotating magnetic perturbations, the
island size decreases until the island locks to the rotating perturbation. In your experiment,
do you see the size of the magnetic instability decrease when you apply rotating fields and do
you see evidence of "mode-locking" to the rotating perturbation?

A. BUFFA: Our results are still preliminary. However, we do see a reduction of the
amplitude and coupling between the internal modes and the applied rotating perturbation.

J.D. CALLEN: Could you give us some indication of the conditions under which the
alpha-mode enhanced confinement regime occurs? In particular, does it occur for large pinch
parameter 0 where the Taylor theory indicates a helical structure can be the lowest energy
state?

A. BUFFA: The main conditions so far identified for the occurrence of the alpha-mode
are a slightly decreasing current (which corresponds to reduced MHD dynamo) and a low Zeff
(< 1.5). These quasi-single helicity states occur at low 0 (~ 1.4) and are not the Taylor
helical states, which occur at higher 0 (~ 1.56) and have a pitch resonant outside the field
reversal, whereas the observed states correspond to modes resonant inside the field reversal
surface.

F. WAGNER: The density profile is flat in the core and has a local maximum at the
edge. How is this variation consistent with transport analysis? Is it reasonable that the radial
electric field in the core along with stochastic field and the strong Ê  do not play a role at the
high turbulence level in the core?

A. BUFFA: The analysis of the density profiles is consistent with diffusion in
stochastic fields and corresponds to an outward pinch velocity (~ 10's m/s). The contribution
of the toroidal electric field is relatively less important.
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Paper IAEA-CN-69/EX4/4 (presented by Y. Hirano)

DISCUSSION

S. ORTOLANI: Congratulations on achieving such interesting results during initial
operation of TPE-RX. Have you made any measurements of Zeff?

Y. HIRANO: No, we have not measured Zeff spectroscopically. Estimation from the
conductivity temperature indicates that the Zeff could be very high, possibly more than 5.

M.E. MAUEL: Are you considering using special wall conditioning techniques, such
as boronization?

Y. HIRANO: Yes, we are going to use some kind of wall conditioning, like
boronization or titanium gettering. We are considering which type would be best for our
machine.
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Paper IAEA-CN-69/EX4/5 (presented by G. Fiksel)

DISCUSSION

E.B. HOOPER: Do you have a measurement of the phase difference between velocity
fluctuations and the corresponding magnetic field fluctuations? Does this phase depend
onS?

G. FIKSEL: We do not have well-resolved measurements of the phase scaling, but in
general it is weak. The strong scaling of the dynamo product is mainly a result of decrease in
the coherence.

D. ESCANDE: A recent study of improved confinement regimes in RFPs by P. Martin
at Padua has shown that quasi-single helicity is, as expected theoretically, related to high
Prandtl number, i.e. high viscosity. The S number is then no longer active for the scaling of
magnetic fluctuations. Therefore, the future of the RFP line could be more related to setting
the plasma in the single helicity basin than to decreasing the amplitude of fluctuations.

G. FIKSEL: The scaling was done in "standard" RFR with a multiple number of
modes.

D.E. BALDWIN: When you cite improved energy confinement with externally driven
current, do you count the power required to input that current? Also, is external current drive
more efficient than using diffusion of central current to the edge?

G. FIKSEL: The input power from both toroidal and poloidal circuits is included in
the calculation of the global energy confinement time.

T.R. JARBOE: How does the confinement scale with S?

G. FIKSEL: The scaling is weak - probably because of weak scaling of magnetic
fluctuations.

D.D. RYUTOV: When performing the S-scan, you probably have to vary some other
important dimensionless parameters, in particular, plasma beta. How do you know that the
observed changes in fluctuation and transport are solely attributable to the changes in S?

G. FIKSEL: We do not know. As a matter of fact, some observations, like
dependence of scaling on density, indicate that parameters other than S might be important.
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Paper IAEA-CN-69/EX4/6 (presented by K. Yatsu)

DISCUSSION

E.B. HOOPER: What was the central cell electron temperature, and was it affected by
the application of ECRH in the end cells?

K. YATSU: The electron temperature was 60 eV for the ICRF sustained plasma. It
increased to 80 eV through the application of ECRH and the stored electron energy doubled
in accordance with the density increase.

D.D. RYUTOV: hi the experiments with conducting plates, have you tried placing
them on one side of the plasma only?

K. YATSU: The conducting plates were installed on both sides of the plasma.
However, we plan to apply a different potential to each one of a pair of conducting plates.
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Abstract

The global confinement and the local transport properties of improved core confinement
plasmas in JT-60U have been studied in connection with Er shear formation. The improved core
confinement mode with ITB, the internal transport barrier, is roughly classified into "parabolic"
type ITBs and "box" type ITBs. The parabolic type ITB has the reduced thermal diffusivity,
\ , in the core region; however, the Er shear, dEr/dr, is not so strong. The box type ITB has a
very strong Er shear at the thin ITB layer and the \ value decreases to the level of neoclassical
transport there. The estimated ExB shearing rate, U>EXB-. becomes almost the same as the linear
growth rate of the drift microinstability, ",%, at the ITB layer in the box type ITB. Experiments of
hot ion mode plasmas during the repetitive L-H-L transition shows that the thermal diffusivity
clearly depends on the Er shear and the strong Er shear contributes to the reduced thermal
diffusivity.

1. INTRODUCTION

Various kinds of improved core confinement (ICC) plasmas such as hot ion H-mode plas-
mas [1], high l3p H-mode plasmas [2], and reversed shear plasmas [3] have been found in JT-60
with large fusion triple product, n£>(0)r£:Tj(0), and high equivalent D-T fusion amplification
factor, QepT [4]. In this paper, the improved energy confinement and the reduced thermal trans-
port in such ICC plasmas are investigated in connection with the formation of a sheared radial
electric field, Er.

These ICC plasmas have much larger stored energy in the core region compared with
L-mode plasmas, and are often accompanied by an internal transport barrier (ITB), which is
formed at a location r=?'ixB inside the plasma. The pressure gradient changes discontinuously
at 7'=?"ITB- Figure 1 shows typical profiles of the electron temperature (solid line and closed
circles), Te, the ion temperature (broken line and the open circles), Tj, and the electron density
(dotted line and closed squares), rce, in (a) a normal shear plasma and (b), (c) reversed shear
plasmas with ITBs.

Hereafter, we call the ITB of (a) and (b) the "parabolic type" ITB, in which the pressure
gradient is larger over the core region r<riTB than that of peripheral region in r>?*rrB- The T{
profile shows the parabolic type ITB easier than ne or Te profiles. The discontinuous change at
r=rnB is observed only in Tj gradient for case (a) and in ne, Te, Tj gradient for case (b). In
JT-60U, the parabolic type ITB could be observed in any kind of improved confinement mode,
the hot ion H-mode, the high j3p H-mode and the reversed shear plasmas.

We call the ITB of (c) the "box type" ITB. Within the ITB layer around r=r I T B , the
pressure gradient is remarkably large. At both boundaries of the ITB layer, the pressure gradient
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discontinuously change. The box type ITB is observed in ne, Te, T; gradient for case (c). Since
the T'i profile shows the box type ITB easier than nt or Te profiles, the combination of the box
type ITB in T; profile and the parabolic type ITBs in ne and Te profiles is observed. The box
type ITB was observed only in reversed shear plasmas so far.

2. METHOD OF ANALYSIS

The transport and the confinement properties of JT-60U plasmas are estimated by the 1.5
dimensional (2 dimensional equilibrium and 1 dimensional transport) transport analysis code,
TOPICS [5], and the orbit following Monte-Carlo code, OFMC [6]. The OFMC code considers
the ripple loss, the orbit loss and the charge exchange loss of the fast ions generated by NBI
and estimates the density profile and the pressure profile of the fast ions, the profile of the NBI
particle source and the energy deposition profiles to electrons and thermal ions. The TOPICS
code uses the results of the OFMC code and calculates the profiles of thermal diffusivity, \-, and
the radial electric field, Er.

The Er profile is calculated as follows. The momentum balance and the heat momentum
balance equations parallel to the magnetic field give the equation of flux averaged parallel flow [7],

Here, L, M, Vj and Sj are the normalized friction matrix, the normalized viscosity matrix, the
thermodynamic force vector, the momentum and the heat momentum source vectors, respec-
tively [8]. The suffix "I" denotes the variables related to the impurity. The terms with suffix
j = l ~ 4 denote the momentum of electrons, ions, impurities and fast ions, respectively. The
terms with suffix j = 5 ~ 7 denote the heat momentum of electrons, ions and impurities, respec-
tively. The term Vj (j=l~4) includes d§/d/tp. In the following analyses, the second and the
third terms of the RHS of eq.(l) are neglected. The neglect of the second term is valid for the
case of almost balanced NBI injection.

The toroidal rotation of the impurity is expressed by the impurity flow parallel and per-
pendicular to the magnetic field [9],

By eliminating the term (Bunj) from eqs.(l) and (2) and using the toroidal velocity profile of
the impurity. «/</,, measured by charge exchange recombination spectroscopy (CXRS), the Er

profile is estimated as

d& 1 / (-^2) dip Y ^ * 1 dPj ^-* * 1 dTj
dp 4 1 (RBa,)2 dp ~~f '3 ejnj dp - ~ 'J+4 ej dt

EaL- v

Here, a}^ = Q / J + [(B2) jB\ — l j 8IJ and the coefficient <*;j is an element of (Z - Mj M .
The neoclassical thermal diffusivity was often estimated by Chang and Hinton's for-

mula [10]. In this paper, the matrix inversion method (MI method) developed for the bootstrap
current was applied to the estimation of the neoclassical ion thermal diffusivity [11 — 13]. The
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neoclassical thermal diffusivity of species j , xf°: ls made up of classical and Pfirsch-Schliiter
(CPS) diffusion and Banana-Plateau (BP) diffusion as follows.

R2 (Tj,j _ p,j'
r?CPS
A 2 j

{RB+y
- 1

Here, / and p are elements of the normalized friction matrix L and normalized viscosity matrix M,
respectively. The total ion neoclassical thermal diffusivity XVJN

 IS obtained as n</ (m + ??./) \f c +
fi-ll ("i + iij) VjC on the condition of the same temperature for main ions and the impurities.

The linear growth rate of high-n toroidal drift modes was analyzed by a linear toroidal
kinetic microinstability analysis code, the FULL code [14] under the collaboration with the
Princeton Plasma Physics Laboratory. In the FULL code, the largest linear growth rate, JL, is
calculated at some radius by changing the k$pi value, where k$ and pi are the wave number in
the poloidal direction and the ion Larmor radius, respectively.

In order to compare with 7/,, the ExB shearing rate, U>EXB, is estimated as [15]

_ (RBe)
2 0 ( Er \

3. GLOBAL ENERGY CONFINEMENT PROPERTY FOR r<riTB

In this section, the energy confinement property in the core region of the parabolic type
ITB and the box type ITB are compared. The ICC plasmas with 7^=1.5 MA, £4=3.5~4.0 T,
ne=2.0~3.7xl019 m~3 and Pa(,s=8~15 MW are investigated. Here the following variable for the
incremental thermal stored energy in the region r<r\jB is calculated by

&W% = |feB £1TB [(ne(r)Te(r)+n?(r)Ti(r)) - (ne(rITB)Te(rITB) + nf (rlTB)Ti(rITB))} dV

(8)
based on the boundary density and temperature at r=rrrB- The value of AWt

l£ denotes the
ability of each type of ITB to confine the stored energy in the core region. The plasma volume
and heating power in the region r<rrxB are Vm and F i n , respectively. The dependence of the
volume averaged values, AW$/Vm, on P i n /F i n for (a) electrons and (b) ions is shown in Fig. 2.
Open symbols and closed symbols denote the cases of the parabolic type ITB in T{ profile and
the cases of the box type ITB in T; profile, respectively. Circles and squares denote normal
shear and reversed shear, respectively. The slope from the origin corresponds to the core energy
confinement time. It is clear that the core energy confinement time of the box type ITB is twice
as large as that of the parabolic type ITB.

The concentration of the absorbed power in the region surrounded by the ITB (r=rrrB))
7Ja"s/T

J££*al, is estimated as a function of the relative core plasma volume, vin/Vtota]. They are
almost the same between the parabolic type ITB and the box type ITB. Therefore the better
core confinement of the box type ITB cannot be ascribed to the intensive core heating.
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4. SHEARED RADIAL ELECTRIC FIELD FORMATION AND REDUC-
TION OF LOCAL TRANSPORT

4.1. Steady State Case

The relation among the improved energy confinement, the reduction of thermal diffusivity,
\ , and the sheared Er is discussed in this section. First, plasmas in the steady state are analyzed.
Figure 3 shows the profiles of the electron and ion thermal diffusivities. \e (thin solid line) and
\i (broken line), the neoclassical xNC (dotted line) and the radial electric field, Er (thick solid
line). Each part of this figure corresponds to that of Fig. 1.

The \ N C was estimated by the matrix inversion (MI) method [11]. The \ N C value estimated
by the MI method is about half of that estimated by the Chang-Hinton formula [10] in the
parameter region represented by Fig. 1. Since the collision frequencies of electrons and ions are
in the banana regime, the orbit squeezing effect is taken into account in the calculation of \ N C .
However, the difference in x between results with and without the orbit squeezing effect is
small. Only within the ITB layer of the box type ITB, 40% reduction of x'NC is obtained.

In the case of a parabolic type ITB, the thermal diffusivity in the region r<rjjs is remark-
ably smaller than that in the region r>rixB- The value of \i decreases to the level of \ N C near
the magnetic axis. The characteristic of improved core confinement in the parabolic type ITB
is shown by the reduction of thermal diffusivity over the whole area of the core plasma, which
is the well-accepted point of view7. A negative Er shear (dEr/dr<0) is obtained in the region
''<'"ITB- However, the Er shear is not so strong compared with that in the ITB layer of the box
type ITB.

In the case of a box type ITB, on the other hand, Xe and Xi a t the ITB layer are quite
small; their values are reduced to the level of xN C \ whereas the value of the thermal diffusivity
in the core region r<rixB is n ° t always small. The characteristics of improved core confinement
with a box type ITB are different from those of a parabolic type ITB. Good confinement is not
directly related to the reduced thermal diffusivity overall of the core region. A stronger barrier
against the outward heat flow is formed at the thin ITB layer and the heat flow is dammed
up at the ITB in the region r<?-i<xB- In the vicinity of the ITB layer where Xe and \i become
quite small, a strong Er shear layer is localized. In this region, the contributions of the toroidal
rotation and the pressure gradient to Er, that is the first and the second terms of the RHS of
eq.(3), are of the same order of magnitude.

4.2. Repetitive L-H-L Transition Case

In this subsection, the relation between the local transport and the sheared Er is analyzed
during the dynamic change of energy confinement. A hot ion mode plasma with Iv=2.b MA,
Bt=4.2 T and T;(0)>20 keV is investigated. Figure 4 shows the time evolution of the NBI
injection power, PNBI-, the diamagnetic stored energy, W,aa, the line averaged electron density,
ne, the Te and Tj- at the half minor radius and the intensity of the Da signal of this plasma.
The L-phase and H-phase confinement appear repetitively. In this plasma, the T; profile is fairly
peaked, but no clear ITB was observed.

In Fig. 5, the profiles of Xe> Xi a n ^ Er in the (a) H-phase and (b) L-phase are shown. At
the L-H and H-L transitions, the shear in the toroidal rotation changed instantaneously within
the time resolution of the CXRS measurement. The Er shear becomes strong in the H-phase
and weak in the L-phase overall of the plasma region. At the same time, both Xe and Xi m the
H-phase become about half of those in the L-phase.

The plasma parameter profiles at a selected time during the H-phase (reduced x) and the



409 EX5/4

L-phase (enhanced x) become almost the same, because the plasma changes repetitively. This
suggests a conclusion that the thermal diffusivity clearly depends on the Er shear and the strong
Er shear contributes to the reduced thermal diffusivity.

4.3. Linear Growth Rate of Microinstabilities and ExB Shearing Rate

The box type ITB has a very large pressure gradient at the thin ITB layer, which may
become a free energy source to excite microinstabilities. At the same time, strong Er shear
is formed at the ITB layer, which induces a sheared ExB flow in the poloidal direction and
suppresses microinstability [15].

Figure 6 shows the profiles of Te, T;, ne, 72, and UJEXB, in the peaked pressure profile high
/3P plasma, ((a) and (b)) with Ip=1.5 MA and Bt=3.5 T and the box type ITB reversed shear
plasma ((c) and (d)) with 7P=1.2 MA and Bt=3.5 T. The profile of j L is calculated by the
FULL code for the electrostatic toroidal drift mode (trapped-electron-ITG mode). In the former
case, JL is much larger than UOEXB except near the magnetic axis. The ExB sheared flow is
not strong enough to suppress the microinstability. This is consistent with the fact that \,; is
larger than \/NC except for the region near the magnetic axis. In the latter case, the ITB layer
is formed in the region 0.4<r/a<0.6. Within the ITB layer, UIEXB becomes almost as large as
72,. It is expected that the microinstability in the ITB layer is suppressed and favorable energy
confinement is realized.

5. TOROIDAL ROTATION SHEAR AND CONFINEMENT

The relation of Er shear to the reduced transport and the improved confinement has been
presented in the previous sections. The Er shear depends on the toroidal rotation shear and the
shear of the pressure gradient. In this section, the effect of toroidal rotation shear on the energy
confinement, is studied.

JT-60U has two units of co tangential NBI and two units of counter tangential NBI. The
co-rotating plasmas and the counter-rotating plasmas are obtained by selecting these tangential
NBI units. A set of ELMy H-mode discharges with 7p=1.0 MA, Bt=2.1 T, ne=1.9~2.1xl019mr3,
Pafcs=4.4~6.3 MW and T,:(0)=4~5 keV was carried out. The plasmas are not in the core improved
confinement mode because of the small NBI power.

Figure 7 shows the profiles of (a) Vt, (b) ne and (c) Ti for the co-rotating plasma (closed
circles, with two units of co-tangential NBI), the almost no rotating plasma (closed squares, with
one co- and one counter-tangential NBI) and the counter-rotating plasma (open circles, with two
units of counter-tangential NBI). In addition to the tangential NBI units, the perpendicularly
injected NBI units are used. The total absorbed power is 6.0 MW for all cases. The values of
the total injected NBI power are 8.0 MW, 8.8 MW and 10.0 MW for the co-rotating plasma,
the almost no rotating plasma and the counter-rotating plasma, respectively. The ratio of orbit
loss and ripple loss of fast ions is larger for the counter NBI injected (counter-rotating) plasma.

The toroidal rotation shear for each case is almost constant overall of the plasma. The
co-rotating plasma has slightly higher density compared with the counter-rotating plasma, in
spite of having almost the same temperature profile. The profile of the absorbed power density
is almost the same for each case except in the central region r/a< 1/3 as shown in Fig. 8.

The HH-factor for the thermal energy confinement time based on the ITER97H-ELMy
scaling la.w [16],

y(s) = 0.029 7p°-
90(MA) B°-20(T) ^ ( M W ) n°'40(1019

m-3) M?'2 ̂ ( m ) ̂ V ) «0'92 ,
(9)



410 EX5/4

is shown in Fig. 9. It is clear that the co-rotating plasma, has a higher HH-factor than the
counter-rotating plasma. In order to clarify the difference in energy confinement from the view-
point of Er shear, it is necessary to evaluate the second term (momentum source term) in the
RHS of eq.(3), because the momentum injection by the parallel NBI is essentially important for
these experiments. We are going to evaluate the momentum source profile by modifying the
OFMC code. The comprehensive study of the confinement with the Er shear for ELMy H-mode
plasmas will be done in the near future.

6. CONCLUSION

The global confinement and the local transport properties of improved core confinement
plasmas in JT-60U have been studied in connection with radial electric field shear formation.
The improved core confinement mode with ITBs is roughly classified into "parabolic" type ITBs
and "box" type ITBs. The parabolic type ITB shows a reduction of the thermal diffusivity, \ ,
overall of the core region surrounded by r=rrrB; however, the Er shear, clEr/dr, in the core
region of a parabolic type ITB is not so strong. The Er shear in the box type ITB is very
strong only at the thin ITB layer and the x value decreases to the level of neoclassical transport
there. Experiments of hot ion mode plasmas during the repetitive L-H-L transition shows that
the thermal diffusivity clearly depends on the Er shear and the strong Er shear contributes to
the reduced thermal diffusivity. The energy confinement property of box type ITBs in the core
region surrounded by r=r\j-Q is about twice as large as that of parabolic t\-fpe ITBs.

The estimated ExB shearing rate, LOEXB-, is much smaller than the linear growth rate of
the microinstability, 7x, for the parabolic type ITB. For the box type ITB, on the other hand, the
U-'EXB value is almost the same as 7^ at the ITB layer. A series of ELMy H-mode experiments
with different plasma rotation showed that the co-rotating plasma is more favorable for energy
confinement than the counter-rotating plasma in the non-ICC ELMy H-mode plasmas.
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1

Fig. I Profiles of Te (solid line), T± (broken line) and ne (dotted line) of ICC plasmas with
(a) normal shear, parabolic type ITB, (b) reversed shear, parabolic type ITB, (c)
reversed shear, box type ITB for Ip=1.5 MA and Bt=3.5-4.0 T.
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Fig. 5 Profiles of %e (thin solid line), %t (broken line) and Er (thick solid line) for (a) H
phase and (b) L phase.
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Fig 6 Profiles of Te (solid line), T;- (broken line) ne (dotted line), growth rate of the
microinstability, y^, (solid line) and ExB shearing rate, co^g, (dotted line) in normal
shear hot ion plasma ((a) and (b)) and in reversed shear plasma ((c) and (d)).
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Abstract

We report results of experiments to further determine the underlying physics behind the
formation and development of internal transport barriers (ITB) in the DIII-D tokamak. The
initial ITB formation occurs when the neutral beam heating power exceeds a threshold value
during the early stages of the current ramp in low-density discharges. This region of reduced
transport, made accessible by suppression of long-wavelength turbulence by sheared flows, is most
evident in the ion temperature and impurity rotation profiles. In some cases, reduced transport is
also observed in the electron temperature and density profiles. If the power is near the threshold,
the barrier remains stationary and encloses only a small fraction of the plasma volume. If,
however, the power is increased, the transport barrier expands to encompass a larger fraction of
the plasma volume. The dynamic behavior of the transport barrier during the growth phase
exhibits rapid transport events that are associated with both broadening of the profiles and
reductions in turbulence and associated transport. In some, but not all, cases, these events are
correlated with the safety factor q passing through integer values. The final state following this
evolution is a plasma exhibiting ion thermal transport at or below neoclassical levels. Typically,
the electron thermal transport remains anomalously high. Recent experimental results are
reported in which rf electron heating was applied to plasmas with an ion ITB, thereby increasing
both Jhe electron and ion transport. Although the results are partially in agreement with the usual
ExB shear suppression hypothesis, the results still leave questions that must be addressed in
future experiments.

1. INTRODUCTION

Recent experiments on the DIII-D tokamak have been performed to further elucidate the
conditions of and underlying physics behind the formation of internal transport barriers (ITB), or
regions of reduced transport. Discharges with ITBs, produced by application of neutral beam
preheating to low density discharges during the initial current ramp, were previously employed as
the target for the highest fusion performance achieved in DIII-D [1,2]. In these plasmas,
increased heating power was applied later in the discharge to expand the ITB and combine it with
an H-mode edge to produce a state where neoclassical ion thermal transport was achieved
throughout the entire volume.

The ITB often forms in the early phase of neutral beam heated discharges in DIII-D with
negative central magnetic shear (NCS), in a region localized near the magnetic axis. The ITB
region continues to develop and expand during the low-power "preheating" phase. In this paper,
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we will discuss the early evolution of this discharge, during the phase where the transport barrier
forms and expands. The ITB expansion phase is characterized by ITB growth events super-
imposed on the steady evolution of the discharge. Although this behavior is consistent with
theory, a puzzling feature is that in some discharges, these events correlate with low-order
rational values of the safety factor q, but in others do not. This implies that there might be two
different processes involved; one where the events are triggered by magnetohydrodynamic
(MHD) instabilities, and another where the events are related to the behavior of microturbulence.

Another feature of the ITB discharges previously noted is that although ion thermal
transport is reduced, in many cases to neoclassical levels, the behavior of the electron thermal
transport often remains anomalous. Recent experiments have utilized rf electron heating to
probe the underlying physics behind the electron thermal transport. The hypothesis on which
these experiments were based is that electron thermal transport may be controlled by electron
temperature gradient (ETG) turbulence. Although there are indications that this might be the
case, other, not yet fully identified processes appear to be at work as well. Several possibilities are
discusse in this paper.

2. TRANSPORT BARRIER FORMATION AND DEVELOPMENT

2.1. Initiation of the internal transport barrier

ITBs are often formed in discharges in DIII-D during the early, "preheating" phase of a
discharge (Fig. 1). During this phase, low to moderate (2.5-5 MW) neutral beam power is applied
to a plasma with negative central magnetic shear s = r I q dq I dr < 0. The transport barrier forms
in the core of the discharge even with this low level of power, but does not expand outward until
and unless the power is increased. The requirement of sufficient power to form the ITB implies
the existence of a power threshold. In DIII-D, this threshold is approximately 2.5 MW in full-
field discharges (Bj = 2.1 T).

These observations are in agreement with theory [3], which predicts that such transport
barriers can be formed when the E x B shearing rate exceeds the calculated growth rates of drift
wave turbulence [4]. For this stabilization mechanism to be effective, however, the drift wave
turbulence must first become the leading driver of transport. Negative central magnetic shear is
important here, as it, along with finite Shafranov shift of the magnetic axis, stabilize MHD
instabilities which might otherwise dominate transport in this region. Also, the elevated central q
values prevent the onset of sawtooth instabilities that would otherwise limit core performance.

The first consequence of the preheating is that it increases the core electron temperature
and conductivity, and therefore the current diffusion time. This results in the aforementioned
favorable current density profile, which is peaked off-axis. Without the early heating, the current
profile would rapidly evolve to become peaked on-axis. The heating does not prevent the current

ion temperature
0.34s

- 0.74s
1.14s
1.54s
1.94s

0.4 0.6
P

0.8 1.0

FIG. 1. Waveforms and profiles of a typical discharge with an internal transport barrier. Shot
92389, 7P = 7.5 MA, Bj = -2.1 T, Pmi = 2.5-6.5 MW.
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profile from becoming monotonic, rather it only delays this condition. These discharges,
therefore, are inherently transient. Future experiments in DIII-D will address this by applying
noninductive, local current drive to maintain the current profile, either on-axis in the direction
opposed to the plasma current, or off-axis in the parallel direction. This may be done using
counter-injected neutral beams, electron cyclotron current drive or fast wave current drive.

The second effect, once the discharge has evolved to a state where MHD is not a leading
driver of transport, is to increase the pressure and rotation gradients to generate the large E x B
shear necessary to suppress microturbulence and therefore locally reduce transport.

2.2. Expansion of the internal transport barrier

Once the ITB is formed, the reduced transport allows the pressure and rotation gradients to
further increase, thereby generating more ExB shear and further reduced transport. If the
applied power is at or slightly above the threshold value, the barrier is formed, but remains
stationary at p~0.3. At higher j)ower levels, typically 5 MW or above, the plasma enters a
feedback loop where transport, ExB shear and fluctuations evolve toward a state of very low
transport. In this condition, the ITB expands outwards to encompass a larger portion of the
plasma volume (Fig. 1). The previously reported [1,2] discharges in which the ion thermal
transport was reduced to neoclassical levels throughout the entire plasma were the most extreme
example of this phenomenon and requires an H-mode edge. In typical discharges in DIII-D with
an L-mode edge, however, the transport barrier does not expand past p « 0.5.

The barrier expansion phase of the discharge is characterized by an evolution that is
anything but quiescent. During this development, stepwise growth events are observed in the
otherwise steadily evolving ion temperature profile, as well as transient local decreases (Fig. 2).
The steps often correlate with similar events observed in the plasma rotation and electron
temperature. Also, consistent with predictions of numerical modeling of the discharge dynamics
[5], transient reductions in fluctuation amplitudes are observed at the same time as the steps
(Fig. 2). Measurements of the local change in electron temperature across one such event (Fig. 3)
reveal the existence of a strong transport barrier, in this case at p = 0.4. The temperature

! Ion temperature
h • 1.770 • 1.939
[_ =• 1.828 • 1.960
! • 1.877 •> 1.961
U • 1.895 • 1.993
I • 1.927

0.2 0.4 0.6 0.8 1.0

Time (s)

FIG. 2. Evolution of a discharge with a
developing ITB during the preheating phase
(0.3-1.37s). Shots 89939-89949 (composite),
7P = 1.6 MA, Bj= -2.1 T, PNBl =5-8 MW.
The gray bars denote transport barrier growth
events.

FIG. 3. The electron temperature rise during
an ITB growth event is confined to inside the
ITB, indicating that the ITB actually behaves
as a local barrier. Shot 94100, I? = 1.0 MA,
Bj = -2.0 T, PNBl = 4 MW.
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increase is confined within the transport barrier, while the profiles outside this region are
relatively unaffected.

One consideration in evaluating the data is the possibility that the "bursting" behavior is
due to local or global MHD instabilities which are momentarily triggered as the safety factor q
passes through low-order rational values. Although it is certainly true that the current profile is
evolving during this phase, and that the minimum safety factor qm[n does periodically pass
through integer values, the transport events noted from the kinetic profiles and fluctuation
measurements do not usually appear to correlate with integer q values (Fig. 4). We have
reasonable confidence in this assertion for these discharges. Even a systematic error in the q
profile would not bring the transport events into line with integer q crossings. Also, since the
current profile is rather flat in the vicinity of the transport barrier, it is difficult to determine the
exact time when integer q crossings occur. However, at least at some of the transport events, the
local and minimum q values are both far enough from an integer value to make the MHD
arguments implausible for this case.

There are, however, counterexamples exhibiting transport events that appear to contradict
the above reasoning. In these discharges, integer q values are well correlated with the ITB growth
events (Fig. 4). The reason why we observe such similar behaviors differing in their temporal
correlation with integer q values in similar discharges is not well understood, and is currently
under investigation. The two sets of discharge evolutions also both lead to the same state, where
the ion thermal transport is reduced to neoclassical levels at and inside the ITB.

3. ANOMALOUS ELECTRON THERMAL TRANSPORT

In most plasmas, the electron diffusivity %e remains anomalously high even when a
transport barrier is established for ions. In the discharge shown in Fig. 5, for example, the ion
thermal transport has decreased to neoclassical levels throughout the plasma, but transport in the
electron channel remains anomalously high. In some discharges with strongly reversed central
magnetic shear, the electron diffusivity is reduced as well (Fig. 5). Whether strongly reversed
magnetic shear is a necessary and/or sufficient condition for electron ITB formation is not
currently known.

We have identified a reproducible tool to increase transport in the electron channel.
Applying central electron heating to a discharge with an ion transport barrier can have a large
deleterious impact on transport in the electron channel. Experiments have been done in DIII-D

0.2 0.4 0.6 0.8
t (sec)

1.0 1.2 1.4

FIG. 4. Electron temperature (ECE) for a
discharge which does not exhibit a correlation
between ITB growth events and integer qmin

(89939, I-p =1.6 MA, Bj = -2.1 T, P^ = 5-
8 MW) and one which does (94100, I? = 1.0
MA, Bj= -2.0 T, PNB1 =4-8 MW).

FIG. 5. Diffusivity % and safety factor q profiles
for a pair of discharges: 87977, /p =2.2 MA,
Bj=-2.1 T, PN B I = 17.55 MW, H-mode
edge; 92664, I? = 1.5 MA, Bj=-2.1 T

-7.4 MWL-mode edge.
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using both electron cyclotron (ECH) and fast wave (FW) power to heat electrons in target
discharges established as detailed in Section 2. The central electron temperature increases upon
application of additional electron heating (Fig. 6), but far less than would be expected under
conditions of constant electron diffusivities. In fact, transport analysis performed using the
TRANSP [7] code indicates that the core electron diffusivity increases by a full order of magnitude
on the application of this electron heating. Perhaps equally intriguing is the fact that application
of 1.1 MW of (ECH) electron heating to the discharge of Fig. 6 actually results in 20%-40%
reductions to the central ion temperature and impurity rotation, and associated large increases to
the ion thermal and angular momentum diffusivities.

This appears not to be a direct consequence of the heating method. The results are very
similar for both the FW and ECH cases, each of which exhibits increased diffusivities in the
electron, ion and angular momentum channels (Fig. 7). We concentrate here on the ECH
discharge, since we have more confidence in the power deposition calculations used in the TRANSP
analysis. The statements made here, however, could just as easily be made with regard to the FW
heated discharges [8].

The transport behavior appears consistent with the hypothesis of ExB shear suppression
of turbulence leading to ITB formation. The discharge heated only with neutral beams exhibits a
ion ITB in this region (Fig. 7). Examination of the ExB shearing rate profile in this discharge
(Fig. 8) indicates two maxima, with turbulence suppression most likely in the vicinities of p ~ 0.2
and p = 0.6. In the discharge with additional electron heating (EH), the shearing rate is sharply
decreased and has collapsed to a single maxima (Fig. 8). This is reflected in the ion temperature
profile as a reduction in the normalized ion temperature gradient a/Lxi at 0.2 < p < 0.6 (Fig. 7).

Calculations of microturbulence stability have been made using a linear gyrokinetic stability
(GKS) code [9] which has been extended to non-circular, finite aspect ratio equilibria [10] with
fully electromagnetic dynamics [11]. The calculated maximum growth rate of long-wavelength
microturbulence is shown in Fig. 8. The ExB shearing rate is either equaled or exceeded at
p ~ 0.4 and p ~ 0.7. Although the growth rates do not substantially increase with the application
of EH, the shearing rate is reduced in the same region, indicating the loss of the ITB.

Beam emission spectroscopy (BES) measurements [12] of low-£ fluctuation have been
made in these discharges (Fig. 9). Consistent with the calculated shearing and growth rates, these
observations indicate reduced fluctuations encompassing the transport barrier at p ~ 0.5-0.6, and
no reduction in the region where the shearing rate is matched or exceeded by the growth rate.
Unfortunately, BES data in the region where the barrier was eliminated with EH was not obtained,
but we would expect to have seen higher levels of turbulence indicated in this region.

o.o 0.5 I.U

Time (sec)

FIG. 6. Application of ECH, heating only electrons near the resonance at p ~ 0, interrupts the
formation of an internal transport barrier. Shots 96010 (no EH) and 96015 (1.1 MW ECH 1.1-
1.6s). / P =1.6 MA, Bj=-2.0 T, Pmi =4.3-5.7MW.
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A slight increase in the normalized electron temperature gradient a/Lje is seen in the same
region with application of EH (Fig. 7). As previously stated, calculation of the growth rate
spectrum at p ~ 0.6 indicates that the low-A: (1-5 cm"1) turbulence growth rates should be
suppressed by ExB shear without ECH, and should become visible with ECH. An additional
feature (Fig. 8) appearing in the ECH discharge at high-& (> 20 cm" ) may indicate destabilization
of electron temperature gradient (ETG) modes. It is believed that the ETG turbulence may be
responsible for limiting a/Lxe in this case, but DIII-D has no diagnostics capable of observing such
short-wavelength activity.

There appears to be a fundamental difference between the physics controlling transport
around p = 0.5-0.6 and that at smaller radii. Dramatic reductions are seen in the both the
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electron and ion temperature gradients of both discharges for p < 0.2 (Fig. 7). Application of
ECH extends the strong electron temperature gradient region inward to p ~ 0.1, and appears to
have no impact on the ion temperature gradient. Throughout the region near the magnetic axis,
however, no drift wave turbulence is predicted unstable for either discharge, yet the temperature
gradients are clearly limited by some other physical process. One clue to the controlling process
may be the appearance of high-£ (12 cm"1) fluctuations in far-infrared (FIR) coherent scattering
measurements [13] from the discharge with ECH (Fig. 10) at p ~ 0.1. These fluctuations, at small
but measurable amplitude, rotate in the electron diamagnetic direction. At the same time in
similar discharges, no signal was detected at either 6 or 9 cm-1

We have identified two candidates for at least some of the physics involved in this process.
Both prospects are believed to preferentially impact transport in the electron channel. First, the
BALLOO code [14] indicates instability to the resistive interchange mode in a small region
centered at p ~ 0.2 in the ECH discharge (Fig. 8). How this mode should be manifested in the
plasma is not known, but it might be consistent with the high-£ fluctuation measurement. A
second prospect is the appearance of a collisionless microtearing mode as proposed in Ref. [15].
The potential for these modes to be present in and have an impact on these discharges is
currently being evaluated. In general, they are believed capable of appearance at short
wavelengths, and may be highly localized in £-space. This could be consistent with FIR scattering
measurements at short wavelengths.

In these experiments, electron heating was applied during the preheating phase, prior to the
increase in neutral beam power that triggers an ITB growth phase. ECH or FW electron heating
appears to limit development of the ITB during the high-beam-power phase of the discharge. The
resulting state is one where the temperature gradients in the vicinity of the ITB are reduced
compared to the no-EH case. The reduced gradients result in reduced temperatures at smaller radii
and increased diffusivities, despite the fact that locally, the normalized temperature gradients may
be the same. The important physics, then, is the destabilization of low-, and perhaps high-ft
turbulence at the ITB location. How this occurs as a direct consequence of the central electron
heating is uncertain. In addition, we see that another not yet positively identified process is at
work nearer to the magnetic axis. This process may affect both the discharge with and that
without additional electron heating. Investigation of this region will continue.
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FIG. 10. FIR scattering detects a small signal at kg = 12 cm'1 during the ECH pulse (1.1 MW
ECH 1.1-1.6 s). 7P = 1.6 MA, BT= -2.0 T, PNB1 = 4.3-5.7 MW.

4. SUMMARY

Internal transport barriers are routinely produced in DIII-D by applying moderate levels of
neutral beam power to low density plasmas during the current ramp. The resulting elevated
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central electron temperature and the associated high conductivity of the core produce a current
profile that is peaked off-axis, and exhibits negative central magnetic shear. This magnetic
configuration is favorable for the elimination of MHD instabilities from the core, thereby
allowing the formation of an ITB.

When the ITB forms, a feedback loop involving the steep pressure and rotation gradients
leads to increased ExB shear, which leads in turn to reduced turbulence and transport and back to
the gradients again. The final state is a region of very low transport that can encompass a large
portion of the plasma. The evolution leading to this state, however, is highly dynamic, exhibiting
transport events that have in some, but not all, cases been associated with the saety factor profile
crossing through integer values. The transport events are associated with transient reductions in
turbulence and highly localized transport barrier behavior that moves outward with the "steps."

Although our understanding of thermal transport in the ion channel has improved
considerably, we have not yet come to the same level of understanding of the electron channel.
In experiments where we probed the transport response to electron heating, both the ion and
electron channels were impacted. This is partially due to a failure of the ITB to completely
develop during the high power phase of the discharge. Both long- and short-wavelength
turbulence are predicted to have been destabilized in the region where the ITB would have
continued to develop in the ECH discharge. Without more complete measurements of
fluctuations in the plasma, we cannot be certain that such turbulence actually appears in the
experiment. The impact on the temperature profiles, however, appears consistent with the
modeling. Other processes impacting transport closer to the magnetic axis have not yet been
positively identified. Both experimental and modeling efforts to understand these effects will
continue in the future.
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Abstract

Confinement bifurcations and subsequent plasma dynamics in the TFTR core and the DIII-D
core and edge are compared in order to identify a common physics basis. Observations suggest a
framework in which ExB shear plays a dominant role in the barrier dynamics. In TFTR, bifurcations
from the reverse shear (RS) into the enhanced reverse shear (ERS) regime with high power balanced
neutral beam heating (above 25 MW at 4.8 T) resemble edge H mode transitions observed on DIII-D.
In both, radial electric field (E,.) excursions precede confinement changes and are manifest as localized
changes in the impurity poloidal rotation. Reduced transport follows the excursions, and in both cases
strong Er shear is reinforced by the plasma pressure. These characteristics are contrasted with DIII-D
negative central shear (NCS) barrier evolution with unidirectional beam injection. There, the improved
confinement region can develop slowly, depending on the neutral beam input power and torque. Rapid
expansion and deepening of this region follows an increase in the neutral beam heating power. The
initial formation phase is modulated by confinement steps and interruptions. An analog for these steps
is found in TFTR RS plasmas. Although these do not dominate the TFTR plasma evolution during low
power (7 MW) heating, they can represent significant transport reductions when additional heating is
applied. In both devices, no strong excursion in Ej precedes these latter confinement bifurcations. The
triggering event of these steps may be related to current profile relaxation, but it is not always
connected with simple integral or half-integer values of the minimum in the q profile. Finally,
variations of Er and the ExB shear through the application of unidirectional injection on TFTR yielded
plasmas with confinement characteristics and barrier dynamics similar to those of DIII-D NCS
plasmas. The data underscore that the physics responsible for the enhanced confinement states is
fundamentally the same in both devices.

1. INTRODUCTION

In the last several years, experiments worldwide have enjoyed success in generating dramatic
reductions in thermal and particle transport of the cores of tokamak plasmas. These reductions join a
long history of bifurcation phenomena that are pervasive in the edge of many plasma devices. Some
elements of core and edge H mode barrier formation have common phenomenology, suggesting that
common physics is involved in bifurcations in these distinct regions. While many elements of
transport barrier behavior in the core appear to be similar between devices, however, close
examination of barrier and fluctuation dynamics reveal differences that as yet are unexplained, and
which serve as challenges to theories and models of barrier formation.

This paper presents results from a comparative study of core and edge transport barrier
formation and dynamics between the DIII-D and the TFTR tokamaks. In addition to providing a
description of the phenomenology of both devices, the work is aimed at identifying a common physics
framework that can explain many of the similarities and differences in the barrier dynamics. Many
aspects of the dynamics are consistent with ExB flow shear turbulence decorrelation and suppression
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playing a dominant role in both devices. Differences in the core of TFTR ERS and DIII-D NCS
plasmas may be ascribed to different feedback loops at play between the flow shear and the plasmas'
pressure and rotation in the different experimental configurations. Importantly, this framework
accounts for the fact that turbulence reduction and confinement improvement can occur both for the
negative Er well seen in the core of balanced-injection TFTR ERS plasmas and for the E, hill seen in
the case of co-injection dominated DIII-D plasmas.

2. ExB FLOW SHEAR AND ITS INTERACTION WITH BACKGROUND PROFILES

There are many discussions in the literature about possible interplay between ExB flow shear
and turbulent transport [cf. recent reviews [1,2,3]]. Reference is generally made to the force balance
equation, valid for any plasma species. The radial force balance equation can be used to solve for the
radial electric field, Er = Vp/(nZe) + V<1Be - VeB$, where n is the density of the species in question, p
is its pressure, Z is the charge number, e is the electronic charge, Ve is its poloidal rotation, V^ is its
toroidal rotation, B8 is the poloidal magnetic field, and B$ is the toroidal field. A characteristic rate for

shearing turbulence can be written as coFvr> = A<yo [ -i— ( r—) ] | , where *P is the poloidal magnetic
A<p dV RB#

flux, Aro = A^O/RBQ is m e radial correlation length, and A(|> is the toroidal correlation angle [4]. The
framework of ExB shear decorrelation and stabilization of turbulence has the attractive character that
it provides a mechanism whereby increased background gradients in the plasma pressure and velocity
result in reduced turbulent transport levels. Improved energy and momentum transport that results then
leads to a further increase in gradients, resulting in a confinement improvement scenario that is self-
reinforcing. As a result, bifurcations in confinement may also result: several modeling efforts have
revealed the possibility of both fast and slow bifurcations [5,6,7,8,9] when considering these positive
feedback loops. This relation between transport and the background gradients also suggests that
modification in these gradients by some external means (e.g. core heating to increase Vp and its
gradient, or strong injected neutral beam torque to increase the gradient in Vt) or by plasma self-
generated events (e.g. Reynolds stress induced poloidal flows [10,11]) can have a profound influence
on the plasma dynamics. Finally, there is also the possibility of interplay between the different
elements in the force balance equation, yielding the possibility that a wide and rich range of plasma
behavior can result from ExB flow shear effects.

3. ELECTRIC FIELD BIFURCATIONS IN THE DIII-D H MODE EDGE AND THE TFTR ERS
CORE

One of the hallmarks of many transitions to enhanced confinement in the edge is the spontaneous
development of increased electric field strength and its gradient that precedes a confinement change.
On some devices, this first becomes apparent in the plasma poloidal rotation [12,13,14]. On DIII-D,
this appears as a localized impurity poloidal rotation excursion in the electron diamagnetic drift
direction just inside the separatrix (Fig. l(a)). This increase in shear in the poloidal rotation and radial
electric field Er precedes any measurable changes in the other background plasma profiles, pointing to
a threshold character of the confinement bifurcation and indicating that the change in electric field
shear is a causal element of the transport reduction. The change in confinement is identified by the
rapid change in the electron density near the radius of changes in Ej-'. After the initial change in
confinement, Vp increases and takes over the role of V9 in dominating the determination of Er in the
impurity force balance equation.

Recent measurements of carbon poloidal rotation made in the core of TFTR ERS plasmas [15]
indicate that this description of the H mode formation process can be extended to core barrier
formation in the case of TFTR ERS plasmas. Considering the force balance equation, the Ê  evolution
in this case generally consists of a poloidal rotation precursor, followed by a continued significant role
of Ve and an increasing role of Vp in the determination of E,. (Fig. 1). The precursor is located close to

and just inside the minimum in the q profile. Like the H mode measurements on DIII-D, the change in
Ve precedes any change in local confinement characteristics by many tens of milliseconds. Near or at
the peak of the carbon poloidal flow excursion, an increase in the local confinement, as represented by
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the local carbon pressure, takes place. Recent direct measurements of the local electric field [16] are
consistent with the spectroscopic determination that the Ve excursion is the dominant component of
the electric field early in time, as is found in the H mode. Like the H mode edge, an electric field well
develops near the radius of the steep pressure gradient. The Vp term in the carbon force balance
equation plays an increasingly important role in the determination of E,. as the plasma pressure
increases in both cases. In the TFTR core, V6 remains important after the confinement transition and
deviates significantly from values predicted by neoclassical theory, and is responsible for the positive
electric field seen near the TFTR magnetic axis.
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Figure 1. Characteristics of local parameters of the L-H transition on DIII-D and an ERS transition on TFTR.
(a) Helium impurity poloidal rotation Vefor the DIII-D H mode [17,18]. The change in Ve is just inside the
separatrix and begins slightly before the bifurcation in confinement, (b) The local electron density, as measured
by a lithium beam diagnostic, for two locations near the separatrix. (c) Carbon Ve for a TFTR ERS plasmas
[Bell, 1998]. The excursion in Ve is located just inside the minimum in the q profile, and occupies a region no
wider than a few cm. The excursion begins before the transition to enhanced confinement, as illustrated by (d),
the change in the local carbon pressure. For both plasmas, the changes in Ve represent spontaneously generated,
localized Er shear. In the early stages of the bifurcation, the VJi term dominates the force balance equation.
Later in time, the Vp term for each impurity has an increasingly important role governing Er in the force balance
equation, and especially its shear.

In both cases, the confinement bifurcation is rapid compared to a transport time scale.
Fluctuation characteristics change quickly with the confinement change as well [3]. The transition also
exhibits a threshold character when the heating power is varied at a fixed set of external control
parameters. These local measurements in the edge and the core suggest that developing predictive
capability regarding this threshold amounts to understanding the local physics required for establishing
a nonlinear bifurcation in the local plasma electric field. Further common physics is suggested by
noting that the excursions in Ve and Er in both the edge and the core are well localized: in the ERS
core, the E, shear layer occupies ~2 cm, and a smaller radial extent is found in the H mode edge. The
origin of this precursor in E,. shear evolution, already a subject of active consideration regarding the H
mode for many years, is now reemphasized with these observations in the core. There are recent
efforts [19] to explain the ERS core E,. behavior as a sustained neoclassical poloidal viscosity
bifurcation similar to that proposed for H mode transitions [20]. A continuing challenge for this work
is to develop a self-consistent picture that accounts for the decay of Ve after the confinement
bifurcation. The rapid decay is consistent in many respects with a fluctuation-driven flow generation
which is terminated when the fluctuations are suppressed [8,10,11]. However, a difficulty with
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reconciling this particular picture with the data is that the present 2-D models [9] intrinsically conserve
momentum; it remains to be seen if the monopolar features observed in the TFTR ERS core and the H
mode edge can be reproduced with a more complete treatment.

4. DEVELOPMENT OF IMPROVED TRANSPORT IN THE DIII-D NCS CORE AND
COMPARISON TO TFTR REVERSE SHEAR PLASMAS

The rapid bifurcations in E, and confinement found in the DIII-D H mode edge and the TFTR
core are to be contrasted to the slow development of the core transport barrier region in DIII-D NCS
plasmas. As reported in [21], development of the improved transport region that is slow compared to
an energy confinement time scale is observed throughout the early heating period of these plasmas
(Fig. 2). Typically, the region of reduced transport expands to about p = 0.4, where coExB is found to be
approximately equal to the local linear growth rate for the fastest growing mode. Upon an increase in
the unidirectional neutral beam heating power, there is a rapid improvement in the confinement that
takes place on the time scale of the toroidal rotation spinup. The local shearing rate increases with
increasing toroidal rotational shear, and the region of reduced transport increases in radial extent.
Unlike the DIII-D H mode edge and the TFTR ERS core, the toroidal rotation plays an important if not
dominant role in determining coExB in these plasmas. Rather than yielding an E,. well in the region of
large plasma pressure, as is the case for the ERS core and the H mode edge, a positive Ê  hill is
generated with neutral beam injection in the direction parallel to the plasma current (co-injection).
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Figure 2. (a) The ion temperature evolution in a DIII-D NCS plasma, (b) The ion thermal conductivity % for the
same plasma. In the early heating phase before the beam power step just before 1400 ms, the improved
confinement develops slowly. Upon the increase in the heating power, the improvement is rapid. This is apparent
not only %ibut in the rapid change in slope in T,(t) upon the increase in heating power, (c) The central electron
density for two TFTR RS plasmas, one of which undergoes a transition to the ERS regime, (d) The particle
diffusivity Defor the ERS plasma. The ERS bifurcation is rapid and may be considerably delayed with respect to
the beam power increase. The sudden onset is to be contrasted with the slower development of the improved
transport region in the NCS case.

A significant feature of the early plasma evolution in NCS plasmas is the appearance of
confinement steps and sometimes interruptions in the otherwise monotonic development of the
improved transport region [21,22] (Fig. 2). In the low power (7 MW) early heating phase of TFTR RS
plasmas, steps and drops in the ion and electron temperature are observed as well, but they at best
serve as small perturbations to an otherwise steady-state early heating phase. However, at about 14
MW of NBI at 4.8 T on TFTR, the steps often result in a significant reduction in transport, primarily in
the ion thermal and momentum channels, and in the electron particle diffusivity. In contrast to the
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picture discussed in Section 3, measurements made in the core of DIII-D and in these TFTR plasmas
across these steps do not indicate the presence of a strong carbon poloidal rotation precursor prior to
measurable confinement changes. This suggests that the criteria for initiating a confinement step in
these cases has been met by some other means. Some role of the current profile is suggested by the
extraordinary reproducibility of the timing of the steps from one plasma discharge to the next. Many
devices, including RTP [23] and JET [24], have cited correlations between transport steps and the
emergence of simple integer values of the q profile in the plasma. On DIII-D, however, similar
correlations are often, but not always, found [22]. It should be noted, however, that on TFTR
significant increases in confinement are in fact correlated with q,,,;,, passing through 2 [25].
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Figure 3. (a) The ion temperature in the core and across a confinement step during the early heating phase of a
DIII-D NCS plasma, (b) The carbon poloidal velocity Ve across the same step, (c) The core electron temperature
across a confinement step in a TFTR RS plasma. ECE data reveals the highly localized nature of the step and
that it propagates both radially inward and outward, (d) The inverted carbon Ve data for the same TFTR plasma.
For both (b) and (d), there is not a strong signature of spontaneous Er shear development like that seen in the
core of TFTR ERS plasmas.

5. AN EXPERIMENTAL DEMONSTRATION OF A CONTINUOUS CONNECTION BETWEEN
THE TFTR ERS AND DIII-D NCS CONFINEMENT REGIMES

Both devices exhibit strong similarities in the magnitude of the transport reduction, the
predominance of improvements in the ion channel as compared to the electron channel, and a
facilitating role of magnetic shear reversal in achieving these reductions. However, significant
differences in the dynamics of the reduced transport region in the plasma core between DIII-D and
TFTR challenge any single physics picture that might be used to describe these plasma states. Such
differences include the following. First, if the theoretical description involves the radial electric field,
such a theory has to account for the fact that TFTR ERS plasmas with balanced neutral beam injection
have a negative Er well near the region of steepest pressure gradient, while in the core of DIII-D, a
positive E,. hill exists as a result of the strong unidirectional injection parallel to the plasma current.
Second, the development of the reduced transport region of DIII-D NCS plasmas can be slow when
the neutral beam heating power and the associated input torque is low (5 MW and below). More rapid
deepening and expansion of the reduced transport region occurs at higher powers, on the time scale of
the toroidal rotation spinup upon application of a neutral beam power step. This is to be contrasted to
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TFTR ERS plasmas, which have a clear bifurcation character, and such bifurcations are rapid
compared to a transport time. The family of TFTR ERS plasmas also exhibits a threshold in the
heating power for a given set of external device parameters and wall conditions [26], like the H mode.
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current. The entry into the second enhanced transport phase is slow compared to the original ERS bifurcation
(Fig. 2) (b) The shearing rate and the maximum linear growth rate [Beer, 1995] evaluated near the foot of the
pressure profile of the initial ERS phase. As the toroidal rotation increases in the co-direction, the Er well is
eliminated and (OE^ is driven to low values. For (OE^, the shaded boxes correspond to times when Er is negative,
and open boxes correspond to times when E is positive. Maximum transport occurs when COEXB ~ 0, not when Er

~ 0. The confinement improves again as V^ begins to dominate ffife^ as the positive Er hill steepens, (c) Er at
different times for the plasma illustrated in (a) and (b). All terms in the carbon force balance equation were
measured, (d) Same as (a), except this plasma had all of the power injected parallel to the plasma current in the
rotating phase, as in DIII-D NCS plasmas. The transport trends are the same as in the plasma shown in (a), but
the final transport levels are lower. At the same time, the toroidal rotational shear is larger, owing to the
additional applied torque, (e) The density fluctuation level for the plasma shown in (d) (Mazzucato, 1996),
measured by reflectometry. Fluctuations are reduced in both enhanced confinement states. The measurements
have an estimated spatial resolution ofl-2 cm, and sample a wave number range ofO. 5 < k< 2.0 cm'.

Previous work indicates that ExB flow shear likely plays an important role in the core barrier
dynamics of both devices (cf. [1,22,26,27,28,29]). That DIII-D NCS and TFTR ERS plasmas represent
confinement regimes that are dominated by ExB shear effects but which exercise different feedback
loops in getting to a state of enhanced confinement is suggested by examination of a single discharge
type on TFTR. These experiments drew on the capability of TFTR to vary the sign of E, through the
application of a variety of torques with co- and counter-directed neutral beam injection. Previously,
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such an procedure was used to demonstrate the necessary role of ExB shear in sustaining enhanced
confinement in TFTR ERS plasmas [26,29]. In those experiments, E, and its shear were varied by
changing the toroidal rotation while keeping other quantities that might stabilize turbulence, such as
strong Shafranov shift gradients and density peaking, constant. Below, efforts to extend these
experiments are described to examine the possibility that different feedback loops might account for
the different evolutions of the improved confinement regions between DIII-D NCS and TFTR ERS
plasmas.

The ERS enhanced confinement state of these plasmas was initiated in the usual way with a
net torque of nearly zero applied via neutral beam heating ("balanced injection"), like the plasma
described in Fig. 1. Following this balanced stage, the power was reduced from 28 MW, and injected
power at the 14 MW level was applied predominantly but with varying fractions parallel to the plasma
current. As the plasma toroidal rotation increases, Ef changes from negative to positive in the region
near the steep pressure gradient (r/a ~ 0.3, Fig. 4). In the process, the negative Ê  well was eliminated
and replaced by an Er hill, much like those routinely measured on DIII-D. As the ExB shear is
minimized during the transition from negative to positive E,, a collapse from the initial enhanced
confinement state is observed. The maximum linear growth rate [30], evaluated at this radius without
including ExB shear effects, is comparable to C0EXB at the start of the rotating phase. The difference in
the two rates increases with increasing rotation and is maximized near the time of maximum transport.
Since the plasma pressure is kept constant up to the time of the barrier collapse while E, is varied, this
loss of good confinement can be ascribed to a reduction in ExB shear resulting from the modification
of the toroidal rotation term in the force balance equation. Recent measurements of the poloidal
rotation confirm this general picture, and these results are included in the evaluation of coExB presented
here. The necessary role of flow shear is emphasized by noting that the transient loss of ExB shear
during the switch from balanced to strong co-injection corresponds to the time of minimum global
confinement, and maximum transport levels.

The subsequent TFTR plasma spinup and development of an positive electric field hill results
in a plasma whose performance, dynamics, and electric field behavior have many similarities to those
observed in DIII-D NCS plasmas. After the back transition, the plasma transport for a brief period is
comparatively rapid as transport rates approach L mode levels. After the L mode period, however, the
toroidal rotational shear continues to increases, overtaking the now diminished contribution from the
pressure gradient, and the radial electric field shear grows. It is during this period that a region of good
core confinement is reestablished. The return of small transport rates occurs as the ratio of the linear
growth rate to the shearing rate decreases. At the later times, however, the shearing rate is determined
by a positive radial electric field corresponding to strong co-rotation, not a negative electric field
determined by the pressure gradient in the carbon force balance equation. As in DIII-D NCS plasmas,
the entry into this second enhanced confinement state is slow compared to the fast TFTR ERS
bifurcations. Both the DIII-D case and these TFTR rotating cases develop enhanced confinement over
a period of several hundred milliseconds, a time scale comparable to the rotational spinup time. This
correlation of the generation of ExB shear through a positive E, hill and transport and fluctuation
reductions is analogous to the phenomenology observed on DIII-D, and is consistent with turbulence
stabilization of ExB flow shear effects playing a dominant role in turbulence suppression in both
devices. It is inconsistent with theories that require E,. have a particular sign for a confinement
improvement. When reverse shear plasmas of similar powers are compared, the magnitude of the
confinement improvement is strongly correlated with the fraction of power injected parallel to the
plasma current and thus the magnitude of the ExB shear developed through toroidal rotation. With the
largest applied torques, the lowest core transport levels are far below the L mode values and rival those
of the 14 MW balanced injection ERS regime that was present earlier in the same discharge. Density
fluctuation levels also fall to the low values observed in the ERS phase [27]. The final level of the
transport reduction depends on the input torque applied: 14 MW of co-only injection yielded lower
transport levels than did the simultaneous injection of 12 MW of co-injection and 2 MW in the
direction antiparallel (counter) to the plasma current.

6. MEASUREMENT NEEDS AND TRANSPORT CONTROL STRATEGIES

The above discussions highlight that many aspects of the plasma dynamics in both devices can be
explained within the framework of ExB shear stabilization and decorrelation of turbulence. However,
many features are as yet unexplained. The origin of the electric field bifurcation in the high power
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TFTR ERS core and the DIII-D H mode edge is still a subject of debate, and resolution of this question
would be greatly assisted by diagnosis of the relevant fluctuation characteristics that might lead to
turbulence-driven flows..

It has been argued that the size scaling of ExB shear stabilization effects on turbulence to
reactor scale devices may be unfavorable. However, the localized E,. bifurcations in the H mode edge
and the high power ERS core demonstrate that plasma confinement over a broad region in the core in a
large device can be dramatically influenced by plasma flows that begin on a considerably smaller
spatial scale. The data presented here emphasizes the need to consider local nonlinear dynamics in
assessing the viability of exploiting this physics in a reactor. As suggested by results from IBW
heating experiments on the PBX-M tokamak [31], the large scale impact of small-scale flow shears
opens the possibility that modest manipulation of the plasma's radial electric field on a small spatial
scale may provide significant leverage on the confinement characteristics and control prospects of the
core plasma as a whole.
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Paper IAEA-CN-69/EX5/1 (presented by A. Fujisawa)

DISCUSSION

C. HIDALGO: You have shown that the ExB shearing rate is high enough to reduce
fluctuations in CHS. Have you looked at the temporal evolution of fluctuations? Is there any
evidence of "bursting" behaviour in the fluctuations in the proximity of the CHS transport
barrier location?

A. FUJISAWA: No, we have not done this. So far we have only carried out fast
Fourier transform analysis. At a later stage, we will try to perform some analysis with
temporal resolution, such as wavelet analysis.

R.R. WEYNANTS: Could you say something about the causality during the formation
of the ITB? Is there a parameter which changes clearly before the E field develops?

A. FUJISAWA: This is a difficult question to answer at the present time because,
except for the HE3P, the diagnostics for local temperature and density do not have sufficient
temporal resolution. By way of example, electron cyclotron emission measurement, which
has sufficient resolution, shows several resonances in the case of CHS plasma.

F. WAGNER: The two states of confinement you describe and the "dithering"
between them emerge obviously from the impact of Er shear on the turbulent fluxes. Does the
neoclassical electron heat diffusivity, and the Er impact on it, not play any role at all, not even
in the high Te of the good confinement state?

A. FUJISAWA: Neoclassical heat diffusivity, including the observed Er, can be
consistent with experiment at the barrier location. If the observed Er change is not taken into
account, the diffusivity will be a factor higher. Inside the barrier, the impact on Er change
will also be important for the diffusivity. In this sense, Er impact on the neoclassical heat
diffusivity plays some role in the high Te achievement.
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Paper IAEA-CN-69/EX5/2 (presented by Y. Koide)

DISCUSSION

F. ROMANELLI: Have you tried correlating the onset of the transport barrier with the
parameter a = -q2R|3'?

Y. KOIDE: No, we have not. However, no evident tendency with respect to Ti or VT;
has been obtained so far. We speculate, therefore, that no clear correlation exists between
ITB onset and the a parameter.

K. LACKNER: I assume that, as you obtain a relation of critical diydr on s, you
could also express it in terms of power flow requirement. Have you tried this?

Y. KOIDE: No, but we shall now look into it.
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Papers IAEA-CN-69/EXP1/13 and 14 (rapporteured by R.E. Bell)

DISCUSSION

G. BATEMAN: What is the radial form of the empirical poloidal velocity v9 a Ti?
ve must have odd symmetry across the magnetic axis, while T;(r) has even symmetry.

R.E. BELL: The measured ve profile is rotating in the ion diamagnetic direction and
peaks near the magnetic axis. By symmetry, the rotation must go to zero near the axis. Then,
using polar co-ordinates

describes the rough empirical observation except near the axis (say, p < 0.1) ve(0) = 0.

M. KIKUCHI: Neoclassical theory is developed on the assumption that Veppi « r. It

is therefore unfair to compare ve measurement with neoclassical theory where the theoretical
assumption breaks down. Did you check the validity of neoclassical theory at your ve

measurement point? Since your Tj is very high near the centre and Bp is small for reversed
shear plasma, I would imagine that pPj (or ppi) is fairly large.

R.E. BELL: The data I showed for the comparison of measured v6 and neoclassical v9

were at r/a ~ 0.3, and at that point Vep { is smaller than r.
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Paper IAEA-CN-69/EX5/4 (presented by H. Shirai)

DISCUSSION

S.V. MIRNOV: What can you say about impurity behaviour and impurity
accumulation in all ITB cases ((a), (b) and (c))?

H. SHIRAI: These cases are analysed in the steady-state phase. The time evolution of
visible bremsstrahlung data shows that impurity accumulation does not occur, even in the
"box" type ITB case.

R.R. WEYNANTS: For many years we have been trying to solve the problem of
causality with respect to the L-H transition: does Er come first, or is it the result of the
confinement improvement? What can you say about causality in the case of the ITB?

H. SHIRAI: We cannot draw any clear conclusions about causality from the time
resolution of measurement, for example with charge exchange recombination spectroscopy
(~ several 10 ms).
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Paper IAEA-CN-69/EX5/5 (presented by CM. Greenfield)

DISCUSSION

B. COPPI: Have you made a survey of the time intervals during the current ramp
within which you have to apply external heating, in order to create the ITB?

CM. GREENFIELD: The important characteristic is not the time when the early
auxiliary heating must be applied, but rather that the current profile should not have a chance
to relax to an unfavourable state. A desirable current profile would have elevated q values (at
the very least, above unity throughout the entire profile) and either weakly monotonic or
reversed magnetic shear in the core of the plasma.

B. SCOTT: You have noted a feature at 12 cm'1 and concluded that it is unlikely to be
drift wave turbulence on the basis that linear modes were found to be stable. Since drift wave
turbulence is very unlike linear modes, a turbulence code should be used to judge this. Have
you interacted with Ron Waltz and used one of his codes that include electron dynamics
(and/or trapped electrons)?

CM. GREENFIELD: Ron Waltz is one of the authors of the code used for these
calculations (and is listed as a co-author of this paper). The code does include electron
dynamics, but you correctly note that it is not a turbulence code. To my knowledge,
Dr. Waltz has not written such a code.
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Paper IAEA-CN-69/EX5/6 (presented by E.J. Synakowski)

DISCUSSION

K. IDA: The poloidal distribution of ExB should be quite different between DIII-D and
TFTR, because the latter has circular plasma and the former has strongly elongated low-
aspect plasma. Can you comment on how the poloidal distribution affects the improvement
of transport? For instance, is flux-averaged ExB shear or local ExB shear more important? If
local ExB shear is more important, what is the ideal ExB shear poloidal profile for transport
improvement?

E.J. SYNAKOWSKI: ExB flow shear influences the turbulence locally.
Experimental evidence for this can be found on DIII-D. There, far-infrared (FIR)
measurements of density fluctuations reveal that, in some cases, turbulence persists on the
high field side of plasma, where shearing rates are lowest, but are suppressed on the low field
side, where they are highest. Regarding the ideal shearing rate poloidal profile, it is certainly
a good thing to have it peak where the instability drive is largest, but it does not ensure that
turbulence-induced fluxes will be reduced everywhere on a flux surface.

K. LACKNER: The question of causality in the ITB formation refers in particular to
the mechanism leading to the v6 variation. Is the relation between v9 and Ti given by
R.E. Bell also observed during the fast Er spikes?

E.J. SYNAKOWSKI: No. The poloidal rotation excursion is not accompanied by a
similar excursion in Tj.

C. GORMEZANO: Have you observed a precursor in poloidal rotation in DIII-D
similar to that in TFTR, and if not can you explain why?

E.J. SYNAKOWSKI: No we haven't. Since the evolution of the reduced transport
region on DIII-D is a slow one, modulated by intermittent steps and interruptions, the most
obvious place to look for a precursor is near such a step. No evidence of a strong poloidal
rotation precursor at these times has been seen to date. Similar steps are sometimes seen in
lower power TFTR reversed shear plasmas but they do not exhibit a precursor either. Such a
confinement step may be initiated by some other event. That event may be connected with
the evolution of the current profile.
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TRANSPORT IN JET HIGH PERFORMANCE PLASMAS.

The JET Team1

(presentedbyV.V. Parail)

JET Joint Undertaking,
Abingdon, Oxfordshire,
United Kingdom.

Abstract

Two type of high performance scenarios have been produced in JET during DTE1 campaign. One of them
is the well known and extensively used in the past ELM-free hot ion H-mode scenario which has two distinct
regions- plasma core and the edge transport barrier. The results obtained during DTE-1 campaign with D, DT and
pure T plasmas confirms our previous conclusion that the core transport scales as a gyroBohm in the inner half of
plasma volume, recovers its Bohm nature closer to the separatrix and behaves as ion neoclassical in the transport
barrier. Measurements on the top of the barrier suggest that the width of the barrier is dependent upon isotope and
moreover suggest that fast ions play a key role. The other high performance scenario is a relatively recently devel-
oped Optimised Shear Scenario with small or slightly negative magnetic shear in plasma core. Different mecha-
nisms of Internal Transport Barrier (ITB) formation have been tested by predictive modelling and the results are
compared with experimentally observed phenomena. The experimentally observed non-penetration of the heavy
impurities through the strong ITB which contradicts to a prediction of the conventional neo-classical theory is
discussed.

1. TRANSPORT IN THE ELM-FREE HOT ION H-MODE JET PLASMAS.

Two distinct regions with basically different transport properties have been identified in ELM-free
Hot ion H-mode plasma [1,2]. First region is the plasma core which includes the whole plasma volume
inside the barrier. Its still anomalous transport balances the heating power and is responsible for the
peakedness of the core plasma pressure. Second region with a significantly reduced or even completely
suppressed anomalous transport occupies a narrow layer near the separatrix and plays a dual role. First it
controls the energy losses through the separatrix so that the lower is transport within the barrier the

higher is plasma pressure on the top of the barrier pToB ~ («X + neTe) provided the heating power

and the width of the barrier A6arare kept constant. Second, transport barrier controls edge ballooning
(and partly kink) stability which depends on the edge pressure gradient. If we will use natural assumption

that ^Z-, ~ - ^ToB/K we can conclude that edge barrier could be characterised by its width Ab

and by transport within the barrier %gar. We therefore will concentrate on study of three main "transport
characteristics" of the ELM-free Hot ion H-mode: its effective thermal conductivity in the core and
within the edge barrier and the width of the barrier. DTE-1 campaign provided us with a valuable infor-
mation about possible isotope effect in local transport. It is worth mentioning here the result of earlier
study [3] which indicates that isotopic effect in global confinement is very weak.

DTE-1 campaign gave us the possibility to study the p* dependence of the core transport in D, T
and D-T mixture while keeping all other plasma parameters the same. The result of the comparative
TRANSP analysis of Hot ion H-mode in D, T and DT mixture is shown on Fig. 1 and confirms previous
indication that the core transport scales as a gyroBohm in the inner half of plasma volume (with
Xeff x 4^i) a n d recovers its Bohm nature closer to the separatrix even in ELM-free H-mode.

1 see Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by MX. Watkins)
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As it was shown earlier, the main improvement in energy and particle confinement in ELM-free
Hot ion H-mode comes from the edge transport barrier, where transport was considered to be reduced to
the level of the ion neo-classical thermal conductivity [2]. A detailed analysis of experimental data from
the DTE1 and previous campaign shows that indeed the energy losses through the separatrix scales as

Q x (nXT°T hoB! ^-bar x (nl^ejfhoB^p which indicates also that the width of the transport barrier scales

as an ion poloidal Larmor radius (either thermal or fast NBI ions, see Fig. 2). The power loss through the

separatrix PLQCC
 w a s determined by subtracting the radiation inside the separatrix and the change

in the content of thermal energy dW, •>thth/ from the total heating power P™BS absorbed by the thermal

plasma, including Ohmic heating and the total plasma heating by the NBI and alphas (taking account of
orbit losses, beam shine through and charge exchange losses). The results of predictive transport model-
ling with transport code JETTO confirm that not only the dependence of the power losses through the
separatrix scales as predicted by neoclassical theory, its calculated value agree with experimental losses
as well.

We also carried out a detailed study of the edge transport barrier width in the ELM-free hot ion H-
mode in pure D, in a DT mixture and in pure T plasma. Direct method of the transport barrier width
determination relies upon simultaneous detailed measurement of electron density, electron and ion tem-
perature and Zeff profiles with adequate spatial resolution. This was proven to be very difficult on JET
although some data exist [4] and indicate that the barrier width is of the order of fast ion banana width.
To make analysis regular, we adopt a simplified method [5] which is based on assumption that the onset
of type I ELMs is controlled by a ballooning stability limit. Combined with the supposition of constant

pressure gradient within the barrier Vp ~ - this approach allows us to find the width of the

transport barrier by measuring plasma parameters on the top of barrier at the onset of a type I ELMs and

substituting them into ballooning stability criteria: R • q PT°B/ » Abar • q>(s ) , where (p(s ) depends on
/ B<P

magnetic shear and other details of magnetic configuration within the barrier.
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To investigate the isotopic dependence of the edge transport barrier width, we have chosen a series of
discharges during the alpha particle heating experiments [3]. These discharges were performed at 3.8MA/
3.4T with constant NBI heating power (10MW) and little variation in the particle source. The tritium
concentration in the plasma was varied from 0 to 100% by simultaneous control of the fuelling from
neutral gas and that from the neutral beam injection system. Figure 3 shows the pedestal pressure at the
onset of the giant ELM (which terminates the high performance phase), as a function of the edge isotopic
composition. The pedestal pressure appears to be significantly higher in tritium rich discharges.

It is to be mentioned that in Fig.3 only a few deuterium reference discharges for the alpha particle
heating experiments are shown, but a survey of the entire 10 MW hot ion H-mode data base shows that
no other pure deuterium discharges reach the pedestal pressure obtained in #41071.

As we discussed earlier, it is unclear whether the higher pedestal pressure in D-T is due to fast or
thermal ions since the isotopic composition of the NBI source is the same as that in the background
plasma. This uncertainty has been clarified by the result from the discharge #42656 with a pure D back-
ground plasma and pure tritium NBI beam source, as indicated in Fig. 3. This particular shot has an edge
pressure significantly higher than the pure deuterium discharges but comparable to that of tritium rich
discharges. This strongly suggests that the edge transport barrier width is determined by the fast parti-
cles. It should be noted that the discharge #42870, which has lower tritium concentration and, in particu-
lar, lower tritium beam composition, has much lower pedestal pressure compared to the tritium rich
pulses. This result goes in line with the idea [6] that the concentration of fast particles should exceed
certain level (about 1% of the thermal ions density) before they start play a decisive role in determination
of the radial electric field which in turn controls the transport barrier width.

To find if transport barrier width depends on other plasma parameters (on plasma current, in par-
ticular) we analyse a set of hot ion H-mode discharges with a range of power and current. The result of
this analysis is shown in Fig. 4 which plots the experimentally measured edge plasma pressure, normal-
ised in accordance with ballooning stability criterion versus poloidal Larmor radius of fast particles for a
range of Hot ion H-mode discharges with plasma current varying from L=1.5-3.8 MA. It appears that
there is a rather good correlation between the pedestal pressure and the fast ions poloidal Larmor radius.
However the experimental uncertainties in the measurements of edge plasma parameters are rather large
(see Fig.3,4). This does not allow us to make an unambiguous statement whether the transport barrier
width is indeed controlled by the fast ions. There are however many other, indirect evidences which
confirm our conclusion about the role of fast ions. This includes difference between ELMs in NBI and
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ICRF heated plasma, increase in ELM frequency in a plasma with strong gas purring and eventual tran-
sition to a type III ELMs. All these facts could be explained in a self consistent way by using the idea of
the fast particles role in the formation of the edge transport barrier.

II. TRANSPORT PROPERTIES OF THE OPTIMISED MAGNETIC SHEAR SCENARIO

The ELM-free Hot ion H-mode scenario delivered a world record in fusion power [7] and has
proven itself as being one of the best scenario to achieve transiently the highest performance. As it was
discussed above the main drive for high performance in this scenario comes from the edge transport
barrier within which transport is reduced to the neoclassical level. Unfortunately at the same time strong
dissimilarity between core and edge transport does not allow to reach high pressure gradient in the plasma
core before plasma become ballooning unstable near the separatrix. The Optimised Magnetic Shear
scenario (OMS) potentially is able to reduce core/edge contrast by providing an additional transport
barrier in the plasma core. This scenario has been extensively studied prior and during the DTE-I cam-
paign.. Fig. 5 shows the time evolution of the measured profiles of ion and electron temperatures for the
recent shot #45. One can see that once formed, an ITB usually expands outward with the characteristic
velocity up to vr < 0.5 m/sec.

It is important to note that both the position of the ITB and its evolution in time do not support the
idea [8] that ITB appears in a plasma with the negative magnetic shear and that its position is controlled
solely by the region with zero magnetic shear. The q profiles reconstruction by EFIT, TRANSP analysis
and predictive modelling usually give a monotone q-profile with a small shear near the plasma centre. At
the same time the experiment indicates that the position of ITB is confined inside the q=2 surface [9]
which qualitatively coincides with a small magnetic shear region. After the formation of the ITB further
evolution of the discharge is, on the one hand, controlled by the ideal core MHD stability [10] and, on
the other hand, by the edge phenomena which include L-H transition (triggered sometimes by the core
MHD) followed by either ELM-free period or by type I ELMs. Very often the transition to an ELM-free
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H-mode leads to a gradual erosion and sometimes to a complete disappearance of the ITB. In some cases
this phenomenon could be explained by the appearance of the ideal MHD turbulence.

In other cases the explanation requires either a gradual or sudden change in anomalous transport
coefficients. Finally experimental observation shows that formation of the ITB in discharges with strong
ion heating leads to a stronger reduction in the ion thermal transport than in its electron counterpart [9].
Experimental observations suggest also that while a region with reduced ion transport inside the ITB
usually occupies the whole area inside the barrier, the reduction in electron transport is sometimes local-
ised in a narrow region close to a footpoint of the barrier (see Fig.6). This indicates that electron and ion
transport might be controlled by the different type of plasma turbulence.

III. TRANSPORT MODELS AND PREDICTIVE MODELLING OF THE OMS SCENARIO

Several theoretical ideas have been proposed in order to explain the mechanism of the ITB forma-
tion and its further evolution. The first one, which is commonly used as an explanation for L-H transi-
tion, is the turbulence stabilisation by the shear in plasma rotation [11]. Another idea [8] suggests that the
long wavelength turbulence can be decoupled and suppressed in the region with small or negative mag-
netic shear. Finally, these two mechanisms can actually work together [12]. We tested all these ideas in a
range of JET OMS discharges by using predictive transport code JETTO.

As a basic model we use an empirical transport model which has been developed at JET and
successfully tested on the range of the L-mode, ELMy and ELM-free H-mode shots from JET and ITER
database. The distinctive feature of this model is that it consists of a combination of a Bohm and a
gyroBohm type of anomalous transport combined with neoclassical ion transport. As it has been dis-
cussed previously, a Bohm type of transport might result from the toroidal coupling of long wave length
turbulence and therefore has a non local character; gyroBohm transport, on the other hand, could be
produced by short wave length turbulence which is only weakly influenced by toroidicity.

Three basic theoretical ideas of core plasma turbulence stabilisation and ITB formation have been
tested. The first refers to stabilisation of the turbulence by shear in plasma rotation [11] which can be
expressed by the dimensionless parameter:

B d\jf ^-**n*U; 1
(i)

'A

r

where \jf = \ RBgdr^is a poloidal magnetic flux, y « ——is the characteristic growth rate of drift type
o R

plasma turbulence, v0 and v, are poloidal and toroidal components of plasma rotation. We can expect

that plasma turbulence (long wave length in particular) might be suppressed if the parameter Q exceeds
a certain value, say Q > 5 =0(1).

The second mechanism under consideration is, strictly speaking, not a mechanism of plasma tur-
bulence suppression but probably a tool to disconnect turbulent vortices initially linked together by
toroidicity. Both theoretical analysis and numerical simulation show [12] that global structures responsi-
ble for the Bohm type of anomalous transport, are effectively destroyed in a region with small magnetic
shear s = 0. Short wave length turbulence, which produces gyroBohm transport, is not modified in such
a region.

Finally the two mechanisms can work together, so that the turbulence might be suppressed in the
region where s- hfl < 0 where % is a numerical parameter.

Modifications to a previously described transport model have been made in order to incorporate
all three mechanisms of internal transport barrier formation in discharges with optimised magnetic shear.
Since we assume that in the ITB only long wavelength turbulence is suppressed we multiply the Bohm
coefficient by a step function, which depends on a combination of all three control parameters:
s, Q. and 8:
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v«re
nB

2 vr
v Ae

x Q(ax + cc2s - a3Q); where @(x) =\lifx>0

10 ifx < 0
(2)

The numerical parameters ax, cc2 and a3 play a dual role in our modelling. First of all we use these
coefficients as switches which allow us to test all three models of ITB formation separately. After select-
ing the most suitable mechanism or a combination of the mechanisms we adjust the coefficients in order
to optimise the agreement with experimental data.

We have also tested two different approaches to the physics of the ITB formation described by the
formula (2). First, a local approximation, assumes that transport barrier emerges only within the region(s)
where the argument of the step function Q(ax +a2s -a3Q.) is less than zero. The second, global ap-
proach, supposes that Bohm transport is suppressed everywhere inside the region where ax + a2s -

The main results of the modelling are shown on Figs.7,8. Figure 7 shows the time evolution of the
measured T; at different radii and the results of the most successful model (a global ITB which is pro-
duced by a combination of a magnetic shear plus strong shear in plasma rotation with (Xi=0.1, oc2=l, and
oc3=1.2). One can see that the model reproduces all the main experimentally observed phenomena.
Figure 8 compares the characteristic ion temperature profile for different transport models. The transport
model which does not include shear in plasma rotation fails to produce any transport barrier. On the other
hand, the model which relies only on the turbulence stabilisation by plasma rotation (without taking
account of magnetic shear term) produces too wide a transport barrier. In the latter case we also fail to
reproduce the experimentally observed gradual radial expansion of the transport barrier- the absence of
the stabilising term with magnetic shear leads to a very rapid propagation of the transport barrier across
the entire plasma volume. Therefore we conclude that the model which takes into consideration both
turbulence stabilisation by shear in plasma rotation and mode decoupling by small or negative magnetic
shear gives the best agreement with experiment.

It is interesting to note that the model which uses a combination of negative magnetic shear and
shear in plasma rotation as a mechanism of the turbulence stabilisation, manages to reproduce not only a
transition to an improved core confinement but also the erosion and disappearance of the ITB shortly
after L-H transition (see Fig.7). It was not necessary to include the effect of additional MHD
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activity although MHD is thought to play a role in some discharges. The explanation of this phenomenon
comes from the fact that L-H transition leads to a sharp rise of the edge pressure. The latter effectively
reduces the shear in the core plasma rotation which in turn causes deterioration and further collapse of
the ITB. In experiment this collapse coincides with the onset of the violent type I ELMs. At present it is
difficult to say whether the degradation of the ITB leads to an increase of the heat flux near plasma edge
and triggers giant ELM or the giant ELM comes first and destroy the ITB. One way or another, this
violent termination of the high performance phase was successfully avoided in quasi steady state OMS
discharges with small type III ELMs [13].

The fact that the ITB reduces the ion thermal conductivity much more than its electron counterpart
at present can be explained in different ways. One possibility is that contribution of the Bohm type of
transport to electron thermal conductivity is relatively weaker than in the ion transport Actually, our
model includes this effect and the results agree with experimental observations. However in future this
simplified, semi-empirical approach should be replaced by theory based models, which involve the pos-
sibility that electron transport is more influenced by different (short wave length) part of the turbulent
spectrum. This short wave length turbulence might require either a region with zero magnetic shear or
stronger shear in plasma rotation for its stabilisation. Results from TFTR [14] show that this reasoning
might provide a plausible explanation for deep narrow electron transport barrier which emerges near the
minimum q in ERS discharges. More experimental information and theoretical work is required to distin-
guish between these models and we leave this topic for future analysis.

IV. TRANSPORT OF HEAVY IMPURITIES IN JET HIGH PERFORMANCE PLASMAS.

A study of the dynamics of the heavy impurities accumulation in the plasma core after laser blow
off have been done in both Hot ion H-mode and OMS discharges. It was found that heavy impurities
(like Ni) are effectively screened near plasma edge in the Hot ion H-mode plasma. Two mechanisms
might contribute to this kind of behaviour. The first one relates to the neo-classical thermal force, the
other one uses experimentally observed non monotone radial distribution of the main ions in the Hot ion
H-mode and the fact that in neo-classical theory impurity accumulate near the maximum density.

The dynamics of the blown off heavy impurities in discharges with OMS do not always follow the
conventional neo-classical theory prediction. Figure 9 show the characteristic radial distribution of back-
ground subtracted SXR emission some 200 msec after laser blow off for two OMS pulses. One can see
the clear signature of the neo-classical impurity gathering near plasma centre for the pulse No.38441
with a weak ITB. However, the second pulse No. 40572, which has an ITB with much better quality, does
not show any sign of impurity penetration through the ITB. This fact can be possibly attributed to the
strong poloidal plasma rotation. For heavy impurity poloidal Mach number might exceed critical level of
Mg>l. The resulting centrifugal force exceeds its pressure gradient and effectively presses heavy impu-
rity out of the central region. It is interesting to note, that light carbon impurity, for which centrifugal
force is significantly smaller, does concentrate in the central part of plasma column.
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Fig.9. Radial distribution of metal impurity in OMS discharge with strong internal transport barrier
(#40572) and in plasma with weak barrier (#38441).
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V. SUMMARY.

Two type of the high performance scenarios have been produced in JET during DTE1 campaign-
ELM-free Hot ion H-mode and Optimised Magnetic Shear scenario. The transport analysis of the D, T
and D-T plasmas can be summarised as following.

The core transport in hot ion H-mode has a gyroBohm character in the inner part of the plasma
volume and recovers a Bohm character closer to the edge. On the other hand, power losses through the
separatrix are controlled by the transport within the edge barrier which is shown to be reduced to the
level of ion neoclassical heat conductivity. Another parameter which controls the plasma performance is
the width of the edge transport barrier. The recent proposal about possible role of fast ions in the estab-
lishment of the edge transport barrier has been studied. The analysis confirms that the best agreement
with experiment is achieved with an assumption that edge transport barrier width corresponds to a
banana width for fast beam ions.

Different ideas about possible mechanism of internal transport barrier formation have been tested
on a series of JET OMS discharges. It comes out that a model combining turbulence suppression by
strong rotational shear with vortices separation by small magnetic shear gives the best agreement with
experiment. More experimental information and analysis is needed in order to clarify the experimentally
observed difference between ion and electron transport modifications inside the barrier.

Transport of trace impurities in high performance plasma has been studied. In hot ion H-mode
plasma heavy impurities evolve in accordance with neo-classical theory. However, OMS plasmas with
strong barrier show no sign of heavy impurity penetration through the barrier and therefore defy
conventional neoclassical behaviour.
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ABSTRACT

Since the H-mode edge pedestal effectively sets the boundary conditions for energy trans-
port throughout, the core, a better understanding of the pedestal region is necessary in order to
fully predict H-mode performance. Pedestal characteristics in the DIII-D and Alcator C-Mod
tokamaks are described, and scalings of the pedestal width with various plasma, parameters are
shown. The pedestal width in both tokamaks varies in an inverse sense with plasma current,
and is independent of toroidal field. Other similarities, as well as differences, are discussed. It
is also found that the pedestal widths of the various physical quantities involved (Te, T,-, ne, ft,-)
may be different.

1. INTRODUCTION

The steep edge pedestal region, which is characteristic of H-mode plasmas, is indicative
of the formation of a transport barrier (Fig. 1). Even though this transport, barrier is localized
only to the edge, energy confinement is seen to improve over the entire plasma cross-section [1].
This non-linear behavior can be explained by critical gradient theories of core energy transport.
Several of these models [2,3] purport to explain quantitative results from a number of tokamaks,
but require the specification of an edge temperature. Thus the pedestal region effectively
sets the boundary conditions for energy transport throughout the core. Because of the non-linear
transport, these boundary conditions strongly affect expected plasma performance, as shown in
Figure 2. Furthermore, the large pressure gradient in the pedestal region is thought to drive the
ELM instability, which in turn may limit the maximum attainable edge parameters. Therefore,
a better understanding of the pedestal region is necessary in order to fully predict H-mode
performance. In particular, the physics governing the pedestal width is not well understood.
In this paper, H-mode pedestal characteristics in DIII-D and Alcator C-Mod will be presented,
and their dependencies on various plasma, parameters will be discussed. In addition, the edge
pressure gradients measured in DIII-D wrill be compared to ballooning mode stability limits.

2. DIAGNOSTIC MEASUREMENTS

In both tokamaks, H-mode pedestals have been studied in single-null divertor discharges.
The DIII-D data consist primarily of Te and ne profiles measured with Thomson scattering,
and Ti and rn profiles deduced from charge exchange recombination spectroscopy of carbon
impurities (Fig. 3). Note that the ion temperature pedestal is significantly wider that the Te

pedestal. Nevertheless, the ion and electron pressure profiles (p = nT) have approximately the
same widths. Most of the DIII-D data, presented in this paper were taken in Type-I ELMy
[5] discharges, many with the ITER shape. Pedestal widths in Type-III ELMy H-modes are
generally twice that of Type-I.
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The C-Mod data. (Fig. 4) are mostly from ECE, Langmuir probes (in scrape-off layer only),
a soft x-ray array (hu > 0.6 keV), a broadband XUV array (total radiated power profile, Prad),
and reflectometry (ne) [6]. The data were taken in both ELM-free and enhanced Da (EDA)
H-modes [7]. The emissivity profile diagnostics are very useful because their radial resolution
of 1-2 mm (as compared to ~ 8 mm for the ECE) can better resolve the narrow pedestal
width on C-Mod. The soft x-ray emissivity in the edge region is dominated by recombination
continuum from low-Z impurities, and has very little temperature dependence after accounting
for transmission through the filtering foil (10 /ini Be). Therefore the x-ray emissivity profile is
primarily a measure of ?v»z- Note that the C-Mod measurements also seem to show different
pedestal widths, and even different radial positions, for the various physical quantities.

For both tokamaks, the measured edge profiles are fit with tanh curves [8] to obtain
pedestal widths, heights, and gradients. Scalings of pedestal width in each machine are obtained
by either varying Ip, B^. triangularity, and ne continuously during a discharge, or by culling
from a database of multiple discharges.

3. PRESSURE GRADIENT

One way to characterize the edge pressure (i.e. at the top of the pedestal), is to express
it as the product of the pressure gradient, Vp, times the pressure pedestal width, Sp (Fig. 5).
The motivation behind this approach is that Vp is presumably limited by the ELM instability,
which, in principle, should be calculable from MHD theory. The problem of predicting the
top-of-pedestal pressure would then be reduced to understanding the physics that defines the
pedestal width. Detailed measurements of Vpe in the pedestal of DIII-D just prior to ELM
onset have been compared with MHD instability thresholds. Figure 6 shows the calculated
stability limits for infinite-?? ideal ballooning modes (BALOO code [9]), using only the magnetics
measurements, which are fairly insensitive to edge bootstrap currents. The measured pressure
gradients apparently surpass the first stable limit, particularly considering that the data values
should roughly be doubled to account for the ion pressure. More detailed calculations, in which
an edge bootstrap current consistent with the measured Vp is included, have shown that the
DIII-D H-mode edge is commonly in the second stable regime for ballooning modes. Stability
calculations done for Alcator C-Mod give similar results [6]. The limit on Vp may actually be
set by edge peeling modes. Therefore, although Vp is, in principle, calculable from MHD, in
practice it may require knowledge of the edge bootstrap current profile, which is not easy to
measure.

4. PEDESTAL WIDTH AND SCALING

The determination of the edge boundary conditions, or pedestal height, therefore depends
on being able to predict the width of the edge pedestal. Unfortunately, no theory is capable of
doing that at the present time. There are, however, a number of physical scale lengths which may
be relevant in the edge, and which suggest several scalings to look for. Examples are: banana
width (ex pp oc Tf*/Ip), Larmor radius (pi oc T°-5/B,p), neutral penetration (Amfp oc 1/n),
magnetic shear length [q/q', shaping), collision lengths (Aej), etc.

In DIII-D, the scaling studies have primarily emphasized the electron pressure pedestal, as
opposed to n and T individually. Statistical analysis of the data show that only Tfed, n^ed, and
Ip, and their related quantities (pPed, P^ed, q, Pped) are correlated with the electron pressure
pedestal width, 6pe. (The superscript refers to values at the top of the pedestal.) For most
H-mode operations, there is a strong linear co-dependence between he and Ip, and so there are
a number of combinations of n, T, and Ip that can be used for scaling of 6pe, and which fit
equally well. In figure 7, the 6pe values from the Type-I ELMy H-mode database (with ITER
shape) are plotted against two possible combinations, namely p^ed and P^ed. A power-law fit
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gives scalings of (p^ed)0'6 and (/3Ped)0'4 respectively, with similar quality of fit. Both exponents
are accurate to about ±0.1. The second scaling law is equivalent to Spe oc a0-8"1-0, where a-
is the normalized Vp parameter used in ballooning mode stability calculations. The ambiguity
between the two scalings can be removed by breaking the co-dependency of ne and Iv in DIII-D
H-modes, which has been done in a series of divertor pumping experiments [10] in which the
density was varied independently at fixed current. The result is that the 3P scaling remains
consistent with the measured pedestal widths, whereas the pv scaling does not.

In Alcator C-Mod, the scaling studies of pedestal widths have emphasized the Te and
x-ray (oc nenz) data, rather than pressure, since well-resolved measurements of ne and ion
edge profiles are lacking. In figure 8 are shown two x-ray pedestal profiles from a discharge
which transitioned from ELMfree to EDA H-mode. The ELMfree H-mode edge has a much
narrower x-ray pedestal width (6xrav <, 1.5 mm) than the EDA edge. The Te pedestal width,
however, does not show7 any consistent difference between the two types of H-modes. Given the
dependence of the x-ray emissivity on nenz, these apparently conflicting results may actually
be entirely consistent, since the principal distinction between the EDA and ELMfree H-modes
is their particle confinement, not their energy confinement.

Several of the distance scale lengths listed at the beginning of this section depend on Ip.
Figure 9 shows a number of diagnostic signals from an EDA H-mode discharge in which the
plasma current was scanned dynamically during the shot. The x-ray pedestal width clearly
narrows as Ip ramps up, and broadens again when Ip ramps back down. The Praci profile shows
the same qualitative behavior. Similar dynamic scans of toroidal field show no effect on the
width. In contrast to the x-rays, the Te pedestal width apparently has little or no consistent
dependence on Ip (Fig. 10). Note that the Te points are culled from a database of different
discharges, not from a dynamic scan. The Te pedestal width is found to correlate strongly with
Te

Ped, with little variation in VTe. Thus, in terms of dimensionless parameters, there is a clear
positive dependence on

The x-ray pedestal width also exhibits a, dependence on plasma shape. Dynamic scans
of both upper and lower plasma triangularity have been done in EDA H-modes, and show a
linear variation of <5xray with triangularity, as seen in figure 11. Data from a. large number of
discharges also suggest that the x-ray pedestal width increases with ne at fixed current in EDA
H-modes. Dynamic scans of ne during an H-mode have not been carried out yet.

5. DISCUSSION

Comparing the edge pedestal characteristics and scalings between DIII-D and C-Mod is
not straightforward because of the different physical quantities measured (p. T, x-ray) and the
different types of H-modes studied (Type-I ELMy, ELMfree, EDA). In fact, there are data from
both tokamaks that show that different pedestal quantities do not all have the same profile
widths, and perhaps not even the same scalings. The pressure pedestal widths measured in
DIII-D tend to scale in an inverse sense with Ip (i.e. J°, where a < 0), as does the x-ray profile
in C-Mod. Neither machine sees any direct dependence on toroidal field. In C-Mod, varying the
triangularity changes the x-ray pedestal width, but has little or no effect on the DIII-D profiles.
One pedestal feature which is consistent between the two machines is the dependence of width
on type of H-mode, i.e. the degraded particle confinement modes (Type-III ELMy in DIII-D
and EDA in C-Mod) have wider pedestals than Type-I or ELMfree.
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FIG. 6. Comparison of Vpe prior to ELM
onset in DIII-D with ideal ballooning limits,
neglecting edge bootstrap current. Since the
total Vp is ~ 2 x the electron component, the
plasma, edge is above the first stable bound-
ary.
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FIG. 9. Evolution of several relevant signals
during an EDA H-mode discharge in which
the plasma current was ramped dynamically
during the shot from, 0.8 to 1.2 MA, and then
back down again. The x-ray pedestal width
clearly narrows as Iv ramps up, and broadens
again when Ip ramps back down. The Praci
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Abstract

Recent progress in the study of divertor and scrape-off layer plasma (SOL) phenomena in JET is reviewed.
Up to the present time, three pumped divertors (Mark I, Mark IIA/AP and Mark IIGB) have been installed and
exploited under reactor relevant conditions. With increased divertor closure, it is found that the particle exhaust rate
has increased and neutral compression factors of > 100 are obtained with the Mark IIGB divertor. Helium enrich-
ment factors of >0.2 are measured under a wide range of conditions and satisfy the minimum requirements for
ITER. Fast infra-red camera measurements show broad deposition profiles during type I ELMs and energy densi-
ties of ~0.12MJm~. During the recent D-T experiments, the codeposition of tritium on cold shadowed surfaces in
the inner divertor has been identified as an important form of long-term tritium retention. This has serious implica-
tions for the divertor design and tritium inventory in a next-step tokamak. Core plasma purity has not improved
with enhanced divertor closure or decreased main chamber neutral pressure. Studies of the chemical sputtering
yield have shown a dependence on surface temperature and hydrogen isotope. This accounts for the observation of
increased impurity production and lower disruptive density limits in Mark II (at 500K) compared to Mark I (at
300K). Significant progress has been made in the study of divertor detachment, and volume recombination has
been spectroscopically identified. With increasing isotope mass, detachment and the disruptive density limit occur
at lower main plasma density as predicted by the EDGE2D/NIMBUS codes. Using differential gas fuelling in the
Mark IIGB divertor, it has been possible to modify the in-out asymmetry of the divertor plasma for the first time.

1. INTRODUCTION

Over the last five years, JET has pursued a coherent programme to investigate the influence of
divertor geometry on plasma performance under reactor relevant conditions. The four single-null pumped
divertor configurations are outlined as follows :

• Mark I (1994-1995) : Open divertor configuration which allows a flexible magnetic geometry.
• Mark IIA (1996-1997) : Moderately closed divertor with enhanced power handling.
• Mark IIAP (1997-1998): Modified Mark IIA divertor with plugged neutral leakage paths.
• Mark IIGB (1998-1999): Highly closed ITER specific "Gas Box" geometry with septum.

With each successive configuration the width of the divertor entrance has decreased. Under high
recycling conditions, this is anticipated to enhance the "closure" (i.e. the fraction of recycling neutrals
ionised within the divertor region). This has several advantages with respect to (a) increased divertor
neutral pressure and particle exhaust, (b) easier access to radiative/detached regimes thus reducing the
divertor power loading, and (c) lower main chamber neutral pressure which may reduce wall sputtering
and, more speculatively, improve the confinement quality. However, there may be drawbacks from the
interaction of ELMs with the narrow divertor entrance and poorer impurity retention due to reduced
parallel flows. Furthermore, due to the chemical sputtering of carbon, target plate erosion may not be
reduced and this has important implications for the divertor lifetime and tritium retention.

In this paper we present an overview of recent progress in the study of divertor and SOL physics at
JET. Emphasis is placed upon the effect of the divertor configuration on core and edge plasma phenom-
ena. We also present new results from the recently installed Mark IIGB divertor, which are compared
with observations from its Mark I, Mark IIA and Mark IIAP predecessors.

see Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L. Watkins)
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2. POWER AND PARTICLE EXHAUST

Effective particle exhaust in next-step tokamaks is necessary to control the plasma density and
remove helium ash. One of the most significant effects of increasing the divertor closure in JET has been
to increase the exhaust rate for deuterium and recycled impurities [ 1 ]. The pumping speed is proportional
to the neutral pressure in the volume below the target (subdivertor) and is plotted in fig. 1 as a function of
the main plasma density for L-mode discharges. The improvement in pumping with divertor closure can
be clearly seen, the new Mark IIGB divertor having a two-fold enhancement over Mark IIAP. Similar,
albeit weaker, trends are observed during steady-state ELMy H-mode discharges. This is probably due to
the presence of ELMs which cause recycling outside the divertor chamber and/or variations in the pro-
portionality between the separatrix and line averaged density [2] which complicate such comparisons.
No difference in the divertor pressure was observed between Mark IIA and Mark IIAP and has been
omitted from the plot for clarity. In all cases, the subdivertor neutral pressure is relatively insensitive to
the strike point position and a factor of two variation can only be obtained with excursions of 10-20cm
from the pumping slot (plenum). The weak dependence of the pumping speed on the strike zone position
and factor of two to three enhancement from Mark I to Mark IIA/AP was predicted by EDGE2D/NIM-
BUS [3] simulations and is a result of multiply scattered neutrals [4].

In parallel with obtaining high divertor neutral pressures and pumping speeds, it is desirable to
minimise the main chamber neutral pressure. The motivation for this is to prevent sputtering by charge-
exchange neutrals and possibly improve the H-mode confinement quality. For this purpose, the compres-
sion may be used as a figure of merit and is defined here as the ratio of the subdivertor pressure to the
pressure measured at the outer midplane of the main chamber. This is plotted in Fig. 2 as a function of the
main plasma density for L-mode discharges. One can see that the compression has increased with closure
and we now obtain factors in excess of 100 with the Mark IIGB divertor. These observations are also
reproduced in ELMy H-mode discharges. Unfortunately, no calibrated main chamber pressure measure-
ments are available for the Mark I divertor. The characteristic roll-over of the compression that is seen in
Fig. 2 at main plasma densities of 2.4-2.8x1019m"3 is associated with the onset of detachment, during
which the mean free path of the neutrals increases and escape from the divertor. In going from Mark IIA
to Mark IIAP, the actual geometry remained unchanged but leakage paths (by which neutrals could
directly pass between the divertor and main chamber) were blocked. The increased compression of Mark
IIAP was almost entirely due to a reduction in main chamber pressure. However, no improvement in the
confinement quality or plasma purity of ELMy H-modes was seen [5]. In the case of the Mark IIGB
divertor, the enhanced compression is achieved by an increased divertor pressure at similar main cham-
ber pressure.

3.5 Mark IIGB
Vertical

100

90

80

70

60

50

40

30

-

-

-

- J

t I

_V"^ ^V Mark IIGB

/
/

/

\ Mark IIAP
• ^ * -

, , -Jfi0^ Mark IIA

I < I I I 1 I I

2.0 2.5 3.0 3.5
Line averaged density (1019 ITT3)

Fig. 1: Divertor neutral pressures (and thus pump-
ing speeds) for L-mode discharges in the Mark I,
Mark IIAP and Mark IIGB divertors.

1.6 2.0 2.4 2.8 3.2
Line averaged density (1019 nr3)

Fig. 2 : Comparison of the divertor neutral com-
pression for L-mode discharges in the Mark IIA,
Mark IIAP and Mark IIGB divertors.



453 EX6/4

2000
Inner vertical target Outer vertical target

2000
Pulse No: 40454

2.6
Major radius (m)

100 200
Time ((is)

300 400

Fig. 3 : Variation of the divertor surface tempera- Fig. 4: Temporal evolution of the peak divertor tar-
ture before and during an ELM. get temperature during an ELM event.

In general, it would appear that the main chamber pressure (in the absence of external fuelling) is
sufficiently low for all the JET pumped divertor configurations to not adversely influence the confine-
ment quality or plasma purity.

Helium enrichment studies have been performed under L- and ELMy H-mode conditions in the
Mark IIAP divertor [6]. These experiments were carried out by injecting helium into the discharge and
deriving the enrichment (ri) from the ratio of the partial pressure in the subdivertor volume to the core
plasma concentration. In each case, the enrichment was measured with the divertor strike zones in three
distinct positions : Horizontal target (H), Corner (C) and Vertical target (V). Under L-mode conditions
the enrichment has values in the range of rpO.2-0.6 and depends upon the strike zone position with the
ratio 0.5 (H):l(C):0.35(V). The enrichment is also observed to consistently decrease with increasing
main plasma density. In ELMy H-mode discharges, the enrichment is observed to be less sensitive to the
main plasma density with values in the range T|= 0.2-0.5 compared with the ITER requirement of
>0.2 [7].

Currently, one of the most critical issues for ITER is the peak divertor power loading during ELM
events. For the first time on JET, it has been possible to evaluate the power flux during ELMs using a fast
(13us) infra-red camera system [8]. Broad profiles of the divertor surface temperature distribution are
measured after each Type I ELM (Fig. 3) which is attributed to simultaneous broadening and displace-
ment of the strike points. In most cases, the peak power deposition occurs at the inner divertor and has a
typical duration of 120+20jxs (Fig. 4). To account for the presence of surface layers with unknown ther-
mal properties (section 3), an energy based calculation is used to infer energy densities of ~0.12MJm2

which are consistent with the stored energy loss from the plasma [8]. In order to scale these results to
ITER, it is assumed that the deposited energy is a fixed proportion of the plasma stored energy, the
interaction area scales with the major radius and that the time duration of the ELM is independent of the
machine size [1]. Using the typical example described above, the energy deposition per ELM in ITER
would be ~8M Jm"2 which, for a time duration of 100|xs, is considerably higher than the acceptable threshold
of 0.4 MJm"2 for strong evaporation of the target [7]. Furthermore, these energy losses are significantly
higher during the low frequency ELMs associated with highly shaped discharges [9]. In summary, these
results highlight the incompatibility of the Type I ELMy H-mode regime with the current ITER operating
requirements. Promising results have, however, been obtained using shallow pellet injection in JET to
increase the ELM frequency and consequently reduce the peak power deposition [10].
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3. LONG TERM TRITIUM RETENTION

The JET Deuterium Tritium Experiment (DTE 1) provided a unique opportunity to study hydrogenic
isotope recycling and retention in an ITER relevant divertor configuration. Due to the safety implica-
tions, long-term tritium retention has emerged as a potentially serious constraint to continuous reactor
operation and will strongly influence the choice of divertor and first-wall materials [11]. By monitoring
the tritium inventory, it was possible to identify two forms of retained tritium: (a) a dynamic inventory
which is consistent with existing wall implantation models [12,13] and, (b) a continually growing long-
term inventory of unknown origin. The evolution of the long-term inventory is shown in Fig. 5 and is
inferred from the difference between the actual inventory and that predicted by a diffusion based model
[12]. Conventional detritiation methods were found to be ineffective and by the end of the campaign 6g
of tritium (out of 35g injected) remained in the vessel [14]. To model the long-term tritium inventory, one
has to assume that a fixed fraction of the divertor ion fluence (1.7%) or gas input (14%) is retained.

Since the long-term retention of tritium was not observed during the 1991 JET Preliminary
Tritium Experiment (PTE), it was suspected that the presence of the pumped divertor was responsible.
Earlier surface analysis of Mark IIA divertor target tiles had shown the presence of films and flakes of up
to 40u.m in thickness which are saturated with deuterium (D/C ratio of >0.4) [15]. These deposits are
present on the inner divertor pump louvres which are shadowed from a direct line of sight with the
plasma and have a low (~40°C) ambient temperature. It is clear that these cold shadowed regions intro-
duce a sink from which carbon cannot be re-eroded or sublimated. Such regions were not present during
the PTE which had a completely open divertor configuration at high ambient temperature. Remote video
inspection of the divertor target after the DTEl experiments revealed the presence of similar deposits and
it is evident that these contain a significant proportion of the retained tritium. This has important implica-
tions for the design of divertor targets in next step tokamaks such as ITER.

One possible source of the carbon flakes observed on the louvres is sputtering from the inner
divertor target. Assuming that the carbon atoms are emitted from the target with a cosine distribution,
~20% of the particles are expected to enter the pumping slot. However, their arrival at the louvres implies
a mean-free path of the order of several centimeters. Given the estimated total carbon content of the
flakes from samples analysed prior to the DTEl experiments (~2xltf5) and the ion fluence to the inner
divertor (~2.5xl026) this also implies an effective sputtering yield of 40%. Such values are very high
compared to the typical yields of 1-4% observed in JET (section 4) and suggests that conventional ion
induced sputtering is not responsible. Possible mechanisms to enhance the yield include neutral particle
impact and main chamber sputtering [16]. However, the absence of deposition on the outer divertor
louvres cannot be easily explained. Dedicated experiments and modelling are underway to understand
the physics of the codeposition process and investigate the effect of different operating regimes (i.e.
ELMy versus non-ELMy).
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4. INTRINSIC IMPURITY BEHAVIOUR
Detailed studies of the intrinsic impurity behaviour have been carried out for the Mark I, Mark IIA

and Mark IIAP divertors [17]. The plasma purity (Z^) of steady-state ELMy H-mode discharges is
shown in Fig. 6 for all the JET divertor configurations including the Mark I with beryllium (Be) divertor
target. The impurity content is surprisingly independent of the divertor configuration and main plasma
density. Only in the case of the Mark I beryllium target is there a clear reduction of the core Z ^ which
highlights the role of the divertor impurity source. Similar trends are obtained from core charge ex-
change spectroscopy, which indicate that carbon is the dominant impurity with concentrations in the
range of 1-4% [1]. Contrary to expectations, the Z^g in the Mark IIAP divertor did not reduce with respect
to Mark IIA despite the decrease in main chamber neutral pressure. However, this comparison is some-
what complicated by a simultaneous increase in the carbon coverage of the inner wall. First results from
the Mark IIGB divertor (Fig. 6) indicate that the Ẑ g- is comparable to the previous divertor configura-
tions. In accordance with expectations, increased divertor closure acts only on neutrals and does not
appear to improve the screening of ionised impurities from the core plasma.

Over a wide range of plasma conditions it was found that the impurity production from the divertor
target increased in the Mark IIA/AP divertor with respect to Mark I [18]. This is attributed to an increased
chemical sputtering yield from ~2% to 4% [19]. An important difference between the two divertor con-
figurations is the divertor tile temperature of ~500K in Mark IIA/AP compared to -300K in Mark I. To
investigate the role of the target temperature, dedicated experiments were carried out in which the Mark
IIAP divertor temperature was reduced from 500K to 330K. In the discharges at low wall temperature,
the core carbon concentration was reduced by ~40% and the L-mode density limit increased by ~20%.
An example of the outer divertor chemical yields at three target temperatures is shown in Fig. 7. These
yields are inferred from a combination of CD band emission and probe measurements which are cali-
brated from methane injection experiments [19]. It is evident that for impact energies of <60eV the
chemical yield is reduced at the lower target temperature. An additional observation is that the chemical

00 0 1

yield appears to be reduced at high fluxes (i.e. >2xl(T m" s") and is a function of the target temperature
with a dependence of r "04 at 500K and T ~h25 at 300K [18]. It should, however, be stressed that these flux
dependencies depend upon the assumptions used to infer the methane production rate from the
spectroscopic measurements. In addition, these results imply that any such flux dependence may be
negligible at the relatively high divertor surface temperature (~1500K) [11] of ITER.

In order to study isotope effects over the widest range, a period of operation in hydrogen was
carried out after the DTE1 experiments. A clear isotope dependence of the chemical sputtering yield was
observed with a yield roughly proportional to mass [19]. These results indicate that the chemical yield is
influenced by thermal reaction processes which are enhanced by radiation damage [20].
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5. DETACHMENT AND DISRUPTIVE DENSITY LIMITS

Recent spectroscopic studies have highlighted that volume recombination is associated with the
detachment process in JET [21]. The ratio of the Balmer series lines D/Da are used to identify the onset
of volume recombination and is correlated with the reduction of the divertor ion flux. While the divertor
temperature derived from the Langmuir probes during detachment is ~2eV, the population of the excited
states indicates 0.8+0.1 eV. With increased divertor closure the onset of volume recombination and divertor
detachment is found to occur at lower main plasma density. This is also reflected in the reduction of the
L-mode disruptive density limit shown in Fig. 8 (defined at the "maximum density" )[22]. In all divertor
configurations, a weak power dependence of approximately Pnet°

2 (where Pnet
=Pin-Rrad) is observed. As

discussed in the previous section, it appears that the lower disruptive density limit of Mark IIA/AP
compared with Mark I is mostly due to increased divertor impurity production from the divertor as
opposed to increased closure. This argument is supported by the observation that similar density limits
are observed between the Mark IIA/AP and Mark IIGB divertors Fig. 8) which have different degrees of
closure but similar tile temperatures.
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Clear effects of divertor geometry have been observed from the comparison of horizontal and
vertical target operation in Mark IIA/AP [23]. An early onset of detachment is observed at the corner of
the inner divertor for horizontal target discharges. This "off-separatrix" detachment was predicted by
B2-EIRENE simulations which show that the corner region efficiently traps neutrals and promotes vol-
ume recombination [24]. Such effects are not observed for the vertical target where detachment begins at
the separatrix. More symmetric detachment between the two divertor legs is observed for operation with
the vertical target plates in both the Mark I and MarkllA/AP divertors. Studies of the detachment and the
disruptive density limit have also been carried out in the Mark IIA/AP divertor with pure H, D and T
discharges [22]. These are found to scale inversely with the ion mass in vertical target configurations,
while no isotope effect is observed for the horizontal target. The isotope effect in the vertical target is
reproduced by EDGE2D/NIMBUS numerical simulations [22].
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Fig. 9 : Comparison of Mark IIGB discharges in which the
differential gas fuelling is used to modify the asymmetry of the
divertor plasma parameters.

Using the new Mark IIGB it has been possible to use differential deuterium fuelling to modify the
in-out asymmetry of the divertor plasma parameters for the first time in JET. Unlike its predecessors, the
Mark IIGB divertor has a septum structure which separates the inner and outer divertor regions. An
example of an L-mode discharge is shown in Fig. 9 for which inner divertor fuelling causes an early
onset of detachment and the density limit. In contrast, fuelling into the outer divertor produces more
symmetric ion fluxes to each divertor. Similar trends are seen in the distribution of energy deposited to
each strike zone. These experiments highlight that the disruptive density limit is governed by the onset
of complete detachment (i.e. DOD>5) at the inner divertor [22]. Further analysis is in progress to estab-
lish the effects of differential gas fuelling in ELMy H-mode discharges.

6. SUMMARY AND CONCLUSIONS

In this paper the recent progress in the study of divertor and scrape-off layer plasma phenomena in
JET is reviewed. With increased divertor closure, efficient particle exhaust is obtained and compression
factors of > 100 are obtained with the new Mark IIGB divertor. During type I ELM events, fast infra-red
camera measurements are used to derive energy densities of ~0.12MJ m2 which scale to unacceptably
large values for ITER. During the recent D-T experiments, the codeposition of tritium in shadowed
regions of the inner divertor has been identified as a mechanism for long-term tritium retention. Conven-
tional ion induced sputtering processes cannot account for the magnitude or the asymmetry of the
codeposited films. Studies of the core plasma purity show little dependence on the divertor configuration
except with beryllium target plates in Mark I. In accordance with expectations, increased divertor closure
does not appear to improve the screening of impurities from the core plasma. Reduction of the wall and
divertor temperature have confirmed that the increased impurity production of Mark IIA/AP with respect
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to Mark I is due to the elevated surface temperature. The reduction of the disruptive density limit from
Mark I to Mark IIA/AP/GB is also attributed to the increase in divertor impurity sources rather than the
divertor closure. Studies of the chemical sputtering yield have shown a dependence on incident flux and
isotope. Spectroscopic measurements have been used to identify volume recombination and is associated
with the onset of plasma detachment. With increasing isotope mass, detachment and the disruptive den-
sity limit occur at lower main plasma density as predicted by numerical codes. In the Mark IIGB with the
septum, differential gas fuelling has been used to modify the in-out asymmetry of the divertor plasma for
the first time.
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Abstract

We present recent progress towards an understanding of the physical processes in the divertor
and scrape-off-layer (SOL) plasmas in DIII-D. This has been made possible by a combination of new
diagnostics, improved computational models, and changes in divertor geometry. We have focused
primarily on ELMing H-mode discharges. The physics of Partially Detached Divertor (PDD) plasmas,
with divertor heat flux reduction by divertor radiation enhancement using D2 puffing, has been studied
in 2-D, and a model of the heat and particle transport has been developed that includes conduction,
convection, ionization, recombination, and flows. Plasma and impurity particle flows have been
measured with Mach probes and spectroscopy and these flows have been compared with the UEDGE
model. The model now includes self-consistent calculations of carbon impurities. Impurity radiation
has been increased in the divertor and SOL with "puff and pump" techniques using SOL D2 puffing,
divertor cryopumping, and argon puffing. The important physical processes in plasma-wall
interactions have been examined with a DiMES probe, plasma characterization near the divertor plate,
and the REDEP code. Experiments comparing single-null (SN) plasma operation in baffled and open
divertors have demonstrated a change in the edge plasma profiles. These results are consistent with a
reduction in the core ionization source calculated with UEDGE. Divertor particle control in ELMing
H-mode with pumping and baffling has resulted in reduction in H-mode core densities to r^ / n^ ~
0.25. Divertor particle exhaust and heat flux has been studied as the plasma shape was varied from a
lower SN, to a balanced double null (DN), and finally to an upper SN.

1. INTRODUCTION

We present in this paper progress towards an increased understanding of the relevant physical
processes that are important in controlling: (a) the divertor heat flux with divertor and core radiation
(Section 2), (b) impurity and deuteron concentrations with plasma flows and cryopumping (Section 3),
and (c) erosion and redeposition at material walls in the divertor (Section 4). We have performed new
experiments comparing operation with open and baffled divertors, and have demonstrated core density
control in both low- and high-triangularity plasmas (Section 5). Core density control is an important
tool for DIII-D where active profile control is planned with electron-cyclotron-current drive.

We have used new diagnostic measurements of key physics parameters in concert with state-of-
the-art computational models (UEDGE-EIRENE-DEGAS, B2.5-EIRENE) to further our
understanding of the fundamental physical processes. Shown in Fig. 1 is the DIII-D diagnostic set in
the lower divertor, along with the quantities that are measured by each instrument. Recent
improvements include: (a) 2-D measurements of carbon line and deuterium recombination radiation,
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FIG. I. The array of diagnostics (with quantity measured) in the lower divertor in DIII-D includes:
Bolometer (48-channel, radiated power distribution), Scanning mach probe(deuterium flow), Infrared
TV's (7-IRTV's-lower divertor heat flux at two toroidal locations, upper divertor, also inside wall),
Tangential spectroscopy(neutral, impurity and deuteron flows, Tj, Recombination), Tangential TV
(simultaneous inverted 2-D profiles of two lines: CII, CHI, Da, Dp, Dy t neutral density), DiMES
surface probe (erosion and redeposition on carbon and tungsten samples), Target Langmuir probes
(Te , ne, Fj-ion flux), EUV SPRED spectrograph with absolute intensity calibration(CIV, La, Lp,
other impurity emissions), an EUV tangential camera (CIV 1550 A 2-D images), Neutral pressure
gauges (deuterium and impurity partial pressures in the edge plasma and pumping plenum), and an
8-channel divertor Thomson scattering system DTS (Te, ne the plasma is swept to obtain 2-D profiles).

including CIV (1550 A), (b) measurement of plasma flows with spectroscopy and a Mach probe, and
(c) erosion and redeposition measurements with a DiMES probe.

2. PHYSICS OF DIVERTOR HEAT FLUX REDUCTION

Starting from an empirical observation of the reduction of divertor peak heat flux with
deuterium puffing [1], we have systematically measured the important terms in the heat and particle
transport equations with new diagnostics; at present we have a 2-D characterization of much of the
divertor region. Shown in Fig. 2(a) is a representative partially detached divertor (PDD) discharge
[2], showing the reduction in peak heat flux, constant ELMing H—mode confinement, and controlled
core density with cryopumping. Scaling experiments have shown that the outer strike point (OSP)
peak heat flux can be reduced to nearly the same value, 1 MW nr2 , independent of input neutral beam
power up to Pinj ~ 14 MW [3,4]. In Fig. 2(b) are plasma profiles at the OSP for a typical discharge set
of attached and detached (dashed) discharges. The qdiv (heat flux), T[ (ion flux), and Pe (electron
pressure) are reduced at the OSP, but T[ increases outboard, hence the name partially detached
divertor. The Te from Divertor Thomson Scattering (DTS) is dramatically reduced to 1-2 eV, and
this has been a key measurement in the interpretation of much of the divertor data.

A 2-D model of the PDD is shown in Fig. 2(c). To facilitate discussion of the changes of the
parallel heat flow from an ELMing H-mode to PDD operation, we use a 1-D form of the parallel
energy flow equation [5], where the first term is identified as the classical parallel heat conduction, the
second term is convection, and v// is the parallel plasma fluid velocity. The losses SE include
radiation, ionization, and recombination:

ds ds
(1)
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FIG. 2. (a) A representative PDD discharge (D2 puffing) showing heat flux reduction, H-mode
confinement, and controlled core density, (b) The Te, n& /} , and heat flux at the outer strike point for
a representative attached and PDD (dashed) discharge, (c) The model that has been developed to
explain the physical processes in the PDD discharge.

In the PDD, conduction carries the exhaust heat along the field line from the core to a region near the
divertor. Here, carbon radiates strongly (10-12 eV), as indicated by calibrated EUV spectroscopy of
the divertor region. Inversions of 2-D visible (CII, CIII) and ultraviolet (CIV 1550 A) emissions
indicate carbon radiates primarily near the X-point. The total radiation (mostly UV) from
spectroscopy agrees well with corresponding chords of the bolometer. Ratios of calibrated multi-chord
[6] and TV images in the visible (Balmera/Bp) [7] indicate that recombination occurs near the divertor
plate in the PDD as indicated in the model in Fig. 2(c) [8]. Corresponding ratios in the UV
(Lymana/Lyp) show similar changes, but often suggest absorption of the Ly a emission [9]. A radially-
integrated form of Eq. (1) has shown that the measured Te from DTS, the bolometer radiation, and
qdiv (from IRTVs) are consistent with conduction in ELMing H-mode, but convection is required in
the PDD [10,11]. The implied radially-averaged v// is consistent with direct measurements of
M ~ 0.8 in the divertor region [12] from the scanning Mach probe

The diagnostic set has enabled several other interesting observations: (a) there is a critical
upstream separatrix density for PDD onset that scales roughly linearly with the input power [13];
(b) target Langmuir probe measurements indicate that electron kinetic effects are not important in
ELMing H-mode or PDD plasmas [14], (c) the neutral density near the X-point has been measured to
be ~10l7 m-3 in L-mode discharges from tangential TV views [15], and (d) the effect X-point
geometry effects on boundary potentials and turbulence have been examined [16].

We have also performed "puff and pump" experiments with SOL deuterium puffing (up to
2.5xlO22 D° s-1), exhaust with cryopumping, and impurity injection. In trace injection experiments,
exhaust enrichment up to 17 was obtained with argon, and enhanced radiation in the divertor and SOL
has also been obtained with argon [17]. For the conditions on DIII-D, we find that the argon and
carbon radiation in the divertor increase by equal amounts, but models [18] indicate that this need not
be the case in future machines operating in different temperature regimes.

We explored the source of carbon by comparing L—mode helium with L-mode deuterium
plasmas, and the dramatic decrease in the carbon radiation suggests that chemical sputtering plays a
role in the source. However, the total divertor radiation in these discharges was unchanged because
the carbon radiation was replaced by helium radiation. Modeling with the MCI Monte-Carlo code
suggests that standard chemical sputtering models overestimate the amount of carbon we measure
experimentally [19].

3. PLASMA AND IMPURITY FLOWS AND COMPARISON WITH MODELS

We have studied plasma flows both to further our understanding of the convective heat flow
discussed above and to understand impurity transport in the divertor and SOL. Active control of
impurities, like enrichment achieved with "puff and pump" techniques discussed above, is an
approach to increase the operational window of radiative divertor plasmas and a method to control
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FIG. 3. The ion density and net force on C4+ ions (right) from UEDGE, the gradient in the force near
a force null (e.g. near 0.4 and 1 m) determines whether the ion density builds up or is depleted.

core impurity content. We have made recent improvements to the UEDGE code, including realistic
models of chemical and physical sputtering [20], to model impurity transport for comparison with
data. The UEDGE code has been benchmarked with a variety of DIII-D discharges [21], and it calcu-
lates multi-species impurity transport. In Fig. 3 are the poloidal distributions of the C4+ ion density
(the charge state flowing into the core) and net parallel particle force. Impurity accumulation or
depletion is determined by the force gradient near a force null, and the position of this null is deter-
mined by the details of the parallel ion temperature gradient and the flow pattern of the fuel ion
species (i.e. the frictional drag term).

One strength of the UEDGE modeling is the ability to calculate predicted diagnostic data
directly (e.g., the Mach probe does not scan along a field line). In Fig. 4(a), we compare direct mea-
surements of the deuteron Mach number from a scanning probe [12,22] with a UEDGE calculation of
the data. The data were obtained along a vertical cut through the plasma in the SOL, and the UEDGE
results were calculated for the same discharge and plasma shape. The flow in the SOL is towards the
plate. In Fig. 4(b) is a comparison of the C+ ion velocity distribution [6,23] from a tangential spec-
trometer chord and the UEDGE calculation. There is usually a flow away from the plate near the sep-
aratrix, and a flow towards the plate farther out in the SOL. As shown in Fig. 4, there is reasonable
agreement between the data and the model in attached discharges. In detached discharges, at the loca-
tion of the Mach probe, we do not see a large change in the flow velocity, but the 2-D UEDGE calcu-
lation indicates that there are strong gradients and more 2-D data is required for a better comparison.
The measured carbon velocities tend to be more towards the plate in detached discharges: the flow
away from the plate decreases, and the flow towards the plate increases. Detailed comparisons with
multiple chords of spectroscopy are in progress.

We have also identified new, interesting physics in the interface between the SOL and the
"private flux" region below the x-point. A reversal in the plasma parallel flow has been observed by
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FIG. 4. Comparisons of measurements of (a) primary ion flow from the Mach probe and (b)C+
velocity from spectroscopy with calculations from the UEDGE code for an (OSP-attached) ELMing
H-mode.
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the Mach probe, as shown in Fig. 5(a). Potential measurements from the probe also indicate large
radial electric fields. The corresponding ExB drifts can drive an appreciable fraction of the recycling
flux from the outer leg poloidally across the private region to the inner leg. The DTS system also mea-
sures large plasma density in the private flux region. We have also observed significant recombination
radiation in the private flux region during the transition to outer leg detachment. The UEDGE model
can now include drifts in the calculation, and comparisons with data are in progress [24].

4. EROSION AND REDEPOSITON MEASUREMENTS AND MODELING

To predict the lifetime of plasma-wall surfaces in future machines, we must understand the
physical processes taking place between the divertor plasma and the target plate material. We have
made direct measurements of erosion and redeposition at the OSP with an insertable DiMES probe
[25] for comparison with models. A key to the comparison of these data with experimental models is
the characterization of the plasma near the probe with the diagnostics shown in Fig. 1 and the data in
Fig. 2(b), as the determination of quantities such as the input ion flux, prompt redeposition, and self-
sputtering require these data. Shown in Fig. 6 is a comparison of the gross and net erosion obtained
from a carbon DiMES sample in an attached plasma, along with a calculation from the REDEP code
[26]. Also shown (right) are the erosion for attached (solid) and PDD (dashed) plasma operation for
carbon and tungsten DiMES samples. Note the dramatically reduced erosion near the strike point in
the carbon sample for the PDD case. The erosion rates for the attached cases are greater than
10 cm/exposure-year, even with incident heat flux <1 MW/m . In this case, measurements and
modeling agree for both gross and net carbon erosion, showing the near- surface transport and
redeposition of the carbon is well understood. Self-sputtering and oblique incidence are important,
and the effective sputtering yields exceed 10%. The private flux wall is measured to be a region of net
redeposition with attached divertor plasmas. Divertor plasma detachment eliminates physical
sputtering, spectroscopically measured chemical erosion yields are also found to be low (Y(C/D+) <
10'3). This leads to suppression of net erosion at the outer strike-point, which becomes a region of net
redeposition (~4 cm/exposure-year). Leading edge erosion, and subsequent carbon redeposition,
caused by tile gaps can account for half of the deuterium codeposition in the DIII-D divertor.

5. PARTICLE CONTROL WITH BAFFLING AND CRYOPUMPING

We have recently installed and conditioned a new upper divertor baffle and cryopump whose
geometry is matched for particle control in high-8 plasmas (8 ~ 0.7). The shape of the baffle was
designed with a combination of UEDGE and DEGAS modeling [27], and the width is a optimum
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implying an electric field. The corresponding ExB drifts can drive appreciable particle currents.
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FIG. 6. (Left) The gross and net erosion from the DiMES probe (dashed) compared with the REDEP
code (solid) in attached plasma operation. The effective sputtering yield agrees well with the code
prediction. (Right) The effective sputtering yield for carbon (top) and tungsten (bottom) for attached
(solid) and detached (dashed) plasma operation; note the reduction in erosion for the PDD case.

between a very closed baffle for neutrals (which can introduce recycling directly into the plasma
core), and a open baffle that allows neutral leakage (with little recycling). A detailed comparison of
unpumped open/closed divertor operation was carried out with carefully matched plasmas as shown in
Fig. 7; the ion VB drift was towards the plate in each case. We observed that the line-average density
was very similar in the two cases, but the midplane H a (a tangential view just inside the separatrix)
was reduced for the closed case. The density gradient at the separatrix, a measure of the core
ionization rate, is reduced in the closed geometry. Transport modeling indicates that the ratio of the
(open/closed) core ionization source was reduced by a factor of about F = 2.6; we normalized to the
target plate current for each discharge. No changes in energy confinement during ELMing H-mode
operation were observed, but the density at which the PDD occurred was decreased by 20% in the
closed divertor.

We compared the measured reduction in core ionization with two computational models. A
HEDGE model, in which the density profile is self-consistently calculated with a fluid neutrals model
results in an estimate of F = 2. We have also calculated F = 3.8 for a fixed UEDGE core plasma
model and a full Monte-Carlo neutrals calculation with DEGAS [27,28]. Coupled self-consistent
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FIG. 7. Carefully matched plasmas were used for comparison of open (dashed) and baffled (solid)
divertor configurations. We observed a drop in the edge tangential Ha signal, and a change in the
edge density profile, implying a net reduction in the core ionization source with the baffled divertor.
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UEDGE-EIRENE calculations are in progress. Using the second technique, we estimate for a more
closed divertor with a private-flux space "dome" and inside baffle that F = 9 for SN operation. A full
double null installation is required for F = 9 for DN. The UEDGE modeling has also shown that the
shape of the baffle can influence the plasma flows, and we are optimizing the shape to see if more
effective enrichment of impurities is possible in a closed divertor.

With the upper cryopump on, we achieved active density control with ne/nQW = 0.27 (fraction
of the Greenwald density), which is close to the 0.22 achieved with the lower pump. This establishes
an important particle control tool for high-8 plasma operation in DIII-D. The particle exhaust of the
upper pump is similar to the lower pump, except at low ne < 5x10*9 m~3. We are currently
determining if this low exhaust at low density is due to better wall conditioning or reduced pumping
effectiveness. Wall conditioning has controlled impurities in the baffled divertor so that Zeff ~ 2. We
routinely injected trace neon impurities to measure the core impurity confinement in several
configurations. We found that at high density, the core neon decay time was similar for upper and
lower divertors, but at low density, the time was significantly longer for the upper baffled pump.

6. DOUBLE NULL DIVERTOR PLASMA OPERATION

We have continued research in double null divertor plasma operation. Previously, we showed
that a balanced up/down heat flux required an unbalanced magnetic configuration [4]. Recent density
control experiments with the upper high-8 cryopump have shown that the pump exhaust (with one
pump in a balanced DN configuration) is about 50% of that in a single null plasma. As shown in
Fig. 8, a nearly upper single-null plasma (with drsep = 5 cm, the distance between the two separatrices
mapped to the midplane) is required to obtain maximum exhaust with one pump.

We have also observed that the role of neutrals may be different between DN and SN
discharges [29], in that D2 gas puffing in DN discharges produced only modest reductions in Pe, and
core MARFEs were not observed, even at ne approaching now-

7. CONCLUSIONS AND FUTURE WORK

In conclusion, we have used a comprehensive diagnostic set and state-of-the art computational
models to gain a better understanding of convective heat flow, recombination processes, deuteron and
impurity ion flows, and the effect of divertor geometry and baffles. In 1999, we will install a third
divertor cryopump, private-flux-space dome, and inside baffle which will is expected to provide
particle control at the inner strike point and increase our particle control capability in high-8 plasmas.
New diagnostics, such as a Penning gauge and spectroscopy chords in the upper divertor, will be
added to study the impurity effects in the more baffled divertor.

drsep
FIG. 8. The pump exhaust to the upper cryopump as a function of SN and DN plasmas. The abscissa,
drsep, is the distance between the upper and lower separatrix measured at the midplane, drsep = 0 is
a magnetically balanced double null plasma.
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DISCUSSION

I.H. HUTCHINSON: Concerning the edge barrier scaling, it is a pity that you do not
have a measurement of the pedestal width itself, which you invoke to explain the results,
because there seems to be a lot of poorly verified steps in the argument. My question relates
to the function of shear f(s) that you use to express the presumed ballooning limit on pressure
gradient. What function do you use for this and, if it is some simplified formula, why would
you expect this to apply to a strongly shaped edge like JET, whose ballooning stability is
likely to be strongly influenced by local shear variation, edge current density and related
non-constant quantities?

V.V. PARAIL: In our analysis we use linear proportionality of (VP)crjt to magnetic
shear s. Since the magnetic configuration was the same in the series of hot ion H-mode
presented, the shear dependence does not play any role. Ballooning stability was indeed
calculated carefully in discharges where direct measurements of the barrier width were
available. This analysis confirms the idea of ballooning stability both qualitatively and
quantitatively.

G.M. STAEBLER: The magnetic shear dependence in your model has the same effect
as making the growth rate profile rise towards the edge. Have you examined whether other
factors besides magnetic shear e.g. a/Lp, could fit the data as well?

V.V. PARAIL: We only used a simple expression for the growth rate. However, we
know from many other experiments (with pure electron heating) that the internal transport
barrier can be triggered by the negative magnetic shear alone. More work is definitely needed
to clarify this point.
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Paper IAEA-CN-69/EX6/2 (presented by R.S. Granetz)

DISCUSSION

R.J. GOLDSTON: What would we learn from a comparison of Alcator C-Mod and
DIII-D data with respect to size scaling, p scaling andne scaling? It might give us an idea
how one of the width parameters scales with R.

R.S. GRANETZ: Measurements in the H-mode edge with high-resolution diagnostics
in DIII-D and C-Mod reveal that there is not just one pedestal! Different physical quantities
(Te, Ti, ne, X-ray, etc.) can have different pedestal widths and, in some cases, different
scalings. This complicates any direct comparison between the machines. In both tokamaks,
one or more of the pedestal widths (pe in DIII-D and X-ray (« nenz) in C-Mod) scale in an
inverse sense with plasma current, but not all parameters do (Te in C-Mod). Both machines
also have some pedestals that scale with (3P (pe in DIII-D and Te in C-Mod). Neither machine
sees any dependence on toroidal field. DUI-D sees no effect of triangularity, whereas the
X-ray pedestal width scales linearly with triangularity in C-Mod. Finally, both machines find
that some pedestals are narrower in H-modes that have good particle confinement (ELM-free
and type I ELMy) compared to H-modes with poor particle confinement (EDA and type III
ELMy).
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Paper IAEA-CN-69/EX6/3 (presented by J.S. Mao)

There was no discussion.
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Paper IAEA-CN-69/EX6/4 (presented by R.D. Monk)

DISCUSSION

D.D. RYUTOV: Have you noticed any changes in the surface structure of the divertor
plates after one experimental campaign?

R.D. MONK: Surface analysis of the divertor tiles in the Mark IIA divertor showed
the presence of deuterium saturated (D/C > 0.4) at the inner divertor, which we think is
responsible for the tritium retention.

M. KAUFMANN: An important contribution to the understanding of divertor physics
has been obtained in JET, particularly with the closed divertor. Most of the results agree with
observations on ASDEX Upgrade, but there are distinct differences. A detailed comparison is
needed.

R.D. MONK: I quite agree.
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Paper IAEA-CN-69/EX6/5 (presented by A. Sakasai)

DISCUSSION

M. von HELLERMANN: Have you made any attempt to study He exhaust during
reversed shear operation with central He beam fuelling? What can you say about the role of
gas puff from the plasma edge not penetrating the reversed shear transport barrier, gas puff
timing and formation of the reversed shear transport barrier?

A. SAKASAI: We have not yet carried out an He exhaust experiment using He beam
injection in reversed shear plasmas but plan to do so in future. When He gas puff was used as
peripheral fuelling, helium particles penetrated the ITB. The helium density inside the ITB
was actually higher than outside it, and its profile was peaked, similar to the electron density
profile.

U. SAMM: The central He density with ITB is not reduced by pumping, whereas He at
the edge is exhausted efficiently. Could it be that the central He is also exhausted, but a more
transparent edge plasma for recycling the He leading to a higher fuelling efficiency
compensates for this effect?

A. SAKASAI: Yes, it is possible, even though the edge He density is reduced. Our
previous study without He pumping indicated that the central He density inside the ITB was
increasing with time and the edge density reached a constant level using He gas puff with the
strong ITB.
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Paper IAEA-CN-69/EX6/6 (presented by S.L. Allen)

DISCUSSION

A. GROSMAN: Am I correct in my understanding that the D2 flow is directed towards
the plate for the outer leg and outwards for the inner leg? Is this related to the direction of the
ExB drift?

S.L. ALLEN: The UEDGE results for an attached plasma show that the main ion flow
(deuteron) is - primarily - towards the divertor plate at both the inner and outer strike points.
The results also show that the flow patterns are complex and 2-D measurements are required
for careful comparison of the physics in the model.

G. MATTHEWS: In the example given of a PDD discharge with good confinement,
were the ELMs type I or III? Is there any evidence that in this regime the ELM heat pulses
are dissipated before they reach the target?

S.L. ALLEN: The PDD discharge shown is a normal type I ELMing H-mode
discharge. Some of the ELM heat pulse does reach the target and the profile is broadened. In
"puff and pump" discharges with argon, preliminary analysis indicates a reduction in the
ELM heat pulse (see paper IAEA-CN-69/EXP4/03 by M.R. Wade et al.).

P. GHENDRIH: You have demonstrated that carbon is the major radiating species in
the low field divertor leg, and also that there is no net erosion or deposition of carbon on the
downstream target plates. Where does the radiating carbon come from?

S.L. ALLEN: We have not measured net erosion at the outer strike point in PDD
discharges - note, however, that uniform erosion and redeposition can result in no net erosion
but a carbon source. Our next set of experiments will address the erosion/redeposition at the
inner strike point with the DiMES probe. We will also complete a set of helium plasma
experiments. Preliminary (L-mode) results show a 50 times reduction in the carbon emission,
which would suggest that chemical sputtering is important.
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Abstract

The scaling of both the L-H threshold and confinement with the mass M of the hydrogenic isotopes is
discussed. The confinement in the core and edge are found to scale differently with M and a two region model is
developed to represent the physical behaviour of each region. Identity pulses with the same profiles of the
dimensionless physics parameters p*, v* and (3 are obtained with different isotopes, H and D; this result suggests
that there is no explicit mass dependence of the transport in either the core or edge regions.

I. INTRODUCTION

A series of steady state ELMy H-mode plasmas with differing hydrogenic isotopes D, D-T and
almost pure T were completed during the main JET D-T campaign; these were then supplemented with a
series of ELMy H-mode hydrogen pulses. The range of currents, fields and powers of these pulses are
listed in Table I and their general properties have been described previously [1,2]. In the present paper
the scaling of the L-H transition and the confinement with respect to the dimensionless physics variables

p*f=p ; / a ) , v*(o<:na/T^J and P °c—— are examined in greater detail, in an attempt to obtain a

better understanding of the underlying physics.

TABLE I

Parameter

R(M)

a(M)

K/5

B(T)

I (MA)

P(MW)

<n> (1019nr3)

Value

2.88

0.93

1.7/0.2- 0.3

1 - 4

1 - 4.5

4 - 2 5

1.8- 8

2 . 7 - 3.4

The paper is organised in the following manner. In section II, the scaling of the edge dimensionless
physics parameters at the L-H transition is determined. In section III, the scaling of the energy confine-
ment in the steady state ELMy H-mode phase is discussed. The most significant point is the different
scaling of transport in the core and edge plasmas, where it is found that the core confinement degrades
with isotope mass in contrast to the edge whose confinement improves strongly with mass. This behav-
iour is in line with present theoretical expectations of gyro-Bohm transport in the core and the edge
transport being dominated by MHD events such as the ELMs.

see Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by MX. Watkins)
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Fig. 1. Radial profiles of the electron temperature F^S- 2. The electron temperature at the transition
from the heterodyne radiometer at a series of times versus the flt °-08 Bz/W^\ The symbols are
through the L-H transition. For this particular pulse H=Hydwgen, D=Deuterium and T=Tritium.
the location of the pedestal is taken at R= 3.8m.

In section IV we examine whether identity pulses can be obtained having the same dimensionless
physics parameters (p*, v*, P etc.) with different isotopes. Initial indications are that this is indeed a
possibility provided strong gas puffing is used to control the ELM behaviour in the heavier isotope
pulses.

II. THE SCALING OF THE EDGE PARAMETER AT THE L-H THRESHOLD

The scaling of the power threshold Pthr with the effective isotope mass M has been discussed
previously by Righietal.[l]. In that paper it was shown that Pthr x 1/M. In the present paper the scaling
of the edge parameters with isotope mass is examined in greater detail in an attempt to identify which
physics parameters control the transition.

The only edge profile measurement routinely available on JET is the electron temperature which is
measured using a high resolution 48 channel radiometer [4]. A set of radial profiles from this instrument
at different times is shown in Fig. 1. In the analysis which follows, the temperature at which the transi-
tion takes place is taken at the position of the knee in the fully developed pedestal R=Rped. Unfortunately
at the present time there is no measurement of the density profile in this region, however a vertical line
integral measurement from the FIR interferometer is available at the position R=3.75 which is close to
the knee in the temperature profile (see Fig. 1). This particular line integral is used throughout the paper
as being representative of the edge density, npe(j.

A database has been assembled, containing the edge pedestal values from some 23 pulses in which
the toroidal field ranges from 1.8 to 3.8T with the isotope mass ranging from 1 to 2.9 (hydrogen to almost
pure tritium). The best fit to the temperature at the pedestal in terms of the variables B (toroidal field T),
nped (line average density at R = 3.75m) and isotope mass M has the form:

n rt7 R 2 - 2 6 n"0-23 iu-°-6
U.07B np e d M (1)

The strong dependence on B and weak n dependence have been seen previously in JET deuterium
data [5], the new element in Eq. (1) is the inverse mass dependence.

The free fit Eq. (1) is compared in Table II with three physically constrained fits.
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TABLE II. SCALING OF THE ELECTRON TEMPERATURE AT THE L-H TRANSITION. THE
UNITS ARE TEPED (KEV), nPED (1019 M"3), B (T).

Type of fit

Free

p * o c M a

|3~M«

Tepedfit

0.07 n~°J3 B2-26 M " a 6

0.08 B2 M"0-54

n

RMSE (%)

18

18

32

In the second fit, of Table II, it is assumed that the transition occurs at a critical value ofp* which
is isotope dependent. For the third fit which is similar to the form proposed by Pogutse [6], it is assumed
that the transition occurs at a critical value of P which is isotope dependent. The results in Table III
should only be regarded as indicative; and not conclusive, since the data set is very small at the present
time. The best of the physics fits (p* « M*) is shown in Fig. 2.

III. THE SCALING OF CONFINEMENT WITH ISOTOPE MASS

The general properties of the JET steady state ELMy H-mode isotope data set are described in
Cordey et al.[2]. The energy confinement time fits the scaling expression TITERH-EPS97(Y>

 u s e d to pre-
dict the confinement in ITER, fairly well. This scaling expression [7] has the form:

= 0.02910 9 0 B 0 2 0 P"0-66 n a 4 0 R 2 0 3 e 0 1 9 K0 9 2 M 0 2
(2)

where the variables (units) arexth(s) energy confinement time, I (MA) current, B(T) toroidal field, P(MW)
loss power, n (x 1019 m'3) density, R(m) major radius, e inverse aspect ratio a/R, K elongation and M the
effective mass. Although Eq. (2) has a close to gyro-Bohm form as far as the P, I, n and R scaling are
concerned, its mass dependence should be%E <* M ' 0 2 for a gyro-Bohm scaling rather than a positive
scaling with mass.

To understand the origin of the Tg dependence on mass, we separate the stored energy into two
components, the core and the pedestal. These two regions are shown schematically in Fig. 3. To calculate
the stored energy in the pedestal the ECE and FIR interferometer measurements are used as described in
the previous section along with assumption that Tj = Te in this region. The pedestal energy is then
defined as Wped = 3 nped Te pe(j V, where V is the plasma volume, Te ped is the time averaged electron
temperature at the knee of the profile (see Fig. 1) in the steady state ELMy phase, and n^d is the
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Fig. 3. A schematic representation of the stored
energy density versus radius, the shaded region is
the stored energy in the pedestal and the unshaded
region is the stored energy in the core.

0.54 I (MTped/2)° 5

Fig. 4. Scaling of the stored energy in the pedestal
(MJ) versus the fit 0.541 (MTpe/2f\ The symbols
are H= Hydrogen, D=Deuterium, D-T= 50:50 D-T
mixture and T= Tritium.
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line average density at R = 3.75m. The core energy is then calculated by subtracting the pedestal energy
from the total stored energy.

The scaling ofthe pedestal energy Wped can be obtained from a free fit to the variables I, M, Je&
the free fit can then be constrained to a variety of physical models. The fits and their RMSE are given in
Table III. The second fit in Table III is equivalent to the ballooning limit with the gradient width A
proportional to the thermal ion Larmor radius. The third fit has A proportional to the fast ion Larmor
radius, and the fourth fit has A proportional to the major radius. The main point to emerge from Table III
is the fairly strong and positive mass dependence of all of the forms which have a good fit to the data.
The best physics fit, the second in Table III, is shown in Fig. 4.

TABLE III. SCALING OF THE PEDESTAL ENERGY. THE UNITS ARE WPED (MJ), I (MA) TPED

(KEV) RESPECTIVELY.

Type of fit

Free fit

Ballooning limit

A - p i t h

Ballooning limit

A ~ Pifast

Ballooning limit
A ~ R

Wped

n A T0-81 ^ T 0 - 7 40.61 ^ y J Tped

0.5412

0.1412

L 2 P \

0.2312

RMSE( %)

16

18

27

41

For the scaling of the core plasma, the confinement time xcore = (Wth - Wped)/P is compared with
a pure gyro-Bohm scaling form:

'''core ~

I0.8n0.6R2.2K0.5

N0.2
p u . o •*•••*•

(4)

This expression gives a good fit to the complete dataset, as can be seen from Fig. 5.

From Eq. (4) and the second expression in Table III, an expression can be derived for the global^

x E 0 N =0.0185
I°V-6R2-2Ka5

(5)

where the first term is the core confinement term and the second term the edge confinement, the units are
as in Eq. (2). The constants in front of the two terms are obtained by fitting to the complete JET dataset.
The above form is of the offset nonlinear type and has some similarity with the form derived by Takizuka[8].
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Fig. 5. Core confinement time versus the pure gyro-Bohm fit form
Eq. (4). The symbols are the same as for Fig. 4.

Eq. (5) can be used to predict the performance of ITER. For the basic FDR design parameters,
I = 21MA,B = 5.7T,n =x 11#°,P= 1 8 0 M W , K = 1.73,R = 8.14m,a = 2.8m,Eq. (5) predicts a confine-
ment time of 4.8 sees. The equivalent prediction from the simple power law form Eq. (2) is 5.8 sees. The
reason for the lower prediction is due to the fact that the contribution from the pedestal becomes very
small in ITER.

One other interesting feature of Eq. (5) is its dimensionless physics form, which can be expressed
in terms of the average <p*> and normalised(3n as:

cTE°=<p*> Il + C<p* >, (6)

where the first term is the gyro-Bohm core transport term and the second term is from the pedestal. From
Eq. (6) we can see that for fixed p* the confinement time degrades with pn. This degradation of Tg with
Pn has always been a feature of the simple power law forms [9] and we now see that the origin of this
degradation is from the pedestal.

IV. IDENTITY PULSES WITH DIFFERENT ISOTOPES

If the plasma confinement is not explicitly dependent on the isotope mass as suggested by Eq. (6),
then it should be possible to create pulses with the same radial profiles of p*5 v* and P for the different
isotopes. To match the p* and P in the edge region it was found that strong gas puffing was needed for
the high mass isotope pulses. The strong gas puffing increasing the ELM frequency and reducing the P
of the pedestal. The best match obtained so far was a Hydrogen pulse at 1.7T matched to a strongly gas
puffed Deuterium pulse at 2.6T. The main parameters of the two pulses are given in table IV, where it can
be seen that the dimensionless confinement times BT-E/M are reasonably well matched and the
dimensionless ELM frequencies are close also. The profiles of p*, p and v* are also well matched as can
be seen from Fig. 6, as are the dimensionless thermal conductivities Fig. 7.
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Note if one compares the hydrogen pulse with a non gas-puffed Deuterium pulse having the same
average p*, normalised (3 and average collisionality, the dimensionless confinement times would differ
by a factor of 2 and the dimensionless ELM frequencies by a factor of 10. This is because the profiles of
p and p* are not propertly matched, with both p and p* being larger in the edge region for the Deuterium
pulse.

TABLE IV

#

43403
43153

Isotope

H
D

B(T)

1.69
2.58

<p*>

0.45
0.46

pn

1.43
1.31

<v*>

11
13

Bxe

M
0.44
0.47

Mfeta
B
24
35

Thus it appears that identity pulses can be obtained with different isotopes provided the profiles of
p*, p and v* are matched throughout the radius. This result suggests that there is no need for any explicit
mass dependence in the scaling of the transport in either the core or edge regions.

3.2 3.4 3.6

R(m)

Fig. 6a. Radial profile of(5 versus major radius for the H (solid) andD (dashed) pulses, b. Radial profile
ofp* versus major radius for the H (solid) andD (dashed) pulses, c. Radial profile ofv* versus major
radius for the H (solid) and D (dashed) pulses.



479 EX7/1

/g. 7. 77ze normalised effective conductivity M%/B versus the radial variable 'r/a'.
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EXPERIMENTAL INVESTIGATION OF ITG-LIKE TURBULENCE CHARACTERISTICS IN T-
10 TOKAMAK CORE PLASMA WITH TOROIDAL AND POLOIDAL CORRELATION
REFLECTOMETRY

VERSHKOV V.A., SOLDATOV S.V., SHELUKHIN D.A., CHISTIAKOV V.V. XA0053899
Russian Research Center «Kurchatov Institute)) 123182 Moscow, Russia.

Abstract

The physical mechanisms of small-scale density fluctuations in the frequency range 5 - 500 kHz have
been investigated with correlation reflectometry in different types of ohmicaly heated discharges. A temporal
formation of velocity shear in the central region of plasma column during the discharge transition from Saturated
to Improved Ohmic Confinement results in suppression of long wavelength quasi-coherent turbulence, while the
amplitude of fluctuations with shorter wavelength is not affected. The potential of correlation reflectometry was
extended by simultaneous plasma probing from Low Field Side and High Field Side. A factor of 5 enhancement
of quasi-coherent turbulence at Low Field Side was measured, while the other turbulence type is poloidally
symmetrical. Nearly 100 % long distance toroidal correlation was observed for quasi-coherent density
fluctuations at a distance of 10 meter after one turn around tokamak major axis. Fluctuations propagate at an
angle of about 0.5 ° with respect to the perpendicular to the magnetic field line, proving a drift mechanism of
turbulence. A plasma rotation was estimated from the radial force balance equation for ions with the radial
electric field, measured with heavy ion beam probe diagnostic. A comparison of the calculated plasma rotation
with measured turbulence one show that the turbulence either rotates in ion diamagnetic drift direction in a
plasma frame. All experimental observations are consistent with Toroidal and Slab ITG turbulence physical
mechanism.

1. INTRODUCTION

A spectacular progress in investigations of the anomalous turbulent transport in tokamaks
have been made during last years. For the first time it was established unambiguously direct relation
between plasma anomalous transport and amplitude of small scale turbulence [1]. It was shown that a
velocity shear is able to reduce a turbulence amplitude or even to suppress it at all. The turbulence
suppression can be described theoretically [2] with the combination of Ion Temperature Gradient ITG
[3] and Trapped Electron Mode TEM [4] instabilities. It was found in TFTR experiments with Beam
Emission Spectroscopy ( BES) [5] that core turbulence is «unimodal» and rotates in ion diamagnetic
drift direction in a plasma frame. Nevertheless the investigation of small-scale turbulence structure, its
physical mechanism and comparison with theoretical predictions under different discharge conditions
are still important topics of tokamak experiment. They were the main motivation of T-10 turbulence
investigations [6-10], new results are presented in this paper.

The behavior of core density fluctuations have been investigated during the discharge
transition from Saturated to Improved Ohmic Confinement (SOC to IOC) [11]. The potential of
correlation reflectometry was significantly enhanced by means of simultaneous plasma probing from
Low Field Side (LFS) and High Field Side (HFS) which gave the opportunity to observe a poloidal
asymmetry and long distance toroidal correlations of density fluctuations. The turbulence rotation in a
plasma frame was obtained by the comparison of measured turbulence velocity with the plasma
rotation calculated from an ion radial force balance equation. The experimental data are compared
with theoretical predictions for Toroidal [12] and Slab [3] ITG turbulence.

2. EXPERIMENTAL SETUP

Density fluctuations in frequency range 5 - 5 0 0 kHz have been investigated with the T-10
heterodyne correlation reflectometry [13] mainly in ohmicaly heated discharges. The reflection of O-
mode was used in the frequency range 36—78 GHz. The upgraded antenna system is located on the
top port of tokamak and consisted of two antenna arrays aligned to the center of the plasma column.
The first one is set at an angle of 29° with vertical direction towards LFS. The second one is set at an
angle of 26° with vertical direction towards HFS. It was possible to probe the plasma simultaneously
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from both the HFS and the LFS in order to measure the poloidal asymmetry of the turbulence. The
special precautions were taken to reduce possible parasitic coherency between the different reflected
signals. The frequency fluctuations of a reference Intermediate Frequency (EF) was recorded together
with the amplitude fluctuations of reflected waves. The experimentally observed low level of
parasitic coherency between the amplitude fluctuations of different reflected waves gave opportunity
to reduce the lowest significant value of coherency to a few percent. A slow phase variation of the
reflected wave was also recorded to monitor the relative variation of a distance to cutoff layer.

3. TURBULENCE BEHAVIOR DURING DISCHARGE TRANSITION FROM SOC TO IOC
MODE.

The core turbulence behavior of high density plasma during transition from SOC to IOC [11]
regime after gas puff cutoff [14] was observed for the first time by means of O-mode correlation

reflectometry with a frequency band from 53 to 78 GHz. The plasma current Ip was 200 kA, toroidal
19 -3

magnetic field BT =2.5 T and density 1^=4.2x10 m .A process of strong density peaking after gas
cutoff have a form of the wave of strong gradient travelling from periphery to the center with
characteristic time 150 ms. The turbulence behavior during the transition at three radial positions of
reflected layer are shown in Fig. 1. The level of «broad band» turbulence steadily decreases after gas
cutoff while level of «quasi-coherent» fluctuations starts to increase in accordance with previous
observation at the edge [9]. The amplitude of «broad band» reaches the minimum and then rises again.
The time delay of the minimum with respect to gas puff cutoff increases as the reflection radius
decreases as shown by the oblique dashed line in Fig. 1 b-d. The process looks like a wave of
turbulence suppression traveling from plasma periphery to the center. The turbulence suppression may
be explained by experimentally observed velocity shear of turbulence which is shown in Fig. 2. The
turbulence velocities were obtained by means of time delay measurements between fluctuations
observed at two poloidally separated points. The incident wave is launched from the middle horn of
LFS antenna array and is received by the two side antennas. A time delay of the velocity increase in
the center can be seen in Fig. 2 which implies the existence of the temporal velocity shear region
between outer and inner discharge layers. The computer simulation of density profile evolution
showed the necessity to use the transport barrier in calculations. New phenomenon of «quasi-

coherent» fluctuations suppression in a core plasma is clearly seen in Fig. lc at t3=465 ms. A time
evolution of the amplitude and poloidal coherency spectra for the signal in Fig. 1 c are shown at the
bottom for the four times indicated by the arrows. One can see that the amplitude and coherency

maximums of the «quasi-coherent» fluctuations at 120 kHz are present at %2 an^ X4 but are absent at
%2- At the same time the fluctuations with the frequency of 220 kHz are not affected. The residual new
type of «quasi-coherent» fluctuations at 220 kHz have ^x=0.9 cm and kxXpi=l. This mode is present
before and also later together with usual «quasi-coherent» fluctuations with frequency 120 kHz,
ĵ_=1.8 cm and kj_xpi=0.5. Thus one can see that velocity shear value may be enough to suppress a

longer wavelength turbulence but can't stabilize shorter waves. This fact shows the presence of two
different turbulence types. Despite of the fact that turbulence amplitude practically returns to the
initial value before the gas cutoff the simulations of density behavior show more then a factor of three
reduction of a diffusion coefficient. This let us to suppose that a plasma transport is not determined
only by the amplitude but also by the phase relation between the density and radial velocity
fluctuations.

4. POLOIDAL ASYMMETRY MEASUREMENTS

Poloidal asymmetry measurements can be realized by comparison of reflected-wave phase
fluctuations received by the LFS and HFS antennas. Such comparison of the amplitude spectra of
frequency fluctuations is shown in Fig. 3 for two ohmic T-10 discharges. In the case of Fig. 3a the
LFS amplitude is higher and differs qualitatively from the HFS spectrum. In particular, two maxima
are clearly seen in the spectrum of the LFS signal which are several times lower in the HFS spectrum.
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FIG. I. Time evolution of turbulence amplitudes at three radial cutoff positions during SOC to IOC
transition, a) average density; b), c), d) amplitudes of «broad band»-dashed line and «quasi-
coherent»-solid line for three reflection cutoff positions. At the bottom-the amplitude and coherency
spectra for the four times, marked in Fig. lc.
FIG. 2 The fluctuations velocities at three reflection radius during SOC to IOC transition. (squares-
r~12 cm; circles- r~10 cm; stars- r~ 8 cm).
FIG. 3. The amplitude Fourier spectra of the turbulence at LFS - solid line and HFS - dashed line for
two discharge conditions, a) - case of high asymmetry; b) - symmetrical case.

In contrast, both spectra practically coincide in the discharge shown in Fig. 3b.A variety of asymmetry
measurements gives ground to conclude that two different types of the turbulence may be responsible
for observed difference in the poloidal asymmetry. The first turbulence type is present in spectrum as
two narrow maxima in Fig 3 a and has been previously observed at the LFS as «quasi-coherent» bursts
of monochromatic oscillations [7]. It is highly asymmetrical poloidally and usually has two peaks in
the amplitude Fourier spectrum. The second type can be seen in Fig 3b which have a smooth
maximum at 160 kHz and is poloidally symmetrical. It is obvious that both spectra in Fig 3 a may be
explained as a mixture of both kinds of turbulence. The experimental data also let us to conclude that
a «broad band» increase at the LFS in Fig 3a is in some way associated with the appearance of «quasi-
coherent» bursts. This may be either due to an intrinsic nonlinear transformation of energy in the
turbulence spectrum or due to a specific reflectometry broadening of the spectrum. One of the
possible explanation is the simultaneously existence of symmetrical so called «slab» ITG [3] driven
by the gradients of temperature and density and highly asymmetrical «toroidal» ITG driven by the
curvature effects [12]. Additional insight into relation of both turbulence types may give the variation
of turbulence amplitude at LFS and HFS during sawtooth crashes and ECR heating. It was found that
high poloidal turbulence asymmetry before the crash usually becomes symmetrical after the crash. It
may be connected with the increase of gradients after the crash which is the driving term of
symmetrical Slab ITG turbulence. The turbulence amplitude also becomes symmetrical in ECR heated
discharges.
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5. LONG DISTANCE TOROIDAL CORRELATION MEASUREMENTS

Due to the fact that the magnetic field in tokamak is the sum of toroidal and poloidal fields the
lines of total magnetic field are helical. The helical field line coiling round the torus forms the
magnetic surface. In tokamak the surfaces of equal density coincide with the magnetic ones. As our
reflectometer operates in the ordinary mode the reflection points at any poloidal launch angles
automatically remain at the same magnetic surface. The helical transform is characterized by the
safety factor q,

q=(Btor»r)/(Bpol»R)

where Btor and Bpoi are the toroidal and poloidal magnetic fields, respectively, and r and R are minor
and major tokamak radii. The poloidal angle after one turn of magnetic field line around tokamak
major axis equals 360°/q. As the plasma freely moves along the field lines the density perturbations
may be correlated at long distance. So the mapping of magnetic field lines is possible with several
antennas placed at different poloidal and toroidal locations by means of the correlation technique.
Such long distance toroidal correlations were proposed for the measurement of the q value [15]. In the
case of T-10 the reflection spots of LFS and HFS side antennas can be connected along the magnetic
field line at a safety factor q=0.87 or 1.16 after one turn around axis of the torus, and at q=1.74 or
2.32 after two turns. Two values of resonant q can be understood by the fact that from each antenna
there are always two ways to reach the other antenna: clockwise and counterclockwise. An example
of such long distance toroidal correlations between frequency fluctuations of the waves reflected from
LFS and HFS is shown in Fig. 4. Figures 4a-c present amplitude spectra, cross-phase and coherency
between LFS and HFS channels respectively. There is an obvious maximum in the coherency
spectrum at frequency 120 kHz. The slope of the cross-phase at this frequency corresponds to the time
delay of 13 \is. The frequency of the maximum exactly coincides with the maximum in the amplitude
spectrum of the LFS antenna. Figures 4d-f present cross-correlation functions for both channels which
were taken for three close probing radii and filtered in the frequency range 100 - 140 kHz where
quasi-coherent fluctuations are observed. About 30 cross-correlation functions with a time realization
of 256 p,s were averaged to decreased the noise level. It is clearly seen that the highest correlation
value 0.4 corresponds to a zero time delay, which occurred at the minimal radius. As the reflection
radius increases slightly due to a density rise the maximal value of cross-correlation decreases and
time delay of its maximum increases. The curves of Fig 4e corresponds to the curve of Fig 4b. It can
be seen that the time delay determined from the slope of the cross-phase and the shift of the maximum
of the cross-correlation function both give the same value. As seen from Fig. 4a both coherent and
incoherent fluctuations are present in the frequency range 100-140 kHz and the resulting value of
cross-correlation is determined not only by the correlation properties of a quasi-coherent oscillations
themselves but also by their relative representation in spectra of both signals. Nevertheless the main
physical issue is the value of toroidal correlation for the coherent component alone. A computer
simulation to decompose both signals to coherent and incoherent components was performed. It was
supposed in simulations that cross-correlation of coherent component is equal to 1 and its
representation in both signals were taken as in the experiment. It was found that under this conditions
the value of maximum of cross-correlation function equals to 0.4. Thus one can conclude that the
experimental value 0.4 is consistent with cross-correlation near 1 for quasi-coherent turbulence .The
sign of the time delay proves unambiguously that this resonance correspond to q=0.87 although it is
observed near the q=l surface as it follows from the behavior of the phase of the reflected wave
between sawtooth crashes. Thus it is possible to conclude that this wave propagates at an angle of
about 0.5° with respect to a direction perpendicular to the total magnetic field as it is expected for drift
waves. This is indication of a drift origin of these waves.

A special investigation of the long distance toroidal correlations was carried out. The plasma
current was 200 kA and Br=2.36 T. The reflection layer was varied by a slow 15 % density ramp
down in a stationary phase of a series of successive discharges in the range of average densities from

1.5 to 2.5x10 m . Three probing frequencies 56, 48 and 40.8 were used to cover the range of
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4. Z,o«g distance toroidal correlations between LFS and HFS antennas, a) - amplitude Fourier
spectra of two frequency discriminators, solid line - HFS, dashed line - LFS; b)-cross-phase
spectrum; c)- coherency spectrum; d) - f) -three cross-correlation functions for successively
increasing reflected radii.
Fig. 5. Radial locations of the long distance toroidal correlations a) q ( r ) profile. The four
horizontal lines - resonant q values. Triangle - q=l position, circle - q=2 position; b) - radial
locations of the bursts of the long distance toroidal correlations between the LFS and HFS

reflected layer radii from 6 to 24 cm. The reflection radial positions were found from the density
profile obtained with 8 channel interferometer with A.=0.7 mm. Figures 5a and b present a safety
factor q and experimentally observed long distance toroidal correlation maxima respectively plotted
versus minor radius. The radial position of q=l was found from SXR pin-hole chamber data as shown
in Fig. 6 while q=2 radius was found directly from reflectometry measurements of m=2 island
position [16] as shown in Fig. 7. Figure 7a shows the amplitude of the reflected wave phase
oscillations caused by large scale MHD instability with m=2, n=l versus minor radius. Figure 7b
presents the calculated phase modulation of the reflected wave in ID full wave approximation. An
island-like density perturbation shown in Fig. 7c with the width 1.8 cm around q=2 position at r=20.6
cm was used in calculations. There are two maxima both in experimental data and in the model. It is
typical result in the case of an island structure of density perturbation. Thus the position of q=2 can be
found directly from reflectometry with high accuracy. Relative radial position of nearby toroidal
correlation maxima with respect to q=2 position can be obtained with high precision with the help of
the measurements of a slow variation of reflected wave phase. Unfortunately our investigations of
m=l oscillations with SXR pin-hole chamber show the presence of the kink perturbation but m=l
island was not observed. The absence of the island introduces the uncertainty in the determination of
q=l position. Figures 6 a, b show the radial dependencies of reflected wave phase jump in sawteeth
crush (a) and m=l amplitude (b). The amplitude of m=l intensity fluctuations measured with SXR
pin-hole chamber presented in Fig. 6c. And abelized and chord intensity jumps in sawteeth crash are
shown in Fig. 6d and e respectively. It is clearly seen that the radial correspondence between
reflectometry data and SXR one may be established very well from m=l amplitude and jumps in
sawteeth crashes radial dependences. It is shown by two vertical dashed lines in Fig.6. It is possible to
relate m=l position either with the inversion radius of abelized SXR intensity ( r=9.6 cm in Fig.6d ) or
with m=l appearance at r=8.5 cm in Fig.6b. The latter variant was chosen to plot q(r ) dependence in
Fig. 5a. A smooth curve passing through q=l, 2 and q(a)=3.54 was plotted. The radial positions,
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FIG. 6. Characteristics of sawtooth instability, measured with reflectometry and SXR pin-hole
chamber, a)- The phase jump of reflected wave in sawteeth crash. Triangles - experiment; curve -
simulation. The waveforms of the reflection phase are shown for three radii in circles, b) - m=I
amplitude from reflectometry; c) - m=I amplitude from SXR; d) - obelized radial SXR intensity jump
in sawteeth; e) - non-abelized SXR jump.
Fig. 7. Reflectometry measurements of the m—2 island radial position and width, a) - radial
dependence of the experimental amplitude of the m=2 phase fluctuation; b) - the same as a)
calculated with ID full-wave code, c) - relative density perturbation, used in the model. Solid vertical
line - q=2 radial position. Two vertical dashed lines show the island width.
Fig. 8. Comparison of the experimental turbulence rotation with calculated plasma one. Turbulence
rotation: triangles - ne=1.05xl019m3; circles - ne=I.3xl019m3; crosses - ne=I.6xl0I9m'3; stars -
ne=I.9xI0J9m~3. Top solid curve - [ExB]/B? term; middle solid curve - resulting plasma rotation.
Square - rotation ofMHD oscillations with m=2.

amplitudes and the radial shape of the toroidal correlation maxima were taken from the experimental
values of coherency between amplitude fluctuation of the waves reflected at LFS and HFS. The
fluctuations were filtered in frequency range from 100 to 200 kHz. Four resonant values of 0.87, 1.16,
1.74 and 2.32 are shown by horizontal dashed lines in Fig. 5a, while q=l and 2 are shown by the
triangle and the circle respectively. One can see rather complicated pattern. Some maxima are near to
resonant positions but still a number of them are at a distance Aq«0.2 from them. The deviation of
correlation maxima from resonant position confirms oblique fluctuation propagation as was deduced
from results presented in Fig. 4. The additional work to identify all the maxima are now in progress.

6. EVALUATION OF TURBULENCE ROTATION IN PLASMA FRAME

The direction and value of turbulence rotation in plasma frame are important parameters which
may permit to identify the physical mechanisms of the turbulence. It can be found by comparison of
fluctuation rotation with plasma one. A plasma rotation was estimated from a radial force balance
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equation for ions using radial electric field measured with Heavy Ion Beam Probe diagnostic (HIBP)
[17]. A perpendicular to magnetic field lines velocity was calculated according to the equation:

V l = [VxB]/|B|=( - VPiAeZini) +Ej.)/B

nj, eZj and Pj are the ion density , charge and pressure, respectively; Ej. is the radial electric field. A

comparison of calculated plasma rotation perpendicular to the magnetic field with measured

turbulence one is presented in Fig. 8. The plasma current was 140 kA, BT =1.5 T and rie from 1.2 to
19 -3

2x10 m . The positive value of velocity corresponds to the rotation in electron diamagnetic drift
direction. The lowest dashed curve is plotted as a spline of the experimental turbulence velocity
obtained with different probing frequencies in discharges with different average densities. It is
obvious that turbulence rotation doesn't depend on density. The upper horizontal curve shows Ej./B

2 -1
term calculated with the value of radial electric field 10 V cm measured with HIBP [18]. The ion
pressure term was calculated from ID code [19] with neoclassical ion heat conductivity. The electron
temperature was measured with SXR Pulse Height Analyzer technique and maximal ion temperature
estimated from the intensity of neutron flux. The resulting plasma rotation is shown by the middle
curve. The square is m=2 island rotation. It is seen that the turbulence velocity is less then that of the
plasma in about 1x10 cm s . It means that the turbulence rotates in ion diamagnetic drift direction

in plasma frame and thus may have ion origin. Taken this velocity in plasma frame and the angle of

propagation of 0.5 one can calculate the wave phase velocity along the magnetic field line V u =

1.1x10 cm s . The frequency of quasi-coherent turbulence is 135 kHz and rotation velocity

Vjj=3.5xlO cm s which give A,j_=2.6 cm, kxxpi=0.3 and the longitudinal wavelength X n ~3 m. The
velocity along the magnetic field line is near to the ion thermal velocity VTi=0.9xl0 cm s as should
be for ITG mode. It is important to note that m=2 rotation also exceeds turbulence rotation and just
coincides with plasma one. The same difference between the turbulence and m=2 rotation have been
observed in a number of different discharges. The accuracy of these measurements enough high due to
the fact that both measurements were obtained with the same reflectometry data. It may means that
m=2 island is «frozen» into plasma and rotates together with it, but the turbulence rotates in ion
diamagnetic direction with respect to plasma. It must be mentioned that the comparison of the
turbulence and plasma rotation was carried out up to now only in one tokamak regime and involves
rather complicated measurements of plasma potential and ion temperature gradient. It brings
significant error in resulting plasma velocity. Taken this into account it is possible to conclude only
that the turbulence either rotates in ion diamagnetic drift direction or at least is at rest in a plasma
frame. But the additional facts of oblique wave propagation and difference between turbulence and
MHD rotation enable us to conclude that turbulence rotates with respect to the plasma in ion
diamagnetic drift direction.

7. CONCLUSIONS

The experimental data showed the presence of two turbulence types in the frequency range of
the drift waves in ohmic tokamak discharges. Both turbulences propagate at an angle of about 0.5°
with respect to a direction perpendicular to the total magnetic field line as is expected for the drift
waves. They have longitudinal correlation lengths more then 10 m and rotates in ion diamagnetic drift
direction in plasma frame. The first one, referred to as «quasi-coherent» fluctuations [7], is highly
asymmetrical poloidally and has typically A,x=2-*-3 cm and kj_xpi=0.5-*-0.3. The second is poloidally
symmetrical and has A.x=l-*-1.7 cm and kxXpi=l-s-0.5. All experimental observations are consistent
with the Toroidal and Slab ITG physical mechanism of turbulence.
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Paper IAEA-CN-69/EX7/1 (presented by J.G. Cordey)

DISCUSSION

T.C. LUCE: You cannot simultaneously match p*;, p*e, and T/Tj when the ion mass
changes. Are you implicitly assuming that the electron p scaling is Bohm-like?

J.G. CORDEY: Yes, I am assuming that p*e is an unimportant parameter in the
transport. This would certainly be the case if the turbulence scale length is proportional to the
ion Larmor radius.

R.J. GOLDSTON: If your model of core and pedestal is extrapolated from JET up to
ITER, it has a modest effect on XE - but this may not be so bad, since the profile will be more
peaked. It seems to me that, if it is extrapolated down from JET to JFT-2M or Compass,
almost all of the stored energy would be in the pedestal. In fact, relative pedestal stored
energy is more or less constant in our experience for fixed ELM behaviour. This is
presumably why TE,H/TE,L ^ 2 for almost all machines, no matter how small or large.

J.G. CORDEY: I have not yet checked the expression against the full multimachine
database. Following this check there may well be a need for some refinement of the
expression for the scaling of the pedestal. In this paper, I am merely trying to establish the
principle that the scaling of the pedestal and the core will be very different. From
equation (6) of the paper, one can see that the pedestal term is proportional to p*2/B2 and, as
you say, one would expect the pedestal to become larger in small devices at high p*.
However, this is partially offset by the fact that the smaller devices tend to operate at
higher B.

F. WAGNER: If it can be generalized that the global ion mass scaling of XE is
determined by the Bohm-like edge in H-modes, whereas the core is gyroBohm with slightly
reversed A; scaling, then the local A; scaling could be used as a tracer for Bohm versus
gyroBohm. Maybe the H-mode analyses where a positive Aj scaling was also found for the
core will have to be revisited. On the other hand, there are clear confinement modes with
positive Ai scaling in the core. Therefore the question arises as to why the H-mode core can
be gyroBohm. Do you think that it could be the reduced core gradients (thanks to the edge
pedestal), specifically those of the density profile, which make the H-mode core gyroBohm?
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J.G. CORDEY: Yes, I believe you are correct. The main difference between the
ELMy H-modes on JET and the supershots in TFTR is the strongly peaked temperature,
density and rotational profile. These together result in a strong gradient in the ExB flow term
which is mass dependent. The higher mass isotope flows affect the turbulence more strongly.
As a consequence, the simple weakly negative mass dependence of gyroBohm transport is
modified into having a positive mass dependence.
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Papers IAEA-CN-69/EXP2/03 and 02 (rapporteured by F. Ryter)

DISCUSSION

R. AMROLLAHI: You state that the global result BTXE - constant. Do you have any
idea what that constant is or might be?

F. RYTER: In saying BTTE - constant, we mean that BTTE takes the same value for a
pair of shots matched in two devices. BTTE depends on the transport model. We have not
assumed any transport model here; we simply assume that the transport mechanism is the
same in both devices, which leads to BTTE being the same when all the dimensionless
parameters as well as geometry are matched.

C.S. CHANG: Definition of v* near the last closed flux surface is not a simple matter
since it includes the connection length which goes to infinity. In your comparative study
between JET and AUG, how did you define v*? I believe it means you will suffer from a
large error bar in the definition of v*. Thus, your conclusion that L-H transition is insensitive
to v* may not be conclusive at all.

F. RYTER: We are aware of the difficulties in calculating v* at the edge. We took the
data on the 95% poloidal flux surface where we think that the geometry is still well
determined by our equilibrium. In addition, the results shown here are obtained for the same
geometry and so, even if the absolute value of v* has a large error bar, the relative variation
of v* from shot to shot has a much smaller error. Our conclusion is motivated by the variation
of v* and not by the absolute value.
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Paper IAEA-CN-69/EX7/3 (presented by G. Kuang)

There was no discussion.
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Paper IAEA-CN-69/EX7/4 (presented by N.J. Lopes Cardozo)

DISCUSSION

K. IDA: Have you tried the heat pulse propagation experiment with ECH modulation
to check your heat transport model? Did you observe the slow-down of heat pulse
propagation at the transport barrier, which you predict from the steady-state Te profile?

N.J. LOPES CARDOZO: We observed the strongest barriers - between
q = 1 and 1.5- with modulated ECH in various conditions, including ohmic (with only low
power ECH to induce heat pulses) [G.M.D. Hogeweij et al. Nucl. Fusion 36 (1996) 535]. We
also observed the formation of the barrier near q = 3 with modulated ECH in a discharge that
made a spontaneous transition from level "E" to level "D" (see Fig. 2). I refer you to
M.R. de Baar et al., Phys. Rev. Lett. 78 (1997) 4573. Finally, evidence for the existence - and
"strengthening" - of two transport barriers between q = 1 and q = 2 was found with modulated
ECH in experiments on the so-called "non-local" central Te-rise, induced by edge cooling
(P. Mantica et al., submitted to Phys. Rev. Lett.).

C.C. PETTY: You show a simulation of the electron temperature profile (Fig. 6) using
your numerical model for a case of off-axis ECH where the simulated profile was hollow.
How can a purely diffusive model produce a hollow temperature profile in steady state?

N.J. LOPES CARDOZO: We do include power sinks in the model: radiation and
energy loss to the ions. However, these are not sufficient to explain the hollow - sometimes
extremely hollow - Te profiles we obtain in steady state with off-axis ECH. Therefore,
outward heat convection is used in the model. This convection goes out to the ECH
deposition radius, and is kept constant for all simulated plasmas.

J.P. CHRISTIANSEN: The barriers in the electron transport which you have
determined experimentally should also affect ion transport, plasma transport and resistive
diffusion (i.e. %;, D, r\). Do you think this is possible and, if so, how can we determine these
effects experimentally?

N.J. LOPES CARDOZO: If the layered structure resulted from the magnetic
topology, the ions would be far less sensitive to it than the electrons. Similarly, fast electrons
should be more sensitive to the barriers than slow electrons. I do not know how the barriers
would affect resistive diffusion, but this would certainly be very difficult to assess
experimentally. I should add that the barrier near q = 1 has been very clearly seen in impurity
transport, also in JET.

Y. NAGAYAMA: Your %e model challenges traditional understanding that %e is
infinite at the rational surface where the magnetic islands develop as a result of the tearing
mode. Is the minimum %e region really at the rational surface, or next to the rational surface.
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N.J. LOPES CARDOZO: If you think of the magnetic topology as the physics
underlying the alternation of layers with "good" and "bad" confinement, you would indeed
expect the "good" layers to be not at but just next to the rational q surfaces. However, "at"
and "next to" are difficult to distinguish experimentally. In fact, in the model I presented the
barriers are adjacent to the rational q values. I do not agree that Xe is infinite where magnetic
islands are present. A chain of islands does represent an impedance to the heat flux, even if
the Te gradient vanishes inside the island. In this situation, the system is no longer
one-dimensional.
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Paper IAEA-CN-69/EX7/5 (presented by V. A. Vershkov)

DISCUSSION

M.C. ZARNSTORFF: Do you see a difference in the transport between plasmas with
and without the quasi-coherent mode?

V.A. VERSHKOV: Yes, we see a strong connection between quasi-coherent
turbulence' and plasma diffusion. In IOC mode, for example, diffusion decreases by a factor
of three.

B. COPPI: Did you explore regimes where the direction of the phase velocity changes,
as the theory of the toroidal ITG-collisionless trapped electron mode indicates?

V.A. VERSHKOV: So far, we have investigated only one regime in detail but we are
planning to conduct further studies of other regimes in the future.

NEXT PAGE(S)
left BLANK
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Abstract

The results of recent experimental and theoretical studies concerning the effects of plasma shape
and current and pressure profiles on edge instabilities in DIII-D are presented. Magnetic oscillations
with toroidal mode number n ~ 2-9 and a fast growth time y~l = 20-150 pis are often observed prior to
the first giant type I ELM in discharges with moderate squareness. High n ideal ballooning second
stability access encourages edge instabilities by facilitating the buildup of the edge pressure gradient
and bootstrap current density which destabilize the intermediate to low n modes. Analysis suggests
that discharges with large edge pressure gradient and bootstrap current density are more unstable to n
> 1 modes. Calculations and experimental results show that ELM amplitude and frequency can be
varied by controlling access to the second ballooning stability regime at the edge through variation of
the squareness of the discharge shape. A new method is proposed to control edge instabilities by
reducing access to the second ballooning stability regime at the edge using high order local
perturbation of the plasma shape in the outboard bad curvature region.

1. INTRODUCTION AND OVERVIEW

One of the major goals of advanced tokamak research is to develop plasma configurations with
good confinement and improved stability at high p. In DIII-D, high performance discharges with a
high confinement edge and various plasma shapes and current profiles have been produced. All these
discharges exhibit enhanced confinement in the plasma edge region, leading to a large edge pressure
gradient P' and bootstrap current density JBS- These edge conditions typically drive edge instabilities
which terminate the discharge high performance phase, often accompanied by a permanent loss of the
discharge internal transport barrier. An improved understanding of these edge instabilities is essential
to optimize and sustain the discharge performance. Furthermore, the performance of future tokamak
devices such as ITER is sensitive to the magnitude of the edge pressure pedestal, which is limited by
edge instabilities. An improved understanding of the edge instabilities will also provide a more
accurate prediction of the performance of future tokamak devices.

Edge instabilities often appear as cycles of edge localized mode (ELM) [1,2] with varying
amplitude and frequency depending on the edge conditions, the power loss from the core, and the
plasma shape. The effect of ELMs on the discharge performance varies with the ELM amplitude and
frequency. An ELM of large amplitude can substantially degrade the plasma performance and result in
large energy flux to the divertor. One of the major issues facing advanced tokamak research is the
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control of edge P' and JBS which drive these instabilities. In this paper, the results of recent
experimental and theoretical studies concerning the effects of plasma shape and current and pressure
profiles on edge instabilities in Dili—D are presented. Here, we explore the use of plasma shape as a
means to control the edge P' and JBS>

 a s well as a means to improve our understanding of these
instabilities. Since these instabilities are sensitive to details of edge P' and JBS> most of the studies
make use of the recently upgraded 3 5-channel Motional Stark Effect (MSE) current profile diagnostic
[3] and recent improvements to our equilibrium and stability analysis tools to allow a more definite
comparison with theory.

In DIII-D discharges with moderate squareness, prior to the first giant type I ELM, magnetic
oscillations with toroidal mode number n ~ 2-9 and a fast growth time y1 - 20-150 |j.s are often
observed. Ideal stability calculations using simulated and experimental equilibria are in general
consistent with various observed features of these instabilities. High n ballooning stability results show
that the edge region of these discharges is in the second ballooning stability regime, and that the edge
P' substantially exceeds the first ballooning stability limit [4]. Low n stability results show that
discharges with large edge P' and current density J are more unstable to n > 1 modes [5-7]. These
results indicate that edge instabilities may be the outcome of a complex interaction among the high n
ballooning modes, the low n kink/ballooning/peeling modes and the edge P' and J. The results also
suggest that the large edge P' and J may be controlled by reducing the ballooning second stability
access in the edge, thereby providing a means to control edge instabilities. Indeed, calculations and
experimental results show that ELM amplitude and frequency can be varied by controlling access to
the ballooning second stability regime at the edge through variation of the squareness of the discharge
shape [8-10]. Motivated by these results from the squareness experiments, recent calculations show
that a high order local perturbation of the plasma shape in the outboard bad curvature region can also
reduce and eliminate second ballooning stability access in the plasma edge region. Since the
perturbation is local, these configurations tend to retain many of the favorable low n stability property
of Dee-shaped plasmas.

In Section 2, the general features of edge instabilities are introduced together with a discussion
of magnetic fluctuations. The role of edge P' and current density J on high n ballooning and moderate
n kink/ballooning/ peeling modes is discussed in Section 3. This is followed by a discussion of the
effects of plasma shaping on ELMs in Section 4. A discussion and a summary is given in Section 5.

2. EDGE INSTABILITIES AND MAGNETIC FLUCTUATIONS

The performance of DIII-D discharges with a high confinement edge is typically limited by
edge instabilities. This is illustrated in Fig. 1, where the time evolution of an H-mode discharge is
shown. This discharge carries a plasma current Ip of 1.9 MA and has a vacuum toroidal magnetic field
Bj of 2.1 T at the vacuum vessel center. To produce a negative central magnetic shear, up to 14.5 MW
of neutral beam power Pg is injected into the plasma during the current ramp up phase. The discharge
makes a transition into the H-mode phase at 1.58 s, as can be seen by the rapid increase in the edge
electron temperature Tenear p ~ 0.9 shown in Fig. l(b). The normalized toroidal beta f$N increases to
2.5 and remains at that value as PB is reduced from 14.5 MW to 12.1 MW. At 1.876 s, a giant type I
ELM occurs as shown by the spikes in the divertor D a radiation and the outboard mid-plane Mirnov
signal given in Figs. l(b) and l(c), respectively. The giant ELM causes a rapid drop of the edge Te and
a decrease in the global PN- AS subsequent ELMs occur, the edge Teand (3N continue to decrease. The
magnetic oscillation which initiates the giant type I ELM has a toroidal mode number n ~ 5 and a fast
growth time y 1 ~ 150 jxs.

These type I ELMs and edge instabilities have been observed in DIII-D H- and VH-mode
discharges with various poloidal cross sections including single- and double-null divertors, Dee and
crescent shapes. Prior to the first giant type I ELM, magnetic oscillations with toroidal mode number n
~ 2-9 are often observed. This is illustrated in Fig. 2. All these discharges have broad pressure profiles
and moderate amount of squareness in the plasma shape. The magnetic precursors are localized
poloidally in the bad curvature region as well as toroidally with a fast growth time 7~1= 20-150
jxs [5,11]. They usually rotate in the electron diamagnetic drift direction, which is consistent with a
location near the plasma edge where the Ex B drift is dominated by the diamagnetic drift associated
with the large edge P'. They have been observed in discharges with various current profiles and over a
wide range of P N = 2.0—5.0. The attainable beta values decrease with the fraction of plasma current
contained in the edge region [7] and are consistent with the previously observed operational beta limit
of PN ~ 4 lj [12,13]. As shown in Figs. 2 (a-c), the instabilities can have global effects, ranging from a
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FIG. 1. Time evolution ofDIH-D H-mode discharge 87099. (a) Plasma current and injected neutral
beam power; (b) edge electron temperature near p ~ 0.9 and divertor Da radiation; (c) normalized
toroidal beta and Mirnov oscillation in the outboard midplane region.
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FIG. 2 Magnetic precursors and radial electron temperature profiles before (dashed) and after (solid)
an edge instability for (a) a double-null divertor discharge, (b) a crescent-shaped discharge, and (c) a
lower single-null divertor discharge.

slight decrease of edge Te with a saturation of PN, to a drop of Te across the entire plasma with a
decrease in (3^. The transport barriers observed in VH-mode and negative central magnetic shear
discharges are usually destroyed. These moderate to low n edge instabilities have many features
similar to the outer modes observed in the hot-ion H-mode in JET [14]. However, the outer modes
observed in JET generally have n = 1, whereas in DIII-D modes with n = 2-9 are observed. After this
first giant ELM, the discharge usually evolves into a quasi-stationary phase at similar or lower PN
values. The low to moderate n =2-9 magnetic perturbations are rarely observed during this phase.
Modes with n > 9 are difficult to resolve with the existing DIII-D magnetic probes, which suggests
that these later ELMs may be driven by edge instabilities with significantly higher n.

Localized reflectometer measurements of density fluctuations at the outboard mid-plane show
that the magnetic precursors coincide with, or in some cases are preceded by, bursts of increased
density perturbation localized to the plasma edge. In cases where a radial propagation can be
discerned, the perturbation initiates in the high pressure gradient edge region, and propagates outward
into the scrape-off layer.

3. ROLE OF P' AND J IN HIGH n BALLOONING AND MODERATE n MODES

High n ballooning stability analyses show that prior to the onset of the edge instabilities the
discharges often have access to the second ballooning stability regime in the outer edge region and the
edge P' substantially exceeds the first ballooning stability limit. This is illustrated in Fig. 3 for a
double-null and a lower single-null divertor discharge. The equilibria used in the stability analysis are
fully reconstructed from equilibrium analysis using external magnetic data, MSE data, kinetic profile
data, and the EFIT code [15]. Stability to the high n ballooning modes is evaluated using the BALOO
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FIG. 3. Ideal ballooning stability of two DIII-D H-mode discharges 87099 at 1750 ms and 95953 at
2056 ms showing the edge regions have second ballooning stability access.

code [16], which now employs a local equilibrium representation [17]. As shown in Figs. 3(a) and
3(b), the double-null divertor discharge, which has an- 5 magnetic precursor prior to the first giant
ELM [Fig. 2(a)], has a much larger edge P' and a much wider edge second ballooning regime access
than the lower single-null divertor discharge which has a n ~ 9 magnetic precursor [Fig. 2(c)]. Access
to the second ballooning stability regime in the outer edge is necessary to allow buildup of a large
edge P' often observed in the DIII-D H- and VH-mode discharges. The radial extent of the region
with second ballooning stability access depends on the plasma shape and the edge J. An increase in
the edge JBS due to an increase in the edge P' will lead to a further opening of the second ballooning
stability zone, in turn allowing a further increase in the edge P* and JBS- Similar results on ballooning
stability have also been reported in Ref. 18. The effects of the plasma shaping on the ballooning
stability will be discussed in the next section.

Results of low n stability analyses using simulated and experimental equilibria are consistent
with various observed features of the experiments and show that equilibria with broad pressure
profiles and large edge P' and J are more unstable to modes with n > 1. This is illustrated in Fig. 4 for
a sequence of simulated equilibria based on the experimental discharge shown in Fig. 1 but with a
simpler pressure gradient profile that has the shape of a step function [Fig. 4(a)]. The stability to the
ideal n = 1—3 modes is evaluated using the GATO code [19] with a conducting wall at the surrounding
vacuum vessel. As the radial width of the large edge P' region S^p' is increased, the n = 3 modes
become unstable first. These unstable modes are kink/ballooning modes with a large peeling
component. With a further increase in SYp', the n = 2 modes then become unstable. As shown in
Fig. 4(c), the radial structure of the unstable modes exhibits a large peeling component in the edge. As
expected, the external radial width of the unstable modes 8*Pmode increases with S^Pp'. The « = 1
modes are stable in all cases. These low n =2,3 modes are driven by both the edge P' and J [5,6].

0.03

0.0
0.0 0.5 1.0

(Normalized poloidal flux)

-0.03

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.5 1.0

FIG. 4. (a) Equilibrium flux surface and radial profile of pressure gradient used in the low n stability
analysis, (b) variation of external radial width of unstable modes with the width of the large edge P'
region, (c) radial structure of a n=3 unstable mode.
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4. EFFECTS OF PLASMA SHAPING ON ELMS

The effects of plasma shaping on edge instabilities and ELMs are considered in this section.
Theoretical calculations suggest that second ballooning stability access in the outer edge region is re-
duced at low and high squareness [8]. This is illustrated in Fig. 5, where the edge current density
(normalized to the collisionless bootstrap current at the edge) required to gain second stability access
in the plasma edge as a function of the squareness of the plasma shape is shown. With
Cboot =(J/JBs)|edge = 1 m e current density needed to gain access is the bootstrap current density based
on the collisionless model [20], with Cboot = 0 no current density is required. As shown in Fig. 5, at
low and high squareness Cboot becomes greater than 1 suggesting that second ballooning stability
access is more difficult at these squareness values. The calculations are done using self-consistent
pressure and bootstrap current density profiles. This reduction of second ballooning stability access is
due to the increased weighting of the magnetic field lines in the outboard bad curvature region at high
or low squareness.

Consistent with the results from the theoretical calculations, experimental results show that ELM
amplitude and frequency can be varied by controlling access to the second ballooning stability regime
at the edge through variation of the squareness of the discharge shape [9]. This is illustrated in Figs. 6
and 7 where the ELM frequency and amplitude as indicated by the divertor D a radiation frequency
and the change in edge Te at various values of the squareness of the plasma shape are compared. As
shown in Fig. 6, the plasma shape is rectangle-like at high squareness and triangle-like at low
squareness. At low and high squareness the ELM frequency is strongly increased. The effects of the
ELMs on the edge Te are compared in Fig. 7. At high squareness, the ELM amplitudes are strongly
reduced and there is no detectable change in the edge Te. The ELM behavior at low squareness (not
shown) is similar. The ballooning stability boundary of the high squareness discharge is also compared
to that of the moderate squareness discharge in Fig. 7. At high squareness, access to the ballooning
second stability regime is eliminated.

The results from the squareness experiments show that edge instabilities can be controlled by
limiting the edge P' and J through elimination of the second ballooning stability access in the edge
region. Motivated by these results, calculations have been carried out to evaluate the effects of a local
perturbation of the plasma shape on the outboard bad curvature region on the ballooning stability. The
results show that such a high order local perturbation of the plasma shape can also reduce and
eliminate second ballooning stability access in the edge region. This is illustrated in Fig. 8. As the
perturbation in the outboard region is increased, the second ballooning stability access is reduced and
then eliminated. Since the perturbation is local, many of the favorable low n stability properties of
Dee-shaped plasmas are also retained. Thus, localized shape perturbations may provide a means of
obtaining plasmas with good overall |3 stability but with small benign ELMs. New experiments are
being proposed in DIII-D to test the idea.
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for a high squareness and a moderate squareness discharge. Arrows show time of stability
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FIG. 8. Comparison of the ideal ballooning stability boundary for three simulated equilibria with
(a) no perturbation of the plasma shape in the outboard bad curvature region, (b) moderate
perturbation, and (c) large perturbation.

5. DISCUSSION AND SUMMARY

As shown in the previous sections, the performance of DIII-D H- and VH-mode discharges are
limited by edge instabilities driven by the large edge P' and J. Low to moderate n =2-9 magnetic pre-
cursors are often observed prior to the first giant type I ELM. Ideal stability analyses suggest that dis-
charges with large edge P' and J are more unstable to n > 1 modes as observed experimentally and that
second ballooning stability access enhances the instabilities by facilitating the development of large
edge P' and J. The observed edge instabilities cannot be explained by a simple picture of instability to
the high n ideal ballooning modes. Rather, the experimental and theoretical results suggest that they
may be the outcome of a complex interaction among the high n ballooning modes, the intermediate to
low n kinlcballooning/peeling modes, the edge F , and the edge J. The results from the squareness
experiments show that plasma shaping can provide an useful means to control edge instabilities.
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Abstract
The onset, of neoclassical tearing modes leads to the most serious 3 limit at ASDEX Upgrade. The ßp

value for the onset of neoclassical tearing modes is found to be proportional to the ion gyro-radius for
collisionless plasmas as proposed by the ion polarisation current model. Larger collisionalities ha\e a
stabilizing effect. Sawtooth crashes or fishbones can trigger the mode, and in a few cases it appears
spontaneously. Fishbones are shown to be able to cause magnetic reconnection. The fractional energy-
loss due to a (3,2) mode saturates for large pressures at around 25 %. In discharges with large impurity
accumulation unusual MHD phenomena such as cascades of high-n tearing modes and modes driven by
positive pressure gradients have been found.

1. 3 SCALING FOR THE ONSET OF NEOCLASSICAL TEARING MODES

The maxim um achievable/? in ASDEX Upgrade is often limited b y the onset of neoclassical
tearing modes (NTM) [1]. If only the equilibrium curren t gradient is considered, these modes
should be stable. The destabilizing effect results from the helical hole in the bootstrap current
due to the flattened pressure profile across the magnetic islands. This bootstrap effect should
cause arbitrarily small islands to grow. However, two stabilizing effects have been proposed which
dominate for small islands: the finite value of\'x/\'i |, which prevents the pressure from being
completely flattened in small islands of width W < Wo (WQ = o.l(xx/\\\)1^4{rresL(]q/(an))1^2,
e = rres/R0: inverse aspect ratio of the resonant surface, Lq: shear decay length, m: poloidal
mode number) [2], and the ion polarization current, related to the island's movement through the
plasma [3]. There is however, an open discussion regarding the sign of the polarisation current
term [4]. The results of this paper would imply the polarisation current to be stabilising.

Although a correct theoretical description demands that both the incomplete flattening of the
pressure across small islands (W < WQ) and the ion polarisation current are taken into account,
for simplicity, these two effects are usually considered separately. With sue h assumptions, one
finds two different expressions from the generalised Rutherford equation [5] for the minim umd,,
at which the stabilising effects can be overcome, generally referred to as f3PtCrn. At /3p.cru the
corresponding simplified Rutherford equation for the island growth has only one positive zero.

Within the polarisation curren t model, assuming Wo = 0, one arrives at [1,5]

p,crit ^ 3/4

where A' is the usual tearing mode stability parameter. The values (5P — 2f.iQp/(Bp) and
pp = \j2mikBTij'(eBp) are evaluated at the rational surface, and Bp is the poloidal magnetic
field. The function g(e,i>ii) in the polarisation current term
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describes the influence of collisionality on the ion polarisation current [3], w* is the electron
diamagnetic drift frequency. In contrast to the usual collisionality, the collision frequency is
normalised here to the transit frequency of a trapped ion around a magnetic island.

Considering the finite value of \j_/X|| and neglecting the ion polarisation current, from
dW/dt = 0 follows

(3)
V c ^q "I•seed-

As WQ the value of ;3^ depends on the assumed transport model.
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Figure 1: Qv at the rational surface at the time of the mode onset vs p*p for collisionless plasmas
(9a = 4. . .4 .4) .

According to its definition /?*crit follows from Eq. (3) for the maximum necessary seed island
Wseeci = 1 leading to f3*crit oc WQ. Taking a Gyro-Bohm scaling for radial transport and Spitzer
heat conductivity for parallel transport one finds

3X oc i,0-2V0-5
(4)

where v* is the usual normalised collisionality v* a na/Tf. As seen from Eq. (3) the necessaiy
seed island however, strongly depends on 13. In the limit of small seed islands (H/2

ee^ <C 1)
oc WQ follows [6], which scales as

f3x
•p,crit (5)

In order to discriminate between the two models for the growth of neoclassical tearing modes,
the poloidal Q values at the rational surface (3P for the onset of the mode have been investigated
for different plasma, conditions by varying the ion temperature, the magnetic field, and the mass
of the plasma ions. For the collisionless case, that is if the modes are not located near the plasma
edge {qa = 4 .. .4.4), one finds a linear dependence of the ,6 value on p* at the mode onset as

seen in Fig. 1 [7]. A fit to the experimental data leads to j3poc implying that the
transport model as given by Eqs. (4) and (5) is not able to explain the experimental data.
On the other hand, according to Eqs. (1) and (2) the ion polarisation current model predicts
/3P oc p* for the collisionless case.
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2. COLLISIONALITY DEPENDENCE

Experiments show that for larger collisionalities the 3P value at the mode onset is no longer
proportional to p*. From Fig. 2 it becomes obvious that larger collisionalities have a stabilizing
effect. In order to demonstrate the influence of collisionality within one shot, we have changed
the plasma parameters, keeping j3 constant. In the shot shown in Fig. 3, with constant neutral
beam heating power the density was initially held by gas puffing at a value above that one to
which the plasma would relax in an H-mode without any density control. When the gas puff
is switched off, the density slowly falls to the natural density in an H-mode and the collision
frequencies also decrease. When the collisionality becomes lower than a critical value, a mode
can get excited.

Using the dependence of the critical 8 value on collisionality, a scenario has been developed at
high density and therefore high collisionality for plasma discharges with large heating power and
energy content where the limiting (3/2)-mode can be avoided on ASDEX Upgrade. As shown
in Fig. 4 this scenario was successful and has allowed indeed the achievement of stationary high
values of/? [8].

3. SEED ISLANDS PRODUCED BY BACKGROUND MHD

Only islands larger than a minimum island, the seed island, have positive growth rates
[2,3]. At ASDEX Upgrade the seed island is often produced by sawteeth, although sometimes,
neoclassical modes start after fishbones or even grow spontaneously.

Figs. 5 and 6 show the growth of NTMs after a sawtooth crash. In Fig. 5 the NTM frequency
starts out near the second harmonic of the (1.1), indicating that the NTM seed island might have
been produced by toroidal coupling of the (2,2) harmonic of the sawtooth precursor. The seed
island creation by the (2,2) precursor of a sawtooth is regarded as the most common mechanism
for the triggering of NTMs. The most common case for ASDEX Upgrade however is shown in
Fig. 6 where the NTM frequency starts at lower frequencies and rises during the first 10 ms.
The (3,2) mode is clearly identified by Mirnov diagnostics. After some ms additionally a (2,2)
mode appears, probably produced by the (3,2) mode via toroidal coupling.

N N

to= 2.105 s +10ms + 20 ms +30ms +40ms

Figure 5: Wavelet plot of an early NTM im-
mediately after a sawtooth crash (ST). The
mode starts with a frequency close to that of
a (2,2) harmonic of the sawtooth precursor.

tn= 2.035 s + 10 ms + 20 ms 30ms

Figure 6: Wavelet plot of an early NTM im-
mediately after a sawtooth crash. The mode
starts with a frequency close to that of the
(1,1) mode.

In the case where the NTM begins as a pure (3,2) mode with no detectable coupling to a
(2,2), and with a frequency far below the second fishbone harmonic, the production of the seed
island by toroidal coupling from the second harmonic of (1,1) is hardly probable. Obviously, the
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sawtooth crash produces a (3,2) seed island directly, without a coupled (2,2) mode. Therefore
we believe that in all cases where a sawtooth crash triggers an NTM, the crash - and not the
precursor - is the dominant mechanism for the seed island production. In many discharges
no sawtooth crash but only fishbones precede the NTM directly (see Fig. 7). Fishbones are
however, usually regarded as an ideal instability which affects only the fast particle distribution
and should therefore, not be able to produce magnetic islands. Nevertheless, as shown in Fig. 8,
fishbones do change the temperature of the background plasma, on a much faster time scale than
would just follow from the redistribution of the fast particles, and consequently of the heating
power. During a fishbone the temperature in the plasma centre becomes reduced, indicating that
fishbones are able to cause magnetic reconnection. Fishbones with the largest amplitudes cause
the strongest, resistive effects. There is a strong correlation between the fishbone amplitude
and the central temperature decrease. Furthermore, the strongest fishbones reach the lowest
frequencies and are, therefore, most effective in producing seed islands since their frequency is
closer to that of a magnetic island at the q = 1.5 surface. For an NTM following fishbones, Qv is
higher than in cases with a sawtooth trigger, indicating fishbones are less efficient than sawtooth
crashes in producing seed islands [9].

. (3,2)+ (2,2]L

to= 2.524s +10ms +20ms +30ms +40ms

Figure 7: a) Wavelet plot of an early NTM
following fishbone activity. The dashed white
line depicts the development of the coupled
(3,2) + (2,2) mode. The mode becomes
strong and starts growing at to + 27ms on a
neoclassical timescale from the second har-
monic of the last strong (1,1) fishbone,
b) Mirnov signals for even and odd toroidal
mode numbers. The odd n signal is dom-
inated by the (1,1) fishbones, whereas the
even n signal shows the NTM as well as the
second harmonic of the (1,1).
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Figure 8: a) Mirnov signal for the odd
toroidal mode numbers during the time of the
first fishbone in Fig. 7.
b) Temperature evolution during this fish-
bone. The temperature in the plasma centre
(averaged temperature of the ECE channels
between pp = 0.05 and 0.15) decreases since
energy is obviously transported outside the
q = 1 surface (pp > 0.35) where the temper-
ature increases.
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4. INFLUENCE OF FAST PARTICLES

For high neutral beam powers we observe fishbone like frequency transience in the NTMs.
The analysis of these frequency jumps has shown that they are associated with the toroidally
coupled (2,2) component of the (3,2) NTM. The (2,2) component is probably a kink which,
if the resonance condition is satisfied, can couple to the fast trapped injected ions precessing
around the torus, and can extract, energy from these ions, in the same fashion as happens
during the (1,1) fishbones. Fig. 7 demonstrates this coupling which manifests itself in a sudden
jump of the NTM frequency followed by a simultaneous whistling down of frequency and an
increase in amplitude of the (2,2) component of the NTM. The absolute change in frequency,
the characteristic time of whistle-down and the amplitude increase of the (2.2) component are
all of similar magnitude and occur on a similar timescale as for an (1,1) fishbone, indicating that
similar physical processes are at work.
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Figure 9: (1,1) fishbone (left figure) and a new kind of (2,2) fishbone (right figure), observed
during the NTM. They show a similar behaviour of the mode frequency, f, mode amplitude, A,
and comparable characteristic decay times.

5. CONFINEMENT DEGRADATION DUE TO NEOCLASSICAL TEAR-
ING MODES

As has been shown in the previous section, neoclassical islands can be avoided or even
stabilised by high enough collisionalities [8]. In a fusion reactor this would be possible, if at all,
only for modes near the plasma edge since it is practically impossible to avoid completely the
occurance of seed islands as they can be provided, e.g., by sawteeth, fishbones, ELMs or even
grow spontaneoulsy. There is obviously no way to avoid all neoclassical tearing modes in a fusion
reactor for positive magnetic shear. We have therefore investigated the degree of confinement
deterioration due to neoclassical tearing modes and compared it to corresponding numerical
simulations [10,11]. Consistent with the analytical theory [12], the simulations indicate a linear
dependence of confinement degradation with the island width.

Combining the theoretical dependence of the island width on the plasma pressure with the
confinement deterioration due to an island of width w, one finds saturation in the confinement
degradation for large j3. There are however, rather large discrepancies between the theoretical
and the experimentally observed confinement degradation, see Fig. 8. Besides the increased
heat transport across the island there are obviously additional effects which are not included
in our simulations. One of these effects is the influence of the magnetic island on the plasma
density. Although the density profiles in the shots considered are rather flat, the plasma density
decreases by about 10% after the mode's onset. This decrease in density has been shown to
result from an enhanced particle expulsion by more frequent ELMs during the mode's growth

6
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[11]. Since the densities of the considered shots are well below the Greenwald limit, we can
estimate the influence of the reduced density on confinement by applying the ITERH-97P(y)
scaling [13]. In order to compare the theoretical and experimentally observed deterioration in
the energy confinement due to the increased heat transport across the magnetic island, we have
corrected the experimental data to eliminate of the effect of reduced density on confinement,
assuming rg oc n0A. In doing so, we find good agreement for those experiments with qa ~ 3
which correspond to the conditions chosen in the simulation. As expected from simulations of
the island width for large bootstrap current densities at the rational surface [10], the degradation
in confinement due to the increased heat transport across the island saturates at about 18 % .
Including the confinement degradation due to the density drop, one finds saturation at about
25 % .
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Figure 10: Confinement degradation versus f3v at the rational surface. The simulations have
been carried out for qa ss 3. The open symbols correspond to the measured values corrected for
the decreased density after the mode's onset.

6. ACTIVE STABILISATION

Since neoclassical islands are driven by the vanishing bootstrap current inside the island, the
growth of these modes can be influenced by phased heating and current drive into the O-point of
the island [1,14]. Recently, a reduction in amplitude of a neoclassical (3,2) tearing mode has been
achieved at ASDEX Upgrade using modulated ECCD/ECRH [15]. Including an external driven
current into Ohm's law, one finds from numerical simulations that stabilisation of neoclassical
tearing modes should be possible if the external current replaces the missing bootstrap current
inside the island [16]. The driven current has been calculated using a dynamic model based on a
3D Fokker-Planck code coupled to the electric field diffusion and the island evolution equations
[17]. The stabilisation efficiency depends strongly on the width of the driven current layer Aw.
If the current layer width is small enough, one can completely stabilise the island since the
pressure is not completely flattened across small islands, resulting in a reduced driving term due
to the smaller helical hole in the bootstrap current.

7. M H D P H E N O M E N A IN A D V A N C E D S C E N A R I O S

Stationary discharges with H-mode edge and internal transport barrier have been obtained
in ASDEX Upgrade [18]. In these discharges the safety factor profile is flat in the center and
close to one. Transport calculations suggest that a mechanism is required which keeps the safety
factor near one. Since fishbones are able to cause magnetic reconnection as shown in Sec. 3, in



512 EX8/2

the absence of sawteeth, the strong fishbone activity may explain the constant flat q-profile in
the plasma center.

Novel MHD phenomena have been found in low and reversed shear scenarios achieved by
impurity accumulation of high-Z elements in the plasma centre. These shots are characterized
by strong radiation in the plasma centre leading to enhanced resistivity, and the development
of a very flat shear region first in the vicinity of the q = 1 surface which later moves to higher
q-values. When the low shear region is around the q = 1 surface, cascades of modes with high
toroidal mode numbers, typically up to 20, have been observed [19]. These modes have been
shown to be tearing modes. High-n tearing modes are usually stable, however, due to high
current gradient and low shear they can become unstable. The coupling of different poloidal
harmonics clue to the toroidal geometry and plasma shaping supports the mode growth [20].
Due to the strong radiation in the plasma centre, sometimes a positive temperature gradient
develops in the low shear region. The resulting positive pressure gradient drives a (4,3) mode,
probably a resistive interchange mode, unstable [21].
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Abstract

Confinement in TCV (Tokamak à Configuration Variable) EC heated discharges is studied as a function of
plasma shape, i.e. as a function of elongation 1.1 < K < 2.15 and triangularity - 0.65 < S < 0.5. The
electron energy confinement time is found to increase with elongation, in part due to the increase of plasma
current with elongation. The beneficial effect of negative triangularities is most effective at low power and tends
to reduce at the higher powers used.

The large variety of sawtooth types observed in TCV for different power deposition locations from on axis
to the q=\ region can be simulated with a model including a local power deposition, a growing m/n=\ island
(convection and reconnection), plasma rotation and finite heat diffusivity across flux surfaces.

1. INTRODUCTION

The improvement in tokamak performance over the last 25 years is not only due to the fact
that tokamaks have grown in size, but is also a result of modifications of the basic tokamak
concept. The evolution from circular to noncircular cross sections and, in particular, the vertical
elongation of the plasma cross section K allows for higher plasma current, since the maximum
current scales as /p ~ (1+1^)12.

Increasing the plasma current offers two advantages. The first advantage is that the global
energy confinement time increases with current, according to several widely used scaling laws
[1, 2]. The second advantage is that vertically elongated and D-shaped cross sections allow much
higher normalised pressures, i.e. ß values, than circular ones [3, 4]. The ß-limit, determined from
numerical MHD stability analysis [4], ß(%) = cT/p(MA)/[a(m)B(T)], scales with the plasma current
7P; a is the minor radius, B the toroidal magnetic field, and cT is the Troyon factor, which is
typically between 2.5 and 4.0, depending on the pressure and current profiles. The good
agreement of ideal /3-limit calculations in highly elongated plasmas with experiment [5, 6]
strongly suggests to increase the design K in ITER.

Electron Cyclotron Heating [7, 8] (ECH) experiments on TCV (achieved parameters:
/?=0.89m, a=0.25m, K=2.58, -0.7<<5<0.9, Zp=lMA, B=\.43T) are presently aimed at the study of
the confinement properties of variably shaped plasmas. For these studies, an ECH power of
1.4 MW is injected at the second harmonic, 82.7GHz. This power level is already an order of
magnitude larger than the Ohmic power during ECH, but represents only a third of the planned
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total power (3MW at the second harmonic and 1.5MW at the third harmonic, 118 GHz). EC
heating has been chosen for TCV, to cope with the large variety of plasma shapes. Each 0.5 MW
gyrotron is connected to a steerable launcher, which can be moved during a tokamak discharge. A
universal polariser is included in each transmission line to provide the polarisation needed at the
plasma boundary for optimal power coupling.

A number of improvements have been made to the first wall graphite protection during the
1997 shutdown. Surface coverage has been increased from ~60% to ~90% by addition of new tiles
on previously exposed areas on the low field side wall. These new elements now allow for heating
of negative triangularity discharges. The central column tiles have been completely redesigned
and have now a toroidal profile optimised for high power experiments. The wall is boronised
regularly.

2. CONFINEMENT AS A FUNCTION OF PLASMA SHAPE

2.1 Confinement study: definition and parameter range

The aim is to study confinement as a function of elongation K, (1.1 < K< 2.15), and
triangularity <5, (-0.65«5<0.55). Two values of qmg (qeng=5abB/RI), 1.7 and 3 are used, (2.3<<?a<6;
0.2</p<0.7MA). The engineering safety factor qen% is used instead of the usual qa to parametrise the
plasma current since constant qea$ results in similar normalised profiles independent of the plasma
shape [9]. The standard central density neo is ~2-2.5xlO19 m"3, while the influence of density is only
studied for a restricted number of shapes. All discharges are limited L-mode discharges. Up to
1.4 MW ECRH was injected, with the power deposition region located near the magnetic axis,
largely inside the sawtooth inversion radius. At higher qeng, due to finite beam width and shrinking
of the q=l surface, together with a smaller paramagnetic resonance shift at lower current, the beam
moves somewhat off-axis, but is still well inside the q=l radius. Thus, we have always central power
deposition conditions.

Three gyrotrons were used for this study, two of them launching from the upper lateral ports
and one from the equatorial port. The power was raised to its maximum value in three steps of
typically 0.2 s duration. Confinement data are used after the establishment of a constant soft X-ray
flux, which led to the exclusion of a 40-50 ms transient period at the start of each power step.
Between the 2nd and 3rd step the power was modulated during 0.2 s. The power deposition
location was obtained from soft X-rays at the EC shut-off, from power modulation experiments,
and qualitatively from the sawtooth shapes (see section 3.1).

The EC power, PEC, is measured near the torus calorimetrically between discharges. The
gyrotron power can be set within 5% and is indeterminate to ±10%. The elliptical polarisation of
the X2-beam is adjusted to maximise the power coupling at the plasma boundary for all
geometries. In most of the cases studied, the power coupled to the X-mode was calculated as
greater than 98%.
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FIG. 1. Thomson electron temperature
profile for K=1.5, 8=0.2, neo=1.3xl019ms

during Ohmic and ECRH (1.4 MW). The
central deposition aimed with upper lateral
and equatorial launchers is indicated.

FIG. 2. Electron confinement time
versus total power for K=1.5, 8=0.2
(squares: neol9>3, triangles:
2<neol9<3, hexagons: neol9<2).
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The electron energy content WEe is obtained from Thomson scattering measurements, taken
every 17 ms. The Tc and ne profiles, measured along a vertical chord (at /?=0.9m), are projected
onto normalised flux co-ordinates and fitted with cubic splines. Therefore the calculation of WBc
depends on the equilibrium reconstruction and on the profile fits. This procedure is
straightforward for positive triangularity and low elongation discharges, where MHD mode activity
is low. For negative triangularity and high elongation, the profiles show occasionally large
fluctuations within the sawtooth inversion radius, which can make the fitting procedure
problematic. Such shots were rejected from the database. The electron energy sometimes
fluctuates strongly in time owing to large sawtooth relaxations at positive triangularity and with
1.5 MW of ECRH, as shown in Fig. 1. Typically ten Thomson profiles were available after the
exclusion of the initial transient period at the beginning of each step. These multiple profiles were
averaged to reduce the influence of fluctuations.

Typical values of the effective charge Zeff, calculated from soft X-ray flux (dominated by
carbon emission) and Thomson temperatures, are Zett > 4 during the Ohmic and ECRH phases. Ion
temperatures from neutral particle analysis range from 200 to 250 eV. Therefore the ion
contribution to the total energy is negligible.

2.2 MHD activity

MHD activity does not only influence the Te profile reconstruction but can also degrade
the confinement itself. In particular for S< - 0.2 the m/n=2l\ mode has been frequently observed
during phases with and without auxiliary heating power and irrespective of the edge safety factor.

Sawteeth were present in a wide range of the investigated plasma shapes. Ohmic sawteeth, at
70=1.5, 5=0.2 and typical densities of 2-3xl019m'3 have a period TST ~ 2 ms. Their period and size
increase with triangularity up to TST ~ 3 ms and up to a relative crash amplitude, observed with a
soft X-ray diode viewing the plasma core (ISX.R), of 20%. For negative 8 the relative crash
amplitude decreases down to a few % and can disappear within the resolution limit [10]. The crash
amplitude as well as the sawtooth period decrease with elongation. Occasionally, no sawteeth have
been observed in discharges with K >2.

With ECH deposition within the q=\ surface, different forms of sawteeth have been
observed, ranging from normal triangular sawteeth for on-axis deposition to saturated and inverted
sawteeth for deposition closer to the inversion radius. For <?eng=2, K==1.55, 5=0.25, the observed
sawtooth shapes change with increasing heating power from normal to saturated to inverted
sawteeth. For higher <?eng=3, saturated sawteeth already appear at lower heating power, indicating
that the actual deposition was somewhat off-axis (see section 3.1.1).

The effect of power on sawtooth period and size depends on triangularity: for instance at
x~1.5, for &>0.2 and low #eng to ensure central deposition, the sawtooth period and crash amplitude
increase with increasing heating power up to TST ~ 5 ms and up to a relative crash amplitude of
35%, whereas for 5<0.2 the sawtooth period decreases with increasing heating power.

2.3 Scaling of electron energy confinement time

The dependence of the electron energy confinement time on total power and density was
studied over a wide power range in the centre of the (K,8) scan (TO=1.5, 5=0.2), as shown in Fig. 2.
The electron energy confinement time is clearly seen to decrease with power and to increase with
density.

In an attempt to obtain a simple general power law to describe the dependence of TEe on ne,
P, K, 5 and /p, we have applied a multi-variable regression to the database. The dependences on K
and /p cannot be separately determined, owing to the strong correlation between these quantities in
our data set. The power law we are able to express so far must therefore contain a free parameter,
as follows:

^e[ms] = 1.9 x 6.5°° n e a v l 9
a n P™ Ip

al Ka« (1+8) * [m\ MW, MA], (1)

where an=0.45±0.2, aP=-0.75±0.1, as=-0.35±0.3, aK=1.5(l-aI)±0.4 and (^remains undetermined.
These uncertainties result from a 25% error on TEe. Good fits are obtained with a, in the range
0 < a, < 0.7, as illustrated in Fig. 3 for the case c^= 0.5.
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FIG. 3. Empirical scaling law for TCV
ECRH data set, see equation (I).

FIG. 4. Fit to Rebut-Lallia-Watkins scaling
law. The triangularity is not in the RLW
scaling. Negative 8 appear favourable
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Naturally, such a general scaling, being based on the entire data set, may overlook more
detailed effects in particular regions of the parameter space. For instance, power degradation can
be calculated for each discharge separately, using the different power steps. This shows that the
power degradation increases with density. Also, the beneficial effect of low triangularity or slightly
negative triangularity appears to be stronger at low total power.

Most of the improvement with shape in Ohmic plasmas had been explained earlier in terms
of geometrical effects. The thermal conductivity of ohmic plasmas was found to be independent
of the shape. This observation, combined with geometrical effects on the temperature gradient and
degradation with increasing energy flux, was able to explain the observed variation in the energy
confinement time [11].

The TCV data is plotted against the Rebut-Lallia-Watkins confinement scaling [12] for
comparison, in Fig. 4, and is seen to fit satisfactorily. Since the RLW scaling contains no
triangularity dependence, the data points are subdivided in three triangularity classes, showing the
beneficial effect of negative triangularity.

2.4 Transport modelling (PRETOR, ASTRA)

Some of the EC heated discharges have been simulated using the code PRETOR [13].
PRETOR is a predictive time-dependent transport simulation code for tokamaks: it couples a 2-D
equilibrium solver with the flux-surface averaged 1-D transport equations to compute the
evolution of temperature and density of electrons and ions. The RLW model [12], which is
implemented in the code, has been modified, only in its geometrical dependence, to simulate
discharges with an edge safety factor larger than 5, as the original model does not allow
satisfactory simulations of Ohmic TCV discharges in this domain [14]. The experimental
temperature profiles of a single shot in the ohmic phase have been analysed and the heat
conductivity has been adjusted to reproduce the experimental behaviour, which implies a relatively
large transport at the edge (£e(p=0.8)~2m2/s).

With this model, keeping fixed parameter values in all the transport coefficients, discharges
have been simulated in the Ohmic and in the ECH phases. A satisfactory agreement is obtained for
the temperature, Fig. 5, and density profiles, the electron thermal energy and confinement time,
assuming total absorption for the different ECH powers injected.

Simulating the same discharge with ASTRA, a transport code based on the canonical
transport model [15], a model of self-consistent profiles, good agreement is found with
temperature profiles and confinement time. With a measured ratio of Prad/POH~0.2, using the
radiated power measured from bolometry, one must assume only 90% absorption of injected
power. A higher radiation level, around P^JPcm -0.3, would result in full power absorption. Thus
our data can satisfactorily be simulated by both transport codes.
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FIG. 5. Comparison between
PRETOR temperature profiles and
TCV experimental data in Ohmic
and ECR heated (1.2 MW)
discharges, before (solid line) and
after (dashed) sawtooth crash
(K=1.8, 8=0.2, neo=2.3xl019m3,
q~5).

3. SIMULATION OF CENTRAL RELAXATIONS WITH LOCALISED POWER DEPOSITION

3.1 Central relaxation shape modelling

3.1.1 Experimental description

Non-standard sawtooth traces have been observed in TCV during intense localised EC
heating [16]. Fig. 6 shows a sequence of soft X-ray traces obtained while varying the ECH
deposition radius. With on axis deposition, standard, i.e. triangular, sawteeth are observed.
However, as the ECH absorption region is moved off-axis, the soft X-ray traces change their shape:
partially saturated and saturated sawteeth are observed when the heating is still within the q=l
radius. Interestingly, the precursor oscillations that precede the fast relaxation phase of a saturated
sawtooth sometimes double their frequency. Humpback sawteeth, first reported by the T-10 team
[17], are observed in TCV when the heat is deposited close to the inversion radius. For slightly
larger deposition radii, the soft X-ray traces acquire hill-like shapes of low amplitude. Another
intriguing experimental observation concerns the optimal deposition radius for obtaining high
central temperatures: this radius appears to be close to the q=\ radius. In fact, the sawtooth or
humpback period is longest in this case, and the confinement time is at least as large as for central
deposition.

Standard

Partially
saturated

Saturated

Inverted

Humpbacks

Hills

7ffl279? A

. ^ • ^ • v V " - 1 ^ ^ ^

0.58 0.59 0.6 0.61
time [ s ]

0.62

FIG. 6. Standard sequence of
central relaxations. Standard
sawteeth are produced by on axis
power deposition, humpbacks and
hills by deposition close to sawtooth
inversion radius.

3.1.1 Model of a growing island under localised heating and diffusion

A theoretical model has been recently developed, which accounts for many of the observed
features [18] as a function of the heating deposition region. The model is based on the combined
effects of m/n=\ magnetic island dynamics, localised EC heating, finite heat diffusivity across the
magnetic field lines and plasma rotation. According to this model, the flux surfaces acquire a
distinct m/n=\ topology in the plasma central region. The thermal energy distributes uniformly on
flux surfaces because of the large (practically infinite) parallel thermal conductivity. Rotation
spreads the deposited heat on several flux tubes intersecting the ECH absorption region. Then, the
temperature evolution is dominated by heating and perpendicular diffusion (a constant %± is
assumed) in periods during which the m/n=l island is either absent or has a stationary width, while
convection and mixing due to reconnection become important when the island is growing, the



518 EX8/3

convection pattern being associated with the specific m/n=\ internal kink mode structure. The
model was originally applied to explain the multi-peaked temperature profiles and transport
barriers observed in high ECH power density experiments such as RTP [19] and TEXT-U [20]. In
this paper, we present two examples which indicate the model ability to reproduce the observed
sawtooth shapes in TCV.

In the first example, Fig. 7, a saturated sawtooth is simulated. In this simulation, the heating
deposition region is assumed to be between about 2 cm and 4 cm from the equilibrium axis on the
high field side; the q=\ radius is at 7 cm. Thus, the heating is off-axis, but is well within the q=\
radius, consistently with the experimental indications. Fig. 7a) shows the simulated temporal trace
of the local electron temperature at a distance of about 2 cm from the equilibrium magnetic axis.
In Fig. 7b), three temperature profiles at different phases of the saturated sawtooth are shown.
These profiles are non-monotonic within the mixing radius, p^x and can become rather spiky. In
Fig. 7c), a simulated 3D reconstruction of the electron temperature corresponding to the fast
relaxation phase at time t - ?3of Fig. 7a) is shown.

FIG. 7. Simulation of partially saturated
sawteeth with power deposition
between magnetic axis and the q~l
surface (p=0.2pmix)

7a) temporal evolution of the central
temperature. Note the appearance of
frequency doubling,

7b) temperature profile before (t,) and
after crash (t2 ,t3), see fig. 7a),

7c) 3D temperature profile at time t=t3,
after crash.
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In the second example, Fig. 8, we present the simulation of a humpback sawtooth. In order
to obtain a humpback from our model, it is important to place the heating region close to the q-1
radius, consistently with the experiment. This produces slightly hollow temperature profiles during
the quiescent phase, which then become peaked in the centre as a consequence of the growth of
the m=\ island. Fig. 8a) shows the temporal evolution of the central electron temperature.
Temperature profiles during the fast relaxation phase are shown in Fig. 8b). Note the relative
minimum in the temperature, which deepens with time during the fast phase of the humpback
relaxation. Indeed, the characteristic signature corresponding to the sudden drop in temperature
between the two humps, visible in Fig. 8a), is related to the fast passage of this relative minimum
through the observation point. A 3D reconstruction of the electron temperature is shown in
Fig. 8c).

For both simulations, the island width, w(t) is assumed to grow rapidly during the observed,
fast relaxation phase. More specifically, for the case of the simulated saturated sawtooth, w(t)
grows from 0.4 pmix to 1.6pmiJI in about 200 |J.s (corresponding to a radial displacement of the
original magnetic axis between 0.2 p^ and 0.8 p m i j ; for the humpback sawtooth, w(t) grows from
practically zero to 1.8 p^ in a similar time interval. These values of w(t) are consistent with nearly
full reconnection. This behaviour is not predicted theoretically, but it can be inferred from the
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experimental data. Nevertheless, the model is applicable as well to cases of partial sawtooth
reconnection. The typical radial width of the heat deposition region used in the simulations is
between 1 and 2 cm. The results are not particularly sensitive to this width when it varies within this
range.

Thus, the model successfully reproduces the shapes of different types of central relaxations
as the heating radius is varied, at least qualitatively speaking. In addition, consistently with the
experiments, the relative amplitude of the relaxations for central versus off-axis deposition comes
out correctly. For example, at constant power injection, high amplitude triangular sawteeth are
obtained for on-axis heating, while low amplitude humpback oscillations are obtained when the
heating region is close to the #=1 surface.

1.05
p = 0

0.9i

•

B5 0.7

',H'5

0.75
t (a.u.)

0.8 0.85

FIG. 8. Simulation of humpback sawteeth
with power deposition close to q=l
surface:

8a) temporal evolution of the central
temperature,

8b) temperature profile during the fast
phase indicated in fig. 8a),

8c) 3D temperature profile in the middle
of the crash (t=t3)

3.2 Sawtooth period simulation with localised power deposition

The transport code PRETOR (see section 2.4), including a sawtooth model developed earlier
[21], had been used earlier to simulate sawtooth periods in Ohmic discharges of TCV [22]. It is
now used to simulate ECR heated discharges, since it is known that temperature and density
profiles are strongly influenced by the presence (or absence) of sawteeth. In particular, the strong
dependence of the sawtooth period on power deposition location observed experimentally can also
be simulated.

The magnetic shear s,= pxq\p-^)lqY at q=\ and s]cAt, a critical shear above which the
resistive internal kink is triggered, define the time at which the sawtooth crash occurs. The
sawtooth period depends on the relative time evolution of s} and s;crit, and therefore mainly on the
local plasma parameters. This explains why the sawtooth activity is very sensitive to ECRH as seen
in TCV [16]. Indeed, local heating can change both s,(t), by changing the local resistive time and
the current profile, and slcAx(t) by changing the temperature gradients and confinement time.
Moreover, localised deposition affects the q=\ radius both in the transport code and in the
experiment, as revealed by measurements of the sawtooth inversion radius. We have simulated a
case with 0.5 MW of ECRH deposited over a radial width of 0.15 a. Changing the mean deposition
radius from p = 0 to 0.3 to 0.5, the code gives pja = 0.44, 0.40 and 0.27 respectively. In addition,
in the first two cases, slcIit is relatively large, 0.35, because heating inside q=l gives large gradients
at 9=1. Therefore long sawtooth periods are obtained, while heating outside pt gives a very small
slcril and short sawtooth periods. This is in qualitative agreement with the experiment where
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sawtooth periods of 2 ms are observed when heating outside q=\ and sawtooth periods increase
rapidly to 7-8 ms when heating near the q=\ surface. However, heating closer to the magnetic axis
results again in shorter sawtooth period; this indicates that a more detailed simulation including the
magnetic topology described above, will be required.

4. CONCLUSIONS

The electron energy confinement has been studied as a function of plasma shape, i.e. as a
function of elongation and triangularity in EC heated discharges, with PEC exceeding POK by up to
an order of magnitude. The electron energy confinement improves with elongation. The bene-
ficial effect of low or negative triangularity on confinement, manifested in Ohmic plasmas, is also
observed in EC heated plasmas, but tends to decrease with increasing power. Results of transport
simulations, using two different models, are found to be consistent with the experimental data.

A variety of different types of central relaxations (sawteeth) are observed when the location
of power deposition is moved from the magnetic axis to the q=\ region. The observed sawtooth
shapes have been successfully simulated, using a model with localised power deposition, a growing
(convection and reconnection) and rotating island at q=\, and finite thermal diffusivity across
field lines. Sawtooth shapes similar to those observed in the experiment are reproduced when the
power deposition location is moved from the magnetic axis to the q=\ region.

The observation that the sawtooth period is maximum when the power is deposited close to
the q=\ surface has also been reproduced by simulation. The model simulates the evolution of the
local magnetic shear and includes a critical shear above which the resistive internal kink is
triggered.
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LOCALIZED MHD ACTIVITY NEAR TRANSPORT
BARRIERS IN JT-60U AND TFTR

Abstract

Localized MHD activity observed in JT-60U and TFTR. near transport barriers with their
associated large pressure gradients is investigated. Stability analysis of equilibria modeling
the experiments supports an identification of this MHD as being due to an ideal MHD n = 1
instability. The appearance of the instability depends on the local pressure gradient, local
shear in the q profile and the proximity of rational surfaces where q ~ m/n and rn and
n are the poloidal and toroidal mode numbers respectively. The mode width is shown to
depend on the local value of q, and is larger when q is smaller. In addition the role of the
edge current density in coupling the internal mode to the plasma edge and of the energetic
particles which can drive fishbone like modes is investigated.

1 Experimental Observations

The reversed shear configuration in association with improved confinement through internal
transport barriers, (ITB), is considered an attractive candidate for tokamak fusion reactors.
Previous studies on JT-60U[l,2] and TFTR[3] have shown that the highest achievable 3 in this
configuration is generally determined by low-??, ideal MHD instabilities which are global in nature.
At lower values of j3 a variety of other MHD events may also occur. These include double tearing
modes during the early phase of the discharge, neo-classical tearing modes during the high-power
heating phase as well as off-axis sawtooth-like crashes. Many of these observations have been
described in earlier works[4,5,6,7]. In addition, careful observations in both JT-60U and TFTR
reveal localized MHD activity often occurring in brief bursts in the vicinity of the transport
barrier, which may affect the discharge by inducing a momentary loss in local confinement,
or a minor "beta collapse", and may also affect the maximum stored energy achieved in the
discharge[l]. In this report we concentrate on these burst-like modes and refer to them as
BLMs, as they are Barrier Localized Modes.

Figure 1 shows the complete time history of one of the highest achieving discharges in JT-
60U. The points to note are that the BLMs occur well below the maximum stored energy, and
are localized in the radial extent. Note that the Te trace at r/a= 0.11 is unaffected while the
traces corresponding to rja— 0.29 and 0.49 show sharp jumps. The jumps in Te are coincidental
with MHD bursts observed on the Mirnov diagnostic. The mode is determined to have a toroidal
mode number of unity. The bursts are often seen to coincide with qm-m having an integer value,
in this case qm-m ~4 . Although in this example there is no /3 -collapse, some discharges on
JT-60U display a collapse i.e. a momentary loss of a significant amount of stored energy. These
events are localized to the vicinit}' of the transport barrier, in this case approximately at r/a=
0.6, and the Te(r) profile is locally flattened within a time period of less than one millisecond.
Similar observations have been made on TFTR.

Figure 2 shows an expanded view of BLMs in TFTR and JT-60U. The first three panels of
this figure show time traces of the electron temperature at three selected radii, the Mirnov loop
measurement and its power spectrum. The last panel on each side shows a time-expanded view
of the Mirnov data for a single burst. The data shows that in a very brief period, less than a
millisecond the temperature drops on an inner surface and rises on the outside. The temperature
at even larger radii, (not shown), is unaffected. The bursts are temporally correlated on the
Mirnov and Te traces and last for less than a millisecond.

While many features of BLMs are similar in the two devices there are some differences.
Compared to JT-60U BLMs were less frequently observed in TFTR. Further, the BLMs on
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Figure 1: Time evolution of the (a) plasma current, Ip. neutral beam injection power P^B, (b)
stored energy, Wdia., and qm]n on JT-60U for the length of the discharge. Panels (c) and (d)
show an expanded view of a shorter time segment, where (c) has the evolution of Te at three
radii, and (d) shows the data from a Mirnov loop. Note the spatial localization and inversion
in the Te traces. The Mirnov activity c oincides with the Te bursts.

TFTR „ x

Figure 2: Traces ofTe and the Mirnov activity on TFTR and JT-60U showing the similar burst-
like features of BLMs in both devices. Note the spatial localization and inversion in theTe traces.
The Mirnov activity coincides with theTe bursts and the mode is seen to grow on a time scale
shorter that lOOfis.

TFTR sometimes had a v ery clear fishbone like structure and in some cases they were associated
with the observation of intense radial electric fields as seen in Fig. 3. This feature will be
discussed in Sec. 2.

In both experiments these modes are associated with low-m, typically n = 1, MHD activit y,
and the poloidal mode number according to the Mirnov data ism ~ </edge- In both experiments
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Figure 3: Tfte BLM activity in TFTR sometimes c oincides with intense negative radial electric
fields. The top trace shows the Mirnov signal, the middle p anel shoias contours of the radial
electric field which changes with time. The radial profile of Er at times corresponding to the
BLMs is shown in the lowest panel. Note that while the field shown here has a maximum ne gative
value of 60kV/m; in some bursts, field strengths in excess of lOOkV/m have been observed.

precursors and post-cursors are sometimes observed, although some shots have no oscillatory
precursor. This is analogous to the observation with sawteeth, with the difference that the
relaxation of Te is localized and does not extend to the core. In both experiments when an
oscillatory precursor is observed it has a growth-time in the range 50-100/fS suggesting that it
may be an ideal MHD instabilit y.

It is interesting to note that during the high-/?p mode of operation in JT-60U, which is
characterized by a strong ITB for ion transport in the region of weak positive shear, similar
BLMs were also observed[7], suggesting that it is the low shear that matters, regardless of the
sign.

2 Analysis

The experimental observations clearly indicate that the local value of the pressure gradient,
rather than the global (3, is a critical parameter, coupled with the low shear and the proximity
of low-?z rational surfaces. We now present detailed analysis for specific discharges. W e discuss
the ideal MHD stability of two shots JT-60U:27969 and TFTR:96051. The theoretical analysis
starts with equilibria which characterize these discharges. Figure 4 shows the profiles at the
time when BLMs are observ ed in the experiment. Theg-profile is determined from the MSE
observations and the pressure profile is obtained from self-consistent transport calculations using
TOPICSJ8] for JT-60U and TRANSP[9] for TFTR data. Ideal MHD stabilit y analysis using
the PEST[10] code shows that both the equilibria are unstable to an n = 1 mode with growth-
times ranging from 50 to 300 fis. The boundary conditions for this and subsequent analyses
correspond to having a wall at infinity. The growth-times should be treated with caution for two
reasons. First the modeling of the experimen t is subject to an inherent uncertainty arising from
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the data interpretation. Second small changes in profile parameters near marginal stability will
cause large relative changes in the growth-times. The importan t point is that the growth-times
are in the ideal MHD range and correspond appro ximately to the experimen tal observations.
The radial structure of the instability is also shown in Fig. 4. The key aspects which agree
with the experimental observation are that the mode peaks at a. radius which corresponds to
the maxim um pressure gradient, which lies just outside the transport barrier. This location also
coincides with the low shear region. The poloidal mode number varies depending on the local-q
value so that m ~ </]ocal- The availability of ECE data on a fast time scale, 500 kHz, on TFTR
allows us to reconstruct the displacement vector from the Te fluctuations. The results are also
shown in Fig. 4, and compare very favorably with the theoretical mode structure.
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Figure 4: Plasma p and q profiles at the time of a BLM in TFTR and JT-60U and the radial
component of the displacement vector for ann = 1 pressure driven instability. The eigenvector
of the instability is composed, from a sum of several poloidal mode numbers which have different
radial distributions. The mode number varies depending on the local-q value so thatm ~ <r/[OCai-
For example on JT-60U the mode number near the peak ism = 4 and near the plasma edge is
m ~ 6 — 7. An estimate of the experimental displacement, from the ECE data, is shown for
TFTR. The maximum displac ement isb mm.

As indicated earlier the stability properties are sensitive to various aspects of the plasma
profiles. In order to explore this we now turn our attention to the analysis of model equilibria,
with a </-profile which has a low shear region at a radius r/a ~ 0.5. W e select a. pressure profile
which has a very localized gradient, located near the low shear region, see the inset in Fig.5.
We determine the stability limits by examining several equilibria whic have a fixed (/-profile
and the same functional form of the pressure profile with increasing /3 . Rather than report the
result in terms of a global measure of j3 we use the local pressure gradient and determine the
maximum stable value,ci]ocai, where a = —jj^~3?* This value varies with the local q-value,
((/local)i here </iOCal is measured at the location of the maxim um pressure gradient. By scaling
the toroidal field we can also determine the effect of varying qioca,\.

The composite stability threshold curve is shown in Fig. 5, which also includes a typical
eigenfunction for the localized n = 1 instability. Although it is not shown in the figure, we
note that the corresponding values of /3N are quite low ranging from 0.2 to 0.6. The extreme
localization of the pressure gradient is responsible for reducing the (3 threshold: when the
pressure gradient is distributed over a wider radius, then the stability threshold rises to /3i\-
values between 1 and 2. The other notable feature of this figure is the strong sensitivity to the
proximity of integer-*/ to the minima in the maxim um allowable pressure gradient. This feature
mimics the more familiar plots of /3,y vs gm;n [11], and indeed gives us a clue to the origin of
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Figure 5: The stability limit of the n = 1 mode expressed in terms of the local pressum gradient
and its dependence on the local-q value. An example of the model profiles used to determine this
curve is shown in the inset. The dependence on q\oca\ is determined by scaling the toroidal field.
The mode structure of the instability is shown on the right hand side. The dominant poloidal
mode number ism. ~ q\ocai.

that variation. The results shown here were obtained in a geometry corresponding to JT-60U.
Similar analysis and results are obtained for the circular TFTR like case, the main difference is
that the stability thresholds are lower in the circular case.

The model profiles used in producing Fig. 3 are extreme examples in the sense that the
pressure gradient is very localized and is located at the point of lowest shear. They were used
to illustrate the critical dependence of the stability on the characteristics of the plasma p and
q profiles. Usually the experimental profiles have pressure gradients which are more distributed
and are not located exactly at the point of lowest shear. To understand this dependence we have
examined a. large range of profiles which are better representations of the experimental data.
Based on this analysis a theoretical model for the observed MHD activit y can be constructed.

The main features of the model are as folio ws; (a) A large pressure gradient in a low shear
region drives a localized mode, this implies that if the pressure gradien t is shifted away from the
low shear region the mode can be stabilized. (6) The position of rational surfaces relative to the
peak in the pressure gradient is important, (c) The radial extent of the internal mode depends
on the gradients in the p and q profiles, and also depends on the value of qm\n , the mode width
increases as qmm decreases, (d) The internally driven mode can couple to the plasma edge, the
strength of the coupling depends on gedge t being strongest when aedge has a value slightly less
than an integer, e.g. 6.8, and also depends on the current density near the plasma edge, (e) The
internal mode can couple to energetic particles in the vicinity resulting in a modified growth-rate
for the instability. Depending on the precession velocity of the fast particles, the effect may be
stabilizing or destabilizing, local radial electric fields can also play a role in determining the role
of energetic particles.

The first two points of this model have been discussed in the context of Fig. 5, we now
address point (c). The effects of the edge current density, (yedge and qm-m are illustrated in Fig.
(6a), which shows the effect of modifying Jedge and gedge on the growth-rate. In this study the
pressure profile is kept constant, /9/v =1.1, and as before the (/-profile is varied by scaling the
toroidal field. The inset in Fig. (6a) shows the radial profile of < J • B > for the base case
(solid curve). Note the finite current density at the plasma edge. A modified profile with zero
edge current is also shown as a broken curve. The growth-rate of the ideal n = l instability for
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Figure 6: a. Dependence of the growth-rate on plasma current density near the edge. Note that
when the edge current density is reduced to zero, at 3x = 1.1 the mode is completely stable.
It is destabilized when "fi is increased to fix =1.34, and the sharp peak of the growth-rate near
(ledge = 6.8 is eliminated as the coupling to the external kink is reduced, b. The radial structure
of the instability for qmm = 4 and gm;n =2, in each case fix =1.1 and the pressure: profile shape
was held constant. Note that as qm\n is reduced the width of the mode increases and becomes
comparable to the plasma radius.

the base case shows a sharp onset and rise as </edge is reduced below an integer value. A further
reduction of r/edge reduces the growth-rate but does not stabilize the mode. W e attribute the
peak in the growth-rate at gedge ~6.8 to a strong coupling to the current driven external kink.
Analysis of the modified equilibrium with zero curren t at the edge shows that it is stable when
fix = 1 . 1 . However increasing the/? so that fix = 1.34 destabilizes the internal mode and the
resulting growth-rate dependence on gedge ls shown as a broken curve in Fig. 5a. W e note that
the additional peak fyedge ~6.8 due to coupling to the external kink is absent. The dependence
of 7 on the (/edge however suggests that there is still some residual contribution from the current
drive term.

In Fig. 6b we show the effect of lowering gmin on the mode structure. The (/-profiles are
shown in an inset, the profile with qm-in =4 is the same one used in Fig. 4 for the JT-60U
analysis. The pressure profile is also that of Fig. 4. We now generate a distinct new equilibrium
with the same pressure profile shape and a. modified (/-profile with gmin = 2, (broken curve in
inset), with fix = 1 . 1 . The mode structure of the instabilities in the two equilibria are shown
as solid and broken curves in Fig. 5b. The mode structure is composed of a sum of sev eral
poloidal mode numbers, the dominant ones are???. = 4 when qm-m =4 and m = 2 when qm-m =2.
This is consistent with the expectation that m = nq plays an important role in determining
stability. However the dramatic change in the mode width as qm-m is reduced suggests that if
such an equilibrium were obtained in the experiment, the instability would have a larger effect
on the discharge than the brief localized bursts observed when qm-m = 4.

We now discuss (d), the role of energetic particles. In a different discharge on TFTR,
(TFTR:104977), the BLMs were also observed, however stability analysis of this equilibrium
shows that the ideal MHD mode is stable. Unlik e TFTR:96051 this discharge has strong electric
fields, (Fig. 3), at the time of the BLMs. The electric field is determined directly from the
MSE data, as w ell as from a force balance equation using the measured toroidal and poloidal
flows[12,13]. In order to account for the electric field we examine the role of the energetic
particles. W e start from the dispersion relation for them = 1 fishbone,
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fw - Q* HMHD (1
7MHD

Here fi* represents the ion diamagnetic frequency-, 7 is the growth-rate of the ideal MHD
mode in the single fluid limit, note that 7 = V T ^ ^ M H D ) 2 and SW^ represents the contribution
of the fast particles interacting with the MHD eigenfunction. The main pom t to note is that
even though this relation was derived specifically for the m = 1 mode, the question of stability
is determined primarily by the value of Re(8W\i), while the imaginary part determines the
frequency shift. However, it should be noted that unlike the case of the m = 1 fishbone, both
passing and trapped particles contribute to the kinetic interaction in this case. The expression
for this term is

Re(8Wk) cc ;3hot / : '
LJ - a;

prec
Here 3imt represent the number of fast particles, dE is the increment of energy due to the

particle's interaction with the MHD mode structure, to is the mode frequency, u>prec represents
the precession frequency in the absence of an electric field and QEXB represents the modification
to the precession frequency due to the radial electric field, E.

v

A S T A B
~2 f E =50 keV/m

[ • I
-0.1 -0.05 0

nExB 106 rad" 1
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Figure 7: A strong negative electric field can kinetically destabilize an m > 1 internal mode.

Using the profiles and mode structure from TFTR:96051 and assuming that u> ~ u;prec,
(12 kHz), we examine the effect of the electric field. In TFTR 0hot ~ 1% which is about 20% of
the total (5 near the core, consequently we expect that this interaction could be significant. Fig.
7 shows the dependence of w* on the electric field through the frequency shift, in the resonant
denominator of the expression for SW^. We see that, as the electric field becomes large and
negative, the contribution of the fast particles to the growth-rate of the instability increases.
In the figure we have normalized the growth-rate to that of an ideal MHD instabilit y with
7 = 12msec."1, the growth-rate observed in the analysis of TFTR:96051. The interpretation of
this figure is that when the additional rotation due to the electric field is such that k < — 1

7M HD

the mode is stabilized. If it is greater than unity, then the kinetic effects are dominant and
destabilizing. Figure 7 shows that a. radial electric field of about 50 kV/m, corresponding to
QEXB = - . lxlO6rar/~1 (16 kHz) will cause a strong destabilization of the mode. It is interesting
to note that in the first case, where the single fluid ideal MHD model predicts instabilit y, there
is no indication of a large electric field from the MSE data, while in the case where the ideal
model predicts stability, a strong radial electric field capable of destabilizing the instability is
observed. We have also examined the JT-60U case for the role of fast particles, however since
Aiot ~ 0.1% we do not find any significant change in the ideal MHD gro wth-rate.
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3 Discussion

The model presented here is based on linear theory and is limited to identifying the conditions
for the onset of the instabilities. The nonlinear consequences of these instabilities lie be}'ond
the scope of this report, but based on the mode structure, growth-rate and sensitivity to profile
details we offer some general remarks on the possible consequences of these instabilities. The
discharges studied here are not in steady state but are continually evolving as the current is
continuing to be ramped up, the local transport properties are changing and external heating is
applied. It is therefore necessary to consider a range of scenarios to understand the discharge.
In the early phases of the discharge, when qm\n is close to an integer and has a value greater than
two, the mode would tend to be more localized. This allows for the possibility of a relaxation
and recovery phenomenon, where the local pressure gradient is redistributed by the instability.
In the case of JT-60U the large radius for shear reversal also permits a strong coupling to the
edge. This suggests that when qm-m is close to integer and r/edge is slightly smaller than an
integer then the mode may cause a/3 collapse as the internal drive couples to the external drive.
However if only one of the conditions is met then the instability has less of an effect on the
plasma stored energy. In the latter case the main consequence migh t be to temporarily reduce
the local pressure gradient which may permit safe transition through this region until the next
rational surface appears at either qmm or (fedge • However such a conjunction when qm-m is low ,
€•§• (Jmin ~ 2, would be more devastating as the growth-rate is greatly increased and the mode
width becomes comparable to the plasma radius. In TFTR at high qm\n , the mode does not
cause a 3 collapse because of the smaller ITB radius, however because of the relatively large
contribution of the fast particle [3 . there is a coupling to the mode which results in a fishbone
like time evolution. Local radial electric fields are an additional destabilizing feature in this
regime.

In summary, we have examined the ideal MHD stabilit y of JT-60U and TFTR and deter-
mined that the BLMs observ ed in these two devices are due to anra = 1 ideal MHD mode driv en
primarily by the local features of the pressure and ^-profiles. The proximity of rational surfaces
plays an important role in determining the threshold of the instability.
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Abstract

New experiments on COMPASS-D, DIII-D and JET have identified the critical scalings of error
field sensitivity and harmonic content effects, enabling predictions of the requirements for larger
devices such as ITER. Thresholds are lowest at low density, a regime proposed for H mode access on
ITER. Results suggest a moderate error field sensitivity (8B/B~10~) for ITER, comparable with the size
of its intrinsic error, although there are uncertainties in scaling behaviour. Other studies on
COMPASS-D and DIII-D show that sideband harmonics to the (2,1) component play an important
role. Thus a correction system for ITER will be important, with flexibility to correct sidebands
desirable, possibly assisted by beam rotation. Such a system has been designed and is capable of
reducing multiple harmonic error levels to ~2xlO~3.

1. INTRODUCTION

1.1. Background

Non-axisymmetric error fields are a cause of concern for any next generation tokamak device
like ITER. They can drive the formation and growth of locked modes in otherwise MHD stable
plasmas. This can lead to a disruption and an associated vertical displacement event which for a large
device are potentially damaging and reduce the operational lifetime. Early experiments on error field
locked modes in Ohmic plasmas - most notably COMPASS-C [1], DIII-D [2] and JET[3] - showed
error field sensitivity increases with size and magnetic field. Also the modes are more easily produced
in low density plasmas, and so are of most concern in ITER during the early heating phase, proposed
for access to H mode. This places design and operational constraints on ITER, and some form of error
field correction, possibly with neutral beam rotation, is considered essential.

Such a correction system has been designed for ITER. To predict the requirements of this
system, it is vital to have reliable estimates of the error field sensitivity and type of correction required
(in terms of field harmonics and required flexibility). However, much of the early work was conducted
in differing shape plasmas and with different harmonics of error field applied, and usually only
considering the (2,1) component of error field - more recent results [4] have shown that other
harmonics also play a crucial role. This shows the need for dedicated cross-machine scaling
experiments. Thus, there are two basic issues to examine:

• the role of sideband harmonics and whether they will need independent correction
• the scaling behaviour, to predict level of correction required for ITER

In this paper, we summarise the results of extensive campaigns on COMPASS-D, DIII-D and JET
to examine these issues. These use similar ITER-like plasmas on all three machines to assist
comparisons. New models have been constructed to represent the combined effects of harmonics. This
has enabled a consistent approach to comparison and extrapolation of results. Rotation and heating
effects have also been examined in additional heating studies. The results and implications for the
correction system for ITER are discussed, with latest approaches to design summarised.

1.2 Mechanism

Error fields inevitably arise in any tokamak from sources such as coil positioning errors, eddy
currents, coil feeds and connections, etc. Experimentally the resonant (2,1) error field component
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(denoting in terms of Fourier harmonics 'm,n' for poloidal and toroidal mode numbers, respectively)
has been observed to induce dominantly (2,1) locked modes in a range of tokamaks [1,2,3]. This is
understood [1,5] to occur when the magnetic torque exerted by the error field in the vicinity of the
q=2 surface overcomes plasma inertia and viscous torques, stopping the MHD fluid and allowing island
growth. This torque arises from interaction with currents flowing on the resonant surface that
effectively shield out the perturbation, preventing tearing. Once the rotation slows to about half its
initial frequency, there is an abrupt transition to locked mode and significant tearing - a process known
as 'modepenetration'. From torque balance considerations [6,7], the criteria for critical error field
from a single harmonic, Brmn, for mode penetration can be obtained as:

B pen

1 / 2

(1)

where xA, Tv and xr c are the Alfven, viscous, and magnetic reconnection times, respectively, which can
also be expressed in terms of plasma parameters through various confinement scalings.

1.3. The experiments

To examine error field behaviour, error fields can be simulated with asymmetrically placed bars
or saddle coils. COMPASS-D, DIII-D and JET are equipped with various coils for this purpose. For
example DIII-D, shown in Fig 1, has a six-segment correction coil and an n=l coil, as well as
substantial sources of intrinsic error from poloidal and toroidal field coils. This enables examination of
a range of harmonic spectra. The majority of its data comes from double-null plasmas, with which it
typically operates. COMPASS-D, which is equipped with 8 or 10 toroidal bars in each of four
quadrants, has very low intrinsic error (below statistical variation of experimental measurements), and
operates with single null plasmas. Thus it is ideally suited to generation of a wide range of harmonic
spectra in a controllable manner. JET has two pairs of symmetrically designed internal lower saddle
coils. Thus, the harmonic spectra is fixed, but as the largest device, with access to higher fields, it
provides the most ITER-relevant data, important for scaling and predicting ITER requirements.

A typical experiment on COMPASS-D is shown in Fig 2: current in the error field coils is ramped
up until a locked mode forms. The mode penetration can be directly measured, and is seen most clearly
in magnetic measurements, due to the self consistent response of the plasma to the mode, which can
amplify the applied n=l field 2 or 3 times in Ohmic plasmas. Plasma rotation falls ahead of the mode,
as the MHD fluid stops, leading to a change in ion and electron rotation.

' n=l
coil

<C coil Figure 1: DIII-D error field coils and plasma shape.
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Figure 2: Error field mode penetration using toroidal bars on COMPASS -D.

2. EFFECT OF SIDEBAND HARMONICS

Initial work on DIII-D [4] identified the role of sideband harmonics (3,1 and 1,1 components) in
formation of modes resulting from viscous coupling of drag on surfaces other than the q=2 surface. In
addition to this, it is also possible that these harmonics may couple directly to q=2, via the resonant
response of q=l and q=3 surfaces generating additional (2,1) field at q=2 (ie toroidal coupling). To
consider the sideband harmonic effects properly, we express the torque applied directly by the error
field at a given resonant surface (rj) as [7]:

2

_ BmCi (2)
m

where Bm are complex numbers representing size and orientation of Fourier harmonics of the error
field, with complex coefficients CJ representing the toroidal coupling of the components at xy (In ref
8, this is expressed in terms of toroidal ring functions with real coefficients representing coupling to
the currents at the edge of the plasma). In addition to this, torques applied at neighbouring resonant
surfaces may, by viscous coupling, apply a torque at rj, SO the total torque at ^ has the form:

where A£ are real viscous coupling coefficients. A£ and Cj can be determined experimentally by
fitting, assuming torque required for penetration is constant in all cases (for identical plasma
conditions).

Experiments have been performed on COMPASS-D and DIII-D to investigate the form of this
torque. On COMPASS-D the mixture of Fourier harmonics may be varied by using different
combinations of toroidal bars. In particular, independently-powered coil combinations with 2 different
dominant (m,n) combinations are used. Figure 3 shows how the penetration threshold varies as the
current in a dominantly (2,1) field coil combination (I2i) is varied against a dominantly (3,1)
combination. The studies are conducted with single-null plasmas with an ITER-like elongation (~1.6)
and shape. There is strong interaction between the (2,1) and (3,1) combinations, but the locked mode
formed always remains a dominantly (2,1) mode. Similar results are obtained from the interaction of
dominantly (1,1) and (2,1) combinations. The Fourier components of the error field current have been
evaluated and a general form for the torque fitted to the data [see Eqs 2 and 3], the result is:
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TM(q=2) Bpen2 = 0.13/B1J+/(0.21+0.02i)Bu + B2tl+(0.85-0.17i)B3Jl
2+1.69/B3J (4)

where the Fourier analysis is performed in straight field line co-ordinates at q=2 with the complex
coefficients representing a polar form. The principal mode-locking effects are the torque that the
(2,1) and (3,1) modes apply at the q=2 surface, and the viscous drag from the torque applied at q=3
(|B3|1| term). 'B p e n ' can be thought of as the equivalent threshold for a pure (2,1) field.

Experiments performed on DIII-D have used DND configuration, ramping down the density or
ramping up C-coil or n=l coil currents until an error field locked mode forms. Here the harmonic mix
was altered by varying the mix of natural error field and specifically applied fields from the n=l and C-
coils [9]. The analysis of this data is more complex as applied error fields vary with PF and TF coil
currents, and thresholds must be measured by ramping down density. The sources of error from the TF
coils are also unknown. Thus results must be simultaneously fitted for plasma parameter scaling,
harmonic variation and intrinsic error. Adopting a form which includes both viscous and direct
coupling, as in COMPASS-D, yields:

0.04±029

where the torque Ttot(q=2) ~ Bpen , and Bpen takes the form for q95=3.3,

B2
pen = 02 SB + (02 5BU+B2l- 0.0 55^ )2 + 05

(5a)

(5b)

with a similar form at q95=4.6. The quality of the fit is shown in Fig 4, which demonstrates the linear
density scaling. The coefficients are all real because of the up-down symmetry of the DND
configuration. Data is taken at four combinations of q95 and toroidal field, which ensures no degeneracy
with other fitting parameters. This form (Eq 5b) gave a much better fit, and more realistic estimates of
TF coil intrinsic error, than a purely viscous coupling form. The very limited range of a factor of 1.4
in both q95 and BT (at fixed q95) makes the DIII-D best-fit exponents relatively uncertain, but within
this uncertainty, the relative threshold (Bpen/Br) does not decrease much faster than 1/BT.

These COMPASS-D and DIII-D results are important for two reasons. First, they show that to
understand the locked mode physics in a given machine where the harmonic mix varies, it is important
that harmonic coupling effects be taken into account. Second, they show that it is probably desirable to
correct the (1,1), (2,1) and (3,1) error field components independently. The (1,1) correction may be
necessary, despite the relatively weak coupling, because (1,1) field errors will typically be larger than
(2,1) or (3,1) field errors on ITER - the amplitude of the error-field spectra that arise from coil
construction and positioning tolerances typically scales as ~l/m, and (1,1) is constant with radius.

3 -i

2 -

1 - V

- 3 - 2 - 1 0 1 2 3 4
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Figure 3: COMPASS-D error-field coil currents
for mode penetration in low-density Ohmic
plasmas (2xl019rn~3). Note (3,1) coil alone can
induce locking at high current values.
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3. SCALING STUDIES

Turning now to the dependence of the penetration threshold on plasma parameters. It will be
assumed that this has power law form Bpen/Bx «= nan BT

aB q^"*1 RaR, in line with confinement scaling
approaches. Experiments have been performed on COMPASS-D and JET with a single parameter (ne,
B-r or Ip) varied at a time to determine the exponents. On DIII-D these coefficients are extracted from
the fitting process described in section 2 and given in Eq (5). The thresholds now reported on JET are
much higher than those reported for earlier limiter experiments [2], where error field levels were based
on calculated design intrinsic errors, suggesting additional sources of error field. Changes from limiter
to SND shape have little effect on the threshold. The measured exponents are given in Table I.

TABLE I. Parameter dependence of the penetration threshold scaling. Values in parentheses are
inferred by addition, otherwise they are direct result of an experimental scan.

Parameter (Xn (density
varied)

p T varied
with qos fixed)

aq (plasma
current varied)

06B+ OCq (toroidal
field varied)

JET
DIII-D
COMPASS-D

0.94
0.99
1.0

-1.2
-0.96
-2.9

(0.05)
0.83
1.6

-1.15
(-0.13)
-1.1

It can be seen that there is good agreement on the scaling of the density threshold (ocn). The
scaling with toroidal field (ocB) is shown in Fig 5: results are consistent within error bars between JET
and DIII-D (although there is a limited range in DIII-D data) but differ significantly with COMPASS-D.
This is thought to be related to the variation of measured plasma velocity with toroidal field which is
stronger in COMPASS-D than in the larger machines. This introduces a note of caution for
extrapolation, indicating that changes in regime or rotation can have significant effects - a weakness
of global scaling when the physics depends on local rotation (Eq 1). Differences in 0Cq are likely to be
due to the different error field harmonic compositions and their variation as the q95 changes.

4. CRITICAL ERROR FIELD LEVELS FOR ITER

Error field thresholds have been determined for plasmas with the ITER shape, q95 and density,
and so for extrapolation to ITER one must take account of the size and BT scaling. The scaling to the
ITER toroidal field (5.7T) from the various machines is shown in Fig 5. Determining the machine size
scaling is more problematical - since the COMPASS-D data is in a different regime (different toroidal
field scaling, also rotation scaling differs) it cannot be used in an empirical cross-machine extrapolation
to ITER. Given differences in the error field spectra and plasma shape, an extrapolation based on DIII-
D and JET is rather uncertain. Thus the size scaling is inferred from a dimensional constraint

1E-3

1E-4

1E-5

• COMPASS-D, R=.56m

O DIII-D DND fit, R= 1.7m

m JET, R=2.95m

0 1 2 3 4 5
Toroidal Field, Bj (T)

Fig 5: Scaling with BTof the penetration threshold in COMPASS-D, DIII-D and JET at a density
of ne=I.6xI019m'3 and q95=3.3. The sideband harmonics are taken account of using the
expression (4) for COMPASS-D and JET (SND) and (5b) for DIII-D (DND), which as noted
above gives the equivalent threshold for a pure (2,1) field.
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(aR=2oc,,+1.25aB), required by invariance scaling in the collisional high p plasma model [10]. For JET,
DIII-D and COMPASS-D this gives ccR=0.4±0.2, 0.79±0.3 and -1.65, respectively. This approach,
while not wholly satisfactory for a local effect, is routinely used as a consistency requirement on
confinement time scalings - we discuss the discrepancies below.

In ITER it is likely that the time of greatest danger for inducing a locked mode occurs during the
low density phase proposed for H-mode access. The most relevant data to take, requiring least
extrapolation, is from JET (largest toroidal field and machine size): this predicts a threshold in terms
of pure (2,1) field (B2,i/BT) of 1.25x10"4 for ITER reference parameters (ne~2xl019m-3, q95=3.3,
R=8.1m, B^5.7T). This is confirmed by the limited data range from DIII-D DND plasmas (which
predicts 2.0xlO~4). The effect of harmonic content is taken into account as explained in the Fig 5
caption. The COMPASS-D scaling results, which predict order of magnitude lower thresholds, highlight
the uncertainty in the ITER predictions - if the physics regime (eg local q=2 rotation behaviour)
changes over the range of extrapolation, then the scaling may also change significantly, as is seen to
be the case between JET and COMPASS-D

5. ADDITIONAL HEATING EFFECTS AND ITER

Experiments on COMPASS-D showed that ECRH resonant near q=2 can remove error field
locked modes [11], Another possibility to avoid locked modes is to raise the error field threshold using
neutral beam injection to spin the plasma. Simple calculations [12] indicate that 5 to 10 MW of
tangential counter-injected (most efficient direction since this adds to the intrinsic Ohmic rotation) 1
MeV beams in ITER would increase the error field threshold by about a factor of 5 (slightly higher
power co-injected beams - the present ITER design basis - would have the same effect).

The increase in threshold with NBI has been demonstrated experimentally on DIII-D in L-mode
[13], although in higher p regimes on DIII-D, the threshold decreased as the p-limit was approached.
Increases were also seen on JET, originally in field ripple experiments [14] and in more recent
dedicated scans, as shown in Fig 6, where 2MW of co-injected neutral beam doubled thresholds (higher
beam powers preventing penetration with the saddle coil fields). This contrasted with ICRF heating on
JET (which has a much weaker effect on rotation), where even at higher P's (pp~l for 10MW
heating), thresholds are similar to Ohmic values, though the details of this are not fully understood.
Transition to H-mode also seems to have little effect, indicating that error fields are still a potential
problem for ITER in the early heating phase, until density is raised.

6. CORRECTION OF INTRINSIC ERROR FIELD

6.1. Measurement of intrinsic error field

Given that error fields can impose operational limits, detection and correction methods need to
be examined. Both COMPASS-C and DIII-D used in-situ coil arrays to determine error fields. In the
case of DIII-D, a coil array temporarily installed within the vacuum vessel was used to map-out PF coil
errors [9]; the contribution to the error field spectrum from the TF coils is determined by multivariate
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Fig 6: Effect of neutral beams, ICRF and H-mode transition on error field thresholds on JET.
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fits. In COMPASS-D's case, an array permanently installed outside the vacuum vessel was used to
minimise errors during construction [15]. JET experiments have determined the error field (though not
its detailed sideband structure), with a plasma-based detection method, by making measurements with a
range of applied error field phases [16].

Measurement of the 'as-built' ITER error fields to the required precision with an in-situ coil
array appears technically feasible, but will require both a relatively elaborate in-torus apparatus and
scheduling of the measurement when the toroidal and poloidal field coil systems can be energised to
nearly full levels (although substantial information can be gained from much lower levels of
energisation). Development of an efficient plasma-based error field correction assessment means or
procedure would obviate what otherwise appears to be a significant cost and schedule time requirement
in the ITER device commissioning sequence. A possible mechanism may be to optimise plasma
rotation by varying correction - this has yet to be demonstrated experimentally, although rotating
modes on TEXT-U were seen to speed up with intrinsic error correction [17].

6.2. Magnetic correction experiments

Early COMPASS-D experiments showed [11] that correction without detailed matching between
the spectrum of the error field and correction coil could prevent or remove modes. However, density
ramp-down experiments on DIII-D and JET have shown that for optimal correction it is necessary to
go beyond a system that can correct just one harmonic, as expected from the non-zero viscous
coupling coefficients in Eqs (4) and (5). On DIII-D, where correction is routinely used, optimal
correction with just the C-coil allows critical density for locked modes to be halved and with use of the
n=l coil as well, further reduction is possible. In density ramp-down experiments on JET, choosing a
saddle coil field with near-optimal phase and amplitude to cancel the intrinsic error accesses 35% lower
densities than with no correction, indicating the need for more degrees of freedom in the correction if
further reductions are required. Also on JET, the application of saddle field to correct out intrinsic
error after formation of a locked mode caused the mode to spin up and decay away in 8 out of 10 cases.
Without this correction the mode stayed locked in 84% of 25 cases and led to a disruption as plasma
current was ramped down.

6.3. ITER magnetic correction system

An intrinsic error correction system is presently being designed for ITER. This is designed to
reduce the combined quantity (based on an earlier viscous coupling fit to DIII-D data [4]),

B
pen BT

 = < 2x10 5 = 2 units (7)

Sophisticated probability analyses [18] of the expected errors from PF and TF coils (for example see
Fig 7) suggest likely errors ~10'4 in terms of this quantity. New Monte Carlo studies have shown [19]
that if more stringent coil misalignment tolerances are demanded [20], based on the estimated
minimum possible misalignments, then PF and TF errors can be reduced somewhat, but this involves
extra costs, and there will still be additional sources of error from the test blanket and the NB injector

3-mode Error Field from Expected Misalignment

3 - 6 mm Coil
Misalignments
SOF Currents

cs p1 p2 p3 p4 p5 p6 p7 p8 p9
Inner — Upper Outer Lower

PF Coil

Fig 7: Predicted Errors of ITER PF misalignments Fig 8: ITER FDR correction system
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shielding. The studies show that the dominant contributions to Bpen are likely to be (1,1) components
from the TF coils, with PF and TF contributing to (2,1) field equally [19].

These predictions for uncorrected intrinsic error levels are comparable with the predicted level
of error field sensitivity for ITER (Bpen/BT ~ 1.25x10"4 based on JET SND plasmas). Following earlier
work indicating strong scaling and sideband harmonic effects, a conservative approach was adopted for
design of the correction system. The resulting system, shown in Fig 8, uses 3 independent sets of coils
each containing 2 independent currents, to allow correction of (1,1), (2,1) and (3,1) components
simultaneously. This is capable of reducing normalised errors of 12x10" down to 2xlO"5. The approach
represents a prudent option given the uncertainties in scaling (highlighted in particular by the
COMPASS-D scaling discrepancies), as well as the statistical errors in scaling measurements and
predicted intrinsic error. Given the limited benefit of single harmonic correction (as discussed for JET
and DIII-D in section 6.2), multiple harmonic correction appears highly desirable.

7. CONCLUSIONS

Error field modes have been demonstrated to be a significant concern for next generation devices
such as ITER. Experiments on JET, COMPASS-D and DIII-D have examined the scalings of error field
sensitivity with a wide range of parameters. The best present extrapolations to ITER indicate a
threshold to induce locked modes in low-density Ohmic plasmas of B^i/Bx^lO" in terms of equivalent
pure (2,1) field. This is comparable with the levels of intrinsic error expected to arise in the design and
construction of ITER. Several error field correction methods (correction coils, ECRH and NBI
rotation) have been shown to be experimentally viable in present tokamaks. Given the remaining
degree of uncertainty in the size scaling, and other uncertainties, some level of error field correction is
important, with a system capable of removing more than one harmonic desirable. Thus a three
harmonic correction system has been designed, capable of reducing errors to Br2,i/BT~2xlO"5.
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Abstract

Alfven Eigenmodes and their Impact on Plasma Characteristics in JT-60U
In weak or reversed magnetic shear plasmas of JT-60U, the excitation and the stabilization of

Alfven eigenmodes and their impact on energetic ion confinement were investigated with the negative-
ion-based neutral beam injection at 330-360 keV. Toroidicity-induced Alfven eigenmodes (TAEs)
were observed in weak shear plasmas with <ph>>0.1% and 0.4<vbi|/vA^l. The stability of TAEs is
consistent with the predictions by the NOVA-K code. New burst modes and chirping modes were
observed at a higher beta regime of <Ph>>0.2%. The effect of TAEs, burst modes and chirping modes
on the fast ion confinement is small so far. The strongly-reversed shear plasma with the internal
transport barrier suppresses Alfven eigenmodes.

1. Introduction

Weak or reversed magnetic shear is important for advanced tokamak operation because the
safety factor profile with a weak or reversed shear region is compatible to a hollow current density
profile formed by high bootstrap current [1]. However, big uncertainty is collective energetic particle
effects in advanced tokamak modes. Especially, Toroidicity-induced Alfven eigenmodes (TAEs) have
the lowest damping [2, 3]. The stability of AEs depends strongly on q-profile [4, 5]. Actually, alpha-
particle-driven TAEs were observed for central alpha particle beta as low as pa~0.02% in weak shear
DT plasmas on TFTR [6]. In the ion cyclotron range of frequency (ICRF) heating of JT-60U reversed
shear plasmas, TAEs were stable for strongly-reversed shear plasmas with a steep density gradient
formed by the internal transport barrier (ITB) [7, 8].

On JT-60U, the negative-ion-based neutral beams (NNB: <500 keV, <10 MW) [9, 10] can
produce a peaked profile of fast ions and high fast ion beta of ~ 1 % can be obtained. Furthermore, JT-
60U has a capability of shaping control and q-profile control utilizing reversed shear operation [11,
12]. In recent experiments, AEs have been investigated intensively with the NNB injection into weak
or reversed shear plasmas for controlling AEs in advanced tokamak modes. This paper presents these
new results. The Alfven eigenmodes' experiment with the NNB is mentioned in Section 2, the NNB-
driven TAEs are described in Section 3, burst and chirping modes excited with the NNB are given in
Section 4, stabilization of TAEs in strongly-reversed shear plasmas is presented in Section 5 and
Section 6 summarizes this paper.

2. Alfven eigenmodes experiment with NNB

The plasma configuration used in this series of experiments and two NNB beam lines are shown
in Fig. 1. The toroidal magnetic field was selected to be 1.2-1.7 T for weak shear discharges and 2.1 T
for reversed shear discharges. The low field operation can increase a ratio Vbi/vA (yuf t n e velocity of
beam ions in the direction of the toroidal magnetic field, v^: the Alfven velocity), which is one of the
important parameter for the TAE excitation. The ratio v^/v^ could be increased up to 0.95 by
increasing electron density. The safety factor at the plasma surface was in a range of 4.7-5.5. The
NNB power of 2-4 MW was injected at 330-360 keV into deuterium or helium plasmas. The volume-
averaged fast ion beta <(3h> increased up to -0.6% and the hot ion beta in the core region increased up
to -2%. In Fig. 1, the upper beam line passes near the center of the plasma and the lower beam line is
shifted ~0.3 m away from the plasma center. By selecting one of two beam lines, pressure profile of
NNB ions can be modified. The safety factor profile indispensable for the AE studies was measured
with the motional Stark effect spectroscopy [13].
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3. Toroidal Alfven eigenmodes (TAEs)

Figure 2 shows the TAEs observed during the NNB injection. Time traces of plasma current Ip,
line-averaged electron density n^ and the NNB power PNNB

 a r e shown in the top figure. The NNB of
1.5-2 MW was injected at 360 keV into the helium plasma during the current ramp-up. The sawtooth
could not be observed during the NNB injection and it means that the safety factor at the center was
higher than unity. As shown in a frequency spectrum of magnetic fluctuations in the bottom figure,
TAEs with toroidal mode number n=l and n=2 were observed. The n=2 mode appears first and the
n=l modes follows. Solid curves in the frequency spectrum show the TAE frequency calculated with
the line-averaged electron density nj= and the toroidal magnetic field on axis Bto (fTAE X Bto A' 2n^).
Measured mode frequency can be well explained by assuming safety factor q of 1.5 for the n=l mode
and 1.75 for the n=2 mode. A ratio v\,\\/\\ is in a range of 0.4-0.7 during the appearance of TAEs. The
volume averaged hot ion beta <p\> was evaluated to be -0.09% using the Orbit-following Monte-
Carlo (OFMC) code [14]. This beta value is consistent with the threshold (3a in the weak shear DT
discharge on TFTR [6] and about one-fifth to one-tenth the threshold value for excitation of TAEs
with tangential neutral beams in TFTR [3] and DIII-D [15, 16] positive shear plasmas. It should be
noted that TAEs disappear before the turn-off of the NNB and the TAE is stable for later beam
injection. In Fig. 2, TAEs persist for 0.2-0.35 s, in contrast to burst TAEs lasting a few millisecond in

TFTR [14] and DIII-D [17]. In the case of Fig. 2, the TAE amplitude is saturated at B-10"8 and the
saturation of the TAE amplitude is considered to be due to the small fast ion drive by low fast ion beta.

Figure 3 shows a domain of TAE mode excitation in a space of the internal inductance li [=2(A-
Pp)] versus Vbi/vA for H°-NNB injection into helium plasmas. Filled circles and squares present cases
of the n=l mode and the n=2 mode excitation, respectively. Open squares show cases without TAE
excitation. The NNB power and the line-averaged electron density was in a range of 1.9-2.6 MW and
(O.28-O.89)xlO19 nr3, respectively. It is indicated that the n=l and the n=2 TAEs are unstable for lj<l
and that the TAE is stable for \ >1 regime even for higher NNB powers. A magnetic shear effect
and/or the miss-alignment of TAE gaps with high pressure gradient region of fast ions are considered
to be the stabilizing mechanism. In Fig. 4 (a), the Alfven continuum spectrum for the n=2 mode
calculated using the NOVA-K code and a profile of the safety factor at 4.8 s in the discharge presented
in Fig. 2 are shown. The measured TAE frequency is presented with a dotted line. It is shown that the
TAE gap is well aligned over the minor radius and the TAE is considered to be excited in the gap
located r/a~0.6. The TAE gap is well aligned also for the n=l mode and the location of the gap is at
r/a~0.3. The locations of the n=l mode and n=2 mode coincide with the region where a large pressure
gradient of NNB ions is formed on a fast ion pressure profile and co*f>coxAE/2, which is the necessary
condition for TAE excitation, is satisfied (co*f is the diamagnetic drift frequency of fast ions). As
shown in Fig. 4 (b), the TAE frequency intersects the Alfven continuum for a lower value of qo=l-2
because a new TAE gap is created at r/a=1.25. It indicates that TAE can be stable due to the miss-
alignment of the TAE gap. The relation between the Alfven continuum and the measured frequency
for qo suggests that the stability is sensitive to qo and the tendency of TAE excitation only in a low 1}
regime can be understood from decreasing qo.

4. Burst modes and chirping modes

New burst modes and chirping modes (the mode which frequency changes large) were found in
a high beta regime of <Ph>^0.2%. Figure 5 shows a typical discharge where burst modes and chirping
modes were observed simultaneously with TAEs and EAEs (Ellipticity-induced Alfven Eigenmodes).
In a top figure of Fig. 5, temporal behavior of PNNB. beam power for MSE, Vbn/v^ and n^ are shown.
The D°-NNB of 360 keV is injected with the power of 4 MW into deuterium plasma . The central
magnetic field is 1.2 T. The ratio Vbi|/vA increased up 0.95 with the electron density. Here, the slowing
down time of NNB ions xs is -0.3 s. The frequency spectrum of magnetic fluctuations is shown in a
bottom figure. Burst modes start in a early phase of the NNB injection (-0.1 s after the start of NNB),
however, the activity is weak. When the fast ion beta increases and the safety factor at the center
decreases, the activity of the burst mode becomes strong. The volume-averaged beta of NNB ions is
<Plj>~0.5% and qo~1.4 at 4.05 s. A burst mode occurs in a few millisecond with -10 ms interval. The
mode frequency changes -20 kHz rapidly during the burst. The mode clearly seen for 4.1-4.57 s in a
range of 57-58 kHz is the n=3 TAE and weak TAEs with n=l-3 are detected in a range of 60-70 kHz
though they are not clear in the frequency spectrum. We can see that the burst modes are in a range of
CO<O>TAE- In a case, a mode burst starts with the n=2 mode, and this mode seems to trigger the n=l
mode with lower frequency, which causes the mode burst to terminate. The pressure profile of NNB
ions was modified by selecting one of two beam lines shown in Fig. 1. The calculated pressure profiles
are shown in Fig. 6. A peaked pressure profile in the central region is obtained with the top beam line
and the hollow profile is produced with the bottom beam line. In a range of r/a>0.4, the pressure is
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almost the same. The burst modes are strong for the peaked pressure profile. Meanwhile, they are very
weak for the hollow pressure profile. Therefore, the high fast ion pressure in the central region and/or
the high pressure gradient are considered to be responsible for the burst mode excitation.

Figure 7 shows the temporal behavior of magnetic fluctuation and the neutron emission rate
when a burst mode appears. The amplitude of magnetic fluctuations of the burst modes is a few to ten
times as large as that of TAEs and EAEs typically. A (2-3)% drop in the neutron emission rate is
induced by the burst modes. This small drop indicates that the loss of co-injected NNB ions is small.
On the other hand, fast ion loss correlating with TAEs and EAEs is not clearly observed due to the
weak fast ion drive so far.

A strongly chirping mode of n=l is detected during 3.8-4.1 s as shown in Fig. 5. The frequency
chirping starts at -30 kHz, which is about a half of the TAE frequency, and the frequency chirps up to
the TAE frequency. The Alfven continuum for the n=l mode, the measured q-profile and the mode
frequency at the start of chirp (3.8 s) and at the end of chirp (4.05 s) is shown in Fig. 8 (a) and (b),
respectively. We can see that the measured frequency at the start of chirp is well inside the Alfven
continuum and it is in the TAE gap at the end of chirp. This chirping phenomena is similar to that
observed in the ICRF heating of weakly-reversed shear plasmas in JT-60U [8]. It should be remarked
that a large frequency chirping in Fig. 5 can be observed only in approximately xs after the start of the
NNB injection, where the bump-on-tail is formed.

5. Stabilization of Alfven eigenmodes in strongly-reversed shear plasma

It has been found that a reversed shear plasma with internal transport barrier (ITB) is immune to
TAEs driven by energetic ions produced with the ICRF heating [7, 8, 18]. The TAEs have been
observed only in weakly-reversed shear plasmas with moderate ITB formed after sequential collapses.
In recent experiments, the excitation and stabilization of TAEs in reversed shear plasmas were
investigated by injecting the NNB into 2.1 T deuterium plasmas. It was confirmed that a strongly-
reversed shear plasma is stable for AEs.

Figure 9 shows profiles of the safety factor, the electron density and the beta vale of NNB ions
in the case without exciting AEs. The safety factor profile has a minimum (qmin) at r/a~0.7-0.8 and is
strongly reversed inside the location of qmjn. Because of the ITB formation in the electron density, a
slight jump in the density profile is observed just inside the location of qmin. The Ph profile shows that
most of all NNB ions is deposited inside the ITB. The volume averaged fast ion beta <ph>~0.28% is
sufficiently higher than the threshold <Ph>~0.1% for TAE excitation. However, the fast ion beta is low
and the pressure gradient is small in the low shear region around qm;n. The miss-alignment between
the AE gap and a region of the high pressure and large pressure gradient of NNB ions is considered to
be the reason of the stabilization of AEs in the strongly-reversed shear plasma.

On the other hand, the n=l TAE was observed in a weakly-reversed shear plasma as shown in
Fig. 10 (a). Profile of q, ne and Ph are presented in Fig. 10 (b). The qnun is located at r/a~0.6 and the
ITB in the electron density can be seen at around r/a~0.4-0.5. The pressure profile of NNB ions is
similar to that in the case of the AE stabilization except for r/a<0.3. The relation between the Alfven
continuum and measured TAE frequency indicates that the n=l TAE is excited at a TAE gap formed at
r/a~0.5, where magnetic shear is weak and the fast ion beta is as high as ~ 1 % . The TAE is excited
because of the well-aligned TAE gap.

The excitation condition of Alfven eigenmodes and burst modes by injecting the NNB in JT-
60U is plotted in a space of vy/v^ against <Ph> in Fig. 11, comparing with a domain where TAEs
exhibiting burst activity have been observed in positive shear plasmas of TFTR and DIII-D and and
domain where alpha-particle-driven TAEs in TFTR have been excited in weak shear plasmas. The
TAE starts to be excited at <PJ , >~0 . 1% in a weak shear plasma and the beta value is comparable to the
threshold for TAE excitation by alpha particles in TFTR weak shear plasma. In a regime of
<ph>^0.2%, burst modes is excited in addition to TAEs and EAEs. The TAE is also excited for
<Ph>~0.3% in a weakly-reversed shear plasma, however, TAEs become stable in strongly-reversed
shear plasmas with similar beta value. This plot also shows that not only macroscopic parameter as
<Ph> but also local parameters such as magnetic shear and pressure gradient of hot ions are important
for understanding AE excitation and stabilization.

6. Summaries

The excitation and stabilization of AEs in weak or reversed magnetic shear plasma were
investigated with the NNB injection at 330-360 keV. The TAEs were observed in weak shear plasmas
with <ph>>0.1% and 0.4<vt>||/vA^l. The threshold <ph>>0.1% is as low as threshold p a in weak shear
TFTR discharge. The TAEs are stable in a high lj regime of li>l for <ph>~0.1%. The excitation and
stabilization is consistent with predictions by the NOVA-K code. New burst modes and chirping
modes were observed at higher beta of <ph>^0.2%. A burst modes occurs in a range of OO<G>TAE and
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the mode frequency changes rapidly by ~20 kHz in a burst of a few millisecond. The amplitude of
burst modes is a few times to ten times as large as that of TAEs and EAEs. A few percent drop in the
neutron emission rate was observed correlating with the burst modes. Fast ion loss correlating with
TAEs and EAEs was not clearly observed due to the weak fast ion drive. The chirping modes appear in
a early phase of the NNB injection and the mode frequency starts to chirp from inside the Alfven
continuum and increases up to the TAE frequency. This chirping modes are excited only in a duration
of the slowing-down time of NNB ions after the start of the NNB injection. In the strongly-reversed
shear plasma with the ITB, AEs were suppressed. It is considered to be due to the miss-alignment of
the AE gap and/or the low pressure gradient and low fast ion beta in a low shear region.
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FIG. 1. Plasma configuration and two beam lines of
negative-ion-based neutral beams (NNB) are shown.
The NNB of 2-4 MW was injected at 330-360 keV.
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FIG. 2. Time traces of plasma current Ip, line-
averaged electron density n~e and NNB power
PNNB are shown (top). The H°-NNB was
injected at 360 keV'into helium plasma. Bt0 =
1.7 Tand Ip=0.8 MA at aflat top. NNB-driven
TAE modes with toroidal mode number ofn=l
andn=2 (bottom). TAE mode frequencies
calculated with n~e and B^ are also shown with
solid lines.

180 :'

140 :

100
4.5

1

0.9

0.8

£ 0.7
43

0.6

0.5

0.4

Time (s)

• n=1 TAE
• n=2 TAE
'Q NO TAE

I
1.9
MW.

PNNB
=2.5 MW

D"

2.6 MW

11 . . . i . . i i i,

5.0

FIG. 3. A domain of TAE mode excitation in a space
of internal inductance li v.s. vb\/vA (v^.velocity in the
magnetic field direction defined at the magnetic axis,
vA:Aljven velocity) for H°-NNB injection into helium
plasmas. Filled circles show n=l mode excitaion,
filled squares show n=2 mode excitaion. Open
squares show the cases without TAE excitation.

0.9 1.1

- 5 -



542 EX8/6

CM

I
s

10

8

I 6

4

E30472, 4.8 s <§)

n=

T—•—'—•—iv—'—'—'—'—'—'—r

Affven
continuum

measured
frequency

0 0.2 0.4 0.6 0.8
r/a

FIG. 4. (a) Alfven continuum spectrum for the n=2 mode, safety factor profile (q) and measured TAE
frequency (dotted line) at 4.8 s in the discharge shown in FIG. 2. (b) Similar ones for qo=1.2 assumed.

£

E32359.-1.2

I
"~KrHpNB"for M

T
; P N N B ^

. . • • • ' . : . . - • • . . •

5 _

S
o w

0.9-?
0.7<B
0.5
0

u.

3.8 4.0 4.2
Time (s)

• I . I .•

. 5. 7bj?; T/ime traces of plasma
current, NNB power,beam power for
MSE diagnostics, line averaged-
electron density and a ratio vbl/vA are
shown. Bottom; Frequency spectrum
of magnetic fluctuations measured
during the D°-NNB injection into a
deuterium plasma. Beam energy is
360 keVand toroidal magnetic field at
the center is 1.2 T. Toroidal mode
numbers are shown for some typical

n=2,3 modes.

TAE
n=1

4.4 4.6

V
jQ
C

.2 1
CO
(0

I ' I
FIG. 6. Profiles of fast ion beta when only upper beam
line is used (solid line) and only lower beam line is used
(dotted line).

0 0.2 0.4 0.6 0.8 1
r/a

- 6 -



543 EX8/6
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FIG. 7. Temporal behavior of magnetic fluctuation (top)
and neutron emission rate (bottom) when a burst mode
appears.
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Paper IAEA-CN-69/EX8/1 (presented by L.L. Lao)

DISCUSSION

RJ. GOLDSTON: Paper IAEA-CN-69/OV1/3 indicates some significant
confinement degradation in the square discharges. How much degradation do you observe?
Why do you believe that the "bulged" equilibria would do better on confinement?

L.L. LAO: The square discharges have Hg9P~2, which is typical for DIII-D ELMy
H-mode discharges and is low compared with the values of Hggp > 3 during the ELM-free
phase of some of the DIII-D high performance discharges. The motivation for the "bulged"
equilibria is rather to improve the n = 1 stability limit of the square discharge while still
keeping the ELM amplitude low.

K. LACKNER: Realistically speaking, is it possible to impress sufficient squareness
or localized plasma surface deformation under reactor conditions?

L.L. LAO: We have not done any quantitative analysis to evaluate the poloidal field
coil requirements for these types of plasma geometry under reactor conditions. Clearly, there
will be additional demands on the poloidal field coil system.

M.E. MAUEL: The ELM characteristics in DIII-D discharges with high squareness
appear similar to the ELMs seen in the EDA H-mode in Alcator C-Mod. Can you comment
on any similarities and differences between the Alcator C-Mod EDA ELMs and those seen on
DIII-D discharges with various degrees of squareness?

L.L. LAO: The Da signals look similar in the D1H-D high squareness discharges and
the Alcator C-Mod EDA discharges. However, whereas the high squareness discharges have
no second ballooning stability access, the EDA discharges are reported to have some edge
second ballooning access (A.E. Hubbard, invited paper, 1997 APS).
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Paper IAEA-CN-69/EX8/2 (presented by S. Giinter)

DISCUSSION

J.D. CALLEN: Do you also observe neoclassical tearing modes triggered by ELMs?
Also, what fractions of seed islands are triggered by the various possible sources - sawtooth
crashes, fishbones, ELMs, or are there no obvious triggers?

S. GUNTER: We do not see ELMs triggering neoclassical tearing modes. Only
modes which occur without any observable seed islands are sometimes preceded by ELMs.
In most cases, neoclassical tearing modes are triggered by sawteeth (~75%). In low density
discharges with large heating power (especially with the perpendicular beams) fishbones
trigger neoclassical modes (-20%). There are only a few cases where no seed island is
observed (-5%).

A.W. MORRIS: If ECCD is used to reduce the neoclassical island width below a
critical width, one would expect ion polarization or other stabilization mechanisms to reduce
the width to zero. How close to this critical width are the ASDEX-Upgrade results?

S. GUNTER: Below a critical width, one would expect stabilizing effects due to the
ion polarization current and due to the reduced drive caused by the incomplete pressure
flattening across small islands. We have reduced the island width from 8 to 5 cm. According
to the theory, we are about 30 to 40% above the threshold below which the island should be
stabilized as a result of the above effects.

M.E. MAUEL: You report variations in neoclassical tearing mode onset as the plasma
density was adjusted. This, as you indicate, could be due to changes in collisionality, but it
could also be due to changes in neutral beam induced plasma rotation. Have you investigated
the dependence of tearing mode onset on changes in plasma rotation?

S. GUNTER: We have varied the applied beam lines (parallel and perpendicular) and
therefore the plasma rotation. We observed no remarkable differences in the onset conditions
of neoclassical tearing modes due to changes in plasma rotation.

M.C. ZARNSTORFF: You claim that fishbone instabilities cause reconnection on the
basis of the Te evolution. Do you measure a change in the q-profile due to the mode via MSE
(motional Stark effect)? How do you know that the Te evolution is not due to transport
caused by the mode?

S. GUNTER: We have no direct proof of magnetic reconnection yet, since our MSE
diagnostic is not fast enough to measure the development of the q-profile during one
fishbone. We do, however, see a practically instantaneous decrease in the electron
temperature over the whole region 0 < p < pq = i. Such behaviour should not be caused by
increased transport at the q = 1 surface. Furthermore, taking into account only the
temperature change caused by fishbones in a transport code (ASTRA) is not sufficient to
explain the limited current profile peaking.
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Paper IAEA-CN-69/EX8/3 (presented by A. Pochelon)

DISCUSSION

K. LACKNER: You explain your sawtooth modification experiments in terms of the
hot bubble-cold crescent topology. Can you simulate it also in terms of the ideal kink based
cold bubble - hot crescent, model?

A. POCHELON: The model used in the simulation relies on internal kink convection
mixing due to magnetic reconnection and localized electron heating. The crescent shaped
magnetic surfaces may become hot if the heat deposition occurs in this region. We doubt
whether the present experimental data can be interpreted on the basis of an ideal MHD
instability, but it would be interesting to test different models.

J.D. CALLEN: How localized is your ECH? Have you tried moving the heating
position outside the q = 1 radius? If so, do you obtain results like those in RTP (Rijnhuizen
Tokamak Project) (paper IAEA-CN-69/EX7/4)?

A. POCHELON: The relative power deposition width Ap/a depends on the different
launching geometries used. The power deposition location has been varied from plasma axis
to nearly plasma edge - much further out than the q = 1 radius. This has been done through
poloidal angle sweep of the EC beam, vertical plasma position sweep through the EC beam
(Ap/a ~ 0.1-0.2) and toroidal field sweep (Ap/a < 0.1).

When using typically 500 kW EC power - one launcher - for these off-axis power
deposition studies, TCV q profiles showed only small modifications: on-axis sawtooth
activity was maintained, although with a slightly modified inversion radius. So far, we have
not seen off-axis sawteeth as in RTP. We have, however, seen central humpback sawteeth
maintaining nearly identical inversion radius, for power deposition at two distinct radial
locations in a toroidal field sweep, and therefore with very localized power deposition, in a
geometry similar to RTP.

Y. NAGAYAMA: Your model is based on the full reconnection model. However,
present q profile measurements using, for example, MSE (motional stark effect) or FIR
(far-infrared) polarimeter show that the island width of the m = 1 mode is 1/3 of the q = 1
radius. Can you modify your model to be consistent with the q-profile measurements?

A. POCHELON: The theoretical model does not rely on full reconnection. Sawtooth
crashes with partial reconnection can also be simulated. However, for the TCV discharges
we have analysed, we find that - assuming full reconnection - a satisfactory simulation of the
experimental data is obtained, at least qualitatively speaking. We are aware that different
plasma regimes exist in different tokamaks, where partial sawtooth reconnection may be more
realistic.
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Paper IAEA-CN-69/EX8/4 (presented by J. Manickam)

DISCUSSION

K. LACKNER: I have a comment regarding the self-consistency of the treatment of
the Er-fast particle interaction in the stability calculations. As Er is presumably produced by
intrinsic effects and is not directly externally driven, I think a stability calculation should also
include the response of the Er field, even in a linear stability consideration.

J. MANICKAM: Your statement holds, if the Er field across the entire plasma cross-
section needs to be considered. In our case, however, the interaction of the fast particles is
determined by the overlap of the distribution with the mode structure. Since the distribution
peaks near the core and the mode peaks near the ITB, the region of overlap is quite small.
Consequently, the radial Er in that localized region has a dominant contribution, and effects of
the averaged Er, which might influence the mode frequency, can be neglected.

M.E. MAUEL: You indicate that the radial mode structure of the BLM becomes much
broader with a larger edge displacement as q-min decreases. For these modes, what is the
effect on stability as a conducting wall is moved to the edge of the plasma?

J. MANICKAM: Since these instabilities are driven primarily by the internal localized
pressure gradient in the low shear region, they are less sensitive to external boundary
conditions and only a modest beta increase is expected when a conducting wall is moved
closer to the plasma edge.
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Paper IAEA-CN-69/EX8/5 (presented by R.J. Buttery)

DISCUSSION

H. ZOHM: Initial studies on this subject indicated a critical error field of ~10"5. Could
you point out the main element in your present analysis that increased the threshold to 104?

R.J. BUTTERY: Early cross-machine analyses (~ 1992) used differing plasma
configurations and error harmonics and were based solely on (2,1) component of field. Also
JET thresholds were based on field calculated from design. New analyses have measured
much higher thresholds (x2-3) indicating additional error sources. The new analyses use a
combined harmonic quantity, Bpen, which includes the effects of sidebands to give equivalent
pure (2,1) yield. They are also based on similar shape and parameter plasmas. Thus
thresholds have risen substantially on JET, slightly on DIJJ-D, and fallen on COMPASS-D.
A dimensional scaling argument is used to scale from JET data, as the COMPASS-D results
indicate a different physics regime which highlights uncertainties.
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Paper IAEA-CN-69/EX8/6 (presented by Y. Kusama)

DISCUSSION

S. BERNABEI: Strong burst modes have been observed during ICRF heating in
TFTR. It seems that they are responsible for some losses, but they are always accompanied
by energetic particle modes with n ~ 8, with large losses. Are these observed in JT-60U
during NNB heating?

Y. KUSAMA: In NNB injection on JT-60U, the burst mode itself seems to be an
energetic particle mode with n = 1-2. Any small drop in the neutron emission rate is
accompanied by the burst mode. However, larger losses of energetic ions are considered to
be accompanied by the saturation of neutron emission rate and electron temperature when
energetic particle modes of n = 3 ~ 12 are excited in ICRF heating of low shear plasma.

K. TOI: Regarding the parameter dependence of the frequencies of the burst and
chirping modes, are they really in the TAE frequency range?

Y. KUSAMA: The parameter dependence of the frequencies of the burst and chirping
modes has not yet been clarified. It has been found from analysis of the AlfVen continuum
and measured mode frequency that the frequency chirping of the burst mode starts from the
TAE gap. However, the frequency chirps down below the lower AlfVen continuum, which
determines the TAE gap.
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ABSTRACT
Current drive and heating properties of negative-ion-based NBI(N-NBI) have been studied com-

prehensively in JT-60U. It was confirmed from the shinethrough measurements of the injected
beam(350keV) that multi-step ionization processes are essential in the ionization processes of high en-
ergy particles. A current density profile driven by N-NB was determined experimentally. That is in a
good agreement with theoretical prediction, and N-NB driven current reached 0.6MA with EB=360keV
and P ^ ^ J M W . Current drive efficiency r|CD is increased with the electron temperature and improved
with beam energy. Injected fast ions are well confined in the enhanced confinement core with weak
poloidal magnetic field of the reversed shear plasmas. Clear H-mode transition was obtained with N-NB
dominant heating, where the net absorbed power required for H-mode transition seemed similar to the
previous result obtained in JT-60U using positive-ion-based NBI(P-NBI) heating. With the strong elec-
tron heating by N-NB (80% absorbed by the electron), H factor (=TE/xE

rrER89PL) of 1.64 with Te(0)=l .4T.(0)
was obtained in the steady-state ELMy phase.

1. INTRODUCTION
Heating and current-drive are important issues for steady-state operation in the tokamak fusion

reactor with high density and temperature core plasma. Neutral beam injection(NBI) is one of the most
promising candidates for these purposes because of its applicability established in the tokamak experi-
ments with successful results of the current drive of several hundreds of kA ~ IMA level and the im-
proved confinement. In the reactor plasmas, beam energy of MeV class is required to penetrate deeply
into the high density core. Negative-ion based NBI(N-NBI) has a much higher neutralization efficiency
at high beam energy over several hundreds of keV comapred to positive-ion based NBI(P-NBI), which
has been used in many tokamaks. Thus, N-NBI system has to be establishd technologically and prove to
be applicable and effective for heating and current drive in tokamak plasmas. JT-60U's N-NBI system
has been installed in 1996[1]. It is a co-directional tangential beam consisting of two beam-lines(NNB-U
and NNB-L) as shown in Fig. 1 and has the designed values of beam energy EB=500keV, injection power
PJN^I OMW and pulse length of 10s[2]. High production efficiency of negative-ions and high neutraliza-
tion efficiency were confirmed in the range of 300-400keV. By solving the engineering problems accom-
panying the high-voltage acceleration of negative ion beam at high-power for long duration, EB up to
400keV, PMJup to 5.2MW and duration time of 1.9s have been achieved[3]. The experiments using N-
NBI have been conducted extensively in the various aspects. In this paper, the ionization process as a
basis of power absorption, current drive performance, confinement of N-NB fast ions and N-NB H-mode
are described.

1
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Fig. 1. Plasma configuration. N-NB trajectories pro-

jected on the poloidalplane are shown. Upper line is

called NNB-L(injected from the lower ion-source

placed below the equatorial-plane of the torus), and

Lower line is NNB-U injected from the upper ion

source. Trajectories of tangential and perpendicular

P-NB are also shown. Magnetic surfaces are shown

by normalized minor radius.

2. IONIZATION PROCESS OF N-NBI HIGH ENERGY PARTICLES
The multi-step ionization[4], which arises from excitation processes of the beams and the subse-

quent ionization, can be important in neutral beams with energies of several hundreds of keV or higher.
The cross-section for electron loss(ionization and charge exchange) can be enhanced through the multi-
step processes, and it is predicted theoretically that the enhancement factor 8 is increased with raising EB

and ne. Here, the enhancement factor is defined by 5 = (omulti -asingle) / <Jsingle, where Gmulti and Gsingle are
cross-sections for multi- and single-step models respectively. From calculation of the multi-step model
by Janev[4], 8 can be as large as 20% when EB=500keV and ne=lxl019nr3 in hydrogen plasma. Fig. 2(a)
shows N-NB(EB=355keV, PNNB=3MW) power deposition profiles calculated by OFMC[5] code using
single- and multi-step models. Plasma parameters are ne=l xl 019nr3, Te(0)=4.2keV, T.(0)=3keV and Zeff=2.8.
Deposition profiles are quite different even with relatively-low density. Total absorbed powers for two
models are 1.3 and 2.2MW, respectively. Thus, the beam stopping cross-section has a large impact on the
estimation of beam deposition. To validate theoretical predictions on the multi-step ionization for reliable
design of N-NBI with MeV-class beam energy requested on the reactor, cross-section should be evalu-
ated experimentally in the high energy range. The experimental data obtained so far was up to 140keV[6]
at which difference between single- and multi-step models was not large and it is difficult to confirm the
multi-step model experimentally.

Ionization process of N-NBI has been studied experimentally from shine-through measurements [7],
where both plasma and beam species are hydrogen. The shine-through is estimated from the temperature
rise of armor tiles facing the N-NB lines using thermocouples. In this series of experiments, the ranges of
Te and Zeff are 1.8 - 3.7keV and 1.3 - 2.2, respectively. Fig. 2(b) shows dependence of measured shine-
through of 350keV N-NBI on neL, where neL is the integrated electron density along the beam path in the
plasma. Two theoretical predictions, single- and multi-step ionization processes, are also shown in the
Fig. 2(b) (shaded areas). Here, on comparing the experimental results to the theoretical calculation, cross-
section for electron loss due to multi-step processes is newly calculated by adopting the latest reliable
atomic data[8] based on the work by Janev et al.[4]. Experimental results agree with multi-step processes
over a wide range of n,L (0.7-3.0xl020m"2 corresponding to fie=l-4.1xl019nr3) within the experimental
error due to 20% uncertainty in Zefr Multi-step ionization processes are essential in high EB and ne re-
gime. Fig. 2(c) shows neL dependence of the enhancement factor 8. Theoretical results mentioned above
are also shown(open circles). Here, as it is a line-averaged value of 8 that can be evaluated from shinethrough
measurement, theoretical 8 compared in Fig. 2(c) are also averaged from 8 profile along the beam path.
Enhancement has the value of 0.3 at neL=2xl020m2(ne=3xl019m~3), increasing gradually with the den-
sity.
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Our theoretical work[8] also takes into account the case when characteristic length for saturation
of excitation probability can't be negligible compared to the mean free path for electron loss of beam
neutrals, which correponds to the effect of the spatial distribution of density and temperature. Calculated
result shows that the effect of the spatial distribution of ne and Te become important at order of ne=1022nr3.
Thus, the conventional treatment of the population of each excited states to be saturated can be appli-
cable to the high beam energy and density in the fusion reactors.

3. N-NB CURRENT DRIVE
N-NB current drive experiments with deuterium plasma and beam have been carried out to make

clear current drive properties of N-NBI, which is a basis in application of N-NBI to sustainment of high

(a)

0
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(b)
• N-NB injection
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Fig. 3. a): Waveforms of N-NB CD experiment. During N-NB injection, drop ofVsurf, increases in

Wdia and Sn are observed. Te(0) also increases, while increase in T.(0) is small, b): Te and T. profile

before and during N-NB injection, which indicates electron dominant heating by N-NB.
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performance discharges with full current drive. Profile of loop voltage has to be determined to evaluate
N-NB driven current profile jNNB(p) and total driven current lmB. Non-inductive portion of current is the
difference between the total current density j(p) and the inductive current density joh(p). Total current
density profilie j(p) is determined accurately from equilibrium reconstruction^] with external magnetic
measurements and internal Motional Stark Effect(MSE) measurements[10], and joh(p) can be determined
from the internal electric-field(loop voltage) profile E/;(p) and the resistivity profile calculated from
measured Te(p), ne(p) and Zeff(p) based neo-classical conductivity(confirmed in JT-60[l 1]), where E;/(p)
is calculated from time-evolution of poloidal flux profile *F(p)[12].

Plasma configuration(Fig. 1) is chosen as MSE and Thomson scattering measurements can cover
from the magnetic axis to the edge to reconstruct equilibrium and determine resistivity profile with high
accuracy because the accuracies of measurements are quite important in the analysis method mentioned
above. Lower unit of N-NB passes through the magnetic axis in this configuration. Fig. 3(a) shows NB
power and plasma parameters at Ip=lMA, BT=3.5T and ne=0.9xl0I9m3. N-NB injection power is 3.7MW
at EB=360keV. Pulse length (>2s) is sufficiently longer than the slowing down time of N-NB fast ions,
0.5 - 0.65s inside half minor radius where 60% of N-NB inection power is absorbed. P-NB of 3MW is
also injected for measurements of current density and ion temperature T. profiles using MSE and Charge
Exchange Recombination Spectroscopy(CXRS), respectively. Stored energy, W^, and neutron emission
rate, Sn, increase during N-NB injection. The large increase in Sn is mostly due to beam-thermal reaction.
Central electron temperature T,(0) increases during N-NB injection, while increase in ion temperature
T.(0) is small(Fig. 3(a)). Electron and ion temperature profiles before and during N-NB injection are
shown in Fig. 3(b). These indicate electron dominant heating by N-NBI with central deposition(T (0)~4keV,
T.(0)~2.7keV). From calculation of OFMC code, absorbed power in electrons and ions during slowing-

0.2 0.4 0.6 0.8 1

P
Fig. 4: Loop voltage profiles with and without N-

NB injection. Large drop in the central region is

observed in case of N-NB injection.

Fig. 5 : N-NB driven current profile. Experimen-

tal resultfsolid line) agrees well with theoretical

calculation(dashed line). Error bar due to the un-

certainties in Tj Zeffand Vho is indicated by shaded

region.

Fig. 6 : Integrated N-NB driven and bootstrap

currents inside each flux surface versus normal-

ized minor radius p. Total N-NB driven current is

600kA and Bootstrap current is 140kA.
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Reactor regime

O

Fig. 7. Central electron temperature Te(0) de-

pendence of current drive efficiency r\CDfor N-

NB(open circles) ofE=330-370keVandforP-

NB(closed circles) ofEB=83-87keV. Shaded re-

gion indicates the required regime for reactor.
Te(0) (keV)

down process of N-NB fast ions are 61% and 14% of injection power, respectively. 26 and 35% of
injected P-NB power go to electrons and ions, respectively. Shinethrough loss is 21 % for N-NB and 19%
for P-NB and other losses due to toroidal field ripple, banana drift orbit and charge exchange are 4% for
N-NB and 20% for P-NB. Electron density almost stays at constant level because of low particle fueling
of N-NBI. Gradual decrease in surface voltage Vsurf from 0.45V to less than 0.3V is due to the gradual T,
increase and relaxation of electric field(loop voltage profile becomes flat).

Loop voltage profiles at the same timing of discharges with and without N-NB injection are shown
in Fig. 4. Large drop of loop voltage in the central region is observed. This is due to reductions of the
inductive current density and resistivity through increase in electron temperature by N-NB central cur-
rent-drive and heating. N-NB driven current density profile j ^ ^ p ) is evaluated by the technique men-
tioned above. This analysis method gives just non-inductive portion of current profile and can't separate
beam-driven and bootstrap components. Thus, jj^Cp) is determined by subtracting bootstrap current
profile jBS(p) calculated by the theoretical code from non-inductive current profile. N-NB driven current
profile is shown in Fig. 5 (solid line). The centrally-peaked profile is confirmed experimentally as ex-
pected from on-axis trajectory of N-NB. Total N-NB driven current 1 ,^ is 600kA and the current-drive
efficiency r|CD defined by r ^ =neRpINNB / P ^ / l -T|SHT) is O^xlO^AW-'nv2, where r|SHT is a

shinethrough fraction. A calculated jj^Cp) using current-drive code ACCOME[13] is also shown (dashed
line). They agree well within the experimental error due to the uncertainties in Te, Zeff and loop voltage.
Fig. 6 shows the integrated N-NB driven and bootstrap currents inside each p for the same discharge in
Fig. 3-5. 70% of L ^ is driven insid half minor radius. Bootstrap current IBS is 140kA, where contribu-
tion of NNB to fast-ion component of IBS is calculated as ~50kA.

Fig. 7 shows r|CD as a function of Te(0) for N-NBI(EB=330-370keV) and P-NB(EB=83-87keV).
Electron temperature is 2-6 keV, and Zeff is 2-3.5. They are obtained in the same series of N-NB current
drive experiments. Current drive efficiency increases with Te(0). Central value is chosen as a representa-
tive value characterizing r|CD because N-NB has a central deposition. Increase in r i ^ with higher Te is due
to longer slowing down time of beam ions. Fig. 7 also shows tha t r^ is improved with beam energy(higher
r i ^ for N-NB than that for P-NB). These result of increase in current drive efficiency with Te and beam
energy, which is predicted by theory, indicate that current-drive performance of neutral beam can reach
the value required for the fusion reactor with beam energy-1 MeV, Te>10keV and Zeff~1.5.

4. Confinement of N-NBI high energy ions
As is shown in recent experimental results in tokamak devices[14,15], a reversed magnetic shear

(R/S) plasma with internal transport barriers (ITBs) is the most promising candidate for an advanced
steady state operation of a tokamak reactor. However, loss of high energy trapped particles can be en-
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hanced due to ripple transport, especially in the reversed shear plasmas because the banana-width be-
comes large in the negative shear region due to the small poloidal magnetic field. N-NB fast ions are
expected to be confined well in the plasma without suffering ripple transport because most of them are
initially produced in passing orbits as shown in Fig. 8(calculated result). Fig. 9 shows increases in neu-
tron emission by N-NB injection into positive and negative magnetic shear plasmas as a function of the
values calculated from Te and Zeff. Values of ASyP,^ in positive (open circles) and negative (closed
circles) shear plasmas are on the same line. This means that N-NBI fast ions are well confined even in a
weak poloidal magnetic field of reversed shear plasmas. Thus, N-NB fast ions heat plasma effectively
during slow-down process. Fig. 9 also means that the effect of deviation of passing fast ion from mag-
netic surface is small. This is because deviation(order of poloidal larmor radius) is small compared with
the scale length of plasma profiles such as temperature, and the outer and inner shifts of drift surface
respectively in low and high field side cancel each other. Thus, this effect doesn't affect current drive
calculation much(ACCOME code assumes fast ions running on the magnetic surface).

5. N-NB H-mode
Considering N-NBI as a main heating tool for reactor plasmas, it is quite important to confirm H-

mode transition with N-NBI. As shown in Fig. 10(a), clear H-mode transition occurs at t=6.1 s during N-
NB injection of 3.89MW at EB=336keV. In this discharge, the injected power of P-NB for diagnostic is
0.8MW. Fig. 10(b) shows Te and T. profiles at Is after H-mode transition for similar discharge. Electron
temperature is higher than T., especially over 1.4 times in the center, due to the electron dominant heating
by N-NBI as calculation of OFMC code shows that the absorbed power in electrons is 5 times larger than
that in ions. Threshold power predicted by the scaling PTH(MW)=1. lne

a5[l 019nr3]BT
10[T] obtained in JT-

60U using P-NB[16,17] is 2.6MW at BT=2.05T and the target density ne=1.34xl019m-3 in this discharge.
The absorbed P-NB power Pabs

PNB and ohmic input PQH are 0.75MW(4% of shinethrough is subtracted
from the injection power) and 0.68MW, respectively. As the sum of these are below threshold power
2.6MW, the observed H-mode transition is kicked by N-NB injection. At the H-mode transition, the net
absorbed power Pnet(=Pabs

NNB+Pabs
PNB+P0H-dWsy'dt) is 3.53MW(shinethrough losses of 26%(N-NB) and

4%(P-NB) are subtracted).

In the steady-state ELMy phase(t=7.44s), H-factor(ITER-89PL) is 1.64. ELMy H-mode is sus-
tained over 1.3s, which is longer than the slowing-down time of N-NB fast ions(0.27s in the center). It
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should be noted that this H-factor of 1.64, which is almost the same as that obtained by P-NB heating at
Te~T. in JT-60U, can be obtained at T>T,

In Fig. 10(c), the net absorbed power normalized with toroidal field is plotted as a function of ne.
H- and L-modes with P-NB heating are indicated by open circles and crosses, respectively. Those with
N-NB and P-NB heating, where the fractions of P^/™11 to the total injection power are 40-100%, are
indicated by closed circles and triangles, respectively. In the low density region (ne<l .2x1019nr3), thresh-
old power increases with decreasing density, which is same as for P-NB. This is because the ratio of edge
neutral density n0 and ne increases in this range of density and threshold power is largely affected by edge
neutrals[17,18]. It seems that H-mode transition by N-NBI occurs at similar level to P-NB heating within
the present N-NB H-mode data restricted in the narrow range of parameters such as BT, ne and qefr

Further detailed and systematic experiments is necessary to conclude whether the threshold power scal-
ing with N-NB is different from that with P-NB (PTH(MW)=l.lne

0S[1019m-3]BT
10[T] forne>1.2xl019nr3).

6. SUMMARY

In JT-60U, issues related with high energy neutral beam have been studied comprehensively. On
the basis of plasma heating and current drive, the ionization processes of high energy particles are exam-
ined both experimentally and theoretically. These make clear the multi-step ionization processes involv-
ing the excited states are essential in high beam energy and density region. Current drive properties , e.g.,
non-inductively driven current profile and total driven current, are evaluated from measurements, which
show good agreement with the theoretical prediction. Current drive efficiency is found to be increased
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with the electron temperature and improved with the beam energy. These results give the prospect that
current-current drive performance required for the fusion reactor can be achieved with neutral beam. N-
NB fast ions are well confined in the reversed shear plasma and can heat the improved confinement core
in the slowing down process without suffering ripple transport. Clear H-mode transition is obtained by
N-NB dominant heating with H-factor of 1.64 at Te>T.. This good confinement with Te>T. is a new
regime in JT-60U, which has been achieved by N-NBI. H-mode transition power doesn't deviate from
the scaling obtained in the previous JT-60U experiments, although detailed and systematic experiments
are necessary for H-mode properties and physics such as threshold power, pedestal behaviours and the
effects of the pure electron heating and high energy ions.

As for the progress on JT-60U's N-NBI, EB=400keV, P ^ ^ M W and pulse duration of 1.9s have
been achieved. Next step with progress on N-NBI system is furthur improvement of high performance
plasmas through current profile and pressure profile optimization with high fraction of non-inductive
current using N-NBI.
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REACTOR RELEVANT ICRF HEATING IN JET D-T PLASMAS

The JET Team1

(presented by D.F.H. Start2)

JET Joint Undertaking,
Abingdon, Oxfordshire,
United Kingdom.

Abstract

Ion Cyclotron Resonance Heating (ICRH) experiments have been carried out in reactor relevant scenarios
during the Deuterium-Tritium (DTE1) campaign in JET. For the first time it has been possible to assess the deute-
rium minority in tritium plasmas (D)T scheme: this produced a steady-state DT fusion power up to 1.66 MW for
input ICRF power of 6 MW. Strong ion heating, with core ion temperature up to 13 keV, has been observed when
using 3He minority heating in both 50:50 D-T and tritium dominated H-mode plasmas. Second harmonic tritium
heating has also been studied and, as expected for JET plasma conditions, it has produced mainly electron heating.
Finally, the inverted scenario of tritium minority in deuterium (T)D was successfully demonstrated.

1. INTRODUCTION

Ion cyclotron resonance heating (ICRH) is the only method of additionally heating ions in the
dense core of a tokamak reactor. Radio Frequency (RF) power is used to excite a fast magnetosonic
wave, to which the high density plasma is accessible. The wave is absorbed at a cyclotron resonance
which is positioned in major radius (usually the plasma centre) by the choice of magnetic field and RF
frequency. The ions damping the wave are often accelerated to suprathermal energies. This energy is then
transferred to the thermal ions and electrons by Coulomb collisions. If the energy of the absorbing ions is
less than a critical value, ECRIT , power flows more to the thermal ions than to the electrons.

The ICRH system on JET has been designed to operate with a wide range of fundamental and
multiple harmonic scenarios, with the frequency band covering the range 23 MHz to 56 MHz [1]. The
versatility of the system was exploited in the recent JET experiments with D-T plasmas which provided
a unique opportunity to assess the physics and performance of ICRH schemes that are relevant to a fusion
reactor. These schemes comprise 3He and deuterium minority ions at their fundamental resonances and
tritium majority ions at their second harmonic resonance. In addition, tritium minority heating experi-
ments were carried out with 5% tritium in 95% deuterium plasmas. The experiments were carried out in
H-mode plasmas, except for the tritium minority studies where the available power was below the
H-mode threshold, in single-null X-point configurations.

2. FUNDAMENTAL DEUTERIUM MINORITY HEATING.

The potential of the deuterium minority in tritium, (D)T, ICRF scenario for both plasma heating
and for generating fusion power through suprathermal reactions has previously been recognised [2, 3].
Theoretical calculations for reactor conditions [4] suggest that, with k// ~ 4 m"1, deuterium concentrations
•HD = 8 / (B+nT) around 30% will provide bulk ion heating. For higherTjo, direct electron damping will
become a competitor to the deuterium cyclotron absorption. For JET conditions, theory predicted thatr|D
between 10% and 20% would produce maximum reactivity [3,5]. The D(T) scheme was tested and
optimised for the first time in the JET D-T campaign. The experiments were carried out at a frequency of
28 MHz and a toroidal magnetic field of 3.7 T to give central RF power deposition, with plasma currents
Ip = 3.3 MA and 3.7 MA and RF power up to 6 MW.

1 see Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by MX. Watkins)
2 This paper summarises the extensive programme of ICRH experiments in D-T plasmas initiated and carried out

by Dr. David Start, who died suddenly in August 1998. The paper has been completed by G.A. Cottrell and
F.G. Rimini.
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Fig. 1. time evolution of plasma parameters for Fig. 2. NPA line integral deuteron distribution
record fusion (D)T scenario. function for discharge 42792 (Ip=3.7 MA,

BT=3.7T).

The fusion reactivity between the suprathermal deuterons and the thermal tritons was maximised
by achieving an average deuteron energy close to 120 keV, close to the peak of the D-T fusion rate. The
highest reactivity is achieved in H-mode plasmas with ICRF power of 6 MW, a D:T ratio of 9:91 and a
core electron density ~ 5 x 1019 mf3 (Fig. 1). The fusion power reaches 1.66 MW and the fusion figure of
merit, QIN = P&S/(PRF +POH), was 0.22 over a period of 2.7s, corresponding to three energy replacement
times. The length of the RF pulse was limited due to neutron economy. Here Pfus, PRF and POH are the
output fusion power, the input RF and ohmic heating powers, respectively. The time duration of the ICRF
pulse was mainly dictated by neutron economy. The frequency of the small amplitude ELMs is about
250 Hz, and the ratio of the ELM repetition time and the confinement time (0.87s) gives an upper limit of
0.5% to the fraction of the plasma energy content (A WAV) transferred by each ELM across the scrape-off
layer. The energy confinement time, TE = 0.87s, corresponds to an ELMy H-mode quality factor, ITERH97-
P [6], of 0.90.

The electron and ion temperatures are measured by Electron Cyclotron Eemission (ECE) and
Charge Exchange Spectroscopy (CXS), which uses tritium neutral beam power up to 2.3 MW to give
sufficient signal from the plasma centre. The central ion temperature, T;(0), is close to the central electron
temperature, Te(0), showing the presence of substantial bulk ion heating by the deuterons. Such ion
heating is expected since the deuteron energy (Ecnt) which gives equal collisional power transfer to the
ions and electrons is 100 keV for an electron temperature of 7 keV. The predicted fusion reactivity using
the PION code [7] is in excellent agreement with the observed reactivity. The power partition calcula-
tions predict that 70% of the power is absorbed by the deuterons, 15% by carbon plus beryllium impuri-
ties, 10% by direct electron damping and 5% by mode conversion. The direct electron absorption occurs
through a combination of Transit Time Magnetic Pumping (TTMP) and Electron Landau Damping (ELD).
Summing the components, including the ohmic heating, gives a ratio of ion to electron heating of 45:55.

An estimate of the deuteron energy can be obtained from the Doppler broadening of the 14 MeV
neutron energy spectrum and from Neutral Particle Analysis (NPA) in the energy range 0.3 - 1.1 MeV
[8]. The neutron data for discharge 43015 show a deuteron energy of 125 + 25 keV, while the deuteron
velocity distribution given by NPA for discharge 42792, which produced 1.2 MW of fusion power with
an RF power of 4.7 MW, is shown in Fig. 2. The tail temperature is about 96 keV, in good agreement with
the neutron spectroscopy measurement of 100 keV for this discharge (Fig.4).

To maximise the fusion reactivity, r)D was varied between 9% and 22%. The fusion yield was
highest at 9% but the highest values of Tj(O) and the strongest ion heating occurred at larger concentra-
tions, where there is substantial evidence for a transfer of power absorption away from the suprathermal
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deuterons towards a strong central bulk ion heating mechanism. The first indications came from PION
code calculations which overestimated the neutron emission for highr|D [9]. To reproduce the observed
neutron rate it was necessary to reduce, artificially, the power in the fast wave to 40% of the input power.
In contrast, calculations for all discharges withrio = 10% require no such reduction in fast wave power
to reproduce the observed D-T reactivity. The experimental data support this reduction of fast wave
power to the deuterons but also show that all the power is deposited in the plasma core with a large
fraction flowing to thermal ions. The most likely candidate heating mechanism is mode conversion to a
backward-travelling ion Bernstein wave (IBW) which is absorbed by cyclotron damping on thermal
deuterons. Ion damping of an IBW has been observed in supershots in the TFTR tokamak [10], although
such experiments had a higher deuterium fraction and the damping occurred on the tritons.

The highest value of T;(0) was achieved in discharge 42769 with r\D= 18% (Fig.3). For compari-
son, the time evolution of pulse No: 42792, at Jp = 3.7MA, with the same RF power but withqD= 10%
andne(0) -4.6 x 1019 m"3 is also shown. The ion pressure is greatest forther|D = 18% case and equals the
electron pressure for the r|D = 10% discharge. Furthermore, the total thermal energy contents, and their
radial profiles, are almost identical in the two cases: this implies that the ICRF power deposition is the
same for each discharge, and predominantly in the plasma core. Since the thermal energy contents are
similar, the higher current and density in the T|D = 10% case results in a lower normalised confinement;
H97 = 0.8 compared with H97 = 0.95 for the r)D = 18% case.

The Doppler broadened neutron spectra (Fig.4) clearly show a reduction in deuterium average
energy resulting from the combination of higher minority concentration and reduced fast wave power
absorption. The results for TID = 10% and 18%, respectively, are the top and bottom traces; an intermedi-
ate example with r\D= 13% is also shown. The data are modelled with a deuterium distribution compris-
ing an anisotropic Maxwellian with perpendicular and parallel temperatures Ti and T//, respectively,
together with an isotropic thermal Maxwellian component with the measured value of Tj(O). A thermal
distribution is used for the tritons. The response of the spectrometer is calculated with a Monte Carlo
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Fig. 5. Increased reactivity with 4% He3 added to Fig. 6. Comparison of 2<OCT scenarios with and
the second harmonic tritium ICRF scenario. without He .

code for a range of values of Tj_, T//, and the magnitude of the thermal deuteron component, and the best
values of the parameters are then determined from a %2 fit to the data. For T|D = 10% the suprathermal
reactions dominate and the deuteron tail temperature is 100 keV in agreement with the NPA measure-
ment (Fig.4). For r\D = 18% the thermal reactivity contributes 60% of the total. This value, derived from
the least square fit, agrees well with the value of 53% calculated from the ion temperature and density
profiles at 17.9s.

3.3HE MINORITY AND TRITIUM SECOND HARMONIC ICRH

Fundamental 3He minority and second harmonic tritium (2COCT) ICRH are competing absorption
mechanisms since both resonances occur at the same position in the plasma. 3He minority in D-T plasma
is a strongly absorbing scheme, with increasing single pass damping as the tritium fraction increases. The
2C0CT absorption relies on finite Larmor radius effects to allow damping of the fast wave. The single pass
absorption is typically weaker than that for 3He minority in JET plasmas.

Initial experiments, carried out at 3 MA, with toroidal magnetic field of 3.4 T and central 2GOCT

resonance in D:T=10:90 plasmas, showed strong enhancement of the neutron emission when a small
amount of 3He was added to the discharge (Fig.5). Discharge 41734 has no 3He injection and the fast
wave power is absorbed partly by tritons and partly by electrons (TTMP + ELD) according to PION
calculations. About 0.1% 3He will be present in the tritium from radioactive decay and could absorb up to
30% of the power in the absence of RF pump-out from the plasma centre. However, simulations of the
neutron emission give best results for no power absorption by 3He [9]. On the other hand, discharge
41735 has similar ICRF power but 3He is injected prior to the application of the ICRH to give a concen-
tration n3He /tie ~ 4%. In this case the neutron emission is increased fourfold to 6.5x1016 s1. Increasing the
3He concentration beyond 4% produces no further improvement.

The higher reactivity observed with 3He minority heating is due to the higher ion temperature
(Fig.6); he density is also 30% higher in the former discharge so that the ion energy density is approxi-
mately a factor of two higher with 3He minority heating. A precise comparison was not possible due to a
lack of CXS T.(r) data. Te(0) is also larger in the 3He minority case, mainly due to the monster sawteeth
whose presence indicates a greater fast ion pressure inside the q = 1 surface. The H-mode factor reaches
H97 = 1.1 and 0.75 with and without 3He injection, respectively.
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The reduced H-factor with 'pure' 2COCT heating is understood, at least in part, to be due to the large
orbits of the tritons. PION calculations show that a small number of tritons are accelerated to MeV
energies. Above 4 MeV some trapped particle orbits intersect the limiters and - 20% of the input power
is lost in this way. This loss is not included in the calculation of H97. The large triton orbits also broaden
the heating profile and reduce the global confinement. The absence of monster sawteeth is consistent
with a broad fast ion density profile.

With 3He injection, the greater ion heating is mainly due to two factors. The strong single pass
absorption by 3He ions reduces the competing TTMP + ELD power flowing to the electrons, and the
average energy of the 3He ions is close to Ecrit which is about 240 keV for discharge 41735. By contrast,
the 2COCT scheme accelerates the ions well above E ^ (Fig.7). Similar distributions are seen with 2COCT

heating in TFTR [10]. The energetic tail is due to both the longer slowing down time and the preferential
absorption of power on energetic ions at second harmonic. In discharge 41734 the fast ion energy content
is 1.5 MJ compared to 0.7 MJ in discharge 41735. Maximum thermal fusion reactivity was obtained from
the 3He minority heating scenario with a 45:55 D:T mixture in a 3.3 MA, 3.7 T discharge with 10%3He
minority concentration (Fig.8). The ICRH frequency was 37 MHz and he coupled power was 8.7 MW
which produced a plasma stored energy of 6 MJ corresponding to a toroidal beta of 0.9%, and a fast ion
stored energy of roughly 0.7 MJ. An H-mode is triggered at 14.5 s and the ELMs increase in amplitude as
the power is increased. The normalised confinement, H97, also increases with increasing power and
reaches a value of 0.95 before the first diagnostic beam pulse. The value of Tj given by the X-ray
spectrometer at r/a = 0.47 is similar to that in discharge 41735 (Fig.5) implying Tio > Teo.

As a result of the high value of T, the thermal neutron emission rises to 1.7x10'V1 corresponding
to a fusion power of 0.5 MW. Neutron spectrometer measurements show a Doppler broadening commen-
surate with T, = 13.5 + 2.5 keV in good agreement with the CXS measurement. Similar results were
achieved with 6.5% 3He where the Tj profiles are more peaked than the Te profiles during the sawtooth
flat top. PION calculations give similar ion and electron heating profiles, as shown in Fig 9, which
suggests that the ion thermal transport in the plasma core is significantly less than the electron transport.
This is confirmed by TRANSP analysis [11] which gives %j ~ 0.6 m2/s and Xe ~ 2%i at r/a = 0.2, values
typical of D-T ELMy H-modes in JET. For the 10% 3He case, PION shows that the 3He ions take 90% of
the power with 10% being deposited directly on the electrons by TTMP and ELD. Collisional power
transfer from the 3He gives 55% of the input power to the bulk ions and 35% to electrons.
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The best fusion performance of the 2(QCT heating scheme is shown in Fig. 10. This is a 3.3 MA
discharge with a toroidal field of 3.7 T. The RF power was 8 MW at a frequency of 37 MHz. An H-mode
is formed at 14.7s to give a normalised energy confinement, H97 = 0.7. The neutron emission rises to
2.5xlO1V1 just before the injection of the diagnostic NBI. In the core the electron temperature clearly
exceeds the ion temperature. The fast ion energy content is 1 MJ which is well reproduced by PION
calculations which also predict that 20% of the absorbed power is lost through tritons with energies
greater than 5 MeV striking the limiters. The power distribution calculation shows that direct electron
damping absorbs 55% of the power and the tritons absorb 45%. In addition the power absorbed by the
tritons is collisionally redistributed mainly to the electrons. Consequently, electron heating dominates
with a total of 90% of the input power going to the electrons. The energetic tritium tail excited toroidal
Alfven Eigenmodes (TAE modes) which were not observed with either the deuterium or 3He minority
heating. This is qualitatively consistent with the fast ion energy content being, typically, twice that in the
2C0CT experiments.

4. TRITIUM MINORITY HEATING

Tritium minority experiments (T)D were performed in 95:5 D:T plasmas at 3.7MA, 3.85T. The
lowest ICRF frequency available in JET, 23 MHz, was used, which placed the resonance layer about
0.4m on the high field side of the magnetic axis. In this "inverted" ICRH scenario, cold plasma theory
places the L cut-off between the resonance and the low field side antenna [12]. As the parallel tempera-
ture of the tritons becomes sufficient to Doppler broaden the resonance out to the cut-off, the tritons are
able to absorb power from the fast wave. Calculations with the ISMENE [13] code indicate that the
tritons absorb about 65% of the power, given that the average parallel energy of the deuterons is 7 keV as
determined by neutron spectrometer data, the rest being absorbed directly by the electrons.

The discharge evolution is shown in Fig. 11. The power available at this frequency was severely
limited by reduced coupling. The ICRF power from two antennas reaches 1.7 MW, below the H-mode
threshold. xE ~ x(ITER89-P), indicating that ICRF is absorbed efficiently. From the X-ray crystal
spectrometer Ti(r/a=0.37) = 2 keV, close to the resonance position, consistent with the value of 2.2 keV
given by the CXS measurement. The D-T neutron rate increases as the power is raised and reaches
1.5x1016 s'1. This reaction rate is about twenty times the thermal reactivity calculated from the ion tem-
perature and density profiles, and is due to accelerated tritons reacting with thermal deuterons. This
conclusion is verified by neutron spectrometer measurements: the best fit to the data is for a triton
Tx = 31 3.5 keV and J ~ 7.0t 3.5 keV. ICRF acceleration of tritium minority ions has also been de-
tected in similar experiments in TFTR [14].
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Tomographic reconstruction of the neutron emission profile shows an annulus with the maximum
emissivity occurring close to the peak power absorption as given by the ISMENE code (fig. 12). The
maximum power absorption occurs near the ion-ion hybrid layer as a result of the large Ê  polarisation at
this position. The asymmetry of the profile is probably due to the longer time spent by the tritons on the
high field side of the magnetic axis. Orbit calculations show that 35 keV tritons close to the trapped /
passing boundary spend about three times longer on the high field side of the plasma centre. The annular
emission becomes more peaked as the neutron energy increases. This result implies that the highest
energy tritons occupy a narrow annulus which broadens as they slow down and diffuse radially. PION
calculations, with the fraction of power absorbed by the tritium as a free parameter, reproduce the neu-
tron emission well for an absorption fraction of 50%, which is consistent with the 65% absorption by the
tritons estimated by ISMENE. Most of this power is transferred collisionally to the bulk ions.

5. SUMMARY AND CONCLUSIONS

The (D)T heating scenario in a 9:91 D:T plasma produced 1.66 MW of fusion power with 6 MW
of RF power, and a record steady state value of PFUS/PIN of 0.22. This scenario also generated substantial
bulk ion heating: Tj(O) = 10.5 keV was achieved witrr|D = 18%. However, at this level of minority
density the deuteron energy was so reduced as to indicate a transfer of power away from fast wave
heating of the minority ions. The competing mechanism appears to be either mode conversion to an IBW,
with subsequent damping by ions, or absorption by fully stripped Be9 ions. Both mechanisms can gener-
ate the observed central bulk ion heating.

In the 2COCT experiments the addition of a small amount of 3He is sufficient to make the damping
switch completely to fundamental 3He cyclotron absorption. Strong ion heating is produced by the 3He
minority ICRH giving Ts(0) up to 13 keV. This scheme is perhaps the most promising for a reactor, for
which only 2-3% He3 is required to give 70% ion heating on the route to ignition.

Both D and 3He minority schemes have generated T;(0) > Te(0), but the 2OOCT heating gives
Te(0) > K0). This results from both highly energetic triton tail production and strongly competitive
direct electron damping for the dipole antenna phasing used in the present experiments; the average
central temperature for the best 2(0CT discharge falls below the trend followed by the minority schemes as
a consequence of the loss of energetic tritons and the orbit broadening of the heating profiles. All three
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heating schemes produced H-modes having small amplitude, high frequency ELMs withAW/W < 1.5%
which is close to the value of 1% required by a reactor. In the JET experiments, where the power density
is ~1 MW/m3, the 2coCT scheme produces mainly electron heating. If, in a reactor-type plasma, the power
density can be kept below 0.3 MW/m3, e.g. by using two or more resonances to spread the power depo-
sition, then the energy of the triton tail will be low enough to give mainly bulk ion heating. Direct
electron damping can be minimised by using a value of k// close to 3 m~\ The PION code has also been
used to investigate the 3He minority scheme for reactor conditions [12].

The "inverted" ICRF scheme, with 5% T minority in a D plasma, has been demonstrated as a
successful heating method with about 50% of the fast wave power damped by the tritons. The tritons
reached an energy of 35 keV for 1.7 MW of power and the fusion reactivity was dominated by suprathermal
T-D reactions.

The JET DTE1 campaign has provided a unique opportunity to assess physics and performance of
some of the ICRF scenarios envisaged for reactor plasmas. The results indicate that bulk ion heating can
be provided by ICRF and that the physics picture of such scenarios is generally correct. The good level of
agreement with theory and numerical modelling gives confidence in the predictions for reactor plasmas.
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Abstract

In JT-60U lower hybrid current drive (LHCD) experiments, a reversed magnetic shear configura-
tion that was accompanied by the internal transport barriers was successfully maintained by means of
LHCD almost in the full current drive quasi-steady state for 4.7 s. The normalized beta was kept near
1 and the neutron emission rate was almost steady as well indicating no accumulation of impurities
into the plasma. Diagnostics data showed that all the profiles of the electron and ion temperatures,
the electron density and the current profile were almost unchanged during the LHCD phase. More-
over, capability of LHCD in H-mode plasmas has been also investigated. It was found that the lower
hybrid waves can be coupled to an H-mode edge plasma even with the plasma wall distance of about
14 cm. The maximum coupling distance was found to depend on the edge recycling.

1 Introduction

The lower hybrid wave (LHW) experiments on JT-60U has been oriented towards exploration of
current drive and current profile control applicability for a steady state operation of a tokamak fusion
reactor. Especially, confinement improvement and it's sustainment have been the most important issues.
As recent experimental results in tokamak devices have shown [1-5], a reversed magnetic shear (R/S)
plasmas with internal transport barriers (ITBs), in the temperatures and densities, are the most promising
candidate for an advanced steady state operation of a tokamak fusion reactor. Towards that goal, it is
important to investigate and demonstrate experimentally that a hollow current profile can be fully driven
by the bootstrap current and external current driver(s) keeping the internal transport barriers accompa-
nied. The lower hybrid current drive (LHCD) is the most suited scheme to investigate this scenario in
present situation because of its high current drivability and profile controllability. On JT-60U, quasi-
steady sustainment of a reversed magnetic shear configuration, control of the position of the internal
transport barrier by shear control and formation of reversed magnetic shear by means of LHCD have
been demonstrated in the previous experiments [6,7]. However, in the reversed magnetic shear sustain-
ment experiment, no clear internal transport barriers were not observed. Since then, sustainment of the
internal transport barriers in a reversed magnetic shear plasma has been pursued. In this paper, results
of the LHCD experiment for sustainment of the internal transport barriers in a reversed magnetic shear
plasma is reported.

In a fusion reactor, plasmas will be expected to have an H-mode edge, because of not only better
confinement but also for higher stability. However, it has been concerned if lower hybrid waves can
be coupled to such plasmas and drive and control currents, since it is expected that in an H-mode edge
plasma the electron density in the scrape off layer (SOL), outside the outermost closed flux surface,
might be steeply decrease towards the LHW launchers. The experimental results of the wave coupling to
H-mode edge plasmas are also presented in this paper.

2 Setup of experiments

The experiments were carried out with a single null divertor configuration, the major radius, RQ, and
the minor radius, a, were about 3.6 m and 0.95 m, respectively. On the tokamak two multi-junction LHW

1
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Figure 1: Cross sectional view of a typical plasma which is discussed in this paper. The LHW "B-"
and "C-" launchers are schematically shown. The power spectra of the waves injected from B-Launcher
(solid line) and C-Launcher (dashed line) are also shown. They are normalized so as the integral is the
same. The measuring positions of the MSE (open circles) and the YAG laser Thomson scattering system
(crosses) are indicated.

launchers are installed. One which is installed in a port at poloidal angle 0 « 45°, is consists of four rows
of eight multi-junction modules (MJ) which have 3 sub-waveguides and referred to as "C-Launcher" [8].
The other one is installed in a horizontal port and consist of four rows of four MJ modules which have
12 sub-waveguides [9,10]. However, the lower two rows of the launcher has been no more used since
the end of 1997. The rest upper two rows are referred to as "B-Launcher" in this paper. These launchers
are schematically shown in Fig. 1. The spectra of the wave ray refractive index parallel to the magnetic
field line(iV||) which were used in the internal transport barrier sustainment experiment shown in this
paper are also shown in the same figure. One of the key parameters in wave-plasma coupling conditions
is a spatial distance between the outermost closed flux surface. Since we have concentrated on coupling
of waves injected from "B-Launcher" in the H-mode coupling experiment described in this paper, the
typical distance for "B-Launcher" (S) is also shown in the figure.

One of the most important measurement in this paper is the current profile measurement. A spatial
profile of the safety factor (q), or a current density, was evaluated from data of the Motional Stark
Effect (MSE) diagnostics [11]. The spatial points of the MSE measurement are indicated in Fig. 1 with
open circles. The another important one is electron temperature and density measurements by means of
Thomson scattering diagnostics using a YAG laser system. The measuring points are on a vertical line
as shown in Fig. 1. Another Thomson scattering system which uses Ruby laser has lower repetition rate
but more measuring points shares the same line of the sight of the YAG system.

3 Experimental results

3.1 Sustainment of internal transport barriers in a reversed magnetic shear plasma by
LHCD

Firstly, experimental results of the internal transport barriers sustainment in a reversed magnetic shear
plasma is shown. In Fig. 2 (a)-(d) temporal evolutions of the plasma current (/p), the injection powers
(-Pinj) of the LHW and the neutral beam injection (NBI), the one turn loop voltage at the plasma surface
(VgUTf), the internal inductance (£\), the normalized beta (/3N), the reflection coefficient of the injected
LHW (RLB.) and the intensity of Da line (Da) are plotted. In the experiment, the toroidal magnetic
field at the current center (Rj ~ 3.55 m) (£?TO)

 w a s about 2.0 T and the working gas was deuterium. As
shown in the figure, relatively higher NBI heating power (PNB) was applied during ip ramp-up phase to
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Figure 2: Temporal evolutions of the plasma parameters, (a) Ip, P;nj, ffej V^ur^, t\, (c) /3N, # L H and(d)
Da of the plasma. The toroidal magnetic field at the current center was 2.0 T.

form a reversed magnetic shear configuration by retarding the current penetration, and after /p reached
to the flat top PNB was stepped down twice to the final value. The plasma has an H-mode edge until
5.2 s as indicated in the Da emission signal (Fig. 1 (d)). On the other hand, at 5 s the LHW power (PLH)
was turned on and PLH was gradually increased up to around 2.5 MW (~1.5 MW from B-Launcher
and ~1 MW from C-Launcher) in 1 second. The JVj| spectra of the injected waves from both launchers
are shown in Fig. 1. The spectrum injected from C-Launcher was chosen so as the waves were to be
absorbed in the outside the internal transport barrier and also to enhance the absorption of the lower JVj|
waves injected from B-Launcher [6,7,12]. Relatively lower B? was chosen because of the following
reasons: The plasma current should be around 1 MA, since we intended a full non-inductive current
drive sustainment with limited PLH- Moreover, the effective safety factor (qeg) was also intended to be
as low as around 5.5, so as to be comparable to the higher performance but NBI only cases. Therefore
the value of Bro was chosen to be 2.0 T. At this lower field, so called accessibility condition of the LHW
can be significant especially in such a reversed magnetic shear plasma accompanied by the internal
transport barriers in which ne can be higher. The iVy spectrum of B-Launcher was then chosen so that
the waves were to be blocked by the accessibility condition at the steep density gradient and would drive
a hollow current profile more effectively. As PL,U increased, VgUr decreased to zero and was kept
almost constant during the application of the LHW as shown in the figure. The normalize beta (/?N) was
kept nearly constant as well. Around 7 s, JFLH decreased and V^ur^ increased slightly. These should be
attributed to an increase in i?LH as shown in Fig. 2 (c). This increase was caused simply by a fact that
5 increased by about 2 cm. Since we directly controlled the position of the plasma center instead of 5,
5 increased temporarily. However once 5 came back to a small enough value V^ur^ approached to zero,
and even lower at around 8.5 s. B-Launcher stopped feeding power at around 9.7 s, and as soon as i^n
dropped /?N started decreasing and VgUr^ jumped up. Although /3N seems to start decreasing even before
the power drop, it is attributed to a short clamp in the B-Launcher injection at 9.4 s. Signals such as /?N
decreased a little bit at the power clamp, they recovered as the power came back. It should be noted here
that the neutron yield was kept constant as well indicating that no accumulation of impurity occurred.
The confinement enhancement factor (H factor), based on the ITER-89 power law, should be of interest.
Including all the injected power, PLH and PNB» H was nominally estimated to be 1.2 at 9.1 s. However
in the plasma configuration used here, as shown in Fig. 1, loss of high energy ions due to ripple in the
toroidal magnetic field would not be negligible. Results of the orbit following Monte Carlo (OFMC)
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code [13] indicated that the power lost via the ripple loss could be in excess of 30% of P^B- Suppose
that the power lost via the ripple loss does not contribute at all, and so do not the shine through power
and the lost power via charge exchange evaluated by the code, H can be as high as 1.4.

101 9m"3

5 7 9
Time (s)

5 7 9
Time (s)

11

Figure 3: Contour plots of the electron temperature (a) and density (b) measured by the YAG Thomson
scattering system. The vertical axis (Z) corresponds to the vertical position of the measurement (cf.
Fig. 1). A region where contour lines concentrate densely indicates the location of the internal transport
barrier. It is almost unchanged in both profiles and at around Z ~ 0.5 m. Moreover, it can be observed
that internal transport barriers quickly disappears after Pm dropped.

Behavior of the internal transport barriers in the electron system during LHCD were well measured
by the YAG Thomson scattering system. In Fig. 3, contour plots of the electron temperature Te and the
electron density ne profile evolution are plotted. Here, Z referred to the vertical axis (c.f. Fig. 1), and the
plasma current center located at around Z ~ 0.2 m. A steep increase in both Te and ne profiles, it would
be recognized by a higher density of contour lines, at around Z ~ -0.6 - -0.5 m indicates existence of
internal transport barriers. During the LHW injection the location of the internal transport barriers stays
almost steadily. Immediately after PLH faults at 9.7 s, the internal transport barriers shrink. This again
implies the important role of LHCD.

Profiles of Te, T| and ne at 9.1 s, the very late phase of the LHCD, are shown in Fig. 4 (a) and (b)
respectively. In all the profiles the gradient of a profile changes steeply at around p ~ 0.7. However, the
position of the shoulder, where a profile becomes flat towards the plasma center, looks different between
Te and ne (the shoulder position is obscure in the T| profile because of the limited line of the sight). The
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Figure 4: The spatial profiles of the electron and ion temperatures (a) and the electron density (b). Both
the electron temperature and density profiles were measured by the Ruby Thomson scattering system
which shared the same line of sight as the YAG system used and more measurement points.

gradient at the internal transport barrier in Te profile seems to be much steeper than that in ne profile.
The electron temperature is higher than the ion temperature. The OFMC code can also provide how
the NBI power was shared by the electrons and the ions. Evaluated fractional powers are 0.5 MW to the
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electrons and 0.7 MW to the ions, respectively. Therefore the total power fed to the electrons is evaluated
as 2.8 MW assuming that all the injected LHW power was absorbed by the electrons, while that to the
ions is evaluated as 0.7 MW. This would be a cause of the higher temperature in the electrons than in the
ions as shown in Fig. 4. However for further investigation such as a transport study, the power deposition
profile of the LHW, which has not been obtained yet, should be required. Therefore it is not clear if
electron heating was really dominant in the central region or not. The milder gradient in the electron
density might be attributed to smaller beam fueling. It should be emphasized here that these situations
are what would be expected in a fusion reactor.

Similarly in the current profile, it was found that the profile had been almost unchanged while V^ur^
reached to nearly zero. Safety factor profiles are evaluated from the MSE measurement, and those at 4.9,
6.5, 7.5 and 9.1 s are plotted in Fig. 5 (a). It should be noted here that although the MSE diagnostics has
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Figure 5: The safety factor profiles evaluated from the MSE measurement before LHCD (4.9 s) and
during LHCD (6.5, 7.5 and 9.1 s) (a). Also the decay of the q profile after PLH dropped (9.8, 10.0,
10.2 s) is shown (b).

nineteen measuring points, seven out of nineteen point data were used for the analysis. Mainly because
that in this plasma configuration the pass length of the NBI beam which was used for the MSE measure-
ment was relatively longer thus attenuation of the beam across the plasma center could be significant. As
shown in the figure the profiles during the LHCD phase are very similar. However it should be noted here
that the q profile at 7.5 s is slightly different from the other two. That is, the minimum value of q (gm;n)
is slightly lower and the position of qmm seems to locate at about p ~ 0.5, while at 6.5 s and 9.1 s it is
about 0.5. This change should be attributed to the decrease of PLH in the earlier phase (Fig. 2 (a)) that
was mentioned before. Because of the reduction of the driving power, the driven current was expected
to decrease. This would allow reorganization of the q profile. By taking a close look on Fig. 3, one can
notice that the position of the internal transport barriers moved upward, i.e. toward the plasma center
especially ne, corresponding to the change in the power (or more clearly in # L H in Fig. 2 (c)). Again
this fact emphasizes the importance of LHCD on the q control, and suggests possibility of active control
of the location of the internal transport barriers. On the other hand in Fig. 5 (b), the decay of the q profile
after PLH dropped is shown for 9.8, 10.0 and 10.5 s. It is found that the negative magnetic shear was
maintained until PLH dropped and then it quickly disappeared.

In the later LHCD phase when V^ur^ reached to zero, it was found that the polarization angle of MSE
(7MSE) reached almost constant in time at all the measured points. This means that V? was constant in
radial direction and zero, since V^ur^ was zero. Although the non-inductive portion of the plasma current
can be evaluated even in cases where V# (p) ^ 0 [14], this particular situation makes the evaluation
of the driven current density profile by LHCD (JLH(P)) very simple, since the inductive current density
JOH(P) can be neglected. In this case the total current is expected to be consisted of the bootstrap current
(JBS), the beam driven current (JBD) and JLH- The first two components can be calculated easily by the
ACCOME code [15]. The result shows that JBD is negligibly small as expected, since the two tangential
beams were in opposite directions thus balanced. Therefore JLH can be evaluated by substituting JBS
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which is evaluated by the ACCOME code from the current profile measured in the MSE measurement. In
Fig. 6, jtou JBS and JLH at 9.1 s are plotted. Since Tj profile was not available in the central region, the
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1*0.2

total ^^

bootstrap

Figure 6: The components of the total current (broken line). Since Vg = 0 can be assumed inside the
plasma, J'OH can be neglected. The beam driven current was calculated and was very small as expected
since the two tangential beams used were balanced. Therefore the dominating component of the current
is the bootstrap current (dashed line) which is about 23% of the total current and the LH driven current
(solid line).

currents in the central region is not shown. It should be noted that although 2] profile was extrapolated
towards the center to evaluate JBS fraction, contribution from that area is not large due to smaller cross
section. It is found that JLH contributes mainly to sustain the hollow current profile. However, it is also
found that JLH does not seem to be small even inside the internal transport barriers where only higher
JVM waves could access. Since the current driven by those higher N\\ waves are small and the fractional
injected power of those waves was relatively smaller, we firstly expected smaller J'LH inside the internal
transport barriers. Detailed investigation should be required both in the analysis of the data and future
experiments for this point. The amount of the bootstrap current is evaluated to be about 23% to the total
current, therefore about 77% of the current is expected to be driven by LHCD. The nominal value of the
current drive figure of merit can be estimated as about 1.3 x 1019MA/MW • m 2.

It should be noted here that in another shot in which higher P N B of ~ 1 MW was added, higher fa of
more than 1.2 and H factor (evaluated nominally) of about 1.5 was sustained for about 2 s during LHCD.
The internal transport barriers disappeared suddenly. This would be attributed to miss-alignment of the
current profile. If so, quasi-steady sustainment of the internal transport barriers at higher fa would be
realized by fine adjustment of the current by LHCD.

3.2 LHCD on ELMy H-mode plasmas

In this subsection, results of LHCD on plasmas with an H-mode edge are shown. A plasma which has
an H-mode edge is considered as a standard operational plasma in the ITER (international thermonuclear
experimental reactor). Furthermore, even in an advanced scenario, that is a reversed magnetic shear
operation, an H-mode edge would be preferable from a view point of stability [16]. However, few LHCD
experiments on H-mode plasmas have been carried out.

Also in this experiment, a target plasma was of /p = 0.85 MA, P>TO ~ 2.0 T and the working gas
was deuterium. In Fig. 7 plotted are PLH from B-Launcher, JfoB, Da, .RLH for the waves injected from
B-Launcher and 6. As shown in the figure, low reflection coefficient (< 10%) was maintained during
ELM activities up to around 8.2 s when 5 exceeded a certain value. This value of i?LH is low enough for
B-Launcher to operate.

In Fig. 8 (a), (b) and (c) shown are the emission intensity of Da emission intensity for three different
shots. In each cases, PNB — 8.2, 6.0 and 5.0 MW, PLH — 1-4, 1.6 and 1.8 MW respectively during the
period shown in the figure. The corresponding nominal H factor was 1.1, 1.2 and 1.3 respectively. Again
here it is stressed that the nominal H factor might be under estimated since the ripple loss of the fast ions
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Figure 7: (a) Temporal evolutions of'PI,YI from B-Launcher, PNB, Da emission signal, Ri,^ for the waves
injected from B-Launcher and the distance between the plasma and the first wall at the B-Launcher
position. 5.
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Figure 8: (a) - (c) Temporal evolutions of Da emission intensity, (d) - (f) Reflection coefficient for
B-Launcher versus 5. PLH from B-Launcher, PNB. Da, Ri,u and 5.

is expected to be large in this configuration. Also in Fig. 8 (d), (e) and (f) shown are .RLH plotted against
5 for each cases. As noted before, good coupling of low J?LH (< ~ 10%) was found to be maintained
up to a certain value of 5 in the figure. In the case (a)/(d) the value reached to about 14 cm, while in the
cases (b)/(e) it was about 11 cm. As is seen in the Da signal, the baseline is different between the two
cases and suggesting a difference in the edge recycling thus the SOL plasma condition. The higher Da

suggests higher SOL density which is preferable for LHW coupling. This is consistent with comparison
between the two cases. On the other the case of (c)/(f) seems to come between the other cases. The
base line of the Da signal looks similar to that of the (b)/(e) case. However the activities of ELMs are
different from the other two cases. The ELMs shown in Fig. 8 (c) are so called compound ELMs. A
giant ELM triggers back transition from an H- to an L-mode, and the plasma stays at an L-mode for
a while. Since an L-mode edge is expected to be preferable for better coupling, this compound ELMs
might be the reason why i?LH in the case of (b)/(e) was better than that in the case of (b)/(e). Here,
what should be emphasized here is on the LHCD feature. If a certain fraction of the current could not
be driven appropriately, good coupling would be of small interest. In these case in fact, changes in the
MSE signals were observed. For the discharge of the (b)/(e) case, the LH driven current was evaluated
based on the MSE data. Different from the former experiment, J'OH should be taken into account since
there left a certain Vg in the plasma. The result showed that about 45% of the total current was driven
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by the LHW. The current drive figure of merit can be estimated as about 1.0 x 1019MA/MW • m 2.
The profile was off axis. This is as expected, however current profile controllability in H-mode plasmas
should be investigated further.

4 Conclusions

On the JT-60U tokamak, quasi-steady sustainment of the internal transport barriers in a reversed
magnetic shear configuration was demonstrated successfully in almost full non-inductive condition by
means of LHCD. In the discharge, all the profiles of the electron and ion temperatures, the electron den-
sity and the current were found to be almost unchanged during LHCD. Moreover coupling of the LHW
to H-mode plasmas were investigated and it was shown that LHW could be coupled even to H-mode
edge plasmas up to the wall plasma separation of about 14 cm. The coupling seems to depend on the
edge recycling, however further detailed study will be required for complete understanding. Substantial
amount of LHCD was confirmed.
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Abstract

On the stellarator W7-AS resonant and non-resonant TCRF heating scenarios were successful both
in increasing the ion and electron temperature of ECRH or NBI target plasmas and in sustaining the
plasmas under steady-state conditions. The investigated scenarios were: D(H), 4He(H) minority heating
(minority species in brackets), D/H mode conversion heating and second harmonic H heating. Tn all
cases density control was possible and no significant increase in impurities was observed. The heating
efficiencies were comparable to tokamaks.

I. INTRODUCTION

Electromagnetic waves in the ion cyclotron range of frequencies (ICRF) have become a successful
and reliable means for plasma heating in tokomaks with the advance of larger devices and better wall
conditioning. In stellarators ICRF heating is still in the process of being established. It is hampered by
the comparative smallness of the devices and - for some heating schemes - by the large aspect ratio, but
is desirable in order to achieve ion heating without particle refueling.

Here we report that on the stellarator W7-AS resonant and non-resonant ICRF heating scenarios
were successful both in increasing the ion and electron temperature of ECRH or NBI target plasmas and
in sustaining the plasmas under steady-state conditions. The investigated scenarios were: D(H), 4He(H)
minority heating (minority species in brackets), D,H mode conversion heating and second harmonic H
heating. In all heating schemes there was no significant rise of impurities and the plasma density was
controllable for rce(0) > 4 x lO19m~3 depending on the condition of the torus walls.

The used ICRF antenna is located on the high field side where the plasma has a prolate cross-
section and a tokamak-like magnetic profile with effective radius of /?eflf = lm. The plasma major and
minor axis are 0.3 m and 0.11 m, respectively. The antenna [1] has four ports. One RF generator is
connected to two ports, the other two ports are resonantly short circuited. In 7r-phasing the antenna
excites a narrow &||-spectrum centered around fey = 6m""1. The antenna was operated at 34 and 38 MHz
with voltages in the unmatched part of the transmission line reaching 40 kVeff for up to one second,
corresponding to RF generator powers of 1 MW. The antenna loading resistance typically doubled with
plasma. Thus it was estimated that the RF power radiated from the antenna was about half of the
applied generator power.

The sensitivity of the minority and mode conversion schemes to the hydrogen concentration re-
quired preceeding wall conditioning with glow discharges in Bi D$ or subtle changes to hydrogen sources
(e.g. the position of graphite limiters and the presence of diagnostic hydrogen beams), respectively. The
relative hydrogen concentration njj/ne was estimated from active charge exchange measurements and -
at times - spectroscopically from the ratio of Ha/Da. Both measurements agreed within the absolute
errors of ±0.15.

The stellarator W7-AS is a five-fold modular advanced stellarator with a toroidally averaged major
radius R=2.04 m. The volume averaged radius of the last closed flux surface is reff = 18 cm. The
rotational transform in the experiments described was i — 0.34. Since plasmas are predominantly heated
with ECRH at 70 GHz or 140 GHz the magnetic field on axis mostly is 1.25 T or 2.5T.
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Previous ICRF heating experiments on W7-AS were not successful [2]. In those experiments a
conventional double strap antenna with Faraday screen on the low field side was operated. This antenna
had a wider /cy-spectrum than the antenna that was used for the experiments reported here. Applying
RF power to the LFS antenna generally resulted in a density increase accompanied by an increase in
impurities. In addition during minority heating fast but unconfined hydrogen ions were observed.

2. D(H) MTNORTTY HEATING

With the hydrogen resonance located at the plasma center, hydrogen minority heating in D and 4He
plasmas was successful if the hydrogen concentration was less or about 10%. For higher concentrations
the ion-ion hybrid resonance moved outside of the plasma. Heating ECRH discharges with TGRF the
diamagnetic energy rose by up to 25%. An increase of the deuterium temperature of about 150 eV over
the plasma cross-section was observed. The electron temperature rose off-axis by 150 eV as a possible
result of Landau damping close to ion-ion hybrid layer.

The RF power absorbed in the plasma, PJIV, was estimated by comparing the increase in the
diamagnetic energy for different RF power levels radiated from the antenna, Pant., with a scaling model
for the global energy confinement time, TE ~ (PfecRii + «-Pant)7- a is the fraction of the RF power radiated
from the antenna that is absorbed by the plasma, thus PRF = aPant- For the typical experimental case
where the RF power radiated from the antenna, Panti is much smaller than the ECRH power, PECRH,
it is not possible to differentiate between a and 7; i.e. one cannot distinguish between a degradation
of confinement with increased RF power or an unaccounted loss mechanism for the RF power. Even
RF modulation experiments done at different frequencies cannot separate one from the other and lead
to an apparent discrepany if the evaluation is not based on the same model for the energy confinement
time [3]. For the ECRH and NBI heated discharges of W7-AS the global energy confinement time is
proportional to _p-°-5 where P is the (calculated) absorbed power (7 = 0.5). Applying the same scaling
to discharges with additional ICRF heating one thus finds agreement with the experimental data if the
absorbed power, PRF, is taken to be about 90% of the power radiated from the antenna. The increase in
diamagnetic energy for different ICRF powers is shown in Fig. 1. The line shows the expected increase
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H minority in 4He yielded similar results.

The antenna was also operated in 0-phasing. The heating efficiency was seemingly slightly worse
than the efficiency for TT—phasing. However, since the heating efficiency is sensitively dependent on the
hydrogen concentration, such a difference could also be due to an increased concentration. The impurity
radiation was the same for 0-phasing and 7r-phasing.

During ICRF heating of ECRH discharges a tail of fast hydrogen with energies up to 45 keV is
observed with active CX at an angle of 40° to the magnetic field lines. The decay time of the high energy
fluxes is longer than the energy confinement time. In Fig. 2 the measured hydrogen energy distribution
function is shown for different ICRH powers. These measurements were compared with solutions of the
Fokker-Planck equation for the self-consistent energy distribution based on assumptions for the absorbed
RF pwocr density [6]. Toward high energies the measured distribution decays faster than the predictions.
This could be an indication of increased hydrogen orbit loss. This is also corroborated by the observed
saturation of the increase in diamagnetic energy. For the next experimental campaign a lost particle
analyzer has been installed that might elucidate this observation.

For hydrogen concentrations higher than 10% the mode conversion layer moves to the plasma edge
and no efficient plasma heating and sustainment were possible. No fast wave direct electron heating was
observed in this case. However, even in this for RF heating unfavorable situation there was only a rise
in electron density and //^-radiation but no rise in impurity radiation.

ECRH startup plasmas were successfully sustained with TCRF as the only heating source under
steady-state conditions with electron and ion temperatures of 650 eV and densities of ne(0) = 3. x 1019m~3

for one second. The time traces of a typical shot are shown in Fig. 3. In this and Figs. 5 and 7 the
electron density is integrated along a vertical chord through the plasma center. The electron temperature
is based on the ECE signal from the center of the plasma. The deuterium temperature is based on
active CX (passive in Fig. 5) of a sight line through the plasma center. "Radiation" is the volume
integrated bolometric signal. The time limit of one second had to be imposed solely to avoid excessive
ohmic heating of the not actively cooled antenna straps. During the discharge the impurity radiation
stayed constant. Depending on the torus wall condition plasmas with constant central densities as low
as ne(0) = 2. x 1019m~3 and central electron temperature Te(0) =800 eV were achieved.

The diamagnetic energy was not always constant during the ICRF heating phase but could deviate
by up to 30% from its mean value despite constant density. This behavior was also seen in the electron
temperature. No concurrent changes in the impurity radiation were observed. However, transients in
the hydrogen concentration were observed due to enhanced recycling and are probably responsible for
a decreased power absorption. This interpretation is supported by measurements of a bandpass limited
RF pick-up probe located in the diagonally opposed torus side. This probe can an indicator for the
absorption of the launched RF-wave: high signal meaning pooT absorption and vice versa. The increased
RF signal was detected while the diamagnetic energy was decreased.

Due to the low electron temperature and the short slowing down times no or only a weak tail in
the hydrogen energy distribution function was observed.

Tt was not possible to sustain 4He plasmas with H minority heating. This is probably also due to
an increased release of hydrogen from the walls in a helium discharge.

The measured confinement times of the ICRH plasmas were compared with the results of the ECRH
and NBI confinement time scaling on W7-AS. Under the assumpion that 80% of the power radiated from
the antenna are absorbed in the plasma the measured confinement time was still about 30% smaller.

3. D,H MODE CONVERSION HEATING
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With the hydrogen resonance outside of the plasma on the LFS mode conversion heating of a
deuterium/hydrogen plasma is possible if the two-ion-hybrid resonance is located inside of the plasma.
For the lowest generator frequency available of 34 MHz and the magnetic field on axis of B = 2.5 T
the ion-ion hybrid resonance is located inside of the plasma for hydrogen concentrations between 15 and
40%. Since the plasma composition is predominantly determined by wall recycling subtle changes had to
be made to the hydrogen diagnostic injector and the position of graphite limiters in order to obtain the
desired hydrogen concentration.

Heating ECR.H plasmas with ICRF the diamagnetic energy rose by about 15%. The electron
temperature rose by about 100 eV over the plasma cross-section, in some cases localized heating near
the plasma edge occured. No increase in the fast hydrogen flux was observed. The density could be kept
constant and there was no increase in the impurity radiation.

Fig. 4 shows the measured power density of the electrons that was derived from a break-of-slope
analysis of the measured electron temperature. The peak of the power deposition is off-axis. This is in
agreement with the location of the ion-ion-hybrid resonance based on cold-plasma theory for the measured
rift/ne RS 0.2. The total integrated power, however, was much smaller than the power radiated from the
antenna and the power deposition was less localized than expected. For these measurements the slope
was determined with straight-line-fits to the measured electron temperature during a time interval about
a third of the energy confinement time. This interval might still be too long.

Plasmas could be sustained solely with ICRF for up to 400 msec under steady-state conditions
with electron and ion temperatures of 400 eV and densities of ne(0) = 6. x lO^m^3. There was an
initial density increase but no rise in the impurities. Thus density control can be expected for better wall
conditions. The heating efficiency was comparable to the heating efficiency for sustaining D(H) plasmas.
The plasma duration was limited by arcs in the RF system. A typical discharge is shown in Fig. 5. The
central electron temperature is higher than the deuterium temperature.

4. SECOND HARMONIC HYDROGEN

RF power at the second harmonic hydrogen frequency was applied to NBI target plasmas [4].
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With typical plasma parameters of ne(0) = 5 x 1019ra—3. Te(0) « 7^(0) = 450 cV and 400 kW NBT,
both electron and hydrogen temperature rose by about 200 eV when 500 kW of radiated RF power were
applied for 300 msec. The hydrogen tail temperature rose from 7 keV to 9 koV with the the application
of the RF power. In those experiments a small increase in bolometric signal of about 50 kW was observed
and could predominantly be attributed to an increase in carbon radiation. The antenna was operated in
0 and in 7r—phasing. No substantial difference was found either in the antenna coupling resistance or in
the bolometric signal.

By comparison of the increase in diamagnetic energy, Wdia-. with established W7-AS confinement
time scaling it was found that about 70% of the ICRH power radiated from the antenna were absorbed
in the plasma. Fig. 6 shows the increase in diamagnetic eiiergy as a function of radiated RF-power at
different densities. The solid lines are calculated for the power dependence of the W7-AS confinement
time scaling equating the absorbed RF power. PICRHI to 70% of the radiated RF power.

The radial electric field in the outer region of the NBI plasma is negative with values up to -
15 kV/m (measured passively on Bor). With ICRF it increases at fixed radial positions up to -23kV.
DKRS [5] calculations, however, show a weak dependence of the radial electric field on the radial ion
flux. Therefore it, is not possible to decide if fast ion losses in the relatively large local mirror of W7-AS
account for the missing RF power.

Neutral beam (NBI) generated hydrogen start-up plasmas were successfully sustained solely with
ICRH for up to 250 msec at the second hydrogen harmonic. About 1.1 MW of radio-frequency (RF)
power were applied to the antenna. Pulse duration and maximum power were limited by arcs in the
transmission lines. However, the approximate 500 kW power from the antenna, PRF, were sufficient to
obtain plasmas with steady-state values of electron density, ne(0) = 5 x 1019m~3, electron temperature,
Te(0) = 300 eV and hydrogen temperature 7#(0) = 600 eV. No increase in the bolometric signal was
observed, thus there was no rise in impurity concentrations. The time dependence of the major plasma
parameters of a typical shot is shown in Fig. 7. At higher densities steady-state could not be achieved
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At sufficiently high RF power this heating method does require neither an initial seed nor a constant
source of fast hydrogen. This is infered from an investigation of the time evolution of the central hydrogen
energy distribution shown in Fig. 8. The distribution is measured with active charge exchange at an angle
of 45° to the magnetic field lines. At t=200 msec when NBI is switched-off and ICRH is switched on,
the plasma has not yet reached steady-state and the hydrogen energy distribution is determined by the
slowing down spectrum of NBI. Within 25 msec the supra-thermal part of the distribution has vanished
due to the very short equipartition time with the still cold electrons. During the following 50 msec the
supra-thermal part slowly increases again following the rise in electron temperature. Eventually at t=275
msec and thereafter the distribution is steady-state.

This "bootstrapping'' of the hydrogen energy distribution is confirmed by measurements with the
RF pickup probe. This probe is located toroidally opposite to the antenna. For second harmonic heating
the absorption should increase with the fraction of tail particles. It is found that the probe signal is
inversely correlated to the measured hydrogen flux at 2 keV.

The central hydrogen energy distribution agrees well with the steady-state solution of the qua-
silinear equation [2]. That solution is shown as a solid line in Fig. 2. The calculation is based on an
RF-power density of 0.6 W/cm3. This corresponds to a distribution of the 500 kW radiated power over
a volume about half of the plasma volume of 1.6 m3.

5. CONCLUSION

On the stellarator W7-AS standard ICRF heating scenarios that are established on tokamaks
were shown to be equally successful. Within the limited range of available magnetic fields and RF
generator frequencies these heating scenarios were minority and mode conversion heating of hydrogen
in deuterium and second harmonic hydrogen heating. The heating efficiencies were comparable to the
heating efficiencies found in tokamaks. The scenarios were not hampered by impurity radiation. Density
control 1 was given for moderate densities and could be improved with better wall conditions after glow
discharges. Fast wave heating at lower magnetic fields with the expected higher absorption efficiency will
be attempted in the coming experimental period.
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PLASMA HEATING AND CURRENT DRIVE 1

Paper IAEA-CN-69/CD1/1 (presented by T. Oikawa)

DISCUSSION

A. BERS: Why does your current drive efficiency for N-NB increase with Te(0)?

T. OIKAWA: Fast ion-carrying current increases with Te because the slowing-down
time of NB fast ions becomes longer. As N-NB in JT-60U has a central deposition
(centre CD), a central value of Te describes current drive efficiency well.

D. MOREAU: Have you made any comparison between P-NBI and N-NBI with
respect to the plasma rotation issue, and do you have any experimental data showing the
effect of N-NBI on rotation?

T. OIKAWA: It has been observed that momentum input into plasma by N-NB is less
than by P-NB. In the case of simultaneous co-injection of N-NB and counter-injection of
P-NB, the plasma rotates in the counter-direction, even with higher N-NB power (~ 3 MW)
than P-NB power (~ 2 MW).

E.S. MARMAR: What is the maximum contribution to (3 due to the fast ions from
N-NBI on JT60-U? Can N-NBI be used to investigate toroidal Alfven eigenmode (TAE)
physics?

T. OIKAWA: A volume-averaged beta of < (3h > = 1-2% is expected. TAEs can be
investigated with N-NBI and low n TAEs have been observed for < Ph > ^ 0.1%. This new
result is discussed in paper IAEA-CN-69/EX8/6 by Y. Kusama et al.

M. PORKOLAB: What is Zefr in the N-NBI current drive experiments? And, was
proper account taken of a lower Zeff (of the order of 1.6 or less) in the reactor relevant
regime?

T. OIKAWA: In our current drive experiments, Zeff is 2-3.5 at relatively low density
(EB ~ 350 keV, Te < 5 keV). Higher EB with higher Te in a reactor can further improve
current drive efficiency and compensate reduction of NB fast ion current by electron drag in
lower Zeff. For a reactor case, assessment of N-NB as a current driver at higher density with
lower Zeff is needed.
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Paper IAEA-CN-69/CD1/2 (presented by F. Rimini)

DISCUSSION

F. DE MARCO: Have you performed experiments close to the Greenwald limit?

F. RIMINI: No, the highest density for these experiments corresponds to only roughly
half of the Greenwald limit.

H. KIMURA: You indicate that in the "pure" 2 (OCT case there are 20% fast triton
losses and also that TAE modes are observed. Are the losses related to TAE modes?

F. RIMINI: No. The figure of 20% is the estimate for losses due to trapped particle
orbits intersecting the limiter.

A. BECOULET: In your experiments favouring bulk ion heating, do you have any
indications concerning the plasma rotation behaviour?

F. RIMINI: Although we have the data on plasma rotation, this analysis has not been
carried out. Thank you for the suggestion.

S. BERNABEI: Do you observe chirping modes during minority heating?

F. RIMINI: No, not in these pulses. Chirping modes were observed in optimized
shear discharges.

C.S. CHANG: Have you seen any sign of current drive or rotation generation from the
minority heating? For the current drive, off-axis heating can yield an asymmetric k||
absorption from a symmetric k|| spectrum. Thus, in principle, we could expect a minority
current drive (as well as rotation).

F. RIMINI: The rotation data have yet to be analysed. Current drive effects with such
a low power RF pulse may be very difficult to identify, given the uncertainty in the
measurements and the very limited set of pulses in such a scenario.
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Papers IAEA-CN-69/CDP/07 and 08 (rapporteured by F.C. SchuUer)

DISCUSSION

B. SAOUTIC: Was the stabilization of sawteeth observed during ECCD due to the

removal of the q = 1 surface of the plasma, or to a modification of the current density profile
at the q = 1 surface?

F.C. SCHULLER: The team claims that qo is lifted above 1 and therefore no q = 1
surface is present any more in the plasma.

R.J. HAWRYLUK: How does the current drive efficiency vary between on- and
off-axis current drive?

F.C. SCHULLER: As I have demonstrated in the transparency showing the driven
current as a function of the magnetic field and therefore as a function of deposition radius, the
current drive efficiency falls quickly with increasing deposition radius. However, as I
indicated, that result has to be unfolded with the appearance/disappearance of thermal barriers
combined with the strong temperature dependence of the current drive efficiency.

K. HANADA: Are full ECCD discharges obtained?

F.C. SCHULLER: No, because the density needed would be so low that the plasma
could not be regarded as a standard tokamak discharge. In general, the RTP team performed
their investigations with central densities well above 2.1019m"3 in order to stay in a more
relevant regime.
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Paper IAEA-CN-69/CD1/4 (presented by S. Ide)

DISCUSSION

V.V. PARAIL: You indicate that in your experiment with L-mode plasma the ITB is
lost after several seconds of good confinement. How often do you observe such events and
do you understand the reason for the loss of the ITB?

S. IDE: I cannot say exactly how often. It occurs relatively frequently, not only in the
LHCD cases, but also in the usual NBI cases. Although the events have not been investigated
in depth, it seems that the value of the minimum q and/or the relative distance between
q-minimum and the ITBs may be responsible. A detailed study of the data and a stability
analysis will be carried out.

R.J. HAWRYLUK: Recalling that H. Shirai et al. in paper IAEA-CN-69/EX5/4
characterized the internal transport barriers in JT-60U as parabolic or box-like, how would
you describe the transport barriers in your experiments? Also what changes are required to
explore control of internal transport barriers in BN ~ 2 discharges?

S. IDE: The reversed shear data show that the transport barriers appear to be of the
"box" type. More NBI power would be required to raise BN- However, the heat load to the
LHW launchers increases with the increase in NBI power. For the time being, this limits BN
to a value of < 1.23.

Y. PEYSSON: Could you tell us whether, in LH-sustained ITB experiments, the wave
absorption takes place in a single- or multi-pass regime?

S. IDE: Although this has not been validated, some fraction of the power may well
travel along several paths.

M. PORKOLAB: Can you comment on the role of reversed shear on confinement?
How would confinement behave without reversed shear, i.e. at the same plasma parameters,
such as current, density, magnetic field, and NBI input power, but without LHCD? hi other
words, would you still have an ITB without LHCD.

S. IDE: BN decreased by about 30-40% after the ITBs disappeared, with Ip, PNB and
PLH maintained constant. This shows the significance of the ITBs for confinement. It should
be noted that the impact of ITBs on confinement may increase with increasing Ip. The role of
ITBs does not depend on whether the LHCD is on or off. The point is, however, that without
LHCD the ITBs cannot be sustained in steady state.

D. MOREAU: In the experiments where you sustain the ITB in a near steady state, can
you comment on the controllability of the LH power deposition profile? Is it essential to use
both launchers with different spectra? What are the respective powers in each spectrum and
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did you vary the power ratio, or vary the launched wave spectrum in one antenna or the other
or both of them, to optimize the off-axis power deposition profile?

S. IDE: The position of the minimum q changed when the input power of one launcher
decreased. Although this was a chance occurrence, it suggests controllability. From the
experimental results demonstrating the sustainment of reversed magnetic shear, we believe
that the use of two launchers is necessary. We have tried varying the spectra and the power of
each launcher to optimize the system, and the results are currently being analysed.
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Paper IAEA-CN-69/CD1/5 (presented by D.A. Hartmann)

DISCUSSION

K. IDA: Ion heating by ICRF has been considered difficult because RF enhances the
perpendicular velocity of particles which may escape from the plasma owing to ripple loss.
On the other hand, NBI heating does not encounter this problem, provided it is injected
tangentially. Is there any difference in ion heating efficiency between NBI and ICRF owing
to the difference in the heating mechanism? How sensitive is ICRF heating efficiency to the
Er profile which may enhance or reduce the ion loss due to ripple?

D.A. HARTMANN: The heating efficiency of ICRH for schemes which directly heat
the ions is comparable to the NBI heating efficiency when a plasma is heated. The heating
efficiency of ICRH is considerably reduced (by a factor of about 2) during plasma
sustainment with ICRH only. The dependence on the radial electric field has not been
investigated in detail. Typically, there was no significant increase in the absolute value of the
negative radial electric field with ICRH during heating. However, the difference in the radial
electric field between heating and sustainment has not been checked.

M. MURAKAMI: Regarding the H/D mode conversion scenario you tried, was there
any evidence of current drive or RF flow drive?

D.A. HARTMANN: No, because the antenna was operated either in 0 or % phasing
and the resulting k|| spectrum was symmetric.

R.J. HAWRYLUK: I would like you to put the ICRF results in the context of the high
confinement times of ~ 50 ms in W7-AS reported at this conference (paper
IAEA-CN-69/OV2/4). I infer from the diamagnetic measurements and ICRF power that the
energy confinement time was a few milliseconds. Yet you also conclude that the ICRF
heating efficiency is good. How do the ICRF heating experiments differ?

D.A. HARTMANN: The typical energy confinement time of the ICRF plasmas was
about 10 ms. The long confinement time discharge on W7-AS is obtained for a certain
rotational transform and neutral beam source. We have not tried ICRF operation at those
rotational transform values.
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Abstract

This paper deals with specific control issues related to the advanced tokamak scenarios in which rather
accurate tailoring of the current density profile is a requirement in connection with the steady state operation of a
reactor in a high confinement optimized shear mode. It is found that adequate current profile control can be
performed if real-time magnetic flux reconstruction is available through a set of dedicated diagnostics and
computers, with sufficient accuracy to deduce the radial profile of the safety factor and of the internal plasma loop
voltage. It is also shown that the safety factor can be precisely controlled in the outer half of the plasma through
the surface loop voltage and the off-axis current drive power, but that a compromise must be made between the
accuracy of the core safety factor control and the total duration of the current and fuel density ramp-up phases, so
that the demonstration of the steady state reactor potential of the optimized/reversed shear concept in the Next
Step device will demand pulse lengths of the order of one thousand seconds (or more for an ITER-size machine).

1. INTRODUCTION

The advantages of the tokamak magnetic configuration with flat or reversed shear (RS) in
the plasma core have been clearly demonstrated in recent experiments where the current density
profile was transiently modified with respect to the ohmic equilibrium [1-4]. The improvement in
the particle and energy confinement obtained in these transient regimes, led to the concept of
"advanced" tokamak scenarios where current profile control together with a high bootstrap current
fraction would allow steady state operation of the device with an optimized q-profile. The required
current density profile could be produced in a steady state manner using non-inductive current
drive for which high-frequency waves (at the ion/electron cyclotron or lower hybrid frequencies)
and high-energy (~ 1 MeV) neutral beams are reasonable candidates. Generating a large bootstrap
current which carries a significant part of the total plasma current, is also a requirement.

A scenario for steady state operation of a wave-driven tokamak fusion reactor has been
proposed within the framework of the ITER project (cf. Ref.[5]). In this work, we investigated the
possibility to create and sustain a burning plasma with a non-monotonic q-profile, by applying
off-axis lower hybrid current drive (LHCD) and central fast wave current drive (FWCD). This
choice was governed by present experience and available technologies. Long-pulse operation with
a flat q-profile in the plasma core was indeed demonstrated with LHCD in Tore Supra [6], with a
pulse duration exceeding one minute, and several seconds of operation with a negative magnetic
shear was obtained with LHCD in JT-60U [7]. Fast magnetosonic waves in the ion cyclotron
frequency range have a good potential for central (co- or counter-) current drive in a reactor-
grade plasma. Fast wave electron absorption and FWCD were also demonstrated experimentally on
JET, DIII-D and Tore Supra [8-10]. In addition, the efficient application of LHCD at relatively
low temperatures and during plasma current ramp-up - which will be shown to be valuable for
advanced reactor control purposes - was demonstrated in JET [1-2] and Tore Supra [11].

This paper deals with specific plasma control issues related to advanced steady state
operation, and in particular to the problem of holding the optimized configuration during the

* Work performed within the framework of the ITER Task Agreement S 19 TP 07.
** Permanent address : RRC "Kurchatov Institute", Moscow, Russia.
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long transients towards steady state. Time-dependent 1-D simulations have been performed using
the transport code ASTRA [12]. The evolution to the final steady state equilibrium depends on the
diffusion of the ohmic (OH) current which is necessarily produced at the beginning of the
discharge. Since the OH current diffusion depends on the electron temperature, and the bootstrap
current and fusion power depend on the pressure profile, heat transport phenomena are of
paramount importance in such scenarios, and they were therefore described, as far as possible, with
experimentally validated transport models [13]. Various RS configurations could be obtained with
different non-monotonic q-profiles, which could satisfy the confinement requirements for a
burning plasma within our transport model. However, at high p, MHD stability will provide
additionnal constraints and it is therefore important to foresee adequate means of controlling
rather precisely the current profile on the way towards the high-[3 phases of the discharge. For this
purpose, several feedback loops between the current drive sources and various plasma parameters -
which are assumed to be measurable in real time - have been tested. The possibility to hold a given
q-profile through feedback control during the transient phases (current ramp-up, density rise) and
in the steady state burn phase will be shown.

2. POSITION OF THE PROBLEM AND STRATEGY FOR CURRENT PROFILE CONTROL

The scenarios which would allow to run a tokamak fusion reactor in steady state, in a high
confinement regime, typically include three phases with different control aspects :

i) during a low density, low-|3 phase of the discharge, an optimized non-inductive current
profile is set up, with the subsequent formation of an internal transport barrier (ITB), and almost
complete relaxation of the ohmic voltage is obtained (if desired) after a few hundreds seconds ;

ii) this current density profile must then be maintained while the plasma cross-section is
increased to full aperture during the current ramp-up (to about 12-13 MA in ITER) ; this is
achieved by a proper combination of ohmic power and external off-axis current drive power in
order to prevent current profile peaking ;

Hi) the third phase must consist of a relatively slow and controlled fuel density ramp during
which the fusion power rises up to its nominal value and the required bootstrap current gradually
replaces the externally driven current until a stable burning steady-state phase is reached. Control
of the current density profile and of the ITB during this phase is difficult, but it is most important
in order to prevent the discharge from quenching through current peaking, loss of the ITB and of
alpha-particle heating or, conversely, through the loss of the central seed current because the off-
axis bootstrap current inductively generates too large a negative central loop voltage which the
central current drive source cannot compensate for.

The unlimited increase of the safety factor in the plasma core (loss of the central current) or
the decrease of the central safety factor and irreversible return to a monotonic q-profile with lower
confinement were indeed among the main problems which were encountered during our time-
dependent simulations of "advanced" operation scenarios in ITER. Such an undesirable evolution
of the q-profile comes from the unavoidable misalignments of the OH and non-inductive currents
at the onset of high power current drive and during the increase of the bootstrap current. Later
during the burn, it can be due to unforeseen localized events. Any local perturbation of the
toroidal electric field tends to diffuse slowly through the plasma and eventually (with a time scale
of the order of 500 s) drives large ohmic current components (either co or counter) in the high
temperature, highly conductive, plasma core.

Our study has shown that applying current drive power in the plasma core to control the
safety factor on axis through a simple PID scheme generally fails since it results in strong central
heating and therefore in a further "freezing" of the current profile which is to be modified. A
more successful strategy can be devised by considering various non-inductive current layers as
internal current loops which, using a transformer picture, act as primary circuits on the inner
inductively coupled plasma layers. We shall describe here a possible way of implementing this
principle through a set of coupled feedback loops, in such a way that magnetic diffusion always
provides the required response, and that the current density profile is automatically frozen when
the system has converged towards the required plasma state.

The adjustment of the non-inductive current drive sources (launched power, parallel wave
index of the antennas) and of the transient external loop voltage (which should then vanish on the
average) must be such that it provides a slow evolution of the current profile towards the required
optimized configuration. Within our transport model [13], this optimum configuration is
characterised first by a non-monotonic q-profile with, ultimately, full non-inductive current drive
so that the toroidal electric field, E(r), vanishes everywhere accross the radius, and secondly with a
high fusion gain (Q). Our strategy includes the creation of a reversed magnetic shear
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configuration at low current and low plasma (3, while MHD stability does not impose too severe
constraints on the current density profile, and the sustainment of this configuration on the way to
the performance phase and during the high-Q burn.

In order to characterize the current density profile (or q-profile) with a minimum number
of control parameters (corresponding to the number of external actuators), we can choose for
instance two radial locations where we expect to control the local safety factor (two-point control
with LHCD and FWCD as actuators) within tolerances which should be given by MHD stability.
These locations will generally be the plasma center, x = 0, and some off-axis reference radius, xref
(x is a dimensionless minor radius, x = r/a). In such a scheme, the profile will be quantitatively
described by two scalar quantities, central q-value, qo, and q-value at a reference point, q(xref).
These values will be controlled by the combined effect of the non-inductive current sources and
of the external loop voltage so that qo = qo,ref and q(xref) = qref where the reference values qo,ref
and qref are prescribed. The entire current density profile - and in particular the total plasma
current - will then be determined by the plasma geometry, non-inductive current deposition
profiles, and pressure profile through the bootstrap component. It is necessary (and assumed) that
the various current drive systems (here LHCD and FWCD) can be chosen and designed adequately
so that they complement each other to generate a stable current density profile once qo,ref afid qref
are specified and when the plasma pressure profile is consistent with the fusion power and plasma
confinement laws.

In inductively driven tokamak plasmas, the plasma current is controlled by the external loop
voltage through the primary circuit voltage, and a stationary current density profile is established
as a result of the diffusion of the electric field imposed at the plasma surface. In our case, where
the exact value of the plasma current (or q at the edge) may not be the most important parameter,
the external loop voltage could be adjusted in such a way that the penetration of the electric field
towards the center provides at any time the required safety factor at the reference radius rather
than at the plasma edge. This can be obtained for example with the following feedback law :

(1)

where CTJ is a positive gain. Thus, a lack of current within the reference point (i. e. q(xref, t) > qref)
could be compensated by the diffusion of a positive electric field from the edge, in accordance
with Eq. (1). On the contrary, if q(xref, t) < qref, the negative electric field applied at the edge
would penetrate towards the reference radius and remove the excess of ohmic current. The steady
state solution of Eq. (1), Uext = 0, would just be obtained when q(xref) = qref, and this would be
ideal provided that, while the loop voltage slowly vanishes at the plasma edge, non-inductive
currents simultaneously and continuously replace the ohmic drive inside the plasma so as to hold
a vanishing loop voltage at the reference point and to prevent the electric field perturbation to
propagate further in the plasma core.

The OH current produced at the reference radius through the external loop voltage thus has
to be continuously replaced by LH current, so that E(xref) = 0. The internal loop voltage must
therefore be controlled by the LH power, and this requires an accurate real-time estimation of the
magnetic flux evolution within the plasma [14] with a dedicated set of diagnostics and Grad-
Shafranov solver. A positive electric field at x = xref, which would indicate that the OH current is
not fully replaced by LHCD, can be removed by increasing the LH power. In the case of a
negative electric field (too large an LH current) the LH power must decrease. Such a control of
the electric field at the reference point can be realised by varying the LH power at each control
time step proportionally to the electric field, APLH °= E(xref, t). The coupled control of the loop
voltage at x = xref, together with the control of q(xref) through the combined effect of the non-
inductive source around x = xref and loop voltage at x = 1 (plasma surface) leads to the required
equilibrium plasma state in the outer region of the discharge (namely zero loop voltage between x
= xref and the edge while q(xref) = qref).

The same principle can now be generalized to control the internal regions of the plasma.
The electric field at x = xref can indeed be used for the control of the plasma current in the center
(qo) while the FWCD source maintains E(x = 0) = 0, just as the external loop voltage was used
above for controlling q(xref) while the LHCD source controls E(xref). In other words, the electric
field at the reference radius, x = xref, can be considered as an "external" loop voltage for the
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internal region, 0 < x < xref. This field is adjusted such that E(xref, t) oc [l/qo,ref - l/qo(t)L while
APFW OC E(0, t) in order to insure the continuous replacement of the induced OH current on axis
by an equivalent amount of FW current and to provide the required central q-value while
magnetic diffusion leads to a vanishing OH current density throughout the plasma cross section.
Just as Uext in Eq. (1) is controlled through the primary circuit voltage which is the true actuator,
the value of E(xref) is controlled through PLH- Thus, at each control time step, the LHCD and
FWCD powers are incremented according to the following feedback laws :

AP F W 0)=C F W E 0 ( t ) (3)

Here CLH. Q) a n d Cpw are constant gains. The ratio between the gains C L H ar>d Co determines the
value of the electric field at the reference radius which in turns governs the control of qo.

Since the plasma parameters at the reference radius are determined by the off-axis current
drive system (here LHCD), the off-axis power deposition radius has to be carefully controlled so
that it lies near the reference control radius. In our simulations, the LH power deposition is
estimated self-consistently with the evolution of the plasma parameters following the approach of
Ref. [15], and it can be controlled by a proper choice of the parallel refractive index of the
launched LH waves, N//. Assuming nearly single-pass absorption of LH waves in ITER, the
absorption region moves regularly with variations of N//, and the following law :

AN / / t )=CN(x ( j [ t)-x I J} (4)

can be implemented to hold the wave absorption at a given radius, XLH. Here C N is a constant gain
and xo is the current LH power absorption radius which is assumed to be estimated in real time.

3. CURRENT PROFILE PREFORMING IN THE INITIAL LOW-p PLASMA

We shall now discuss the application of this control strategy during the different phases of a
typical steady state operation scenario in ITER. In our simulations, current profile control (Eqs. 1-
4) starts with the non-inductive power launch during a 7 MA plateau following the same initial
current ramp-up phase as described in Ref. [5]. In order to illustrate the feedback control scheme
described above, the current profile evolution towards a variety of possible prescribed equilibria
with {qo= 1.9, qref = 1.3}, {qo = 2.2, q r ef= 1.4} and {qo = 3.5, qref = 1-4} is shown on Fig. 1
(the reference control point is chosen at mid-radius, xref = 0.5). In all cases qo drops at the
beginning of the low current plateau because the initial off-axis OH current tends to penetrate in
the core (Fig. 1 a, c, e). To prevent this phenomenon from occurring, the LH current is overdriven
at mid-radius which produces a slightly negative electric field, leading, because of magnetic
diffusion and of eq. 3, to the increase of qo to the required value. The LH power is absorbed in all
cases at the reference radius, XLH = xref- Our coupled feedback loops first provide the reference
current at mid-radius within a 100-seconds time scale because the current diffusion time is "short"
in the "low" temperature plasma near the edge. Even during this low-p phase, the convergence of
qo towards the reference value is much slower since it takes place in the 15-20 keV plasma inside
the ITB. Attempts to reduce the convergence time by increasing the gains produced large
amplitude oscillations. In contrast, low gains yielded smooth convergence towards steady state, but
the time to reach equilibrium was longer.

The examples presented above illustrate the possibility to control the current profile at low
plasma current and constant plasma density. The choice of the reference q-profile must of course
be dictated by the physics of plasma transport and MHD stability. An upper limit for qo is
determined by the equilibrium of the plasma core. For a given, sufficiently broad, off-axis current
deposition profile, the q-profile at mid-radius is strongly linked with the total plasma current and
therefore with confinement. A flat q-profile in the core due to the small difference between qo and
qref would be unfavourable within our model since it would not provide enough reduction of the
anomalous transport. Finally, the most important restrictions on the q-profile should come from
MHD stability constraints which are not considered quantitatively here.
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4. SLOW CURRENT RAMP-UP AND PLASMA SHAPING

The second current ramp starts when the prescribed q-profile is almost fully supported non-
inductively in the small 7 MA circular plasma. The rate of the ramp is slow enough so that the
current profile can be adequately controlled with the feedback laws of Eqs. (1-4) which prevent
the appearance of large OH currents and their penetration in the plasma core. This would
otherwise ruin the high-confinement optimized magnetic configuration. The current ramp is
indirectly induced by imposing a nearly self-similar q-profile (as a function of normalized radius)
during the increase of the plasma volume, elongation and triangularity to their final values,
consistently with plasma stability, machine design and power exhaust requirements. By restricting
the loop voltage inside the plasma, the feedback control scheme forces the LH power also to
increase in order to assist the current ramp up non-inductively. Roughly speaking, the ohmic
dissipation is thus minimized (E(xref) ~ 0) and therefore the OH transformer has only to provide
the inductive flux necessary for the increase of the magnetic energy in the plasma. In this regime,
the ramp-up rate has therefore nearly no influence on the flux consumption [16]. It can be as low
as plasma control requires to reach a sufficient degree of accuracy without increasing the primary
flux requirement on the machine design.

During the evolution of the plasma cross-section, the prescribed geometry, as well as density,
temperature and q-profiles determine the total plasma current. To obtain a reasonable value of the
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plasma current in the full size, elongated ITER plasma (12-13 MA) the reference value of q at
mid-radius will be chosen as qref = 1.6 during the current ramp (Fig. 2). A higher value of qref
leads to a lower plasma current which is not sufficient to sustain the plasma equilibrium. A lower
value would yield a higher plasma current at the expense of a higher LHCD power.

5. PLASMA CONTROL DURING THE FUEL DENSITY, ALPHA POWER AND BOOTSTRAP
CURRENT RISE

When the plasma has reached its full size and current, an increase of the density is then
required to start the fusion burn. The plasma pressure increases, and this produces the required
increase of the bootstrap current while the LHCD efficiency simultaneously drops nearly like the
inverse of the plasma density. As mentioned above, the largest bootstrap current density is located
within the ITB and is shifted inside with respect to the LH current density which determines the
"foot" of the transport barrier. Too rapid an increase of the plasma density therefore spoils the
control of qo with LHCD/FWCD because the growth of the bootstrap current can lead locally to a
large negative electric field which slowly diffuses towards the plasma core and produces an
uncontrolled increase of qo. Another problem with current profile control in the core can be
encountered if the bootstrap current profile is too narrow, which results in the redistribution of the
total current profile and in the shrinking of the RS region. To avoid these problems, the fuel
density increments are governed through the following feedback loop :

(5)® = (pref " pa)C a ,

where H(x) is the Heaviside function, and Co; and C B S a r e constant gains.
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The intensity of the bootstrap current becomes dominant at the onset of the burn phase
when the density has risen sufficiently. The plasma density thus plays a role similar to the LH
power, as an artificial off-axis current drive source through the bootstrap current. It therefore
becomes an efficient actuator for controlling the central safety factor according to the principle
which led to equation (2). However, the density should be simultaneously adjusted to get the
required value of the alpha-particle power, Pref. The feedback control equation (5) is a
compromise between these two requirements which prevents a back transition from the reversed
shear to the monotonic q-profile while allowing to raise and hold the fusion power at the
prescribed level.

In order to reduce the total duration of the transient phases before the burn, the fuel density
rise (eq. 5) can be switched on during the plasma current ramp-up. The evolution of the plasma
parameters during a complete scenario is then shown on Fig. 2 and the steady-state profiles are
shown on Fig. 3. The detailed shape of the resulting q-profile is in fact determined by the two
complementary non-inductive current deposition profiles which are used for the two-point
control, and by the heat transport physics which, in the present case (within our model) provides
an equilibrium with a nearly flat bootstrap current profile in the core (Fig. 3b). It should also be
mentioned that the proposed feedback loops for current profile control are still necessary in
steady-state since small perturbations of the non-inductive current drive parameters (for example,
a decrease of the LH power) could lead to the loss of the magnetic configuration (Fig. 4).

6. CONCLUSION

Both the experimental optimised/reversed shear scenarios and the scenario proposed here
for steady state ITER operation clearly demonstrate the importance of current profile control.
Such a control is required to support the reversed shear configuration and to avoid MHD
instabilities during the discharge. Our study illustrates a possible route towards a steady state
equilibrium and yields some requirements to be fulfilled for carrying out real-time current profile
control during the transient phases and in steady state. In our work, the restrictions which were
imposed on the current profile were only determined by the plasma equilibrium (finite central
seed current) and by the requirement of a deep reversed magnetic shear configuration.

Some general principles for current profile control have been developed and applied here
for the advanced scenario. The main conclusion of this study is that adequate current profile
control will require real-time magnetic flux reconstruction through a set of dedicated diagnostics
and computers, with sufficient accuracy to deduce the radial profile of the internal plasma loop
voltage. The value and location of the minimum safety factor is rather easily and rapidly
controlled through the surface loop voltage and the LH power, but a compromise must be made
between the accuracy of the central safety factor control (e.g. from MHD requirements) and the
total duration of the current and fuel density ramp-up phases, so that the demonstration of a full
steady state fusion burn in ITER would demand pulse lengths of several thousand seconds.

The principles developed here for an advanced steady state scenario are general and could
be tested in present long-pulse tokamaks by replacing the alpha-particle power with powerful
external core heating to provide the required pressure profile and bootstrap current response while
the plasma density is raised up to the values which are relevant to high performance operation.
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Abstract
LONG SUSTAINMENT OF JT-60U PLASMAS WITH HIGH INTEGRATED PERFORMANCE

This paper treats the recent development of quasi-steady ELMy high-p H-mode discharges
with enhanced confinement and high-p stability, where i) long sustainment time, ii) increase in
absolute fusion performance and iii) expansion of the discharge regime toward low-q^5 (~3) are
emphasized. After modification to the new W-shaped pumped divertor, a long heating time (9sec)
with a high total heating energy input of 203MJ became possible without harmful increase in impurity
and particle recycling. In addition, optimization of the pressure profile characterized by the double
transport barriers, electron density and / or high triangularity 8 enabled us to extend the performances
in long pulses ; the DT equivalent fusion gain QDT

etJ~0.1 (8 =0.16) was sustained for ~9 sec (~50xE,
~10xp*) and Qjyr^-O.ie (8 = 0.3) for 4.5s at Ip=1.5MA. In the latter case, H-factor (=*rE/TE

rrER89PL)
-2.2, PN~1.9 and Pp~1.6 were sustained with 60-70% of noninductive driven current. In the low qj5

(~3 ) region, the p-limit was improved by the high 8 (~ 0.46) shape where PN~2.5-2.7 was sustained
for ~3.5s with the collisionality close to that of ITER-FDR plasmas. The sustainable PN is limited by
onset of the low-n resistive modes. The direct measurement of the island width shows the agreement
with the neoclassical tearing mode theory. The edge pedestal width A-ped in the ELMy phase evolves
gradually with increasing Tj at the pedestal shoulder and the saturated width (10-15cm at L=1MA) is
2-3 times larger than that in the ELM-free phase. The width A-ped is proportional to (a/R^^ppj. The
limit of the edge a-parameter increases with increasing 8, which is the main reason of the improved
high-P stability in a long pulse by high-8. The sustainable value of pNH increases with increasing 8.

1. SUSTAINMENT OF HIGH PERFORMANCE

Toward the simultaneous achievement of i) high confinement, ii) high P, iii) high bootstrap
fraction and iv) high efficiency of heat and particle exhaust in the steady-state, discharges have been
optimized in JT-60U based mainly on the high-pp H-mode with q(0)>l. Up to L=1MA, an
optimized pressure profile with high triangularity 8 (=0.35) enabled the favorable integrated
performance sustained for 2 s with H-factor~ 2.5 and PN~3 under full non-inductive current drive

2.tMA, g!=0.07 \ ' '
- " |1.8S»A, 5=0.31 ) open divertor

2.3MAw8=0.08^ after divertor modification
E30G06,1.5MA, 5=0.30

E29941.1.5MA, 5=0.16

E32218,1.1 MA, 8=0.46, q9S=3.3

after divertor modification

3 4 5 6
time from NBI onset (sec)

10

Fig. 1: Sustainment ofQDT
e4 and @NH. Long sustainment became possible with the new divertor.
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Table 1: Parameters oflongpulse discharges (>10 rE) : E29941='long', E30006='high Q', E32218=' low-q'

shot Ip B,(0) KX 8X q 9 5 Pa b s nD(0) T7e f G W Tj(0)/Te(0) J3N pp TE
t 0 t H 8 g L fth t E

t h H 9 8 H C>£ At AVzE

time(s) MA T MW io«/m3 keV s s s

29941 1.5 3.7 1.58 0.16 4.0 22.1 4.1 4.1 0.51 8.8/4.2 1.68 1.28 0.18 1.61 0.75 0.13 0.90 0.11 8.5 48.6
10.0

30006 1.5 3.6 1.56 0.30 4.5 15.0 4.5 3.1 0.43 11.0/6.0 1.98 1.55 0.32 2.33 0.75 0.24 1.18 0.18 4.5 14.3
5.1

32218 1.1 2.1 1.43 0.46 3.3 11.2 2.9 2.6 0.52 8.5/5.3 2.68 1.55 0.23 2.15 0.68 0.15 1.02 0.08 2.8 12.4
8.2

dW/dt=0, fQyy=electron density normalized by Greenwald limit, f t n= fraction of thermal component

ripple & orbit loss subtracted ( 8.8%(E29941),14.8% (E30006), 15.5%(E32218))

(a)
1.5

0
3
0
4
0

0.3
0

10

E29941 9-sec sustainment of ELMy H mode total heating energy input=203MJ

0.2

Stored
"Energy(MJ)

'— C VI (a.u.)
- Q D T e q -

: Tj(0)(keV)

Da1

open divertor

0 r-

8 12
0 50 100 150 200
NB heating energy input(MJ)time (sec)

Fig. 2: (a) Evolution of the 9sec-ElMy H-mode. The total NB heating energy reached 203MJ without increase
in carbon brightness and particle recycling, (b) With the open divertor, carbon burst was observed at -70MJ.

(bootstrap ~60%) [1,2]. Recently, with the new W-shaped pumped divertor [3], the high performance
discharge regime was extended to the new long-pulse region. The sustained values of the DT
equivalent fusion gain QDxeq and pNH are shown in Fig. 1, and the main parameters of the three
typical discharges are listed in Table 1. In this paper, the ripple and orbit losses of the injected NB
power (-15%) calculated by the OFMC code was subtracted in evaluating the absorbed heating
power. The H-factor is defined as the confinement improvement from the ITER-89PL scaling.

As for the longest sustainment (E29941), the ELMy H-mode with Q D J ^ - O . I , H-factor ~ 1.6, T{

(0)~9keV and (3N~1.7 was sustained for 9 sec (~50rE) under a high NB power of 20-25MW (Ip=1.5
MA, Bt=3.6T, 8=0.16 ) (Fig.2(a)). Since the effective particle confinement timexp* was ~ 0.7-0.8s.
the sustained duration was sufficiently long compared to the particle confinement (~10T *). In this
discharge, even with the high total energy input up to 203MJ, no increase in impurity (carbon) and

(a) ~4.5sec, H89L~2.2, pN~1.
E30006 — "-

0.3

~2.8sec, pN~2.6-2.7, H?9L~2.1

10 10 116 8
time (s)

Fig.3: Time evolution of the high /L ELMy H-mode discharges, (a)
drive fraction ~60-70% were sustained for 4.5s ( 8=0.30). (b) pN -2.6 was sustained for 2.8s at q g^=3.3.

8 9
time (s)

-0.16 and non-inductive current
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particle recycling was observed. Before the divertor modification, an increase in carbon (Fig.2(b)) and
recycling degraded performance at ~3 sec duration of high power (20-30MW) heating (-70-100MJ of
the total energy input).

In case of higher 8 (=0.3), (Fig.3(a);E30006), the better performance with CbT
ecl~0.16, H-factor~

2.2, PN~1-9
 ar>d pp~1.6 were sustained for 4.5 s with 60-70% of non-inductive driven current (by

ACCOME code) at a relatively high density of -43% of the Greenwald limit. At 8=0.46 (E32218), a
high value of PN=2.6-2.7 was sustained for 2.8 s at the low value of q95=3.3 (Fig.3(b), see also Fig.6
(b)). In these discharges, the current profile has reached the steady-state in the later phase of the H-
mode according to the data of internal inductance and internal poloidal magnetic field by MSE.
Duration of the high 8 equilibrium is limited (< 5sec) by heat capacity of the shaping coils.

These plasmas with the favorable confinement and stability have been obtained in the high-pp H-
mode [4]. The typical radial profiles at a high 8 (=0.49) is given in Fig.4, where, in addition to the edge
transport reduction by the H-mode, both ̂  and y^ drop inside the Internal Transport Barrier (ITB) with
the monotonic q-profile (positive magnetic shear). (The time traces of this discharge are given in Fig.
11). In the high-Pp H-mode, although such the double transport barriers are produced for%; in a wide
range of operation regions, the drop in %e at the ITB is not always observed. However, in the high-5
discharges, the drop in %e tends to be clearly observed.

(a)

O)
00

X
z

CO.

16

12

8

4

transient: incl. dW/dt
dW/dt=O
quasi-steady > 2xE

quasi-steady > 5 T E

.transient

short
dW/dt=0

1

0.8

0.6

0.4

0.2

-0.1 0 0.1 0.2 0.3 0.4 0.5
triangularity 5X

(b) (c)
|> ' •< ! • • • • " i i j 1 5 I I W | I I I I | . I M | I I M. pN-pedestal

ELMy

1.5

0.5

a-parameter

ELMy

I

395=3-1-3.8 :

0.2 0.4 0.6
triangularity 5X

0.2 0.4 0.6
triangularity 8X

0.2 0.4 0.6
r/a

0.8 1

Fig.4 : The typical radial profiles of the high /?_
ELMy H-mode at high triangularity 8 (=0.49) with
the monotonic q-profile. Both X( and Xe drop
inside the ITB and in the edge pedestal region.

Fig. 5: (a) ji^ x H-factor increases with triangularity 8
(Ip=0.6 - 3.0MA). Sustainable values of fifjHfor >5zE

(~l-2sec) is ~60% of that achievable in a short
duration. (b)&(c) The upper limits of the ^-pedestal
and the edge a-parameter increase with 8 affixed q^.
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transient

co.

n=1 burst (E32349) ;
n=1 burst (E32354) j

CO.

[ £38349,1.8T,1 MA, qm~ 3.2
I E32354,1.8T,1 MA, qg5= 3.2
Esasss.i.rr^MA, qgs=2.s
E32218, 2.1 T,1.1 MA, q95= 3.3 Without Sawtooth

1 I • i

8

Fig.6: (a) The upper boundary of the sustainable (>5 TgJ
fa=2.6-2.7 can be sustained, (b) Wave forms of fa for

6 7 8 9 10 11
time (s)

r is -2.8 over the wide range of q pj. Even at qg^~3,

(=2.9-3.3) discharges with a high 8 (=0.46)
and q(0)>l (no sawtooth). If fa>2.8, bursts of the n=l mode degrade the discharge performance.

2. p-LIMITS IN LONG PULSES

In the long pulse discharges, we controlled the heating profile to produce the optimum peakedness
of the pressure profile p(r) for maximizing pN [2]. At a larger peakedness, the pN-limit is lower due to
the pp-collapse which is consistent with the ideal kink-ballooning limit. At a smaller peakedness, (3N

is limited by giant ELMs which is consistent with the high-n ballooning limit. The ELM-limit
increases with 8 [2]. Figure 5 (a) shows PNH increases with 8 in any duration from 'transient' to 'long
pulse'. However, the level of PNH decreases with extending sustainment time. Among discharges
with dW/dt=0 (W: stored energy), pNH decreases by -40% from the short-duration limit (upper
envelope of open circles) to quasi-steady>5xE (closed square). One of the main reasons of the better
performance at higher-8 is the improved edge pedestal energy caused by the higher limit of the cc-
parameter (Figs.5 (b) and (c)). As shown later in Fig.9, even in the type-I ELMy phase, the edge
plasmas keep a clear and steep gradient structure of the thermal pressure. The pressure gradient is
limited by the type-I ELMs (~ high n ideal ballooning mode limit) and the time-averaged pedestal
structure seems to be determined by the ELM frequency and heating power. The high 8 shape is
beneficial to keep the steep pressure gradient inside the pedestal layer.

In a transient phase, the achievable (3N is limited by ideal MHD instabilities. Thus the PN limit
increases with increasing q95, this is because the peakedness of the current profile can be higher
(higher 1;) at higher q95. On the other hand, in the long pulse discharges, the upper boundary of the
sustainable PN is -2.8 over the wide range of q95 as shown in Fig.6(a), This limit is due to slowly (~
100ms) growing resistive instabilities with mode numbers of (m/n)=(3/2), (2/1), (3/1) etc. [2].

Figure 6(a) also shows that pN -2.8 can be sustained even in the low-q (q95~3) region. This
regime have been newly demonstrated in JT-60U at a high 8. Figure 6(b) shows the traces of p ^ for
low-q95 (=2.9-3.3) discharges with 6=0.46. If pN>2.8, bursts of the n=l mode degrade the discharge
performance. In this region, the dominant mode number is m/n=2/l. Since these plasmas are the high
Pp H-mode with q(0)>l, no sawtooth activity exists. If q(0)<l in this low-q region, pN is lower (-
1.8) due to (m/n)=(l/l) mode and sawteeth [5].

For identification of the slowly growing low-n instabilities, a direct measurement of the evolving
island width of the m/n=3/2 mode was carried out [6] by using the heterodyne radiometer with a fine
spatial resolution of ~2cm in the radial direction. This mode number m/n=3/2 is often observed in
long-pulse discharges at q95-3.5 - 4.5. Figure 7(a) shows the electron temperature profiles Te(r) both
when the line of sight of the measurement is looking at the O-point and the X-point of the rotating
magnetic island. (Note: These Te(r) are the partial profiles from R= 3.5 to 3.8m just around the island
region). From the O-point measurement, the island width can be evaluated as - 7cm. Figures 7(b)
and(c) show that the island width increases with the magnetic fluctuation. In this discharge, the
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Fig. 7: (a) The magnetic island width of the m/n=3/2 mode was measured
by the heterodyne radiometer. The island width increases with the
magnetic fluctuation (b)&(c) and the saturated value is ~ 7 cm.
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Fig.8: (a) Regions of fast collapses, onset of resistive modes and degradation in confinement on theh~e- /?^ plane
(Ip=1.5MA, Bt=3-3.5T, 8<0.3, P^g=15-25MW). The lower boundary of the resistive mode increases with n e. (b)
The pN value at the m/n=3/2 mode onset does not show a clear dependence on collisionality evaluated at r=a/2.

saturated value of the island width is ~ 7 cm. This island width agrees with the theoretically predicted
width [7] of ~9cm for the neoclassical tearing mode [6].

The threshold pN for onset of the resistive modes increases with increasing electron density and
with broadening of p(r). Figure 8(a) shows the density dependence at L=1.5MA, Bt=3-3.5T and §<0.3
where the closed circles correspond to onset of the resistive modes. In this figure, at a density higher
than ~3.4xl019nr3 (-50% of Greenwald limit), PN decreases because of confinement degradation by
high recycling. For sustainment of the long pulse discharges, we kept the optimum set of density and
(3N to avoid both the resistive modes and confinement degradation. (For example, the shot E30006
shown in Fig.3(a) has (5N =2 with ne=3.2xl019nr3.) In Fig.8(a), the threshold PN for the resistive mode
increases with density. However, no clear tendency of the threshold value related to the collisionality
[8] has been observed in JT-60U as shown in Fig.8(b). Increase in density tends to broaden the
pressure profile. This effect changes the local combination of the pressure and the current profiles and,
thus, the stability can be affected. The JT-60U data suggest a broader pressure profile tends to be more
stable against the m/n=3/2 mode.

3. EDGE PEDESTAL EVOLUTION IN THE ELMy H-MODE

To sustain high confinement, control of the edge pedestal structure is essential. In JT-60U ELM-
free H-mode, the edge pedestal width A-ped is 3-5cm at L~2MA and scales roughly with the ion
poloidal gyro radius [9]. On the other hand, in the giant-ELMy phase, A-ped can be 10-15cm (r/a~80
%). Figure 9(a) shows a typical ELMy discharge at L=1MA, q95=3.5 and 8=0.46, where the type I
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Fig.9: (a)&(b) Evolution of the edge pedestal values and the T ,-
profile in the low-qg^ (=3.5) high /L H-mode discharge. Tj & Te at
the pedestal shoulder (T^-ped & Te-ped) and the pedestal width (A-
ped) increases in time, while n e-ped stays almost constant, (c) The
whole profiles ofTe(r), Trfr) and q (by the MSE).

ELMs (giant ELMs) are observed throughout the NB heating phase. The time evolution of the ion
temperature profile T;(r) is given in Fig.9(b) and the time evolution of Trped, Te-ped, ne-ped and A-
ped are shown in Fig.9(a). In the ELM-free phase (t~6.15s), both Trped (Tj at the pedestal shoulder)
and the pedestal depth A-ped are small. In the ELMy phase, these parameters increase gradually in
time. Here, Tj was measured by the CXR system with the time resolution of 50ms. Since the ELM
frequency of the discharge is 50 - 100 Hz, the measured Tj(r) is the time-averaged profile over a few
ELMs. The profiles of Te and ne were measured by the YAG Thomson scattering system with the
measuring time of 20ns. Therefore, the measured values of Te and ne in the pedestal layer is affected

0.15

0.1

0.05

E32511, 3.6T, 1 MA, qog=6.1

: A-ped (m)

I £32358 -grad-p(104Pa/m) z

0.5 1 1.5
Trped(keV)

Fig. 10: A-ped and the edge pressure
gradient increases with T --ped (E32358).

time (s)
Fig.ll: Evolution of the edge pedestal values in the high-q 95 (=6.1) high /L H-mode discharge. The
ELM activity disappears (t ~ 8 - 9s) and A-ped and T^-ped increase further. (For profiles, see Fig.4)
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by the relative timing of an ELM and the Thomson laser launch. On the other hand, Te and ne in the
inner area does not seem to be affected very much. Therefore, For the evaluation of Te-ped and ne-
ped, we excluded the data just during the ELM burst of D a brightness and, in addition, we used the
fitting of the inner data and did not use the data inside the pedestal layer. In Fig.9(a), T;-ped, Te-ped
and A-ped increases in time, while ne-ped stays almost constant. The time scale of the pedestal
evolution is gradual (~2s) and much longer than xE (~ 0.2s). Figure 10 shows that A-ped and the edge
pressure gradient increase with Tj-ped. On the other hand, at high-q95 (=6.1; Ip=lMA, 8=0.49), the
behavior of ELMs are different. Figure 11 shows that the ELM activity is weaker than that in the
low-q95 discharge iMg.9. In particular, the ELM activity disappears at t ~8 -9s, and A-ped and T r

ped increase further. The internal inductance lj decreases almost simultaneously. Such disappearance
of ELMs are observed when 8>0.3-0.4, (3p>l.5-2.0 and q95>5-6. In this parameter region, the minute
grassy ELMs are observed when L is smaller (typically -0.6MA) [2,10]. It seems that the increase
in A-ped and Trped coincide with disappearance of the ELMs. The access to the second stability
regime for the high n ballooning mode may cause this phenomena.

The width A-ped in the ELMy phase scales with (a/R)°-5ppi q95~035 (Fig.l2(a)), where evolution
of E32511(Fig.ll) and E32358 (Fig.9) are shown by closed circles. The q-dependence, not strong,
was evaluated from these two cases. For a fixed q 95 -3-4, A-ped is proportional to ~10(a/R)°-5ppi

and is 2 -3 times larger than that of the ELM-free phase. (In the figure, the ELM-free data are shown
just for comparison. For the ELM-free data, no q-dependence has been observed [9].) The ELM
frequency fgLM is an important parameter for the development of the pedestal structure. Figure 12(b)
shows that Trped and W-ped increase by factor of 2-3 with decreasing %LM- On the other hand, the
normalized width A-ped/((a/R)°-5ppi) is ~10 and almost constant over the wide range of %LM- (IMA,
q95=3.4-3.8). The pedestal width seems to be determined by both MHD stability (ELM) and
transport related to ppi. This combined effect on the pedestal structure formation in the ELMy phase
is to be understood for optimizing the integrated performance including SOL and divertor plasmas.

4. SUMMARY

The JT-60U discharge regions toward the steady-state high integrated performance are
summarized in Fig. 13. Before the divertor modification, we mainly focused on the concept
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optimization of the ELMy plasmas with high integrated performance [1,2]. After the modification
to the new W-shaped pumped divertor, we have been focusing on i) long sustainment time,ii)
increase in absolute values of fusion performance and iii) expansion of the discharge regime toward
low-q (q95~3). A long heating time with a high total heating energy input of 203MJ became possible
without harmful increase in impurity and particle recycling. In addition, optimization of p(r) with the
double transport barriers, ne and / or high 8 enabled us to extend the long-pulse performances;
QDTeq_o.l (8 =0.16) was sustained for ~9 sec (~50rE, ~10xp*) and Qjyr^-O.ie for 4.5 sec (8 = 0.3)
at I =1.5MA. In the latter case, H-factor -2.2 and PN~1.9 were sustained with 60-70% of
noninductive driven current. The sustainable value of PNH increases with increasing 8. In the region
of low q95 (~3), the high-(3 stability was improved by the high 8 (~ 0.46) shape where |3N~2.5-2.7
was sustained for ~3.5s with the collisionality close to that of ITER-FDR plasmas. These long pulses
have made progress in studies on the key physics issues for the steady-state tokamak operation: The
sustainable PN is limited by the low-n resistive modes. The direct measurement of the island width
shows the agreement with the neoclassical tearing mode theory. However, no clear effects by
collisionality was observed. The edge pedestal width A-ped evolves gradually (~2 s) with increasing
T rped and the saturated width (10-15cm at Ip=lMA) is 2-3 times larger than that in the ELM-free
phase. The data shows that A-ped is proportional to (a/R)°-5ppj. The edge a-parameter increases with
increasing 8, which is the main reason of the improved high-|3 stability in a long pulse by high-8.
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Abstract

Improving confinement and beta limits simultaneously in long-pulse ELMy H-mode discharges
is investigated. The product Pis[H98y serves as a useful figure-of-merit for performance, where PN
sp/(I/aB) and Ifygy is the ratio of the thermal confinement time relative to the most recent ELMy
H-mode confinement scaling established by the ITER confinement database working group. In
discharges with qn,;,, > 1.5 and negative central magnetic shear, PNH98y~4 is sustained for ~1 s.
Although peaked profiles are observed, strong internal transport barriers are not present. Further
increases in PN m these discharges is limited by neoclassical tearing modes (NTM) in the positive
shear region. In another recently developed regime, Pis[H98y>6 has been sustained during large
infrequent ELMs in non-sawtoothing discharges with qo~l- This level of performance is similar to that
obtained in ELM-free regimes such as VH-mode. The limitation on PN and pulse length in these
discharges is also the onset of NTMs.

1. INTRODUCTION

Advanced Tokamak (AT) operating modes have been successful in improving the fusion
performance of many existing tokamaks, as evidenced by the record D-D fusion reactivity achieved in
DIII-D [1], JET [2], and JT-60U [3]. Through optimization of the plasma shape and radial profiles,
AT modes lead to improved confinement and p, and higher bootstrap fraction relative to standard
ELMy H-mode. Improvements are observed in many different AT regimes such as VH-mode,
negative central shear (NCS) with an internal transport barrier (ITB), supershots, high pp , and high £[.
To date, however, the duration of peak performance in all of these modes is limited to a few energy
confinement times (Tg), generally as a consequence of evolving pressure or current profiles and
eventual MHD instability. Before AT modes can be seriously considered as an operating mode for a
future fusion reactor, present experiments must sustain AT performance in a controlled manner for
longer pulse lengths. In this paper, we review results of recent experiments on DIII-D directed
towards this goal

The primary focus is on improving the performance and pulse length of discharges with an
ELMy edge. The ELMy H-mode is inherently steady state, with the edge p' and impurity
concentration regulated by the repetitive ELM events. The ELMy H-mode regime has been studied
extensively on most tokamaks and the confinement results have been compiled into a database by the
ITER confinement database working group. The most recent scaling for the thermal energy
confinement time is given by t j y = 0.0365Ip R1-93(a/R)a23nJ9

41B008Ma V ' V 0 6 3 [4]. This scaling
was generated from mostly sawtoothing ELMy H-modes with monotonic q profiles and qo~l.

The most serious limitation on P in long-pulse ITER-like discharges appears to be the
neoclassical tearing modes (NTM) [5,6]. NTM modes are classically stable tearing modes (A'<0) that
are driven unstable by a helically perturbed bootstrap current. The NTM mode requires a seed island
to exceed a minimum threshold island width; this seed island can be provided by a sawtooth crash or
other MHD perturbation. Depending on the density (or collisionality v*), NTMs limit PN to the range
PN~1.7-2.5.

*Work supported by U.S. Department of Energy under Contracts DE-AC03-89ER51114, DE-AC05-
96OR22464, and Grant No. DE-FG03-95ER54294.

TLawrence Livermore National Laboratory, Livermore, California, U.S.A.
+Princeton Plasma Physics Laboratory, Princeton, New Jersey, U.S.A.
^ Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.
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Our goal is to sustain higher (3 and confinement time relative to the ITER benchmark to achieve
a more compact reactor concept with a high bootstrap fraction. The normalized quantity P^^gy
serves as a useful figure-of-merit for performance, where H98y= Tth/tth98y- At the 1996 IAEA
conference, DIII-D reported on non-sawtoothing discharges (#89756, #89795) with H98y~1.4
(H89p~2.4) and PN~2 .9 sustained for up to 2 s in lower single null with triangularity of 8=0.3 [7].
These discharges utilized 1.2 MW of beam power during the Ip ramp to suppress sawteeth and
cryopumping to maintain low density. Fishbone (m/n=l/l) bursts were observed throughout the high
performance phase and appear to play a role in regulating the on-axis current to maintain qo~l thus
avoiding sawteeth. Due to the absence of a sawtooth triggered seed island, the value of PN achieved
was almost a factor of 2 above the predicted NTM limit at the operational density (collisionality)
However, fishbones can also provide a seed island for the NTM, limiting both the reproducibility of
this regime and attempts to further increase PN.

Here we present recent results from two campaigns designed to improve these earlier results.
First, techniques to produce and sustain qm^l -5 in ELMy H-mode are explored. The motivation for
this work is to eliminate fishbones and eliminate the 3/2 surface (and possibly the 2/1 surface) so that
the NTM PN limit can be increased. This work is also motivated by the possibility of obtaining a
sustained internal transport barrier (ITB) to further improve the confinement of ELMy H-modes.
Second, we report on discharges obtained with a new shape and startup technique that yielded very
high confinement (H98y ~2) and beta (PN~4) during infrequent ELMs with monotonic q profiles.
These discharges reached performance levels comparable to ELM-free modes such as VH-mode and
sustained this level up to 1 s.

2. ELMy DISCHARGES WITH qmin>1.5

Current profiles with negative central shear and qmiir*!-^ are routinely obtained by heating with
PNBI~5 MW during the current ramp with an L-mode edge. However, the development of ITBs in
these plasmas results in pressure peaking that is difficult to control and often leads to disruption. Also,
because of the cold L-mode edge, the current profile and qxmn evolve more quickly making
sustainment difficult. To avoid these problems, a new startup technique has been developed using
H-mode during the current ramp as shown in Fig. l(a). A brief flat spot in the current ramp at 400 ms,
coupled with the biasing of the plasma shape toward lower null point in the ion VB drift direction,
leads to a reproducible H-mode transition. By controlling the Ip ramp rate and the density, values of tx
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Fig. 1. (a) Time evolution of qmin>1.5 discharge (93144) with high performance from 3.5-4 s.
(b) Profiles ofne and q and (c) Te and Tj at 3.7 s. (Bj=2.1 T, high triangularity shape with 8=0.77,
K=1.85; H89P=2.5 at 3.7 s)
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as low as 0.5 can be obtained, although for £{ <0.6 edge stability problems can lead to locked-modes
during the Ip ramp. The best results are obtained with a slower Ip ramp and l\ ~ 0.7 as shown in
Fig. l(a).

The high performance phase extends from 3.4-^ s where Pis[H98y~4.2 is sustained for 0.5 s. The
high power phase is relatively short in this discharge due to the long formation phase and the
termination of PNBI- Similar discharges sustained somewhat reduced PNH98V~3.8 for 1.5 s, but these
all suffered from continuous NTM activity. Discharge 93144 in Fig. 1 is free from any significant
MHD mode. The profiles of q, ne, Te, and Ti at 3.7 s are shown in Fig. l(b) and l(c). The density
profile is more peaked than standard ELMy H-mode, but comparable to the other improved
performance discharges such as those discussed in the introduction with a monotonic q profile. The Ti
and Te profiles show a somewhat steeper gradient at p~0.5 than is observed in monotonic q profile
discharges, indicating a weak ITB. However, the ITB is much weaker here than in low density
L-mode edge NCS discharges at comparable power. We note that the line average density in H-mode
is ~2 times that in L-mode edge NCS discharges, and with this density level we would not expect to
observe strong ITBs with an L-mode edge either. The shear reversal [Fig. l(b)] is weaker in these
ELMy H-mode discharges compared with L-mode edge NCS discharges with an ITB. It could be
argued that the ITB only forms with strong NCS, but there is evidence on DIII-D that ITBs can form
at low density even with monotonic q profiles [8]. Rather, it appears that strong ITBs reinforce the
hollow current profile through the off-axis bootstrap current, thus leading to stronger shear reversal.

Although sawteeth and fishbones are not present in the NCS discharges, NTMs continue to be
the limiting instability as illustrated by the growth of a resistive m/n=5/2 mode in discharge 93149
shown in Fig. 2. This discharge is similar to 93144 in Fig. 1 except that PNBI is increased to ~ 12 MW.
For NTM modes, we expect the mode amplitude to scale with PN , which roughly holds as shown in
Fig. 2(b). The classical tearing stability parameter A' was calculated to be negative for this discharge
indicating that it should be stable to the classical mode. Although the NTM is not catastrophic in this
case, it does result in a saturation of PN- Despite the increased PNBI, PN is actually slightly less in
93149 compared with 93144 which has no MHD mode. Note that the mode already exists at a low
level in Fig. 2 prior to the step up in PNBI at 2.8 s. For this series of discharges the fast magnetics data
on DIII-D was set to cover the high power phase only (t >2.35 s), so it is not clear what initiates the
low level mode present at 2.4s. One speculation is that the mode begins as qmjn passes through q=5/2
at ~ 2 s, then grows later when PNBI is increased.
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FIG. 2. (a) Time evolution of fa
a <lmin~2 discharge with NTM activity,
(b) Fluctuation amplitude scales with f5N as
expected for NTMs.
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FIG. 3. Time evolution of discharge 96686
with fa~3.8 and Hggy~2 (Hggp~3.2) sustained
for 1 s during infrequent ELMs. Dashed lines
indicate the ITER-EDA design and ARIES-RS
reactor study requirements for faandHggy.
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3. HIGH-PERFORMANCE REGIME WITH INFREQUENT ELMS

A new regime has been developed in DIII-D where performance equivalent to ELM-free modes
such as VH-mode is sustained through many low frequency ELMs. As shown in Fig. 3, (3N~3.8,
H98y~2, and PNH98J,>6 are sustained for 1 s. Lines indicating the PN

 a n d Hggy values required for
ITER-EDA and the ARIES-RS reactor study are also shown, indicating that this discharge exceeds the
ARIES-RS requirements for the PNH98V product. The q profile is monotonic with qo~l and 1/1
fishbones (but no sawteeth) are present throughout the high performance phase. Some parameters of
interest during the high performance phase are: p\~4.5%, ne/nGr~0.5, q95=4.4, xth~0.21 s and fbs~50%,
where nGr is the Greenwald density and fbs is the bootstrap fraction. The high performance phase is
terminated at ~3 s by the initiation of a m/n=2/l NTM. Although difficult to judge from Fig. 3, when
the NTM begins, the ELM frequency increases to a level more typical of ELMing H-modes at these
operational parameters.

Determining the key elements for accessing this regime is still under investigation, but several
operational characteristics can be identified. The initiation of a discharge similar to that shown in
Fig. 3 is shown in Fig. 4. This discharge reaches slightly higher values of PN a n d H98y compared with
Fig. 3, but the duration is shorter -0.7 s. The discharge begins with a fast Ip ramp of -10 MA/s to
1 MA, followed by a slow ramp rate to the final current of 1.6 MA. Beam power of 5 MW is injected
at 0.1 s, leading to an extremely hollow J profile (£{ ~0.3) with Pqmin~l a t 0-2 s. MHD modes due to
the unstable skin current profile cause the current to penetrate rapidly leading to a weak NCS profile at
0.5 s. By the time the beams step up to full power (all co-current beam injection), the q profile has
evolved to be monotonic with qo~l, ^i~l.l, and fishbones are present.

An important feature of these discharges is the plasma shape (see bottom of Fig. 4). A high
triangularity (5=0.77, K=1.85) single null shape with the X-point at the top of the vessel is utilized.
The ion VB drift direction is down which raises the H-mode transition power threshold significantly.
With this shape it takes 0.5 s at PNBI=9.5 MW before the H-mode transition occurs. This long L-mode
phase allows an ITB to form prior to the H-mode transition (H9gy - 1 in L-mode at 2 s) which
enhances the performance after the H-mode transition is made. This technique has been used
previously to maximize the fusion power in DIII-D [1], but in those cases the double null shape was
symmetrized after the H-mode transition and high performance extended through the ELM-free phase
only. In these discharges, the shape remains single null with the X-point at the top and close to the
wall throughout the discharge.
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FIG. 4. Time evolution of 95983, illustrating
the formation phase and q profile evolution.
f$N~3.9 is sustained during infrequent ELMs
from 2.2-2.7 s.
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The exact importance of the startup and plasma shape is not clear. Since the target q profile is
simply monotonic with qo~l, we believe that the early fast Ip ramp and early beam power should not
be critical. However, we have been unable to reproduce this regime without a startup similar to that
used in Fig. 4. The shape probably plays a more important role, since edge stability is sensitively
dependent on edge parameters such as p ' , J95 and collisionality. Also, the close proximity of the
X-point to the wall results in higher than usual recycling.

The infrequent ELMs also appear to play a significant role in achieving sustained high
confinement. In Fig. 5, the time between ELMs (TELM) is plotted versus the Hggy at the time of the
ELM for several discharges. For T E L M ^ O

 ms> confinement is close to standard ELMy H-modes with
H9gy~l (this represents the later part of these discharges after beta collapses). As TELM increases to
-100 ms, confinement similar to VH-mode [9] levels is obtained. The energy loss per ELM can be
quite large in this regime, ranging from 2%-5% of the plasma stored energy. With the long period
between ELMs, however, the stored energy quickly recovers after the ELM. Infrequent ELMs are
necessary but not sufficient to achieve the higher performance. For example, low power ELMy
discharges often have infrequent ELMs but the confinement is not significantly improved.

Another factor in these discharges is that the toroidal rotation and the resulting radial electric
field and ExB shear are sustained through the infrequent ELMs. For discharge 95983 in Fig. 4,
v<|,(0)~320 km/s and Er(p~0.5) -120 kV/m are sustained from 2.2-2.7 s.

Profiles for discharge 95983 (Fig. 4) at 2250 ms, just before the first ELM, are shown in
Figs. 6(a-e). For comparison, the profiles of a VH-mode with the same beam power and plasma
current are also plotted for a time slice just before the first ELM. In the case of the VH-mode, plasma
performance returns to standard ELMing H-mode after the 1 st ELM. One clear difference between the
two regimes is the peaking of density in 95983 compared with the VH-mode which shows a hollow
density profile typical of VH-modes. The high edge density in VH-mode is correlated with the high
edge Zeff seen in Fig. 6(b). Compared with the VH-mode, discharge 95983 has somewhat higher Zeff
in the core (due to startup conditions) but a lower Zeff at the edge. After the first few ELMs the edge
Zeff in 95983 is reduced to < 3.

Transport analysis has been performed using the TRANSP code for discharge 95983. In
Fig. 6(f), the experimental diffusivities %[ and %e

 a r e plotted along with the neoclassical calculation for
Xi during the ELMing phase. For this figure, the %'s are averaged over 200 ms during the ELMing
phase to smooth over the ELM fluctuations. The reduction in %\ relative to a standard ELMing
H-mode is about 2-3, while %e is reduced a more modest amount. Note that there is no indication of
an abrupt internal transport barrier, Xi is simply reduced uniformly across the plasma. Although not
plotted here, during the ELM-free phase of 95983, %i is equal to the neoclassical %[ (within error bars)
over most of the plasma radius as seen in other high performance discharges [1].

3.1. Edge Stability Analysis

The discharges shown in Figs. 3 and 4 do not collapse at the first ELM as do VH-modes [10],
for example. Early speculation on why these ELMs are more benign focused on the possibility that the
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FIG. 6. (a-e) Profiles for 95983 at 2.25 s, just before the first ELM (solid curves and plus symbols)
and VH-mode profiles (83710 at 2.75 s) just before the first ELM (dashed curves and sold circles),
(f) % profiles for 95983 during ELMs (2.4-2.6 s) calculated from TRANSP.
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edge p ' was reduced. However, as seen in Fig. 6, although the density gradient is substantially
reduced compared with VH-mode, the temperatures are higher, so that the final edge pressure gradient
and pedestal height are actually higher in 95983 than the VH-mode. Profiles of q, p, and (j^J from a
kinetic efit prior to the first ELM at 2.25 s are shown in Fig. 7. The EFIT equilibrium reconstruction
utilizes external magnetic measurements, MSE data-including Ej- corrections-and pressure profiles
including the calculated fast ion contribution. The q profile shows a large flat region with q~l while
the current density shows a large edge current peak due to the edge p ' and the resulting bootstrap
current. Calculations of the bootstrap current density is shown in Fig. 7(c). The location and amplitude
of the measured bootstrap peak is in good agreement with this calculation. Note that the overall
current at the edge is somewhat reduced because the edge surface voltage is actually negative during
the ELM-free phase leading up to this time. Ballooning and Mercier stability have been calculated
with the results plotted in Fig. 7(d). The reduction in edge shear due to the edge bootstrap current
opens up 2nd stability access at p~0.95 which allows the high edge pressure gradient. This result is
typical of most ELM-free, high triangularity plasmas on DIII-D. The core is Mercier unstable due to
low value of q inside p~0.35 and the large pressure gradient in this region. We note that recent
theoretical work on the stabilizing effects of fast ions may modify the Mercier criterion in this
region [11].

GATO calculations of ideal n=l-4 stability has also been performed for this timeslice. In
general, GATO predicts that this regime is marginally stable to n>l edge "peeling" modes, although
depending on the exact details of how the input equilbria is prepared, GATO can also find these modes
to be unstable. The important point, however, is that experimentally there seems to be no coupling
between the edge mode and a more destructive global mode. The reasons for this are not known, but
we suspect that unique features of the shape and edge current profile may be playing a role. Despite
the large current spike observed at p~0.95 in Fig. 7(c), the average current from 0.75 < p <1 is not so
high at this time because the surface loop voltage is slightly negative.

3.2. NEOCLASSICAL TEARING MODES

All of the discharges produced to date that achieve high performance ( P N > 3 . 5 ) during ELMs
revert to a standard H-mode with a soft beta collapse accompanied by MHD activity that has the
characteristic signature of the NTM. These characteristics are that (1) A' < 0 indicating modes are
classically stable; (2) a seed island threshold width must be exceeded before the mode can grow;
(3) the mode amplitude saturates at a level that can be predicted by NTM theory and is °= p N . Since
none of these discharges have sawteeth, the seed island must be generated by another mechanism. In
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FIG. 9. The beta limit for discharges discussed
in this paper (squares) exceed the NTM limit
established for sawtoothing discharges (circles
and line) by a factor of~2.

many cases fishbone bursts provide the seed island, although there are also cases where the NTM
trigger is not so clear. For discharge 95983 in Fig. 4, the NTM clearly starts to grow after a fishbone
burst as shown in Fig. 8. Here contours of constant mode amplitude are plotted for n=l (dark shade)
and n=2 (light shade) modes. In addition to the 1/1 fishbone bursts and the associated second
harmonic, one can observe the coupled 3/2 mode at ~38 kHz. The first few 3/2 bursts die away, but at
2730 ms the 3/2 mode becomes continuous and begins to grow. The 3/2 mode number has been
confirmed by analyzing the poloidal magnetic probe array and by comparing the 3/2 mode frequency
with the fluid rotation velocity at the q=3/2 surface. Both the seed island width and the saturation
amplitude have been estimated from Mirnov signals for this discharge and agree with predictions from
NTM theory.

While NTM modes appear to limit PN in many of the high performance ELMy H-mode
discharges discussed in this paper, the PN limit is significantly higher than the limit in sawtoothing
ITER-like discharges. In Fig. 9, the critical PN for onset of NTMs is plotted versus a function of
density (or collisionality v*) as determined by La Haye, et al. for sawtoothing ITER-like
discharges [12]. The PN limit for the high performance ELMing H-mode discharges discussed in this
paper are also plotted and range from 50% to 100% higher than the sawtoothing limit. Despite this
success in raising the NTM p limit, the NTM modes limit our ability to further increase p and, since
the time at which the seed island triggers the mode varies considerably from shot to shot, the
reproducibility of these discharges is poor. Techniques to calculate and produce profiles that are more
robustly stable to these modes is an important next step.

4. DISCUSSION

Over the past two years, improved performance has been achieved in a variety of ELMy
H-mode discharges in DIII-D. With normal-frequency ELMs (50-100 Hz), H9gy~1.4 (H89p~2.5) and
PN~2.9 has been sustained for ~ 1.5-2 s (10-15 TE ) in discharges with both monotonic (%~\) and
NCS q profiles. The absence of sawteeth in these discharges plays an important role in accessing
higher confinement and p relative to the ITER benchmark. In the NCS discharges, sawteeth are simply
eliminated by raising q^ii, well above unity. In the monotonic q profile discharges, fishbones appear to
play a role in maintaining q0 at, or slightly above, unity, thus preventing sawteeth. Since there is no
obvious reconnection of flux during fishbones, the mechanism for sustaining qo~l is not clear.

By removing the core sawtooth instability, more-peaked density and temperature profiles and
larger core rotation (ExB shear) are observed, enabling a ~40% increase in global confinement
compared with the ITER98y scaling. Although core confinement is improved in these discharges, the
sharp localized ITBs seen in L-mode edge NCS discharges are not observed here.
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Regarding stability, the absence of sawtooth induced seed islands allows PN values up to 2 times
the previously established neoclassical tearing mode limit. In spite of this, NTMs triggered by other
MHD events (fishbones, ELMs) remain a limitation to both the reproducibility of long-pulse
discharges and further attempts to increase (3^.

A new regime characterized by infrequent ELMs (< 10 Hz) has produced performance
comparable to VH-mode, but sustained for longer pulse lengths. The best of these discharges
produced H9gy~2 (Hg9p~3.2) and PN~3.8 f° r 1 s (~5TE). Again, here the q profile is monotonic with
qo~l and there are fishbones but no sawteeth. Ion thermal diffusivity is reduced over most of the
discharge to ~2-3 times neoclassical. Although the ELMs are not small in this regime (2%-5% energy
loss per ELM), they are benign in the sense that no global MHD mode that could cause a core |3
collapse is triggered. The long period between ELMs allows the stored energy and toroidal rotation
time to recover, giving confinement properties that are closer to ELM-free regimes than ELMy
regimes. The pulse length of most of these discharges is ultimately limited by the triggering of
resistive NTMs rather than ideal MHD modes that terminate typical VH-modes.

The reasons for the improved stability are still being investigated, but we can identify several
features that may be important. First, the upper single null high-triangularity shape has a high H-mode
power threshold that results in a long enhanced L-mode phase. Upon the H-mode transition, high
performance is obtained rapidly, before the current density in the edge region can fully develop.
Although a large bootstrap peak at p~0.95 is observed, the average current density in the region 0.8 <
p < 1.0 is not so large and this is beneficial for stability to edge peeling modes. Also, the X-point is
located close to the wall in these discharges which results in larger recycling near the X-point. This
may have a subtle effect on details of the edge profiles and gradients.

Future plans include making use of the upcoming high-power electron cyclotron current drive
(ECCD) system on DIII-D. By driving current off-axis, we will be able to achieve improved control
over the q profile and can sustain the q profile for longer pulse lengths. The ECCD system will also be
used for experiments on stabilizing NTMs, which are a significant limitation in long-pulse discharges.
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Abstract

Proof-of-principle experiments on the suitability of electron cyclotron current drive (ECCD) for
active current profile control are reported. Experiments with second harmonic extraordinary mode ab-
sorption at power levels near 1 MW have demonstrated ability to modify the current profile. This
modification is manifested in changes in the internal inductance and the time at which sawteeth ap-
pear. Measurements of the local current density and internal loop voltage using high resolution mo-
tional Stark effect spectroscopy to half of the minor radius in discharges with localized deposition
clearly demonstrate localized off-axis ECCD at the predicted location. Comparison with theory indi-
cates the detrimental effect of trapped electrons on the current drive efficiency is less than predicted.
Modification of the theory for finite collisionality is the leading candidate to explain the observations.

1. INTRODUCTION

Control of the plasma current profile is necessary to extend the high performance discharges ob-
served on the DIH.-D tokamak and other tokamaks to steady state. Beyond the obvious need to main-
tain the total plasma current non-inductively, both the stability of the plasma and the transport of en-
ergy across the magnetic field depend on the current profile. Electron cyclotron current drive (ECCD)
is a leading candidate to fulfill the role of plasma current profile control due to the straightforward
ability to control the location and the magnitude of the non-inductive current under a wide variety of
conditions, and the absence of the technical complication of plasma-antenna interactions.

The present system for ECCD on the DIII-D tokamak consists of two gyrotrons operating at
110 GHz. The system and verification of its proper operation have been described in detail elsewhere
[1,2], so only a brief description will be given here. The two gyrotrons are rated for 0.9 MW for 2 s
and 0.8 MW for 1 s, respectively. The pulse lengths are currently limited by heating of the gyrotron
output window, but are adequate for the present proof-of-principle experiments. The power is
transmitted via evacuated corrugated waveguide (31.75 mm diam) to the tokamak. Each transmission
line contains a pair of miter bends which use grooved mirrors to set almost any desired polarization.

*Work supported by U.S. Department of Energy under Contracts DE-AC03-89ER51114, DE-AC05-
96OR22464, DE-AC02-76CH03073, W-7405-ENG-48, and Grant No. DE-FG03-96ER54373.
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Two separate launcher assemblies, neither of which have a vacuum window, have copper mirrors
which can steer the beam poloidally. The toroidal angle is fixed in each launcher — either for co-cur-
rent drive (<|) = 24°-31° depending on the poloidal angle) or for nearly radial launch, which allows
heating without current drive. All of the results reported here use the co-current drive launcher. A
vacuum opening of the transmission line is required to switch between launchers, so comparison of co-
current drive with pure heating is not possible in a single day. The experiments reported here all
employ second harmonic absorption of the extraordinary-mode polarization. Polarization purity and
deposition location experiments have been successfully carried out [1,2]. As a whole, the ECCD sys-
tem has a demonstrated reliability comparable to the neutral beam systems on DIII-D.

The results reported here represent the proof-of-principle phase of a program to implement an
active current profile control system on the DIII-D tokamak. Three key elements of the proof-of-
principle are presented here. First, the ability to modify the current profile by varying the deposition
location is demonstrated by changes to global quantities related to the current profile such as the inter-
nal inductance (l[) and the appearance of MHD instabilities identified with the q=l surface such as
sawteeth or m=l/n=l modes. Second, localized current drive is measured by means of an analysis
technique which makes use of the unique diagnostic capabilities of the DIII-D tokamak. While cen-
tral current drive has been previously measured on DIII-D, the first quantitative measurement of local-
ized off-axis ECCD in any toroidal device is reported here. Third, these current drive measurements
are compared with various theoretical calculations in order to validate a predictive model of ECCD.

The discharges for the study of ECCD utilize early neutral beam injection (NBI) to delay the onset
of sawteeth by raising the electron temperature (Te) and to allow continuous measurement of the inter-
nal magnetic fields by means of motional Stark effect (MSE) spectroscopy [3]. This enables detailed
reconstruction of the magnetic equilibrium with the EFIT code [4]. An example of the effect of central
ECCD is shown in Fig. 1. A single gyrotron is pulsed on at 1.5 s. The time sequence of equilibria
show that the i\ and central safety factor q(0) deviate significantly from the NBI-only fiducial. While
central heating should eventually have a similar result, the time scale for current penetration should be
longer, not shorter, if this were a pure heating effect. The time history of the central poloidal flux \|/(0)
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FIG. 1. Time histories of the internal inductance li, the central safety factor q(0), and the poloidal flux
at the magnetic axis y/(0)for discharges with ECCD (solid line) and without (dashed line). A single
gyrotron delivers ~0.5 MW starting at 1.5 s.
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also directly indicates that non-inductive current is the cause of the peaking. The time derivative of
the poloidal flux is the local loop voltage, and the case with ECCD has a negative voltage indicating a
non-inductive current source greater than the total existing current density on axis.

Another indication of current profile modification is the timing of the appearance of a q=l surface
in the plasma as evidenced by the onset of sawteeth or m=l/n=l modes. For current drive on-axis, the
q=l surface should appear more quickly than in the fiducial case since current is being supplied more
rapidly than is possible by diffusion. In the case of weak off-axis current drive, the current profile is
broadened and less inductive flux is required which together delay the appearance of the q=l surface.
Evidence of these effects is shown in Fig. 2. The top part of the figure shows time histories of central
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FIG. 2. (a) Time histories of central electron temperature. The first sharp drop in temperature in
each trace signifies the time of the first sawtooth. The central ECCD case has the first sawtooth at
1.52 s while the off-axis case has the first sawtooth at 1.89 s. The NBI-only fiducial case has the first
sawtooth at 1.74 s. Note that the sawteeth are also much more rapid in the central ECCD case, (b) A
dataset of similar discharges (same q, density, and ECH power) showing the effect illustrated in (a) is
systematic. Current drive inside of p = 0.3 hastens the onset of sawteeth while current drive for p >
0.3 delays the onset of sawteeth as discussed in the text.
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Te for three cases: NBI-only, ECCD at p = 0.2, and ECCD at p = 0.45. (The coordinate p is the
square root of the normalized toroidal flux normalized to the edge value which acts as a relative radial
coordinate.) In the off-axis case, the first sawtooth crash is delayed by more than 0.1 s, while central
case induces the first sawteeth over 0.2 s earlier, despite the significant rise in Te. The lower part of
the figure shows the change in the time at which a q=l surface appears, relative to a NBI-only fiducial
with equal plasma current (I) and toroidal field (B), as a function of deposition radius. The
datasetconsists of ten discharges with equal injection power (PEC) a n ^ electron density (n). The
systematic trend discussed above is apparent and the magnitude of the effect appears consistent with
the magnitude of the driven current, which drops with radius due to the lower local Te. The
conclusion is that the ECCD is capable of making measurable modifications of the current profile over
the range of radius where experiments were carried out (p = 0.1-0.6). This sets the stage for the next
step, which is to quantify the location and magnitude of the ECCD.

Measurement of the non-inductive current profile in the absence of resistive equilibrium requires
simultaneous knowledge of the current density profile and the internal electric potential or loop volt-
age (V). These quantities are inferred on DIII-D by calculating the poloidal flux \|/ona spatial grid as
a function of time [5]. The high spatial resolution measurements of the internal magnetic fields by
MSE are necessary to provide the required accuracy and resolution. Two spatial derivatives of \|/ give
the total current density while the time derivative of \|/ at constant p gives the loop voltage at that sur-
face. Using a neoclassical conductivity [6], the non-inductive current density (JNI) is given by the dif-
ference of the total current density (J||) and the inductive current density (JOH = cy En). The
remaining JNI is a combination of NB, bootstrap, and EC current. To isolate the ECCD, an NBI-only
fiducial is prepared identically to the ECCD shot, and the difference is formed. This difference
iscorrected for the change in kinetic parameters between the two shots, but that correction is usually
small. The assumptions of neoclassical resistivity and bootstrap current have been validated
experimentally [5].

Two examples of off-axis ECCD analyzed by this technique are shown in Fig. 3. The left-hand
column shows a case with deposition at p = 0.2 and the right-hand column shows a case with p = 0.45.
Starting with the left-hand case, the top figure shows J|| from the equilibrium reconstruction for the
ECCD and NBI-only cases. Notice that in the 0.5 s since the turn-on of the ECCD, the current profile
has been substantially modified in agreement with the discussion above of Fig. 2. This magnitude of
change is consistent with resistive simulations. The next box down shows the inferred loop voltage as
a function of radius for both cases. The error bars are the random errors arising from fitting the time
series of equilibria. This is estimated to be the dominant source of random error in this calculation and
is propagated throughout the remaining calculations. As explained above, the neoclassical
conductivity is calculated from the measured n, Te, and impurity concentration (Zeff) and combined
with V and J|| to give JNI (third box). (The graph ends at p = 0.7 because no Zeff measurements are
available outside of this.) Finally, the difference in the non-inductive current between the ECCD and
fiducial shot is shown in the bottom box. This difference is ascribed to ECCD. The integrated
difference current out to p = 0.4 is 48 kA. The apparent current for p > 0.4 is -10 kA and is likely due
to the accumulation of the systematic errors of this technique. While the accumulated random error in
the driven current is large (-34 kA), making definitive comparisons at that level difficult, the peak
current density is >2 standard deviations (2 o) from 0, and the peak is clearly resolved to better than
l a .

The right-hand column represents a case with the beam steered to p = 0.45. In this case, no
significant change in J|| is observed after 0.5 s (top box), but the ECCD is revealed by the reduction in
V required locally to drive the same current (second box). The difference in non-inductive current
appears at the expected location and is reduced in magnitude from the p = 0.2 case (third and fourth
boxes). The peak is resolved to 1 a and is >2 a from 0. The driven current in the positive peak is
31 kA. These cases are typical of the presently analyzed dataset in that the inferred peak current
density appears at the expected location within the systematic errors of the aiming calibration, and the
peak current density is significantly above any systematic or random errors apparent in the data.
The combination of poloidal beam steering and variation in the toroidal field allows assessment of the
effects of trapped electrons on the ECCD. Two types of scans have been analyzed using the current
drive analysis technique described above. The first is a scan of poloidal position at fixed toroidal field
such that the resonance intersects the magnetic axis. The second type is a correlated variation of B
and poloidal aiming to scan the poloidal deposition location at fixed p. In varying B, the plasma
current is varied proportionately to keep the q profile similar, in order to avoid any difficulties with
MHD instabilities. This dataset was obtained with roughly constant line-averaged electron density
(1.7-1.8xl013 cm"3) and PEC (0.95-1.14 MW). The figure of merit chosen to evaluate these scans is
the local current drive efficiency T) (= nlEcR^EC with n the density at the deposition location and
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FIG. 3. Measurements of the current density due to the ECCD. The left column is analysis of a case
with the beam aimed at p = 0.2. The plasma parameters in the ECCD discharge are B = 1.97 T, I =
0.98 MA, n = 1.7xlO13 cmr3, P^c = 1-03 MW. The right column is analysis of a case with the beam
aimed at p = 0.4. The plasma parameters in the ECCD discharge are B = 1.76 T, I = 0.89 MA, n =
1.8x1013 cm"3, P^c = 1-14 MW. The solid lines are the ECCD discharge in each case and the dashed
lines are the NBI-only fiducial discharge. The top box is the total current density, the next box is the
loop voltage, the third box is the non-inductive current density, and the bottom box is the ECCD
current density. All traces are plotted versus the radial coordinate p.
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the major radius of the center of the flux surface where the current is driven) normalized by the
theoretically expected linear temperature dependence. The radial scan shown in Fig. 4 indicates that
the normalized efficiency T]/T is independent of p in the region where experiments were carried out
(p = 0.1-0.5). Note that the driven current does drop over this range; it is only the normalized
efficiency which is constant. This lack of dependence on p is in contrast to the theoretical results also
illustrated in Fig. 4. Three types of calculations are displayed in the figure — a linear calculation [7],
a quasi-linear Fokker-Planck calculation [8], and a quasi-linear Fokker-Planck calculation with the
effects of Ey. The Fokker-Planck calculations have been verified with an independent code [9]. With
the exception of the centermost case where the high power density results in a significant quasi-linear
effect, the three calculations obtain roughly the same answers. Since the ffective trapped particle
fraction rises by approximately a factor of 2 over this range of p, it appears that the normalized
efficiency does not depend as strongly on this quantity as predicted by theory.

This same conclusion is consistent with the results of the poloidal location scans shown in Fig. 5.
At both p = 0.35 and p = 0.45, the normalized efficiencies are well above the theoretical predictions,
indicating that the effect of trapped electrons is significantly less than predicted. The effect of trapped
electrons is not completely absent as shown by points in the figure which represent calculations of the
ECCD in the absence of trapped particles. The poloidal variation in both scans is due in part to the
local trapped particle fraction change and in part due to the upshift of the toroidal index of refraction
due to damping at small major radius. The relative importance of these two effects is being
investigated.

One possible explanation for the weaker trapped electron effect is modification of the trapped
particle boundary by finite collisionality. The theoretical calculations applied to the scans in Figs. 4
and 5 all impose a trapped particle boundary assuming zero collisionality, i.e., a boundary which
continues down to zero velocity. In the trapped particle region of velocity space, the characteristic
time is the bounce time, which is assumed in these calculations to be much shorter than the pitch-angle
scattering time characteristic of the passing region. Therefore, electrons which diffuse into the trapped
particle region from the co-current side emerge rapidly (compared to the pitch-angle scattering time)
on the counter-current side. This is the Ohkawa effect [10]. Finite collisionality reduces the size of
the trapped region roughly in proportion to ^/v7, and reduces it preferentially at low velocity. This
has the somewhat surprising result that finite collisionality increases the net current, because electrons

-0.5

FIG. 4. Comparison of experimental and theoretical current drive efficiency normalized to
temperature. The experimental efficiency (circles) is roughly independent of radius while the
theoretical efficiencies drop sharply with increasing radius. Three theoretical calculations are
shown: linear theory (diamond), quasi-linear Fokker-Planck calculation (open square), and Fokker-
Planck with parallel electric field (filled square).



617 CD2/EX9/5

2.5

^ 2 . 0
i?
1= 1.5

oo
1.0

— 0.5

0.0

-0.5

• Data
O Linear
• Fokker-Planck
• F-P w/E||
• F-P w/out

trapping

180 90
Poloidal Angle

FIG. 5. Variation of normalized efficiency with poloidal angle at fixed p. The points connected by the
solid line are p = 0.30-0.38. The points connected by the dashed line are for p = 0.44-0.50.
Poloidal angle is defined as the angle with respect to the major radius with the magnetic axis as the
origin. The outboard midplane is the 0° reference, vertically above the axis is 90°, and the inboard
midplane is 180°.

spend more time on the co-current side of the distribution. The data in Fig. 5 lie between the
calculations with zero collisionality and the calculations with no trapped particles, which indicates
that a reduction of the trapped particle region can explain the data. A predictive model based on finite
collisionality theory has not yet been developed.

A qualitative assessment of the implications of this effect for ECCD on DIII-D and future devices
can be made. The discharges reported here have the same collisionality as envisioned for high fusion
power devices such as ITER [11]. However, the plasma P is significantly lower than planned for these
discharges. The effect of higher P is to move the wave-particle interaction to higher velocity where
the finite collisionality effects are small and to higher parallel velocity (due to relativistic effects)
where the distance to the trapped particle region is larger. Therefore, the observed enhancements in
the DIII-D experiments should be less significant in next step devices, The same argument is true for
the advanced tokamak discharge scenarios for DIII-D which have higher p and lower collisionality
than these proof-of-principle discharges. Using the same zero collisionality calculations as referenced
above, substantial off-axis current is predicted at the half radius in these scenarios, due to the higher p.

With the present 1 MW ECCD system on DIII-D, it has been possible to modify the current
profile evolution and make clear measurements of localized off-axis ECCD. The measured off-axis
current drive efficiencies are higher than predicted, indicating that some refinement of the theory is
necessary. This work supports the development of the 6 MW ECCD system planned for completion in
2000 as an active current profile control tool for the DIII-D tokamak.
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Paper IAEA-CN-69/CD2/EX9/1 (presented by D. Moreau)

DISCUSSION

M. PORKOLAB: I am surprised by the kind of q profiles you are modelling. They all
have qmin < 2, which are typically unstable for (3N ^ 2. You need 2.2 < qm;n < 2.4 for good
stability at high pV, and qo > qmin- Can you comment on this?

D. MOREAU: At this stage of our investigations on reactor scenarios involving
current profile control for steady-state operation, our aim was to identify the problems related
to current profile control only, and possibly to find strategies which would allow us to obtain
reliably whatever q-profile is needed for ensuring the MHD stability of high performance,
high bootstrap fraction burning plasmas. No stability analysis has yet been done, but we have
been trying various target q-profiles for the purpose of testing our feedback control scheme.
In fact, you are right, the q-profile should be determined by MHD stability arguments, and in
this paper we have tried to show that, once an optimized q-profile is identified, a feedback
controller based on the strategy presented here would enable the pressure and current profiles
required for sustaining a high Q stable fusion burn to be built up.
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Paper IAEA-CN-69/CD2/EX9/2 (presented by Y. Kamada)

DISCUSSION

M.C. ZARNSTORFF: In your sustained plasmas, what is the fraction of bootstrap
current relative to the total current and the fraction of driven currents (OH + NBCD)?

Y. KAMADA: In the case of discharge E30006, the bootstrap fraction is 42% and the
beam driven current fraction is 23% at Ip = 1.5 MA.

Y.K.M. PENG: My query concerns the results you have obtained from JT-60U for
sustained operation of significant |3NH values. Could you clarify the limitations on reaching
higher (3NH values for sustained operation, or on sustainment over long time scales at higher
values of pNH?

Y. KAMADA: The PN values are limited by the slow-growing resistive modes, mainly
the neoclassical tearing modes. For a higher H factor, we need a more peaked heating profile.
In that case, a peaked pressure profile triggers the low-n ideal kink ballooning mode.

R.J. HAWRYLUK: What was BT in the discharges which sustained (3N values of
2.5-2.7? In the sustained high (3P ELMy H-modes, were the ELMs type I or type III?

Y. KAMADA: BT was 2.1 T. The ELMs are basically type I in most of the discharges.
In the high 8, high q discharges, the small ELMs may be type III. However, we have not
established this yet.

V.V. PARAIL: You show two examples of steady-state plasma with two co-existent
barriers - edge and core. One has type I ELMs, and the other type III ELMs. Which is better
for sustainability?

Y. KAMADA: In the low qgs case, type I ELMs were observed. In the high qgs case,
the small ELMs may be type III. We can sustain good performance in both cases with
H factor > 2. For steady-state operation, we have to consider the heat pulses from ELMs. We
intend to work on this in future.
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Paper IAEA-CN-69/CD2/EX9/3 (presented by B.W. Rice)

DISCUSSION

X. GARBET: It seems to me that, from the point of view of MHD stability in steady-
state regime, the duration of the high beta phase should be compared to the resistive (current
diffusion) timescale, and not so much to the energy confinement time, hi the case where the
duration is larger than the resistive time, do you see any systematic limitation due to tearing
modes?

B.W. RICE: In general, DIII-D discharges are short compared with the current
diffusion time (-5-10 s). However, our long-pulse discharges are long compared with the
growth time of resistive NTMs, so the NTMs are still a significant limitation in these
discharges.

R.J. GOLDSTON: Your plots on the NTM (3N threshold suggest no p* scaling,
whereas the ASDEX team report a strong p* scaling. Have you examined this issue in detail
and compared results with other devices?

B.W. RICE: Yes, the DIII-D and ASDEX Upgrade experiments indicate a different p*
and v* scaling for the NTM (3 limit in sawtoothing discharges. Collaboration has been set up
between DIII-D, JET and ASDEX Upgrade to investigate these differences further.

R.J. HAWRYLUK: hi the new regime with infrequent ELMs, were the ELMs type I
or type III? If type I, can you operate with type III or small ELMs, and what is the
degradation in confinement?

B.W RICE: We believe the infrequent ELMs are type I ELMs, although the ELM
frequency does not increase with power, as is typical of ordinary type I ELMs. In other
experiments, for example high squareness experiments, we can produce very small ELMs
with an internal transport barrier. However, the edge pedestal is significantly reduced in this
case, resulting in decreased PN and H relative to the infrequent ELM regime.

F. PERKINS: Your results, like many others presented at this conference, benefit from
Tj > Te. Since higher density serves to bring Ti closer to Te, can you comment on how your
reported performance depends on density?

B.W. RICE: The results in this work are at rie/nGr ~ 0.5 and we have not done a density
scan to see how performance in this particular regime varies, hi other DIII-D experiments,
there is evidence that decreasing Tj/Te leads to degradation in confinement, so this is an
important topic for further research. With our high power ECH coming on line, we should be
able to produce Te ~ T; more routinely.



622 CD2/EX9/D

Papers IAEA/CN-69/EXP1/05 and 06 (rapporteured by C. Gormezano)

DISCUSSION

B. COPPI: Have you begun to derive a scaling for the duration of the internal transport
barrier?

C. GORMEZANO: Although we can infer some scaling from our heuristic modelling
studies (see paper IAEA-CN-69/EX6/1 presented by V.V. Parail), specific scaling studies
have not yet been done. So far, we have developed long pulses at high performance with
steady-state perspective. These discharges produce a large number of neutrons and have
often been limited in duration to save neutron consumption. I hope, in the future, to be able
to report on discharges with internal transport barriers that can last 5 to 10 s, which is our
limit on JET for high-performance discharges.
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Paper IAEA-CN-69/CD2/EX9/5 (presented by T.C. Luce)

DISCUSSION

V.V. PARAIL: In your experiment, you use NBI heating as a leading heating scheme.
Did you take into consideration the NBI non-inductive current and particularly its
modification due to the Te rise?

T.C. LUCE: We subtract the measured non-inductive current in a similar neutral beam
shot without ECCD to isolate the ECCD. In addition, we correct the measured non-inductive
current in the neutral beam case for the dependence on temperature, density and Zeff expected
from theory.

A. BECOULET: In both your on- and off-axis CD experiments, what is the agreement
between the total NI current and the prediction of NBCD + ECCD + bootstrap (both in
amplitude and profile)?

T.C. LUCE: The total integrated non-inductive current is usually in rough agreement
with theoretical calculations. The profile of the neutral beam current drive is often broader
than predicted by Callen's analytic models. The ability to calculate the neutral beam current
drive with a full Monte Carlo orbit-following code is being implemented.

R.J. GOLDSTON: Could you perhaps clarify the ratio of the delivered ECCD power
vs. the total power available from your existing gyrotrons?

T.C. LUCE: The present system has a rated power through the gyrotron windows of
1.7 MW for 1 s. The maximum power delivered to the plasma in the data shown is 1.14 MW,
and other cases have 1.3 MW. The dominant loss in the system is in the coupling of the
distorted output beam from the gyrotron to a Gaussian mode in the waveguide. The distorted
output is due to limitations in the windows of the present generation of gyrotrons. Future
gyrotrons with diamond windows will have Gaussian beam output, which will raise the
coupling efficiency.

B. SAOUTIC: In the off-axis CD case, the electric field is non-zero where the current
is generated. One can then expect some further acceleration by the electric field of the hotter
particles (non-zero CD). What is your estimate of the fraction of the current due to this
synergy?

T.C. LUCE: We have only the theoretical predictions of this effect from
Fokker-Planck calculations. The codes indicate no significant modification of the current
drive efficiency for most cases, and a factor of 4 increase in local electric field would be
required to explain the difference between theory and experiment.

NEXT PAGE(S)
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Abstract

The last experimental performances achieved on Tore Supra using the radio frequency heating and current
drive systems are presented. In view to increase the injected power and the pulse length new developments are
undertaken. Results concerning the 118 GHz ECRH system, a new guard limiter and an advanced LHCD
antenna are reported.

1. INTRODUCTION

The main mission of Tore Supra is to achieve controlled long pulse high performances
discharges. The superconducting toroidal field system of Tore Supra and the new internal actively
cooled components developed in the frame of the CIEL project [1] open the possibility to
exhaust until 25 MW of power over 1000 s. In view to heat the plasma and to generate the
plasma current necessary for these very long discharges, three radio frequency (RF) systems have
been selected.

Some recent performances achieved with the RF systems on Tore Supra are presented and
the main developments in view to satisfy the CIEL objectives are described.

2. RF EMITTERS OF TORE SUPRA

Two RF systems are operating presently on Tore Supra (i) the Ion Cyclotron Resonance
Heating (ICRH) system (ii) the lower hybrid current drive (LHCD) system. The third system at
the Electron Cyclotron Resonance Heating (ECRH) frequency is under development. The
characteristics of the RF emitters are summarized on Table I.

The ICRH system [2] is powered by 6 large band generators (40-80 MHz). The end stages
are using tetrodes (TH525) which have been developed to allow a maximum anode dissipation
power of 2 MW and a maximum output power of 2.2 MW between 40 and 70 MHz for pulse
duration up to 30 s. The output power drops at 1.5 MW for CW operation (extensive 45 mn
tests). A possible future improvement, in view of CIEL project, is to use a diacrode which can
increase by a factor up to two the generated power by tube.

The LHCD system is powered by 16 klystrons operating at 3.7 GHz and delivering 500 KW
up to 210 s [3]. On test load, very long pulses (up to 1000 s) with 400 KW of RF power has been
performed. A Thomson Tubes Electroniques study has shown possible improvements (cavity
design, advanced materials, beam focusing...), in view to build a klystron delivering 700 KW for
1000 sat 3.7 GHz.
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F/G. 1. Injected energy function of the injected power of the RF systems on Tore Supra.

TABLE I. MAIN CHARACTERISTICS OF RF EMITTERS OF TORE SUPRA

System

ICRH

LHCD

ECRH

Sources

6 tetrodes (TH525)

16 klystrons
(TH2103)

8 gyrotrons (TH1506)

Frequency

40 to 80 MHz

3.7 GHz

118 GHz

Total installed power
on load (MW)

6 x 2 . 2 = 13.2

16x0.5 = 8

6x0 .5 = 3

Pulse length (s)
(duty cycle)

30 (0.125)

60 (0.25)

210(0.35)

The building of Tore Supra's ECRH system (3 MW at 118 GHz) is now in an advanced stage
[4]. The prototype gyrotron is being developed by a consortium including the Commissariat a
l'Energie Atomique (France), the Ecole Polytechnique Federate de Lausanne (Switzerland), the
Forschungzentrum Karlsruhe (Germany) and Thomson Tubes Electroniques (France). The
achieved performances of the gyrotron prototype are summarized on Table II.

The main features of this tube, which works on the TE22.6 mode, are an improved quasi-
optical mode converter with three mirrors and a cryogenic liquid nitrogen cooled window. The
tube is now being tested in CEA' site of Cadarache : long pulse tests are planned for duration up to
210 s.

TABLE II. MAIN CHARACTERISTICS OF THE 118 GHz gyrotron

Output power

Efficiency

Beam voltage
(current)

Pulse length

Output mode HEn

Specified

500 KW

> 30 %

85 KV
(22 A)

210s

mode purity > 95 %

Achieved

10 ms pulse : 800 KW
5 s pulse : 500 KW

3 0 %

85 KV
(25 A)

5s

mode purity > 98 %
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FIG. 2. Tore Supra discharge with 6.5 MW ofRF power injected for 25 s.

The performances achieved by the RF systems on Tore Supra are summarized on Figure 1.
Almost 12 MW are injected in short pulses and a 2 minutes discharge was obtained with 2.5 MW
of LH waves. Using two ICRH antennas and one LH antenna, 6.5 MW were coupled for 25 s
(Fig. 2) to a Ip = 1 MA plasma. As seen on figure 2 in this combined high power heating scenario,
a good stationary coupling is maintained with R<. = 5 Q/m for ICRH and a mean reflection
coefficient <RLH> = 5 % for LH.

3. RF ANTENNAS

On Tore Supra the RF antennas are in-port components as designed for ITER.

The 3 ICRH antennas use the resonant double loop concept proposed by ORNL [2]. This
set up allows to reduce to the current strap and matching capacitors the volume where high
voltages and currents can be found. High RF power densities have been reached (15 MW/m2) and
routinely used (10 MW/m2) for pulse length between a few seconds and 30 s. The remote vacuum
feed through is located in a matched transmission line working with a VSWR < 1.2. A feedback
control of the matching capacitors keeps the VSWR below 1.2 during any plasma conditions.

The 2 LHCD antennas use the multijunction concept [3]. On Tore Supra, 6 MW were
coupled for 8 s (37 MW/m2, E ^ = 5.5 KV/cm). A power density of 25 MW/m2 (ERF 4.5 KV/cm)
can be routinely achieved. Such a power density was injected for 70 s in the limiter configuration
and 20 s in the ergodic divertor configuration. In both cases we have respectively <RLH> = 5 % and
7 % and a stationary temperature, below 800°C, of the most heat loaded component, the antenna
guard limiter, were obtained.

The ICRH and LH antenna guard limiter have to sustain high heat fluxes and is presently
the most demanding component. A new guard limiter made from carbon fibre composite tiles
attached on Cu-Cr-Zr water cooled plates using the AMC (Active Metal Casting) technology is
now under tests on Tore Supra [5]. On the figure 3 are indicated the time evolution of the
maximum surface temperature of the old and new generation of guard limiter measured with an
infrared camera for a 10 MW total of ICRH power. It appears that the cooling time constant of
the new guard limiter (2.5 s) is significantly reduced compared to the old one (8 s) and this explain
the important reduction on the surface temperature.
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FIG. 3. Time evolution of the surface temperature of the old and new guard limiters with 10 MW
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The ECRH antenna already installed on Tore Supra will launch from the low field side six
microwave beams grouped in pairs in three sets of independently steerable beams. Each set can be
directed, using a water cooled movable mirror, from top to center of the plasma in the poloidal
plane and at an angle of + 30° to - 30° in the toroidal direction. The polarization direction and
ellipticity can be changed for all beams, making possible experiments of heating and current drive
both at the first harmonic in ordinary mode or at the second harmonic in the extraordinary mode.

In order to increase the power available by antenna, a new LH launcher is under
construction with a radiating surface enhanced by close to a factor 2 [6]. This new LH antenna
will allow to couple 4 MW at 25 MW/m2 level. This antenna includes a new type of poloidal
splitter, a TEOi_o3 mode converter and a 6 waveguide multifunction as a toroidal divider. The
water-cooled prototype module has been successfully tested on test bed at high power
(ERP = 6.8 KV/cm) for 1000 s with stationary temperature.

4. CONCLUSIONS

High power (and power density) heating and current drive facilities are required in Next Step
tokamaks such as ITER. High reliability and continuous operation are very important for the
further development of these systems. On Tore Supra, the superconducting toroidal field system
provide an unique opportunity to perform long pulse operation systems. The results already
obtained:

(i) 15 MW/m2 to 10 MW/m2 for pulse of few seconds to 30 s with the ICRH system,
(ii) 37 MW/m2 to 25 MW/m2 for 8 s to 70 s with the LHCD system,

are very encouraging. Various developments are undertaken in order to improve these
performances in the frame of the CIEL project.
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Abstract

CORE AND EDGE ELECTRON DYNAMICS DURING LOWER HYBRID CURRENT DRIVE
EXPERIMENTS

Characterisation of the core and edge fast electron dynamics during lower hybrid (LH)
current drive experiments is a critical issue in view to achieve improved plasma performances by
tailoring the current density profile in a steady state manner. At low power input (PLH < 2MW),
the localisation of the LH wave absorption exhibits a correlation with the radial position of the
q=l surface in the plasma, as deduced from magnetic measurements and equilibrium code
predictions. Such an effect is observed either in stationary or transient conditions during LH
assisted ramp-up experiments. The lack of LH power deposition in the core of the plasma is also
confirmed by analysis of giant sawteeth in combined ICRH-LH scenarios. The implications of
these results for theories of the LH wave dynamics in the plasma and current density profile
control are discussed. LH power dissipation at the plasma edge, which may lead to anomalous heat
loads on components magnetically connected to the radiating waveguide array is investigated
theoretically and experimental data are compared to calculations. The key role played by the
fraction of high-n// values of the LH wave power spectrum as well as the edge plasma density in the
acceleration of thermal electrons is identified, and the possibility of an additional driving force is
also discussed. The effect of the shape of the LH waveguide septa is analysed both theoretically
and experimentally.

1. FAST ELECTRON DYNAMICS FROM BREMSSTRAHLUNG TOMOGRAPHY

The new hard x-ray (HXR) tomographic system which has been installed recently on
TORE SUPRA with 59 lines-of-sight, and 8 energy channels between 20 and 200 keV for each
chord, has allowed investigations of the LH wave dynamics at a level of accuracy which has never
been reached so far on any tokamak [1]. Based on a robust CdTe technology [2], time and space
resolutions of the diagnostic are respectively 4 ms and 5 cm, while the noise induced by neutron/y
rays remains weak enough for a clear identification of the fast electron dynamics during operations
with combined ion cyclotron resonance (ICRH) and LH heating, even at a very high input power
level [2,3]. In these conditions, a detailed assessment of theories of the LH wave in tokamak
plasmas may be performed, the cornerstone for a reliable control of the current density profile and
achievement of steady-state negative core magnetic shear by LH means in high power plasmas [3].

1 Centre Canadien de Fusion Magnetique, Varennes, Quebec, J3X 1S1, Canada
2 MPB Technologies inc. Pointe-Claire, Quebec, Canada
3 Australian National University, Canberra, ACT0200, Australia
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5Institut of Plasma Physics, 182 21 Praha 8, Czech Republic
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Recent investigations have been carried out at fairly high plasma current values (Ip > 0.6
MA) and moderate input LH power levels (PLH < 2.5 MW), in view to extend former studies of
LH-sustained magnetic shear reversal to nominal operating conditions of TORE SUPRA [4]. Since
the fraction of current driven by the LH wave remains at a low level, the resulting perturbation of
the plasma equilibrium may be almost neglected. This condition is important in order to avoid
large non-linear effects which result from the coupling between the LH wave dynamics and plasma
equilibrium. In experiments adressed in this paper, the va- lue at which the launched LH power
spectrum is peaked ranges between n//peak =1.8 and 2.2, with a full width of 0.4. However, since the
LH power deposition profiles are very weakly dependent of the waveguide phasing but of the
strong toroidal upshifts and downshifts, as observed experimentally, variations of this parameter is
not critical for the following analysis. Core electron density ranges between 2.0 and 3.0xl0+19 m"3.
As shown in Fig. 1, the non-thermal HXR emission profiles between 60 and 80 keV is quite
systematically hollow, and the peak position PHXRpeawosokeV) shifts towards the plasma edge as far as
the plasma current increases. This evolution, which has been already reported with the former
HXR diagnostic [5], is confirmed by a current scan between 0.6 and 1.6 MA in stationnary
conditions, but also in time-dependent conditions during LH-assisted ramp-up experiments. An
illustration of such an effect is given in Figs. 2 and 3 for a transient regime, where main traces of a
representative shot are reported, as well as line-integrated and Abel inverted local HXR emissions
between 60 and 80 keV at different time steps. The consistency between data obtained with both
cameras, and the direct evidence of hollowness from raw data make the determination of the peak
position very robust, even if time integration is short (8 ms). In the early phase of all LH-assisted
ramp-up discharges, the HXR emission is narrow and strongly peaked at all photon energies. As far
as plasma current increases, HXR profiles broaden progressively until a smooth transition to
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Fig. 1: (a) Peak position of
the HXR profile at 60-80 keV
vs. location of q=l predicted
by IDENT-D code for ramp-
up experiments (black points)
and stationnary conditions
(white points) at different
plasma currents, (b) Time of
transition to hollow HXR
profiles vs. time of occurrence
of q = 1 surface in the
plasma from polarimetry
measuremen ts.

Fig. 2: Time variations of the
plasma current, LH power,
central electron temperature
and density, line-integrated
HXR emission (central chord
#42, vertical camera) between
60 and 80 keV, and evolutions
of the positions of the HXR
off-axis peak and q=l surface
predicted by IDENT-D code ,
for the LH assisted ramp-up
discharge number #24685.

Fig. 3: (a) Line-integrated
HXR signals between 60 and
80 keV, for the horizontal
(HC) and vertical (VC)
cameras at different time
steps (discharge #24685).
(b) Abel inverted local HXR
emission as deduced from
line-integrated measure-
ments displayed in Fig. 3a.
Each type of line
corresponds to the time
indicated above in Fig. 3 a.
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Shot 25413, 60 < E < 80 teV (tittered signal) Line-integrated Perpendicular
emission l°cal emission

Fig. 4: Line-integrated HXR emission for all chords as a function of time, between 60-80 keV
during combined ICRH-LH discharge. The black color corresponds to a high HXR emission, while
the white one to weak emission. The direct evidence of hollowness from line-integrated
measurements is observed on both cameras. Details of the line-integrated and Abel inverted local
emission profiles are given for two different time steps. The pedestal in the line integrated emission,
which arises from LHwave current drive is insentive to the sawtooth perturbation.

hollow profiles occurs, while electron temperature and density but also main plasma parameters
remain at a constant level throughout the discharge (Fig. 2). Time at which this transition takes
place exhibits a correlation with the occurrence of q0 = 1 in the plasma, as deduced from
polarimetry measurements for a large number of shots (Fig. lb). Such an evidence is sustained by
equilibrium calculations carried out with the IDENT-D code [6]. Both in stationnary and transient
conditions, the localization of the observed HXR off-axis peak is close to the radial position of
the predicted q - 1 surface, either for several different discharges (Fig. 1), or at successive time
steps for the same shot (Fig.2). Times at which small electron temperature sawteeth become
visible coincide roughly with transitions towards hollow HXR profiles, while the inversion radius is
consistent with the position of the q = 1 surface within the experimental uncertainty.

The fact that stationnary HXR profiles are established on a very short time scale (< 4 ms)
when the LH power is applied several seconds after the onset of the plateau of the plasma current,
while they evolve on a resistive time scale (0.2-0.4 s) during the ramp-up gives strong evidence of
the key role played by the current density profile on the LH power deposition. Moreover, the
sustainment of hollow HXR profiles in stationnary conditions confirms the very weak diffusion
rate of non-thermal electrons, a result which has been already suggested by numerous LH
experiments, but in a far less clear manner [7].

The lack of LH power deposition in the core of the plasma when q0 < 1 is also observed
directly from a time-space analysis of giant sawteeth during combined ICRH-LH experiments. In
the case here presented, up to 6 MW of ICRH power is coupled to the plasma in the minority
heating scheme. The core electron temperature reaches Te0 = 5.5 keV approximately, and the
period of the large saturated sawteeth is about 200 ms. The HXR signals recorded by central chords
in the first three photon energy channels (20-40, 40-60 and 60-80 keV) exhibit all sawtooth
modulations. From a detailed analysis, is turns out that even in the interval 60-80 keV, the
thermal contribution is non-negligible in the center as compared to the non-thermal one, except
after a sawtooth crash. For more off-axis chords however, the suprathermal emission always
dominates, and no sawtooth modulations are observed. As shown in Fig. 4, the sawtooth crash
leads to a strong modification of the HXR profile emission between 60-80 keV, which becomes
strongly hollow. The time sequence indicates that hollowness remains during more than 40 ms,
much larger than the fast electron acceleration time scale by the wave electric field (< ms). This
analysis confirms quite directly that LH power deposition is hollow when the q = 1 surface is inside
the plasma, in agreement with the previous experiments with LH power only. Moreover, the off-
axis power deposition of the LH wave is clearly insensitive to the sawtooth crash. Such a result is
consistent with the decrease of the relative amplitude of the sawteeth with the photon energy
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which is observed systematically whatever the type of sawtooth activity, when the fraction of LH
power launched in the plasma is larger, as compared to the ICRH one [2].

The role played by the q - 1 surface in the LH wave dynamics which is observed
experimentally raises several questions concerning the modelisation of the LH wave dynamics, and
its ability to be used for tailoring the current density profile in the plasma. From recent electron
cyclotron resonance heating (ECRH) experiments [8], it turns out that transport barriers are
observed at all rational q-surfaces, which strongly affect electron temperature profiles. A similar
effect may append with the LH wave but, but since power absorption is much broader, only the
contribution of q = 1 can be identified. Even if the exact position of the q = 1 surface is usually
subject to large uncertainties, especially during LH experiments where no or weak sawtooth
activity is detected, the parametric dependence which is observed gives strong confidence that
details of the magnetic topology have a large effect on the LH power absorption. Refined
experiments have to be carried out, in view to identify pertinent ingredients that have to be
considered in an LH wave model, for an accurate description of the experimental phenomenology
at all plasma current values.

2. LH POWER DISSIPATION AT THE PLASMA EDGE

During LH current drive experiments on various tokamaks (ASDEX, TORE SUPRA,
TdeV), anomalous heat loads are observed on components magnetically connected to the radiating
lower hybrid waveguide array. On TdeV, a large asymmetry in the power deposition on the
divertor plates is measured [9], and by changing the safety factor q, it is assessed that this
anomalous heat flux is related to particles flowing along the field lines from the grill to the
magnetically connected plates. On TORE SUPRA [10], localised hot spots are detected on several
components magnetically connected on either side of the LH grills, both in the limiter and the
ergodic divertor configuration. Several experimental observations using x-ray detectors and
Langmuir probes indicate that heat flux is mainly carried by fast electrons generated in front of
the grill, whose energy lies between 100 eV and 5 keV approximately.

An analysis of the heat flux is performed on TORE SUPRA by infra-red (IR)
thermography. The high resolution of the camera (2mm) allows to characterise the geometric
dimensions of the hot spots. In the poloidal direction, the hot spots are spaced with the same
periodicity as the row of waveguides and have a typical size of 3-4 cm. This pattern is similar to
the RF electric field distribution at the grill mouth. The radial extension of the flux tube carrying
these fast electrons is measured by two methods. The power deposition profile on a neutraliser of
the ergodic divertor is derived from the IR imaging. Taking into account the grazing angle of the
field lines obtained from the field line tracing code MASTOC [11], it is deduced that the radial
width, defined as the width at mid-height of the profile, is 5-6 mm [12]. This result is confirmed
by shadowing one grill with the other in the limiter configuration. The first grill is launching RF
power (1.2 MW) and its heat flux on a plasma facing component intercepting these fast particles
is measured. The second grill, located toroidally between the first grill and the intercepting
component is moved forward from shot to shot. When the grill number two is 6 mm ahead of the
first grill, a decrease of the heat flux by a factor 2 is observed. At the same time the heat load on
the second grill increases consistently. The limited radial extension of this particle beam allows a
control of the power deposition location. Recently, the protuding length of the guard limiters of
one of the TORE SUPRA LH grill has been increased from 1.5 mm to 6 mm. Preliminary results
tend to confirm that the additional heat flux on this guard limiter increase significantly as
expected.

The LH power dependence is also investigated on TORE SUPRA from the IR images. It is
observed that the heat flux on a limiter, connected to the grills with a 20m connection length,
increases more rapidly than the launched LH power, as shown in Fig.5. Further experiments
demonstrate moreover that this heat flux is related not only to the LH power level, but also to the
electronic density in front of the grills. On TdeV, calorimetric measurements of the secondary
divertor plates, which are only connected to the scrape-off layer (SOL), indicate that the
deposited power varies almost linearly with the edge density. On TORE SUPRA, this linear
dependence is confirmed by IR thermal analysis of the neutraliser plates of the ergodic divertor.
Because of this SOL density dependence, heat fluxes in the range of 8-15 MW/m2 have been

4



633 CDP/03

measured when the edge density n̂ dge is around 2xl018m*3. It is concluded that an optimisation of
the position of the LH grills is required in order to maintain a good wave coupling and moderate
heat fluxes (<5 MW/m2). In this case, the total power dissipated in the edge is below 3% of the LH
injected power.

The fast electron generation process in front of the LH grill is investigated theoretically.
For current drive experiments, the antenna excites a wave spectrum with a high directivity: most
of the power (~ 70%) is launched with a low parallel refraction index («//~ 2). However the
launched n^ power spectrum is rich in harmonics and in particular, lines at very high n/f (|«//| > 25 )
carry a sufficient fraction of power (2-3 %) to resonantly accelerate thermal edge electrons (~ 20
eV). As these electrons gain velocity, they can interact with lower and lower n/f values up to a
threshold given by vanishing overlap of the spectrum Fourier modes. For typical antenna electrical
field strengths (3kV/cm), electrons can be accelerated up to a few keV [13]. The motion of
electrons in the near field approximation is calculated from a simplified ID model [10,13].
Particles are launched at one end of the grill and the velocity is calculated step by step after each
transit from one waveguide to an other. Starting from a thermal velocity distribution, it is found
that, for typical electric field strength (2-5 kV/cm), electrons are accelerated up to 1-5 keV, with
an average value in the hundreds of eV range.

Calculations for Tore Supra plasma shots in which the LH power varies from 1.1 to 3.2
MW, shows that the mean energy of the accelerated electrons scales with the averaged electric
field ERF as EfJ12 and varies for these shots between 280 and 640eV. In order to compute the heat
flux, a modelling of the interaction of the accelerated electrons with the guard limiter of one of
the Tore Supra antenna is carried out. Because of the sheath effect, the heat flux normalized to
the convective flux Fo rises to a maximum for a fast electron ratio near 2% and decreases weakly
for higher ratios. With such a ratio, a rather good agreement between the calculated and measured
heat fluxes is obtained (Fig.6).

An electrostatic particle-in-cell model is also developed [14]. This model, which is two-
dimensional in space and three-dimensional in velocity, allows to calculate self-consistently the
electric field level. Using this code, one can also demonstrate the possible generation of a fast tail
in the velocity distribution. For an injected power density of 48 MW/m2, calculations give a
maximum energy of about 2 keV for the fast electron population. Furthermore, these simulations
allow to evaluate the fraction of absorbed LH power and the radial LH power deposition profile.
The fraction of absorbed power (~3 %) is quite consistent with measurements, at least in the low
edge density case but the absorption length is found to be shorter (~lmm) than the experimental
value. This result is expected since most of the high spatial harmonics of the LH wave are strongly
absorbed by Landau damping. Therefore, they can only propagate in a few mm narrow
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layer in front of the LH grill. The electron acceleration by the launched field is thus limited to this
very narrow domain. However, higher order modes may be again spontaneously excited by the
nonlinear LH wave scattering on selfconsistent ponderomotive density perturbations in a much
wider layer [15], having a width of few cm. Other spontaneously excited random fields may arise
from the LH wave scattering on plasma density fluctuations, or because of parametric processes.
The enhancement of the electron acceleration by these spontaneously excited random fields, and
the resulting enlargement of the width of the acceleration layer is illustrated in Fig. 7. For the
computations, the number of launched higher modes is chosen to 5, in order to model the wider
layer several mm radially beyond the very narrow layer at the grill mouth.

The key role of the high-% content of the spectrum in the acceleration process is well
established, both experimentally and theoretically. This offers a number of possibilities of reducing
the associated anomalous heat flow through modification of the spectrum. In particular, the high-
ri// spectrum content can be reduced by rounding off the waveguide septa edges. On TdeV the septa
of the upper antenna row were rounded off, while the septa of the lower row were kept with sharp
angles. A comparison between the two rows is made for similar LH density power and for same
edge plasma densities. The two rows had the same reflection coefficient. At low density (<ne> =
3.5xl019m"3, needge = 0.7xl018m"3), it is found that the power dissipated in front of the row with
rounded septa is reduced by approximately 20 % which compares favourably with 30 % predicted
by calculation [16]. However at high edge density (<ne> = 5xl019m"3, needge =1.5xl018m'3), there
is no significant reduction of the power dissipation with rounded septa, suggesting that Landau
damping of waves in front of the grill could be enhanced by other mechanisms. For an ITER type
antenna, with thicker plates, numerical results indicate that electron acceleration will disappear
with rounded septa.
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Abstract
An investigation of the efficiency of CD in the LH range of frequncy on FTU was performed up to

densities above lxl020m"3. The dependence on temperature, density, magnetic field was elucidated. Preliminary
results on EBW are reported.

The 8 GHz FTU Lower Hybrid (LH) experiment aims to investigate the possibility of

achieving high Current Drive (CD) efficiency at the high plasma density ( n e « l - 1 0 m )

foreseen for a reactor. In JET [1] or JT-60U [2] a CD efficiency riCD« 0.3 [1020m~2*A/W] has

been obtained at lower density ne s0.2-102°m~3 while, in the past, Alcator C [3] at high density
quoted a rather low efficiency T)CD « 0.12 at BT=10 T and with a frequency of 4.6 GHz. To Test

the Ion Bernstein Wave (IBW) heating scenario a two waveguides phasable grill has started
experiments to couple high frequency 433 MHz waves to FTU plasmas via slow wave.

The LHCD experiment was carried out in the following ranges: 0.2s PLHs 1.1 MW,

0 . 3 s n e s l . l 5 - 1 0 2 0 n r 3 , 0.22s Ips0.5 MA, 4s BTs7.1 T. Four different phasing of the LH

launching grill have been tested corresponding to peak values of the N,, spectrum N..O=1.32, 1.52,

1.82, 2.43. No operational limit was met so far due to impurity influx: LH pulses with a
2

transmitted power density at the grill mouth larger than 10 kW/cm and longer than 0.7 s are
routinely and safely run, even at the highest P L H up to now achieved, i.e. PLH=1.7 MW. The
value of the effective ion charge Zeff during the LH phase is similar to the ohmic (OH) value at

20 _3 20 —^

n e >l -10 m (Zefffsl.4), whereas for n es0.50-10 m it rises typically from nearly 2 to

about 3. This Zeff increase at low density was discussed in Ref. [4] for various total input power.

The limited LH power routinely available so far has allowed to achieve full CD only for

ne s 0.5-10 m . At higher density only partial CD is obtained with a drop of the loop voltage

Vj up to 50% atne =0.9-1020m"3 and L=0.5 MA. In the partial CD regimes we estimate the CD

efficiency, for a clean plasma (Zeff=l), from to the following evaluation of the ratio ILH^P
:

/ p J / Z \

'LH.! V.\ e 'L H / .Zeff ,QH
T ~ V Ar3/2 \ 7
1p V1,OH ( T e O H ) Arff.LH

1 ENEA Fellow
2 Associazione EURATOM-ENEA-CNR sulla Fusione Milano, Italy
3 Institut National de la Recerche Scientifique (MRS), Montreal, Canada
4II Universita di Roma "Tor Vergata,, Rome, Italy
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together with the linear law, derived from the definition r)CD itself: ILH/Ip
= h*?7CD (Zeff=l)

Here, the quantity h = PTLH w includes the effect of the
[p-R Zeff+5 [ A - 1 0 2 ( V 2

impurities on the CD [5] and can be easily measured. ILH/Ip is calculated taking into account the

change in the LH phase of V and of the bulk conductivity a, but neglecting the effect of the

residual electric field on the fast electron tail. This latter is small in FTU, within the experimental
errors, as shown by the good linearity of the data themselves, presented in Fig. 1 as a plot of
ILH/I versus h. The evaluation either of the collision operator by using 1-D models, and of the

hot electron contribution to r]CD directly from the data, following Ref. [6], confirms that

neglecting the residual electric field causes in FTU an error less than 20% on r/CD. This

uncertainty may become larger only at low density and quite low LH power. These cases, which
exhibit large residual loop voltages, are not reported here.

In order to have a homogeneous database we included in Fig 1 only data with a good degree
of accessibility, for which an equatorially launched LH ray can penetrate, at first pass, inside at
least 2/3 of the minor radius. Indeed, as soon as this condition is violated, either by lowering BT or

NMQ, or by increasing ne, the experimental CD efficiency drops substantially. We stress that no

deviation from linearity turns out on the basis of the density alone and that the correction for Zeff

is negligible at high densities, where Ze f i»l. Therefore we are confident that an efficiency 77CD>0.2

is actually attained at high density, ne a 1 -10 m~ .
In order to show that the only fundamental limit to the efficiency is the LH wave

accessibility to the plasma core we plotted in Fig. 2 all the available data versus the quantity
DN,|=N,|acc-N||Q, which is a good measure of the degree of accessibility under the different

experimental conditions: for DN|>0.05 the LH ray penetration at first pass inside about 2/3 of the

FTU minor radius becomes very marginal. N,,acc is the lowest (critical) value of N,,, with which in

a slab geometry a plane wave can penetrate into a region with given ne and BT [5], and it is

evaluated here using the line averaged density.

Regarding shots at ne <=M020nT3, the group of points with N,|0=1.82, together with those

with N,]0=1.52, and BT= 7.1 T, have a good degree of accessibility (DN|,=-0.2 and «0 respectively)

and exhibit r?CD«0.2. Instead, the group with N,,o=1.52, and BT= 6 T, has a marginal accessibility

(DN|,<=0.14). Consequently, the CD efficiency shows values spread down to less than 0.1. Here the

details of the radial profiles strongly affect the penetration of the LH waves inside the plasma and
the CD effects show a great variability from shot to shot and an irregular behaviour even during a
single LH pulse.

In the highly inaccessible region, DN,,> 0.2, the points with BT=4 T and N,|0=1.52, show a

marked drop of t]CT), despite the rather low density, ne «0.6-0.7-102 0m"3 . We stress again that

no clear trend with ne is recognised inside each fixed BT group, whereas the different electron

temperatures are partially responsible for the scattering of the points. Indeed, an increase of r/CD

with the volume averaged temperature <Te>, is observed beyond the experimental uncertainties,

as discussed also in Ref [7].

In Fig. 3 the r)CD values, extrapolated to clean plasma conditions (Zeff=l), in the largest

<Te> interval available in the literature , from the coldest (HT-6B [8]) to the hottest (JET [1])

device, are plotted versus <Te>. The highest efficiencies reported in the literature are considered
here, if available, otherwise they are corrected for the different LH phase velocity according to
Fisch's formula [5]. The only exception being Alcator C for which rjCD is taken at

ne « l -10 2 0m" 3 , in the range 1.7sN||0<;1.9.

The positive trend of r]CD with <Te> therefore applies to all tokamaks [9], not only to

single devices as FTU, JET or JT-60 and it is consistent with the hypothesis [10] that the power
absorption condition determines the upper limit of the LH N,, spectrum inside the plasma: i.e.
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the launched power is partially transferred to higher N,. until most of the power is absorbed. The

broadening of the launched N., spectrum up to such limit decreases with the temperature thus

accounting for the observed rj-scaling. Other possible mechanisms have been suggested [11], and it
must be considered that Te can affect also the PLH deposition profile and hence can change the

fraction of the LH absorbed power, as observed in JET [12].
In conclusion, in FTU we have reached a good LH efficiency of current drive,

r]CD=0.2-1020 m"2*A/W at line averaged plasma density ne in excess to 1-10 m , in a quasi

steady state conditions for times longer than the skin time. Higher efficiencies in these regimes
are precluded only by the rather low temperatures, as evidenced by the direct comparison with the
Alcator C results. As a matter of fact the main difference between FTU and Alcator C is that
substantially higher Te values are achieved in FTU, peak values Te0> 2.0 keV against Te0<=0.6

keV, according to Refs. [3, 12]. The high frequency used on FTU (8 GHz) prevents undesired
interactions with the edge plasma, as the onset of parametric decay instabilities or significant
pump frequency spectral broadening, which are sign of degraded CD performance [12, 13]. No
dangerous influx of impurities occurs during correct operations of both plasma and LH grill up to

1.7 MW, the maximum coupled power so far. Even at higher densities (n e = 1.35-10 m~ ),
where fast electron tails are still well developed, the reduced accessibility of the LH waves to the
plasma core is the principal limiting factor to LHCD.

The IBW experiment on FTU (f=433 MHz, corresponding to the 4th QcH at BT=8 T) is the
first experiment utilising a waveguide antenna [15] similar to the grill antennas of the Lower
Hybrid current drive experiments. This antenna excites slow electron plasma waves which are
expected to mode convert into IBW, near the cold Lower Hybrid resonance layer located in the
scrape-off plasma. The converted hot plasma wave propagates to the plasma core for directly
coupling to ions [16]. The antenna capability to couple the RF power to the plasma has been
successfully tested. About 300 kW of RF power, only limited by the present capability of the RF
power supply, were coupled to the plasma without arcing in the antenna waveguides.
The corresponding RF power density is about 1.3 kW/cm2, a value in the range of the
performance expected by extrapolating the best results obtained by the waveguide grill antennas
employed in the Lower Hybrid experiments (fig. 4). Although operating at higher frequencies,
these experiments need to launch the same slow electron plasma wave as in the IBW experiment.
The maximum RF power density is likely limited by non linear phenomena induced by the wave
electrostatic potential, which modify the plasma density profile at the antenna-plasma interface.
This threshold depends on the ratio of the wave energy to the plasma kinetic energy.
The trend of the measured RF power antenna reflection coefficients with the plasma density was
found in a good agreement with the one expected by the waveguide IBW antenna coupling model
[15,17], giving confidence that the antenna can work properly in launching the slow wave
necessary for the IBW experiment.

The attractive features of the IBW heating scheme expected by the linear theory have not
been fully demonstrated in the previous IBW experiments, probably due to the role played by
non-linear phenomena, similar to the above mentioned phenomena limiting the injected RF
power density. These phenomena can also inhibit the wave propagation and can produce impurity
injection [18,19,20]. The IBW experiment on FTU operates at a frequency 2-s-lO times higher
than the previous IBW experiments. Due to the f0

 2 dependence of the ponderomotive potential,
the IBW experiment on FTU is expected to be less affected by parasitic ponderomotive
phenomena. At present we are examining effects on neutral emission and electron plasma
temperature occurring when the harmonic resonance is located inside the plasma.
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FIG. I - Plot of the ratio of the LH driven current to the
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Abstract

An overview on physics studies on Electron Cyclotron Resonance Heating (ECRH) and
ECCurrent Drive (ECCD) in an extended parameter range at W7-AS is presented. Experiments
were performed with an upgraded ECRH power of up to 1.3 MW at 140 GHz. Electron
temperatures of up to 5.7 keV were measured, which can only be explained by the beneficial effect
of positive radial electric fields ('electron root'). The experiments confirm, that the electric field
is generated by ECRH driven particle losses in the specific stellarator magnetic field. ECCD
experiments were performed at high input power (1.3 MW) resulting in EC-driven currents of up
to 20 kA. The direction of the EC-driven current was varied in co- and counter-direction with
respect to the bootstrap current in discharges with zero net-current. Three current contributions,
i.e. the EC-driven current, the bootstrap current and the inductively driven current are calculated
independently and modify the internal profile of the rotational transform significantly. A
comparison with quasi-linear theory shows significant deviation in the co-current drive case,
which may be attributed to strong MHD activity and/or violation of the quasilinear assumptions
due to the high power density.

1. INTRODUCTION

Investigations on ECRH and ECCD at W7-AS [1] were continued with an upgraded ECRH
heating power of up to 1.3 MW at 140 GHz, which corresponds to a resonant magnetic field of
2.5 T at 2nd harmonic X-mode (X2). The heating experiments cover the full accessible density
range up to the cut-off density of 1.25 x 1020 nr 3 , whereas we have restricted the ECCD
experiments to densities around 0.25 x 1020 nr3 . The microwaves are absorbed in a narrow region
around the resonant magnetic field and thus the power density increases up to 50 MW/ nr 3 in a
flux surface average, which is far beyond the limits, were linear theory holds and nonlinear
phenomena are expected to occur. At high power density, the electron distribution function
flattens at the resonance and the absorption is shifted towards higher energies thus generating a
suprathermal tail [1,2]. This quasilinear effect increases the ECCD-efficiency with respect to
linear theory. Nonlinear wave-particle interaction, which is maximum for ripple trapped electrons
with small parallel velocities is, however, expected to reduce the ECCD efficiency. Furthermore, a
strong deformation of the electron distribution function may be unstable thus affecting the driven
current.

2. CENTRAL CONFINEMENT WITH STRONG ECRH

Experiments with strong X2-mode heating were performed in a wide density range at
constant input power of 1.3 MW in low field side launch in the equatorial plane. Radial profiles of
Te and ne are shown in Fig. 1. The central electron temperatures range from 5.7 keV at 1.7 x
1019 n r 3 to 3 keV at 7.5 x 1019 nr3 . A pronounced steepening of the temperature gradients is
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seen in the centre of the plasma at densities below 4 x 1020 nr3 . The stationary transport
analysis of these discharges results in a central (r/a < 0.3) electron heat diffusivity, which is well
below the neoclassical heat diffusivity, once electric fields are neglected. Strong positive radial
electric fields up to 50 kV/m were measured in the plasma centre, which lead to good agreement
with neoclassical theory including electric fields ('electron root solution'). It is worth noting, that
the ions are energetically decoupled from the electrons under these conditions and the energy
balance is dominated by the electrons.
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Fig. 7. Radial profiles of the electron density (left) and temperature (right) with 1.2 MW ECRH.

The appearance of the electric fields - and the corresponding steep temperature gradients-
shows a threshold behaviour at a density around 0.2 - 0.4 x 1020 m~3, a similar behaviour was
measured during a power scan from 0.2 MW to 1.3 MW input power at constant density of 0.2 x
1020 nr3 , where the steepening occurred between 0.2 and 0.4 MW. The discharge could be placed
at the threshold by careful adjustment of the heating power density while tuning the deposition
region. The central electron temperature then is jumping iteratively between two states of low
(say 4 keV) and high (5 keV) temperature during one discharge with some hysteresis between rise
and fall-time constants. The experiments are explained by a substantial loss of fast trapped
particles driven by ECRH itself, which in turn generates a positive electric field with its beneficial
effect on the bulk electrons [3,4]. This picture is consistent with the results of switching
experiments, where the central confinement is lost on a fast timescale (< 0.3 ms), whereas the
remaining profile relaxes on the diffusion timescale. Also these switching experiments display a
threshold nature while switching from 1.2 to 0.8 to 0.4 MW.

3. ELECTRON CYCLOTRON CURRENT DRIVE

A toroidal launch angle scan was performed at 1.2 MW launched power and a density of 2.5
x 1019 m~3 with inductive compensation of the EC driven current to maintain net current free
conditions with I ind + Iboo t + IECCD

 = 0 (̂ ind *s the inductive component, Ib o o t and IECCD
 a r e *^e

bootstrap and the EC-driven components, respectively). The microwaves were injected from low-
field-side in X2 mode polarization, the polarization was adjusted according to the given launch
angle from linear to elliptical polarization to provide optimum coupling of the microwaves.
During the scan the toroidal magnetic field was adjusted to keep the Doppler shifted deposition
profile close to the plasma axis (AB/B = 10% for lcpin;l = 30°). Under these conditions, ray-
tracing calculations predict a peaked deposition profile with flux surface averaged power densities
of up to 50 MW/m3. The required inductive loop voltage for current compensation is shown in
Fig. 2 (left) as a function of the launch angle <pinj ((pinj = 0° corresponds to perpendicular
injection, %CCD ~ 0). For a quantitative comparison of the measured data with theory we assume
a linear superposition of the three current contributions, which is justified, because the
suprathermal electrons generated by ECRH have only a negligible effect on the electric
conductivity as confirmed by Fokker-Planck calculations [5]. The bootstrap current is calculated
by the DKES code taking into account the ambipolar radial electric field, and the inductive current
is calculated assuming neoclassical resistivity (effective charge Zgff = 3-6), the calculations are
performed for each individual discharge using the measured profiles of ne and Te . Then the EC
driven current from the current balance IECCD

 = "̂ ind " ^boot *s plotted in Fig. 2 and compared
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with the linear theoretical ECCD current, I inj. The maximum linear ECCD-efficiency from ray-
tracing (based on the adjoint approach with trapped particles [6] included), 'HECCD = 20 A/kW
corresponds to a normalized efficiency YECRH = ne IgcCD ^ / ^ECRH = 0-01 x 10 A/Wm2.
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Fig. 2. Left: Loop voltage vs. toroidal angle of injection in net current free discharges, Uioop = -
flboot+

 ^ECCD) / R- Perpendicular injection corresponds to cpin/- = 0°. Centre: Theoretical (open
squares) and data from current balance of the EC-driven current (dots) together with the
bootstrap current (stars) as a function of the launch angle. Right: EC-driven current from current
balance versus linear prediction.

As seen from Fig. 2 (right), where the 'experimental' IECCD
 ls plotted versus theory, good

agreement with linear theory is observed even at these extremely high power densities except for
launch angles in co-direction. This may be a hint for a degradation of the CD-efficiency at high
power density. The calculations of both the inductive and the bootstrap current are very
conservative and are expected to be more reliable than the linear ECCD calculations, where the
assumptions of the linear approach are likely to be violated. Non-linear effects in the wave-
particle interaction in an inhomogeneous magnetic field are important especially at moderate
launch angles. Thus the quasi-linear theory, which holds in a homogenous magnetic field must be
reformulated. In addition the wave absorption increases the perpendicular energy and pushes
electrons into the loss cone. In the bounce-averaged Fokker-Planck calculation the strong heating
as formulated by the traditional quasi-linear diffusion term is balanced by the energy loss of
mainly suprathermal ripple-trapped electrons. The radial VB-drift of suprathermal ripple-trapped
electrons broadens the power deposition profile [3] but has no influence on the ECCD profile. In
the electron distribution function, however, positive gradients with respect to vn close to the loss-
cone boundary are found, which represent free energy and may drive the distribution function
unstable. The fast growth rate of such kinetic instabilities affects the distribution function and can
reduce the CD-efficiency, which would again require a reformulation of Fokker-Planck modelling.

In discharges with strong co-CD, MHD-activity is observed, which is absent in the counter-CD
cases. This is explained by the strong change of the radial profile of the rotational transform
while scanning from co- to counter-CD, because the different current contributions flow at
different radial positions. The bootstrap current is localized in the pressure gradient region
whereas the inductive current follows the plasma conductivity profile and the EC-driven current is
localized around the resonance. Figure 3 shows radial profiles of ne and T e together with the
rotational transform for co- and counter CD.

For co-CD the temperature profiles remain peaked and the t -profile crosses the -t = 1/3
and *• = 1/2 surfaces with strong shear. The observed MHD-modes are the corresponding m=3 and
m=2 modes, which may influence the current distribution. The modes are located around the
rational *• values as measured by ECE, soft-X and Mirnov diagnostics. In the opposite case of
counter-CD the *• = 0 surface appears in the plasma centre and the temperature profile is flat
within this surface indicating bad or no confinement within this surface. In consequence the EC-
driven current within the -t = 0 surface may be distributed over a wider volume than calculated by
ray tracing, leading to a reduced power density, a lower deviation from a Maxwellian distribution
function and thus to a better agreement with linear CD-theory.
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Fig. 3. Radial profiles of the electron density ne (left), electron temperature Te (centre) and
rotational transform *• (right) for co- (dashed line) and counter-CD (solid line) at zero net-
current, (pinj = + and - 12°, respectively.

4. CONCLUSIONS

Experiments on ECRH and ECCD were performed at W7-AS with enhanced heating power,
which is well beyond the previous frame of investigations. New physics arrives in the experiments
and drives theory into the interpretation of strong kinetic effects. The central confinement of
ECR-heated discharges is strongly influenced by ECRH specific features. Positive radial electric
fields driven by fast electron losses in the plasma centre ('electron root') provide significantly
enhanced electron confinement resulting in peak temperatures of 5.7 keV.

Net current free discharges with up to 20 kA of highly localized EC-driven currents in co-
and counter-direction to the bootstrap current were investigated and compared with linear
predictions. The experiments indicate under some conditions a deviation from linear ECCD
theory, which asks for advanced kinetic modelling.

The radial profile of the rotatational transform was tailored by strong ECCD in a wide range
from tokamak-like profiles, which exhibit rational resonances of +• with related MHD-activity, to
inverse profiles, where *- = 0 with bad or no confinement appears in the inner plasma region.
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A b s t r a c t

The experiments on control of sawtooth oscillations (STO) by electron cyclotron current
drive (ECCD) have been performed on the WT-3 tokamak. Stabilization and excitation of STO are
observed for counter-ECCD and co-ECCD, respectively, when the position of the power deposition
is located inside the inversion radius. These results are due to the modification of the current
profile near the magnetic axis.

1. INTRODUCTION

ECCD is a possible method for controlling the plasma current profile: it has the capability to
focus and aim the EC wave power at any internal location in plasma in order to efficiently deposit
the power locally. Especially, on-axis ECCD is effective to control the profile of safety factor near
the magnetic axis , because the cross section of the power deposition is minimized, thus the current
density of the driven-current is maximized. On the WT-3 tokamak (RQ=65cm, a=20cm, B t 0

(MAX)=1.75 T), the experiments on control of STO by on-axis ECCD are carried out. In Ohmic
heating plasma with a safety factor at the limiter, qa=4.8, typical inversion radius of STO is 3cm.

Assuming a current profile, the safety factor at the magnetic axis, q(0), is estimated to be 0.8 in this
case. If a driven-current of 5kA anti-parallel to the plasma current, which is only 5% of the total
plasma current, is generated inside the inversion radius, q(0) rises to 1.2 and the q(r)=l surface
disappears.

In order to concentrate the EC wave power near the magnetic axis, the gyrotron output
(frequency = 89GHz, max. power =150kW) is focused near the center of torus using a quasi-
optical transmission system [1]. The elliptical Gaussian power distribution measured with a thermal
image camera has radii of 0.8cm in the direction parallel to the major axis and 1.3cm in the
toroidal direction at the focal point. By tilting the launching mirror, the launch angle is varied, and
the index of refraction parallel to the magnetic field N^ is changed from -0.6 to 0.6. Also the

launch angle to the equatorial plane can be varied. The EC wave is obliquely launched from the
low-magnetic field side in the extraordinary mode. The evolution of STO is investigated by using
soft X ray (SX) computerized tomograph (CT) which consists of 100 SX detectors.[2]

2. STO CONTROL BY ON-AXIS ECCD

The EC waves are injected into Ohmic heating discharges with the plasma current 1=100 kA

and line average electron density ng=0.5 ~1013cm~3, in which STO are steadily excited. The

position Rjn »where <»=2£2ce is satisfied, is fixed near the center of torus during the experiments.

Fig. 1 shows the typical plasma response to the EC wave injection in the cases of N^O.56 and

N^-0.56. Here, co- and counter-injection indicate the EC wave injection with N/;>0 and N^O,

•Present address: Department of Fundamental Energy Science, Graduate School of Energy Science, Kyoto
University, Kyoto 606-8502, Japan

**Present address: Osaka Institute of Technology, Osaka 535, Japan
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Fig.l Time traces of (a) plasma current Ip, (b) line average density ng, (c) loop voltages,

and soft-X ray signals, lsx,for(d) co-injection (N^O.56) and (e) counter-injection (N^-0.56).

EC wave of 140 kW is injected during 70ms to 95ms.

respectively. The EC wave propagates in the direction of electron drift for co-injection, while the
EC wave propagates in the direction of I for counter-injection. There are no notable differences
in I (Fig.l(a)) and ne (Figl(b)) between co- and counter-injection, but there are differences in the

loop voltage and STO observed in the soft X-ray signals. 1) The loop voltage for counter-injection
is higher than that for co-injection (Fig.l(c)). 2) STO are enhanced for co-injection (Fig.l (d)),
while they are stabilized for counter-injection (Fig.l(e)). The loop voltage falls from its value for
the perpendicular injection (N^O) with increasing N/7 for co-injections, and increases with

increasing IN^I for counter-injections. It is inferred that the differences of the loop voltages for

different N^ are attributed to the driven current by ECCD. Assuming that the resistivity is identical

for the discharges with the same IN,J and that the amount of the driven current I . does not

depend on the directions of ECCD, Iecccj is derived from the comparison between the loop voltages
for co- and counter-injection:

I , i - ̂ cntr'Vco T1eccd-T7 7Sj~~Pv cn t r + v co .
In the range of INyyl<0.4, 1 ^ ^ increases with increasing INyl and remains almost constant in the

range of 0.4<IN//k0.6 as shown in Fig.2. In the cases of counter-injections, in which the driven

current is anti-parallel to I , the periods of STO become longer as IN^I increases up to 0.4, then the

STO are stabilized for discharges with IN^O.4 and le(xi > 6kA. In contrast, STO increase their

amplitudes during co-injection, in which the driven current is parallel to I . In this case, their

periods are shorter than those of perpendicular injection.



645
CDP/06

-5
0 0.1 0.2 0.3 0.4 0.5 0.6

|N / /I

Fig.2 Dependence of driven current I ,on \N,,\.

10

T3 6
_o
di 4
O
H
on

2

stabilization ,?,
by ECH

magnetic axis

52 54 56 58 60 62 64 66 68 70I

Fig.3 Dependence of sawtooth period on

R n . Solid circles indicate in the case of

counter-ECCD, and solid squares indicate in

the case of ECH

The driven current Ieccd at 11^1=0.56 and the response of STO are investigated as a function

of R ^ by changing the toroidal field shot by shot. The maximum of Ieccd is observed at R,^

=64cm, and Ieccd is significant in the range of 62cm<R2« <67cm. During these experiments, the

position of magnetic axis estimated using magnetic probes is R=66cm. Thus the maximum l&xd is

observed when Kj^ is displaced by 2cm from the magnetic axis toward the high-field side. As

shown in Fig.3, STO are stabilized by ECH at R.^ =6lcm, corresponding to the position of the

inversion radius estimated by SXCT, while the stabilization takes place when R ^ is located inside

the inversion radius for counter-ECCD.
The driven current I e c c ( j and the response of STO are also investigated as a function of the

injection angle to the equatorial plane as shown in Fig.4(a). In these experiments, the toroidal field
is set to be as R ^ =64cm. Maximum of Ieccd is observed when the beam axis of EC wave passes
through the magnetic axis, and 1 ^ ^ decreases as the beam axis moves farther from the magnetic

axis. As shown in Fig.4(b), STO is stabilized by ECH when the beam axis is aimed to the
intersections of EC resonant layer and the inversion radius, while stabilization of STO is observed
for counter-ECCD when the beam axis passes inside the inversion radius. Because the beam radius
is smaller than the inversion radius, this result suggests that the stabilization by counter-ECCD is
associated with the power deposition inside the inversion radius. Thus, it is inferred that the
stabilization is caused by the decrease of the current inside the inversion radius.

Also the result shown in Fig.3 suggests the STO stabilization for counter-ECCD is due to the
decrease of the current density near the magnetic axis, because only the electrons moving parallel
to I can be selectively heated by counter-ECCD around the magnetic axis when R , Q is shifted

toward the high-field side from the magnetic axis. Thus the current density near the magnetic axis
decreases. As a result, the safety factor at the magnetic axis q(0) is inferred to rise higher than
unity.

ECCD experiments are also performed in Ohmic heating discharges with I =70kA and

ne=0.5 ~101 3cm'3 , in which STO are not excited. In this case, STO are excited by co-ECCD.

The excitation of STO by co-ECCD is inferred due to the increase of the current density near the
magnetic axis which leads q(0) to fall below unity.
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Fig.4 (a) The injection angle to the equatorial plane is changed by tilting the launcher. In the
case of counter-ECCD, N^-0.56. ZQt) denotes the intersection of the beam axis of EC wave and

Z-axis, which is parallel to the major axis of the torus, (b) Dependence of the STO period on ZQ .

Solid circles indicate in the case of counter-ECCD, and open squares indicate in the case of ECH

3. SUMMARY

The experiments on STO control by on-axis ECCD are performed on WT-3. While STO
are stabilized by ECH on the inversion radius, the stabilization is observed for the counter-ECCD
with following conditions;
(1) discharges with IN^bO.4, in which the Ieccd exceeds 6kA,

(2) 1S l°cated inside the inversion radius,

(3) the EC wave passes through inside the inversion radius.
These results suggest that the stabilization is due to the decease in the current density near the
magnetic axis caused by the counter-ECCD. It is inferred that the decrease in current density rises
q(0) higher than unity, and then q=l surface disappears from the plasma.

In contrast to the counter-ECCD, STO are excited by the on-axis co-ECCD. The excitation
is inferred due to the increase in the current density near the magnetic axis.
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Abstract
Localized absorption of EC waves at 140 Ghz, 0.7 MW, in FTU is used to shape the current
density profile (qa«6) in a way to affect sawteeth. If absorption is localized near the inversion
radius, temporary stabilization occurs. Sawteeth with a small inversion radius (r/a<0.2) do not
affect electron energy confinement. Energy transport appears diffusive, and global
confinement is found to be in good agreement with ITER89P L-mode scaling law.

1. Introduction
The paper reports of ECRH/ECCD experiments performed on FTU tokamak with the

aim of testing electron thermal transport when varying, by localized absorption of EC waves,
the current density profile and the MHD mode content. In particular, off-axis absorption was
pursued in steady-state conditions, in a way to attempt sawtooth stabilization [1], aiming at the
achievement of the condition qo>l at full power (1.6 MW). Central and off-axis ECRH was
performed during current ramp-up also, the additional heating pulse extending up to nearly
steady-state conditions. The time evolution of the central temperature and of the global
electron energy content are considered, in the phase when the MHD mode content is
progressively enriched until the onset of the sawtooth activity.

ECCD could be used to contribute to the shaping of the current density profile.
Switching from co to counter-current drive adds the capability of switching from s.t.
stabilization to destabilization with the same ECR heating term. The scheme has been tested,
although significant effects are expected at full power only.

Up to two 140 Ghz gyrotrons were used, with a power to the launching antenna of 350
kW each, and a typical pulse length in the experiments of 0.1-0.3 s [2]. The launched beams
can be steered toroidally for ECCD [3]. Plasma current was 350 kA, feedback controlled, with
qa«6 (Btor at plasma centre » 5.3 T), and the line electron density in most of the experiments
was 5 1019 m~3. The ohmic power in these experiments is «=350 kW, which falls to »200 kW
during ECRH.

2. Sawtooth activity during on-axis & off-axis ECRH

The typical response of sawteeth to ECRH is shown in Fig. 1.During on-axis heating, Te
rise is faster and sawtooth period decreases. On the contrary, stabilization can be achieved if
the absorption layer rat>s is set near to the sawteeth inversion radius rjnv. At this ECRH power
level, however, stabilization is only temporary. After »25 ms, corresponding to »2% of the

resistive skin time over the m=l island (xres = \IQ rp /^o ), slowly growing m=l oscillations at «
10 kHz start again and grow to collapse in another « 30 ms (Fig .2). The reconnection is very

fast (Trec<=40 u.s), in the order of the collisionless inertial time scale x r ec "ri/v-riicOpe/crtA .

As usually occurs at these internal disruptions, the profiles are flattened inside the inversion
radius (Fig.3).

Due to the increased central pressure, the plasma axis shifts outwards by =15 mm, during
the heating pulse. The flattening of the current density profile causes the observed increase in
the saw-tooth inversion radius of «12 mm.
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FIG. I. In case of central absorption, the sawteeth period is immediately reduced and the rate
of temperature rise increases accordingly to the local heating power density. On the contrary,
sawteeth stabilization can be achieved if r^^r^ and reconnections are immediately
suppressed.

Both these effects contribute to dilute the stabilizing effect of off-axis ECRH, which is
most sensitive to localization of the absorption layer. The ideal condition rabs=rinv, met at the
start of the ECRH pulse, is lost later in the pulse, when rabs<rinv.

As a guideline to a possible explanation to the observed MHD behaviour, we consisder
that after a short transient an m=l mode enters in a nonlinear phase where the growth of a
finite size island under the effect of modifications of the pressure gradient and of the
resistivity due to localized EC heating [4,5]:

at W
S = a ••

8jtp'R
g*=2 (form factor).

After switching ON of ECRH, on the timescale t « x r e s » 1 . 5 s there can be no significant
change of the current density profile on the rinv scale length. Prompt stabilization must be due
to the electrodynamic electric field induced by the fast drop in resistivity, which opposes to the
local flux swing associated to reconnection A slowly growing m=l mode develops under the

iV Q 111
control of the parameters 0.8 and a / S when the current density starts to change and

•n q '
to short-circuit the freezing field. As the plasma axis moves towards the resonance and r!
increases, the shear at q=l increases and m=l mode grows until reconnection can take place
again [6,7].
3. Heating and transport during off-axis ECRH

The evolution of the electron energy density profile following off-axis ECRH is
qualitatively consistent with a local diffusive transport model. Heating concentrates first at the
absorption layer, and diffuses in the plasma column along the temperature gradients. After the
transient phase, the ATe profiles are flat inside the absorption radius. The global energy
confinement time, which is T E « 4 2 ms with 330 kW of ohmic heating, drops to =26 ms at
Ptot=900 kW during ECRH.

Soft X-ray flue tuations
2 'cm' Meibw Mdplane
2 em above id 4 1017

0J5 0J52 0J54 0J56
time(s)

0J554 0J555
time(s)

-A
0J556

FIG.2. Prompt stabilization lasts for ^25 ms, correspoding to *>2% of the resistive time over the
q<l region. Coherent and slowly growing m=l MHD oscillations develop to collapse at the
first reconnection <=60 ms from the start of ECRH pulse. The traces shown in figure are the
fluctuating signal from soft-X ray multicollimator.
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FIG. 3. The figure shows temperature profiles at different instants during the transient heating
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Fig. 4. Both Raxis and rinv increase by »75 mm during the stabilizing phase, and rabs< rin.
s.t. set in again. Stabilization is very sensitive to the localization of the absorbing layer.
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The dependence of TE with Ptot, is therefore well in agreement with ITER89P L-mode
scaling, which would give 40 ms and 25 ms respectively in the two cases.

In the sawtoothing plasma during ECRH, the peak electron temperature decreases
because the profile flattens, but without any significant loss of the energy content. Peak
electron temperature and global kinetic energy content in discharges with ECRH set off-axis in
slightly different positions can be almost identical, in spite of a different sawtooth activity.

4. Sawteeth & MHD with ECRH during current ramp-up
ECRH during current ramp-up at 5 MA/s is shown in Fig .7. Pecrh=220 kW at the

antennae, 0.3 s pulse length. When q=2, and q=l surfaces enter the discharge, a transient
increase in the central temperature is observed [8]. The increase is more significant for q=l,
and it is terminated by sawteeth. As observed during ECRH on current flat-top, at the onset of
sawteeth there is no appreciable change in the total electron nergy content.

5. Concluding remarks
By applying »700 kW of ECRH power to a saw-toothing discharge at 350 kA, qa^ ,

Pohmiĉ OO kW, reconnections of the m=l mode are frozen on a time scale much less than the
resistive time., and freezing is very sensitive to the localization near the inversion radius of the
absorption layer. Plasma shift due to increased pressure and the limited ECRH power available
for these experiments prevent the formation of a steady current density profile with q>l
everywhere.

Sawteeth control the peak temperature, but without a significant impact on the global
energy content. More relevant to energy losses are MHD oscillations, and similar behaviour is
found with ECRH during the current ramp-up. In these conditions, thermal transport in FTU
appears diffusive, with a L-mode ITER89P global confinement time scaling.
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Abstract

Recent achievements in both the technical development program and the experimental physics program
related to electron cyclotron waves are described: - first lasing of the Free Electron Maser; - feedback control of
the gyrotron output;- second harmonic current drive experiments; - control of the current decay in disruptions; -
cross-polarisation scattering experiments.

1. INTRODUCTION

One of the likely candidates for non-inductive current drive, additional heating, start-up
assistance, profile control etc. in the next generation of tokamaks is the injection of Electron
Cyclotron (EC) power. Moreover, the deposition of EC power is an invaluable tool for investigating
the local (electron) transport properties of the plasma and for influencing these locally and globally.
Within the EURATOM-FOM association a major part of the effort is devoted to technological
developments, such as a new EC source, and to study the interaction of EC-waves with tokamak
plasmas. Until September 1998 these studies were done on plasmas in the Rijnhuizen Tokamak
Project RTP[1]. In the future the experimental work will be transferred to TEXTOR-94 in the
framework of the T(rilateral) E(uregio) C(luster) agreement between the Forschungszentrum Jiilich,
the Ecole Royale Militaire/Koninklijke Militaire School Brussels and the FOM Institute for Plasma
Physics Rijnhuizen.

2. TECHNICAL DEVELOPMENTS

2.1. First microwave generation in the FOM Free Electron Maser

A free electron maser (FEM) has been built as a prototype for a high-power (1 MW), rapid-
tunable (130-260GHz) ram-wave source for applications in future fusion research devices. The setup
of the FEM is largely determined by the requirement for high overall efficiency (50%). This together
with fast tunability and CW operation determines the choice for a dc acceleration and deceleration
system rather than a RF system. The choice for a maximum electron energy of 2 MeV and a beam
current of 12 A has been made on the basis of simulations of the interaction between the electron
beam and the mm waves. The required high system efficiency demands an efficient recovery of the
spent electron beam leaving the undulator. For this purpose a decelerator and a depressed collector
are incorporated. This results in the basic layout of the fusion-FEM as shown in Fig. 1.

In the first phase of the project the electron beam was successfully accelerated and transported
through the undulator and the mm-wave cavity. Loss currents are below 0.05%. In October 1997 first
lasing was achieved [2]. The mm-wave output power has been measured at various frequencies and
for various electron beam currents and energies. The highest output power reached so far is 730 kW
at 205 GHz, for an electron beam of 7.2 A and 1.77 MeV. Both output power and start-up time
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correspond well with simulation results. The output beam has a Gaussian mode content of more than
99.8 % for all operating frequencies. An electron beam recovery system is being installed to increase
the pulse length from its present value of 12 jxs to 100 ms.

2.2. Feedback control of EC power and launch.

For ECRH and ECCD studies at the 2nd harmonic frequency at RTP a 110 GHz gyrotron (500
kW, 0.2 s) was used. In the first set-up the 110 GHz beam was launched radially in the midplane from
the outboard side using a fixed mirror. In a later stage the launcher has been extended with a set of
two in-vessel focussing mirrors. This set of mirrors allows deposition over the poloidal cross-section
for poloidal angles in the range of -25° to +25 °. Toroidally the range of rotation is limited to +/- 30°
off-perpendicular. It is possible to sweep the deposition of the RF power, during a plasma pulse, over
a preprogrammed trajectory as a first step towards active instability control [3].

Optimum launching in toroidal direction requires elliptical polarization of the beam. Therefore
a polarizer, consisting of two grooved, rotatable mirrors, has been installed recently. As a testbed for
future applications a system was implemented for feedback control of the EC heating by regulating
the gyrotron voltage. An example of its performance is given in Fig. 2. in which the electron
temperature - as measured by ECE - is preprogrammed.

3. EXPERIMENTAL RESULTS

3.1. Second harmonic current drive

In the RTP tokamak (R = 0.72 m; a = .164 m, BT < 2.5.T; Ip < 150 kA) second harmonic
current drive is obtained with oblique injection of focussed 110 GHz waves from the LFS [4]. The EC
driven current is derived from residual loop voltages for co- and counter-drive discharges. Best results
are obtained with an off-perpendicular launch angle of 17.5°, <ne> ~ lxl019m"3, BT= 1.97 T, and low
plasma current (qa ~ 10). Considerable fractions (typically 25%, maximal 60%) of the plasma current
are driven in the plasma center (r/a < 0.2). The dependence of ECCD on RF power, density, injection
angle, and toroidal field has been investigated extensively with linear polarization of the launched
power. Then the efficiency - (ne,0)i9RIcD/PRF - is ~ O.lxlO19 A/Wm2. In the first experiments with
elliptical polarization an improvement of the efficiency of ~ 30 % is observed. This agrees well with
the expected increase in coupling efficiency to the 2X-mode for 17.5° off-perpendicular launching.
The RTP discharges with an EC driven current show signs of modified q-profiles [4]. In these
discharges the EC power is dominant (10-20 times the Ohmic power, deposited within 10% of the
minor radius). Examples of Te and ne profile modifications - form Thomson scattering - are shown in
Fig. 3. Therefore it is concluded that the analysis method used is questionable and a more
sophisticated method is needed.

Only in a very a limited number of shots current drive experiments at preprogrammed power
level and/or at preprogrammed temperature were done. As an example we show in Fig. 4. some
results from a series of discharges in which the central Te and the POH were kept fixed while the
plasma current was a free parameter. For perpendicular and counter-injection the same level is
reached, whereas for co-injection a considerable higher level is obtained.

3.2. Control of the current decay rate of the current quench

The current decay that follows the energy quench of a major density limit disruption is caused
by strongly enhanced Ohmic dissipation, due to the high value of the resistivity reached at that phase.
The possibility of decreasing, or even reversing, the current decay rate was investigated by attempting
to heat the plasma and thus to decrease the electron resistivity. To do this ECRH was applied at the
end of the energy quench (see Fig. 5.). We have shown [5] that ECRH can be used to decrease or
reverse the current decay rate of a major density limit disruption. Previously reported dependence of
this process on the position of the resonance layer and on the angle of injection [6] was not found
anymore when the electron density is < 2/3 of the cut-off density. This indicates that heating gives the
stabilizing effect, and it might imply that any other effective method of heating the plasma, besides
ECRH, could yield the same effect. Unfortunately it is not possible to be conclusive on the necessary
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minimum amount of EC power from our experiments due to limitations in the poloidal field circuit of
RTP.

3.3. Cross polarization scattering experiments

In a recent series of experiments the phenomenon of mode conversion (or cross polarization
scattering (CPS)) was further investigated [7]. It was found that during heating experiments (60 GHz,
160 kW), 40 ms) with the waves injected from the low field side in O-mode a considerable fraction
(several percent) was converted to X-mode before reaching the high field side detectors. The main
results are that: 1) CPS is only seen with the deposition radius inside the q = 1 surface; 2) The X-
mode level strongly diminishes with increasing density; 3) The signals are detected in a narrow band
of 10 MHz around the injected frequency; 4) Usually a time delay (up to 20 ms) between the start of
the ECR pulse and X-mode signals is observed; 5) There is a strong correlation between the observed
X-mode level and the time behavior of the EC emission from the hot core. 6) Frequency spectra have
a broadband structure with a maximum around 60 kHz and a typical width of 100 kHz.

It is concluded that the range of plasma parameters for which the cross-polarization scattering
is observed correlates strongly with the regime of pronounced filaments (or small-scale structures)
[1]. This led to the assumption that the Te filaments are accompanied by current and magnetic field
fluctuations which then could lead to the cross-polarization scattering effect [8].
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Abstract

In fast wave to ion Bernstein wave mode conversion experiments in DT supershot plasmas,
localized efficient ion heating rather than electron heating was observed, due to Doppler-
broadened tritium cyclotron resonance overlap into the mode conversion region. The ion
temperature heat pulse associated with RF power modulation in this regime could provide a
diagnostic tool for measuring the local ion thermal conductivity in various confinement regimes.
In direct-launch ion Bernstein wave heating experiments, core power coupling was limited by the
excitation of parasitic edge modes. However, a sheared poloidal flow was observed that is
consistent in both magnitude and direction with theoretical models based on RF-driven Reynolds
stress. With the modest power coupled to the core (~ 360 kW), the magnitude of the observed
flow was estimated to be a factor of 3-4 too low to trigger transport barrier formation through
localized shear suppression of turbulence.

1. INTRODUCTION

The Tokamak Fusion Test Reactor (TFTR) recently completed 14 years of operation, the
last decade of which included detailed studies of the physics of wave-plasma interactions in the ion
cyclotron range of frequencies (ICRF). Many of the experiments in the final year of operations
focused on the development of techniques for localized current and pressure profile control that
are relevant to deuterium-tritium (DT) high-performance plasmas. In this paper, results from the
final experiments on DT mode conversion (MC), tritium minority heating, and poloidal sheared
flow drive with both off-axis fast wave heating and direct-launch ion Bernstein wave (IBW)
heating will be presented.

2. MODE CONVERSION EXPERIMENTS IN DT PLASMAS

Steady-state operation in advanced tokamak regimes will require auxiliary means of
controlling both the current and pressure profiles. Noninductive currents driven by mode
converted ion Bernstein waves had previously been demonstrated in TFTR with non-DT
plasmas [1]. Initial mode conversion experiments in DT plasmas were hampered by significant
parasitic ion cyclotron resonance absorption on a dilute lithium-7 minority present in the plasma
due to wall conditioning processes [2]. After switching to the use of isotopically pure lithium-6
(same charge-to-mass ratio as D) for the final run period, mode conversion heating at the DT ion-
ion hybrid resonance was explored in supershot plasmas fueled with a mix of deuterium and tritium
neutral beam injection (NBI). For ion temperatures above 20 keV, significant Doppler broadening
of the tritium cyclotron harmonic layer occurs, leading to tritium ion absorption rather than
electron absorption near the mode conversion layer where the E+ wave field peaks. Figure 1 shows
the temporal evolution of the ion temperature in a DT supershot plasma fueled with 18 MW of
tritium NBI heating and 1.2 MW of mode conversion heating at 30 MHz. The magnetic field was
4.7 T on the magnetic axis at 2.84 m, the central electron density was 4.7 x 1019 m"3 and the
central electron temperature was 6.8 keV. The tritium concentration was estimated to be 42%
relative to the electron density, based on spectroscopic measurements of the hydrogenic Balmer
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FIG. 1. (a ) Ion temperature evolution in a DT supershot with 18 MW of TNB and 1.2 MW of
modulated ICRF mode conversion heating at the radius of maximum temperature modulation;
(b) Tft) at different core minor radii, with the data box-car averaged in the time period 3-3.5s.

lines at the plasma edge and the measured neutron emission. The RF power was modulated at
10 Hz between 3.0 and 3.5 s, resulting in an ion temperature modulation of about 4 keV peaked
near R ~ 3.0 m, corresponding to r/a ~ 0.26. The measured ion temperature at this radius is
displayed in Fig. la, while the box-car averaged temperature response over the rf modulation
periods for selected radii in the plasma core is displayed in Fig.lb. The inferred power deposition
profile obtained from analysis with the ID kinetic wave code, METS [3], is shown in Fig. 2a.
METS solves for the wave fields and absorption profiles without assuming the small Larmor radius
limit, as has been done commonly in the past. The analysis indicates that the mode conversion
layer was located near R ~ 2.78 m, as shown in Fig. 2b. Tritium ions absorbed most of the power,
with the deposition peaked off-axis to the high field side of the mode conversion layer in the
region of propagation for the mode converted ion Bernstein wave. The absorption profile is
predicted to have been broadly peaked near R ~ 2.58 m, mapping to r/a ~ 0.22, consistent with
the location at which the measured ion temperature modulation peaked.

Propagation of the heat pulse resulting from the modulated localized mode conversion
heating is evident in the ion temperature evolution in Fig. lb. The ion temperature response was
in phase with the RF power modulation near r/a ~ 0.26, with a phase change of about n/2
accumulated by the time the heat pulse reached the magnetic axis. According to the analysis, no
direct ion heating from the RF is predicted to have occurred at the magnetic axis. Assuming a
simplified model with radial plasma homogeneity in the local power balance, a Fourier transform
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Fig. 2. (a) Power deposition profile obtained from the ID kinetic wave code METS;
(b) corresponding real part of the dispersion relation for k± .
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in time leads to an expression for the local thermal ion conductivity, %: V^X^J. i\szr

AfjJ^I _ 3 c o .

ArJ " 4Z

where A(f> is the change in relative phase over radial distance Ar, and co is the angular frequency of
the modulation. For the plasma shown in Fig lb, the value of % inferred from the temperature
heat pulse is ~ 1 m2/s. According to TRANSP analysis of the ion stored energy evolution, the
spatial average of % ranges from 0.7 m2/s near the start of the ICRF power modulation at 3.05 s,
up to 1.9 m2/s near the end of the modulation phase at 3.45 s, with a time-averaged value of
~1 m2/s during the 0.5 s of RF power modulation. Thus, the heat pulse associated with localized
mode conversion ion heating could provide a means of measuring the local ion thermal
conductivity in various confinement regimes.

In related experiments with lower tritium concentrations (< 20%), tritium minority heating
occurred and an energetic tritium tail population was formed. Direct tail temperature
measurements obtained with the Pellet Charge Exchange (PCX) diagnostic indicate that
Turn ~ 130 ± 10 keV in this regime.

3. DIRECT-LAUNCH ION BERNSTEIN WAVE HEATING EXPERIMENTS

In previous experiments on PBX-M, the combination of off-axis direct-launch IBW heating
and core NBI fueling and heating led to the formation of an internal transport barrier (ITB) and
consequently, an enhanced core confinement regime (CH mode) [4]. It has been suggested that the
formation of the internal transport barrier was due to localized sheared poloidal flow driven by the
IBW absorption [5,6]. Since, in this model, the location of the ITB is controlled by the location
of the IBW absorption layer, IBW may provide a means of controlling the local pressure profile
in tokamaks. A new IBW antenna was installed and direct-launch IBW heating experiments were
conducted on TFTR in 1997. Though core heating was observed, coupling was limited by parasitic
surface mode excitation [2]. Improved core absorption, but lower loading, was obtained on TFTR
with out-of-phase, as opposed to in-phase, poloidal launch. Hence, poloidal launch control may
contribute to achieving sufficient core power absorption to meet the modest power requirements
for turbulence suppression and transport barrier control in future tokamaks. Despite the limited
power coupled to the plasma, a localized sheared poloidal flow was observed with a new poloidal
rotation diagnostic, as illustrated in Fig. 3 for a plasma with about 360 kW of core power
absorption. In a companion plasma without applied IBW heating, no analogous change in the
poloidal rotation was detected. The change in poloidal rotation, relative to the average poloidal
rotation observed in the 0.5 s prior to the start of IBW heating, is displayed. Positive Av9

corresponds to the ion diamagnetic drift direction. The radial profile of the measured poloidal
rotation has been found to depend on the amount of tritium in the plasma. In discharges with
significant tritium concentrations on the order of 10%, a positive change in the poloidal rotation
localized around the 50^ layer was observed, with a negative change found in the region away
from the 5Q^ layer towards the 3QD layer. In plasmas with negligible tritium content, only the
negative poloidal rotation feature was observed. These features are reproduced, both in direction
and magnitude of the predicted poloidal rotation, by including finite k// effects in the ray-tracing
analysis of the power deposition and Reynolds-stress induced rotation profiles [7]. The flow
produced by the IBW was insufficient by a factor of 3-4 relative to that expected to be required to
suppress local turbulence [2] and create a local transport barrier. A simple measure of the amount
of power required for transport barrier formation may be obtained by requiring the shear in the
poloidal flow, 3Ve / cfc , to exceed the linear growth rate of the turbulence, Cs / L s , where Cs is the
sound speed and Ls is the connection length [6]. Assuming a linear dependence of induced sheared
flow on input power, the estimated power required for turbulence suppression is 1 - 2 MW in
TFTR, whereas the power coupled in the discharge shown in Fig. 3 is ~ 360 kW.

Experiments with off-axis fast wave heating were also conducted in D-4He-3He plasmas to
investigate whether sheared poloidal rotation could be driven efficiently with mode converted ion
Bernstein waves as well as with direct-launch IBW. As in the direct-launch case, a localized sheared
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poloidal flow was detected, as shown in Fig. 4 where the chordal average of Ave is plotted for a
discharge with 2 MW of RF power and 5 MW of DNB. The temporal evolution of the observed
Ave correlates with the time dependence of the applied ICRF power. However, the location of the
peak flow occurred on the low field side of the mode conversion layer and may have been
associated with minority 3He ion absorption rather than mode conversion heating of electrons.
Measurements of the diamagnetic stored energy and the plasma inductance imply that a small
perpendicular anisotropic energy component of about 20 kJ is present in the plasma, suggesting
that the amount of 3He in the discharge was too low for efficient mode conversion. Power
deposition modeling with the METS code, assuming a 5% 3He concentration, indicates that
localized 3He ion and electron absorption occurs in the region of the plasma where the poloidal
rotation is observed. However, the power split between the 3He ions and the electrons depends
sensitively on the exact 3He concentration which is not accurately known. Further experiments
will be required to determine whether mode conversion or minority heating is the source of the
measured poloidal rotation. Nevertheless, the observation of sheared poloidal flows during both
direct-launch IBW heating experiments and off-axis fast wave heating experiments on TFTR,
coupled with the previous confinement enhancement observed with direct IBW heating on
PBX-M, indicates that sheared rotational suppression of turbulence via RF-driven Reynolds
stress [5] may provide a viable means of improved performance in tokamak plasmas.
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Fig. 4. Chordal-averaged Ave for a discharge with 2 MW of applied ICRF heating.
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Abstract

By using 3 dB couplers, ICRF heating has become much less sensitive to changes in coupling. High
power regimes with strong ELMs could thus be investigated. Comparison with NI then allows effects
specific to the heating schemes to be investigated. Large differences were observed on the central plasma,
in particular on the sawteeth. With ICRF heating, the central electron temperature is higher and the
sawtooth amplitude larger than with NI. No difference was seen on the ELM behaviour (frequency, effect
on edge Te) between NI and ICRF. The combination of NI and ICRF results in stabilization of the 3,2
neoclassical mode, under conditions where it is unstable with NI alone.

1. INTRODUCTION

High power regimes have usually been investigated - on tokamaks with divertors - to a
large extend with neutral injection (NI) heating. High power ion cyclotron resonance frequency
(ICRF) heating has been hampered by the sensitivity of the ICRF coupling to the plasma
parameters in the edge. Specifically in divertor machines, where large powers frequently lead
to type I ELMy H-modes and thus to large variations in the edge parameters, it was harder to
access the high power regime with ICRF. Consequently, most of the high power data include
inherently NI specific features such as the coupling between power and refueling, a broad and
density dependent power deposition profile, fast particle effects and often rotation. Many of
those features may not be present in future large machines, as a-particle heating is only in
certain aspects comparable to present heating methods, significantly different in other aspects.

With ICRF, heating can be separated from refueling; further, by using different heating
scenarios, fast particle effects can be isolated, the deposition can be targeted to ions or electrons,
and the narrow power deposition can be localized indepedently of density. Thus, high power
ICRF and its comparison with NI permit in principle to separate the effects specific to the
heating methods.

The recent installation of 3 dB couplers [1, 2] on ASDEX Upgrade, has effectively shielded
the RF generators from the changes in coupling (even from those due to type I ELMs, despite
their high frequency and strong variation on a short time scale) allowing them to operate on an
almost constant load. Significant increases [3] in the maximum ICRF power to the antennas (up
to 5.7 MW) and in the power routinely attainable for standard scenarios (4 MW) could thus be
achieved. Direct comparison of ICRF and NI at significant power levels and thus differentiation
of the characteristics due to heating mode has become possible in ASDEX Upgrade.

2. RESULTS

We used for ICRF heating a H minority in D, with a central position of the resonance
layer, f = 30 and 31.6 MHz (Bt = 2.1 T, Ip =1 MA, R = 1.65 m, a = 0.5 m, b = 0.8 m),
and for NI : 60 keV D, injection angle 19° with respect to perpendicular at the plasma center
(corresponding to a beam tangency radius of 0.53 m). At 5 MW, we are typically 3 times above
the H-mode threshold. With 0.4 MW/m3, the resulting average power density exceeds by a



660 CDP/11

6000

4000

8.
0>

o 2000

ASDEX Upgrade 01012B
ECE Radiometer R=1.67161 m 4.7 MW

ASDEX Upgrade #10126
ECE Radiometer H=1.67268 m

ASDEX Upgrade #10125
ECE Radiometer R=1.67122 m

3
time [s]

ICRH ICRH

FIG. 1. Central electron temperature for three discharges, with increas-
ing levels of ICRF power (3 MW, 3.8 MW, 4.7 MW). Each discharge
has during the indicated times 5 MW NI (in the first phase alone, in
the second phase in combination with ICRF).

DapureNBI
h e a t l n9I i

,—• ? 0 — " ' '
I ' #9913 electron density

turbulence

f1-0.

1
£ 0 Oivi'''.;'-f:^-'-:%aSaiiii£i'-;W-:i'[-

2.00 2.05 2.10 2.15
time [s]

fV Da pure ICRH

£ 2 0 #9943
in •] 5: electron density
2_ ' turbulence
g.10

1.40 1.45 1.50 1.55 1.60
time [s]

FIG. 2. Frequency spectrum of the
fluctuation in the electron density
near the H-mode threshold for NI
and ICRF heating.

factor 3, the maximum achievable in JET for a comparisons between NI and ICRF. The power
per plasma surface area is similar.
2.1. Differences

Differences were observed in the density and temperature profiles, and in the sawtooth
behaviour between ICRF and NI, reflecting the distinctions in refueling and power deposition.
The differences in the profiles are larger at the top of the sawteeth. At the same line averaged
density (typ. 5xfO19 m~3), the density profile is flatter with ICRF (and increasingly so with
higher density) indicating refueling from the edge. The maximum central electron temperature
is higher with ICRF (5.5 keV versus 4 keV for NI, see Fig. 1) and the profile more peaked :
the ratio Te ic-RF/Te NI decreases from 1.4 centrally, to 1.25 at r /a = 0.4, and is close to 1
at r/a = 1. At the bottom of the sawteeth, the differences are smaller.

The higher average electron temperature and sawtooth amplitude with ICRF exist simul-
taneously with a shorter sawtooth period (82 ms versus 120 ms with NI). This is not only due to
faster initial central heating rate (58 eV/ms versus 22 eV/ms), but also due to a shorter period
during which the electron temperature is saturated. For minority heating, the sawtooth period
increases with increasing power (from 48 ms at 3 MW to 82 ms at 4.7 MW). When the position
of the resonance layer is varied, a more central position of the resonance layer result in a longer
sawtooth period. This indicates competing mechanisms : on the one hand localization of the
electron heating and resultant change in current profile and on the other hand a stabilizing effect
of fast particles. The latter can be separated by using mode conversion heating (He3 in H) : the
power goes mainly to the electrons and no stabilizing effect due to fast particles occurs; under
certain conditions then the sawtooth period can even be made to decrease with increasing ICRF
power and the influence of the localization of the power can be analyzed [4].

Differences are observed between ICRF and NI in the edge near the H-mode threshold
(Fig. 2) : at the L-H transition, the fluctuation in the electron density for purely ICRF heated
plasmas do not show a complete broad band suppression as is observed with NI heating, but
only a suppression at the frequencies 50 ±30 kHz, leaving a high frequency fluctuation at around
100 kHz in the ELM free H phase. Differences are also observed during type I ELM phases :
whereas for NI, the fluctuations near an ELM increase slowly and end abruptly, the opposite is
the case for ICRF (Fig 3).

On TEXTOR [5], adding ICRF heating prevented accumulation of high-Z impurities. Ex-
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periments with repetitive laser ablation (providing, with the observed identical ELM behaviour,
a constant impurity source at the edge) on AUG, confirm a difference in the inward transport
of the impurities during NI heated and ICRF heated periods. However, under conditions where,
with NI, a strong central mode is present, the decay of the central impurity concentration can
be faster.

2.2. Similarities
In contrast to circumstances where the local effects play a role and differences are seen,

often no differences are observed on global parameters. The overall heating efficiency for example
(Fig. 4) is independent of the heating method. The global (bulk + divertor) bolometric radiation
in unseeded plasmas is similar for ICRF and for NI (Prad/Ptoi = 0.7), as is the concentration of
0 and C impurities.

In JET, large differences were observed in the frequency and amplitude of the ELMs
between ICRF and NI heating [6]. In ASDEX Upgrade, for powers ranging from 2.5 to 5 MW,
with the plasma far into the H-mode (1.5 to 3 times the threshold power, clear type I ELMs),
no differences were observed in the ELM frequency, despite the observed differences in the
frequency spectrum of the fluctuations in the electron density during the type I ELM periods
(Fig. 3). Not only is the ELM frequency identical, but the average edge Te (near the separatrix
0.95 < ppoi < 1.05) and the amplitude of the variation of Te due to the ELMs is the same
for ICRF and NI heated plasmas (see Fig. 5). The occasional somewhat larger temperature
excursion in the case of ICRF is due to the larger heat pulse of the sawteeth propagating to the
edge (consistent with the larger amplitude of the sawteeth in the center).

2.3. Synergies
Local effects can affect the discharge globally. Synergetic effects of ICRF and NI have al-

ready been observed in AUG [7] and other machines. Indications of the avoidance of neoclassical
modes [8] by using a combination of NI and ICRF [9], as compared to NI alone is shown in Fig. 6.
The discharge with NI alone (#10560) shows near t = 3.2 s, the appearance of a neoclassical
3, 2 mode. The electron temperature and the plasma energy then collapse. The discharge with
the combination NT and ICRF (#10531) shows at about the same time, a change in sawtooth
behaviour, but no collapse, until at t = 4 s, the ICRF is replaced by NI. Subsequently a 2, 1
mode locks and the discharge collapses.
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3. SUMMARY
The use of 3 dB couplers on ASDEX Upgrade has permitted operation in regimes pre-

viously almost inaccessible with ICRF in divertor machines. Sufficiently large differences are
observed with NI heating that efforts should be intensified to differentiate, in existing and future
high power data, the effects specific to the heating methods.

REFERENCES
[1] GOULDING R.H. et al.. "Global ICRF system designs for ITER and TPX". Radio Frequency Power in Plasmas,

(11 th. Top. Conf.. Palm Springs, 1995), Vol. 355, (R. Prater and V. Chan eds.), A1P (1996) 397-400.
[2] WESNER F. et al., "ICRF Operation during H-Mode with ELMs : Development and Status at. ASDEX

Upgrade", Fusion Technology, (19th. Symp., Lisbon, 1996), (C. Varandas and F. Serra eds.), North Holland
Publ., Amsterdam (1997) 597-600.

[3] NOTERDAEME J.-M. et al.. ':ICRF heating results in ASDEX UPgrade and W7-AS". Fusion Energy, (16 th.
IAEA Conf., Montreal, 1996), Vol. 3, IAEA (1997) 335-342.

[4] NOTERDAEME J.-M. et al., "Variation of the sawtooth activity with ICRF in ASDEX". Radio Frequency
Heating and Current Drive of Fusions Devices, (2 nd. Top. Conf., Brussels, 1998), Vol. 22A, (1998) 9-12.

[5] RAPP J. et al., ''Influence of high-Z limiter materials on the properties of the Rl-mode in TEXTOR-94 with
different heating schemes". Controlled Fusion and Plasma Phvsics, (24th EPS Conf., Berchtesgaden, 1997),
Vol. 21A, (M. Schittenhelm, F. Bartiromo and F. Wagner eds."), EPS (1997) 1745-1748.

[6] BHATNAGAR V.P. et al., "A comparison of ELM characteristics between ICRH and NBI heated H-mode
discharges in JET". Controlled Fusion and Plasma Physics, (24 th EPS Conf., Berchtesgaden, 1997), Vol.
21A, (M. Schittenhelm, F. Bartiromo and F. Wagner eds.), EPS (1997) 77-80.

[7] WESNER F. et al.. "Recent Results from ICRF Experiments on ASDEX Upgrade", Radio Frequency Power
in Plasmas, (11 th. Top. Conf., Palm Springs, 1995), Vol. 355, (R. Prater and V.S. Chan eds.), AIP Press
(1996) 15-22.

[8] GfJNTHER S. et al., "MHD Phenomena in ASDEX Upgrade", this conference, F1-CN-69/EX8/2.
[9] NOTERDAEME J.-M. et al.. "Ion cyclotron resonance frequency heating on ASDEX Upgrade : an overview",

Plasma Physics and Controlled Fusion, (6th Ukr. Conf. and School, Alushta, Ukraine, 1998), NSC KIPT
(1998) to be published.



663 CDP/12

HIGH FREQUENCY FAST WAVE RESULTS FROM THE CDX-U SPHERICAL
TORUS*

R. KAITA, R. MAJESKI, J. MENARD, T. MUNSAT, H. KUGEL,
P. EFTHIMION, M. ONO, D. JENS, B. JONES
Plasma Physics Laboratory and Department of Physics,
Princeton University, Princeton, New Jersey, USA
D. STUTMAN, M. FINKENTHAL
Johns Hopkins University, Baltimore, Maryland, USA
T. INTRATOR, R. FONCK
University of Wisconsin, Madison, Wisconsin, USA
W.-H. CHOE, Y.-S. HWANG
Korea Advanced Institute of Science and Technology, Taejon, Korea
V. GUSEV, Y. PETROV
Ioffe Institute, St. Petersburg, Russia
T. SEKI
National Institute for Fusion Science, Nagoya, Japan
Y. TAKASE
Tokyo University, Tokyo, Japan

Abstract

The Current Drive Experiment-Upgrade (CDX-U) is the first spherical torus (ST) to
investigate radio frequency (RF) heating and current drive. To address the concern that large
magnetic field line pitch at the outboard midplane of ST's could inhibit successful coupling to the
high harmonic fast wave (HHFW), a rotatable, two strap antenna was installed on CDX-U.
Parasitic loading and impurity generation were discovered to be weak and nearly independent of
antenna phasing and angle over a wide range, and fast wave electron heating has been observed.
Plasma densities up to about 1012 cm"-* were obtained with noninductive startup solely with
HHFW. New ST diagnostics under development on CDX-U include a multilayer mirror (MLM)
detector to measure ultrasoft X-rays, a twelve spatial point Thomson scattering (TS) system, and
an Electron Bernstein Wave (EBW) system for both electron heating and electron temperature
measurements. Preliminary experiments with a boron low velocity edge micropellet injector have
also been performed, and further studies of its effectiveness for impurity control will be conducted
with a variety of spectroscopic and imaging diagnostics on CDX-U.

I. INTRODUCTION

The efficacy of high harmonic fast wave (HHFW) electron heating and off-axis current
drive, and the development of non-inductive startup schemes, are two critical issues for very low
aspect ratio ST devices. The HHFW can be used for current drive from startup through the high
performance phase, since high frequency fast waves are effectively absorbed in plasmas with p
from 5% up to about 50%.[1] Noninductive startup is a necessity for an ST-based reactor, since
the OH transformer in the center stack would have to be eliminated to take full advantage of the
compact ST geometry.

As the first fusion facility to investigate RF heating and current drive in an ST, CDX-U is
exploring the physics of fast wave coupling, heating, and startup. A possible issue with HHFW
heating is the large magnetic field line pitch at the outboard midplane of ST's, which could lead to
undesirable slow wave excitation. To address this concern, a rotatable, two strap antenna was
installed on CDX-U. Like the NSTX design, the antenna has an insulating limiter to minimize any
RF-induced modifications to the scrape off layer, and is operable at arbitrary phasing.
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FIG. 1. Normalized RF-induced fluctuations in the line-integrated density.

II. RADIO FREQUENCY WAVE HEATING

One of the first detailed measurements of wave field profiles in a HHFW experiment was
made with a vertical interferometer as the beam was scanned in major radius (Fig. 1). The RF-
induced fluctuations in the line-integrated density were found to be proportional to the line-
integrated background density. This implies that the line-averaged electric field amplitude profile
is reasonably flat, and that wave fields are present in the plasma core. The observed loading can
also be accounted for by fast wave excitation until the straps are within approximately 30 of
being parallel to the edge magnetic field. Over the range of angles where the fast wave dominates,
parasitic loading and impurity generation are weak and nearly independent of antenna phasing and
angle. These results are encouraging for the application of the HHFW in future ST devices, since
they relax the antenna requirements for optimized loading and coupling.

Fast wave electron heating has been observed in CDX-U with a Langmuir triple probe in
both hydrogen and deuterium plasmas (CO/QH ~ 8 and (o/Qj) = 16, respectively). The temperature
data shown in Fig. 2 are from a normalized minor radius of r/a = 0.6, or about two-thirds of the
way out from the center of the plasma. An increase of up to about 50% in the local electron
temperature is observed during RF heating, with 70% of the incident RF power coupled to the
plasma based on the increase in stored energy and radiated power. The rate at which the electron
temperature drops at the termination of the RF pulse is consistent with the estimated energy
confinement time, and much slower than the characteristic decay time of the RF pulse. This
indicates that the probe is responding to Te rather than RF pickup.

Core electron heating with HHFW is also evident from the impurity radiation. The C V
emission is very sensitive to changes in electron temperature relative to the O VI emission, and
the intensity ratio of these lines peaks rapidly (within 0.5 ms) when RF power is applied. Using
the MIST impurity transport code, we have demonstrated that the only self-consistent
explanation for the observed time evolution of the C V and O VI lines is an RF-induced central
electron temperature increase, which was as much as 50% (from 80 eV to 120 eV) in some cases.
The line ratio technique was also validated on earlier, Ohmic discharges when the single-point
Thomson scattering system was operable.

III. RADIO FREQUENCY PLASMA BREAKDOWN FOR STARTUP WITH HIGH HARMONIC
FAST WAVES

Discharge initiation in CDX-U is usually effected with a separate RF system for electron
cyclotron resonance heating (ECH). Recent experiments demonstrated plasma breakdown for
noninductive startup solely with HHFW. The upper trace in Fig. 3 shows the time evolution of
the plasma density, and the applied RF power is displayed below it.
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Plasma densities up to =1012 cm"-* were obtained, although electron temperatures were only
5 - 1 0 eV. This is more than an order of magnitude higher density than the values obtained with
ECH alone. These studies will be repeated in the future with additional RF sources operating near
the ion cyclotron frequency. Numerical modeling of CDX-U performance indicates that
noninductive startup of plasma currents up to 50 kA (q(a) - 1 0 ) will be feasible in CDX-U using
these systems for heating and current drive.
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FIG. 2. Time evolution of electron temperature
and RF power during HHFW heating.
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FIG. 3. Time evolution of electron
density and RF power for plasma
startup with HHFW alone.
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IV. NEW TECHNIQUES FOR DIAGNOSTICS AND IMPURITY CONTROL

Sensitive imaging diagnostics are important for understanding plasma conditions during the
relatively cool start-up phase of the discharge. Ultrasoft X-ray arrays[2] are planned for this
purpose on the National Spherical Torus Experiment, a next-generation ST device at the
Princeton Plasma Physics Laboratory. A prototype multilayer mirror (MLM) detector for this
system was successfully tested on CDX-U,[3] using the C V emission at 40.5 A. A scan of the
mirror angle around the C V line showed a spectral resolution of 1.3 A, and the time evolution of
the signal matched the data from a photodiode detector with a 30-90 A filter. Because the X-ray
energies are determined from the angle of the Bragg scattering off the MLM, the detectors avoid
a direct view of the discharge. This also makes them useful for edge fluctuation measurements,
since unlike standard filtered photodiode detectors their signals are not dominated by the emission
from the plasma core.

The low toroidal fields and high core plasma densities common to the ST preclude electron
temperature measurements based on standard electron cyclotron emission techniques. Theory
suggests, however, that the Electron Bernstein Wave (EBW) can propagate from the emission
region to the plasma periphery, where it can be detected. [4] Studies of the EBW should then allow
proof-of-principle tests of both electron heating and electron temperature measurements, and the
latter diagnostic application would augment the twelve spatial point Thomson scattering (TS)
system planned for CDX-U. [5]

The control of impurities is a critical issue for all magnetic confinement devices. For this
purpose, titanium gettering has been used in CDX-U. In addition, preliminary experiments with a
Boron Low Velocity Edge Micropellet Injector have been performed. [6] Further studies of its
effectiveness will be conducted with diagnostics that include a filtered gated TV camera,
bolometry, visible spectroscopy, and soft X-ray arrays.
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V. SUMMARY AND FUTURE PLANS

The radio frequency heating and current drive experiments on CDX-U are the first of their
kind in an ST. Results from the unique rotatable antenna on CDX-U demonstrated that with
HHFW, parasitic loading and impurity generation were not significant, and little dependence on
antenna phasing and angle was observed. There are also preliminary indications of fast wave
electron heating. In noninductive startup studies, plasma densities that substantially exceeded the
levels obtained with ECH were achieved with HHFW alone.

Several enhancements to the CDX-U facility are being made to improve plasma
performance and permit more extensive RF experiments to be performed. With the
modifications to the toroidal field supply, the field will increase to 2.3 kG, with a "flat-top" of
100 ms. The new power supplies for the vertical and shaping fields will allow a doubling of the
Ohmic current, from 70 kA to 150 kA, with a discharge duration exceeding 25 ms. These changes
will also greatly enhance the quality of the discharge "flat-top" for transport studies.

A new low frequency RF system is being added to CDX-U, to provide a total of 400 kW at 2
to 5 MHz for four antennas in a "rotating field" geometry. The primary heating technique will be
mode conversion in a two ion species plasma, with the RF power being carried to the core of the
discharge by a weakly damped, low frequency (£2RF/QI~ 1) fast magnetosonic wave. The efficient
mode conversion at the ion-ion hybrid layer will generate a strongly damped electrostatic ion
Bernstein wave, which deposits power near the mode conversion layer. This scenario will be used
for electron heating and current drive near the plasma axis. Rotamak current drive will also be
investigated. [7]

Among the diagnostics being developed on CDX-U is the MLM array for detecting ultrasoft
X-rays. The successful test of an MLM detector on CDX-U makes the array a promising tool for
edge fluctuation measurements for NSTX and other future ST devices. The ability of EBW to
propagate from the emission region to the plasma periphery is being exploited for both electron
heating and electron temperature measurements, and it complements the multipoint Thomson
scattering (TS) system being installed on CDX-U. These diagnostics will also be used with boron
micropellet injection for impurity control and transport studies.
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Abstract

The power coupled to electron Bernstein waves in a triplet mode conversion resonator from a fast X-mode at
the plasma edge in NSTX is shown to be > 80% for fce < f < 2 / c e . The EBW damping in the plasma is strong
and localized and, thus, should be useful for heating, current drive, or profile control.

1. INTRODUCTION

The excitation and localized damping of electron Bernstein waves (EBW) in toroidally confined
plasmas presents the possibility of efficient means for plasma heating, current drive, and current
profile control with external power in the electron cyclotron range of frequencies (ECRF). Such
use of EBW is particularly interesting for high-/3 plasmas at low magnetic fields (e.g., MAST,
NSTX) in which the usual heating by O-mode excitation and propagation into the plasma can
only be assured for frequencies at very high harmonics of the electron cyclotron frequency where
damping is rather weak. A new aspect for wave coupling and propagation in these high-/? plasmas
is that their equilibria entail poloidal magnetic fields that are not negligible compared to toroidal
fields as is the case in most low-/? tokamaks.

In principle, excitation of EBW's is possible by mode conversion from externally launched
electromagnectic power in O-mode, X-mode, or mixed O/X-mode polarizations [1-6]. For high-/?,
spherical-type tokamaks (NSTX, in particular) we have recently proposed a scenario for fast-X to
EBW mode conversion that shows promise of high mode-conversion efficiency over a broad range
of frequencies in the vicinities of the fundamental and second harmonic of the electron cyclotron
frequency [7,8]. For the low magnetic field of such high-/? plasmas this falls in a frequency regime
in which high-power cw sources are readily available. Furthermore, for these frequencies and
moderate ny we find effective and localized damping of the generated EBW's in the vicinity of
the Doppler-shifted electron cyclotron resonance. This type of fast-X to EBW mode conversion
(which has been independently considered in [5] but not dealt with in detail) is based upon setting
up at the plasma edge a mode conversion resonator, with the mode conversion to a propagating
EBW as an effective "dissipation" in this resonator. In this paper we present the results of fast-X
to EBW mode conversion for NSTX, compare it to the O-X-EBW mode conversion process, and
illustrate the propagation and damping of the EBW's.

2. THE TRIPLET MODE CONVERSION RESONATOR IN ECRF

Figure 1 shows the spatial distribution of various critical frequencies in propagation across the
toroidal and poloidal magnetic fields, calculated along the major radius of the equatorial plane
for an NSTX equilibrium [9]. As can be appreciated from the simplest cold plasma dispersion [7]
and Figure 1, at low electron cyclotron harmonics a fast X-mode launched from the outboard will
encounter a right (R) cutoff in close proximity to the upper-hybrid resonance (UHR), followed
by a slow X-mode which connects back to the UHR (and kinetically, to the EBW) and continues
to the left (L) cutoff. This combination of R-cutoff/UHR followed by the L-cutoff forms a triplet
resonator containing the mode conversion "dissipation", which, in a cold plasma description is
resonant absorption at the UHR, and in a kinetic description is energy flow in the EBW. Such
a triplet mode conversion resonator can achieve 100% mode conversion from X to EBW. The
critical parameters for achieving this follow from a simplified (neglecting variations in magnetic
fields and ny) cold-plasma full-wave analysis expanded in the vicinity of the UHR, and solution
of the associated differential equation for the X-mode electric field.
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Figure 1: Location of critical frequencies as a function of minor radius along the equatorial plane, as calculated for
NSTX parameters [9].

The results, which can be carried over from our previous analysis of a triplet resonator mode
conversion from fast Alfven waves to ion-Bernstein waves [10], give a power mode conversion
coefficient

where the Budden-parameter r\ is found to be [7]

V =
u>ce(x = xUH)

T — In no (a;)

(1)

(2)
X-XVH

6 = phase of the gamma function r(—ir)/2), and <j> is the phase difference between the slow
X-mode propagating toward the L-cutoff and the reflected component propagating toward the
UHR. Equation (1) shows that 100% mode conversion (C = 1) is possible for -q = 0.22, and
(6 + <t>/2) = IT/2. TO acheive near optimal mode conversion for NSTX one finds from (1), (2)
and Figure 1 the need for setting up the triplet mode conversion in the density gradient near the
plasma edge, and in the frequency range near 2/ce.

A full-wave cold plasma slab code, for arbitrary nz and ny, similar to what was used in [4]
but including the full description of both toroidal and poloidal magnetic field variations, gives the
mode conversion as a function of frequency, for both nz = 0 and nz = 0.1, as shown in Figure 2.
We observe that high mode conversion efficiencies (> 80%) are obtained over a broad range of
frequencies of about 4 GHz around the peak in C « 0.97 at / = 16 GHz. Furthermore, introducing
a change in the edge-density by 5% shifts the peak by about 1 GHz, but does not change its peak
value or shape. We thus conclude that this X-EBW triplet mode conversion for NSTX is both
very efficient and quite robust. The optimal parameters based upon (1) and (2) are essentially
verified by the full-wave code results.

We have also generated and run an approximate full-wave kinetic code that removes the cold
plasma resonance absorption at the UHR and describes the mode conversion as energy flow
(electromagnetic and kinetic) onto the EBW [8]. The results are also shown in Figure 2 and
are observed to be close to those based upon the full-wave cold-plasma description; however,
the kinetic code gives the correct energy flow description, particularly in the transition of the
upper-hybrid frequency from below to above the second electron cyclotron harmonic.
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Figure 2: Mode conversion of fast X-mode to EBW as a function of frequency in a plasma with NSTX parameters
[9] from full-wave calculations [8] using (a) a cold-plasma model with nz = 0, (b) a cold-plasma model with
nz = 0.1, and (c) an approximate kinetic model with nz = 0.

3. COMPARISONS OF O-X-B AND X-B MODE CONVERSION

As in Ref. [4], we can also integrate the cold-plasma equations to derive a mode-conversion
coefficient for O-X-B mode conversion. Figure 3 shows the resonant absorption mode conversion
of an O-mode launched into a plasma with the same NSTX parameters as in Section 2. In each case,
we observe that the mode conversion fraction peaks at the optimal value of nz, n

2
zopt = wce/(w+uce)

[1]. The peak in mode conversion increases with frequency, but significant mode conversion is
then achieved only over a narrow range in nz. We remark that although it is possible to obtain
full mode conversion from the O-mode to the slow X-mode (albeit at a substantial nZiOpt) the
subsequent conversion of this slow X-mode to EBW is at most (1 - T), where T is the Budden
tunneling factor T = exp(-7r?7), with rj given by (2). Thus high mode conversion for O-X-B
requires T -c 1. At high frequencies (28GHz) the confluence of the O-mode and L cutoffs at nz,opt
is farther into the plasma where density gradients are weaker and T is negligible; however, as
nz deviates from nZyOpt, the separation between the O and L cutoffs increases rapidly, drastically
reducing O-mode to slow X-mode conversion. For the low frequency case (14GHz), we see that
even at nZtOpt only « 40% mode conversion is possible, since the confluence point is closer to the
edge where the higher density gradients mean T is not negligible, and our calculations show that
most of the reflected power leaves the plasma on the fast X-mode. Hence we conclude that at
14GHz, the tunneling of the X-mode is more advantageous to the triplet mode conversion of the
fast X-mode to the EBW, as shown in Section 2.

4. PROPAGATION AND DAMPING OF THE MODE-CONVERTED EBW

Beyond mode conversion, the location of the damping of the EBW must be determined by
ray tracing. The poloidal magnetic field leads to changes in the poloidal mode numbers of the
EBW and, subsequently, a change in k\\ [11]. With these changes it is possible for EBWs to
Landau damp on electrons in a region which is not near the electron cyclotron resonance or its
harmonic. Using a non-relativistic, hot Maxwellian plasma ray tracing code [11] we have carried
out preliminary studies of the propagation of mode-converted EBWs launched at the equatorial
plane in plasmas similar to high-/3 scenarios of NSTX. We find that the EBW propagate away from
the mode-conversion region towards the center of the plasma and damp near the Doppler-shifted
electron cyclotron resonance. In the poloidal plane the EBWs remain close to the equatorial plane
and even though there are significant changes in k\\ along the EBWs, there is no electron Landau
damping prior to the encounter with the position of the Doppler-shifted cyclotron resonance.
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Figure 3: Mode conversion of O-mode to EBW (O-X-B conversion) as a function of nz at (a) / = 14GHz, (b)
/ = 21 GHz, and (c) / = 28GHz, in a plasma with NSTX parameters [9] from cold-plasma full-wave calculations.
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Abstract

Advanced tokamak modes of operation in Alcator C-Mod ha ve been investigated using a
simulation model which combines an MHD equilibrium and curren t profile control calculation
with an ideal MHD stabilit y analysis. Stable access to high/3t operating modes with reversed
shear current density profiles has been demonstrated using 2.4 — 3.0 MW of off-axis lo wer lrybrid
current drive (LHCD). Here 3t = '2J.LQ{P)/BQ is the volume averaged toroidal plasma beta.
Current profile control at the /3-limit and beyond has also been demonstrated. The effects of
LH power level as well as changes in the profiles of density and temperature on shear reversal
radius have been quantified and are discussed.

1. Introduction

Tokamak operating modes c haracterized by high energy confinement time. high/3/v \3n =
3t./(Ip/a Bo)], and high bootstrap current fraction (/bs) can lead to more economical fusion
reactors. The key tools for accessing these regimes of advanced tokamak operation are flexible
pressure and current density profile control by heating and current drive. Alcator C-Mod is a
unique facility for testing the physics of current profile control and access to advanced tokamak
modes. The compact device size (RQ = 0.67 m) allows significant off-axis current generation at
reactor relevant densities and magnetic fields (Bo ~ 4—5 T and (n,e) }$lx 1O20 m~3). The highly
shaped C-Mod geometry (KX ̂  1.8, <5X ̂  0.8) leads to increased /3-limits relative to elliptical
and circular configurations. Also, the discharge duration at i?o — 4 — 5 T and Te(0) ~ 5.0 keV
is in excess of TL/R, making advanced tokamak physics studies possible in plasmas with fully
relaxed current density profiles. This is to be contrasted with experiments to date [1,2] where
enhanced confinement, modes have only been achieved transiently.

2. Current Profile Control During Start-Up

Scoping studies have been carried out using a sophisticated current drive and MHD equi-
librium code (ACCOME) [3] to iden tify a stable path to an improved confinement regime using
off-axis current profile control in the form of LHCD. These impro ved confinement modes are
characterized by reversed shear current density profiles with q(ip) > 2 everywhere, i.e. the en-
hanced reversed shear (ERS) [1] and negative central shear [2] modes. The time dependence
of this discharge evolution is simulated by a sequence of equilibria [Figs. 1-2] starting with
an ICRF heated target plasma representative of what has been achieved experimentally in C-
Mod [4] and ending with a plasma near the /3-limit (3^ <; 3.0) [5]. Current profile control during
start-up is shown in Fig. 1 where 3.0 MW of LHCD po wer at 4.6 GHz has been injected into
an L-Mode target plasma c haracterized by p(ip) = p(0)(l — ip)2-, n(>p) = n(0)(l — •*/?), T{ip) =
T(0)(l -ip), ne(0) = 1.5 X 1020 m~3, Te(0) = Td(0) = 4.5 keV, BO = 4.4 T, and ?̂ ° = 2.75. The
integrated currents in Fig. 1 are Ip = 0.69 MA, /ih = 0.39 MA, and /iDS = 0.41. The pressure
profile is broad with p(0)/(p> = 3.17, 3t = 0.88 %, and /3N = 1.3 (% - m - T/MA).

1
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Figure 1: ACCOME simulation of C-Mod advanced tokamak mode at Bo = 4.4 T,
ne(0) = 1.5 x 1020 m" 3 , Ip = 0.69 MA. fbs = 0.41. JLH = 0.39 MA. PLH = 3.0 MW. and
:3N = 1.3.

The profile of saftey factor [Fig. 1] clearly exhibits shear reversal with qo = 4.47, qm-m = 2.83, and
(?-/a)9min ~ 0.7 Current density profiles similar to Fig. 1 are also found as Te, T\ are increased
to 6.0 keV. In this case Ip = 0.84 MA, /bs = 0.45, ILH = 0.45 MA, and ;3N = 1.6. The shear
reversal is even more pronounced with q0 = 4.49 and gm;n = 2.23. The class of current density
profiles shown in Fig. 1 are stable to the n = 1,2, 3, and oo modes because q{ip) > 2 everywhere
and ;% is still well below the ideal /3-limit.

3. Operation at the /?-Limit and Beyond

As the plasma, pressure is increased to near the 3 - limit, it is found that 3 MW of
LHCD power is still sufficient to maintain reversed shear profiles of the safety factor with
about the same radius of shear reversal. An example of this is shown in Fig. 2 where now
p(-L") = P(O)(1-V)2, T(V>) = T(0)[0.67(l-V>)5/2 + 0.33(l-t/>8)3/2], n(w) = p(^)/T(^), ne(0) =
2.0 X 1020 irT3, Te(0) = Td(0) = 7.5 keV, Bo = 4.0 T, and njj = 3.00. The prescribed den-
sity profile is now exemplary of what one would expect with the formation of a transport
barrier and the plasma pressure corresponds to an H-mode confinement enhancement factor of
HITER-89 — 2-5, assuming 6 MW of ICRF heating power. The MHD configuration is double null
with KX — 1.8 and £x = 0.8. The integrated currents in Fig. 2 are Ip = 0.81 MA, Ilh = 0.19 MA,
and /bs = 0.74. The pressure profile is again broad with p(0)/(p) = 2.90, i'3t = 2.60 %, and
/3N = 3.0. The shear reversal point in Fig. 2 is (r/a)9miii ~ 0.74 with q0 = 3.95 and qmin = 2.65.
The current density profiles and MHD equilibrium predicted by ACCOME in Fig. 2 have been
tested for ideal stability by interfacing ACCOME to the JSOLVER. / PEST [6] stability code. It
is found that the predicted equilibrium is stable to the n = oo mode and the n = 1,2,3 external
kink modes, up to values of /?N — 3.7, without a conducting shell. These stability results are
summarized in Fig. 3. The marginal stability boundaries in Fig. 3 were determined using the
plasma boundary, p(i0), and current density profiles given numerically by the ACCOME simu-
lation as input to the JSOLVER. The total plasma current was then varied at constant plasma-
pressure and the plasma pressure was varied at constant current. If a conducting wall is placed
at a radius ?\van = 1.3 a, the stability limit is found to be /3N — 5.2 and is determined by the
onset of the n = 3 external kink mode.

The effects of changes in the density and temperature profiles on the current profile control
have also been investigated. This was done by taking the ACCOME simulation in Fig. 2 and
assuming that p(i>) = piO^l-ip)2 (same pressure profile), T(ip) = T(0)[0.70(l --0)3/2 + O.3O(l -
w% n(w) = p (» /T(^ ) , rie(O) = 2.5 x 1O20 m"3, Te(0) = Td(0) = 7.5 keV, Bo = 4.0 T,
Plh = 2.4 MW, and n?, = 2.75 It is also worth noting that the MHD equilibrium computed in
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this case is a single-null configuration, with KX = 1.78 and Sx = 0.73. The shear reversal radius
is at (r/a)qmin ~ 0.78 with go = 3.20 and gmin = 2.39. The new results are shown in Fig. 4.
The integrated current is Ip = 0.98 MA with / l h = 0.28 MA, and / b s = 0.70. It is interesting
to see that the LH current actually increased, despite the reduction in the LH power from 3.0
to 2.4 MW. This was partly clue to the increase in the current drive efficiency that resulted
from lowering the parallel refractive index of the injected waves from 3.0 to 2.7. Also the local
electron density at the point of rf current generation is lower with the new density profile by a

Current Density Profiles Q-PROFILE

E
< o

0.0 0.2 0.0

Figure 2: ACCOME simulation of C-Mod advanced tokamak mode at Bo = 4.0 T,
ne(0) = 2.0 x 1020 m" 3

: Ip = 0.8 MA, / b s = 0.74, JLH = 0.19 MA, PLH = 3.0 MW,
and /3N = 3.0.

u- 4r

U Z,

4 0

i 0

u 6 . 0

Figure 3: PEST-II stability analysis of C-Mod advanced tokamak mode shown in Fig. 2
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Figure 4: ACCOME simulation of C-Mod advanced tokamak mode at BQ
ne(0) = 2.5 x 1O20 m"3 , Ip = 0.98 MA, / b s = 0.70, JLH = 0.28 MA, P L H = 2.4
fix = 2-93.

= 4.0 T,
MW, and

factor of 1.45. The final qm\n is then lower because of the higher net current density (LH plus
bootstrap) at the shear reversal point. Although j3t = 3.13 % is higher than in the previous case,
fix = 2.93 is about the same because of the increased total current.The ideal MHD stability of
this case was investigated using the CAXE / KINX [7] stability code. The equilibrium was found
to be stable to the n = 1,2,3 and n = oo modes without a conducting shell. It is found that
as the the LHCD power is lowered below about 1.5 MW, the degree of shear reversal becomes
practically nonexistent and the shear reversal radius moves to r/a ;$ 0.5, although q(ib) < 2 still
persists.

4. Summary

In summary, lower hybrid current drive has been shown to be a viable off-axis current profile
control tool for accessing advanced tokamak modes in Alcator C-Mod. Reversed shear current
density profiles with q(u>) > 2 can be maintained using 2.5 - 3.0 MW of LHRF power as the
plasma evolves from start up (fix — 1.0) to the fi limit (/?N — 3.5). It was also found that-
sufficient LHCD power is available to maintain the shear reversal radius at r/a <; 0.6 as the
plasma evolves density and temperature profiles characteristic of an internal transport barrier
[Fig. 2]. Two ICRF minority heating schemes can be used to heat these advanced tokamak
discharges. There will be 4 MW of ICRF power at 80 MHz and 4 MW of tunable ICRF
power (40 - 80 MHz). At BQ ~ 4.0 T, D (H) minority heating can be done on-axis with the
tunable ICRF sources fixed at 60 MHz. At BQ — 4.4 T, D (H) minority heating can be done at
r/a ~ 0.35 - 0.45 with the ICRF sources set at 80 MHz and 78 MHz.

"Work supported by the US Department of Energy Contract No. DE-AC02-78ET51013.
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Abstract
The quasi-steady-state (tH> 10 Taj,) H-mode with high plasma density (ELMy and ELMy free) was

routinely obtained by the injection of Lower Hybrid Heating (LHH) and Lower Hybrid Current Drive (LHCD) with
a power threshold of 50 kW . The antenna spectrum was scanned in wide range and tE was about 1.5-2.0 times of
the L-mode scaling. The density increases almost three times during the H-phase by gas puffing and the particle
confinement time increases more than two times even with a line average density of 3xl013cm"3, which is about 60%
the Greenwald density limit. A hollow Te profile was achieved in the high density case. The experimental results
reproducibly show a good agreement with the theoretical prediction for the LH off-axis power deposition profile.
When a certain of fraction of the plasma current is non-inductively sustained by the LH waves, a hollow current
density profile is formed and the magnetic shear is reversed. This off-axis hollow current profile and enhanced
confinement improvement are attributed to a strong reduction of electron thermal diffusivity in the reversed shear
region.

1.Introduction:
The improvement of tokamak plasma confinement under non-inductive steady-state conditions is

a key issue for magnetic confinement fusion research. The advanced tokamak concept appears promising
for reducing the size of the device. The confinement of the tokamak plasma could be improved by
optimizing the current density profile. One of the improved confinement configurations is the reversed
magnetic shear in the plasma core, which is predicted by theory and observed by experiments[l]-[5]. The
reversed magnetic shear could be obtained and sustained by lower hybrid current drive. How to make this
configuration work under high density and steady-state conditions is still unsolved. For this purpose,
experiments have been carried out on the HT-6M tokamak. The quasi-steady-state (tH> 10 i^) H-modes
with high plasma density (ELMy and ELMy free) were routinely obtained by the injection of Lower
Hybrid Heating (LHH) and Lower Hybrid Current Drive (LHCD) with a power threshold of 50 kW .

The plasma parameters were properly chosen to get weak LH wave absorption dormant regimes.
LHH and LHCD were applied under high density conditions, in which the waves could not be absorbed in
the plasma center so that a large fraction of the non-inductive current was driven in the out part of the
plasma column. In these regime, the initial launched spectrum is up-shifted and broadened. The waves
make many passes through the plasma and are trapped in the external column of the plasma. An off-axis
non-inductive current profile is generated.

2.Experimental results:
For H-mode experiments with LH waves, the HT-6M tokamak is operated in a circular limiter

configuration in D2 working gas with major radius 65cm, minor radius 20cm, toroidal field 1 T and
plasma current less than 100 kA . The plasma density is around l~3xl013cm'3 that is measured by 7-
channel HCN interferometer. Electron temperature is obtained by ECE and soft x-ray energy spectrum.
The other standard diagnostics give the information on the impurities, particle recycling and edge
parameters. Two LH wave systems are used. One is mainly for current drive with a launching spectrum
n|| = 3.0±0.5 (2.45GHz). The second one could be used for either heating or current drive with a narrow
changeable launching spectrum. For all the experimental conditions, the Stix-Golant accessibility limit,
n|| ^ , is about 2.4 ~ 3.0 (BT = LOT, i^ = l~3xl0I3cm3). The fixed n|| = 2.4+0.3 (2.45GHz) is used for
most shots. So the weak absorption regimes are realized.
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By enhanced boronization and helium glow discharge, a very good wall condition is achieved
which is optimized for the LH wave coupling with plasma: low edge density (0.3-1.5xl012cm~3), higher
electron temperature (Te >20eV) in the SOL and a suitable distance between the antenna and the plasma
(0.5~ 1.5cm). The ELMy and ELMy-free H-modes are obtained for either LHH or LHCD plasma. Figure 1
shows the ELMy H-mode discharge with the LHH. The ELMy could be seen on the edge H a monitor
during the confinement improvement phase. The edge electrostatic fluctuation is suppressed. The energy
and particle confinement times are increased by nearly a factor of two. By combining LHH and LHCD,
the H-phase could be easily obtained and sustained for a longer time. The antenna spectrum is scanned in
a wide range and xE was about 1.5-2.0 times of the L-mode scaling. The density increases almost three
times during the H-phase by gas puffing and the particle confinement time increases more than three times
even with a line average density 3xl013cm~3 which is about 60% of the Greenwald density limit. Figure 2
is a typical H-mode shot achieved by combining off-axis LHH

Shot: 1E793

t(ms)
Fig. 1. ELMy H-mode by LHH.

BT= 0.95T, NilLHH = 2.4,
Te0 = 500 eV, PLH = 60kW.

Fig. 2. Typical shot of quasi-steady-state
H-mode by LH waves. BT= 0.93T, Nil LHH = 2.4,

Nil LHCD = 3.0, f= 2.45 GHz, T* = 550 eV.

and LHCD. Impurity radiation is reduced for most of the H-phase unless a burst of metal impurities
terminate the H-phase. A hollow Te profile is achieved in the high density case. The transport code is used
to simulate the experimental data which shows that impurities (mainly carbon and oxygen) and the
electron heat diffusivity Xe are dramatically suppressed. Figure 3 gives the visible line radiation ( Ha, CDI,
OV) during the discharge. The full measurements of the impurities show that Zeff drops from 3.2 to 1.8
after LH wave injection and its profile becomes flatter.
The movable Langmuir probe array and Mach probe are finely scanned from 0.85 normalized radius to the
SOL. The edge electrostatic and density fluctuations are reduced dramatically by LH waves during the H-
phase. Mirnov coils give the same results. M=2, 3, 4, 5 modes are disappeared during H-phase. Figure 4
shows the temporal behavior of m=2, m=5 coils, ion saturation current and floating potential obtained by
the Langmuir probe array. The edge turbulence is suppressed to an ultra-low level by LH waves. Both
radial electric field shear and toroidal rotation velocity are changed during the L to H transition. By using
the wavelet technique, the edge electrostatic and density fluctuations are analyzed. The coherent structure
of the density fluctuations is found at the plasma edge. Higher edge electron temperature and lower
density were observed by the LH waves. The edge density and temperature profiles become steeper. The
shear of electric field Ej in the edge region was more negative and sustained for long time. It seems that
the electric well inside the last closed flux surface plays a key role in suppressing the turbulence in the
edge.
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Shot: 1G7S3

-IP*

29 t (ms) n

F«'g. 3. Temporal behavior of Ha, CHI
and OVfor the LHCD+LHH H-mode.

Fig. 4. The MHD and edge fluctuations were
suppressed to an ultra-low level during H-pha.se.

3.Simulation and discussion:
To full understand the mechanism of the LH deposition profiles in the weak absorption regimes,

the wave diffusion/Fokker-Planck (WD/FP) mode was used, which is derived from the phase averaging of
the wave kinetic equation[6]. In this multipass absorption regime, the initial n|| -spectrum is broadened and
upshifted to very high n|| values. The power is absorbed. The electromagnetic energy density U(r,k,t)
tends to be uniform. The diffusion equation for <U>(m,t) could be obtained by averaging the wave
kinetic equation over the wave orbit as follow:

( T - D w a v e + 2T </>)<£/ >-T<5 >
at am am

Where <.. .> denotes the orbit averaging. Dwave = Am2/2 and m is the RM S step in m per transit time, x, y
are the damping rate and S is the RF source term which is assumed to have a 8-like form. By simplifying
and integrating the Fokker-Planck equation, the 1-D current density diffusion equation could be written as
[7]:

dJ rf _ 1 d
—J^ = 0

dt r dr dr
The definition of each term of the equation can be found in the reference [7]. Combining and solving these
two equations, the LH wave power deposition, and the current density and safety factor profiles could be
obtained. The clear off-axis LH wave power deposition is shown in Fig. 5. The q profile is weakly
reversed, q ^ is 0.9, which is around r/a = 0.3 ~ 0.4. There are two q=l surfaces in this radius. The double
sawteeth were observed by the soft X-ray diodes in the same radius that is shown in Figure 6. The soft-x
diode at 9cm observed the double sawteeth. The diode at 6cm observed the same sawteeth and m=2
oscillations . This off-axis sawtooth behavior is related with double-tearing reconnection in a reversed
magnetic shear plasma [8]-[9]. The high density and low toroidal magnetic field give the LH wave a weak
absorption and multipass wave propagation regime. When a certain of fraction of the plasma current (50%
to 15% for the line average density 1.0xl013cm"3 to 2.5xl013cm"3) is non-inductively sustained by the LH
waves, a hollow current density profile is formed and the magnetic shear is reversed at the normalized
plasma radius of 0.4. The off-axis electron heating is mainly contributed by LHH and the current density
profile is modified by two LH waves. This off-axis hollow current profile and enhanced confinement
improvement are attribute to a strong reduction of the electron thermal diffusivity in the reversed shear
region.
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f

38.0 39.2 40.4 41.6 42.8 44ms

6 Double sawtooth oscillations measured
by soft X-ray diodes.

0 0.5 r/a 1.0

Fig. 5. Off-axis profiles at different times
for the discharge of Fig. 2.

4 . Conclusion
The quasi-state-state H-mode with a density of 60% Greenwald density limit was routinely obtained by
the injection of LHH and LHCD. Multipass absorption and off-axis LH power deposition were dominated
and a weak reversed magnetic share was formed. The efforts are still need for the full wave current drive
under steady-state high density condition. By combining ICRH, LHH and LHCD, higher current driven
efficiency and lower loop voltage were obtained in the HT-6M tokamak. It may suggest that ICRH could
provide one of the solution to meet this goal.
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Abstract

Theoretical results on the wave-plasma interactions in simulated toroidal configurations are pre-
sented. The study covers the cases of large to low aspect ratio tokamaks, in the pre-heated stage. Fast
waves emitted from an external antenna with different wave numbers and frequencies are considered. The
non-inductive Alfven wave current drive is evaluated and discussed.

1. INTRODUCTION

In view of the crucial importance of the non-inductive current drive in low aspect ratio
(spherical) tokamaks (LART's) [l]-[4], we have investigated the propagation and absorption-
conversion of fast waves as well as generation of Alfven wave current drive (AWCD) in such
devices [5]-[14].

In this model, fast waves launched by an external antenna penetrate a "simulated" current
carrying equilibrium tokamak plasma and are partially converted into Alfven waves; these, in
turn, are absorbed by plasma electrons and generate a non-inductive current drive; the simulated
toroidicity and shear are arbitrarily large. Thus, this model represents a reasonable, first order
description of the AWCD generated in the low field side of tokamaks, including LART's.

The solution of the problem includes: (a) the derivation in local B magnetic coordinates,
of closed analytical expressions for the elements of the dielectric tensor, within the framework of
resistive, two-fluid model equations; they hold well in the pre-ignated stage; (b) the derivation of
analytical expressions for the field components in the region between the plasma, and the metalic
wall, within which the antenna, is located; (c) solution of the full wra,ve equation (En ^ 0) for the
radio frequency (rf) field components: and (d) evaluation of the rf current drive, comprising its
momentum transfer, plasma flow and dynamo components.

2. RESULTS AND CONCLUSIONS

We investigated the inverse aspect ratio dependence (e = a/R) of the propagation, ab-
sorption and conversion as well as the AWCD in the range 0.1 < e < 0.9, and for various plasma
and antenna parameters. Illustrative results are presented in Figs.1-5 as follows: (i) test of the
computational algorithm (Fig.l); (ii) frequency and temperature dependence of the total
power absorption, P, and total AWCD, / , for some eight e-values and fixed wavenumbers
(Figs.2-3); (iii) dependence of the efficiency, rj = I /P. on e, temperature T and several
combinations of poloidal (m) and 'toroidal' (n) wave numbers (Fig.4); and (iv) dependence
of the radial distance (from the magnetic axis) of the conversion point, xs. on e, T, m and n
(Fig.5).

The results of our study support the following conclusions, (a). The three AWCD com-
ponents (i.e., dynamo, helicity injection and plasma flow) are generated in the entire range of
relevant aspect ratio values; (b). for the physical parameters considered in this work, the heh'city
injection CD component dominates - the other (smaller) components are comparable; (c). in
the case of low (large) aspect ratio configurations, the maximum efficiency of AWCD increases
(decreases) with increasing poloidal wave number, \m\ (m = —\m\), and with decreasing toroidal
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wave number, \n\ (n = — \n\). (d). The radial distance of the conversion layer is determined by
the lower edge frequency, jJL((,T,m,n). Its value decreases with increasing aspect ratio and
toroidal wave number as well as with decreasing poloidal wave number.

A more detailed discussion of the analytical and numerical methods used in this work as
well as of the results obtained will be presented elsewhere.
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Captions to figures

Fig . l . Test of the computational algorithm used in this paper: (a) Comparison of numeri-
cal solutions for the vacuum case with the corresponding analytical ones indicated by the symbols
A , o , + and x; the relevant physical parameters: e = R/a = 1/10, n(0) = 10i4cm~3,f?o(0) =
I T , n = - 3 and m = - 1 . The temperature T = 100 eV. (b) Modification of 'all-vacuum'
solutions in the presence of plasma: the numbers 0, . . . ,0 .5 on the curves represent the values
of the factor multiplying the actual plasma density at r = 0, n(0). (c) Dependence of the field
solutions on the density of grid points: the solid curve corresponds to 2000 grid points; the re-
sults corresponding to 10,000 grid points are marked by black squares, (d) Frequency spectrum
of the total power absorption, P(w); the dashed curve corresponds to the case E\\ = 0. The
frequency range is that of the Alfven continuum, u> > OJL- ( Wave frequencies are measured in
units of the ion cyclotron frequency at r = 0. )

Fig.2. Frequency spectra of the total absorbed power, P(u?) (solid curves) and total
current drive, I(JJ) (dotted curves ) for aspect ratios 10(a), 5(b), 3(c), 2(d), 1.6(e), 1.4(f). 1.3(g)
and l . l(h) and a temperature value T = 100 eV; n(0) = 1014 cm-3,B0(Q) = 1 T.

Fig.3. As Fog.2, but for T = 500 eV.

Fig.4 Inverse-aspect-ratio dependence of the maximum efficiency r\max = T}(UL) for several
combinations of poloidal (m) and toroidal (n) wave numbers: see keys on figures, (a) T = 100 eV:
(b) T = 500 eV. The other parameters are the same as in Fig.l. In all cases, w = UL(m.,n.e,T)
— the lower edge of the Alfven continuum.

Fig.5a,b. Inverse-aspect-ratio (e) and frequency (u) dependence of the radial distance
(from the axis) Xs at which the conversion from the fast magnetosonic wave to Alfven wave oc-
curs, for several combinations of toroidal and poloidal wave numbers: (a),(g) (m,n) = ( — 1, —1);
(b),(h) (-1,-2); (c),(i) (-1,-3); (d),(j) (-2,-1); (e),(k) (-2,-2); (f),(l) (-2,-3). The temperature
T = 100 eV in (a) -(f) and T = 500 eV in (g) - (1).
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Abstract
In this work, the radial profile of the diffusion coefficient D and the convective velocity V in
the plasma core (0 < r/a < 0.7) are obtained directly by the measurement of the absolute fluxes
of a few molybdenum charge states (intrinsic impurity). The fluxes are derived from the
measured ion density profiles and application of the continuity equation in stationary
conditions. The peak values of these coefficients in the intermediate region of the plasma are
D « 10 m2/s and V <= 100 m/s. A model for the anomalous transport induced by electrostatic
turbulence is developed. With a typical fluctuation spectrum (co = 105-2xl05 Hz), calculations
can reproduce very well the experimental results. To investigate the impurity behavior in a
non-stationary phase, Kr gas was injected into the plasma. It is found that the total flux of Kr
gas flowing into the core is also driven by diffusion but the magnitude is much lower than the
single ion fluxes derived for Mo ions. The effect of the turbulence on the single ion is very
strong but it is reduced when averaged over many charge states.

1. MEASUREMENT OF THE ABSOLUTE FLUXES

29+ 33+

The L-shell emission spectra of Mo - Mo in the range 4-5.5 A were obtained with a
rotating crystal spectrometer. Using a detailed collisional-radiative model developed at LLNL that
incorporates ab initio atomic calculations [1], we identify a reliable line transition from each ion in
each discharge and measure its brightness as a function of the impact parameter. From these
measurements, it is possible, using the calculated atomic data, to get the radial density profile Nz(r)
for the three ions (Z=32, 31 and 30). Then, the flux F can be derived from the continuity equation
[2], in steady state, from the knowledge of the source terms (eq. 1)

r

(1) Tz = iJr'Ne(N i_1S i_1 +Ni+1a1+1 -NjOi -N;Si)dr'
o

(2) r 2 = - D ^ + VNz

where a and S are the total recombination and ionization rates.

The resulting flux, F of Mo3I+ in the range 0 < r (cm) < 20 (minor radius a = 30 cm) is
shown in Fig. 1, together with T of Mo32+ obtained using the continuity equation and profiles of

Mo , Mo and Mo . it is possible to show, as will be done in section II, that for low impurity
concentration, i.e. in the limit in which impurities do not alter the background turbulence (e.g. by
destabilizing impurity-driven modes) and are simply passively advected by it, turbulent impurity flux
can be written, in a general form, as in eq. 2. Writing this equation for T31+ and T32+ and assuming
that the coefficients D and V are the same for the Mo32+ and Mo31+, we can solve the system of two
equations for the unknown functions V(r) and D(r). The results are shown in Fig. 3 for D(r ) and in

11nstitut National de la Recerche Scientifique (INRS), Montreal, Canada
2 The Johns Hopkins University, Baltimore, MD 21218
3 Lawrence Livermore National Laboratories, Livermore, CA 94550
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Calculated flux Mo"" (dotted) the respective experimental values

fig. 4 for V(r) (dotted lines). The uncertainty grows at high radii. Note first that the convective flux
is outward (V positive). A second result for these centrally peaked ions is that in the intermediate
region where the anomalous transport is strong, the values of D and V are much larger (up to an
order of magnitude) than the phenomenological values commonly used in the impurity transport
code to simulate averaged quantities (brightness of line transitions along central lines of sight, Zeff,
radiated power, soft x-ray tomography, etc.).

The peaks of the
Mo24+ and Mo23+ occur in the intermediate region of the plasma. The

The same method has been applied to find the flux profile of Mo24+

emission profiles of Mo25+

profiles are acquired with a grazing incidence time resolving spectrometer (GRITS) developed at the
Johns Hopkins University (JHU) and now installed at FTU. Radial scans of the emission profiles of
these ions allow the reconstruction of the ion radial density profiles. Hence we obtained the flux,
F24+, (Fig. 1). It also must be emphasized that while the radial profile of Mo31+ is approximately
monotonic, the Mo24+ density profile has a off axis bell-shape. The total flux of Mo24+, T24+) changes
sign depending on the derivative of the ion density, meaning that the transport is dominated by the
diffusion term. We used the coefficients D and V, derived for the ions 32+, 31+ , to calculate the
fluxr24+ (dotted line in fig. 1) and compare it with the measured one (continuos line fig.l). The
agreement is excellent, both in shape than in absolute value. This relevant experimental result,
showing that the D, V do not depend significantly on the different charge states, is predicted by the
model , as discussed in the next section. From all these measurements it is therefore possible, for an
ion at fixed radial position, to assess the ratio between the convective and diffusive terms. It results
Tv / |rD | » 3.5 at r = 15 cm for Mo3l+ and |rD| / Tv ~ 7 at 10 cm for Mo24+. These experimental
values will be then compared with the theoretical ones.

2. A MODEL FOR THE ANOMALOUS TRANSPORT

The model we have developed calculates the effect of an electrostatic fluctuating field, with
real frequency co and wavevector k, on the impurity via the fluctuating ExB velocity in the radial
direction. Writing the Drift Kinetic Equation, linearized in the distribution function, and solving it,
we obtain the non adiabatic part of the perturbed distribution function [3]. Integrating the expression

for the flux over time scale co"1 and then over Tg, the time scale of the growth rate of the turbulent
field, we obtain
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T. ^ . ie5d> i2 . _ . ,3 r co - co*-(o^E/T-3/2) -i
<F> = -DB< KM >Imky cPv :—

<L~~.~ r1— ZfM
T I L to + 1 v - a)t(v/// v t h) - cod

 J

where DB is the Bohm diffusion coefficient, co*n= kycT/(ZeB) d ln(nz)/dr and co*T=

kycT/(ZeB)d lnT/dr are the diamagnetic frequencies, cod= -2kycT/(ZeBR)(v2||+vj_2/2) is the

magnetic drift frequency, cot " vth /qR is the transit frequency, vth is the thermal velocity, v is the

impurity collision frequency and nz is the impurity density.

For a FTU plasma with Mo as the dominant impurity and with the local plasma parameters
taken in the region around half radius (in order to compare the results with the experiments), the
frequency ordering (calculated in s"1) turns out to be v > co*n > co*T> cod ̂ cot. Neglecting cod and cot,
taking into account the dependence of v on energy E and estimating the ratio of the mean energy
associated with the electrostatic turbulence to the thermal content, <le5(t>/TI2 > with a mixing length
model based on the result of Ref. [4] , we obtain the diffusive and convective fluxes FD + F v (eqs. 3)
(X = E/T)

where a = DB (a/LT)2 (1/s) exp(-c/s) (2/Vn ) nz, s is the magnetic shear, c«2 is a constant and LT is the
thermal gradient length. Solving the two integrals numerically for different values of v/co and
calculating co*T and co*n for a given Mo ion at a fixed radial position, we find that the two fluxes FD,
Fv are functions only of the parameter v/co.

3. COMPARISON BETWEEN MODEL AND EXPERIMENT

The theoretical curves F v / |FD | for Mo31+ at r=15 cm and |FD | / Fv for Mo24+ at r=10 cm,
obtained from the model above discussed and shown in fig 2 , exhibit a strong dependence on v / co.
Imposing now on these theoretical curves the experimental values F v / |FD | « 3.5 for Mo31+, and |FD |
/ Fv » 7 for Mo24+, we obtain approximately the same value v / co« 5. This is very satisfactory
result, because the different behavior of the two ions (Mo31+ and Mo24+) is well predicted by the
theory. Since v= lxl06s"' for Mo31+ and v= 5xlO5 s"1 for Mo24+, at the respective radii, we obtain
that the range for co is 100 - 200 kHz. We can conclude that electrostatic turbulence, in the
frequency range roughly 105< co(Hz) < 2xlO5 explains the experimental observations. This range
for co is in agreement with the FTU fluctuation spectra. Once fixed co (2 xlO5 Hz), we derived from
the equations (3) the theoretical curves D, V, shown in continuos lines respectively in fig. 3 and
fig.4, as function of the radius. The agreement is excellent all over the range. Finally we obtain, from
the model, that the D (V) for Mo31+ and Mo24+' at fixed position, is the same (by a few percent) in
agreement with experimental results.

4. INJECTION OF KRYPTON

This impurity was injected during the discharge plateau. Bremsstrahlung emission profiles,
measured with a 12 channel detector array, before and after the injection, have been used to find the
radial density profile of the gas at different times [5]. This profile is found to be flat in the centre
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(0-10 cm) because of the sawtooth activity, but with a positive gradient in the intermediate region
(10-20 cm). The proportionality, experimentally found, between the total flux of the inflowing gas
and its radial density gradient shows that the total transport of the gas (i.e. regardless of each ion's
behavior) is driven by diffusion, similar to the result obtained for the intermediate charge states of
Mo. However, the difference in the two cases is that the absolute values for the Kr flux are an order
of magnitude smaller than F24+ and r31+. This is due to the fact that when diffusion is the dominant
process, the fluxes of the single ions change sign and, when summed over, can compensate each
other, yielding a total flux much less intense than the individual ones.

5. CONCLUSION

The "microscopic" effect of the transport on single ions (of Mo) is found to be very strong,
higher than expected, in the intermediate radial region and, for non central ions, dominated by the
diffusion. This is well explained by the radial drift induced by a turbulent electrostatic field, in the
FTU limit of high impurity collisionality. The "macroscopic" transport effect, i.e. summed over all
the charge states of an impurity, is still dominated by the diffusion, but of much smaller absolute
magnitude.
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Abstract
In this paper Ha line shape in front of the limiter in HT-6M tokamak is analyzed by multi-

Gaussian fitting. The energy distribution of neutral hydrogen atoms reveals that Ha radiation is
contributed by Frank-Condon (FC) atoms, atoms reflected at the limiter surface and charge exchange.
Dissociation of hydrogen molecules and reflection of particles at the limiter surface are dominante in
edge recycling. To lower particle reflection at the limiter surface is an important issue for controlling
edge recycling. The measured profiles of neutral hydrogen atom density are reproduced by particle
continue equation and a simplified one-dimension Monte-Carlo simulation code.

1. Introduction
For a better understanding of recycling and neutral particle transport it is of general interest to

know the velocity distribution of neutral particles being recycled at a limiter. The velocity distribution
can be derived from the measured line shape of Ha, D a for Doppler dominated broadening. Also, Ha

line emission is used as an indicator for global particle confinement. However, it becomes much more
difficult to separate recycled particles from different mechanisms. Clarification of contents in Ha
radiation is an important issue to understand mechanisms of edge recycling and to get reliable
measurement of particle confinement time. In HT-6M tokamak Ha spectral line shape is obtained from
observation of particle recycling at main stainless steel limiter. The line of sight is oriented through the
plasma center, such that photos from particles moving towards the plasma center are Doppler shifted
to shorter wavelength and wavelength shift due to plasma rotation is avoided.

2. Analyzing of H a line shape

15000-

10000'

5000-

6555 6560 6565 0 5 10 15 20

KA) E (eV)
Fig. 1 Ha line shape for ohmic discharge (solid line) Fig.2 Energy distribution of neutral H

HT-6M is an air-core tokamak operated in circular configuration with R=65cm, a=20cm, BT=1T,
Ip=55~65kA, Te(a)=8~12eV, ne(a)=l~2xlOI2/cm3. Ha emission is spectroscopically resolved by
grating spectrometer and interference filters and detected by an ICCD and photomultipliersm. Ha line
shape for typical ohmic discharge and a lamp as comparison are displayed in fig.l. Obviously, spectral
line shape differs strongly from Gaussian profile. Most atoms have an inward radial velocity
component. The line in blue side has a broad part from atoms having energies up to 150eV derived
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from wavelength shift. To get energy distribution of particles, the spectral line shape in blue side is
differentiated to wavelength shift. The result up to 20eV is shown in fig.2. Slow atoms (Frank-
Condon, 0-5eV) are produced mainly by molecule dissociation or ionized molecule dissociation. It is
clear to see that H2 dissociation by electron impact into H(ls)+H(2s) channel with averaged fragment
energy of 0.3eV[2] is the dominated molecular process to form FC (slow) atoms for typical HT-6M
ohmic discharge with Te(a)~10eV. Fast atoms produced by charge exchange can reach such high
energies up to 150eV. However, amount of such fast atoms is not sufficient to account for atom
population in energy between 5-20eV. We conclude a significant contribution of fast atoms originating
from the limiter surface exists in addition to the molecule released from the limiter and charge
exchanged atoms. These atoms stem from ions neutralized and reflected at the limiter surface.

We consider excitation of (a) FC atoms, (b). atoms produced by charge exchange and (c)
reflected atoms. Atoms produced by charge exchange can be in excited state or in the ground state,
which can be excited by electron impact, emitting photos. The two types of photos should have same
energy distribution depending on ion energy distribution of background plasma. It has Gaussian
profile for thermal plasma. Photos emitted from reflection atoms have also Gaussian profile if energies
of particles do not significantly vary in neutralization at the limiter surface. Therefor, Ha line shape
can be simplified by three Gaussian profiles. In order to avoid uncertainty of multi-parametric non-
linear fitting, emission of atoms produced by charge exchange is deduced by fitting the Ha line shape
in the far wing[1]. The result is shown in fig.l. This part is of about 21% of total emission. The FWHM
is 6.5A corresponding ion temperature of 170eV in good agreement with measurements by NPA and
Doppler broadening of CV (2271 A) emission line.
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.-••• *
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. - •

15000
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Fig.3 Far-wing Gaussian fitting and residual Fig.4 Double Gaussian fitting of residual of fig.3

The residual Ha line shape shown in fig. 3 is fitted by double Gaussian profiles. The residual
after double Gaussian fitting is stochastic and only in level of detector thermal noise representing a
good fitting. The first Gaussian profile has FWHM of 1.8A (13eV) which is close to Te(a) in front of
the limiter. It stems from reflected atoms at the limiter surface and contributes about 47% of whole Ha

emission. The value of the corresponding particle reflection coefficient is RN=0.6 by considering the
fact that charge exchange does not change atom population. The fraction of reflected particles varies
between 57%-62% in HT-6M ohmic discharges, comparable to those expected for a clean metal (Ni)
surface (RN=0.55)[3]. Wavelength shift of this Gaussian profile is -0.7A, corresponding a bulk velocity
of 3.2xl04m/s. The second Gaussian profile with narrow FWHM of 1.1 A is from FC atoms
contributes 32% of whole Ha emission, corresponding to 40% of recycled particles. Wavelength shift
of 0.15A corresponds to a bulk velocity of 7xl03m/s. These results are confirmed in isotopic
exchange experiments[4].

3. Simulation
Results obtained above are valuable for edge model calculations in order to get information

about penetration depth, fuelling efficiency and local recycling. Neutral hydrogen atoms undergo the
ionization by electron impact and charge exchange with ions. However, charge exchange does not
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cause neutral particle loss. For typical HT-6M edge conditions with 60% reflected particles and 40%
molecule released at the limiter surface, which dissociate into atoms, continue equations of particles
reproduce spatial profile of neutral particles. Results are shown in fig.5. A multi-channel IF-
photomultipliers monitoring and Abel-inversion experimentally measure the profile of neutral
hydrogen particle density. The simulated result is lower than measured data because contribution of
charge exchange to Ha emission is not subtracted in calculation.

10

0
0.0 0.2 0.4 . 0.6 0.8 1.0

r/a
0.0 0.2 0.4 0.6 0.8

r/a

Fig. 5 NH° and simulation by continue equation. Fig.6 Monte-Carlo simulation

Also, the simulation based on a simplified ID Monte-Carlo151 gives neutral particle profiles in
good agreement with measurements in region of 0-0.7a. Fig.6 gives simulated results and measured
data. Discrepancy near the edge is caused due to uncertain charge exchange cross-section in lower ion
impact energy. Molecular dissociation is replaced directly by FC atoms with bulk energy of 0.3eV in
the simulation. Contribution of charge exchange to Ha emission is included in derivation of spatial
profile of neutral particle.

4. Conclusion
In conclusion, recycled particles at the limiter surface are 40% molecules dissociating into FC

atoms and 60% reflected particles. To lower particle reflection at the limiter surface is an important
issue to control edge recycling in HT-6M tokamak. Ion temperature inferred from the far wing of Ha

line shape is in good agreement with those measured by NPA and spectroscopy. Charge exchange
contributes to Ha emission of about 21% meaning a significant correction of particle confinement time
measured by Ha emission. Spatial profile of neutral particles can be reproduced both by continue
equation of particle and Monte-Carlo simulation based on the values obtained from analysis of Ha line
shape
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Current Relaxation and its Roles in Improved Confinement

Abstract
Effective Low Hybrid wave Current Driving (LHCD) and improved confinement in

higher electron density have been attained in HT-6M tokamak by combining with Low
Hybrid wave Heating (LHH). Experiments and code simulation show that off-axis plasma
current is driven and sustained by LHW in higher electron density and relax at the time scale
of resistive diffusion. Sustaining of improved confinement is strongly governed by current
density profile and its relaxation. Relevant issues are also discussed.

1. Introduction
Plasma current density profile is well known to be one of key factors to sustain advanced

tokamak discharges. LHCD is a powerful tool to sustain discharge, control current density profile and
improve global confinement. In HT-6M tokamak, a mode of an off-axis LHCD with help of second
LHW heating was found to be very effective to control current density profile. The discharges can be
sustained by LHW in quasi-steady state in improved confinement. Detailed description of LHW
experiments in HT-6M tokamak is presented by Li et.al m . In this paper we will concentrate on
features of current density relaxation and relevant issues.

2. Experiments and discussion
HT-6M is an air core tokamak operated in circular limiter configuration with R=65cm, a=20cm,

B t~lT and IP~60kA. Frequency of both LHCD and LHH is 2.45GHz. The plasma current is increased

2 0

t i m e ( m s ) H T 6 M S h o t i 6 7 5 8 t i m e ( m s )

Fig. 1 Typical waveforms of discharge with combined LHCD and LHH applied at 18ms and 20 ms.

from 60kA to 70-90kA by LHCD and LHH depending on characteristics of target plasma and power
and N|| of LHW. Effective current driving and heating were indicated by dropped loop-voltage,
increased plasma current and improved (particle) confinement as shown in fig.l. LHCD wave is
applied at 18ms and LHH wave at 20ms and terminated at 46ms and 50 ms. In addition to common
features of improved confinement, the MHD and fluctuation in ion saturated current of Langmuir
probe are suppressed substantially after the onset of Ha dropping. SX radiation behaves complicated
such as giant, double, triplet sawteeth shown as one example in fig.2. Bursts occur in H a emission
looking like ELM. But they are not fully correlated with fluctuations in SX radiation and Mirrov coils
as shown in expanded part (right) of Fig.2. Termination of the improved confinement depends on
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development of MHD. Fig.3 shows that confinement is deteriorated as double sawtooth transits to
single one and fluctuation is increased after Ha changes. These facts suggest that the current density
profile change MHD behaviors and may influence the fluctuations and the confinement.

x
en

x
CO

x
CO

d
x

so Ts ab as ' *o " T s so as a a 10 12

t i m e ( m s ) H T 6 M S h o t 1 6 7 5 8 t i m e ( m s )

Fig.2 SX signals show double sawteeth at position of r/a=0.5. Bursts occur in Ha emission but not
fully correlated with SX fluctuations.
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Fig.3 Deterioration of the confinement by MHD. Fig.4 Te profiles before and during LHW

Code calculation shows LHW can produce off-axis current driving in high electron density.
Most power of LHW deposits in radial region of 0.3a-0.6a by code calculation m . Electron temperature
profiles are measured by soft x-ray pulse-height analyzer with integration time of 20ms shot by shot in
reproducible discharges as shown in fig.4. Electron temperatures around half radius of a plasma
increase substantially after LHWs are applied, which confirms the simulation. HX PHA toroidal
scanning show off-axis energy deposition of LHCD waves. Global current density profile can be
significantly modified with typical off-axis current increment of 20kA by LHCD with power of 50kW
and N||=2.4 and LHW of 50kW. Formation of reversed shear in half radius of plasma and large
gradient out half radius of plasma can be expected. Proper magnetic shear will stabilize MHD,
suppresses the fluctuations and improves confinement as in ERS discharges'2' and EOH discharges'3'.
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At beginning phase of off-axis current driven by LHCD, there exist double or triplet q=l
rational surface. As diffusion of off-axis current, multi-tearing modes cause double or triplet sawteeth
in SX radiation [4) depending on position and fraction of current produced by LHW. The radius of
double and triplet sawteeth occurring around r=9cm (0.45a) is in region of power deposition of LHW
predicted by code simulation. Normally, anomalous behaviors in SX radiation occur at 10-15ms after
decreasing of the Ha radiation. The time is in order of time scale of current resistive diffusing over
0.2a with Te=400eV at ~0.45a, where double or triplet sawteeth were observed. Diffusion of current
density driven by LHW with target ohmic current together can connect double or triplet q=l rational
surface, which cause double or triplet magnetic reconnection processes151. Bigger single-sawteeth
occur within the mixing region and deteriorate confinement as clearly shown in fig. 3. Sustain of
improved confinement is obviously relevant to LH heating producing higher averaged electron
temperature and increasing current diffusing time.
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Fig. 5. Variation of CIII radiation at different chords after LHWs applied at 210 ms.

Impurity monitoring and code simulation shows that particle diffusive coefficients decrease
dramatically and transport barrier forms around 0.7a in confinement improved phase of a discharge.
After LHWs are applied, the variation of impurity radiation from different chords is strongest in region
of 0.6a-0.8a, where current density is expected to have largest gradient. Typical observation is shown
in Fig.5 for CIH radiation at 4647 |. This fact implies a correlation of the confinement improvement
and current density profile. Temporal difference of variation of impurity radiation between chords of
0.7a and 0.9a is about 4ms. This time is again in order of resistive diffusion time for typical edge
conditions in HT-6M. It is another clear evidence that current relaxation influence the confinement
improvement.

3. Conclusion
Current density profile produced by off-axis LHCD and LHH and its relaxation and roles in

confinement improvement are analyzed. The off-axis current relaxes in time scale of resistive
diffusion. It governs developing of MHD, improved confinement and relevant behaviors.
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Pellet injection has been proved to be an effective method for deep
fueling of fusion devices. Improvements of both the particle confinement
and the energy confinement were observed in many experiments. In HT-
6M and HT-7 tokamaks, single and multi-pellet experiments are tried, and
attractive results are obtained.

For HT-6M(R=0.65m, a=0.2m) and HT-7(R= 1.22m, a=0.28m), with the
bulk plasma electron density of around 1x10 cm and electron
temperature of 500 eV for HT-6M and 1 keV for HT-7, pellets with the
size of around 00.6x0.8 for the former and O1.0x2 for the latter (Fig.l)
are acceptable according to Parks model:

-1/3T -l e 0 rp0
5/3

One multi-shot 'in-situ' pellet injector is constructed. By careful control of
the freezing temperature, filling pressure, and freezing time, pellets with
the size from <|)0.6x0.8 to <|)1.5x2 are obtained reliably. Propelled by high-
?ressure gas He, the pellets reach a velocity of around 0.9 km/s.

Figure 1, Picture of pellet for HT-7 (ruler is placed beneath the trajectory, lmm between 2
grids)

During the experiment, typical phenomena are observed: sudden rise of
the electron density and loop voltage, the decrease of Zeff, etc. Deep
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fueling can be seen obviously from the multi-channel Ha array signal. The
life time of pellets ranges from several hundred micro-second to several
milli-second. The result of Abel inversion of Ha signal corresponds well
with the deposition depth presumed by Parks' model.

With multi-pellet injection during ohmic discharge, electron density is
raised approaching to the Greenwald limit. Because of the profile effect,
deep fueling by pellet injection results in considerably higher line averaged
densities than what is obtained by other methods with the same boundary
conditions. Since the density limit is more sensitive to the density at the
edge than in the center, disruptions due to density limit could be avoided
by carefully handling the edge plasma parameters. The result may be
extrapolated to reactor plasmas and makes the future fusion reactor more
economical.

Some interesting phenomena are observed too. The suppression of the
fluctuation in the edge plasma by pellet injection is observed from the edge
probe signal. However, pellet injection could cause m=2 MHD oscillation,
which is intercepted by the peaking of the density. The connection
between pellet fueling and MHD activities is further examined in the
paper.

Though it is generally acknowledged that, the power loss in the center
exceeding the local input power can cause a flattering of the electron
temperature, and even lead to a radiation collapse, recent investigation
shows that the impurity accumulation can lead to the peaking of the
resisivity profile, then flatten the current density. The reversed shear-like
mode are realized on HT-7 by the injection of a pellet during the Ip ramp-
up stage to get a hallow j(r) profile. The related mechanisms could be that:
the suddenly increasing plasma current constrains itself from diffusing to
the center immediately, on the other hand, the flattening of electron
temperature and peaking of density cools down the central plasma. As a
result, the resistivity peaks.
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Department of Plasma. Physics
KFKI Research Institute for Particle and Nuclear Physics
H-1525 Budapest 14., P.O.Box 49., Hungary

Abstract

The shape and evolution of the dense impurity cloud surrounding an ablating micro-pellet in a hot
plasma is investigated. The observations can be understood by assuming near-spherical expansion of the
cloud close to the pellet and a one-dimensional flow along the field lines far from it. Distortion of the
regular one-dimensional flow is often seen if the lifetime of the observed ions is long enough.

1. INTRODUCTION

The ablation of small fragments (< 5- 10lD atoms) of impurity material and the evolution of
the cloud of the ablatant in hot plasma, was investigated. Aluminum micro-pellets were injected
by laser acceleration method[l] into the MT-1M tokamak (R = 40cm, a = 12.5c???-. Bj = IT,
Ip - 20/;.4, ne(0) = 2 • 1013c???~3, Te(0) = 200eV\ discharge duration = 8ms, hydrogen plasma).
The radiation emitted by atoms and ions of the pellet cloud was measured with good temporal
and spatial resolution using CCD cameras, single- and multichannel photomultipliers.

2. QUALITATIVE MODEL OF THE PELLET CLOUD

Schematic view of a pellet cloud for "small" and "large" pellets are shown on FIG. 1. The
processes playing important role in its formation can be outlined the following way. When a
micro-pellet reaches the hot region of the plasma the energetic plasma, particles heat it up and
the pellet starts to ablate. The ablated atoms form a dense (< 1022 atoms/???3) and spherically
symmetric neutral cloud around the pellet that expands with a velocity of a few times 103m/s.

B

a.

Small pellet

b.

Big pellet

FIG. 1. Structure of the pellet cloud for small (a.) and large (b.) pellet.
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This expansion is unaffected by the magnetic field as long as the cloud remains neutral. The
atoms are ionized first by the background plasma then by the secondary electrons arising from
the ionization process and the neutral cloud becomes partially (> a. few ten percent) ionized. The
expansion perpendicular to the magnetic field is stopped approximately at the ionization radius
where the MHD force acting on the conducting cloud balances the kinetic pressure. After this
early stage the ablated material fills a flux tube - the bent lines in the figure symbolize the flow
structure around the pellet - and the pellet cloud starts to expand along the field lines. The
background plasma particles interact with the cloud particles and the energy deposited in the
cloud is spent on radiation and further ionization of atoms and ions, and on the expansion and
temperature increase of the cloud.

Close to the pellet - where the density is high - the evolution of the cloud is determined
by the electrons emerging from the ionization of ablated material. For small pellets (FIG. la)
the ablation rate is small, which results in low cloud and hence electron density. In this case the
ions have longer lifetime and can travel to a considerable distance along the flux tube. For bigger
pellets, the ablation rate and hence the cloud electron density is higher and the ions have shorter
lifetime. The low ionization stages are confined to a small volume around the atomic cloud, where
the expansion is nearly spherical, as shown on FIG. 1b.

3. EXPERIMENTAL RESULTS

To check the validity of the picture outlined above we carried out systematic measurements
on the spatial distribution and time evolution of Al I. Al II, Al III line radiation of micro-pellet
clouds of different pellet sizes. Pellets - used in the experiments - were disc shaped, 10/m? thick
and their diameter varied between 30/im and llOjum, that is their particle content ranged from
about 5 • 1014 to 6 • 1015 particles. The pellets were injected from the downside of the plasma, along
a vertical central chord. Their velocities were between 200rn/s and 600m/s. The micro-pellets
were totally ablated in the plasma and only the largest ones caused noticeable perturbation to the
main discharge characteristics (loop voltage, plasma current and bolometer signal).

To measure the radial and toroidal distribution of the cloud light emission, a gateable CCD
camera and a multichannel photomultiplier viewed quasi perpendicularly both to the pellet path
and the magnetic field. Interference filters were applied in front of the imaging objectives for
wavelength selection (Al I: 3944A, Al II: 6243A, Al III: 5697A). The CCD camera measured with
about 0.1mm. spatial resolution and a minimum integration time of Ifis, while the multichannel
photomultiplier provided a few mm spatial and lj.t,s time resolution.

Making long exposure time (a few milliseconds) images of the whole pellet ablation using

micron
513 Al III, v = 328 m/s

1 05 micron
No. 67783 = ODD m / s

-40 -
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-5 0 5 10
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- 5 0 5 10 15
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FIG. 2. Time integrated pictures of the Al III light of ablating pellets of different
diameters. The pellets travel upwards, the magnetic field is horizontal.
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FIG. 3. 1 JXS exposure images of the pellet cloud in Al I, Al II and Al III light for
two different pellet diameters.

Al III filter in front of the CCD camera, one can observe striation as it is shown on FIG. 2.
This effect is present for both small and large pellets but 1 /.is exposure snapshot images reveal
differences between the two cases. FIG. 3. shows short (lfis) exposure time images of the spatial
distribution of Al I, Al II. Al III line radiation for different pellet sizes. The distributions are
nearly circularly symmetric for all cases except in the case of Al III light of the smaller pellet,
when it is definitely elongated along the magnetic field line. This supports the above ideas that
the A1+ ions, and at the larger pellet the Al+ + ions as well, are confined to that region where the
cloud expansion is nearly spherical. In the case of smaller pellet the expansion of Al + + ions is
one dimensional along the flux tube. For small pellets the cloud shape often deviates from the one
shown on FIG. 2. - it becomes bent or irregular. Such images are not observed for larger pellets,
where the modulation effects only the emission intensity and the cloud size, but not the shape.

To see the differences in the time evolution of pellet cloud radiation distribution we detected
the radial profile of light distributions with high time resolution (1MHz sampling rate) using a
29 channel photomultiplier. This device integrates the light emission in the toroidal direction and
resolves it in the radial direction . The spatial separation of the channels was about lmm, but
due to the finite spatial resolution of the multichannel photomultiplier (> 2mm), the radial width
of the profile is larger on FIG. 4. than on the snapshots on FIG. 3.. For the Al I and Al II
radiation a symmetrical radial distribution moving with the pellet velocity was detected as shown
in the left column on FIG. 4. The right column on FIG. 4. shows that the picture is different
for Al III radiation, in which case both the center and the width of the distribution fluctuates.
This fact clearly indicates, that striation during the pellet ablation is connected to an irregular
motion of the ionized pellet cloud around the pellet and its neutral cloud. In the case of larger
pellets no irregular motion of the cloud is seen, the striation manifests itself in the light amplitude
modulation. This can be understood on the basis of FIG. 1. For larger pellets the Al + + ions are
confined to a smaller region around the pellet and they haven't got enough lifetime to move away
from it. Most probably striation is accompanied by irregularly shaped clouds in this case as well,
but it could only be observed by detecting the radiation of Al + + + ions which lie in the vacuum
ultraviolet spectral range and thus unreachable to our cameras.
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FIG. 4. Time evolution of the radial distribution of Al II and Al III light during
the ablation of a small (35 j-im diameter) pellet. The horizontal axis on the 2D plots
is time, the vertical is the radial coordinate. The radially integrated amplitude, the
center of mass and the width of the profiles are plotted as a function of time on the
curves above the images.

4. SUMMARY

Summarizing our results we observed that depending on the pellet size. i.e. depending on
the density of the pellet cloud (which is higher at larger pellet and lower at smaller pellet) the
expansion of the different, ions of the cloud changes. At larger pellet the A l + + ions are confined to
that region where the expansion is nearly spherical while at the smaller pellets the Al+ + ions have
a lifetime long enough to enter the one-dimensional flow region along the magnetic field lines. We
observed that in this case the Al + + ions not only expand simply along the field lines but this part
of the pellet cloud swings around the pellet position too, possibly causing (or being the result of)
the phenomenon of striation. To reveal this irregular expansion of the cloud one have to select
the ablation rate of the pellet (e.g. by selecting an appropriate pellet size) in a way that ions with
an observable line radiation enter the one-dimensional flow region.
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HIGH PERFORMANCE WITH MODIFIED SHEAR IN JET D-D AND D-T PLASMAS

The JET Team1
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JET Joint Undertaking, XA0053932
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Abstract

The observation of Internal Transport Barriers (ITBs) in which ion thermal diffusivity is reduced to a neo-
classical level and the electron thermal diffusivity is substantially reduced has been made in JET with the optimised
shear scenario with the Mkll divertor both in D-D and in D-T. Central ion temperatures of 40keV and plasma
pressure gradient of 106 Pa/m were observed in D-T leading to a fusion triple product iijTjTE = k 1021 m-3 keVs and
8.2MW of fusion power. ITBs have also been produced in the new Gas Box divertor configuration with a similar
behaviour. With the new divertor an L-mode edge has only been produced using edge radiation cooling. For the first
time, ITBs have been triggered by radiating about 40% of the power with a krypton puff. A tentative scaling of the
power needed to trigger an ITB with magnetic field is indicated.

1. INTRODUCTION

Development of operational regimes with improved confinement allowing operation of a tokamak
reactor at relatively low plasma current and high bootstrap current fraction is important in order to im-
prove the present reactor concept based on ELMy H-modes. Transport in the plasma core has been
substantially reduced, and therefore confinement improved, in plasmas where the plasma current profile
is modified as observed in JET and in other experiments [2,3,4,5]. In particular, by applying additional
heating during the current ramp-up phase in order to slow down the diffusion of the current, ion transport
can be reduced to neo-classical level values within a region called Internal Transport Barrier (ITB). The
understanding of the underlying physics mechanism is progressing [6]. ITBs are likely to be triggered by
a combination of ExB shear flow and low or negative magnetic shear which can stabilise toroidal drift
instabilities, in particular ion temperature gradient instabilities. Electron ITBs have been produced in
JET for several seconds using Lower Hybrid Current Drive (LHCD) where central Te goes up to lOkeV
with 2MW of LHCD power. These results have been reported previously [7] and will not be discussed
here. Simultaneous Ion and Electron ITBs have been achieved [8] and have produced the highest fusion
yield in D-D with a combination of Neutral Beam Injection (NBI) and Ion Cyclotron Resonance Heating
(ICRH). Results obtained during the recent D-T campaign will be discussed as well as ITBs recently
produced with the new Gas Box divertor configuration. Quasi steady-state ITBs in JET are discussed in
a companion paper [9].

2. OPTIMISED SHEAR IN D-T PLASMAS

Scenarios developed for D-D plasmas [10] have been modified mainly to take into account the
lower power threshold for L to H-mode transitions in D-T plasmas. An early appearance of large ELMs
has prevented the formation of ITBs. Also, the formation of an ITB in JET is very sensitive to target
current profile. The additional heating power has to be sufficiently large and a q=2 magnetic surface has
to be present in the plasma in order that an ITB is triggered [11]. In D-T target q profiles were slightly
different to those in D-D. By tuning power waveforms and timing of the high power phase, ITBs have
been triggered at the same power level in D-T as in D-D, both at a magnetic field of 3.4T and of 3.85T. A
typical optimised shear scenario is shown in fig.l. Ion temperature and density profiles are shown in
fig.2. Main results are given in Table 1.

1 See Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L. Watkins)
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Fig. 1: Time evolution of typical signals for pulse
42746 in D-TatBf=3.4T. Ip is increased at 0.4MA/s
up to 3.24MA at 7s,fICRH= 51.3MHz, Zeff= 1.4.

Fig. 2: Radial ion temperature profiles from charge
exchange spectroscopyfor pulse 42940 (Bt— 3.85T,
Ip up to 3.4MA). An ITB is triggered 0.3s after the
start of the high power phase.

It is to be noted that central densities in D-T plasmas are lower than in D-D. This is mainly due to
a lower fuelling rate as a consequence of the need to maximise the tritium to deuterium fuelling ratio.
Tritium being fuelled by the high energy NB injector (15IkeV) and deuterium by the low energy NB
injector (76keV), it was necessary to maximise the proportion of tritium beams and the average energy of
injection was therefore higher in D-T than in D-D plasmas and the fuelling lower for a similar heating
power. As a consequence of lower plasma density and high NB energy, the resulting central ion tempera-
ture is higher in D-T than in D-D.

TABLE 1. PARAMETERS OF INTEREST FOR DT PULSES 42746 (AT 6.82S) AND 42940 (AT 6.25S).
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The ICRH power has been estimated to be very well coupled to the ions during the high power
phase, the frequency used corresponding not only to minority hydrogen and second harmonic deuterium
[12] but also to third harmonic tritium. Step down of ICRH was necessary to avoid excessive peaking of
the central pressure and a possible disruption.
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ATRANSP analysis shows that, within an ITB, the ion heat transport coefficients are substantially
reduced and are close to neo-classical levels in the plasma centre, just as they are in D-D [11]. They are
also lower at 3.8T than at 3.4T as shown by the higher temperature. Electron transport coefficients are
also reduced by a factor 5-10 in a similar way to D-D plasmas. It has been shown [8] that electron
temperature, ion temperature and electron density barriers are formed at the same time and radial loca-
tion. Their time dependence is also closely related.

MHD stability analysis has indicated that the domain of stability is limited by global n=l ideal
pressure driven kink modes. In D-D, real time power control has allowed an operational path close to
MHD boundary limits to be followed and thus the optimisation of the neutron yield. The limited amount
of available 14MeV neutrons has prevented the performance of a similar optimisation in the last JET D-T
campaign.

3. INTERNAL TRANSPORT BARRIERS IN THE GAS BOX DIVERTOR CONFIGURATION

The new Gas Box (GB) divertor is described in [1] and initial experiments have started using a
scenario similar to the one used during the preceding campaign: same current ramp-up, similar target q
profile, similar target density. So far, in contrast to the Mkll divertor, small ELMs cannot be avoided and
double barrier plasmas have been produced (see also [7]).

Optimised shear scenarios producing ITBs have been developed at a magnetic field of 2.5T and
3.4T. The sensitivity of ITBs triggering with the existence of a q=2 magnetic surface has been con-
firmed. The minimum power (NBI + ICRH) which is required to trigger an ITB as a function of mag-
netic field is shown in Fig.3. For similar conditions: target density, q profile (target q, close to 2) and
small ELMs at the edge, the power increases about linearly with the magnetic field. It is to be noted that
with a good tuning of the q profile and the power waveforms, ITBs have been produced at slightly lower
power at 3.4T with an L-mode edge.

One way to restore the L-mode edge is to radiate the power going through the separatrix by inject-
ing a puff of krypton gas as shown in fig.4. When the radiated power reaches 8 to 10MW for a total
injected power of up to 22MW, the grassy ELMs disappear and an ITB is formed leading to significant
neutron yield and confinement. Note that the power was stepped-down in this pulse and was not suffi-
cient to maintain an ITB when the ELMs reappear. Accumulation of krypton has not yet been assessed,
but ion dilution seems to be limited (~10%).
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t = 7s. Krypton is puffed at t= 5.8s for 0.2s.
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4. SUMMARY

ITBs have been produced in D-D and in D-T with the Mkll and in D-D with the Gas Box divertor
configurations. In D-T, ITBs have been produced with similar q profiles and power levels to those in D-
D. Reduction in both ion and electron core transport is similar in D-D and in D-T plasmas. Up to 8.2MW
of fusion power and r̂ T^E of 1.102!m'3 keVs have been achieved but optimisation has not been done.
ITBs have also been produced with the GB divertor with grassy ELMy H-mode edge with a comparable
behaviour to that of the Mkll divertor. The minimum power required to trigger an ITB seems propor-
tional to the magnetic field. For the first time, ITBs have been produced by radiating about 40% of the
power with krypton. Development of these optimised shear scenarios is proceeding.
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Abstract

Internal Transport Barriers characteristic for the Optimised Shear regime and an edge transport barrier of an
ELMy H-mode regime have been superposed in the Double Barrier mode. In DT discharges the Double Barrier
mode has resulted in 50% higher fusion power output and a factor 2 higher fusion gain Q than in conventional
sawtoothing steady-state ELMy H-mode plasmas. Steady-state conditions in temperature and density profiles have
been approached in Double Barrier discharges in deuterium. The Double Barrier mode has been routinely estab-
lished in the new Gas Box divertor configuration on JET. Off-axis LHCD has been used for current profile control
during the high performance phase. In preparation of a new DTE2 campaign on JET the potential of the Double
Barrier mode for sustained high fusion performance has been explored in modelling studies. Steady-state operation
on ITER has been studied in transport code modelling for Advanced Tokamak scenarios in the Double Barrier
mode.

1. DT EXPERIMENTS WITH DOUBLE TRANSPORT BARRIERS ON JET

Double Barrier (DB) modes with an Internal Transport Barrier (ITB) and a superposed edge bar-
rier in ELMy H-mode have been readily produced with the Optimised Shear scenario in DT discharges
on JET during the DTE1 campaign. The ELMy H-mode edge prevents excessive pressure peaking and
improves MHD stability. ITB's with the largest pressure gradient and high fusion power have been
obtained transiently with L-mode or ELM-free H-mode edge [1]. In the Double Barrier mode the rate of
rise in neutron rate is smaller and flat-top conditions are attained later. Neutron economies of DTE 1
therefore have necessitated a limitation of the discharge duration. Density and temperature profiles,
however, still approach stationary conditions. Fig.l shows a Double Barrier mode in DT attaining
6.8 MW fusion power output and an H-factor H ITER 89"P = 2.3 before the heating power from NBI and
ICRH is ramped down. The fusion gain with Q = 0.4 is a factor 2 higher and the triple product with
n;(0)Ti(0)xE = 4.4x1020m"3keVs a factor 2.5 higher than in the best steady-state DT discharge in conven-
tional sawtoothing ELMy H-mode. The ELMs are an order of magnitude smaller in the Optimised Shear
Double Barrier mode and give the prospect of a strong reduction of the critical peak heat load on the
divertor plates in reactor conditions.

The ion heat conductivity falls to neo-classical levels in the core region of Double Barrier mode
plasmas after the confinement bifurcation. The improved confinement region expands gradually out-
wards. The ELMy H-mode provides an additional reduction in the peripheral heat conductivity by about
a factor 3. The improved core is maintained after the edge H-mode transition. The radial profile of the ion
heat conductivity in this Double Barrier state is well reproduced in transport code modelling by introduc-
ing a dependence on magnetic and poloidal rotational shear into the anomalous term [2]. Experimental
and modelled profiles are compared in Fig. 2 for the discharge shown in Fig. 1. The electron heat conduc-
tivity is also reduced across the whole plasma cross section but less than the ion heat conductivity. Ion
and electron temperature profiles peak strongly inside the Internal Transport Barrier in the Double Bar-
rier mode. The density profiles, however, develop similarly in Double Barrier and conventional ELMy
H-mode. This decoupling between strong temperature and moderate density peaking has been consist-
ently observed in Double Barrier modes in deuterium and DT. Detailed particle transport studies have
shown that impurity accumulation is avoided in these conditions established in the Double Barrier mode.

1 See Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L. Watkins)
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Fig. 2 Ion heat conductivity profiles from experi-
ment and model calculations.

2. APPROACH TO STEADY-STATE CONDITIONS

Double Barrier mode discharges have been run for longer durations in deuterium plasmas with
restrictions on neutron production being less severe. High performance has been maintained in this case
for up to four energy confinement times until the end of the high power heating phase with a neutron rate
up to Sn=3.3xl016s"1, abetaBN=1.8 andanH-factorHITER89"P = 2. Time derivatives for profile parameters
diminish after ~1.5 s and density and temperature profiles approach steady-state conditions.

The Internal Transport Barriers, as determined from electron and ion temperature profiles, follow
the q-profile evolution and relaxation and settle close to q=2 in the flat-top phase (Fig. 3). Improved
confinement is established in a wide region inside r/a« 0.65. The q-profile evolves only slowly at the end
of the high power heating phase. In presence of electron and ion temperature peaking, no accumulation
of injected high-Z impurities has been found and the carbon concentration even decreases in the core
during the high performance Double Barrier phase.

r, Pulse No. 40542

6.0 7.0
Time (s)

8.0

Pulse No: 45573

3.8

Fig. 3 Time evolution of Internal Transport Barrier Fig. 4 q-profile evolution during ITB formation and
position and q profile contours. expansion and freezing during LHCD.
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3. DOUBLE BARRIER MODE PLASMAS IN THE NEW GAS BOX DIVERTOR

Double Barrier mode plasmas have been reproducibly established as routine scenario in the new
Gas Box configuration on JET described in [3]. Parameter sets with lp=2.5 MA/B,=2.5 T and Ip=3.5 MA/
Bt=3.4 T have been studied. High performance with beta values up to 13M ~ 2.2 and an H-factor
HITER 89"P < 2.5 has been achieved with a wide core region of low magnetic shear and c ^ slightly below
2. The formation of the Internal Transport Barrier depends critically on the q-profile at the start of high
power heating as found previously [4]. Tight control of the q-profile during the whole Double Barrier
phase is required to avoid degradation related to the location of rational q surfaces with q=1.5, 2, 3.
Shrinking of the region of low magnetic shear after the plasma current ramp-up phase may limit the
expansion of the ITB. A subsequent contraction of the ITB can lead to a roll-over of neutron rate and
beta. ELM amplitude and period are slowly growing in this phase. Ensuing large ELMs may finally
destroy the Internal Transport Barrier. With off-axis LHCD the q-profile evolution during the high per-
formance phase can be slowed down as seen from Fig. 4. Flat-top phases for durations of order an energy
confinement time have been maintained so far. Stationary phases could also be obtained with a radiative
mantle by high-Z impurity seeding [5]. Further optimisation of the scenario will be undertaken to secure
the transition to sustainable steady-state conditions.

4. TRANSPORT CODE MODELLING OF DOUBLE BARRIER SCENARIOS ON JET

The potential of the Double Barrier mode scenario for high performance DT experiments on JET
has been explored with JETTO transport code calculations combined with MHD stability analysis. The
mixed Bohm/gyro-Bohm model with a shear dependent multiplier for the Bohm term used in these
calculations has been validated on JET Optimised Shear data [2]. Off-axis Lower Hybrid current drive
has been found most efficient to establish and maintain a wide core region of slightly negative shear over
70% of the plasma radius, as shown in Fig. 5. This decreases the sensitivity of the barrier location to
variations in q- and pressure profile. Without LHCD the q-profile remains monotonic. In these condi-
tions the beta limit is determined by ballooning modes in regions of high pressure in a
positive magnetic shear region. The beta limit is increased from 13̂ =2.4 to 3.0 with PLH=3.5 MW by
suppressing ballooning modes completely.

Fusion power in the range 20-30 MW is predicted for lp = 3.9 MA, Bt = 3.4 T discharges as seen in
Fig. 6. Flat-top conditions are obtained in this case after ~5 s into high power heating. Uncertainties in
the particle transport model due to limited experimental data sets for validation leave a wide margin in
the predictions. With the lowest diffusion coefficients compatible with existing experiments a fusion
gain in excess of Q=l is obtained. The fusion power density in this case exceeds the external input power
density over more than half the plasma cross section.

JET Modelling on Pulse No: 40542, t = 13s JET Modelling on Pulse No: 40542
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Fig. 5 Current and q-profiles with and without Fig. 6 Time evolution of fusion power, density and
profile control by off-axis LHCD. input powers in model calculations for JET
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5. ADVANCED TOKAMAK SCENARIOS IN DOUBLE BARRIER MODE ON ITER

Steady-state operation of ITER with profile control in Double Barrier mode has been studied with
JETTO transport code calculations using the transport model developed on JET Optimised Shear
discharges. Off-axis Lower Hybrid current drive provides negative shear in a wide core region. This
results in turbulence stabilisation and a wide Internal Transport Barrier.

The wide pressure gradient zone with peaked profiles leads to very large bootstrap currents
exceeding even slightly the plasma current. This allows full non-inductive current drive with additional
RF current drive. The external RF current drive is also required to correct for misalignments in the
bootstrap current profile.

A fusion power of 1.3 GW is produced in steady state in a Double Barrier scenario on ITER with
13 MA plasma current applying an LH driven current of ILH=3.9 MA for current profile control.

6. SUMMARY

Improved core confinement and sustainable plasma edge conditions could be combined on JET in
the Double Barrier mode by the superposition of an Internal Transport Barrier of the Optimised Shear
regime and an edge transport barrier of an ELMy H-mode regime.

In DT discharges the Double Barrier mode has achieved a fusion gain of Q=0.4 and a triple
product of n;(0)T;(0)TE = 4.4xl02V3 keVs, compared with Q=0.2 and ni(0)Ti(0)xE = 1.9 x l 0 2 V 3 keVs
in the conventional sawtoothing ELMy H-mode. The ELM amplitude is an order of magnitude smaller in

-JTER 89

the Double Barrier mode. Steady-state with improved confinement at Ff ' ~ 2 for four energy
confinement times has been approached in the Double Barrier mode in deuterium.

Transport analysis of Double Barrier mode discharges shows a sustained reduction of the heat
conductivity across the whole plasma cross section, with the ions in the core at neo-classical level. Ion
and electron temperature profiles are peaked in the Double Barrier mode while the density profile is
broad and similar in shape to the conventional ELMy H-mode profile. This indicates a favourable com-
bination of improved energy confinement and moderate particle confinement improvement, thereby
reducing the risk of impurity accumulation.

Recent experiments in the new Gas Box divertor configuration have reliably reproduced the
Double Barrier mode. Off-axis LHCD helps to freeze in the current profile during the high performance
phase.

Self-consistent scenario studies with transport and MHD stability codes validated on JET experi-
mental data predict further performance improvement by expanding the internal transport barrier with
off-axis Lower Hybrid current profile control. Fusion power output in the range 20-30 MW is predicted
for DT operation in the Double Barrier mode.

Steady-state conditions in Advanced Tokamak operation in the Double Barrier mode are predicted
in transport code calculations for ITER. In a 13 MA discharge, a fusion power output of 1.3 GW can be
obtained, using off-axis current profile control with LHCD to expand and control the location of the
internal transport barrier.
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Abstract

Trace amounts of tritium (1-5% of the deuterium content) have been introduced in short puffs
(-40 ms) into the low-field mid plane edge of steady-state deuterium plasmas in JET. The transport
properties of the edge and core plasma, and the time evolution of the fraction of tritium in recycling flux,
determine the evolution in space and time of the 14 MeV neutron emission following these puffs. Earlier
work on TFTR has been in transient, high performance plasmas [1]. The JET experiments offered a
unique opportunity to perform measurements of fuel ion transport in an ITER relevant regime. The main
objective of these trace tritium transport experiments was to apply the dimensionless parameter
approach, used in the study of energy confinement, to particle transport and to connect particle and
energy transport in the same data set.

1. OVERVIEW OF EXPERIMENT AND ANALYSIS TECHNIQUE

Following the tritium puffin L-Mode we observe changes in the edge Da signal as a response of
the plasma to the excess fuelling. In H-Mode discharges this is however not the case. Neither the ELM
frequency nor the base level react [2]. The 14 MeV neutron signal rises on a fast time scale. The peak of
the 14 MeV neutron yield is reached in less than 300 ms for the discharges with the best confinement in
these experiments (3MA/3T/14 MW, xE=0.5 sec). After a decay phase the neutron yield settles on a
steady-state level higher than observed before the puff. This is due to the absorption of tritium by the wall
and its subsequent recycling. Typically 5x1020 tritons are puffed into the vessel in each experiment. The
wall reservoir of hydrogen atoms is (1.6±0.6)xl023 [3] and therefore the fraction of tritium in the wall
flux increases by about 3xl0'3 after each tritium puff.

The neutron profile monitor measures 10 horizontal line integrals and the total neutron emission
with 10% accuracy [4]. The triton particle transport coefficients and their confidence intervals are com-
puted from a least-squares fit of the model (see below) to the neutron measurements and their errors [5],
Time bins per channel of at least 100 counts are used. In the rise phase 10 ms bins were used if possible,
longer if necessary. Further time bins of 100 ms duration are included in the steady-state phase before the
puff, and in the decay phase after the puff. The number of these time bins is limited so that the total
number of counts does not exceed that during the rise phase. Otherwise the analysis might be biased
towards steady-state density profile analysis. This would result in an ambiguity between convective and
diffusive transport terms.

The model uses a 1V2-D transport code with diffusive and convective particle transport terms
(SANCO) and a time dependent fraction of tritium in the wall flux using a model which describes the
isotopic changes in the wall. The neutron emissivity is modelled with a post processor (CHEAP [6]). The
latter has been modified to account for the experimentally observed radial profile of 2.5 MeV neutron
emission by adjusting the fast particle density. This modification is part of the least-squares fit [5]. Alter-
native modifications (for example a change of the dilution) are not consistent with JET data. Without
modification all models (CHEAP, TRANSP) typically predict a factor of 3 more neutron brightness in
the edge channels (r/a>0.7) than observed. Also finite neutron brightness is predicted for r/a>0.9 whereas
the neutron profile monitor detects only a backscattering signal in this region. If the fast particle model

1 See Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L Watkins)
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was left unmodified the transport analysis of tritium would have to match the observed 14 MeV neutron
brightness with a lower tritium density in the edge instead. The core tritium density would be the same
which means that a stronger inward convection velocity would be derived.

2. SCALING OF TRITIUM TRANSPORT WITH DIMENSIONLESS PARAMETERS

Experiments were conducted in L-Mode and steady-state ELMy H-Mode NBI heated plasmas at
constant q95 (=3.4), and constant minor radius, elongation and triangularity. We mainly varied p* and to
some extent also v*. There is some covariance of p with p* in the data set (see Figs.l, 2). Energy
transport in ELMy H-Modes on JET has been found to be independent of p [7]. Here we assume that the
same is true for particle transport. For L-Mode discharges the transport then seems to follow Bohm-
scaling throughout the plasma. For H-Mode discharges the transport is best described by gyro-Bohm
scaling for 0.3<r/a<0.6 and Bohm-scaling for 0.6<r/a<0.95. For L-Mode the convection term in the
plasma for 0.3<r/a<0.6 is zero within the error bars. For H-Mode a finite convection term is found
throughout the plasma. For 0.3<r/a<0.6 it is independent of p* while it is found to decrease with p* for
0.6<r/a<0.95 (see section 3 for further discussion of the convection term).

In the figures we show the scaling of data points with respect to a reference case at 2MA/2T/
1OMW (#42517) since ratios in dimensionless parameters exhibit a smaller variation with radius than the
quantities themselves. The error bars in dimensionless quantities represent radial and temporal varia-
tions. In all cases the errors in transport coefficients for 0.6<r/a<0.95 are dependent on the errors of the
edge and wall model parameters. In addition the neutron statistics are worse in the edge. Therefore the
error bars in this zone are significantly larger than for 0.3<r/a<0.6. For the innermost zone, 0<r/a<0.3,
scaling is not possible, since the chordal data across this zone are affected by sawteeth. For the outermost
zone, 0.95<r/a<1.0, dimensionless quantities cannot be calculated.
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are best represented by a gyro-Bohm scaling (all 5 used data points within a ±30% band). Bohm scaling
is worse
(±50% band).
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Fig 2: Like Fig 1, but for 0.6< r/a< 0.95. The data are best represented by a Bohm scaling (all 5 used data
points within a ±35% band). Gyro-Bohm scaling is worse (± 55% band).

One discharge in this series of experiments at 2MA/2T/18 MW (#42511) does not fit the observed
scaling in diffusion coefficient and convection velocity. It also deviates in its energy transport properties
from the observed scaling (see section 3.). On the other hand it lies well within the range in all dimensionless
parameters except for its value of (3 (0.6<r/a<0.95). While this could influence the scaling in this region
it is not clear why it should influence the scaling further inside the plasma. This suggests that the set of
parameters used for the dimensionless scaling approach is incomplete at present.

3. COMPARISON WITH DEUTERIUM AND ENERGY TRANSPORT

We have used the derived tritium transport model to predict the steady-state deuterium density
profile. The beam deposition profile is computed by CHEAP. For the wall influx we have used the
horizontal Da signal, with a Johnson-Hinnov factor of 20, which also accounts for molecular emission.
It is interesting to note that this results in the correct density within +30% in spite of the strong poloidal
asymmetry in the Da emission (especially in the divertor region).

The main conclusions from this calculation are drawn from the deuterium density profile shape.
We find that the convection term for tritium for r/a<0.6 is inconsistent. To be consistent the convection
term needs to be about an order of magnitude smaller. On the other hand we find that the convection term
for r/a>0.6 is required to explain the deuterium density gradient in this region. Further studies are neces-
sary to determine whether the convection term in the centre, derived from these transient experiments, is
real or due to systematic errors in the analysis.

A further outcome of the calculation is that the deuterium density profile is consistent with the
weak mass scaling found for energy transport [7]. Three mass scalings have been tested, gyro-Bohm
scaling Z)D/DT=(2/3)1/2 and Bohm scaling D^ID-^l for the whole plasma, and a mixed model using the
derived scaling in each zone (see section 2). All of these assumptions give results within the range of
experimental deuterium density profiles.
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The results for 0.3<r/a<0.6 of the transient transport analysis for tritium are compared to the result
of the TRANSP analysis of the steady-state density and temperature profiles in Fig. 3. The figure shows
that the scaling of the inverse of the energy confinement time (gross conductivity) is weaker than the
scaling of DT. We find good correlation with the heat conductvities, however Dr=Xe<%efl<%i> except for
the 2MA/2T/18 MW (#42511) discharge. Also we find a good correlation with the effective electron
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Fig. 3: Scaling of confinement and steady-state transport quantities (analysed using TRANSP) plotted
against the tritium diffusion coefficient for 0.3< r/a< 0.6from transient transport analysis. Open symbols
are the higher v*=n/T? discharge at each p*. Discharge 42511 is marked by a special symbol.
Left: Effective electron diffusivity, Middle: Ion, electron and effective heat conductivity, Right Gross
conductivity.

particle diffusivity, i.e. Dr=De,efi=Vne/re, again with the exception of the 2MA/2T/18 MW (#42511)
discharge. In the outer region, 0.6<r/a<0.95, we have set the diffusion coefficient constant in radius and
we find a diffusive transport barrier in 0.95<r/a<l .0. TRANSP on the other hand derives transport coef-
ficients with strong radial variation and does not find a transport barrier. A detailed comparison of results
in these two regions is therefore not meaningful.

4. CONCLUSIONS

Trace tritium transport experiments were conducted in L-Mode and steady-state ELMy H-Mode
plasmas. For L-Mode discharges the transport seems to follow Bohm-scaling throughout the plasma. For
H-Mode discharges the transport is best described by gyro-Bohm scaling for 0.3<r/a<0.6 and Bohm-
scaling near the edge (0.6<r/a<0.95). For 0.3<r/a<0.6 a non-zero convective transport term is obtained
only in H-Mode. This is however not consistent with the observed deuterium density profile shape. The
convective transport term for 0.6<r/a<1.0, on the other hand, is required to explain the observed deute-
rium density gradient. In the plasma core we find that tritium particle diffusivity, effective electron diffu-
sivity and electron heat conductivity are about equal whereas the ion heat conductivity is correlated but
much larger.
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Abstract

Experiments in the ELM-free Hot-Ion H-mode regime have been carried out in Deuterium-
Tritium plasmas in JET. Initial experiments undertaken at constant NB power, around 11 MW, demonstrated that
core fuelling was dominated by wall/target recycling rather than NB fuelling and made it possible to arrange an
optimum core DT mix by adjusting the DT mix in wall/target, gas and NB. High power experiments at 4.2MA/3.6T
have successfully and reliably delivered fusion power (PDT) up to 16.1 MW and plasma stored energy (W,IA) of 17
MJ. The results are in good agreement with extrapolations, carried out with TRANSP and JETTO codes, from
similar deuterium discharges. Transiently, values of Qot around 0.9 ±0.1 were achieved, consistent with values of
nDT(0) xE Tj(O) ~ 9 x 1020 m'3 s keV. The ratio of fusion power to input power QN is in excess of 0.6. There are
indications of an isotope effect on the edge pressure pedestal, however no net dependence of global confinement on
isotopic plasma composition has been found.

1. INTRODUCTION

The first pilot experiments using 10% tritium in deuterium in the ELM-free H-mode at JET pro-
duced 1.7MW of fusion power as reported at the 1992 JAEA [ 1 ].Thereafter the JET programme turned to
the study of two divertor designs of increasing closure. The impact of these changes on the ELM-free
regime in deuterium were described at the IAEA meetings in Seville 1994 [2] and Montreal 1996 [3].
Since the Montreal meeting, the properties of ELM-free Hot-Ion H-modes with combined Neutral Beam
(NB) and Ion Cyclotron Resonance Frequency (ICRF) heating at the Hydrogen minority resonance have
been extensively explored. At the same time, the understanding of the MHD stability of the regime
progressed with the identification of the so-called Outer Mode as an ideal external kink, driven by the
edge current gradient. A method for mitigation and avoidance of the Outer Mode by decreasing the
plasma current during the ELM-free phase was successfully developed. As a result the performance,
robustness and reliability of the regime have been improved, extending the DD neutron yield to
5.2x1016 s"1 at 3.8 MA/3.4 T with combined NB+ICRH, thereby making the regime an ideal candidate
for experiments in DT.

2. DT MIXTURE CONTROL AND PARTICLE TRANSPORT EXPERIMENTS

In ELM-free H-modes in deuterium the plasma density rise is of the same order of the NB fuelling,
but it is not possible to establish the relative contribution to the plasma fuelling from the beams and the
wall recycling sources.

In the DT mixture control experiments the beam mix was varied from 100 % deuterium to 100 %
tritium at constant power, in the range of 11 MW, with deuterium recycling and gas fuelling. The TRANSP
code was used to predict, on the basis of a pure deuterium discharge, the DT fusion power as function of
the plasma and NB DT mix: For each NB mix, the fusion power PDT was then computed for various
values of the contribution fw of recycling, assumed to be pure deuterium, relative to that of NBI fuelling.
The set of curves thus obtained can be compared with the measured PDT (Fig- 1)- Note that the 100 % T
beams case is the most sensitive to fw. In Fig. 1 the best match to the experimental data is found for

1 See Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L.Watkins)
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fw = 2, indicating that wall recycling plays a considerable part in the plasma composition in the ELM-
free regime, even in low recycling conditions. The insights from these experiments made it possible to
arrange an optimum core DT mix by preparing the recycling surfaces to achieve the desired isotopic mix.

The spatial variation between D and T sources in the DT mixture experiments allows a more
detailed analysis of particle transport by the TRANSP code under the assumption of a radially constant
diffusion coefficient Do. Additionally, a common local convection velocity is imposed on both species,
sufficient to satisfy the total hydrogenic particle balance. Within the uncertainties of the TRANSP
transport model, the study shows that this series of discharges can be described consistently by the same
particle mixing model in which the flow of each species is driven mainly by its own gradients; the value
of the core particle diffusion coefficient is of the order of the effective heat conductivity Xeff The assump-
tion of Do = const, is, however, not unique. A functional form of Pwhich increases towards the edge
could also be adopted, as was done to describe tritium transport in transient gas puff experiments in JET
ELMyH-modes[4].

3. OVERVIEW OF HIGH POWER EXPERIMENTS

The DT experiments in the Hot-Ion ELM-free were carried out first in the standard 3.8 MA / 3.4 T
scenario, both with NBI alone and with NBI + ICRH. The NB only case reached 12.3 MW of fusion
power with 21.6 MW of input power, while the combined heating case delivered 12.9 MW of fusion
power for 22.6 MW of total input power, close to that expected on the basis of DD performance if the
effect of alpha heating is included. In both cases the Tritium concentration was of the order of 50 % in the
core. A second set of experiments was performed at higher plasma current and toroidal field, 4.2 MA /

3.6 T, to exploit the full NB power capability and the expected improvement in confinement and ELM
stability with plasma current. A significant gain in performance was thus achieved, resulting in a new
record in fusion power, 16.1 MW, and stored energy, 17 MJ, for an input power of 25.7 MW. The thermo-
nuclear fusion power reaches 60 % of the total DT fusion power. No alpha particle driven Toroidal
Alfven Eigenmodes (TAE) were observed, which is consistent with theoretical analysis [5].

The achieved level of DT performance depends in part on the existence of isotope effects on
confinement and MHD stability. In the DT experiments performed to study alpha particle heating [6] an
increase of the density, ion and electron temperatures close to the edge transport barrier with increasing
isotopic mass was measured [7]. In this set of data, however, the global confinement time does not vary
with plasma composition (Fig. 2). In the high power experiments, within 10 % the loss power is found to
be the same function of stored energy in DD and DT. On the other hand, local confinement analysis
suggests that in the core the effective thermal conductivity follows gyro-Bohm scaling and hence de-
grades with increasing mass. The fusion power is close to what is predicted by the transport code TRANSP,
including alpha particle heating but excluding isotope effects. The experimental maximum net isotope
effect maybe of the order of 1 MJ. In summary, isotope effects on local confinement have been identified,
both in the core and in the edge transport barrier, but the net effect on global confinement is small within
the uncertainties of the analysis.

4. DT FUSION PERFORMANCE PARAMETERS

The thermal and total fusion gain can be defined as:

" p
td QP _ t MW'k nth _n l4 ^Ctot pth + prot + p _ p

*Loss *opbs Loss Loss Loss aabs

where P'^T and PDT are the thermal and total fusion power. The thermal loss power is
Pat +" Pa°!ab, ~ dW"1 I dt; rotation and fast particle components of the loss power are defined analo-
gously. Alpha particle slowing down is also taken into account. The value of the instantaneous power
gain is QIN = BT / &•

It is found that Q^t increases with plasma current and is similar for NB+ICRH and NB only
discharges. In the record fusion pulse at 4.2 MA/ 3.6 T (Fig. 3) Qfot and Qfh initially increase rapidly,
then remain fairly constant, thus suggesting that fusion power and losses change in proportion. With the
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appearance of MHD activity, clearly seen in the Da trace, both Q^t and Q^ decrease together with the
global and thermal confinement times. On the other hand, the value of ON increases monotonically with
time up to the Giant ELM. These observations may indicate that the MHD activity in the ELM-free Hot-
Ion regime affects plasma losses more than neutron rate or core conditions. All the DT pulses have been
limited by MHD events. However, were it possible to maintain the same confinement quality,
Wr0T IPLoss ' a nd m e same reactivity PDT /WjOT into steady-state, one would expect the value of OJN to
approach the measured value of Qfot.

An overview of the local fusion performance and the input power profiles, as computed by the
TRANSP code, is given in Fig. 4 for the record fusion pulse just before the MHD activity appears. The
data show that, in the core, the fusion power density is of the same order or slightly in excess of the input
power density to the thermal component from external sources, ~ 0.6 MW/rh At the same time, the
source fusion alpha particle power density is ~ 0.08 MW/rr; of which ~ 0.06 MW/mis coupled to the
electrons; this is comparable to each of the other electron heating sources, including ion-electron
equipartition and change dWg/dt in electron energy density.

5. SUMMARY AND CONCLUSIONS

Experiments in the ELM-free Hot-Ion H-mode regime have been carried out in Deuterium-
Tritium plasmas in JET. Initial experiments undertaken at constant NB power, around 11 MW,
demonstrated that core fuelling was dominated by wall/target recycling rather than NB fuelling; as a
consequence an optimum core DT mix could be arranged by adjusting the DT mix in wall/target, gas and
NB. Modelling of particle transport in discharges with different fractions of T beams into a deuterium
plasma has been carried out with the transport code TRANSP.

High power experiments at 4.2 MA / 3.6 T have successfully and reliably delivered DT fusion
power up to 16.1 MW and V^IA of 17 MJ, and the results are consistent with extrapolations carried out
with the TRANSP and JETTO codes on the basis of deuterium discharges. There are indications of
isotope effects local confinement in the core and in edge transport barrier region, but the net effect on
global confinement is small within the uncertainties of the analysis. Transiently, values of Qot around
0.9 ± 0.1 were achieved, consistent with values of $)T(0) TE TJ(O) ~ 9 x 1020 m"3 s keV. The ratio of fusion
power to input power OJN is in excess of 0.6. In all cases, the high performance phase was transient,
limited by external kink modes and ELMs in a similar manner to DD ELM-free H-modes. Power step-
down experiments carried out in DD would suggest that OJN ~Qtot

P might be sustained for a confinement
time, but even here the performance is ultimately limited by edge stability.

It is encouraging to find regimes, such as the Hot-Ion ELM-free H-mode, where the fusion per-
formance can significantly exceed the baseline steady state ELMy H-mode, and such plasmas find ready
application in studies of particle and energy transport, alpha particle [7] and ICRF heating and TAE
stability. The transient nature of this regime, however, prevents direct application of these results to a
fusion reactor unless means are found of controlling the steep edge gradients, and the resulting edge
MHD activity.
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Abstract

An Internal Transport Barrier (ITB) was found in ohmically heated plasma in TUMAN-3M (RQ = 53 cm,
ai = 22 cm — circular limiter configuration, Bt < 0.7 T, Ip < 175 kA, <n> ^ 6.0-1019 m"3). The barrier reveals
itself as a formation of a steep gradient on electron temperature and density radial profiles. The regions with
reduced diffusion and electron thermaldiffusivity are in between r = 0.5a and r = 0.7a. The ITB appears more
frequently in the shots with higher plasma current. At lower currents (Ip < 120 kA) the ITB is rare. In the ohmic
H-mode with ITB the thermal energy confinement is in the range of 9-18 ms. The enhancement factor over
ITER93-H(ELM-free) scaling is up to 2. The results of experimental study of fJN limit in the ohmically heated
plasma are presented. Stored energy was measured using diamagnetic loops and compared with W calculated
from kinetic data obtained by Thomson scattering and microwave interferometry. Measurements of the stored
energy and of the |3 were performed in the ohmic H-mode before and after boronization and in the scenario with
the fast Current Ramp-Down in the ohmic H-mode. Maximum value of pT of 2.0 % and pN of 2 were achieved.
The pN limit achieved is "soft" (nondisruptive) limit. The stored energy slowly decays after the Current Ramp-
Down. No correlation was found between beta restriction and MHD phenomena.

1. INTERNAL TRANSPORT BARRIER FORMATION IN OHMICALLY HEATED PLASMA

In the freshly boronized vessel the attainable plasma current was increased up to 175 kA [1].
This allow to perform study of plasma confinement in the ohmic H-mode in the increased plasma
current range. Stored energy was measured by diamagnetic loops and calculated using kinetic data.
The measurements have shown the noticeable enhancement in the energy confinement time as
compared with ITER93-H(ELM-free) scaling predictions, see Fig. 1. The enhancement factor HH in
this scenario is up to 2.0 and absolute values of XE are in the range 9-18 ms. HH appears to be larger
when Ip is more than 120 kA. At lower plasma currents the HH is close to 1. The increase in HH

indicates some improvement in the confinement above standard H-mode at higher currents.
Typical waveforms of some plasma parameters in the shot with 150 kA ohmic H-mode are

shown on Fig. 2. The distinctive feature of the shot is slow decay of the Da emission during the
transition into the regime with improved confinement. The slow decay means gradual reduction of the
particle/energy outflux near the edge. Note that in the shots with Ip < 120 kA the transition into the
ohmic H-mode (without core confinement improvement) and corresponding drop of the Da are very
fast (typical timescale is 100 (is) [2]. The difference in the decay times supports the conjecture that in
the high current case the confinement improves in the core as well resulting in delayed effect on flux
at the edge.

Formation of Internal Transport Barrier was observed on electron temperature profiles
measured by Thomson scattering technique. Measured on 68.5 ms Te profile exhibits two regions of
steep gradient, see Fig. 3. First region is located at the very edge — r > 20 cm and corresponds to the
normal H-mode transport barrier (edge barrier). The second region is in the core plasma - 1 0 < r < 16
cm. This steep gradient zone we consider as Internal Transport Barrier [3]. The steep gradient zone in
plasma core is seen on ne(r) also. The regions with steep VTe and Vne coincide well and are in
between r = 0.5a and r = 0.7a. Edge and internal barriers are separated by a flat gradient zone with
relatively high transport. It should be mentioned that no MHD activity was observed in the shots with
ITB and therefore plateau on Te(r) and n(r) could not be explained by magnetic island. Also on Fig. 3
the Te(r) measured before transition (50 ms) is shown. It is seen that before transition Te(r) is smooth.
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Data presented on Figs. 2 and 3 as well as ne(r,t) measured by microwave interferometry [3]
were used in transport simulations. The purpose of the simulations was to quantify changes in
electron thermaldiffusivity through the transition. The simulations were performed using transport
code ASTRA [4]. The %e

eff(r) are shown on Fig. 4 for ordinary ohmic regime - 50 ms and after the
transition into ohmic H-mode with ITB - 68.5 ms. Later profile is characterized by two wells located
in the regions of internal and edge barriers and separated by a zone with %e

efl increased by an order of
magnitude. In order to explain formation of the core transport barrier the different mechanisms were
considered. First, we have analyzed possibility of nonmonotonic q(r) formation which might be the
cause of some MHD modes stabilization [5]. Our simulations evidenced that at 50th ms q(r) is
monotonic and very close to the stationary one. This allows to conclude that the above mechanism is
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likely not valid in our case.
Another possible explanation for ITB formation is the suppression of a turbulence by sheared

rotation resulting from radial electric field emerging in the core [5]. According to [6] the drift
velocities of trapped electrons and ions in the presence of spatially inhomogeneous or time dependent
longitudinal electric field Ê , are different. This may result in establishing radial electric field Er which
exceeds the standard neoclassical one. The simulations have shown that the radial inhomogeneity of
Ê , in the current ramp up phase is not enough to provide strong 3E,/3r necessary for ExB turbulence
suppression. Substantial 3E,/3r appears in the calculations if a strong perturbation of the j$(r) is
included. Perturbations of that kind appear during internal disruption events if Kadomtsev model is
valid for sawtooth oscillations description [7]. Coincidence of sawteeth produced strong 3E</3r zone
and substantial VTe and Vn location allowed to assume a key role of sawteeth in generation of 3E,/8r
and subsequent ITB formation if mechanisms described in [6] are taken into account.

2. STUDY OF THE P LIMIT IN THE OHMIC H-MODE

Ohmic H-mode reveals good energy confinement [8]. Further increases of the energy content
could be expected during density ramp-up, if the confinement does not degrade at high density. In the
described experimental run, attempts to achieve high (3T and (3N were undertaken using density ramp-
up. An example of a shot in which density was ramped up is shown on Fig. 2. Temporal behaviors of
(3T and pN shown in bottom boxes in Fig. 2 were measured by diamagnetic loops. After the transition
into the ohmic H-mode ( ~ 50th ms) the density was increased by gas puff. J3T as well as pN grow
simultaneously with density until 78 ms, when confinement degradation appeared. Further increases
of the density and energy contents were impossible because of enhanced transport. The degradation
reveals itself as saturation of PT appearing before density saturation, and as saturation of density
despite of continuous gas puffing. No significant MHD activity was found in the shots with highest
attainable pN. These circumstances allow to conclude that restriction in the beta in our experiments is
connected with "soft" (transport) saturation but not with MHD phenomena.

Diamagnetic data obtained before and after boronization are collected on the diagram
displaying pT as a function of parameter I/aB - Fig. 5. Diamagnetic measurements agree with kinetic
data within 15 %. Data shown on the diagram indicate the substantial increase in the pT as a result of
boronization. At similar I/aB the maximum toroidal beta is by a factor of 1.5 higher in boronized
vessel compared to unboronized. Also I/aB ratio appears to be higher after boronization. Highest
achieved pT was 2.0 % at <ne> = 6-1019m"3. Corresponding PN was 2.0.
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density in the shot with Current Ramp-Down.
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The value of pN = 2 is less than Troyon limit [9] which is also shown on Fig. 5. Experiments on
other ohmically heated tokamaks also indicate lower level of the beta limit compared with auxiliary
heated devices. In T-ll maximum pT was 1.7 % and PN was 1.5 without NB heating [10]. Similar
limitations were found in the ohmic regime of START [11]. Note that in both the T-ll and START
the p studies were performed in ordinary regime and transition into the H-mode was not reported.

The promising scenario of fSN increasing is the fast Current Ramp-Down (CRD). Although
stored energy cannot be increased by CRD the parameter I/aB can be reduced substantially allowing
pN to increase. The attempts have been performed to achieve pN limit using above scenario.
Waveforms of some plasma parameters in the shot with CRD in ohmic H-mode are shown on Fig. 6.
Although density in this regime was far from the limit and the puff was not changed compared to the
quasistationary case, the <ne> increase ceased just after CRD. It is clearly seen that CRD led to H-L
transition (Da increases and density decays). Possible explanation for the termination of the H-mode
is reduction of the input power below the threshold value. Mentioned in previous section mechanism
of Er generation in presence of a radially inhomogeneous E$ facilitates the H-mode termination in
CRD scenario [12].

The drop in the energy content was less pronounced during CRD stage and this allowed pN to
increase during the first 2-3 ms after CRD. The subsequent decrease in the stored energy was due to
transport enhancement. The highest PN achieved using CRD was less than PN obtained in best
quasistationary shots. This result is shown on Fig. 5 by an arrow starting from triangle corresponding
to the ohmic H-mode and directed to diamond displaying the CRD scenario.

3. CONCLUSIONS

Internal Transport Barrier in ohmically heated plasma has been observed in the ohmically
heated plasma. The indications of ITB formation in the high current ohmic H-mode are: the increased
up to 2 enhancement factor HH, the slow reduction of a plasma outflux and the formation of a steep
gradient zone on Te and ne profiles.

The experiments on density ramp up in ohmic H-mode have shown that the maximum values of
pN of 2 can be achieved in circular crossection tokamak without auxiliary heating. The pN limit
achieved reveals itself as "soft" (nondisruptive) limit. The stored energy saturates during the density
rise or slowly decays after the Current Ramp-Down.
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Abstract

Results are reported from experimental study of ECH heated plasma in the L-2M stellara-
tor with special emphasis on studying the turbulent processes. It is shown that the total plasma
energy at fixed total heating power is strongly dependent on the plasma position. Visible degra-
dation of plasma confinement is observed for the inward shifted magnetic configurations where
the stability conditions of ideal interchange MHD modes are violated. However, even in this case
the situation can be improved by decreasing the average radius of the plasma boundary with
the help of graphite limiter resulting in the increase of the Shafranov shift of magnetic surfaces
and deepening of the magnetic well due to the effect of self-stabilization. This in turn causes
stabilization of ideal MHD interchange modes and visible increase in plasma energy and volume
average value of beta. Statistical properties of turbulence was studied both for the central part
of the plasma column and for the plasma edge. It is shown that one of the critical factors deter-
mining the coherent structures and turbulent fluxes in the edge plasma is the radial electric field.

1. INTRODUCTION

In the last few years a serious effort was made to understand the role of the turbulent pro-
cesses in plasma confinement. The ATF experiments [1] showed the self-stabilization effect of
finite /3 and second stability regime was achieved at relatively low /3 values /3 ~ .5% (/3 is the
ratio of the plasma pressure to the pressure of the magnetic field, bar denotes the volume aver-
age). This was mainly due to the strong self-stabilizing effect in high-shear systems [2]. In CHS
experiments [3] the dynamic magnetic field control was used to suppress the outward plasma
shift with increasing plasma pressure up to the j3 = 2% value and it was shown that magnetic
fluctuations did not increase with the increasing plasma pressure at /? values exceeded 1%.

The transport of plasma and energy under the influence of fluctuations in the edge plasma
has been discussed as one of the processes that can affect global confinement in toroidal devices
with different configurations of the magnetic fields [4]. The use of spectral analysis of fluctuation
signals in term of wave packets (wavelet analysis) has greatly extended the experimental possi-
bilities [5], making it possible to obtain information about the coherence of frequency wavelet
components with high time resolution [6]. Previously, such methods was used to detect coherent
poloidal and radial structures and the structure of turbulent flux at the edge plasma of L-2M
stellarator [7-9]. Here we present the results of experimental investigation of the turbulent pro-
cesses in the central part of the plasma coloumn and in the edge plasma and shall attempt to
clarify the mechanism of their common influence on the plasma confinement.
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2. EXPERIMENTAL SET-UP

L-2M is a planar axis classical stellarator with the poloidal multipolarity 1 = 2, the total
number of field periods is N = 14, the major radius is R = lm, and the minor radius (the
average radius of vacuum separatrix) is rs = 0.115m. The vacuum rotational transform can be
presented in the form:

H* « 0.175 + 0.26(r/rs)
2 + 0.27(r/rs)

4 (1)

where r is the average radius of the magnetic surface. For creating and heating a current-free
plasma 75 GHz gyrotron was used (A = 4mm) with the power up to P = OAMW. For the mag-
netic field B = 1.34T, the resonant conditions for ECR at the second harmonic of gyrofrequency
(w = 2iJBe, X-mode) were fulfilled for R = lm. The heating pulse duration was 10-12ms. Typical
for our experiments plasma parameters are ne ~ (1 - 2)1019m~3,Te(0) ~ lkeV,Ti ~ 0.1 — 0.15.
Vertical magnetic field Bv varies from the value Bv/B = —0.5% to Bv/B = 0.5%. A graphite
limiter was used to decrease plasma-wall interaction. This movable limiter can be introduced
from the outside of the torus inward up to 3 cm from the vacuum separatrix. The plasma energy
was obtained from the diamagnetic measurements. Knowing the fact that under the relevant
experimental conditions the average radius of the plasma boundaries is a weak function of the
plasma pressure profile it is quite easy to find /? using the numerical procedure of calculating
free-boundary plasma equilibria [10]. Also this procedure gives an opportunity to obtain Te(r)
from SXR diagnostic and to estimate /3(r) [11]. The X-ray data were supported by ECE data.
Modulated ECRH at several frequencies has been used for the estimation the value of electron
thermal conductivity and the power deposition profile. The density fluctuations in the central
part of the plasma column were investigated with the help of far forward scattering (FFS) [12] of
the 0-mode appearing due to the splitting of the linearly polarized wave used for ECR heating
of plasmas. To investigate the radial structure of fluctuations and turbulent transport at the
plasma edge tree movable triple Langmuir probes were used [7].

3. EXPERIMENTAL RESULTS.

Let us start with discussing the influence of negative vertical field on the plasma confine-
ment. Let us consider three cases: one will be with e = BV/BQ = 0, the second with e = —.3%
for which the |e| value slightly exceed the value at which plasma is stable and e = —.5% for which
stability calculations demonstrate strong violation of stability criteria. For all cases considered
Mercier stability criteria was analyzed. To diminish plasma wall interaction graphite limiter was
used cutting ~ lcm of the average radius of vacuum seperatrix. The plasma energy for this cases
is presented in Fig.l. Longitudinal magnetic field was varying shifting the zone of heating power
absorption. Calculations show that e = 0 case is stable due to the effect of self-stabilization, for
case with e = —.3% narrow instability zone is located at (r/rp) ~ 0.5. For the case e = —.5%
broad instability regions were calculated depending on pressure profile. We see from Fig.l that
cases with e = —.3% case has practically the same plasma energy as e = 0 case. However,
the analysis of SXR signal shows that Te profile become more flat, that cause the decrease of
Shafranov shift and therefore could destabilize interchange modes. However, the flattening the
pressure profile in the central part of the plasma column help to achieve the marginally sta-
ble state. The further decrease in e is followed with the strong decrease in the plasma energy.
FFS spectra (see Fig.2) in this case demonstrate increase in the spectral density of fluctuations
where two spikes are visible (note that /3 is significantly less here). However, we have not enough
information on plasma parameters to precisely determine the poloidal numbers of dominating
modes. To perform an independent check whether the rigid degradation of plasma energy is
determined by MHD activity we may use the following trick. The situation can in principle be
improved by decreasing the average radius of the plasma boundary with the help of graphite
limiter resulting in the increase of the Shafranov shift of magnetic surfaces and deepening of the
magnetic well due to the effect of self-stabilization. This in turn may result in stabilization of
ideal MHD interchange modes. Is so indeed. The decrease of plasma boundary average radius
up to ~ 9cm does not lead to the decrease in plasma energy that could be expected from T ~ a2
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law for quiescent plasma. This configuration has practically the same FFS spectrum as outward
shifted by e = .5% configuration with the same minor radius.

The properties of edge plasma was investigated by the use of Langmuir probes. The
performed analysis of structure of fluctuations and turbulent transport demonstrated that highly
correlated fluctuations are localized predominantly in the outer region of the plasma column that
confirms their ballooning nature. The inward shift of configuration cause significant increase
in the relative values of fluctuations of density and floating potential (see Fig.3). The value of
floating potential also visible changes (see Fig.4).

Also the inward shift cause rigid increase in the value of turbulent flux (see Fig.5 ).
Previously, it was shown that one of the leading factors influencing the value of turbulent flux in
L-2M stellar ator is the radial electric field [9]. Polo dial and radial wavelet coherence of plasma
fluctuations were analyzed. No visible difference between the cases with- and without vertical
field were observed. Remind, however that the distance between probes were fixed and we could
claim only that radial width of coherent zone that is responsible for the value of turbulent flux
is not less than radial distance between probes (in our case 4mm). In all the cases considered
large (ut to 20 cm) coherent poloidal zones were observed.

4. DISCUSSION

It is shown that the total plasma energy at fixed total heating power is strongly dependent
on the plasma position. Visible degradation of plasma confinement is observed for the inward
shifted magnetic configurations where the stability conditions of ideal interchange MHD modes
are violated. However, even in this case the situation can be improved by decreasing the average
radius of the plasma boundary with the help of graphite limiter resulting in the increase of the
Shafranov shift of magnetic surfaces and deepening of the magnetic well due to the effect of
self-stabilization. This in turn causes stabilization of ideal MHD interchange modes and visible
increase in plasma energy and volume average value of beta.

The structure of fluctuations and turbulent transport at the plasma edge were analyzed.
It is shown that inward shift of magnetic surfaces leads also to the significant increase in the
turbulent flux at the plasma edge. For L-2M stellarator one of the leading factors influencing
the value of turbulent flux is the radial electric field.

Existence of large scale poloidal coherent zones gives circumstantial evidence that toroidal
coupling effects survive in the nonlinear phase where turbulent flux increase drastically.

The density fluctuations were investigated with the help of far forward scattering of the
O-mode appearing due to the splitting of the linearly polarized wave used for ECR heating
of plasmas. This method appeared to be useful and convenient tool for investigating plasma
fluctuations in the central part of the plasma column.
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Abstract

Low density discharges produced by RF power of 50-100 kW at low magnetic field in the
H-l heliac are used to study transitions in confinement that are similar to those seen at high power
in large devices. Probe diagnostics can be used to make detailed measurements of the profiles of
plasma quantities, including the radial electric field. At transition, the density increases by a factor
of about two, the density profile steepens, and the ion temperature increases. The transition is
accompanied by a decrease in plasma turbulence and changes in the radial electric field.

1. INTRODUCTION

The H-l heliac [1] is medium-sized helical axis stellarator experiment with major radius R =
1 m, average plasma minor radius a = 0.15-0.2 m. Its "flexible-heliac" [2] coil set permits
extraordinary variation in the low-shear rotational transform profile in the range 0.6 < t < 2.0 and
variable average magnetic well. The ultimate design ratings of the H-l facility are toroidal
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magnetic field fi= I T and heating power P ~ 500 kW. However, during its initial operating
period, experiments have been limited to lower magnetic field B < 0.2 T and P < 100 kW, and so
have concentrated on studying confinement phenomena in low-density discharges. These
discharges are produced in helium, neon, and argon using 50-100 kW of high-cyclotron
harmonic helicon wave heating (f = 7 MHz) and typically have pulse lengths of 80 ms, electron
densities ne =0.5-2 x 1012 cm"3, electron temperatures Te = 10-30 eV, and ion energies T{ = 50-100
eV. These plasmas are diagnosed by a variety of probe and optical techniques. A particular
advantage of operation at low magnetic field and temperature is that the interpretation of
Langmuir probe data is simplified.

2. CONFINEMENT TRANSITIONS AND THE ELECTRIC FIELD

For magnetic fields above a critical value that depends on pressure and somewhat on mag-
netic configuration, the plasma undergoes a transition (Fig. 1) during which the line-average
density doubles and the density gradient increases (Fig. 2), and the average ion energy increases
markedly. These transitions can occur singly or as a sequence of forward/backward "dithering"
jumps. They are accompanied by a deepening of the potential well, an increase in the magnitude
of the inwardly pointing radial electric field a reduction in turbulence levels, and a reduction or
even reversal in the (normally outward) fluctuation-induced particle flux (as measured using
Langmuir probe techniques) [3,4]. These phenomena are remarkably similar to those seen during
L-H transitions in larger tokamaks and stellarators with heating up in the megawatt range [5],
making H-l a useful model experiment.

As with any confined plasma, the radial electric field is determined by the constraint of
quasi-neutrality and the balance of the outward ion and electron fluxes. In the low-magnetic-field
regime in which H-l is now operated, the ion gyroradii are quite large, pja ~ 0.1-0.5 (depending
on the working gas), and computational studies of ion orbits show that direct losses remain
important even when radial electric fields like those measured in the experiment are included.
Modelling studies suggest that this radial electric field is nonetheless roughly consistent with
ambipolar ion and electron fluxes when both diffusive and direct losses are included [4].

1.5

Fig. 2. Radial profiles of plasma density (ne) and radial electric field (Er) in H-l. Profiles
taken 5 ms before (dotted) and 5 ms after (solid) transition to improved confinement.
The plasma boundary r/a = 1 is determined by the last closed magnetic flux surface,
and is also the location of the helicon wave antenna..
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probe array) for a discharge with dithering transitions. The quantities are averaged over the radial
region 0.25 < r/a < 1.

The transition to the high confinement mode exhibits a threshold dependence on magnetic
field, pressure, and power. Analysis [4] of data from experiments in which the power was stepped
up and down suggests this behaviour is compatible with a model in which the radial electric field is
driven to a critical value depending upon the relative heating of the ions and electrons. Moreover,
the jump to a higher electric field coincides with an increase in the ion pressure gradient. This is
consistent with expectations for radial force balance applied in H-l discharges.

The interplay between radial electric field and pressure gradient is illustrated graphically in
an experiment that takes advantage of the dithering behaviour shown in Figure 1. A radial array
of 24 Langmuir probes was used to measure the ion saturation current, electron temperature,
floating potential, and plasma potential. Results from a sample dithering discharge are shown in
Figure 3. The time traces show the spatially averaged radial electric field and the gradient of the
ion saturation current—which we take as a proxy for the ion pressure, since

and Te < 7̂  in these discharges. As the discharge changes back and forth between low and high
modes, the average electric field and "pressure" gradient oscillate with only a small phase lag.

Probe studies are also being used to determine the possible role of the radial structure of the
radial electric field in the transition to high confinement. Figure 4 shows data from an experiment
in which the Langmuir probe array was used to measure plasma parameters at six radial locations
during a confinement transition. Profiles of the electric field were taken at the four times shown in
the figure. For this particular discharge, the radial electric field in the region of strong pressure
gradient at r/a ~ 0.5 increases as the fluctuations die out during the transition to high
confinement. It should be emphasised that this effect is not seen in every discharge, so that further
experiments and extensive analysis will be required before drawing a conclusion that changes in
gradients of the radial electric field coincide with the confinement transition.

Preparations are under way to increase the magnetic field to 0.5-1.0 T, to increase the low-
frequency heating power to 250 kW, and to add 200 kW of 28 GHz ECH power. These improved
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capabilities will permit the decoupling of electron and ion heating and experiments at higher
plasma densities and temperatures.
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Abstract
Discharges with improved core confinement by a modification of the current profile using

additional heating in the current ramp-up phase have been investigated. In plasmas with internal
transport barriers and L-mode edge central ion temperatures up to 15 keV, corresponding to ion
thermal conductivities at neoclassical values, have been achieved transiently. Stationary discharges
with H-mode edge and internal transport barrier with central values of T\ = 10 keV and Te = 6.5 keV
could be maintained for 6 s, only limited by the given duration of the neutral beam injection, which
corresponds to 40 confinement times or 2.4 resistive time scales for internal current diffusion. In this
regime of operation not only the ion thermal conductivity is approaching neoclassical value but also
the electron transport is significantly reduced.

1. INTRODUCTION

Improved confinement related to the modification of the current profile was observed in several
tokamaks. Common to these regimes of operation is the flattening of the central current profile
corresponding to a zero or even negative value of the central magnetic shear (s = -^ . , where q is
the safety factor). There is increasing evidence that, in addition to magnetic shear stabilization, a
combination with E x B shear stabilization is required for the initiation of internal transport barriers
(ITB) [1,2]. In most experiments additional heating in the current ramp phase is used to reduce
current diffusion and hence generate a broad or hollow current profile with q > 1 [3,4,5,6]. Two
types of discharges with ITBs can be distinguished: (1) By avoiding an early H-mode transition ITBs
are established with edge plasma parameters comparable to L-mode [7]. (2) The second regime of
operation combines improved core confinement with an H-mode edge [8,9].

On ASDEX Upgrade, various operating scenarios have been tested to achieve improved core
confinement by modifying the current density profile using early additional heating in the current
ramp at low initial density (ne < 3 x 1019m~3). ITBs with plasma edge parameters comparable to
L-mode have been obtained transiently. They are distinguished by steep pressure gradients in the
barrier region. Discharges with improved core confinement and H-mode edge, which exhibit more
moderate gradients, but therefore under steady state conditions, have been produced.

2. IMPROVED CORE CONFINEMENT WITH L-MODE EDGE

Applying 5 MW of neutral beam heating in a current ramp of 1 MA/s, which is the maximum
possible at ASDEX Upgrade, and at the same time avoiding the H-mode transition by using a limiter
configuration, ITBs have been obtained reaching central values of Te = 5 keV and T; = 15 keV. The
confinement enhancement factor of HITER89-P = 1.9 and normalized beta of /3N = 1.6 are limited by
the radial extent of the barrier region (pt0I < 0.5). The ITBs were only of transient nature, usually
terminated by (2,1) modes, radiation collapse due to large impurity influxes, or both. This indicates
that, due to the constantly penetrating current, as soon as a q = 2 surface is formed, the large pressure
gradients become unstable. In FIG. 1 the profiles of temperature, density, and toroidal rotational
velocity of such a discharge with L-mode edge and ITB are shown. Associated with the high ion
temperatures are rotational velocities up to 370 km/s.

Transport analysis with the 1-1/2-D ASTRA code gives ion thermal conductivities at neoclas-
sical values in the plasma core (FIG. 2). The plateau in T; leads to the rise of Xi towards the plasma
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center, the uncertainty of which is large (50%), as it sensitively depends on the Ti gradient in the
center. The electron thermal conductivity is larger than xu reflected in the large difference between Tj
and Te, which only partially is caused by the stronger NBI heating of the ions. The q-profile, inferred
from the transport calculations, exhibits a negative central shear region.
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FIG. 1. Radial profiles of ion and electron tem-
peratures (ECE and Thomson scattering), electron
density, toroidal rotational velocity (vtor) of discharge
with ITB and L-mode edge, and 5 MW of NBI. The
time point chosen is at maximum performance just
before the termination of the ITB.
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FIG. 2.: Ion and electron thermal conductivity (xi,e)
for discharge of FIG. 1 vs normalized toroidal flux
radius. Also shown is the neoclassical ion thermal
conductivity (Xneo) [10].

3. STATIONARY IMPROVED CORE CONFINEMENT WITH H-MODE EDGE

A stationary regime of operation has been found which shows improved core confinement of
both electrons and ions in combination with an H-mode edge. In FIG. 3 the main plasma parameters
of such a discharge are illustrated. During the current ramp of 1 MA/s moderate neutral beam heating
of 2.5 MW is applied. At 1 s the X-point is formed and the L-H-transition occurs. After reaching the
current flat top, the NBI power is raised to 5 MW and the line averaged density is kept at 4x 1019 m~3 .
While during the current ramp at 2.5 MW heating power electron and ion temperatures increase at
the same rate, Ti reaches almost twice the value of Te when the heating power is doubled.
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FIG. 3.: Time evolution of plasma current (Ip), neutral beam heating power (PNBI), H-factor (HITER89-P),

normalized j3 (/?N). divertor Da radiation, and central electron and ion temperatures (Tei) for a stationary
discharge with ITB and H-mode edge. The toroidal magnetic field is Btor = 2.5 T.

Central values of T; = 10 keV and Te = 6.5 keV, HrrER89-P = 2.4, and /?N = 2 are maintained
for 6 s, only limited by the prescribed duration of the NBI. This corresponds to 40 confinement times
or 2.4 resistive time scales for internal current redistribution, which here is the time for a current
perturbation to diffuse over half of the minor radius. The only MHD activity observed in the core of
the plasma are strong (1,1) fishbones which start at 1.1 s and accompany the whole 5 MW heating



735

EXP1/12
phase, indicating that the central q is in the vicinity of one. The plasma edge is that of an ELMy
H-mode, as seen on the D a -trace.

The fishbone oscillations seem to behave like a resistive MHD instability [11]. Similar to
sawteeth, but on a much faster time scale, the soft X-ray (SXR) profiles from a 1-D deconvolution
of the line integrated SXR emissivities show a relaxation oscillation expelling energy and possibly
also impurities. This is confirmed by Te measurements using electron cyclotron emission (ECE). In
addition, when increasing the beam power, /?N was limited by the occurrence of (3,2) neoclassical
tearing modes, the onset of which was always preceded by a fishbone. Usually the (3,2) modes were
followed by (2,1) and (2,1) locked modes. Considering that sawteeth are not present, the second
harmonic of a (1,1) fishbone acts as a seed island for the initiation of (3,2) neoclassical tearing modes
[12]. The existence of resistive fishbones would also explain that, despite q being in the vicinity of
one, sawteeth do not appear, as the fishbones oscillations could serve as a mechanism for keeping
q at or just above one. The ,3-limit is close to /?N=2.2. At 6.25 MW of NBI /3N=2.2 still could be
maintained for a duration of 1 s after which, due to the proximity to the /3-limit, a (3,2) mode occurred.

The profiles of plasma temperature, density, and rotational velocity (FIG. 4) show, in addition
to the H-mode pedestal, an increase starting at f)tm=0.6, which compared to ASDEX Upgrade transport
barriers with L-mode edge is less pronounced. The density peaking is ne0/ne — 1.5.
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I4:

400
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FIG. 4.: Radial profiles of ion and electron temper-
atures, electron density, toroidal rotational velocity
(vtor) of the discharge presented in FIG. 3. The
profiles are the average from 1.5 to 6 s covering most
of the 5 MW heating phase.

FIG. 5.: Ion and electron thermal conductivity at
2.5 s of the discharge of FIG. 3 vs normalized toroidal
flux radius. Also shown is the neoclassical ion
thermal conductivity [10].

Energy transport has been analyzed using the 1-1/2-D ASTRA code. In FIG. 5 the resulting
ion and electron thermal conductivities are shown. In the central regions of the plasma Xi drops to
neoclassical values, but also \ e is at a low level, indicating that the transport reduction is not limited
to the ions.

Considering that no sawteeth have been observed, a mechanism associated with the fishbones
is required to keep q at or just above one. In the ASTRA calculations this has been simulated using
Kadomtsev reconnection, which redistributes the central current as soon q drops below one. The
resulting q-profile is flat in the center with q « 1 inside pt0T - 0.2, which is consistent with the
location of the (1,1) fishbone mode derived from the SXR oscillations. Without this mechanism q
drops to 0.85 in the transport calculation. The total current profile is flat in the center, but still
monotonic, which is supported by the bootstrap current having its maximum close to the center due
to a smaller pressure gradient as compared to internal transport barriers with L-mode edge. The
total plasma current consists of 68% ohmic current, 10% current drive from NBI, and 22% bootstrap
current, the small bootstrap current fraction corresponding to a relatively moderate /?N.

A major concern regarding stationary plasma operation with improved confinement is the
behavior of the impurity content. From spectroscopic data the main impurities have been identified
as helium (5%), carbon (2.5%), oxygen (1.2%), and silicon (0.3%) after siliconization of the vacuum
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vessel [13], from which, using corona equilibrium and SXR profiles, Zeff is inferred. Both, the resulting
Zeff and deuteron densities are peaked in the plasma center. The time evolution of the SXR data shows
that, despite the central peaking of Zeff (< 3), no temporal accumulation of impurities is observed.
Possibly this is caused by the strong fishbone activity expelling impurities from the plasma core.

Both, raising the density at constant beam power and reducing the heating power resulted in
a deterioration of the confinement, which is accompanied by the appearance of sawtooth oscillations
when Tj approaches Te. The loss of the ITB due to a drop of the NBI power suggests a power
threshold. Associated with the increase of the density was the increase of the neutral particle flux in
the divertor and a simultaneous reduction of the density peaking. The central ion temperature and
the toroidal rotation velocity decreased by more than a factor of two, also observed in a reduction of
the fishbone frequency. On Te the effect is less prominent. The confinement drops, which means, as
the power is kept constant, that the temperature decrease is stronger than the corresponding density
increase. Both, power threshold and confinement reduction due to a density increase could be explained
by a requirement of a minimum fast particle population needed for sufficient fishbone activity. The
observed density dependence would also be consistent with a critical VX1; or T{ — Te value necessary
to sustain the ITB.

4. SUMMARY

Different scenarios with improved core confinement due to a modification of the current profile
by neutral beam heating have been attained on ASDEX Upgrade.

ITBs with L-mode have edge show steep pressure gradients and mainly reduced ion transport
at neoclassical levels in the plasma core (pt0I < 0.5). HITER89-P = 1.9 and ,3^ = 1.6 are limited by
the radial extent of the improved confinement region. The ITB is terminated by the occurrence of
(2,1) modes.

A stationary H-mode discharge with improved core confinement, where both ion and electron
transport are reduced, has been produced. HITER89-P = 2.4 and /?N = 2 could be maintained for 6 s,
corresponding to 40 confinement times or 2.4 time-scales for internal current redistribution. These
discharges resulted in the highest nD.oTifiTE so far observed on ASDEX Upgrade (7.5xlO19 keV s
m~3 for 6 s and 8x 1019 keV s m~3 for 1 s). Fishbones, acting like a resistive MHD instability, seem
to play a dominant role in the sustainment of a current profile required for the stability of the ITB.
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Abstract

New measurements of the impurity ion poloidal rotation profile have been made in the Tokamak Fusion
Test Reactor (TFTR), allowing the determination of radial electric field profiles. A bifurcation of the impurity
poloidal velocity is observed in reversed shear discharges before the transition to enhanced confinement.
Significant differences between measured and neoclassically calculated values of poloidal velocity and radial
electric field have been observed. Velocity measurements in a number of confinement regimes (supershot,
reversed shear, and L-mode) suggest that the impurity poloidal velocity profile is correlated with the ion
temperature profile.

1. INTRODUCTION

Tokamak plasmas with weak or reversed central magnetic shear have demonstrated
remarkable improvements in particle, ion thermal, and momentum confinement within a core
transport barrier [1,2]. The likely role of ExB flow shear stabilization of turbulence in the
formation of these internal transport barriers has motivated the development of new diagnostic
techniques to measure the radial electric field, Er in the plasma core [3,4,5]. The importance of
Er shear to the supershot regime in TFTR has recently been shown [6]. Er can be evaluated using
the radial force balance equation, Er = Vp/(eZn) + VA BQ - VQ 5A, where p is the ion pressure, e is
the electronic charge, Z is the charge number, n is the ion density, VA and VQ are the toroidal and
poloidal velocity, Z?A and BQ are the toroidal and poloidal magnetic fields. The carbon pressure
and toroidal velocity have routinely been measured on TFTR using charge exchange
recombination spectroscopy. Historically, the carbon poloidal velocity was evaluated using
neoclassical predictions to arrive at a neoclassical value for Er For the final TFTR run period, a
new spectroscopic diagnostic was installed to measure poloidal velocity profiles [7].

2. REVERSED SHEAR DISCHARGES

Deuterium reversed shear (RS) discharges at two toroidal magnetic fields, BA = 4.6 and
3.4 T were studied. The plasma currents were Ip = 1.6 and 1.2 MA respectively for the high and
low field discharges, resulting in similar edge q values. The plasmas had a major radius of
RQ = 2.60 m and a minor radius of a = 0.95 m.

2.1 Poloidal rotation precursor to Enhanced Reverse Shear

Similar reverse shear discharges show a clear transport bifurcation after a threshold power is
exceeded (Fig. la). Measurements of the poloidal velocity of carbon impurity ions showed a
bifurcation before the time of the transport improvement to enhanced reverse shear (ERS)
confinement [8, 9] (Fig lb). In a narrow radial channel, the ion rotation velocity reversed
direction for those discharges which would undergo a transition to enhanced confinement. Other
parameters such as carbon VA and p showed little or no change at the time of the VQ excursion. An
inversion was used to recover local VQ values from the chord-integrated measurements[10]. The
radial width of the reversal region, although narrower than the separation of sightlines, was
estimated to be less than 2 cm. The peak values of VQ could reach 105 m/s, especially in the lower
SA discharges (Fig. 2a). These measurements are corroborated by measurements from the
motional Stark effect (MSE) diagnostic, which measured a transient change in Er with remarkably
similar temporal behavior and spatial extent. Good quantitative agreement was found between the
local values calculated with the force balance equation from the Er spectroscopic data and the
transient change in Er observed using MSE during the excursion[5] (Fig. 2b). The measured ExB
shearing rate, oOĝ B' during the excursion was typically more than an order of magnitude above
that required from theory to initiate an ERS transition. However, at least one discharge underwent
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Fig. I (a) The bifurcation in local carbon
pressure indicates start of ERS transition,
(b) A bifurcation in the carbon VQ precedes
ERS.
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Fig. 2 (a) A large excursion in the carbon VQ is seen in
a low Bj discharge with the approximate poloidal Mach
number, (b) Er determined spectroscopically and from
MSE show good agreement.

a transition to ERS without a precursor, indicating the precursor was not necessary for the
transition. All discharges with a precursor, did transit into ERS.

2.1 Super poloidal sonic flow

The factor Upm = Mp -Vp/(e Z n vtfl BQ ), the effective poloidal Mach number, has been
proposed as a critical parameter in the L-H transition[ll], where Mp = VQ B I {vth BQ ) is the
poloidal Mach number and vth = (2T{ /mi)m is the ion thermal velocity. For Upm > 1 the
number of trapped ions decreases exponentially and therefore the poloidal viscosity decreases,
even with Mp < 1. A shock develops when Mp is near 1, if the ion diamagnetic flow is small
compared to the poloidal velocity [12, 13]. IT this occurs, the pressure on a flux surface is no
longer constant.

During the large VQ/ET excursion in RS plasmas, Mp > 10 for carbon ions (Fig. 2a).
Though the main ion flow was not measured, its poloidal velocity can be related to the measured
carbon VQ through the radial force balance equation. With little change in the plasma pressure
during the excursion, the change in the ExB flow of deuterium is approximately equal to the
change in carbon VQ during the excursion. Assuming that deuterium is subsonic before the
excursion and its toroidal flow is relatively unchanged during the excursion, as is the case with
carbon, then Mp > 4 for deuterium ions during the excursion. Within the narrow shear layer,
which is on the order of the banana width, trapped ions should be depleted which also should
result in a reduction in heat transport [14, 15]. However, after the excursion when VQ relaxes, the
observed suppression of the transport must be due to other mechanisms. Since the diamagnetic
flow is comparatively small, a shock would be expected as the poloidal flow neared Mp = 1.
However, there were no measurements which might have confirmed the presence of a shock, such
as measuring a density variation on a flux surface.

3. COMPARISON OF MEASUREMENTS WITH NEOCLASSICAL PREDICTIONS

Aside from the large excursion velocities in the precursor, there were clear differences
between the local core measurements of VQ for reversed shear plasmas and the values predicted by
neoclassical theory [9]. This difference leads to a more positive measured value of Er than
previously inferred using neoclassical predictions for VQ. The resulting differences in Er' would
suggest that shearing rate, cô ĝ, was previously underestimated before the transition and
overestimated after the transition, when neoclassical predictions were used. Measurements of
carbon VQ in supershot plasmas also show clear differences from neoclassical predictions, with the
measured values more positive than the neoclassical values (see Fig. 3). Like the RS discharges,
the carbon VQ was generally in the ion diamagnetic drift direction with either co- or counter-
neutral-beam injection.
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Fig. 3 Measurements of (a) carbon VQ and (b) resulting Er differ from neoclassical predictions .

4. POLOIDAL ROTATION IN SUPERSHOT AND L-MODE PLASMAS

Dynamic changes in the VQ have been seen in discharges modified with a puff of helium
[10]. The poloidal velocity was seen to fall as the He puff spoiled the good supershot
confinement. A deuterium supershot plasma, which displays large changes in VQ without large
changes in energy confinement, is examined here with 7p = 1.6MA, Ro = 2.52 m and
ap = 0.97 m with a neutral beam (NB) injected power of 14 MW. (See Fig. 4). The initial
direction of injection of the neutral beams was balanced and was shifted to all co-injected beams
at 3.5 s. This caused dramatic changes in the rotational flow of the plasma. Shown in Fig. 4a and
4b are the carbon poloidal and toroidal rotation at two radii corresponding to roughly r/a = 0.25
and 0.5. The toroidal rotation was near zero during balanced NB injection and increased as the
momentum input was changed. The poloidal rotation rose markedly as the balanced NB injection
began. It increased again after the all co-injection started. The measured carbon VQ shows a
remarkably similar temporal behavior to the carbon ion temperature (7,). Not only was the initial
rise after the NB direction change captured, but when a sudden reduction in confinement occurs
near 4.0 s, there was a corresponding drop in the measured VQ reflecting the change in 7} and
v^ near the plasma center. The profiles for VQ, 7}, and Er are shown in Fig. 5 for times of
balanced and co-directed injection. Fig. 5a and 5b show the components of the force balance
equation used to determine Er. During co-injection, the toroidal component was large and broad
yielding a positive Er During balanced injection, the toroidal component was small and only the
VQ term was important in determining Er , which remained positive in the core. The profile of
VQ was similar to that of T[ (although at the axis it must go to zero from symmetry), and broader
than would be expected if it were proportional to V71,. The profile data shown in Fig. 5c and 5d
are plotted in Fig. 6a and show that the measured carbon VQ was proportional to the measured 71;
across the profile. The constant of proportionality is in the range 1-1.5 (m/s)/eV. In Fig. 6b are
chord-averaged VQ measurements plotted against 71,, at about the half radius for a number of L-
mode plasmas with a range of applied NB torques with !„ = 1 and 2 MA, showing a similar linear
relationship. Note that the range of poloidal velocities for these L-mode discharges is quite small,
varying less than 1 km/s. Reversed shear discharges also show similar trends when comparing time
histories and profile shapes of VQ and T,-, except for the RS precursor described above. Though
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there are other influences on the impurity poloidal rotation, the correlation of VQ and 7/ seems to
capture much of the behavior of the measured poloidal rotation over a number of plasma regimes
in TFTR.

This work was supported by U.S. Department of Energy contract DE-AC02-76CH03073.
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Abstract
Turbulence suppression by radial electric field shear (Er) is shown to be important in the enhanced

confinement of TFTR supershot plasmas. Simulations of supershot ion temperature profiles are performed
using an existing parameterization of transport due to toroidal ion temperature gradient modes, extended to
include suppression by Er shear. New spectroscopic measurements of Er differ significantly from prior
neoclassical estimates. Supershot temperature profiles appear to be consistent with a criterion describing near-
complete turbulence suppression by intrinsically generated Er shear. Helium spoiling and xenon puffing
experiments are simulated to illustrate the role of Er shear in the confinement changes observed.

1. INTRODUCTION

Advances toward understanding the confinement trends of transitionless enhanced confinement
regimes, e.g., the TFTR supershot regime [1 ,2 ], as well as trends in L-Mode confinement have
previously been described [3 ]. In these studies, an understanding of the role of radial electric field
(E,.) shear in the confinement scalings of supershot and L-mode plasmas has emerged. A model for ion
thermal transport, including an intrinsically generated Er and allowing self-consistent evolution of the
ion temperature and velocities, reproduces TFTR supershot ion temperature profiles under widely
varying conditions. The results demonstrate that the ion temperature profile in the inner half-radius
can be recovered from a simple criterion for suppression of turbulent cross-field transport. The
criterion describes a self-regulating scenario in which near-complete suppression of turbulent transport
is maintained by self-generated equilibrium Er shear. In this paper, we will present recent progress in
the simulation of transitionless, enhanced confinement TFTR supershot plasmas, with an emphasis on
the role of Er shear in observed confinement scalings.

The original model, developed prior to the availability of poloidal rotation measurements,
employed a neoclassical calculation of the intrinsically generated flows driven by density and
temperature gradients, using the model of Ref. [4 ] to parameterize toroidal ITG modes. New poloidal
rotation measurements in TFTR [5 ], however, indicate a significant discrepancy with standard
neoclassical results in both supershots and reverse shear plasmas. The Er shearing rate derived from
spectroscopically measured quantities is typically a factor of two larger than that derived using
neoclassical [6 ] poloidal flows, with a profile peaked more closely to the magnetic axis. When the
toroidal rotation is large, the measured and neoclassical Er profiles are qualitatively similar, masking
the difference. However, TFTR supershot cases with balanced tangential neutral beam injection reveal
a significant discrepancy between neoclassical and measured poloidal velocities, resulting in very
different E, profiles. Nevertheless, when the measured poloidal rotation, rather than the neoclassical
calculation, is used, the simulated core ion temperatures remain consistent with the same overall
turbulence suppression criterion. While the previous turbulence suppression criterion appears to be
preserved using the new measurements, the threshold condition for the suppression to occur has to be
adjusted to compensate for the increased shearing rate. This adjustment is within the accuracy of the
numerical simulations which form the basis for the criterion [7 ]. The dependence of this approach on

' Work supported by U.S. Department of Energy Contract no. DE-AC02-76CH03073.
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measured poloidal rotation data, however, eliminates the predictive capability of the original model.
The measured poloidal rotation, which is in the ion diamagnetic direction, is much larger than the
neoclassical value and increases almost linearly with the ion temperature. Using this empirical
characterization of the measured poloidal rotation, it has been possible to simulate the ion temperature
profiles of some earlier experiments in TFTR for which poloidal rotation data is not available.

2. DESCRIPTION OF MODEL

The approach currently employed extends the parameterization of Ref. [4] describing ion
thermal transport from toroidal ion temperature gradient driven modes [8 ] to include the effect of Er
shear suppression using a parameterization based on the results of nonlinear flux-tube gyrofluid
calculations [7], which show that turbulent transport is completely suppressed according to the
criterion that the Er shearing rate for isotropic turbulence (O^g [9 ] exceed the linear growth rate of the
most unstable mode TUn*- The expression for the ion thermal diffusivity in the presence of flow shear
is taken as:

,IFS-PPL
( 1 - H ( l —- lin

where H is the Heaviside step function, and 0CE is a constant between 0.5 and 1.0. The carbon radial
force balance equation is used to obtain Er from spectroscopically measured quantities [5]. The ion
temperature profile is evolved in a simulation code using density and power deposition profiles, from
the TRANSP code. Because the simulations generally converge to OCE<*>EXB — TiEf* m t n e core> T; is
insensitive to %i there. Further, the effect of varying ocE over the specified range is usually not
qualitatively significant, as shown in Fig. l(a), although adjustment is sometimes required for
convergence.

3. HELIUM SPOILING OF SUPERSHOT PLASMAS

Supershot performance is strongly inversely correlated with the edge particle recycling. Because
helium is not adsorbed by the carbon graphite tiles on the inner wall limiter surface, brief helium gas
puffs result in lingering increases in the edge recycling rate. Relatively small puffs bring the energy
confinement time of supershots to L-Mode levels in approximately one confinement time, without
significant dilution of the hydrogenic mixture. Figure 1 shows that the model reproduces the drastic
reduction in the ion temperature from 30 keV to 8 keV caused by a helium puff at 3.5 seconds (the
neutral beam power was constant from 2.5-4.5 sec, while the confinement time dropped from 175 to
86 ms). Accordingly, the model spans the range of performance from supershot to degraded

X1(T

3 0 -

2 0 -

o

10-

0.0

Fig. 1. Simulation of supershot helium spoiling experiment. Frame (a) compares simulated and
measured carbon ion temperatures (shown with error bars) in equilibrium before and after the
helium puff. The shaded regions show the effect of varying the coefficient aEover the range from 0.5
to 1.0 as required to more accurately reproduce some measured temperature profiles. Frame (b)
compares the Er shearing rate and toroidal ITG mode maximum linear growth rate, computed
during the nonlinear simulations, before and after the helium puff.
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confinement. Frame (b) shows the computed growth rate and measured shearing rate before and after
the puff. In the supershot phase preceding the puff, the turbulence suppression criterion
<XEC°EXB — 7iST *s approximately satisfied in the inner half-radius. After the puff, both the growth rate
and shearing rate are much smaller, corresponding to toroidal ITG marginal stability in the absence of
sheared flows.

4. ROLE OF E, SHEAR IN PARADOXICAL CONFINEMENT IMPROVEMENTS

Figure 2 shows simulations of the ion temperature profiles comparing nearly consecutive
discharges, one with 75% radiated power produced by xenon puffing, the other with no xenon. As
described in Ref. [10 ], a significant improvement in both electron particle and ion thermal
confinement is observed over most of the plasma cross-section, while the electron temperature
remains surprisingly unchanged. Even without radial electric field shear, the model of Ref. [4]
produces a small increase in T; with xenon puffing, due to the more peaked electron density profile,
the 10% increase in edge T,, and possible stabilization by dilution. It is plausible that high-Z
impurities have additional stabilizing influences through kinetic effects which are not in the
parameterization. The influence of trapped electrons on toroidal modes with even up-down parity is
not well-described, so that measured, rather than predicted density profiles are used. In this
experiment, an increase in Er was measured near the plasma edge following the xenon puff, which
may be associated with the improved particle confinement. The reduced recycling observed can lead
to reinforcing improvements in thermal energy and particle confinement through Er shear. When Er
shear is included in the simulation (taking ocE=0.5), the simulated ion temperature rises a factor of two
to reach agreement with the measured profile. In addition, the improvement associated with xenon is
magnified to reproduce the large observed increase in central T;. This amplification of improvements
by radial electric field shear is typical and may underlie the mutually reinforcing character of
supershot confinement scalings. Frame (b) of Fig. 2 shows that the simulated growth rate converges to
the measured shearing rate in the inner half-radius, consistent with near-complete suppression of
turbulent transport according to the criterion 0CEG>EXB — Tihf- 1° m e outer half-radius, the growth rate
diverges from the shearing rate, corresponding to a monotonically increasing ion thermal diffusivity
profile as in L-Mode plasmas. The measured Er shearing rate for the xenon case is larger over most of
the cross-section than in the baseline discharge.

Strong improvements in ion thermal confinement are also observed in tritium plasmas,
consistent with a global energy confinement time scaling TE °= A?-89 [11 ], where is the average thermal
hydrogenic mass. This is much stronger than scalings of at most TE «= A?'2 previously observed for
mixtures of hydrogen and deuterium. Using the empirical expression for the carbon poloidal rotation,
ve = OCjeTi, where ate —10 km/sec/keV [5], together with the approximation

25-
103810nO1 1O3806n01 3.93 sec

20-
no Xe

Xe: 75% Prad

\ — measured
— Model w/Er

IFS/PPL Model

A Xe: 75% Prad yn
onoXe " ' " T l i n

1.0

Fig. 2. Carbon ion temperatures for the Xe comparison pair, simulated by a model
describing toroidal ion temperature gradient driven modes both with and without Er shear
suppression. A stabilizing effect ofXe is apparent even without Er shear and is strengthened
when Er shear is included, bringing simulated and measured temperatures into agreement.
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run — (Te/4Ti)(l/LT - l/LT
nt)(Ti/mi)

1''2 [4], where I4nt is the toroidal ITG critical temperature gradient
scale length, and COEXB ~ ocxeTj/Lr at high temperatures for quasi-balanced beam injection, an equation
LT = Lf' x {1 - aE (4Ti/Te) (axe/310) y/rTi{kcV)Ai}-'1 for the ion temperature gradient scale length LT can
be found. This suggests that, not only will there be a favorable scaling with isotopic mass, but that Er
shear will play a stronger role at higher ion temperatures. Preliminary simulations of deuterium-
tritium discharges using measured poloidal rotation appear to recover much of the DT supershot
isotope effect. Further, this equation can be directly integrated inward from the half-radius to recover
the ion temperature profile.

5. SUMMARY AND CONCLUSIONS

We have demonstrated that the ion temperature profiles of TFTR supershot plasmas are
consistent with a model for turbulence suppression by intrinsically generated Er shear. While
successful, this model is based, however, on criteria which are not rigorously derived, but loosely
supported by the results of numerical simulations. Further, we have made several approximations,
such as neglecting trapped electrons, to provide a simplified and tractable description.

Although the results suggest that E, shear is an important influence on core ion thermal
confinement in supershot plasmas, there is little direct experimental evidence for the role of Er shear
in suppressing turbulence, as reviewed in Ref. [12 ]. Some of the strongest evidence has been obtained
from controlled experiments in TFTR L-Mode plasmas which systematically varied the toroidal
rotation [3]. These data support the proposed role of intrinsically generated Er shear in enhanced
confinement regimes without transitions. It should be noted that the discrepancy between measured
and neoclassical poloidal rotation is suggestive, in several respects [2], of turbulence-generated flows
[13 ]. A theoretical understanding of this phenomenon could provide a fundamental basis for the
model and results presented here, and may reveal parametric dependences of LT not described by the
TFTR poloidal rotation dataset.

REFERENCES

[1 ] ERNST, D. R., Ph.D. thesis, Physics Dept., Mass. Inst. of Technology, 1997.
[2 ] ERNST, D. R. et al., Phys. Rev. Lett. 81 (1998) 2454.
[3 ] BATHA, S. et al., in Proc. 24th EPS Conference on Contr. Fusion and Plasma Physics, Bournemouth,

UK (European Physical Society, Petit-Lancy, Switzerland, 1997).
[4 ] KOTSCHENREUTHER, M., DORLAND, W. M., BEER, M., AND HAMMETT, G. W., Phys. Plasmas

2(1995)2381.
[5 ] BELL, R. E. et al., this conference, paper IAEA-CN-69/EXP1/13 (R).
[6 ] ERNST, D. R. et al., Phys. Plasmas 5 (1998) 665.
[7 ] WALTZ, R. E., KERBEL, G. D., AND MILOVICH, J., Phys. Plasmas 1 (1994) 2229.
[8 ] COPPI, B. AND PEGORARO, F., Nucl. Fusion 17 (1977) 969.
[9 ] HAHM, T. S., AND BURRELL, K. H., Phys. Plasmas 2 (1995) 1648;

BIGLARI, H., DIAMOND, P. H., AND TERRY, P. W., Phys. Fluids B 2 (1990) 1.
[10 ] HELL, K. W. et al., this conference, paper IAEA-CN-69/EXP2/12.
[11 ] SCOTT, S. D., ERNST, D. R., MURAKAMI, M. et al., Phys. Scr. 51 (1995) 394;

ZARNSTORFF, M. et al., in Plasma Physics and Controlled Nuclear Fusion Research, 1996
(International Atomic Energy Agency, Vienna, 1998) pp. 573-591.

[12 ] BURRELL, K.H., Phys. Plasmas 4 (1997) 1499.
[13 ] HASEGAWA, A., AND WAKATANI, M., Phys. Rev. Lett. 59 (1987) 1581;

DIAMOND, P.H., AND KIM, Y.-B., Phys. Fluids B 3 (7) (1991) 1626;
ROSENBLUTH, M.N., AND fflNTON, F.L., Phys. Rev. Lett. 80 (1998) 724.



XA0053942

OBSERVATION OF NEOCLASSICAL TRANSPORT IN REVERSE SHEAR PLASMAS ON
THE TOKAMAK FUSION TEST REACTOR

P. C. EFTHIMION, S. VON GOELER, W. A. HOULBERG**, E. J. SYNAKOWSKI,
M. C. ZARNSTORFF, S. H. BATHA+, R. E. BELL, M. BITTER, C. E. BUSH**,
F. M. LEVINTON", E. MAZZUCATO, D. MCCUNE, D. MUELLER, H. PARK, A. T. RAMSEY,

A. L. ROQUEMORE, AND G. TAYLOR

Princeton Plasma Physics Laboratory, Princeton University, Princeton, New Jersey 08543

Abstract
Perturbative experiments on the Tokamak Fusion Test Reactor (TFTR) have investigated the

transport of multiple ion species in reverse shear plasmas. The profile evolution of trace tritium and
helium, and intrinsic carbon indicate the formation of core particle transport barriers in ERS plasmas.
There is an order of magnitude reduction in the particle diffusivity inside the reverse shear region.
The diffusivities for these species in ERS plasmas agree with neoclassical theory.

1. INTRODUCTION

Core transport barriers have been formed in many tokamak plasmas with reversed or weak
magnetic shear [1-4]. While these enhanced core confinement states may provide a path to a more
economical tokamak-based fusion reactor, the possibility of reduced and even neoclassical transport
in the core make it essential to ascertain the nature of working ion transport and its relation to the
transport of helium ash, background impurities, and thermal energy. For example, if neoclassical
transport processes are dominant in the core, then the interplay between the impurity fluxes and the
fluxes of the fuel ions will play an essential role in determining fueling efficiency. In addition, the
question of whether the benefits of favorable energy transport are outweighed by helium ash
retention is of significant concern if neoclassical processes prevail, especially if confinement in the
electron thermal channel is not significantly improved.

To improve the understanding of the particle transport in reverse shear plasmas, a series of
perturbative transport experiments with multiple ion species was performed [5]. The experiments
provide characterization of the ion transport to supplement the electron transport results. Tritium
and helium gas puffs were injected into the steady state period of reverse shear plasmas. On TFTR,
tritium operation provided a unique tool for studying hydrogenic ion transport [6]. The tritium
density was inferred from the measurement of the 14 MeV t(d,n)oc neutrons. Helium and carbon
density profiles were measured by charge exchange recombination spectroscopy (CHERS) [7]. The
study of multiple ion species provides a stringent test of transport theory. In addition, measured time-
dependent profiles and fluxes of carbon, the dominant impurity on TFTR, were measured routinely.
Neoclassical theory predicts that the transport of these ions should be much faster [0(m:/me)

1/2] than
the electron transport because their behavior is governed by collisions with the deuterium and major
impurities (e.g. carbon in TFTR) rather than collisions with the electrons. Therefore, these studies
may determine if ion particle transport is governed by neoclassical effects or by microinstabilities
that lead to comparable transport of electrons and ions.

To examine if the tritium, helium, and carbon transport approaches neoclassical values, we
utilized the NCLASS code [8]. NCLASS is a multi-species fluid model for the steady state parallel
and radial force balance equations. The bootstrap current, electrical resistivity, and particle and heat
fluxes are evaluated in terms of the rotation velocities, friction and viscosity utilizing the measured
profile data and plasma equilibrium.

2. TRITIUM AND HELIUM TRANSPORT

The tritium density profile evolution for the ERS and RS plasmas following a tritium gas

Permanent address: Oak Ridge National Laboratory, Oak Ridge, TN 37830.
Permanent address: Fusion Physics and Technology, Torrance, CA 90503.
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Fig. 1 Comparison of the helium and tritium diffusivities and neoclassical predictions in ERS
plasmas.

puff (0.016 s) were compared in reference [5]. The RS profile fills in and becomes flat in - 0.05 s. In
contrast, the profile in the ERS plasmas is still hollow after 0.13 s. Eventually the profile becomes
peaked by 0.18 s as a result of the plasma outside the reverse shear region diffusing away and not by
inward transport. While the profile is still hollow there is a steep density gradient that moves slowly
into the reverse shear region. The slow filling in of the profile in the presence of the density gradient
is indicative of a particle transport barrier. The helium density evolution is very similar to that of the
tritium in the ERS plasma. Its profile also remains hollow for a long period of time in the presence of
a steep density gradient which is indicative of a core transport barrier.

The tritium and helium profile data were analyzed using perturbation techniques that
ascertain the diffusivity and convective velocity. The details of the analysis are also described in
reference [5]. The tritium diffusivities for the RS and ERS plasmas are similar outside the reverse
shear region, but inside the reverse shear region the ERS diffusivities are lower by an order of
magnitude. Although the tritium diffusivity has been dramatically reduced, it is still a factor of 20
times larger than the effective diffusivity for the electrons. Furthermore, it has previously been
shown that plasma fluctuations are very small in the reverse shear region of the ERS plasma, while
in the RS plasma the fluctuations can be characterized by large bursts [9]. The reduced electron
transport and the suppression of fluctuations motivated comparison of the tritium diffusivities with
neoclassical predictions. Figure 1 compares the tritium and helium transport in ERS plasmas with
their neoclassical values. The details of the diffusivity profiles are similar for tritium and helium.
There is an order of magnitude reduction in particle diffusivities for both helium and tritium across a
small region of the plasma radius that is indicative of transport barriers. Within the reverse shear
region, the measured diffusivities are comparable to neoclassical predictions. The error bars in the
diffusivities were calculated by propagating the uncertainties in each of the experimental profiles. In
contrast, the tritium diffusivities in RS plasmas are more than an order of magnitude greater than
NCLASS predictions. The neoclassical predictions are lower in RS than in ERS plasmas, due to
lower collisionality.

The tritium convective velocities in the RS and ERS plasmas are similar outside the core.
The RS plasma has an inward core pinch ( ~ 4 m/s) while it is negligible in the ERS plasma. The
smaller pinch in the ERS contributes to the slower inward flow of tritium into the reverse shear
region. However, the dominant factor in the slower inward transport is the smaller diffusivity.

3. CARBON TRANSPORT

We have also examined carbon transport in both RS and ERS plasmas. The carbon density
profile was routinely measured using CHERS. Carbon is the dominant impurity in TFTR. To study
the carbon transport it is necessary to examine a large fractional change in its density. This occurs
during (1.9 - 2.3 s) and after (t = 2.3 - 2.7 s) the high powered neutral beam-heating phase at 28 MW.
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Fig. 2 Evolution of the carbon density profiles during and after neutral beam heating phase
(28 MW) in RS and ERS plasmas. The time series of neutral beam heating is inserted in ERS graph.

Figure 2 shows profiles of the carbon density for RS and ERS plasmas during these times. These are
the same plasmas used to study the tritium transport. Also inserted in the ERS graph is the neutral
beam heating time series. The beam heating before the high power phase (t < 1.9 s) establishes the
reverse shear and the heating after the high power phase (t > 2.3 s) maintains a steady state plasma.

At the beginning of the high powered heating phase (t = 1.9 s) the carbon profiles are very
similar for both the ERS and RS plasmas (Fig. 2). In the ERS plasma there is a bifurcation at t = 2.05
s to a state with improved core confinement. At t = 2.1 s both plasmas have similar central carbon
densities, but the ERS plasma is more peaked within the reverse shear region (r/a < 0.35). At the end
of the high powered heating phase (t = 2.3 s) the carbon profile in the ERS plasma is very peaked
and has 50% higher central density than the RS case. With the reduction of the beam power at t = 2.3
s to 14 MW, the carbon influx from the carbon limiters is reduced, resulting in the carbon profile in
the RS plasma relaxing to lower densities at all radii. However, the carbon profile within the reverse
shear region of the ERS plasma continues to peak and slowly increases through the remainder of the
neutral beam heating phase (t = 2.7 s). This central carbon density rise is slightly faster than the rise
in the central electron density. Clearly, the carbon profile in the ERS plasma with a large gradient
within the reverse shear region (r/a < 0.35) exhibits a transport barrier. The strong peaking of the
central density with an edge particle source requires the carbon particle transport to have a strong
inward pinch component.

The perturbative transport analysis is applied to the time dependent carbon density profile of
the ERS plasma. Unfortunately, the change in the density gradients in the RS plasma is not sufficient
for the application of the perturbation analysis. Figure 3 is a comparison of the carbon diffusivity and
neoclassical predictions from NCLASS in ERS plasmas. As is the case for helium and tritium, the
carbon diffusivity within the reverse shear region is consistent with neoclassical predictions from
NCLASS. A comparison of theory and experiment at r/a < 0.2 is problematic for all species because
the poloidal field and density gradients on axis are uncertain in ERS plasmas. The perturbation
analysis also indicates an inward core carbon pinch in the ERS plasma on the order of 1.5 m/s. This
was not observed in helium or tritium. Shortly after the bifurcation the pinch provides sufficient
inward flux to exceed the outward diffusion and peak up the carbon profile. NCLASS also predicts
an inward carbon pinch, but is stronger (4 m/s). This prediction has a large uncertainty because it is
determined by the gradient in the deuterium profile.
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4.0 DISCUSSION AND CONCLUSIONS

The particle transport of several ion species (T, He, C) has been studied in reverse shear
plasmas. In ERS plasmas the density evolution of the ion species indicate the presence of transport
barriers [5]. The transport results complement and support previous observations of suppression of
fluctuations and reduction of electron particle and thermal ion transport in plasmas with reverse
magnetic shear [1,2,9]. The perturbative experiments have distinguished the contribution of the
diffusive and convective components [5]. For tritium and helium the good core confinement is due to
low outward diffusion. Neither of these species exhibited peaked profiles with edge fueling. This is
not true for carbon, which becomes peaked with an edge source. It has a low diffusivity and a
substantial inward pinch, which is responsible for the density peaking. The diffusivities for T, He, C
ion species are consistent with neoclassical theory. In particular, the measured and neoclassical
diffusivities are in good agreement except on axis where the poloidal field is uncertain.

Since the helium density exhibits a transport barrier, there is a concern that a reactor
utilizing reverse shear will have a problem with helium ash accumulation. In steady state and in the
absence of a significant pinch, the helium transport will not be a fundamental limiting factor in a
reactor if the ash diffusivity is comparable to the effective heat diffusivity (i.e. D^ = %eff). Presently
there is no good understanding or scaling of the electron heat diffusivity in reverse shear plasmas,
and consequently the issue of helium ash accumulation in a reactor with reverse shear is not clear.
However, a previous study of neoclassical predictions for a reactor with flat electron density and a
slightly hollow fuel profile due to the fusion burn indicates a strong outward convection that limits
the central ash accumulation [10].
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Abstract

Particle confinement and transport have been systematically analyzed for the improved
confinement modes in JT-60U. A scaling law for the total number of ions in the main plasma of
ELMy H-mode plasmas was proposed for the first time with confinement times of the particles
supplied by NBI (center fuelling) and by recycling and gas-puffing (edge fuelling) separately defined.
The confinement time increases and decreases with density for center and edge fuelling, respectively.
The comparison between the experimental data and the scaling was made for the high pp ELMy
H-mode and reversed shear plasmas. The particle confinement was enhanced over the scaling by a
factor of about 2 in the reversed shear plasma. The particle diffusivity and convection velocity were
also evaluated based on the perturbation technique using modulated helium gas-puffing in ELMy
H-mode and reversed shear plasmas. The particle diffusivity and convection velocity were estimated
to be 0.4-2 m2/s and -5.5 (inward)~+2.5 (outward) m/s for the ELMy H-mode plasma and to be 0.2-2
m2 /s and -4 (inward)~0 m/s for the reversed shear plasma, respectively. The particle diffusivity was
reduced by a factor of 5-6 around the internal transport barrier compared with that in the outside and
inside regions in the reversed shear plasma.

1. INTRODUCTION
Density controllability is required in a fusion reactor for control of fusion power, for which

understanding of particle confinement is essential. In NBI heated plasmas, particles are fuelled not
only in the central region by NBI but also in the edge region by recycling and gas-puffing. Since the
center and edge fuelled particles exhibit different confinement times [1], the particle confinement
taking account of the effect of particle source distribution should be investigated. Furthermore, it is
important to estimate the local particle transport coefficients for understanding of physical mechanism
responsible for the particle confinement.

In this paper, confinement times for the particles fuelled by NBI and by recycling and gas-puffing
were separately defined, and a scaling law for the total number of ions inside the separatrix was
proposed for the ELMy H-mode plasmas. The scaling was systematically compared with experimental
data for the high |3p ELMy H-mode and reversed shear plasmas. Furthermore, the particle transport
coefficients were estimated based on perturbation technique using a modulated gas-puffing in the
ELMy H-mode and reversed shear plasmas.

2. PARTICLE CONFINEMENT
In the steady state, the total number of ions (Nj) inside the separatrix can be expressed as

follows using the confinement times for particles fuelled by recycling and gas-puffing (tp
R) and for

particles fuelled by NBI (xp
m),

N - X p ^ S ^ S ^ + r ^ S ^ (1)
where SR, SGP and S ^ are the particle sources due to recycling, gas-puffing and NBI, respectively.
The value of N; was derived from the electron density and Zeff. The value of SR was estimated from
Da emission intensity. A large fraction of the recycling neutral particles ionizes in the divertor and
scrape-off layer (SOL) in JT-60U [2]. The penetration probability of the neutral particles into the
main plasma decreases from about 10% to a few % with increasing the main plasma density (2-3x1019

m"3 ). Since the particle source in the divertor and SOL region largely contributes to the main plasma
density [3], xp

R was defined as the particle confinement time including the divertor and SOL, which
means that the value of SR used in this analysis includes the particle source in the divertor and SOL.

We derived a scaling law based on the data-set from ELMy H-mode plasmas with the plasma
current ( I ) of 1.0-1.8 MA, the toroidal magnetic field (Bj.) of 2.1-3.5 T, the absolute input power
(Pabs ) of 5-25 MW, the line averaged electron density (ne) of l-6xlO19 m"3, the plasma volume (V )
of 53-70 m3, the triangularity (8) of 0.1-0.35 andZeff=1.8-3.5. The dependence of x R and iJ*8 onne,
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I , BT and P bs was assumed as follows,
xR=xR(0)(n/lxl01 9 m'3)°(L/1 MA)T(B/35 T)*(P /10 MW)11xp

R=xp
R(0)(ne/lxl019 m'3)°(L/1 MA)T(B/3.5 T)*(Plb, /10 MW)11, (2)

xp
 m=xp

 m(0)(^ / lxl 019 m"3 )p(Ip /I MA)Y(BT/3.5 T)^Pabs /10 MWf. (3)
We assumed that the dependence on L, BT and Pabs are the same for x R and x NB. From the fitting on
the above assumption, the values of xp

R(0)=4.7 ms, xp
NB(0)=380 ms, oc=-O.36, p=0.66, 7=0.21, %=0.26,

Tp-1.1 were obtained. In Fig. 1, closed circles show the comparison between scaling and experimental
data. The error bar in this figure is ascribed to uncertainties in Zeff. It can be seen from this figure
that the experimental data are well fitted to the scaling law. It is noted that the dependence of xp

R on
^ dp

n,, is different from that of z ^ . The decrease in xp
R with increasing ne can be explained by

localization of the particle source in the edge region including divertor and SOL with increasing n,. [4].
The increase in Tp

m with ne reflects the characteristics of plasma core confinement. The confinement
times increase with Ip and By, and decrease with Pabs , which is similar as the dependence of the
energy confinement time in the ELM-free H-mode plasma. The small ratio of xp

 R(0)/xp
NB(0) indicates

that density control with gas-puffing is associated with a drastic change of the particle flux onto the
divertor plate, suggesting that the center fuelling such as pellet is necessary for density control.

In Fig. 1, open circles and squares show the comparison between the experimental data and the
scaling in the high pp ELMy H-mode (1,, =0.8-2 MA, BT=1.8-4 T, Pabs =11-22 MW, ne=2-3.5xl019

m 3 , Vp=52-60 m3, 8=0.15-0.5 and Zeff=2-3.5) and reversed shear (1^=1.5-2.6 MA, BT=3.4-4.4 T,
Pabs =11-16 MW, ne=l-3xl019 m"3, Vp=55-65 m3, 8=0.06-0.3 and Zeff =2.5-3.5) plasmas, respectively.
For the reversed shear plasmas, data during non steady state phase were included in Fig.l. In non
steady sate phase, eq. (1) can be rewritten as,

N;=xp
R (SR + SGP - dN */dt}+x™ ( S ^ - dN^/dt) (4)

where N;
R and N ^ are the numbers of ions fuelled by recycling and gas-puffing and by NBI,

respectively. Here, dN^/dt was assumed to be equal to dN;/dt because of xp
R«xp

NB, therefore,
dN;

R/dt was assumed to be zero. The value of dNj/dt was considered as in the range of dNe /dt ~
N;/NexdNe/dt. An enhancement of particle confinement is not observed in the high pp ELMy
H-mode plasma. In the reversed shear plasma, the particle confinement seems to exhibit different
dependence. Some data suggest that particle confinement is enhanced over the scaling by a factor of
about 2. The enhancement of particle confinement is similar as or greater than the enhancement of
energy confinement over the 0.85xE

ELM"ftee scaling. This enhancement is closely related with the
particle transport, which is discussed in the next section.

3. PARTICLE TRANSPORT
Gas-puffing modulation experiments were performed for the reversed shear (L=l MA, BT=2.1

T, Pabs=7.3 MW, iie=2.5-3.0xl019 m'3) and ELMy H-mode (Ip=l MA, BT=2.1 T, Pabs =11.1 MW,
1^=2.1 -2.4x1019 m"3) plasmas. We used helium gas-puffing, because the helium ion density can be
directly measured using CXRS at 8 radial positions. The helium gas-puffing was modulated at 2 Hz.
The electron density profiles for the reversed shear and ELMy H-mode plasmas are shown in Fig 2.
An internal transport barrier (ITB) was observed in the region of r/a=0.4-0.5 for the reversed shear
plasma. The H-factor (enhancement factor above the ITER89-P scaling law) was estimated to be 1.9
and 1.3-1.5 for the reversed shear and ELMy H-mode plasmas, respectively. ELM activities were
also observed in the reversed shear plasma.

The particle transport equations for the fully ionized helium (He2+) can be represented as
follows:

rHe2+ = - D-VnHe2+ + v -nHe2+, (6)
where nRe2+ is the fully ionized helium density, FHe2+ is the helium ion flux density across the
magnetic field, sHe24 is the helium ion source density, D is the particle diffusivity and v is the
convection velocity. Because helium was fuelled by gas-puffing only, sHe24 is negligible in the

region of r/a<0.9 with JT-60U plasma parameters. When we express the modulated helium ion
density (nHe2+) as follows:

iiHe2+=A(r)-sin(aH-(|>(r)), (7)
the time independent solution of D and v can be obtained as follows [5]:
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3d)
D = -co-(Y-sin(|)+X-cos(j))/r-^A, (8)

3A 34> d<b dA dty ,
v = - co •((— • Y - J . • A-X) sin 4> + ( ^ • A-Y + — -X) cos <j>) / r^-A2 , (9)

df or or or or
where

X=jo
r rAcoscj) dr and Y=Jo

r rAsin(j> dr.
The helium transport was analyzed in ref. [6] for the reversed shear plasma of JT-60U based on the
time response of the helium density profile to a short helium gas-puffing. In the analysis method used
in ref. [6], the back ground helium ion density and the uncertainty in the source term affect the analysis
results. The perturbation technique method used in this paper has advantages that the back ground
helium ion density and the source term do not affect the analysis, and also a unique solution of the
particle transport coefficients is obtained from the amplitude and phase profiles of the modulated
helium density.

We fitted the helium ion densities measured by CXRS using a sum of sine and polynomial
functions by the least squares fit method. The sine function expresses the modulated component and
the polynomial function expresses the time evolution of the non-modulated component. In Figs. 3 (a)
and (b), the amplitude and phase of the modulated helium ion density are plotted, respectively. The
amplitude is similar for both cases in the region of r/a=0.1-0.3 and 0.7-0.9. However, the amplitude
of the reversed shear plasma is smaller than that of the ELMy H-mode plasma in the region of
r/a=0.3-0.7. The phase changed continuously for the ELMy H-mode plasma. In contrast, the phase
changed significantly at the ITB region for the reversed shear plasma. The particle diffusivity and
convection velocity were shown in Figs. 4 (a) and (b), respectively. Here, the profiles of the
amplitude and phase of the modulated helium ion density as shown by the solid and dashed lines in
Fig. 3 were used. The particle diffusivity was in the range of 0.2-2 and 0.4-2 m2/s for the reversed
shear and ELMy H-mode plasmas, respectively. It can be seen from Fig. 4 (a) that the particle
diffusivity was reduced in the reversed shear plasma by a factor of 5-6 in the ITB region compared
with that in the inside and outside regions. In this discharge, the thermal ion diffusivity was estimated
to be about 0.3 m2/s in the ITB region, which is almost the same as the particle diffusivity. In the
region outside ITB, the particle diffusivity for the reversed shear plasma is also smaller than that for
the ELMy H-mode plasma. This might be related to the fact that the heating power in the reversed
shear plasma is smaller than that in the ELMy H-mode plasma. The inward pinch velocity of-2~-l
m/s was observed in the ITB region for the reversed shear plasma. However, the increase of the
inward pinch velocity in the ITB region was not observed. The inward pinch velocity was observed
for the ELMy H-mode plasma except for the region of r/a=0.3-0.45 as well as for the reversed shear
plasma. The outward velocity could be related with the sawtooth activities. In this discharge, the
sawtooth activities were observed and the inverse radius was evaluated to be 0.3-0.4, which is the
same as the outward velocity region.

These results show that the reduction of the particle diffusivity largely contributes to the
enhancement of particle confinement for the reversed shear plasma. Since NBI source can penetrate
to the region inside ITB, %p

m is enhanced by the reduction of the particle diffusivity. The inward
pinch velocity and reduction of the particle diffusivity in the ITB region suggests that not only x J*3 but
also T R are enhanced, because Vn̂ /nj is equal to v/D in the steady state in the region where the particle
source is negligible.

4. SUMMARY
The particle confinement and transport in JT-60U have been systematically analyzed. A scaling

law for the total number of ions in the main plasma of ELMy H-mode plasmas is proposed. The
particle confinement time increases and decreases with density for center and edge fuelling, respectively.
In order to determine the dependence on other parameters such as plasma size and configuration, a
data base has to accumulated for many machines. In the reversed shear plasma, the particle confinement
was enhanced by a factor of about 2 compared with the scaling. The particle diffusivity and
convection velocity were estimated to be 0.2-2 m2/s and -4 (inward)-O m/s for the reversed shear
plasma and to be 0.4-2 m2/s and -5.5 (inward)—1-2.5 (outward) m/s for the ELMy H-mode plasma,
respectively. The particle diffusivity around the internal transport barrier was reduced by a factor of
5-6 compared with that in the inside and outside regions in the reversed shear plasma. The reduction
of the particle diffusivity and the inward pinch velocity in the ITB region suggests that both particle
confinement times of the center and edge fuelled particles are enhanced.
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Abstract
In the CHS heliotron/torsatron, fishbone instabilities(FBs) and toroidal Alfven

eigenmodes(TAEs) are observed for the first time, in NBI heated plasmas where small beam
driven current is induced. Pulsed increase in energetic ion loss flux is detected by an escaping
ion probe during the m=3/n=2 FBs(m,n : poloidal and toroidal mode numbers). The sawtooth
crash is often induced by the m=2/n=l FBs. The current driven internal kink mode and
pressure driven interchange modes are thought to be relevant MHD instabilities to FBs. TAEs
with n=l and n=2 are identified, and localized near the plasma core region where fairly low
magnetic shear would be realized by the small net plasma current. So far, the observed TAEs
do not lead to enhanced loss of energetic ions because of low magnetic fluctuation level.

1. INTRODUCTION
Fishbone instabilities[l] and Alfven eigenmodes[2] driven by the presence of energetic

ions are observed in a tokamak plasma heated by intense neutral beam and/or ICRF heating, and
often lead to enhanced loss of energetic ions before their thermalization. In a tokamak fusion
reactor, these kinetically driven modes, in particular, toroidal Alfven eigenmodes(TAEs) might
be excited by energetic alpha particles and considerably degrade their confinement[3,4].
Therefore, excitation and suppression of TAEs is intensively studied in large tokamaks. This
issue is also very important for helical systems[5]. In particular, energetic ion loss might be
considerably enhanced by these MHD modes in a helical system with appreciable magnetic field
ripple. Recently, we observed fishbone instabilities (FBs) [6] and toroidal Alfven
eigenmodes(TAEs) [7] excited by energetic ions in the CHS heliotron/torsatron[8]. FBs in a
tokamak plasma are excited by resonant interaction of m=l/n=linternal kink mode with the
precessional motion of trapped ions. In contrast to the tokamak plasma, the CHS plasma is
basically current-free and is confined in the three dimensional magnetic configuration.
Therefore, main purpose of this research is to clarify the relevant MHD mode and the resonant
orbit of energetic ions. On the other hand, TAEs can be destabilized by resonant interaction of
Alfven waves with circulating motion of passing ions or bounce motion of trapped ions in the
troidicity induced Alfven spectrum gap. In a tokamak, the radial variation of the TAE

frequency fTAE=VA/(47tRq) is fairly small (VA: Alfven velocity, q: safety factor), and then
continuum damping of TAEs near the plasma edge might not act efficiently. On the other hand,
the TAE frequency in CHS rapidly increases towards the edge, because q decreases towards the
edge. This means that strong continuum damping of TAEs could take place near the edge.
However, TAEs are obviously excited on the certain experimental conditions of CHS. In this
paper we describe characteristics of FBs and TAEs observed in CHS. In these experiments,
the electron density is kept low (< 3x1 O^m'3) to enlarge contribution of energetic ions to the
bulk plasma. Typically, averaged (parallel) beta of energetic beam ions is in ~ 0.1-0.3 % and is
comparable to the bulk plasma beta. Neutral beams are injected nearly parallel to the toroidal
field and induce appreciable net plasma current dominated by beam driven current.

2. FISHBONE INSTABILITIES
Characteristics of FBs depend upon the position of magnetic axis in the vacuum

- 1 -
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field (Rax), where the plasma of Rax<0.92m is referred as the "inward-shifted" plasma and the
one of Rax>0.95m as the "outward-shifted" one. In the outward-shifted plasmas, m=3/n=2 FBs
are observed. In the inward-shifted plasmas, m=2/n=l FBs are observed.

Figure l(a) shows time evolution of magnetic fluctuations of m=3/n=2 FBs and energetic
ion loss flux measured by an escaping ion probe(EIP)[9], where Rax=0.95 m. As seen from
Fig.l(a), magnetic fluctuations exhibit the fishbone like amplitude modulation during the NBI
pulse. Energetic ion loss is transiently enhanced by FB-burst. Figure l(b) shows the expanded
time trace of magnetic fluctuations and energetic ion loss flux shown in Fig.l(a). The ion loss is
suddenly enhanced when the magnetic fluctuations reach the peak level. Recently, it has been
clarified that energetic ions with the pitch angle near 90° are preferentially expelled by m=3/n=2
FBs, in addition to the loss flux with the pitch angle around 45°[9]. On the hand, time
behaviours of m=2/n=l FBs in Rax=0.92 m are shown in Fig.2. The amplitude of magnetic
fluctuations grows in the rising phase of the net plasma current and then the sawtooth oscillations

characterized by the annular crash near the q=2 surface( at p ~ 0.5) are induced in the latter half
of the discharge. Both of m=3/n=2 and m=2/n=l FBs show rapid frequency sweep by about
factor of two in each burst(Fig.3). This frequency sweep is not caused by the change in the
plasma potential near the rational surface. Appearance of FBs is very sensitive for the net plasma
current. Radial profiles of SX-fluctuations related to FBs have two peaks in the region of p <
0.7, exhibiting ballooning nature(Fig.4). The largest peak is located near the plasma axis. This
seems to suggest that two rational surfaces related to FBs are produced by beam driven current
with a peaked profile. If this q-profile with two rational surfaces is realized, the current driven
internal kink can be destabilized preferentially near the inner rational surface, having a character
of pressure driven interchange mode at the outer rational surface in the finite beta plasma[10]. If
the orbits of toroidally and/or helically trapped ions are assumed to be equivalent for the banana
orbit in a tokamak, the toroidal precession frequency of trapped ions may be approximated by

fpre~ (m/n)E[l-(Rt/R)2]/(2rcZrsRBt), where E, Rt, rs and Z are the injection beam energy, the
tangency radius of the beam line, the size of the rational surface and the charge of injected beam,
respectively. If the size of the inner rational surface is adopted, the resonance frequency nfpre is
estimated to be -90 kHz for m=3/n=2 FBs (Fig.3) and -40 kHz for m=2/n=l FBs. These values
are close to the observed frequencies at the beginning of each burst.

3. TOROIDAL ALFVEN EIGENMODES
In TAE experiments, hydrogen beam is injected into a hydrogen plasma, where the

toroidal field, line averaged electron density and beam energy are scanned in the range of
Bt=0.7 -1.5 T, ne=0.5 - 3 x 101 9m'3 and E=28-40 keV, respectively. In the condition, n=l
and n=2 TAEs having very narrow frequency band width( < 1 kHz) are observed in inward-
shifted(Rax=0.92m) and outward-shifted(Rax=0.95m) plasmas [7]. Excitation of TAEs are
sensitive for a small net plasma current which decreases the magnetic shear near the plasma core
region. Figure 5 summarizes the observed frequencies of TAEs as a function of the calculated
TAE frequency for pure hydrogen plasma fpj^(0), where the electron density at the plasma
center is employed and q=(m+l/2)/n. As seen from Fig.5, the observed frequencies are in
proportion to the TAE frequency. However, the values are by about 30% lower than the TAE
frequency. In these plasmas, Zeff=2-3 and then impurity ions decrease fT^g(0) by about 15
%. On the other hand, since the TAE gap position is expected to be r=0.3-0.4 typically, this
effect increases frAE(O) by - 5 % . Therefore, the observed frequencies are still by -20% lower
than fxAE(O)- The TAE frequency and TAE gap position are approximately predicted by simple
calculation of the Alfven continua in a cylindrical configuration. Figure 6(a) shows the
(uncoupled) Alfven continua for n=l and n=2 TAEs observed in CHS, where the above-
mentioned impurity effect is taken into account in the calculation. This figure also shows the
TAE gap structure calculated by the approximate expression for large-aspect-ratio and low beta
tokamak[3]. Here, the rotational transform(l/q) is assumed to be the sum of the rotational
transform due to the net plasma current and the external rotational transform in three
dimensional current-free equilibrium with 0.2 % averaged total beta. Here, the current density

profile is assumed to be a plausible shape of jp=jo(^"P ) • ^ s s e e n fr°m Fig-6, the observed
frequency (~ 97 kHz) lies near the lower boundary of the innermost TAE gap. Internal
structure of TAEs is measured by the SX array. Figure 6(b) shows the radial profiles of

- 2 -
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coherence y between SX signal and magnetic probe signal for the observed n=l TAEs. This
figure shows that high coherence region is in the core region(p < 0.6), where y for noise is
-0.3. Note that high coherence observed around the plasma center is caused by the integral
effect of SX emission along the line of sight. Therefore, TAEs are predicted to be localized
around p ~ 0.2-0.6, which is also confirmed by the profile of plasma potential fluctuations
measured by heavy ion beam probe[7]. This result is consistent with Fig.6(a). The core
localization of TAEs seems to be similar to the core localized TAEs in a tokamak[12]. It is also
required for excitation of TAEs in CHS that the ratio of the beam velocity to the central Alfven
velocity V^/V^ exceeds about 0.5. This suggests the side-band excitation of TAEs [13].

4. SUMMARY
In the CHS heliotron/torsatron, m=2/n=l and m=3/n=2 fishbone instabilities(FBs) are

observed in NBI heated plasmas where the beam driven current with a peaked profile is induced.
Energetic ion loss is transiently enhanced by FBs. In each FB-burst the frequency of the
magnetic fluctuations is considerably swept down. Radial profiles of the fluctuations suggest
that the current driven internal kink mode might be destabilized by energetic ions, having a
character of pressure driven interchange mode in the finite beta plasma. However, these FBs are
easily stabilized by suppressing beam driven current. In addition, n=l and n=2 TAEs are also
identified for the first time in NBI heated plasmas. TAEs are excited only when the ratio of beam
velocity to the Alfven one exceeds 0.5 and a net plasma current induced by co-NBI is in the
required level depending on Bt. The observed TAEs localize near the plasma core region with
fairly low magnetic shear realized by the net plasma current. TAEs in CHS do not enhance
energetic ion loss, because the fluctuation level is low (bQ/Bt < 10"* at LCFS).

The authors wish to acknowledge N. Nakajima(NIFS), Y. Nakamura(Kyoto Univ.),
M. Wakatani(Kyoto Univ.), and J.W. Van Dam(Univ. of Texas) for fruitful discussions.
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Fig.l (a) Time evolution of magnetic fluctuations of m=3/n=2 FBs and energetic ion loss flux in
the outward-shifted plasma of Rax=0.97 m, where Bt=0.9 T, line averaged electron
density~0.8xlQl9 m"3 and peak plasma"current ~ 6 kA. (b) expanded time trace of Fig.(a).
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Fig.2 (a) Time evolution of magnetic fluctuations of m=2/n=l FBs in the inward-shifted plasma ol
Rax=0.92 m at Bt=0.9 T. (b) sawtooth crashes induced by FBs are observed in the SX-signals.
Fig.3 Detailed behaviours of magnetic fluctuations of m=3/n=2 FBs and temporal frequency .
Fig.4 Radial profiles of soft X-ray fluctuations during two bursts of m=2/n=l FBs. Shaded zones
indicate the predicted rational surfaces of q=2.
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Fig.5 Comparison of observed frequencies of TAEs with the calculated TAE frequencies.
Fig.6 (a) Alfven continua calculated in the cylindrical configuration for n=lTAE observed in CHS,
and TAE gap structure calculated from the approximate expression in large-aspect-ratio and low beta
tokamak. The horizontal line indicates the observed frequency, (b) Radial variation of coherence
between SX signals and magnetic fluctuations of n=lTAE, where the high coherence region around
the center is due to the pass-integral effect in SX-signals.
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Abstract
The radial profile of Reynolds stress has been measured in the plasma boundary region

of tokamaks and stellarator plasmas. The electrostatic Reynolds stress (proportional to < E r

E0>) shows a radial gradient close to the velocity shear layer location, showing that this
mechanism can drive significant poloidal flows in the plasma boundary region of fusion
plasmas. The generation of poloidal flows by Ion Bernstein Wave (IBW) is under investigation
in toroidal plasmas. The radial gradient in the Reynolds stress increases with RF power and
radial electric fields are modified at the RF resonance layer.

I. INTRODUCTION

Poloidal flows have been found to play an important role in the transition to improved
confinement regimes in fusion plasmas [1]. Sheared poloidal flows can influence the
turbulence by shear decorrelation mechanisms and, as a consequence, modify transport.
Different mechanisms have been proposed to explain the generation of sheared poloidal flows
in the plasma edge region. An important mechanism is the ion orbit loss caused by interaction
with the limiter [2]. A complementary explanation is the generation of poloidal flows by
plasma fluctuations via the Reynolds stress [3-4] and the poloidal spin-up of plasmas from
poloidal asymmetry of particle and momentum sources [5]. More recently it has been argued
that turbulence driven fluctuating zonal flows can reduce turbulent transport [6].

In the present paper we have studied the link between poloidal flows and fluctuations via
the Reynolds stress in fusion (tokamaks and stellarators) and non-fusion plasmas. The
experimental results will be compared with theoretical calculations of resistive interchange and
ballooning turbulence induced poloidal flows. In addition, the generation of poloidal flows by
Ion Bernstein Wave (IBW) is under investigation in toroidal plasmas.

II. REYNOLDS STRESS MEASUREMENTS IN TOKAMAKS AND STELLARATORS

The radial profile of the fluctuation driven flows via Reynolds stress is under investigation
in the plasma boundary region of the TJ-IU torsatron (1=1, m=6, Pecrh = 200 kW, fecrh = 37.5
GHz, iota (0) = 0.23, R = 0.6 m, a = 0.1 m, B t = 0.67 T, niin e « 0.5 x 101 3 cm"3), ISTTOK (R
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= 0.46 m, B - 0.5 T, I p - 6 kA) and JET (B = 2.6 T, Ip = 2 - 2.6 MA) tokamaks using multi-
arrays of Langmuir probes.

The experimental set-up consists of two arrays of three Langmuir probes, radially
separated to measure the radial electric field. Two tips of each set of probes, aligned
perpendicular to the magnetic field and poloidally separated were used to measure the poloidal
electric field. The probes were oriented with respect to the magnetic field direction to avoid
shadows between them. This experimental set-up provides a measurement of radial and
poloidal electric field fluctuations in a plasma volume smaller than the typical correlation
volume of fluctuations. The <v rVQ> term of the electrostatic Reynolds stress has been related
to the ExB velocities, and experimentally computed as

E r and E9 being the radial and poloidal components of the fluctuating electric field and B is
the toroidal magnetic field. The electrostatic component of the Reynolds stress has been
computed neglecting the influence of electron temperature fluctuations.

Figure 1 shows the radial profile of the poloidal phase velocity of fluctuations, floating
potential (<j)), and the level of rms fluctuations in the floating potential in the boundary of the
TJ-IU torsatron and ISTTOK tokamak. In both devices the floating potential becomes more
negative and the ion saturation current increases as the probe is inserted into the plasma edge.
The level of rms fluctuations in the floating potential fluctuations is in the range (4-12) V.
Fluctuations are dominated by frequencies below 200 kHz. As observed in other devices, the
radial electric field is sheared in the proximity of the velocity shear layer. From the S(k,co)
function, computed from the two-point correlation technique using two floating potential
signals, the average poloidal phase velocity of fluctuations is defined as, VQ =
Z(o,k(CO/'k)S((0/,k)/Soj]cS(to,k). In both devices, the poloidal phase velocity of fluctuations
reverses from the ion drift direction in the SOL region to the electron drift direction in the
plasma edge region. In the proximity of the velocity shear layer (r = ashear) t n e electron
density is about (0.5 - 1) x 10* ° m~3 in both devices. In the plasma edge region (r - ashear ~ 1
cm) the electron temperature increases up to 50 eV in ISTTOK and up to 30 eV in TJ-IU.

Figure 2 shows the radial profile of the Reynolds stress in the boundary of the TJ-IU
torsatron and ISTTOK tokamak. The radial gradient in the Reynolds stress is maximum (dR/dr
~ 10^ ms~2) in the proximity of the shear layer location. Preliminary experiments have shown
dR/dr - 1 0 ' ms ' 2 in the Scrape-Off Layer Side of the velocity shear layer location in JET
tokamak plasmas. Work is underway to study the radial structure of the Reynolds stress at the
L-H transition in the plasma boundary region in JET.

The importance of fluctuation induced flows in the evolution of the poloidal flow
requires a comparison with the magnitude of the flows driven or damped by other mechanisms.
The damping term due to magnetic pumping in the plasma edge region is YMP vi9> where v[Q is
the ion poloidal velocity. For JET and ISTTOK edge plasma parameters, YMP is expected to be
of the order vn ~ 10^ s ' l . Assuming VJQ of the order of the ExB poloidal velocity (v0 ~ 10-̂  m
s ' l ) , the contribution of magnetic pumping to the time evolution of the poloidal flow is
comparable to the contribution of fluctuations via Reynolds stress. The damping of the poloidal
rotation due to atomic physics (charge exchange) can be expressed as VJCX

 vi6> where VJCX is
the momentum loss rate due to charge exchange mechanisms. For typical edge plasma
conditions it follows that the contribution of atomic physics to the time evolution of the
poloidal flow is in the range of 10^ m s'2. For the SOL region, an important influence of the
radial electric field caused by the sheath conditions at the target plates is expected. These results
suggest the importance of fluctuation induced flows in the plasma boundary region of fusion
plasmas.

In contrast, the magnetic component of the Reynolds stress (proportional to < B r &Q>) is
negligible in the plasma boundary region of the TJ-IU torsatron, due to the relative phase
(~n/2) between poloidal and radial fluctuating components of the magnetic fields.
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The poloidal flow generation by different instabilities is under investigation. We have
found that the Reynolds stress has two terms: one is proportional to the poloidal flow velocity,
and leads to a dynamo instability and the generation of sheared flow. The second one is an
effective turbulent viscosity and damps poloidal flow. For resistive interchange turbulence in
stellarators, the Reynolds stress is dominated by the second term. Similar calculations are in
progress for ballooning modes in tokamak geometry.
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IH. REYNOLDS STRESS AND ION BERNSTEIN WAVE HEATING

The generation of poloidal flows by Ion Bernstein Wave (IBW) is under investigation in
Thorello device. The main goal of the Thorello toroidal magnetized plasma ( R = 0.40 m, B ~
0.2 T) is to study basic plasma-wave interaction phenomena [7]. Typical plasma parameters are:
plasma density 1 0 ^ cm'^ and electron temperature (3 - 5) eV. Ion Bernstein waves are
launched by means of a slow-wave antenna system composed of four blades in the plasma edge
region. Previous measurements of plasma fluctuations in Thorello device have shown
fluctuation levels in density and potential up to 40% [8].

The radial profile of Reynolds stress has been measured with different ion Bernstein
wave heating powers in the proximity of the resonance layer, using the multi-arrays of
Langmuir probes. The gradient in the Reynolds stress increases at the resonance layer with RF
power (f = 13.3 MHz, 4th harmonic) (see figure 3). In consistency with these results, the radial
electric field is modified at the RF resonance layer as RF power increases. Further experiments
are underway in the Thorello device to study the influence of plasma conditions (neutrals, RF
power) on the Reynolds stress, radial electric fields and poloidal flows. These experiments
would explore, from the experimental point of view, the possibility of active suppression of
turbulence, via Reynolds stress, by externally driven IBW.
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Fig. 3 Radial profile of the Reynolds stress in the Thorello device as RF power increases: P R F = 0 W(a);
PRF = 4 W (b); PRF = 20 W (c). The shaded area indicate the RF resonance region.
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Abstract

Some FTU plasma scenarios are characterised either by high electron temperature, produced by ECRH, or
high densities, by pellet injection. This paper discusses the energy transport characteristics of these
configurations and compares them with the predictions of mixed Bohm/Gyro-Bohm model that has been
recently proposed. The Gyro-Bohm term of the model overestimate the measured energy transport in the
conditions when it becomes relevant. The Bohm term alone seems to simulate correctly the experimental
results, with exception of the post-pellet enhanced confinement.

1. INTRODUCTION

The recent experimental activity on FTU has produced plasma scenarios characterised by
high electron temperature, with ECRH (Electron Cyclotron Resonance Heating) during fast
current ramps, and high densities, by means of multiple injection of deuterium pellets penetrating
beyond the sawtooth inversion radius. Low or negative magnetic shear configurations are often
produced in the fast current ramps. The energy transport analysis of these plasma conditions
provides information in a range of parameters that can not be easily reached in other tokamaks as
they are typical of a compact high magnetic field machine (R=0.93 m, a=0.3 m, BT=4^-8 T).

ECRH experiments [1] at 140 GHz have resulted in a maximum temperature up to 14 keV,
with an electron temperature gradient in excess of 150 keV/m. Multiple pellet injection [2]
produced high density plasmas with enhanced global energy confinement and peak electron
density ne(0)=4xl02 0 nr3 . The absence of the sawtooth activity for a significant time interval
allows to perform the interpretative analysis of the energy transport in the core of the plasma
discharge and provides some experimental data that can be used to test transport models.

In this work the recently proposed mixed Bohm-gyro-Bohm (BgB) model [3] is compared
to the experimental data of the described plasma scenarios. The model was calibrated on JET
experimental data and verified on the results of other large tokamaks (TFTR, DIII-D) and the
comparison with FTU results extends the analysis in a different range of plasma parameters.
Mixed BgB models [3,4,5] are characterised by a thermal diffusivity composed by two terms that
can be interpreted as due to a turbulence with a scale length of the order of (apj)1/2, the Bohm
term, or with a scale length of the order of pi, the Gyro-Bohm term, where a is the machine size
and pj the plasma gyro-radius. This approach is based on the experimental observation that the

Associazione Euratom-ENEA-CNR, Istituto di Fisica del Plasma, Milano, Italy
*INFM and Dipartimento di Fisica, II Universita di Roma 'Tor Vergata', Rome, Italy
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scaling of the energy transport seems to have Bohm or Gyro-Bohm features in different machines
and plasma heating scenarios. Standard L mode discharges appear to be described by Bohm models
while in the case of strong electron heating a Gyro-Bohm behaviour of the electron thermal
diffusivity has been observed [4]. In the model [3] the Gyro-Bohm term becomes relevant at the
high temperatures obtained in the ECRH during current ramp, while the Bohm term, that includes
an explicit dependence on magnetic shear, is dominant in the other configurations.

The plasma energy transport has been evaluated using the EVITA code that allows both the
interpretative and the predictive time-dependent analysis of a plasma configuration. The code
solves the diffusion equations for the poloidal magnetic field, the electron and the ion
temperatures using the plasma geometry obtained from the equilibrium reconstruction code, based
on the magnetic measurements. Electron temperature is measured by ECE analysis and the results
are in good agreement with Thomson scattering measurements. Plasma density profile is
evaluated by the inversion of the line averaged densities measured by a 5 chords DCN
interferometer. In the case of the pellet injection the Thomson scattering density profile are also
used in the elaboration. The value of Z effective is obtained by the visible bremsstrahlung signals.
Radiation losses are measured by a 12 chords bolometer array. The code evaluates the neutron
yield which is compared to the experimental value to obtain information on the ion temperature.
Deuterium is the working gas for all the described scenarios. The current density profile is
obtained by the solution of the diffusion equation for the magnetic poloidal field and it has been
checked that the obtained profiles are consistent with the MHD behaviour of the plasma
discharges. The interpretative analysis of the discharge shows that, whenever the analysis can be
performed (no saw-tooth activity), the core electron thermal diffusivity is typically in the range
0.2-̂ -0.4 m2/s, both for low and high values (5-^150 keV/m) of the electron temperature gradients.

2. ECRH ON FAST CURRENT RAMPS

In ECRH experiments, up to 700 kW of radio frequency power at 140 GHz have been
injected during the current ramp-up phase of 700 kA plasma discharges. Heating at the
fundamental frequency, with perpendicular, low field side launch with ordinary polarisation has
been used, so that the resonant magnetic field is 5 T. Both on axis and off axis heating has been
applied. No significant changes have been observed on density profiles during ECRH. Power
deposition evaluations show that due to the modest initial optical thickness the first-pass
absorption is incomplete (60%) at the start of the heating pulse but it approached 100% as soon
as the temperature built up. The fast ramp scenario (5 MA/s) is illustrated in Fig. 1.

0.05 0.150.10
time (s)

FIG. 1 Fast current ramp time traces,
pulse 12799, 360 kW ECRH: (a) plasma
current (b) central line averaged density
(c) electron temperature at R=0.97 m,
from ECE polycromator.

r(m)

FIG. 2 Electron temperature profiles at
t = 0.095 s , pulse 12799; filled points
experimental data;simulation results: dotted
line: BgB model, shaded area Bohm term only
with hollow to peaked current density profile.
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The start-up phase produces two qualitatively different plasma configurations characterised either
by peaked or hollow temperature and current density profiles. The profiles can be somehow
controlled by tuning the gas feed and the plasma position, but they depend also on the plasma
impurity content. The two configurations have different MHD features.

2.1 On axis heating

When ECRH is localised at the plasma centre the hollow temperature profiles evolve into
peaked ones, while current density profiles remain hollow until a MHD activity with the
characteristics of a double-tearing mode at the resonant q=2 surface develops producing a
temperature crash (e.g.. t= 0.1 s in Fig.l(c) ). The crash results into a peaked current density
profile and, after some delay, the saw-tooth activity appears and causes a decrease of the peak
temperature. The temperature profiles before the crash, Fig. 2, are not consistent with the BgB
model, where the Gyro-Bohm term overestimates the energy transport. The Bohm term only can
simulate the experimental data, but the results depend on the detail of the magnetic shear profile,
Fig. 2. In the case of pre-ECRH peaked current density profiles, which results in m=l activity, the
temperature shows an initial increase, in excess of 12 keV at high ECRH power, Fig. 3, followed
by a decrease and the sawtooth activity onset. Also in this case the BgB model underestimates the
experimental results, which can be reasonably reproduced by the Bohm term only, Fig. 3, at least
for t< 0.120 s.

2.2 Off axis heating

When ECRH is localised off axis (5-*-7 cm from the centre) the increase of the electron
temperature is lower, due to the volume effect. In this case the hollow profile discharges show a
behaviour that can be interpreted qualitatively as "diffusive", in the sense that electron
temperature profiles remain hollow, Fig. 4, and evolve later to a more peaked profile. At these
lower temperature values the Gyro-Bohm term of the BgB model is negligible and the data are
roughly in agreement with the model. In the case of peaked pre-ECRH profiles, the profiles
remain peaked, despite of the off-axis heating, Fig. 5, suggesting a "non diffusive behaviour" or
the sign of an inward energy pinch. Nevertheless, the simulation with BgB is in agreement with
the data, and the central temperature increase is explained by the residual central ohmic heating.

0.05 0.10 0.15 0.20
time(s)

FIG. 3 Peak electron temperature versus
time in the high power, 690 kW, ECRH pulse
14669; full points: experimental data; full
line: BgB model simulation; dashed line:
simulation with Bohm term only

FIG. 4 Electron temperature profile at
t=0.070 s, pulse 12953 with 325 kw ECRH
power; full points: experimental data;
dotted line: BgB simulation; the relative
amplitude of ECRH and OH power density
profiles are shown at the bottom.
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time(s)
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FIG. 5 Electron temperature profile at
t=0.070 s, pulse 12616 with 290 kw ECRH
power; full points: experimental data;
dotted line: BgB simulation; the relative
amplitude of ECRH and OH power density
profiles are shown at the bottom.

3. MULTIPLE PELLET INJECTION

FIG. 6 Pellet time traces; full points
experimental data; (a) electron temperature
at r=0.1 m; (b) DD neutron yield; dotted
line: simulation with full BgB model; dotted
line with points: simulation with BgB model
for electrons and neoclassical ion transport.

In pellet injection experiments, Ip=700 kA, pre-pellet density n e~1.2xl02 0 m"3, the sawtooth
activity is temporarily suppressed and the energy confinement time increases up to 2 times the L
mode value. The result was interpreted in the past as a reduction of both the electron and ion
energy transport [2] .The neutron yield is in agreement with 5 times the neo-classical ion
transport in the pre-pellet phase reduced to a neo-classical value in the post pellet. The BgB
model agrees both with electron and ion data in the pre-pellet phase but the post-pellet analysis
requires BgB electron transport combined with ion transport reduced to the neoclassical value,
Fig. 6, possibly due to the more peaked density profile. Standard ohmic discharges at the same line
averaged density as the post-pellet phase are fully described by BgB model, in agreement with the
L mode scaling typical of the saturated ohmic confinement regime (SOC).

4. CONCLUSIONS

In the cases where Gyro-Bohm term is negligible, as in the standard ohmic plasma in the SOC
regime, the BgB model is in agreement with the data, with exception of the post-pellet phase that
is consistent with a pure neo-classical ion transport. With ECRH, the model is able to explain
some features of the off-axis heating experiments, while in the very high temperature cases,
where the Gyro-Bohm term is relevant, it over-estimates the electron energy transport which
seems to be consistent with the value of the Bohm term only.
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Abstract

An international collaboration between JET, DIIID, AUG and CMOD has resulted in four sets of
Tokamak discharges which are approximately identical as regards a set of dimensionless plasma vari-
ables. The data demonstrates some measure of scale invariance of local and global confinement but a
more accurate matching of scaled density, power etc. is required to make firmer conclusions.

1. SCALE INVARIANCE OF CONFINEMENT

The scale invariance principle formulated by Kadomtsev [1] and Connor-Taylor [2] starts from
models of heat flux q^^ and local diffusivity % expressed as

Qheat = - en xVT+qc, % = XB F (p., v*, |3, qv, e, K, ) (1)

where qc is a convective heat flux and %B = T/B is the Bohm diffusivity; the dimensionless function F
depends on dimensionless plasma parameters like normalised Larmor radius p*, collisionality v*, (3,
safety factor qv inverse aspect ratio e elongation K. The function F depends on which equations (Vlasov,
Boltzmann, MHD etc.) are chosen to describe confinement [2]; atomic physics and radiation effects are
absent from Eq. (1). If the convective flux is related to a diffusivity and density gradient in the same
manner as the diffusive flux then scale invariance implies that heat flux (single fluid for simplicity) can
be scaled, say via minor radius, from one Tokamak to another to yield scaled density and temperature
profiles; in such a scaling of dimensional parameters (a, n, T, I, B....) the function F and its arguments
remain invariant. The global analogue of Eq. (1) involves a global average G of the unknown function F
[3] and global averages of the dimensionless parameters in Eq. (1) (for definitions of <p.> etc. see [3])

— BxE=<p*2> / G(<p*>,<v, >,pN,q95,e,K...) (2)
m v '

The scale invariance principle predicts that BxE is invariant under any transformation in which G
and its arguments are invariant. For a scale transformation in which <p*> etc. are held fixed, the dimen-
sional plasma parameters will scale with minor radius a as [4]

n - a " 2 T~a~1/2 B ~a~5/4 T ~a~1/4 P~a~3/4 a ~a~u/4 T ~a 5 / 4 n\
n ~ d , i ~ a , r j a ~ a , i ^ ~ a , r ~ a , qheat a > T* a y ^ )

In (3) the products na2 etc. denote normalised density since these products depend only on the
dimensionless parameters p . etc. x* denotes timescales like the confinement time xE, the MHD time
xMHD, slowing down timexs]ow. Thus ELM and sawtooth frequencies scale as f ~ a"5/4. Eq. (3) dictates how
to design "Identity" experiments on machines of different size a.

This paper will describe the results from a series of such experiments carried out as part of an
international collaboration between JET, DIIID, ASDEX Upgrade (AUG) and CMOD. The accompany-
ing paper [5] describes in more detail the confinement experiments on AUG and JET as well as the L—>H
transition studies made with matched dimensionless edge parameters. The variety of plasma shapes
(including X-point location and strike zones) that are possible on JET makes it possible to compare

1
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confinement of JET plasmas with the confinement of plasmas in DIIID, AUG and CMOD. In each
comparison it is attempted to make the plasmas as identical as possible w.r.t. shape and values of the
dimensionless parameters in Eqs. (1-2). The minor radii for the four Tokamaks are

a(m) = 0.90 (JET), 0.57 (DIIID), 0.49 (AUG), 0.21 (CMOD) (4)

The scalings (3) and the values (4) demonstrate that JET is required to operate at the lower bound-
ary of it operational space while DIIID, AUG and CMOD must operate at their upper boundaries.

2. EXPERIMENTAL SET-UP

Early tests of confinement scale invariance in ohmic plasmas showed a good agreement between
PLT and Alcator C results [6]. The present series of experiments use Deuterium plasmas in the ELMy
H-mode regime; the auxiliary heating is NBI except CMOD uses ICRH; pulses on AUG operating at
high density have a combination ofNBI and ICRH. All plasma configurations are elongated (K = 1.7 - 1.75)
single X-point (divertor) shapes. The values of the upper triangularities 8U are slightly different in the JET
(5U = 0.15) and AUG (5U ~ 0) comparison while they are matched at 5U = 0.2 in the JET-DIII case; the
CMOD upper triangularity 8U = 0.50 is also more than the one used on JET (8U = 0.40). The experiments
on all four Tokamaks have involved scans of either density, power or q^ and includes a total of 91 pulses.
The data on the confinement time is well described by the ELMy ITER97e scaling expression [7] with an
RMS error ~ 13%; data on the thermal energy, i.e. total energy (diamagnetic measurement) corrected for
fast ion energy Wf, has been used except for CMOD. The data on the enhancement factor show groups of
pulses with H97e =1.0 whereas the degraded higher density pulses have Hc,7e ~ 0.75. Several of these
pulses feature intermittent MHD oscillations, locked modes or global n=l, n=2 modes. Such pulses are
eliminated in a search for globally identical pairs of pulses. From an initial study of the data on the global
parameters of Eq. (2) we have selected pairs of matching pulses. The relevant data for the selected pulses
are presented in the Table. For JET-AUG two pairs of pulses (low n and high n) are shown; a pair of JET-
DIIID (high n) pulses are listed; for the pair of JET-CMOD pulses we select one of the intermittent ELM
free periods (JET) to be compared with an ELM free pulse (CMOD); this is done to minimise differences
from ELMs due to differences in shape. From four different Tokamaks there will be some variations in
data availability. For JET-DIIID we use CI95 calculated by the EFIT code otherwise CI95 is evaluated from
the formula in [3]. For JET-AUG the energy W is the thermal energy while otherwise it is the diamag-
netic energy.

The appropriate matching of the global data in the Table for selected pairs of pulses demonstrate
that these preliminary identity experiments confirm the scale invariance of global confinement. The
normalised confinement time B^ xE is approximately constant in four separate transformations in p*, v»,
PN q95 space. The four pulse pairs differ however in various respects: the radiation fraction Prad/Ptot is ~
25% for JET-AUG, 35% for JET-DIIID, but 60-80% for JET-CMOD. The normalised frequencies f* = f
a5/4 are matched for sawteeth but not for ELM's; the axial regions (confinement, heating) exhibit greater
similarity than the edge regions (confinement, recycling).
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0
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The second row features the JET-AUG comparison at high density. We have included three JET
pulses all of which have approximately the same values of <£>*>, <v*> and fiN; these values have been
achieved at different power levels leading to a degradation of confinement time B^ TE. The low density
pulses in the first row have H97e =1.0 whereas the degraded higher density pulses have H97e ~ 0.75. At
the high density on AUG (1.1 1020 m"3) the confinement is also degraded which can be seen by compar-
ing BQ, xE values in rows 1 and 2. Thus the physics associated with this degradation does not exhibit scale
invariance to the degree demonstrated by the other selected pulses. An alternative interpretation though
less appealing, is that scale invariance is not testable given the constraints imposed by (i) differences
between the four Tokamaks and (ii) experimental measurement uncertainties.

3. PLASMA PROFILES

For selected ELMy pulses we choose time intervals over which the profile data on Te, T;, ne and
q^at is time averaged; this is made to minimise aliasing effects between the measurements of Te and
sawteeth. For the two ELM free pulses we choose the time midpoint in the evolving ELM free phase. The
LIDAR ne and Te profiles on JET have been smoothed in time and then in space. The JET profile data in
the JET-AUG and JET-DIIID comparisons (n,, Te, T;, c ^ ) is based on mapping to EFIT equilibria and on
the PENCIL code. The JET-CMOD comparison involves two TRANSP calculations. The AUG heat flux
profiles derive from calculations with the ASTRA code. The results are summarised in the four graphs of
Fig.l; x is normalised plasma radius; these graphs contain a lot of data because of space limitations.

The normalised temperature profiles are well matched in all four comparisons although the edge
values are consistently higher on JET in all four comparisons. The density profile shapes are matched
although the JET-CMOD values differ by more than has been intended. The normalised heat flux profiles
show different shapes, i.e. different heat deposition; the ICRH on CMOD is more centrally peaked than
the NBI on JET; the NBI on JET is more peaked than those on DIIID and ASDEX because of the high
densities (> 7 10 m") in the latter two tokamaks. In designing these experiments we have not changed
the beam energy Eb. The attenuation of a neutral beam varies as [ ne ac x dl; the charge exchange cross
section and that of ionisation vary as E^ . The beam energy required to yield a scale invariant deposi-
tion profile then scales like Eb ~ a~ . It is presently not possible to match the beam energies on JET and
AUG. In future experiments on AUG it will be possible to increase Ei, from 50keV to 1 OOkeV and on JET
the 80keV beam should be used instead of the 140keV one.

These preliminary experiments have attempted to study measures of scale invariance of local and
global confinement: a ratio of 55 between heat fluxes on CMOD and JET yields the right ratio of tem-
peratures; a ratio of 5.5 between heat fluxes on AUG and JET gives the right temperature ratios at two
densities. The experiments and the resulting profiles have also demonstrated that there is ample scope for
improvement: the heat deposition profiles need to be better matched, possibly by the use of ICRH on
AUG since JET cannot couple below B^ = IT; the difference in edge Te between JET and the other three
Tokamaks needs to be understood. Future experiments on these four Tokamaks may be carried out to
meet such a challenge.
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Abstract

Joint experiments on confinement and L-H transition were performed in ASDEX Upgrade and JET.
The confinement experiments suggest that the invariance principle is not always fulfilled at high density.
For the L-H transition studies, the dimensionless variables taken at the plasma edge can be in general
only made identical per pair, due to the condition imposed by the L-H transition. This new approach to
investigate the L-H physics suggests a weak dependence of the L-H transition mechanism on collisionality.

1. INTRODUCTION

The H-Mode transition and confinemen t are key issues for future fusion devices. Compar-
isons between tokamaks are expected to bring insight into the physics mechanisms and to finally
allow a reliable extrapolation to fusion reactors. A possible physical way to address this problem
is to compare experiments performed in devices in which dimensionless parameters are made
equal [1,2]. The experiments presented here are part of a collaboration between JET and Alcator
C-Mod, ASDEX Upgrade and DIII-D, reported in a companion paper [3]. This dimensionally
similar approach has already been applied to confinement studies, for instance in JET and DIII-
D [4,5]. The experiments carried out between ASDEX Upgrade and JET, address not only
confinement but also the L-H transition. A new approach had to be developed for the L-H
transition case because it introduces an additional condition, as discussed in section 3.

2. IDENTITY CONFINEMENT EXPERIMENTS

In the ''confinement identity experiments" the usual dimensionless variables jy*,v*u3,q) as
well as plasma geometry m ust be the same in the two devices. Phenomena occurring on the
Debye length or related to atomic physics are assumed to be negligible. In addition the heating
power deposition profiles must be similar. The identity of the dimensionless variables determines
the size scaling (a = minor radius) of the controllable parameters, [1,2,5]: Bj ~ a"5/4, Ip ~
a"1/4, ne ~ a~2, Ptot ~ a~3/4, T ~ a"1/2, leading to BT X r^ = const. If energy transport is
determined by plasma pln'sics only, heat conductivity \ must scale as fl+3'4 between the two
devices under such conditions. A important consequence of the above scaling is that JET must
be operated at the lower boundary of its parameter range (Bx = LIT , Ip = 1 MA) whereas
ASDEX Upgrade (AUG) was run close to its higher values^T = 2.3 T, IP = 1.2 MA).
A set of pulses has been performed initially in JET in which the plasma shape of ASDEX Upgrade
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has been matched. It includes low density (ne,AUG ~ 7 x 1019m 3, nejET ~ 2.2 x 1019m 3)
and high density cases {nt,AUG ~ 10 x 1019m~3, ne,jET ~ 3.3 X 1019?7?~3), at gg5 « 3 .

For the low density case, a. good match of the global parameters and of the scaled profiles
(nea

2, Tea
1'2 and T^-a1/2), as well as their gradient lengths, could be achieved by adjusting

density and heating power in AUG (shot pair: AUG 11229, JET 43868). This results in a good
profile agreement of the dimensionless parameters in the core {ptor < 0.75), shown in Fig. 1.

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.8 1.0

" tor K t o r " to r

Figure 1: Radial profile of p*. i>*, and <3 for electrons in AUG (solid) and JET (dashed).

For the pair 11229/43868, the Bj x r ^ values agree within the uncertainties: 0.27 for AUG,
0.28 for JET. This is in agreement with the expectation from the invariance principle for the
global analysis. However, the transport analysis of this matched pair reveals that the power
deposition profiles in the 2 devices differ significantly: it is more peaked in JET than in AUG
because the NBI acceleration voltage was not scaled. This leads to a difference in heat fluxes
of about a factor of 2 between the two devices at mid-radius. The scaled profiles being well
matched, transport analysis indicates that the scaled values of \ differ by about a factor of 2
at mid radius. The fact that the heat deposition profiles are not matched well enough does not
allow to apply the invariance principle. It must be stressed, however, that the excellent profile
agreement achieved under such conditions suggests that the reaction of profiles to changes in
heat flux is much weaker than one would expect from a. diffusive transport model.
The high density case was proposed to investigate the confinement degradation at high density.
In this case the NBI heating deposition is strongly off-axis in AUG, whereas that of JET remained
peaked. This effect was partly counterbalanced by providing a fraction of the required power
with ICRH, yielding heat fluxes similar to that of the low density case. Three JET pulses at
constant density with different heating power are available for the comparison and time slices
from 15 AUG shots with different heating power at similar densities.
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Figure 2: High density dataset: normalised confinement versus scaled power(a): dimensionless
parameters (b, c). -\- for JET. others for AUG (see text)

The results are summarised in figures 2 a,-c in which 3 classes of AUG points are presented:
triangles B? x Ttk close to JET values, crosses far from JET values and squares spread over
a large range of Bj x rth- Figure 2.a reflects the power degradation for both devices and also
indicates that Bj X Tth is systematically higher in JET. This can be attributed to the effect
of heating power mentioned above and/or to the somewhat higher triangularity in JET. The

2
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triangles have similar i>*,p*,3 as in JET, whereas the crosses do not, as expected. Surprisingly
the squares exhibit quite different BT X T ^ values but similar v*,p*,8. They demonstrate that
v*,p*,3 and plasma energy can be identical at the same density for quite different heating
powers, in contrast to the usual monotone increase of plasma energy with heating power (trian-
gles and crosses). We verified that the squares also have very similar density and temperature
profiles. They are taken from phases in the discharges during which the density can be kept
at the required high value, but with less gas puffing. As gas puffing is experimentally observed
to cause confinement degradation, less gas puffing allows for higher confinement. This effect
can occur when heating power is reduced after a high density/high power phase. Following
the reduction of heating power the ELM frequency decreases and less gas puffing is required
to maintain the density. Thus, after an initial decrease caused by the reduction of the heating
power, plasma, energy increases in relation with the reduced gas puffing. This evolution can
reaches a quasi-stationary state. Finally the same density' and plasma energy are reached than
previously but with weaker particle fuelling and at lower power. This behaviour only appears
in the high density shots, little gas puffing being required at low density. It is so far not clear
whether such a phenomenon can be observed in JET.
This observation sheds new light on transport and identity experiments at high density: the
relation between transport degradation and power can be broken and transport can be different
for the same local values of i>*.p*,j3. This suggests several interpretations: i) a strong vari-
ation of transport for very small variation of at least one on the parameters ;/*,/>*, 8, in this
region of operational space; ii) the evolution described above reflects a. change of plasma state
for identical p*, v* and /?; iii) edge particle balance has a. strong influence on transport. An
additional parameter is perhaps required to characterise the plasma and determine the corre-
sponding pairs in the two devices. These high density experiments also provide examples of very
similar temperature profiles obtained with quite different heating profiles, observation known as
profile resilience and widely observed in the tokamaks. This also implies that for very similar
local values of v*,p* and 3 heat diffusivity can be different.

3. DIMENSIONNALY SIMILAR L-H TRANSITION EXPERIMENTS

Experiments in which dimensionless variables at the plasma edge are equal may contribute
to a better understanding of L-H physics. The situation is different from confinement studies
because data are taken at the time of the L-H transition, introducing an additional condition: the
heating power is not free. More details on this work are to be found in [6]. It was experimentally
observed that the edge temperature has a critical value at the L-H transition [7,8]. Therefore
it is in general not possible to make p*,v* and 3 respectively equal in two devices at the L-H
transition but only one of the 3 possible pairs (p*, v*), ([3, v*) or (p*. 3). The required scaling of
the global parameters has been calculated using the experimental knowledge about the critical
temperature [7,8], yielding the following scaling for the edge data: (/?, v*) matching: BT <X a"1!2

T3/2 , ne oc a T2; {3,p*) matching: BT oc a"1 T1 / 2 , ne oc a2; (/>*, u*) matching: Bj oc a"1 T1/2,
he cc a"1 T2.
Thirteen pulses have been first done in JET followed by 22 in ASDEX Upgrade in an iterative
way to match the edge parameters by varying density. In these discharges the heating power
was slowly increased across the L-H transition. The measurements allow only the comparison
of electron parameters, but in ASDEX Upgrade analyses of available ion temperatures indicate
that the results are qualitatively valid for ions too. The dataset shown in Fig. 3 provides a
variation of />*, v*, 3 and scaled temperature Tea

xl2, at 95% of the poloidal flux, for g95 « 3
and cjg5 £s 4. The range in p* is moderate within each q$5 value but v* and (5 vary by »s 3.

In Fig. 3 different symbols indicate matched pairs of shots. For the circles the 3 dimen-
sionless parameters are quite similar which is a particular situation for the L-H transition as
explained above. In this case, the scaled electron temperatures are similar as well. The heating
powers at the L-H transition in this case scale as a"1/3, somewhat weaker than a~3/4 (previous
section) but in clear disagreement with a+ 1 required for divertor similarity in which the identity
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Figure 3: Edge data at L-H transition: closed symbols for AUG, open for JET: circles good
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in ,5 is replaced by that in temperature [9]. Squares highlight matched {[3,p*) which differ in
v* by a factor of ss 3 and in scaled temperature by ss 2. The complete analysis of the dataset
shows that j3 and p* can be matched simultaneously within the experimental errors, dominated
by the uncertainty on edge temperature (« 10%), while v* varies in one machine by 50% or
more. We conclude that p* and (3 are critical parameters for the L-H transition physics which
however depends weakly on i>*, as observed previously in ASDEX Upgrade [7]. The variation
of (/gs yields similar p* and (3 values, indicating a weak c/gs dependence of the L-H threshold.
Finally, in a plasma shape variation in JET the L-H transition occurred at the same values of
the dimensionless parameters.

4. CONCLUSION

The common work between JET and ASDEX Upgrade shows that "dimensionless similarity
experiments" are quite fruitful in investigating both confinement and L-H transition physics.
The imperfections on plasma shape and heat profiles of this first set of discharges should be
minimised in future campaigns. In-vessel modifications in ASDEX Upgrade will allow higher
triangularity, which is expected to change the situation at high density in particular. The in-
crease of the beam acceleration in ASDEX Upgrade from 60 kV to 100 kV and operation of the
NBI in JET at lower voltage should allow a better match of the heat profiles. The reaction of
confinement to power changes at high density in both devices should be compared in "behaviour
similarity experiments". The results of the new approach to study the L-H transition with di-
mensionless parameters at the plasma edge, which suggest that the Kadomtsev constraints are
valid in this case, should be pursued and the extension to other devices is highly recommended.

We are glad to acknowledge the excellent support of the ASDEX Upgrade and JET Teams.
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Abstract

COMPASS-D, due to its small size (R=0.56m, a=0.18m) and long pulse length (relative to field
diffusion times), provides valuable data when establishing the underlying physics and scalings for H-mode
thresholds, confinement, and ELM behaviour for devices of the scale of ITER. It is found that the H-mode
threshold has a very different parametric behaviour than that observed on larger devices, and new edge data
provides a possible explanation. An adaptable 60GHz ECRH system has allowed high power ECRH (1.8MW
installed power) to be used over a wide range of plasma parameters from low collisionality high p to high
density H-modes. This system injects neither particles nor momentum, and is thus representative of the
situation on ITER. A 1.3GHz 400kW LHCD system has provided additional flexibility for long pulse operation
and optimisation of high p discharges (e.g. to avoid disruptions).

1. H-MODE THRESHOLD

COMPASS-D is the smallest device with well-characterised H-mode plasmas in ITER-like
plasma configurations (i.e. single null divertor, with elongation ~1.6). Data are available for both
confinement in ELMy-H-mode regimes, and for the power required to produce and sustain H-
mode. Recent increases in the toroidal field have allowed ECRH to be used at the fundamental
resonance (typically a launch angle of ±10-20° to the toroidal field is used, balanced to minimise
current drive). H-modes can thus be produced both Ohmically and with additional heating [1], and
sustained ELMy-H-modes have been used to generate confinement data for the ITER
confinement databases. The scaling of the threshold power (Pth) is very much at variance with the
conventional scalings for ITER. In particular Plh increases as ne falls (at low ne), and there is a
threshold density below which it is not possible to enter H-mode with the available power (more
than an order of magnitude above that expected using the scaling laws derived from larger
tokamaks) - this has also been observed on some other tokamaks [2]. The data are illustrated in
Fig. 1. The power plotted is the estimated absorbed ECRH power (corrected for dWdia/dt; the
radiated power fraction is small), as deduced from a combination of ray tracing with the BANDIT-
3D code and analysis of the time-evolution of the stored plasma energy (from EFIT and a fast
diamagnetic loop) as the ECRH power is turned on or off. For heating at the fundamental the
deduced absorption falls from about 80% to about 30%, as the density is increased from
1—>5xl019m"3, due to refraction and variation in the optical depth.

The data are shown in terms of power delivered to the plasma, but it is expected that entry
into H-mode is set by local parameters near the plasma edge. Earlier work on COMPASS-D in
Ohmic H-modes had indicated that $n=$/(Ip/aBT) was a key parameter [3], with pn being
approximately the same for the H-L back transition as for the L-H transition. COMPASS-D
global confinement in L-mode follows normal L-mode scaling, and therefore it is possible to
calculate the power required to achieve a particular value of Pfl in L-mode. If ITERL96th scaling
is used, then the threshold power scales as

This shows a strong inverse density dependence, very much as observed on COMPASS-D,
and in addition a stronger toroidal field dependence than generally observed on other devices, but
which helps to explain the noticeable difference between the 2coce L I T and 1 (oce 1.8T and 2.1T
data on COMPASS-D. There is also an isotope scaling consistent with the observed lower
threshold seen in deuterium as opposed to hydrogen-dominated plasmas. This scaling is plotted in
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Fig. 1 for P,,cn,=0.53. For this to correspond with an edge parameter threshold, one has to make
an assumption of profile similarity (i.e. that the edge pressure gradient is proportional to [}„ as the
density is varied).
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FIG. 1: Loss power (Pabs-dW/dt) at the
transition to H-mode, as a function of
line-averaged plasma density on
COMPASS-D. Curves showing the
power required for a critical average
Pn using ITERL96th scaling are
overlaid. The ITER(96) threshold
scaling is also shown for B-f=2.1T [4].
The dashed line illustrates the form of
the low density cut-off if due to a
critical value of the collisionality.
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Earlier observations that reducing the edge current by current ramp-down stabilises ELMs
[5], together with the extremely high power required to enter H-mode in low density high beta
plasmas, point towards the H-mode in COMPASS-D being related to stabilisation of instabilities
driven by edge currents. The peeling mode is one such instability. This is a localised ideal-MHD
instability resonant just outside the last closed flux surface, destabilised by edge currents and
stabilised by pressure gradients [6]. At low collisionality it may not be possible to stabilise the
mode at all, due to the edge bootstrap current. Using L-mode confinement scaling for a critical
collisionality gives Plh

x ne V^cnf implying a sharp density cut-off, which for v»ecnr~l at the
edge is close to that observed (~l-2xl019rn~3, for 5^=1.1-2. IT). Furthermore, if the density is
decreased while the plasma is in an ECRH H-mode, then an H—>L back transition can occur.
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A more precise test of the threshold for the peeling mode is now possible due to the recent

installation on COMPASS-D of HELIOS, a diagnostic used to measure the edge ne and Te from



775 EXP2/04

spectral line intensities of a thermal helium beam [7]. Since the plasma power balance is
dominated by electrons in ECRH H-modes, the collisionality and normalised edge pressure
gradient (a) can be estimated. The COMPASS-D data (Fig. 2) are consistent with the peeling
mode being stabilised in the discharges that make the transition into H-mode, with the ELM
frequency decreasing as (a, v*e) change in the stabilising direction (it is not possible to define the
stability boundary precisely with the data and model available). Whether peeling modes are indeed
solely responsible for the edge turbulence seen in L-mode, or are manifest as the ELM precursors
observed [8, 9], is not certain, but the peeling mode could destabilise other modes.

There are, however, many other mechanisms for the transition to H-mode, which may play
a contributory even if not the dominant role. It is estimated that resistive ballooning mode
turbulence [10] should be weak on COMPASS-D. There have been observations of changes in the
poloidal and toroidal plasma flow on entry into H-mode, in the direction to generate radial
electric fields which could reduce the turbulent transport, and with the flow changes being reversed
by ELMs [11]. However the changes occur simultaneously with or after the transition or ELM
(the data resolution is ~150|is), so that while they may assist the formation of the thermal
barrier, it seems they do not initiate the transition. H-modes have not been generated with the ion
grad-B drift away from the single null x-point in COMPASS-D, so ion loss effects cannot be ruled
out, but there are no fast beam ions on COMPASS-D and no sharp change in the edge ion
temperature is observed on transition [12]. One feature of the COMPASS-D data is not explained
simply by the above peeling mode discussion: the increase in threshold power with density at
higher densities. This data comes from Ohmic H-modes, however, and the threshold seems to be
controlled almost entirely by the plasma density (the power does not change), perhaps again
linked to a collisionality threshold.

2. LONG PULSE OPERATION AT HIGH PRESSURES

Early experiments [13] indicated that the current profile was important in the attainable pn
on COMPASS-D, with counter current drive (expected to raise q(0)) leading to higher pn. The
high pn was transient, being limited by m=2, n=l neoclassical tearing modes [14]. More recently
experiments with 2(dce ECRH injected early in the discharge at the start of the current flat-top
[15] have led to sustained high pn as measured by the diamagnetic loop (including fast electrons).
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It is found that even without full optimisation of the programming of the ECRH waveform,
sustained high pn can be achieved by using the 1.3GHz lower hybrid current drive system on
COMPASS-D. Very modest LHCD power (50kW, N//=2.1 oriented for co-current drive) added to
~1MW of ECRH, has led to stable 400ms pulses with Pn above 1.5 for ~200ms. As well as
surviving longer, these discharges have lower levels of MHD activity, and the fast reconnection
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events are weaker. In these discharges, following the reconnection events, the MHD activity is
reduced and the energy confinement shows marked improvement (~20%) over normal high-p
plasmas. Ray-tracing calculations with the BANDIT-3D code, show that the current is driven in
the outer part of the plasma (r/a>0.75) [16]. When applied to lower q plasmas that normally
disrupt due to m=2, n= 1 modes, disruptions are avoided or delayed (Fig. 3). These plasmas have
F;oo/J<100mV for timescales equivalent, compared to the resistive diffusion time, to ~20% of the
ITER 1000s flat-top, at least comparable to much larger tokamaks. There is evidence both from
modelling with ASTRA [17] (including bootstrap current ~50%/p), and from the observed
instabilities (m=3, n-1,2 dominant), that either q(0) is high, possibly in excess of 2 in the
optimised discharges, or that the profile is more stable to 2,1 modes. The pressure appears to be
limited not by continuous m=2 neoclassical tearing modes but by fast reconnections, perhaps
associated with the transient appearance of q=2 or destabilisation of 2,1 mode [18].

3. CONCLUSIONS
There is now an explanation for the unusual increase of the H-mode power threshold at low

density on COMPASS-D, in terms of a critical pressure combined with L-mode confinement. This
behaviour, together with minimum density for H-mode access and new data on the edge
collisionality and pressure gradient, is consistent with peeling mode stability being a necessary and
possibly sufficient condition for H-mode access at low density on COMPASS-D. This then
justifies study of other possible roles of peeling modes in larger tokamaks, for example as a cause
of ELMs [6], Other mechanisms such as ion losses and velocity changes seem to be subordinate in
initiating the L-H transition on COMPASS-D, but may assist the formation of a thermal barrier.

Careful optimisation of the programming of high power ECRH, and the application of off-
axis current drive with LHCD, have led to a new high confinement regime with high pn sustained
for many confinement times, and up to ~20% of the duration (compared to the resistive diffusion
time) needed for ITER, but without the large m=2, n=l neoclassical tearing modes that limited
earlier experiments on COMPASS-D.
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Abstract
H-mode operational boundaries and H-mode confinement are investigated on ASDEX Upgrade. The local edge
parameter threshold for H-mode holds independent of divertor geometry and changes little with ion mass. The
deviation of the H-mode power threshold at densities near the Greenwald limit can be understood as a consequence
of a confinement deterioration, caused by "stiff" temperature profiles and lack of core density gradients in gas puff
fuelled discharges. Ion and electron temperature profiles can be described by a lower limit of gradient length
LT = T/T'.

1. Introduction

The plasma edge, in particular region near the outermost closed flux surfaces, affects in various
ways confinement and stability of tokamak operation. Operational limits, such as the boundary between
the L-mode and H-mode confinement regimes, onset of MARFE radiation instability, occurence of MHD
instability (Edge Localized Modes) can be mapped out in edge parameters, in particular edge temperature
and pressure gradient, as reported on the previous IAEA conference [1] from results of ASDEX Upgrade.
Since then, ASDEX Upgrade has undergone several modifications, a new, closely baffled "Lyra"-shaped
divertor (divertor n, [2]), increased neutral beam heating power of 20 MW and additional diagnostics
capabilities. These possibilities have enabled to study the effect of edge parameters in a regime extended
towards higher density. Here, we focus on the H-mode boundary and the confinement behaviour for
densities approaching the Greenwald density limit [3]. Global and local parameters are compared as
they reflect a change in confinement behaviour.

2. H-mode operational limits

The H-mode power threshold in ASDEX Upgrade has been investigated previously in global [4] and
local edge [5] parameters. The new divertor II allows to compare the H-mode threshold in ASDEX
Upgrade in two divertor geometries. Figure 1 shows the loss power (heating power with change of stored
energy subtracted) at the L-mode to H-mode transition as a function of line averaged density ne (a) and
edge density ne^dge (b), taken at r = a - 2 cm. While the loss power threshold scaling with ne x Bt differs
for the two divertor geometries, the scaling against ne,edge x Bt is identical. This reflects the observation
that in divertor II the density peaking is smaller than in divertor I, i.e. higher edge densities are achieved
with the same core density. The local edge parameters, in particular the critical edge temperature for the
H-mode transition, has not changed with divertor geometry as figure 1 (c) shows. The edge temperature
measured just before the L- to H- mode transition for deuterium at low density (3.8 x 1019 m~3, open
squares) is in accordance with the scaling derived in divertor I [5]. The figure also shows profiles with
and without use of the newly installed divertor cryompump in both hydrogen and deuterium. Additional
pumping has no effect on the transition condition other than by changing the edge density for a given
neutral flux and therefore does not modify the scaling. The difference of critical edge temperatures in
hydrogen and deuterium at low density is limited to about 20%, whereas the difference in heating power
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Figure 1: H-mode threshold in ASDEX Upgrade (a) loss power vs. line-averaged density ne and (b)
edge density (taken atr = a — 2 cm), multiplied by the toroidalfield Bt; (c) edge temperature profiles just
before the transition for deuterium and helium in divertors I and II.

is approximately a factor of two. These comparisons show that the edge parameter threshold scaling is
relatively robust and global scalings can be affected by heat and particle transport.

The difference between local and global scalings becomes especially apparent at high densities close
to the Greenwald density limit, where the H-mode power threshold increases strongly above the usual
ne x 5f-scaling encountered at low and medium densities [6]. With the recently upgraded neutral beam
heating of now 20 MW injected power in deuterium a series of high edge density experiments with gas-
puff fuelling was carried out. It is found that high edge densities can be achieved only if the heating
power is increased proportionally with the total neutral gas influx (external gas flux plus wall recycling).

The operational space at high density and high heating power is mapped out by the trajectories shown
in figure 2 (a) in global parameters, heating power vs. neutral gas influx, and (b) in local edge parameters,
electron temperature and density at r = a - 1 cm (inside the H-mode barrier region). Stable operation
at high density is achieved above the boundary labelled "HL" which denotes the H- to L- backtransition.
At high edge densities, the backtransition is recognized by a fast drop of the edge temperature gradient,
effectively destroying the edge transport barrier [7]. This transition is quickly followed by MARFE ex-
tension onto closed flux surfaces. If fuelling is continued, the edge temperature can drop further, leading
to tearing mode formation and a disruption, which can be avoided if the heating power is increased to
above the "HL"-boundary. A feedback control algorithm has been implemented in the ASDEX Upgrade
control system which, after MARFE detection by bolometry, reduces the external gas flux and increases
the heating power. With this algorithm, disruptions are avoided reliably in density limit experiments.
In ASDEX Upgrade divertor II, at high density the "HL" boundary almost coincides with the onset of
strike point detachment during type in ELMs both in global and local edge parameters. Detachment is
detected by a drop of C HI line intensity, a measure of power flux into the divertor. Langmuir probe
measurements (Isat at the target plate) reveal that still a particle flux to the target exists during ELMs.
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flux, b) edge density and edge temperature (taken at r = a— I cm). Regime boundaries marked "III",
"MHD", "D", and "HL" are discussed in the text.
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Nevertheless, the pressure balance at the separatrix between target plate and mid-plane is lost in between
and during ELMs. From the edge measurement it is difficult to infer a scaling of the "HL" boundary
at the edge. Possibilities are a T = const or collisionality boundary, v* = const, in contrast to low and
medium densities.

If the heating power is much in excess of the H-mode threshold, the edge temperature increases. If the
pressure gradient imposed by ELMs is reached ("MHD" boundary), further increase of edge temperature
is accompanied by a reduction of edge density. At sufficiently high edge temperature, small type III
ELMs are lost and only type I ELMs can be obtained. Type I ELMs are characterized by lower ELM
frequency and larger momentary heat flux during the ELM event. Predictions for the FDR-ITER based
on extrapolation of JET and DHI-D data [8], result in a power loss from the main plasma of 25-80 MJ
per type I ELM at a frequency of 1 Hz. While detachment during type in ELMs can be achieved, during
type I ELMs detachment has not been observed to date, thus a large fraction of the type I ELM energy
can be expected to be deposited on the divertor target, which probably leads to an unacceptable peak
power load in a reactor-sized plasma.
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Figure 3: (a) Time traces, (b) ion temperature and (c) density profiles of an H-mode density ramp exper-
iment. As the density limit is approached, the increasing edge density causes an edge temperature drop.
Core temperatures fall proportionally and, together with a flat density profile, the volume integrated
pressure (stored energy) decreases.

3. High power/high density H-mode Confinement

It is generally found experimentally that H-mode confinement depends on plasma density, in partic-
ular near the Greenwald density limit a strong degradation compared to the ITER H-mode confinement
scalings is found. This is illustrated in figure 3 for a density ramp experiment conducted as described
in the previous section. Even with increased heating power, the H-factors relative to L-mode (HITER&9P)

and ELMy H-mode (RiTER92Py) decreases by about 50% when a density of 90% now is approached (fig.
3 a). The origin for this degradation can be inferred from the profiles, taken at 3 different times. With
increased gas puffing, mainly the edge density increases (fig. 3 b). Due to the limitation of the edge
pressure gradient, this requires that the edge temperatures decreases. A profile similarity causes the core
temperature to decrease as well (fig. 3 c). Shown is the ion temperature, but electron temperatures show
similar behaviour. The logarithmic temperature gradient Lj- = T/T' has a lower limit, which is reached at
high heating powers that usually lead to H-mode and, at all but highest densities, type I ELMs. The edge
density profiles in gas puffed H-mode discharges are typically flat, and the density peaking decreases
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with increased gas puff, i.e. the core density increases slower than the edge density. Therefore, if the
temperature reduction in the core cannot be compensated with a density increase by the same fector, the
core pressure, and the stored energy must decrease.

4. Summary and Discussion

At high densities, the edge MHD pressure gradient limit approaches the critical temperature for
maintaining an edge transport barrier (H-mode) and avoiding radiation instability. This leaves a narrow
parameter space for stable H-mode operation at high density. The intersection of the MHD limit and the
H-mode boundary formally defines a maximum edge density which in reality is not achieved experimen-
tally even with high heating power. A model for the density limit based on pressure balance and a heat
flux limit that determines the separatrix temperature has been proposed in Ref. [9] to explain the H-mode
density limit. A saturation of edge density is predicted which has been observed in JET [9] and ASDEX
Upgrade [7] at limited heating power. However, the breakdown of the transport barrier inside closed flux
surfaces, a change of radial transport, has not yet been explained conclusively. Simulations of anomalous
transport in the relevant parameter regime of drift-Alfven-ballooning instabilities, disagree on whether
at high P a transport enhancement with collisionality v occurs [10] or not [11]. The observed edge-core
relation of the temperature profiles leads to a degradation of confinement at high densities. However,
one can conceive of several possibilities to overcome this limitation. The ASDEX Upgrade program
includes investigations of scenarios with peaked density profiles in the core, e.g. by pellet fuelling from
the high-field side [12], spontaneous density peaking during CDH-mode [13,14], and the physics of in-
ternal transport barriers [15], with the goal to overcome the limitation of the temperature gradient length
observed in the conventional H-mode regime.
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Abstract

Ignition scenarios like those developed for ITER require plasma densities which will be close or
above the Greenwald limit. Generally it is observed that exceeding this limit may lead to a. degradation
of plasma confinement or to a violent end of the discharge. The achievable density limit and the related
processes, such as radiative instabilities and MHD phenomena, which eventually lead to disruption, have
been investigated in the limiter tokamaks TEXTOR-94 and RTP.

1. EXCEEDING THE GREENWALD LIMIT ON TEXTOR-94

Two types of radiative instabilities have been observed prior to density limit disruptions
in TEXTOR-94 (R = 1.75m, a = 0.46m): (i) in strongly polluted plasmas the density limit is
reached when the radiation power, dominated by impurity radiation, equals the heating power
in a poloidally symmetric way, while (ii) in clean tokamak discharges with high heating power
another type of density limit usually sets in, leading to the so-called Greenwald limit. This
second type of the density limit is characterized by a MARFE precursor, which is a thermal
instability resulting from a nonlinear poloidally asymmetric radiation cooling mechanism.

In TEXTOR-94 the supression of MARFE's resulted in the possibility to exceed the Green-
wald limit. Although the Greenwald limit does not reveal any dependency on the heating power,
the onset of the MARFE can be delayed by higher input powers. Moreover, the development is
influenced by recycling on the high-field-side [1]. It has been shown that by a position shift to
the low-field-side and powerful] NBI heating it was possible to exceed the Greenwald limit by
a factor of 2 using regular gas feed. The disruption and confinement properties of these high
density discharges will be described.

An example of a disruption of such a high density discharge is shown in Fig. la for
qa = 3.6. The density is increased up to two times the Greenwald limit (NGVl' = ne/n^iv — 2).
At the time of the disruption the radiated power reaches the input power. Just prior to the
disruption a reduction of the particle fluxes at the toroidal belt limiter is observed, indicating a
decrease of the convective heat flux. The higher the safety factor qa the stronger the reduction
in the particle fluxes (Fig. lb). This detachment is not seen in the total radiation profiles.
Usually radiative instabilities trigger various MHD-modes [2,3]. The detachment leads to the
development of m/n = 2/1 MHD-modes. Their growth leads to a rapid loss of energy, and
finally to a current quench. More detailed observations on MHD phenomena are shown later in
the RTP experiments.

The disruption in these high density discharges resemble the first type of densit}' limit dis-
ruption. Strong indications of a poloidal symmetric radiative collapse are found, if the MARFE

partner in the Trilateral Euregio Cluster
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Figure 1: a) Temporal evolution of density limit discharge (Ip = 256kA, Bt — 1.78T, a = 0.43m):
Greenwald number, radiated power (dashed line), heating power (solid line), hydrogen flux.
Mirnov coil signal: b) Scaling with respect to edge safety factor (Bt variation): density limit,
reduction in hydrogen fluxes just prior disruption

is suppressed. A critical density for the development of this radiative collapse should be given.
For a density limit discharge with qa = 5.1, P\n = 2.6MW and Zejj = 2.4 the predicted crit-
ical density for a radiative collapse, given by {nf oc </„ 4 Pjn' /{Zejj - I)1/'2 (qa - 2)1/2) [3] is
ncj = 1.1 x 102Om~3. This is larger than the experimentally observed maximum density of
ne = 8.1 x 1019m"3. Furthermore, a scaling of the experimental found density limit [4] with
respect to global parameters delivered the following dependencies of nc

e
r oc Ip x Pfn

i4/B®-1' The
scaling with the magnetic field and the heating power is close to the one predicted [3]. However,
the almost linear proportionality on the plasma current cannot be explained. Usually this linear
dependence is only found in predictions of critical densities for the onset of MARFEs [5,6].

The confinement properties of stationary and transient high density discharges, signifi-
cantly above the Greenwald limit, are different from those observations made in Radiative Im-
proved mode (Rl-mode) discharges. The Rl-mode is an operational regime, which features high
energy confinement and strong edge radiation cooling due to line radiation from seeded impuri-
ties [7]. Due to the linear scaling of the confinement enhancement factor JH93 — TE/TJ^ER93H

with respect to the Greenwald number, operation at high densities is favourable in this regime.
However, a specific feature of the Rl-mode, which is often observed, is the degradation of con-
finement after excessive gas puffing (Fig. 2a). It is therefore difficult to exceed the Greenwald
limit significantly in Rl-mode. In Fig. 2b a scaling of the fH93 with respect to NGn is shown.
For densities much larger than JV (triangles and squares) the scaling of ff{93 does not follow
the linear scaling of the Rl-mode discharges (dots). This confinement degradation is qualita-
tively similar to SOC discharges and H-mode discharges in diverted plasmas [8]. Interesting to
note that the product of jVGM x JH93 is almost constant. In Rl-mode discharges, which exceed
NGW = 1.2 slightly, the density profile steepens. This leads to a ramp up of the density without
gas puffing and finally a disruption. With this a significant increase in the central radiation
losses prior the disruption was observed. However a local power balance for those Rl-mode
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discharges jus t prior disruption did not show a local radiation collapse in the plasma, core.

2. DISRUPTION STUDIES ON RTP

At R T P (i?o = 0.72m, a = 0.164m), density limit disruptions develop following two distinct
types of evolution. In the first type, sawtooth oscillations are observed. After the last sawtooth
crash an m/n = 2 /1 mode develops in less than 2ms just before the onset of the disruption. On
the other type of precursor, there are no sawteeth. At the beginning of the current plateau an
m/n = 2 / 1 mode develops and saturates. For a time tha t can go up to 100ms the ampli tude of
the mode increases slowly until the onset of the disruption. High densities, up to the Greenwald
limit (in R T P with qa = 4 ,n^ M = 1.2 X 102 Om~3) , can be reached only in discharges t h a t show
the first type of precursor, and have low impurity content. Once the m = 2 mode appears in
the second type of evolution the density stops increasing. The maximum observed density was
fa 0.5 xnfw. In both cases it is clear tha t an m/n — 1/1 mode is phase locked to the m/n = 2 /1
mode. By correlating the observation of this two modes with a 20 channel E C E radiometer and
a high resolution Thomson scattering, a m/n = 3/2 mode was detected in the precursor about
160//S before the onset of the disruption. Fig. 3 shows electron t empera tu re Thomson scat ter ing
profiles during the two phases of the energy quench. The first phase (Fig. 3a) t ha t lasts for
fa 100/zs is characterized by the total loss of energy confinement in the core of the plasma. The
heat t ha t flows from the core is distributed through all the plasma volume as is indicated by the
flat Te2 profile. After this, during the second phase (Fig. 3b), confinement of energy is also lost
at the edge of the plasma with the consequent decrease of the edge tempera ture as T e 3 profile
shows.

3. SUMMARY

The density limit originates in the development of radiative instabilities at the plasma edge
and a subsequent onset of MHD-modes which eventually destroy the plasma confinement. In
T E X T O R - 9 4 it was shown tha t one can exceed the Greenwald limit by a factor of 2, if M A R F E s
are suppressed. However the energy confinement is degraded for densities significantly higher
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Figure 3: Electron temperature profiles during the energy quench (EQ) of discharges with saw
teeth, a) Te profiles, in the same discharge separated by 100/zs. at the onset and at the end of
the first phase of the EQ. b) second phase of the EQ. Tes is 150/zs and Te4 is 700/z.s after the
onset of the energy quench.

than the Greenwald limit. This was observed with and without additionally seeded impurities.
Thomson scattering electron temperature profiles were obtained, at RTP. during the two phases
of the energy quench. A flattening of the Te-profile at the end of the first phase is followed by
total loss of confinement in the second phase.
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Abstract

Both the dynamic and equilibrium thermal responses of an L-mode plasma to repetitive ECH heat
pulses were measured and compared to predictions from several thermal transport models. While no
model consistently agreed with all observations, the GLF23 model was most consistent with the
perturbed electron and ion temperature responses which may indicate a key role played by electron
modes in the core of these discharges. The IIF and MM models performed well for the electrons while
the IFS/PPPL model agreed with the ions.

1. INTRODUCTION

Simulations have shown that perturbative transport experiments, where the dynamic plasma
response is probed, can provide a more sensitive test of transport models compared to a comparison of
measured and simulated temperature profiles from a power balance analysis. A perturbation source
that deposits heat locally into the plasma particle species under study is preferred. Experiments have
been performed on the DIII-D tokamak using modulated ECH as the perturbative heat source with the
resonance layer off axis. The electron and ion response to the perturbation is measured and the
amplitude and phase of the perturbations and the unperturbed temperature profiles are compared to
predictions from several transport models.

2. TARGET PLASMA

To avoid inherent plasma perturbations such as sawteeth and ELMs, an MHD quiescent discharge
in an L-mode configuration, limited on the inside wall of the vacuum vessel (Fig. 1), was chosen as
the target plasma with a plasma current of 0.8 MA and electron density of 2-2.5 x 1019m~3. Early in
the discharge, 4 MW of neutral beam power was applied to produce a sawtooth-free period during
which 1.1-1.3 MW of ECH was applied in 20 ms pulses every 40 ms (Fig. 2) for a duration of 1 s.
From 60%-75% of the total ECH power applied was in the X-mode with the remainder of the power
in the O-mode. The X-mode power is calculated to be strongly absorbed during the first pass through
the ECH resonance layer. Since the single pass absorption of the O-mode is low and the vessel walls
are good reflectors, in the following simulation studies the O-mode power was assumed to be
uniformly distributed along the vertical ECH resonance line through the plasma (Fig. 1). The ECH
power was directed into the vessel so as to have the first pass absorption near the midplane of the
vessel, which meant that the O-mode power was deposited no closer to the center of the plasma than

*Work supported by U.S. Department of Energy under Contracts DE-AC03-89ER51114, DE-AC02-76CH03073
and Grant Nos. DE-FG05-96ER54346, DE-FG02-92ER54139, and DE-FG03-86ER53225.
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the X-mode power. This was a necessary arrangement since the focus of the experiment was on the
propagation from the off-axis deposition toward the plasma center. A toroidal field of 1.67 T resulted
in second harmonic ECH power absorption (f0 = 110 GHz) at a normalized plasma radius PECH =
0.24-0.32. In order to probe more of the plasma two additional cases with ECH resonant layers at
PECH - 0-4 and 0.5 were obtained by varying the launch angle of the ECH power and the toroidal
field. The unperturbed profiles for each of the three deposition locations were very similar with the
pECH = 0-3 case having a slightly lower density which resulted in slightly more peaked temperature
and toroidal rotation profiles. Plasma impurity content was dominated by carbon, resulting in Zeff = 2
in the plasma core.

3. PLASMA RESPONSE TO ECH

The ECH heat pulse produced perturbations up to 8Te ~ 200 eV at the resonant layer for the case
with PECH = 0-3, observed by monitoring electron cyclotron emission (Fig. 2). The pulse shape is
consistent with integration of the applied heat pulse with some deviation from a linear rise due to
transport during the heat pulse. The thermal energy confinement time for these discharges is 30-
45 ms. The electron perturbation rapidly propagated to the plasma core with little phase shift while the
amplitude was reduced to ~ 30 eV. The ion temperature decreased in response to the electron heat
pulse and the amplitude of 8Tj increased as the perturbations propagated to the plasma core, in contrast
to a decrease in 8Te, reaching values up to ~ 200 eV for the case with PECH = 0-3. Fourier analysis of
charge exchange recombination radiation indicated the ion temperature response at the resonant layer
is ~180°out of phase with the electron response (Fig. 3) and also rapidly propagated to the plasma
core, maintaining its out of phase relation to 8Te. It is important to note that the time scale for
collisional transfer of energy between the perturbed electrons and background ions is several hundred
milliseconds, long compared to the ECH modulation period, and hence changes in the ion temperature
occur due to changes in the ion thermal diffusivity rather than changes in source terms of the ion
power balance. Power balance in these discharges is achieved by each species predominantly
conducting away the neutral beam and average ECH power deposited.

The amplitude of density fluctuations was modulated by the ECH pulses. Measurements were
taken at low k, below 3 cm"1, with a beam emission spectroscopy diagnostic (BES) and at higher k,
near 12 cm"1 with a far infrared (FIR) scattering diagnostic. For a discharge with PECH = 0-7, the
amplitude of fluctuations measured by the BES system near PECH exhibited a 15% peak-to-peak
modulation in phase with the ECH pulses while outside of PECH little or no modulation was observed.
Modulation of the fluctuation amplitude at p = 0.7 with heating at smaller values of PECH

 w a s n o t

observed, possibly due to smaller 8Te values produced at p = 0.7. The poloidal velocity of these
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FIG. 1. Equilibrium flux plot of
L-mode discharge. The first pass
ECH absorption region is near the
midplane of the vessel. Cases with
PECH = 0.3, 0.4 and 0.5 were
studied.

FIG. 2. Perturbed electron temperature, 6Te(eV), at
p = 0.3 and p = 0.1 for measured data (solid, black
lines), and simulated data from the IFS/PPPL model
(dashed lines), IIF model (dotted lines), and GLF23
model (solid, grey lines).
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FIG. 3. Fourier analysis of phase and amplitude for STe, 8Ti, Te, and Tifor measured data {circles),
IFS/PPPL model (dashed lines), IIF model (dotted lines), MM model (dot-dashed lines), and GLF23
model (solid, grey lines).

fluctuations was modulated out of phase with the ECH pulses. This observation is consistent with
previous experiments where application of ECH produced a slowing of plasma toroidal rotation and a
reduction in radial electric field Er since the poloidal velocity of the fluctuations is proportional to Er

in the absence of large diamagnetic flows, as expected for these discharges. Modulation of larger k
fluctuations was not observed with the FIR system. Modeling of this turbulent fluctuation behavior has
begun and preliminary results have been reported [1].

4. COMPARISON TO MODEL SIMULATIONS

Several theoretical and empirical models for describing electron and ion thermal transport have
been examined. Two models which represent extremes in stiffness, a strong dependence on
temperature gradients, are the IFS/PPPL model [2] based on ion temperature gradient (ITG) mode
turbulence which depends sensitively on a critical temperature gradient and the Itoh-Itoh-Fukayama
(IIF) model [3] based on current diffusive ballooning mode theory which has no critical temperature
gradient dependence. The GLF23 model [4] contains essentially the same ITG physics model as does
the IFS/PPPL model plus ETG modes and trapped electron (TEM) modes. The Multi-Mode (MM)
model [5] also contains ITG and TEM modes but has no ETG modes and includes drift-resistive and
kinetic ballooning modes. Simulations of the electron and ion temperature profile response to the ECH
perturbative heating were performed with these models using a time-dependent transport code, MLT.
Only thermal heat transport was considered and the temperature profile boundary conditions were
taken from experimental measurements at p = 0.9. The electron density profile was held fixed at the
steady-state experimentally measured level. The simulations were progressed in time until the
predicted oscillatory perturbations about an equilibrium value were clearly determined. Fourier
analysis was then applied to the prediction from each model and compared to the fourier analysis at
the fundamental frequency of the electron and ion temperatures experimentally measured across the
plasma. Fourier analysis significantly enhances the visibility of small amplitude perturbations
immersed in a noisy background and was particularly necessary to clearly discern the experimental 8Ti
perturbations.

The ITG-based models agree with the electron and ion temperature profile response at the ECH
resonance layer. For these models, the Ti response is largely determined by the effect of the Ti/Te ratio
on the ITG mode threshold. As the electrons are heated at PECH. Tj/Te decreases which in turn
destabilizes the ITG-driven transport and thereby increases the ion transport at that location. This
behavior is consistent with the decrease in Tj observed in response to the electron heat pulse and with
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the increased density fluctuations observed with BES. The experimental amplitude of 5Te decreases
while STj increases as the pulse propagates toward the plasma core (Fig. 3). Each of the models was
capable of reproducing this particular trend. The models containing ITG modes most closely
reproduced the amplitudes of 8Tj.

The predicted phase of 5Te and 8Tj in the plasma core proved to be the most sensitive test for
differentiating between the models. Only the GLF23 model is in reasonable agreement with the phase
behavior of both 8Te and 8Tj for the PECH = 0-3 case shown in Fig. 3. Agreement with electrons is
poorer for the other cases studied; predicted phase shifts are smaller than measured in the core. The
IFS/PPPL (MM) model describes the ion (electron) phase well however it incorrectly predicts a -180°
phase shift in 5Te (STj) as it propagates inward from p = 0.3 to p = 0.1 whereas the experimental result
exhibits only a small phase shift. The IIF model describes the observed electron phase behavior well
but incorrectly predicts that the ion pulse remains roughly in phase with the electron pulse near the
plasma core. The IIF model is the only model which does not predict the -180° phase shift in 8Ti
observed as it propagates outward from p = 0.4 to p = 0.6.

The magnitude and shape of the unperturbed, equilibrium temperature profiles are generally not
well described by any of the models, with rms errors typically exceeding 20%. The shape of the Te

profile is reasonably well described by all but the IFS/PPPL model. The magnitude of Te for GLF23
and IIF is somewhat low in the case shown in Fig. 3 and worse in other cases. The MM model predicts
Tj well for the other cases studied but the shape for the case shown in Fig. 3 is not well matched. The
magnitude and shape of Tj is well described by the GLF23 and IIF models only for p > 0.4. The
predicted central values of Tj and Te can be better matched with the GLF23 model, without
significantly changing the predicted perturbed amplitude or phase, by including ExB flow shear
stabilization [6]. However, the mismatched shape of the Tj profile is not improved by ExB flow shear.
Experimental measurements of toroidal and poloidal rotation velocities which allow a comparison of
shearing rates with maximum linear growth rates indicate that low k ITG and TEM modes are
marginally stabilized in these discharges while the ETG modes at larger k values remain unstable.
While including ExB flow shear in the IFS/PPPL model can improve the agreement with Tj in the
core, predicted core Te values become much too large. Since there are no ETG or TEM modes
included in the IFS/PPPL model, the diffusivity drops to the neoclassical level when the ITG modes
are stabilized.

The issue of the sensitivity of predicted perturbed results to the equilibrium temperature profiles
has not been addressed in the initial analysis presented here. The extent to which the measured
equilibrium Te and Tj profiles are not reproduced by a given model may impact the model predictions
for 8Te and STj. However, as mentioned above, comparison of the GLF23 analysis with and without
ExB shear stabilization indicated that significantly different equilibrium profiles did not result in
significant differences in predicted 8Te and 8Tj values.

5. SUMMARY AND CONCLUSIONS

The overall observations indicate that the electron and ion responses to the ECH perturbation are
out of phase with each other at the plasma core and at the resonance layer. Only the GLF23 model
predicts this general characteristic at the plasma core which could indicate that electron modes,
particularly ETG modes which are unique to the GLF23 model and calculated to be unstable, may be
playing a key role in the heat transport near the core of these discharges. Since the electron and ion
phase response to the heat pulse was very different it seems unlikely that a single fluid transport model
will be capable of describing this behavior. The single fluid IIF model and the MM model described
the electron behavior reasonably well in all cases studied but not the ion behavior while the IFS/PPPL
and GLF23 models described the ion behavior reasonably well in all cases studied. Only the GLF23
model was in reasonable agreement with both electrons and ions for the case with PECH = 0-3- The
overall results of these experiments remain a challenge for any one individual model to describe well.
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Abstract

The dependences of heat transport on the dimensionless plasma physics parameters has
been measured for both L-mode and H-mode plasmas on the DIII-D tokamak. Heat transport in
L-mode plasmas has a gyroradius scaling that is gyro-Bohm-like for electrons and worse than
Bohm-like for ions, with no measurable beta or collisionality dependence; this corresponds to
having an energy confinement time that scales like Tg °= n ' P~ ' . H-mode plasmas have
gyro-Bohm-like scaling of heat transport for both electrons and ions, weak beta scaling, and
moderate collisionality scaling. In addition, H-mode plasmas have a strong safety factor scaling
(X ~ 1 ) a* a ^ radii. Combining these four dimensionless parameter scalings together gives an
energy confinement time scaling for H-mode plasmas like TF °c B~lp~^5B®^v~Q #r,1-43

fT«4 0 1 9 0 1 8 — 0 4 1 2 0 - V
oc /"«g»-" f l«-»o/) yj-^LL ", which is similar to empirical scalings derived from global confine-
ment databases.
1. INTRODUCTION

Significant progress has been made recently towards predicting and understanding heat
transport in L-mode and H-mode plasmas on DIII-D using the related methods of similarity and
scale invariance. In these experiments, the dependences of transport on the relative gyroradius
(p* ~ T 1 / 2 / aB), plasma beta (/? ~ nT IB2), normalized collision frequency ( v ~ na I T2), and
safety factor (q ~ aBj I RBp) axe measured one at a time while keeping the other dimensionless
parameters fixed (including those related to plasma shape and TQIT^). Experimentally
determining the transport scalings in this way helps to distinguish between various proposed
instability mechanisms of turbulent transport and permits a comprehensive energy confinement
scaling relation to be developed that is founded in the principles of plasma physics. In addition,
the Te I Tj dependence of transport is being studied to test an important predicted scaling of
theory-based transport models.

2. H-MODE PLASMAS

The scalings of heat transport with p*, /?, v, and q have been measured on DIII-D for
H-mode plasmas. The results provide a strong experimental constraint on theoretical models of
turbulent transport. Gyroradius scaling experiments in low q discharges have shown gyro-Bohm-
like scaling for both the heat [1] and particle [2] transport, i?TE °=p~ . This scaling is
consistent with the majority of anomalous transport theories that assume that the radial
wavelength (or radial correlation length) of the turbulence scales with the Larmor radius. Other
H-mode experiments have found energy confinement to have only a very weak beta dependence,
5 T E OC/J 0 - 0 3 - 0 - 1 1 , which favors theories of anomalous transport for which ExB transport is
dominant over magnetic flutter transport [3]. The measured collisionality scaling falls between

*Work supported by U.S. Department of Energy Contracts DE-AC03-89ER51114, DE-AC03-96OR22464, and
W-7405-ENG-48.
^Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, U.S.A.
f Lawrence Livermore National Laboratory, Livermore, California 94551-9900, U.S.A.
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those of the collisionless ion temperature gradient (ITG) and collisionless trapped electron modes
and that of the resistive ballooning mode [4], BTE °C V -0 .42±0.03 T h e y s c a i m g of t h e

dissipative trapped electron and dissipative trapped ion modes was not observed.

Recent experiments on DIII-D have found a strong safety factor scaling of heat transport
at all radii for H-mode plasmas [5]. In the first experiment, the safety factor was varied by a
factor of 1.4 at fixed magnetic shear (see Fig. 1) while the other dimensionless parameters such
as p*, /3, v^ and Te I T\ were kept constant. The confinement time was found to scale like
TE x 1~ ~ ' f° r this case. A local transport analysis also found a strong safety factor
dependence of the effective thermal diffusivity, as shown in Fig. 2, the magnitude of which
agreed with the scaling of the global confinement time. This transport scaling is close to the
expected scaling of the resistive ballooning mode and is near to the upper limit of the scalings for
the toroidal ITG mode and the collisionless trapped electron mode. In the second experiment, the
safety factor and magnetic shear were both varied such that q^c was scanned at fixed qQ. A
weaker confinement scaling was measured for this case, T E °= ̂ -1.43+023; this weaker scaling was
attributed to the smaller variation in the volume-averaged q profiles rather than the change in
the magnetic shear [5].

The combined p*, p, v, and q scalings of heat transport for H-mode plasmas on DIII-D
reproduce the physical parameter dependences of empirical scalings derived from global
confinement databases, with the possible exception of weaker power degradation. Converting a
confinement scaling relation from dimensionless variables to physical (dimensional) variables is a
straightforward algebraic manipulation. Assuming a power law form for the scaling relation, the
dimensionless parameter scalings for low q H-mode plasmas on DIII-D can be summarized as

T
,-1.43+0.23
95

/1.43±02350.66±038n-0.39+0.1 ly-0.70±0.16L1.30±0.31

,0.84±0.16R0.39±0.20 0.18±0.07 p-0.41±0.06,2.00+0.24
I D Tl r Li

(1)

where L represents the physical size scaling (i.e., a, R, etc.) needed to make the scaling relation
dimensionally correct. Thus, it can be seen that the dimensionless parameter scaling approach

<m

0.0 0.2 0.4 0.6 0.8 1.0

FIG. 1. Radial profiles of (a) safety factor, and (b) magnetic shear for H-mode discharges. The
dotted line in (a) represents the 1.0 MA profile scaled to 1.4 MA.
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FIG. 2. Ratio of effective thermal diffusivities for H-mode discharges with fixed magnetic shear.
The lined shading indicates the standard deviation of the random error.

yields a definitive prediction for the size scaling of confinement from single machine exper-
iments. For comparison, the confinement time derived from a dataset of H-mode plasmas on
DIII-D and JET is [6,7]

% oc i & n r L, . \z)

Comparing Eqs. (1) and (2) finds that the physical parameter scalings derived from DIII-D
similarity experiments agree with those derived from a regression analysis of multi-machine
confinement databases to the 2a level. Another interesting comparison can be made using a
confinement scaling for ELM-free H-mode plasmas that is nearly dimensionally correct [8],

*ITER-93H = (3)

A comparison of Eqs. (1) and (3) finds that the B, n, and size scalings agree to within lcr, while
the difference in the / scalings is only a little larger. The main discrepancy is in the power
scaling, where the DIII-D experiments find a weaker power degradation than ITER-93H (owing
partially to the weaker beta scaling), leading to a more optimistic projection for H-mode
confinement on larger machines [9].

3. L-MODE PLASMAS

The dependences of heat transport with p*, /?, and v also have been measured for L-mode
plasmas on DIII-D. The p* scalings of the electron and ion heat transport were measured
separately [10], with the electron diffusivity scaling gyro-Bohm-like, xe

 x
 XBP* > anc* t n e

ion diffusivity scaling worse than Bohm-like, X\ x
 XBP* . Here, XB = T I eB is the Bohm

diffusion coefficient. The scaling of the global confinement time could vary from gyro-Bohm-
like to Bohm-like depending upon whether the electrons or ions dominated the heat transport.
The beta scaling of energy confinement was close to zero, 5 T E O C / J " 0 - 0 5 - 0 1 0 , with the electron
and ion thermal diffusivities having the same scaling to within the experimental errors [3]. The
scaling of energy confinement with collisionality in the banana regime was also close to zero,B ,0.02±0.TO J 6

E vU-02_0.U3^ w j t j 1 ^ g e ] e c t r o n a n ( j j o n

within the experimental uncertainties [4].
transport again having the same scaling to
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By combining the p*, /?, and v scalings, the power degradation and density scaling of
energy confinement can be uniquely determined for L-mode plasmas. However, this calculation is
complicated by the fact that the p* scalings of the electron and ion thermal diffusivities are not
the same. If we limit ourselves to the typical case of approximately equal electron and ion heat
conduction, then the global confinement exhibits Bohm-like scaling, and the scaling of the
energy confinement time in physical parameters is

TE - 5-^-2^-0.05+0.10^.0210.03

The B and / dependences of TE cannot be determined until the safety factor scaling of trans-
port is measured for L-mode plasmas. Comparing Eq. (4) with the commonly used ITER-89P
L-mode scaling relation [11],

-r - n fus rO.85r,1.2 0.3M0.1 H 02 ,<0.5v.0.5p-0.5 ,^
TITER-89P -U.U487 K a «20 ' ^'

one sees that the power degradation factors are the same but Eq. (5) has a weaker density scaling
than what was measured on DIII-D.

4. Te I T{ DEPENDENCE OF TRANSPORT

In order to further differentiate between various theory-based transport models, the scaling
of transport with Te I Tx is also being studied. Experiments in L-mode plasmas with internal
transport barriers (ITB) on DIII-D have shown that intense electron heating, using either fast
waves or electron cyclotron heating, in a beam heated plasma with T[ » Te increases the
electron and ion thermal diffusivities and slows the plasma rotation [12]. Further experiments on
DIII-D have studied the Te I Tx dependence of heat transport in ELMing H-mode plasmas
without ITBs and with Ts ~ Tx. In these experiments, increasing the ratio of Te I T[ at fixed beta
resulted in an increase in both the electron and ion heat transport as well as the particle
transport. This result, combined with related H-mode experiments that varied Te at fixed Tj, and
vice versa, can be summarized as TE °= {T[) / (Te) . This strong scaling may be limited to the
conditions near those measured. In addition, since the toroidal rotation also decreased with
increasing Te I T[, some of the transport change may be only indirectly related to Te / Jj owing
to the small decrease in (OEXB

 w r t n electron heating.
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Abstract

A series of experiments has been conducted in DIII-D to investigate density-limiting processes.
We have studied divertor detachment and MARFEs on closed field lines and find semi-quantitative
agreement with theoretical calculations of onset conditions. We have shown that the critical density
for MARFE onset at low edge temperature scales as 1Ja , i.e. similar to Greenwald scaling. We
have also shown that the scaling of the critical separatrix density with heating power at partial
detachment onset agrees with Borass' model. Both of these processes yield high edge density limits for
reactors such as ITER. By using divertor pumping and pellet fueling we have avoided these and other
processes and accessed densities > 1.5x Greenwald limit scaling with H-mode confinement,
demonstrating that the Greenwald limit is not a fundamental limit on the core density.

Density limit studies and projections are crucial in the design of a fusion reactor's basic
operational regime. The operating plasma temperature is set by reactivity considerations. Thus the
plasma density, in particular the density in the high reactivity region, determines the fusion power
production for an optimized plasma temperature. In present day tokamaks in the high confinement
mode (H—mode), the density profiles are relatively flat and it is difficult to create a peaked density
profile with H-mode level energy confinement. This flatness of the profile has an undesirable
consequence: achievement of a high density core requires a high density edge plasma. However, it is
precisly the edge region which can impose the lowest absolute density limit. Thus achievement of a
high central density can be restricted by edge density limits.

Historically density limits have been measured and cited as limits on the line-average density (ne)
measured with an interferometer chord, preventing conclusive identification of the underlying mech-
anisms. Studies [1,2] of multi-machine databases have identified a commonly observed density limit
scaling: ne °c Ip/a , where Ip is the plasma current and a is the minor radius. However extrapolation
of this scaling to reactors can be misleading because the underlying processes have not been defini-
tively determined. The scaling has consequences for fusion reactors: many D-T reactor designs must
operate above this limit for economic competitiveness. Theories indicate that several distinct processes
exist which can limit density in either the core, edge, or divertor plasma. Motivated by the
International Thermonuclear Experimental Reactor's (ITER) need [3] to operate with density above the
Greenwald limit (now) [2] with H-mode energy confinement, a multi-year experimental campaign has
been carried out in DIII-D to identify density-limiting processes and determine techniques to avoid
them [4]. Here density "limit" is used loosely since we include processes which prevent attainment of
high density operation with high energy confinement, as opposed to exclusively disruptive processes.
One of our primary goals was to separate edge and core density limit mechanisms.

A density limit in H—mode discharges is most easily observed in a density ramp with external gas
fueling. In DIII-D, the following time sequence is usually observed as ne is increased:

*Work supported by U.S. Department of Energy under Contracts DE-AC03-89ER51114, DE-AC03-
96OR22464, W-7405-ENG-48, DE-AC04-94AL85000, and Grant No. DE-FG03-95ER54294.

tOak Ridge National Laboratory.
^University of California, San Diego.
ALawrence Livermore National laboratory.
OSandia National Laboratories, Albuquerque.
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1. The divertor plasma partially detaches [5] from the outer target plate upon crossing a private
flux region neutral pressure limit [6] and a divertor "MARFE" forms on the low-field side of
the X-point region

2. The divertor plasma completely detaches, i.e. the divertor D a and target particle flux are
reduced to ~ 0

3. The divertor "MARFE" begins to migrate to closed field lines
4. An H-mode-to-L-mode confinement transition is observed ELM activity ceases, and the

MARFE encroaches onto closed field lines in the X-point area
This entire sequence was eliminated [4] by active pumping of the divertor with the in-vessel

cryopump. Pumping maintained the private region neutral pressure below the critical value [6] for
partial detachment onset. Pellet fueling replaced gas fueling to raise the plasma density while
maintaining low divertor neutral pressure.

Partial detachment [5] is in fact an attractive reactor operating scenario because of reduced heat
flux without deleterious confinement effects. Borass' 2-point SOL and divertor plasma model has been
benchmarked [7] with experimental data from existing tokamaks and used to predict conditions
required for detachment onset for ITER. This model was applied [8] to DIII-D conditions and
predicted a power scaling of the critical usptream separatrix density and temperature (n^[pSl and T^"t)
for partial detachment onset: n™st «

 pdiv,outer'Tupst x pdiv,outen w h e r e pdiv,outer is the power flow
into the outer divertor. The upstream parameters when the divertor temperature, T^v, falls below 5 eV
were taken as the partial detachment onset point in the modeling. Figure 1 shows that experimentally
nupst oc pdivouter>^upst x pdivouter> fr°m Thomson Scattering measurements of electron parameters

just above the outer midplane at partial detachment onset. Thus the predicted density scaling appears
to fit our data but the temperature dependence is stronger than predicted by the model. Also, the
absolute upstream separatrix density predicted by the model is about 2x higher than our measured
values — more work is required to understand this particular discrepancy. This study demonstrates the
importance of local parameter analysis for these processes: we have previously reported [9] that the
critical ne for detachment onset is almost insensitive to the global heating power, i.e. n°Jlt °<= Pheat . In
fact that same dependence is present in these data but the global analysis masks the important
dependencies. The reason is quite simple: gas puffing preferentially raises the SOL density relative to
ne. Thus while the changes in the ne are small during these scans, the SOL density increases much
more rapidly.
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The high density H-L back transition is often accompanied [4,10,11] by MARFEs on closed field
lines just inside of the X-point region. In DIH-D this transition is usually observed at between 0.7-
1.0*Greenwald scaling. We have formulated the MARFE onset criterion for DIII-D discharge
parameters and shown [12] that a discharge with a MARFE was predicted to be unstable to MARFE
formation, whereas a discharge without a MARFE was predicted to be stable. In the low edge
temperature region near the separatrix for Te<75 eV, the MARFE onset critical density increases as
the edge Te , primarily because of the Te dependence of the parallel heat flux which can stabilize the
radiative cooling mechanism responsible for the MARFE. When combined with the ITER-89P scaling
law for L-mode energy confinement, it can be shown1 [12] that the MARFE onset critical upstream
electron density {ne

n ) has the following scaling:
T0.96

«:>• - V f * " ^ ' We+*2»-022

where E, is impurity concentration, Pheat is the heating power, Rm is the major radius, Bt is the toroidal
field, and K is the elongation. This scaling is remarkably similar to Greenwald, both in the strong Ip

and a dependencies but also in the weak dependencies on other quantities (except Pheat)- Thus the
scaling is clearly applicable to L-mode plasmas which usually have Te<100 eV at the edge. H-mode
confinement scaling laws have similar dependencies on engineering parameters, leading to a similar
scaling for high density ELMY H-mode plasmas in DIII-D. Note that the scaling above predicts a
stronger dependence on Pheat than observed on present day machines — we speculate that this
discrepancy is related to global parameter analysis presented in most density limit studies and global
confinement scaling used to arrive at Eq. (1). This scaling yields an edge plasma density limit which
should be of no concern for reactors such as ITER which are expected to operate at edge temperatures
well above 100 eV.

After eliminating the detachment and MARFE sequence with divertor pumping, pellet injection
was used to fuel the core. However, pellet fueling characteristics lead to other restrictions [4] in the
high-density operational window. We observed a stronger than linear plasma current dependence of
the density decay time following pellet injection, which suggested operation at high Ip was favorable
for increasing density. In contrast to Greenwald's original analysis [2], we found no correlation
between the density decay time and «e/now I*1 addition, pellet fueling efficiency was found to
decrease with heating power, suggesting low heating power was favorable. At B t =2.15 T the heating
power was < 2 x L-H confinement transition power threshold. In this regime pellets produced H-L
transitions which rapidly ejected the pellet density in <10 ms. Access to high density was achieved by
operating at low B t, giving more margin over the L-H threshold. We found that MHD modes could be
de-stabilized at densities as low as nelnQw~ 0.8 during pellet fueling. The n=2 modes resulted in
tolerable particle and energy confinement degradation (10%—15%), but the n=l modes were
catastrophic. The cause for the onset of these MHD modes is unclear, but the n=l modes were avoided
by operating at Pheat < 3 MW (pN < 1.7).

By studying each of the aforementioned physical processes and selecting conditions to avoid
them, we have achieved discharges (e.g. Fig. 2) for the first time at «e/nGW > 1.5 for up to 600 ms,
with a peak energy confinement time of ~1.2*ITER93H scaling. Due to the operating conditions
required [4], these discharges were ELM-free and suffered from core impurity accumulation and a
central power balance limit. Our effectiveness in heating the center was limited by the neutral beam
technique; the heating deposition became peaked well off-axis during the high density phase, leading
to a central radiative loss rate 4-5 times larger than the neutral beam heating rate. The central power
balance density limit has been shown to be very high for reactors in which the heating profile will
always be peaked on-axis.

In summary, the various edge density limits we have studied all extrapolate favorably for ITER.
By avoiding the pellet fueling, confinement, and MHD limits, we were able to successfully achieve the
central core radiative collapse density limit. This limit has been shown to be very high for ITER. The
focus of present studies is on understanding the various pellet-fueling related limits. In addition,

that this paper erroneously reported nc" <* Pheat ; the correct relation is « " « PheM .
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FIG. 2. Demonstration discharge with density > 1.5x Greenwaldscaling andH-mode confinement.

injection from the high-field side has been shown [13] to increase fueling efficiency at high heating
power which should allow us to raise the maximum PN > 2, ITER's high value. This capability has
been installed into DIII-D and will be used in upcoming experiments.
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Abstract

Sawteeth and neutrals are found to have a significant influence on the H-mode power threshold
scaling. The ion VB drift direction has only a small effect on the edge plasma conditions measured
near the plasma midplane but a large effect on the divertor plasma. Since the power threshold changes
dramatically with the direction of the ion VB drift, this implies that phenomena in the divertor region
are critical for the L-H transition. Local conditions at the plasma edge are consistent with several
theories of the L-H transition that use edge gradients in their formulation of a critical threshold
parameter. However, scatter in the database is too large to distinguish between conditions that lead to
an L-H transition and those that remain in L-mode.

1. INTRODUCTION

Global scaling of the H-mode power threshold (PTH) and local conditions at the edge of the
plasma just before an L-H transition have been studied in the DIII-D tokamak. Besides the usual
dependence on density and toroidal field, at least three other effects have been found to have a
significant influence on PTH- These include: the effect of a sawtooth crash, which can trigger an L-H
transition; the direction and magnitude of the ion VB drift relative to the X-point location, which can
change PTH by factors of 2 to 3; and the effect of neutrals, which may have more subtle and counter-
intuitive effects on PTH- In our analysis, PTH is defined as the power flowing across the separatrix,
PSEP- Each of these effects has been studied experimentally and compared with physics models or
numerical calculations. In addition, parameters measured at the plasma edge just before an L-H
transition have been analyzed and compared to theories of the L-H transition. Operational space of L-
and H-mode is given in terms of dimensionless edge parameters. It is found that the edge pressure
gradient may be more important than the magnitude of the edge temperature.

2. SAWTEETH EFFECTS

Over half of the L-H transitions in the DIII-D transition database are triggered by sawteeth. The
sawtooth crash provides an additional transient power flow to the edge of the plasma where the L-H
transition takes place. This power flow depends on the inversion radius of the sawtooth, the stored
energy, and the dissipation of the power as it flows to the plasma edge. In an experiment in which the
sawteeth were suppressed by neutral beam heating during the early current ramp phase of the
discharge, PTH increased from 3 MW in the sawtooth triggered case to 5 MW when the sawteeth were
suppressed, (reverse B case in Fig. 1). Including the additional power flow to the plasma edge due to
sawteeth [1] in the calculation of the power flowing across the separatrix, PSEP>

 w e find the toroidal

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC05-
96OR22464, W-7405-ENG-48, DE-AC04-95AL85000, and Grant No. DE-FG03-95ER54294.

'Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA.
^University of California, San Diego, California, USA.
^Lawrence Livermore National Laboratory, California, USA.
^Sandia National Laboratories, Albuquerque, New Mexico, USA
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field dependence of PTH is weakened. Thus edge power flow due to sawteeth may significantly
influence the observed PTH scaling.

3. VB DRIFT EFFECTS

The direction of the ion VB drift relative to the X-point location has a dramatic influence on the
magnitude of PTH- Hinton [2] and later Hinton and Staebler [3] have attributed this effect to
neoclassical cross-field fluxes of both heat and particles driven by poloidal temperature gradients on
the open field lines in the scrape-off-layer (SOL). The magnitude of these fluxes scale like
~(n/r)(T/B)(9T/3'd), where r is the minor radius, T the temperature, and •& the poloidal angle. The flux
surface average of these cross-field fluxes is zero unless asymmetries such as the gradient of B and/or
the poloidal temperature gradient lead to a net flux. In its simplest form, these fluxes influence PXH by
either adding to or subtracting from the power flow to the edge of the plasma. A ID analysis of heat
conduction in the SOL suggests that these cross-field fluxes can be a significant fraction of the input
power [4]. It was proposed that some of the observed scaling of PTH is due to the variation of the
magnitude of these fluxes and may not be intrinsic to the scaling of the physics of the L-H transition
itself. For instance, the increase of PTH a* low density may be due to the reduction of the VB effect as
the sheath limit for parallel heat conduction is reached and the poloidal temperature gradient is
reduced. Many qualitative features of this model are in agreement with observations of PTH scaling,
such as the existence of a density threshold, the importance of the X-point position, and the increase
of PTH m double-null configurations.

In order to further test these ideas, a series of experiments was carried out in which plasmas with
identical operational parameters except for the direction of the toroidal field were compared. In these
discharges, the neutral beam power was modulated at a low level (12.5%, 0.3 MW) in order to keep
the plasma in L-mode in the forward B case (VB drift toward the X-point). This resulted in power
levels far below PTH i° the reverse B case where PTH ~5 MW. Motivated by the idea that edge pa-
rameters control the L-H transition, we compare the edge ne, Te, Tj, and VPe profiles evaluated at the
pedestal of the density profile determined by a hyperbolic tangent fit [5] in Fig. 2. There is almost no
difference in the value of these parameters between the two directions of the toroidal field, even
though one discharge is very near the L-H transition and the other is very far away in terms of power.
Also shown in Fig. 2, are the edge parameters for the reverse B case, when the power level is just be-
low the threshold, (5 MW). Although the edge density remains the same, (the line average density was
held constant), the edge temperatures and pressure gradients are much greater than the forward B case.
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Preliminary analysis of the divertor conditions show that significant differences between these
discharges appear near the X-point region. The electron density just below the X-point measured by
Thomson scattering in the forward B case is 4-5 times greater than the reverse B case, as shown in
Fig. 2. The cause of this high-density region and its influence on the L-H transition is under investiga-
tion. It may be evidence of the ion VB drift carrying heat and particles across the X-point into the
private flux region, or it may be the result of ExB flows in the divertor. If neutral penetration into the
core plasma raises P J H as discussed in the next section, then this high-density region may reduce PTH
in the forward B case by preventing neutrals from reaching the X-point region of the core plasma.

Several theories of the L-H transition consider the edge pressure gradient as a key parameter for
the transition (Section 5). As shown in Fig. 2, the forward B edge electron pressure gradient is slightly
higher than the reverse B case at 1 MW. This may be evidence for cross-field fluxes in the SOL
playing a role in determining the edge pressure gradient. However, calculations of the cross-field
fluxes described above, based on measured SOL and divertor temperatures and densities, result in
powers of only a few tens of kilowatts. These fluxes are considered to be too small to contribute
significantly to the overall power balance. However, it is still possible that these fluxes affect the edge
plasma, especially near the X-point, and influence the L-H transition threshold.

4. NEUTRALS

The effect of neutrals on the L-H transition has been studied in a series of experiments where a
heavy gas puff was used to ramp up the density and a divertor cryopump was used to ramp down the
density during an L-H transition. Extensive transport and neutral modeling of the plasma edge region
using B2.5 and DEGAS indicates that during heavy gas puffing, the SOL density increases and shields
the region just inside the separatrix from neutrals [6]. This reduces the neutrals in this region and
lowers PTH- When the cryopump is used, the neutral penetration is greater and PTH increases. There is
a good correlation between PSEP /n and the ratio of the maximum charge exchange damping rate
(VCX)M to the neoclassical damping rate (|i.neo) of the poloidal flow when evaluated for average radii in
the range 0.9 < r/a < 0.95 as shown in Fig. 3 [6]. Good correlation is also found with the poloidally
averaged neutral decay length. Further experiments and inter-machine comparisons are needed to
identify the proper dimensionless parameter for the effect of neutrals on the power threshold.

5. LOCAL EDGE PARAMETERS

A technique of fitting a hyperbolic tangent to the edge profiles themselves has eliminated the
scatter caused by the flux surface reconstruction [7] and has improved the localization of the plasma
edge [5]. With this technique, we have determined that the position of the maximum edge density
gradient remains relatively constant across the L-H transition, and is therefore, a good location to
evaluate the local edge conditions relevant to the formation of the edge transport barrier in H-mode.
However, in order to facilitate comparisons with other devices, we have evaluated edge parameters
2 cm inside the separatrix. We find this location roughly corresponds to the edge density pedestal
determined from the hyperbolic tangent fit. An operational space diagram of Te and ne evaluated 2 cm
inside the separatrix is shown in Fig. 4. Although there is a trend for pre-transirion data (LH) to be at
higher temperatures, these data are not well separated from the normal L-mode data. Therefore, these
parameters do not clearly resolve the L-H transition operating space. For comparison, a fit to the L-H
data on ASDEX-Upgrade is also shown. The DIII-D data generally fall a factor of 2 below the
ASDEX-Upgrade data, indicating that the edge temperature alone is not a critical parameter for the
L-H transition. Collisionality of the edge plasma varies in the range of 5-50, and often increases
slightly after the L-H transition as the edge density rises. Collisionality alone is therefore, not likely to
be a key parameter.

The improved localization of the edge parameters now permits more detailed comparisons with
L-H transition theories. In a model based on 3D simulations of edge turbulence by Rogers and
Drake [8], the threshold condition is parameterized in terms of OCMHD

 aiyd OCDIAM> both of which
contain edge gradients. Figure 5 shows that OCMHD may provide a better separation of the L-mode and
pre-transition data than edge ne and Te in Fig. 4, indicating it may be important for the L-H transition.
Due to the lack of separation of the data with ocrjiAM; the importance of this parameter is not clear.
Quantitative comparisons will require improvements in the model to include realistic geometry.

In another model of the L-H transition based on the stabilization of Alfven drift waves by
O. Pogutse et al. [9], the threshold condition is parameterized by a normalized beta and collision
frequency such that Pn>Pcrit=l+Vn

2/3- Figure 6 shows data evaluated at the maximum edge density
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gradient on the pn - vn plane. The value of pn has about the right magnitude but no clear distinction
exists between points just before the L-H transition and points that remain L-mode or Ohmic. H-mode
points, taken just after the L-H transition, are well above the threshold condition in both these models.
Therefore, comparison of the edge gradients between L- and H-mode is not particularly useful in
distinguishing among these models.
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ABSTRACT

To study the applicability of artificially enhanced impurity radiation for mitigation of the
plasma-limiter interaction in reactor regimes, krypton and xenon gases were injected into TFTR
supershots and high-l; plasmas. At neutral beam injection (NBI) powers PB > 30 MW, carbon influxes
(blooms) were suppressed, leading to improved energy confinement and neutron production in both D
and DT plasmas, and the highest DT fusion energy production (7.6 MJ) in a TFTR pulse. Comparisons
of the measured radiated power profiles with predictions of the MIST impurity transport code have
guided studies of highly-radiative plasmas in ITER. The response of the electron and ion temperatures
to greatly increased radiative losses from the electrons was used to study thermal transport
mechanisms.

1. INTRODUCTION

In a tokamak reactor such as ITER more than 200 MW of fusion alpha heating power must be
dispersed. [1] Heat removal by radiation from controlled injection of impurity gases, either in the main
chamber or in the divertor, is a promising technique for mitigating the severe problem of concentrated
power loading of the divertor. [2] Experiments have shown that a large fraction of the heating power
can be removed by impurity radiation without deleterious effects on plasma performance. [3,4] In
TFTR, [5] this technique has been extended to reactor regime plasmas (Te = 5-9 keV, T{ = 20-40 keV)
and to higher-Z impurities, krypton and xenon, by injection of these gases [6] into supershot [7,8]
and high internal inductance [9] plasmas. At the high electron temperatures in reactors, higher-Z
impurities are more appropriate because the lower-Z impurities ionize to high charge states which
produce little radiation. Furthermore, much lower concentrations of high-Z ions can be used because
of the very high specific radiation per ion (Prad ~ Z3), resulting in lower fuel dilution (Ann/ne ~ <Z>
nz/ne), where nH and nz, respectively, are the density of the hydrogenic fuel and impurity, and <Z> is
the average charge state of the ions.

Two distinct experiments were performed in TFTR. These were (1) high neutral beam heating
power (Pb > 30 MW) discharges for reduction of deleterious influxes of wall impurities (carbon
"blooms") [10] and deuterium, and improved energy confinement and fusion power production; and
(2) thermal transport studies at moderate power (Pb = 16 MW).

These plasmas are distinctly different from the "Z-mode" of ISX-B [11] or "Rl-mode" of
TEXTOR [3] plasmas, which were performed at much lower temperatures and with lower-Z gases.
The RI mode plasmas require injection of both neon and deuterium gas to achieve high density
(ne ~ ne

GW , where n e
G W is the Greenwald density [12]) and improved confinement (relative to L-

mode), whereas in the TFTR experiments, high-Z gases were injected parasitically into steady-state
supershots to reduce the power flow to the edge, and were not required for enhanced confinement.

2. THERMAL TRANSPORT EXPERIMENTS

The highly radiative plasmas provided a convenient tool for local transport studies, because the
distribution of power loss between radiation and conduction plus convection was greatly changed {e. g.,

1
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from 25:75% to 75:25% globally) in a locally measurable way, while the NB deposition profile was
relatively unchanged. Krypton and xenon gases were puffed into TFTR supershots with Pb = 16 MW,
a plasma current, Ip, of 2 MA, and a toroidal magnetic field of 4.8 T. Feedback control of the gas puff
rate was used to maintain a constant radiated power fraction, fr = Prad / Pheat* where Prad a n ^ Pheat
are the measured radiated power and neutral beam heating power. At radiated fractions as high as 80%
the energy confinement time was not reduced. The electron temperature Te(r) was hardly changed,
while the ion temperature Tj(r) increased significantly in the radiative plasmas, by about 35% in the
center and 10% near the edge.

Transport analysis for the Xe-puffmg shot coupled the invariance of Te(r) to increased heating
from ion-electron equipartition energy as both the electron density ne(r) and ion temperature T;(r)
increased. The transport analysis indicated that Xe did not change in the core with the increased
radiation from Xe, while X-y and X^ decreased, as shown in Fig. 1. The Da and CII line emission
decreased by 40 and 15%, respectively. The reduced Da emission would correlate with a confinement
improvement of 10% under the normal supershot scaling. [13]

Improvements in energy confinement in tokamaks have recently been associated with the
formation of flow shear layers which suppress the turbulence responsible for anomalous transport [14].
In this context, it should be noted that the poloidal velocity, v , of carbon impurities about 15 cm

Er = Vp/(eZn)

LU
320 330

Radius (cm)
4.0

time (s)

Fig. 2 (a) Radial electric field Er resulting from the poloidal velocity ve, showing peaking during
Xe puff, (b) Er components and total Er at the location of peaking in (a).
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inside the last closed flux surface increased from 1 km/s to 5 km/s just after the Xe puff. The poloidal
rotation profile, expressed in terms of its contribution, VeB ,̂ to the radial electric field En is shown in
Fig. 2a. Coupled with changes in the toroidal rotation, there is a factor of three increase in the total
radial electric field Er to ~50 kV/m at this location. The evolution of the components of the
equilibrium radial field E,- at the radius of its maximum excursion are shown in Fig. 2b. Changes in Er of
similar magnitude have been associated with the formation of transport barriers in TFTR ERS plasmas
[15].

3. POWER AND PARTICLE HANDLING

At heating powers above 30 MW in TFTR, the fusion neutron production and energy
confinement time were often limited by large influxes of carbon and hydrogenic species from the
limiter. The radiative-regime experiments successfully suppressed the carbon "blooms" by reducing the
power flowing to the edge. These experiments were done at Ip = 2.2-2.6 MA and BT = 5.1-5.5 T. In D
plasmas with PB > 30 MW, increasing the radiated power fraction from the normal ~25% to levels of
45 - 70% by injection of either Kr or Xe suppressed carbon blooms and resulted in significantly
improved TE and neutron production, relative to that in similar shots without impurity gas puffing. A
DT shot with Kr injection to maintain fr = 70% produced 7.6 MJ of fusion energy, a record for TFTR.

The enhanced impurity radiation was successfully combined with the technique of lithium wall
conditioning [16,17] to further reduce wall impurity influxes. Figure 3 illustrates the effect of puffing
Kr into a high-l; shot (solid curve) with 32 MW of NB heating, while continuously injecting lithium
globules into the plasma edge via laser ablation ("DOLLOP" technique [17]). In the reference
discharge without Kr puffing (dashed curve) a large influx of carbon and hydrogenic species (not
shown) results in a large increase in edge density (e) as the energy confinement (c) and neutron rate (d)
drop sharply. With Kr injection the confinement and neutron rate are maintained higher for a longer
time before rolling over, and the edge density is maintained lower.

4. IMPLICATIONS FOR REACTORS

This demonstration of the successful removal of a large fraction of the heating power as
radiation under reactor conditions without degrading confinement or significantly diluting the fuel ions
creates the possibility of improving power handling in fusion reactors. Reduction of the power flowing
to the edge may substantially ameliorate the divertor heat load problem. [1,2] The high specific
radiative power of Kr and Xe at reactor temperatures permits additional radiation power of ~10 MW
in TFTR with minimal fuel dilution (|AnH/ne| < 10%, nz/ne ~ 10~3). The power was radiated across the
entire plasma; the power profile from Kr was slightly hollow and that from Xe slightly peaked in the
center.
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Comparison of the TFTR radiated power with simulations by the MIST code [18] enabled a
"calibration" of the code to provide more confidence in extending MIST modeling to reactor plasmas.
For both Kr and Xe the measured radiated power profile shapes were reasonably predicted by the code
with the assumptions of a diffusion rate D(r) = 1 m2s"1, a radially uniform impurity concentration, and
Lotz ionization rates. The total radiated power measured by bolometer arrays, however, was higher
than that calculated by MIST by a factor 3.0 ± 0.4, where the "error" bar is strictly the statistical
variation of the data. This difference suggests a deficiency in the magnitude of the radiated power
cross sections of the different charge states. The required high-Z impurity gas concentrations were
determined from spectroscopic line intensities or from the measured increase in Zeff. This difference
between the measured and MIST predictions is a favorable finding for modeling reactor radiative
plasmas, because it means that the required high-Z impurity concentrations to produce a requested
radiated power level are smaller by a factor of 3 than those predicted by the uncalibrated MIST.

MIST simulations were done for production of 150 MW of radiated power in ITER. ITER
profiles having a central Te of 21 keV and a nearly flat density profile with a central value of 1.33 X
1020 n r 3 were used. Other parameters were R = 8.0 m and a = 2.8 m. For these scoping studies a
circular cross section was assumed for ITER. For elongated cross sections, the radiated power should
scale roughly as the plasma volume. Using the calibration factor from the TFTR data, the required
concentrations of Kr and Xe were 18 and 3.9, respectively, in units of 10-5, resulting in a reduction of
the hydrogenic density of 0.63% and 0.2%.

5. SUMMARY AND CONCLUSIONS

High-Z gas puffing enabled reduction of the power flowing to the edge by a factor of 3 in TFTR
supershot discharges. Wall influxes were significantly reduced at high power, resulting in higher
confinement times and fusion neutron production. At modest power, Xj and X^ decreased significantly.
A localized increase in poloidal rotation near the edge lead to a tripling of Er. The significance of this
change in Er shear is being investigated. [19] MIST modeling, using the results from the TFTR data,
suggest that nonperturbing concentrations of order 10"4 of Kr or Xe can radiatively dissipate 150 MW,
which is a significant fraction of the fusion alpha heating power in ITER, and thus greatly reduce the
power flowing to the divertor.
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Abstract

Similarity experiments have been performed in Tore Supra to investigate the
dimensionless scaling of transport in stationary regimes. Local and global analyses have
shown that in L regimes the electron transport is nearly gyro-Bohm, electromagnetic, and
weakly collisional, while in ohmic regimes it is gyro-Bohm, electromagnetic, and strongly
collisional. The gyro-Bohm behaviour and electromagnetic nature of the electron transport
have been confirmed by the density and magnetic fluctuation measurements. Edge cooling
experiments have been carried out in Tore Supra to investigate the transport mechanism.
The non local transport phenomenon has been observed in both OH and LH regimes.
Thresholds have been obtained for the non local transport appearance on the plasma
density, current and the pellet size. This effect is significantly enhanced in the LH
heating regime. Experimental observations suggest that the mechanism governing the non
local transport is unlikely to be linked to the current effects including the spatial
redistribution and the magnetic shear, and the low wavenumber MHD.

1. INTRODUCTION

Heat transport, an important issue for magnetic confinement fusion, can be
investigated in two different situations : stationary and transient. Studies of these
two regimes are complementary in order to better understand the transport
mechanisms in tokamaks. The similarity approach is an excellent method to
investigate the dimensionless scaling laws in the stationary regime [1]. These
dimensionless scaling laws present a major interest for extrapolating existing results
to next step devices such as ITER, in order to predict their performances. The
features of electron transport in stationary regimes are diffusive, electro-magnetic,
with short correlation length. However in transient regimes, the electron transport is
not always compatible with a simple diffusive model, since large scale transport
events are observed with a propagation time smaller than a diffusion time. Recently a
surprising phenomenon of non local transport (NLT) has been evidenced in TEXT
[2], and is described by a controversial picture : a strong cooling in the edge plasma
provokes a significant heating in the central plasma core within a time much smaller
than a diffusion time. This non-diffusive, long-range and reversed polarity response
due to an edge temperature perturbation raises the basic problem of locality for the
"standard" (local and turbulent) transport model. Investigating the mechanism
behind this new phenomenon presents a great interest for the understanding of
transport mechanism.

1 Centre de Physique Theorique Luminy, F-13288 MARSEILLE Cedex 9, France
2 Laboratoire PMI, Ecole Polytechnique, 91128 Palaiseau, France
3 LPMI, Universite Henri Poincare, Nancy, 54506 Vandoeuvre Cedex, France
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2. SIMILARITY EXPERIMENTS

Similarity experiments have been performed in Tore Supra. Dimensionless
transport scalings have been investigated as a function of the gyro-radius
p* = ̂ 2meTe /(-qeBa), the beta number /3 = neTe I{B2 /2fi0) and the collisionality

v* = const {Rlaf2qaRneIT
2: X ' X* ~ (P*)J*W/'(v*)*v, where x

B^Te/(-qeB) is
the Bohm diffusivity. From the local analysis, it has been shown that in L regimes
the electron transport is nearly gyro-Bohm (xp~l), electromagnetic (l<xp<2) and
weakly collisional (0<xv<0.5), the ion transport is rather Goldston-like [3]. These
results are confirmed by the global analysis where a dimensionless scaling has been
obtained : [%L\l %B « (p*)a4±0-2(/3)13±a2(v*)01±a2 (Fig.l). In the last expression, the

effective diffusivity [fy is defined as a2 ITE, where xE is the confinement time. It
should be noted that [fy includes both electron and ion contributions. In OH regimes
the internal electron transport scaling is different and given by
X°H IXB CC(P*)1(^)~2(V*)1. The electron transport is thus weakly collisional in L
regimes and strongly collisional in OH regimes. The p*-scaling shows that the
electron transport is nearly gyro-Bohm in both regimes. This gyro-Bohm behavior has
been confirmed by density fluctuation measurements [3] and is consistent with
turbulence numerical simulations when the gradients are well above the instability
threshold. The strong dependence in p indicates that the turbulence which causes
this transport is electromagnetic in both regimes. This is corroborated by the
magnetic fluctuation measurements where a good agreement has been found between
the experimental heat flux and that estimated from magnetic fluctuations [4]. In Fig.2

the electron heat flux induced by magnetic turbulence (Q™8 =—nexT'S^Te) is plotted
versus the temperature gradient VTe, and %™ag is given by %™ag - Lcvthe(B/B)2

where Lc is the correlation length, vthe is the electron thermal velocity and B is the
magnetic fluctuation. From this figure a critical temperature gradient is clearly
observed, and its value (~25keV/m) is very close to that obtained from profile
analysis [5]. Thus in stationary regimes the features of electron transport are
diffusive, electromagnetic, with short correlation length compared to the plasma size.
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3. NON LOCAL TRANSPORT EXPERIMENTS

Edge cooling experiments have been performed in Tore Supra using the
oblique pellet injection and the impurity injection by laser. The electron temperature
perturbations are measured with a multichannel electron cyclotron emission (ECE)
heterodyne system. Results obtained with impurity injection are very similar to those
reported in TEXT [2] and in TFTR [6], where a significant temperature increase has
been observed in the central core during the impurity injection, with a reaction time
much smaller than the heat diffusion time. The NLT features (drop at the edge and
rise in the centre for Te) have also been confirmed in the ohmic regime with pellet
injections, and the results are similar to those reported in JIPPT-IIU [7] and in RTP
[8]. Fig. 3a presents the diagram of the non local transport appearance. A threshold
on the line average density and current ne /1

 in is clearly observed from this figure :

ne lip
12 <1.0xl0]9 m~3 I MA1'2. Furthermore from this figure a threshold on the relative

density variation caused by the pellet injection has also been observed : Ane lne < 0.5.
Significant enhancements have been observed for the NLT feature in the Lower

Hybrid (LH) heating regimes. These results differ from those obtained in TFTR and
TEXT, where this effect tends to disappear with additional heating (NBI, ECRH).
The limit on ne / /

 1/2 is now extended : \ne 11 1/21 =1.4xlO19 m~3 / MA1'2, and no limit

has yet been observed for Ane Ine in LH regimes (Fig. 3b). In the latter case large
relative density variation Ane I ne can not be reached due to the reduced pellet fuelling
efficiency, which is directly linked to the more peripheral pellet penetration caused
by suprathermal electrons.

Fig.4 presents a pellet injection experiment in a fully non-inductive current
regime, where the plasma current is fully carried by the suprathermal electrons
created by LH waves. During this phase, the sawtooth activity has been fully
suppressed as shown in Fig. 4a. Furthermore, there is no variation during this pellet
injection for the loop voltage Vt , the radiation power Prad, the input LH power Pm

and the hard x-ray (HXR) signals, which are a measurement of the central non-
inductive current level at two different energy channels [9] (Fig. 4b). Lastly no
excitation of low wavenumber MHD modes has been observed contrary to that
reported in TFTR.These observations indicate clearly that the mechanism governing
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the loop voltage Vloo and the HXR signals (A.U.).

the non local transport is not correlated with the change of current profile. Moreover
the characteristic time of the current change is much slower than that observed in the
NLT phenomenon. Thus the mechanisms based on spatial redistribution of the plasma
current, or modification of the magnetic shear, may be excluded for the non local
transport.

4. CONCLUSIONS

Local and global analyses of similarity experiments in Tore Supra have shown
that in L regimes the electron transport is nearly gyro-Bohm, electromagnetic and
weakly collisional. The gyro-Bohm behaviour and electromagnetic nature of the
electron transport have been confirmed by the density and magnetic fluctuation
measurements.

The non local transport phenomenon has been observed in the edge cooling
experiments. Thresholds have been obtained for the NLT appearance on the plasma
density, plasma current and the pellet size. The NLT effect is significantly enhanced
in the LH heating regime. Experimental observations suggest that the mechanism
governing the non local transport is unlikely to be linked to the current effects
including the spatial redistribution and the magnetic shear, and the low wavenumber
MHD.
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Abstract
Microscopic potential turbulence in tokamak plasmas are investigated by a multi-sample-

volume heavy ion beam probe. The wavenumber/frequency spectra S(k,co) of the plasmas
potential fluctuation as well as density fluctuation are obtained for the first time. The
instantaneous turbulence-driven particle flux, calculated from potential and density turbulence
has oscillations of which amplitude is about 100 times larger than the steady-state outwards
flux, showing sporadic behaviours. We also observed large-scale coherent potential oscillations
with the frequency around 10-40 kHz.

1. Introduction
Local measurement of plasma turbulence in a toroidal magnetic confinement device has been

the target of the intensive experimental research, since the anomalous particle/ energy
confinement may be caused by the microturbulence in the plasma. The heavy ion beam probe
(HIBP) is particularly suited for the local study of the turbulence of tokamak plasmas because
of the potentiality for density and potential measurement. It is, however, difficult to measure
by HIBP potential fluctuations due to the microintability in the tokamak plasmas, since the
fluctuating potential is smaller than the acceleration voltage of a probing beam by many orders.
Therefore, the measurement of the potential turbulence in the core region of the tokamak plasma
by HIBP tends to have a low signal-to-noise ratio (SNR) and only a few results were
published so far [1]. In addition, the large-amplitude quasi-coherence modes with the
frequency to 30 to 40 kHz, complicate the potential turbulence of small scale oscillations. To
tackle these difficulties we enhanced the sensitivity of the measurement by increasing the beam
current and by the employment of a multiple-detector system. By these improvements we are

now able to obtain the wavenumber/frequency spectra S(k,co) of the density and potential
turbulence, and the wavenumber-resolved fluctuation-driven particle flux in the high
temperature region of JIPP T-UU tokamak plasma [2].

2. Experimental apparatus

a) Tokamak system.

The JIPP T-IIU tokamak was operated at 3 tesla. Its major radius is 93 cm with a minor
radius of 23 cm. Nearly perpendicular neutral beam injection (NBI), with the injection line
tilted in the co-direction (the direction of the plasma current) by only 9 degrees, is employed.
The main diagnostics are a YAG Thomson scattering apparatus with 28 spatial measurement
points and a 100 Hz repetition rate for detailed profiles of plasma density and electron
temperature, an 8-channel-ECE polychromator, a 6-channel-FIR interferometer and a charge
recombination spectrometer using NBI for ion temperature profiles.

b) a heavy ion beam probe

For the measurement of potential microturbulence, we have to use stable power supplies
for the acceleration of the beam and for the energy analyzer of the secondary beam. We
connected a very stable power source (up to 500 kV) originally developed for the electron
microscope, to the electrostatic acceleration column of the accelerator. The chromatic aberration
of the electron microscope is induced by the ripple of its high-voltage power source. The ripple
in our case is reduced to less than 2 Volt for 500 kV. We also reduced the high-frequency
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ripple on the upper electrode of the parallel-plate energy analyzer to about 0.02 V out of 100 kV
by use of an LC filter in SFg gas.

This parallel plate analyzer is intrinsically suitable for multiple sets of the entrance slit and
detector (many sample volumes) since the electric field is uniform. We installed 7 sets of an
input slit and 7 sets of detectors. The signals from 6 input slits are usually available without
careful adjustment. A 500 keV thallium beam of a few tens of microamps can be focused to a
diameter of about 2 millimeters in the tokamak by a cylindrical deflector and two electrostatic
quadrupole lenses (doublet).

Each plate is made of stainless-steel and is connected to low-noise amplifiers. The sampling
rate at 12 bits AD conversion is 2 MHz and the frequency band width of the detector amplifier
shows the 3 dB decrease of gain at 300 kHz.

The displacement of the beam center in the poloidal direction (the change of the plasma
potential at the sample volume) is detected by the difference of the upper (suj(t) )and lower
detector currents (suj(t) ,suj(t)) normalized by sum of them (ND) by the following equation [3],

The local density at the sample volume may be proportional to the sum of the detector currents
and expressed by

Sj(t)=suj(t) + sdj(t)

3. Potential and density turbulence

a) Quasi-coherent mode
First of all we want to emphasize that the potential measured by a heavy ion beam probe has

fairly large potential fluctuations at 30 to 40 kHz. Figure 1 shows Expanded view and Fourier
spectra of the sum of the secondary current s, normalized ratio of upper and lower plates (ndp)
proportional to the local potential change at the sample volume.

0
0 50 100 150 0 1 2 3

F r e q u e n c y (100kHz)

Figure 1. Expanded view and Fourie spectrum of the sum of the secondary beam intensity (
proportional to local density) and nd(proportional to potential) at r/ap = 0.5. Conversion ratio is
x 600V in this case.
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The sample volumes are around r/ap = 0.5. The density turbulence extends to higher

frequency while the oscillations with around 40 kHz are dominant in the potential fluctuations.
The potential fluctuation or beam energy fluctuation from Fourier spectrum of ndp in Fig. 1 is
about 60 Vp.p. since the conversion rate from nd to plasma potential change is 600V/nd. These
potential fluctuation of the large amplitude in this frequency range were originally discovered in
HIBP measurement at the TEXT tokamak[3].

The correlations of density (sum of the secondary beam), potential (change of the beam
energy) ndp j , sj is very small. The mode number of the potential oscillation can be estimated

tobem=0 since the phase shift of the cross correlation coefficient pfadpj, ndpj,)is almost
zero and the peak values are almost 1. Accordingly, we can conclude that these potential
fluctuations are large-scale and quasi-coherent. The correlation between density and potential
turbulence is small.

In order to verify that these oscillations are not induced by several power supplies of high and
low voltage in HIBP we checked the ripple of all power supplies. In addition, these oscillations
are not observed when the plasma is replaced by the gas. Because of the fairly high injection
energy of 300 kV to 500 kV, the injected Tl+ ions are easily ionized to Tl+ + by the puffed
helium neutral gas in the tokamak vacuum vessel. Under the comparable detector currents by
the intensive helium gas puffing, this large amplitude oscillations of 30-40 kHz disappears.

Our present conclusion is as follows. At the certain layer near the plasma boundary, there
occurs regularly the potential fluctuations of the very large amplitude. Since the potential tends
to the surface quantity because of the very high electric conductivity along the magnetic field line
of force and the potential is an integral of the electric field across the magnetic field from the
vacuum vessel to the certain magnetic surface, we can explain the m=0 property and no signals
in the outer plasma area. Also, the ECE and soft x-ray pin diode signals comes out of rather hot
area inside the certain layer, we can not find the correlation with ECE and soft x-ray.

b) high frequency turbulence

<KE)>

-30 -15 0 15 30 -30 -15 0 15 30 -30 -15 0 15 30
Frequency

(xlOkHz)
Frequency

(xlOkHz)
Frequency

(xlOkHz)

(a) (b) (c)

Figure 2. Contours of the two-dimensional (space/time) Fourie spectra of density and potential
turbulence (a), (b). and <nE> proportional to the particle flux driven by the turbulence, (c). L<j
= 2.5 cm.

Figure 2 shows the contours of two-dimensional (wavenumber/frequency) spectra of the

density Sn (k,co) = ^ne(k,co)p), (a), potential S^,(k,co) = \|o(k,co)| /, (b)), and the quantity
proportional to the turbulent- driven particle flux, real[{ne(k,co) E(k,a>))], (c), at the position of
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about r/ap = 0.5 and 0=0 (weaker Bt field side). The particle flux <nv> driven by the turbulent

electric field is proportional to <nE> through E/B particle drift. So(k,co) is noisy but similar to

Sne(k,co). Fig. 2(c) and detailed analysis shows that the oscillations around 150 kHz mostly
cause the turbulence-driven particle flux. This flux is outwards and its magnitude corresponds
to the particle confinement time of about 5 ms under the assumption of the uniformity of" the
flux on the magnetic surface.
Figure 3 (a) shows the calculated turbulence-driven instantaneous total particle flux

ne(t) v(t) =ne(t)E(t)/ Bt at each sampling time of 1 JJ.S for the case of Fig. 2. Figure 3(b) shows
a time behaviour of the turbulence-driven total particle flux of Fig. 3(a) averaged for 100 u.s.
The characteristics of the wave forms are much similar in (a) and (b) even though the time scale
is 1 |j,s/div. for the instantaneous particle flux (a) and 100 (is/div. for the averaged flux. The
difference is that we are able to observe the averaged negative flux (outwards) readily among
the large fluctuations in Fig. 3(b).
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( a ) (b)
Figure 3. The instantaneous turbulence driven-particle total particle flux, (a) and the averaged(
for lOOjis) instantaneous particle flux, (b). Both have arbitrary vertical scales, but the vertical
scale of (a) is 100 times larger than that of (b).

The appearance of the quasi-steady flux in Fig. 3(b) can be understood, since the main
density turbulence has the correlation time of a few microseconds. The ratio of the
instantaneous flux to the average flux is so large (about 100) and the polarity of the
instantaneous flux is always changing. We may call these signals as sporadic or intermittent
behaviour.
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Abstract

The paper reports experiments on turbulence-induced transport in plasmas with aspect ratios A of
1.4 ~ 2.5 in a single machine. There is little aspect ratio dependence in electrostatic fluctuations. The
relative levels of magnetic fluctuations in the core region are 0.01% and 0.05% for A = 1.4 and 2.5,
respectively. The electron heat transport estimated from the magnetic fluctuation level of 0.01% is 0.2
kW/m2, which is less than 2% of the electron heat flux of 13 kW/m2 estimated from the global power
balance. Thus in spherical tokamaks, the present results show that magnetic fluctuations are not respon-
sible for electron heat transport, as in conventional tokamaks.

1. INTRODUCTION

The spherical tokamak (ST) is a candidate for a high [3 advanced reactor. The high (3 performance
of the Small Tight Aspect Ratio Tokamak (START) experiment is outstanding [1]. However, the re-
search field of the ST is quite new and there is little experimental work on turbulence-induced transport
in STs. The physics of fluctuation-induced particle and heat transport is one of the key issues for the
second generation STs, such as the Mega Amp Spherical Tokamak (MAST) and the National Spherical
Torus Experiment (NSTX). Our main motivation for studying the physics of fluctuation-induced trans-
port in STs is, firstly, transport optimization to obtain information for the second generation ST, and
secondly, comprehensive understanding of the confinement physics of toroidal plasmas, including con-
ventional tokamaks, stellarators and reversed field pinches. We have observed turbulence suppression
and transport reduction in the presence of a sheared flow in the JFT-2M tokamak [2]. We have also
measured fluctuations and electron heat transport in the Reversed Field Pinch University of Tokyo
Experiment (REPUTE-1) RFP plasmas [3]. The Tokyo Spherical Tokamak (TST) has been constructed
to investigate the basic physics of plasma confinement and stability in the small aspect regime [4].

2. TST-M PLASMA

The center-post of TF coils (24 MI cables of 12 mm diameter) and the OH solenoid of 50 turns of
TST have been replaced by new TF coils and an OH solenoid of 200 turns to provide a higher toroidal
field and larger volt seconds. The cross section of TST-M is shown in Fig. l(a); the TF coils are located
entirely inside the vacuum vessel except for the connection points, to avoid arcing problems. The ex-
periments have been carried out in this new configuration (TST-M [5]). There are two sections of 5 mm
thick aluminum shell on the inboard side and top and bottom aluminum shells (4 sectors each) of 10 mm
thickness to avoid vertical instability. Typical operation parameters of TST-M are as follows: major
radius R=30~38 cm, minor radius a=l 5~29 cm, aspect ratio A=l .3-2.5, toroidal field in the center of

'Advanced Fusion Research Center, Research Institute for Applied Mechanics,Kyusyu University, Japan
2Hitachi, Ltd., Tokyo, Japan
3Fujitsu, Ltd., Tokyo, Japan
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the vacuum vessel, B t0 =0.16~0.3 T, plasma current Ip =20-150 kA with OH flux swing of 20 mVs. The
discharge duration is up to 7 ms with a loop voltage of 2 V. He glow discharge cleaning (16 hours) and
titanium flash (3 hours) were performed for wall conditioning.

A variety of operation modes have been tried to obtain the aspect ratios of A=l .3 ~ 2.5, by combi-
nations of increasing or decreasing OH flux, induction coil current ramp-up or ramp-down. The outer-
most magnetic flux surface is obtained using a filament model for the plasma current and the external
field coil currents; input data are the signals of the flux loops surrounding the plasma and magnetic
pickup coils. A typical example of the decreasing OH flux + induction coil current ramp up operation is
shown in Fig. l(b). Figure 2 shows a typical example of the long discharge duration operation. The
plasma current of 22 kA is obtained with the loop voltage of 2 V (at the current flat top). The aspect ratio
is 1.5 in this case. The plasma current of 150 kA is obtained by applying the induction coil current ramp
up on the OH plasma. The discharge duration is short in the high current mode. The electron temperature
measured by a triple Langmuir probe is in the range of several tens of electronvolts. The line-averaged
electron density measured by a 50 GHz interferometer is in the range of 1019 nr3.

Toroidal coil
Feedthrough

OH coil
Feedthrough

Al shell Electrode
for Helicity
Injection

• M

20cm

(a) (b)
20cm

FIG. 1. (a) Cross-sectional view ofTST-M; (b) magnetic flux surface of the decreasing OH flux

+ induction coil current ramp up operation. The gray areas show the center post, outer support

structures and shells.

-2-
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Shot No. 22193

> 0

-10
0

FIG. 2. Plasma current and loop voltage of the decreasing OH flux operation

3. MAGNETIC AND ELECTROSTATIC TURBULENCE

Fluctuations have been measured in cases of aspect ratios A of 1.4, 1.8 and 2.5. Triple Langmuir
probes and magnetic pickup coils are mounted on the equatorial plane. They can be moved radially from
the outboard side to the centerpost. The toroidal field is Bto = 0.18 T. The plasma current Ip is 90 kA,
40 kA and 30 kA for A= 1.4, 1.8 and 2.5, respectively.

The relative level of the electrostatic fluctuations measured by triple Langmuir probes is 5-10% in
the core region, then increases gradually to 20% in the outer region and at the edge jumps to 60%. There
is little aspect ratio dependence.

The radial profiles of the relative fluctuation levels of the magnetic field measured by inserting the
pickup coils are shown in Fig. 3. The Br fluctuation level for A=l .4 is 0.01% and much lower than the
level of 0.05% for A=2.5, at nearly the same magnetic Reynolds number. Nevertheless, quantitative
comparison of fluctuations between a ST and a conventional tokamak is difficult because of wall effects
and different q profiles. Our largest concern now is how the magnetic fluctuation deteriorates the elec-
tron heat transport in the ST, because of higher plasma current and lower toroidal field in the ST com-
pared with conventional tokamaks, as in RFPs. In the REPUTE-1 RFP plasma, the magnetic fluctuation
level is 1-3%, which is responsible for electron heat transport [3]. The electron heat transport using
Rechester-Rosenbluth heat transport theory [6] and the observed fluctuation level of 0.01% for A=1.4 is
0.2 kW/m2, which is less than 2% of the electron heat transport of 13 kW/m2 estimated from the global
power balance. Thus in STs, our present results show that magnetic fluctuation is not responsible for
electron heat transport, as in conventional tokamaks. The magnetic fluctuations will be reduced in hotter
plasmas due to a higher magnetic Reynolds number so that magnetic fluctuations will not have dominant
effects on electron heat transport in the next generation ST.

-3-
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Y.Liu, X.D.Li, E.Y. Wang, J. Rao, Y. Yuan, H. Xia, W.M. Xuan, S.W. Xue,
X.T. Ding, G.C Guo, S.K. Yang, J.L. Luo, G.Y Liu, J.E. Zeng, L.F. Xie, M.W. Wang
Z.H. Kang, Z.C. Deng, M.L.Shi, J.Q. Zhang, W.Y. Hong, L.W.Yan, P.F. Zhao, X.W. Deng

Southwestern Institute of Physics, P.O. Box 432, Chengdu, Sichuan, 610041, China

ABSTRACT:

Confinement Studies during LHCD and LHW Ion Heating on HL-1M
LHCD experiments were conducted on HL-1M in the past years. The LHW system is

composed of a 2x12 multijunction launcher and two klystrons of 500kW. The confinement
improvement by LHCD was confirmed on HL-1M. The investigations on the relationship between the
confinement and the edge plasma phenomena were carried out. The confinement improvement seems
to be related with the production of radial electron field during LHCD. Recently several distinctive
phenomena related with plasma confinement were observed during LHCD. These phenomena include
an ELM-like perturbation in boundary plasma and a sudden collapse of soft-X ray radiation from
central plasma. Usually ELM mode was obtained in divertor configuratin, while on HL-1M the ELM
mode was trigged by LHCD in limiter configuration. Moreover, at high density, distinct ion heating by
LHW was observed. Analyses shows that the parameter decay instability seems to play a role in the
mechanism of the ion heating.

1. Introduction

HL-1M is a circular cross-section tokamak with R= 102cm, a=26cm. Up to now, ECRH, LHCD,
NBI, ICRH and pellet injection experiments have been conducted on HL-1M. Advanced wall
condition techniques such as boronization, siliconization and lithium coating have been used. Among
them the siliconization is the most successful and most frequent-used wall condition technique on HL-
1M. The wall conditioning enhanced plasma merits greatly. In this paper we only concentrate on the
confinement improvement by LHCD and ion heating by LHW.

LHCD was investigated extensively in many fusion devices not only as a promising method of non-
inductive current drive but also as a effective way to control plasma profile and to improve the
confinement of plasma. LHCD experiments were conducted on HL-1M in past a few years with a
LHW system, composed of a 2x12 multijunction launcher and two klystrons of 500kW. Recently for
LHCD experiments on HL-1M, more attentions were paid to the confinement improvements by LHCD
and the its mechanism. We carried out investigation on the relationship between the confinement and
the edge plasma phenomena. Several distinctive phenomena related with plasma confinement were
observed during LHCD. These phenomena include an ELM-like perturbation in boundary plasma and
a sudden collapse of soft-X ray radiation from the central plasma. Moreover, at high density, distinct
ion heating by LHW was observed.

2. Confinement Improvement by LHCD and the mechanism analysis

The confinement improvement during LHCD was observed in the modest density range
(n,.<1.5xl013cm~3) on HL-1M[1]. It was confirmed by the following phenomena. When LHW is
launched into the plasma, the density increases and the Ha from edge plasma decreases as shown in
figure 1. In the more direct way, the confinement improvement was studied by injecting a small
amount of impurity such as Al with laser blow-off. The impurity particle confinement could be
estimated with the decay time of the brightness of the Al spectrum. It was found that the particle
confinement time during LHCD is TP=33mS, while xP=15mS for similar shots of ohmic heating alone.
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The improvement of confinement during LHCD was
found to be always accompanied with the increase of
poloidal flow velocity Vpol at the boundary plasma.
Furthermore, it was found that the direction of the
poloidal flow reverses as the toroidal magnetic field
BT reverses, while the plasma current keeps
unchanged direction[2]. It seems that the increase of
the poloidal flow velocity is related with the BT. This
suggests that the increase of the poloidal flow
velocity can be clarified as the effect of Eĵ xB. It is
thought that the increase of the poloidal rotation and
its shear will lead the formation of the barrier of
transport, which results in the improvement of
confinement. The results support the model for

Figure 1. Evolution of line-average density
and Hf from edge plasma during LHCD

explaining the improved particle confinement during LHCD proposed by Voitskhovich[3]. In the
model the production of radial electric field due to the energetic electrons loss is considered to play a
dominant role in the improvement of confinements. Meanwhile, the density and temperature profile in
the boundary region, which were measured with a set of Langmuir probes, get steeper during LHCD
than ohmic discharge, as is shown in Fig.2.
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Fig. 2 The comparison of the parameters profile at plasma bounduryfor Ohmic and
LHCD discharge (a) Temperature, (b) Density.

The improvement of confinement was found to be always accompanied with the suppression of
the fluctuation of the boundary plasma. The behaviors of the ion saturation current of the boundary
plasma were measured with four probes located at inboard and outboard midplane, top and bottom of
the plasma, sequentially. The decrease of the ion saturation current means a decrease of the outward
particle flux from the core plasma to the scrape-off layer plasma. In general, the decrease of the ion
saturation current and the suppression of the fluctuation seem to be related to the enhanced poloidal
rotation and its shear of the edge plasma, as mentioned above.

Furthermore, it was found that the behaviors of the suppression of the fluctuations for the
siliconized wall are different from those for the boronized wall. The suppression of the fluctuation is
symmetry for the siliconized wall, while it is asymmetry for boronized wall with mainly the
fluctuations at the outboard side and at the bottom side were suppressed. Therefore it is concluded that
the suppression of the fluctuation is even related to the wall condition which dominates the recycle of
edge plasma.

3. ELM-like behavior and low frequency perturbation mode during LHCD

On HL-1M, two types of perturbations have been observed for different density during LHCD.
One is ELM-like mode, under the condition of the density of less than lxl013cm'3, which features a
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Fig. 3 (a) ELM-like perturbation at low density (b) Low-frequency perturbation at high density

decrease of ¥Lf radiation from edge plasma and spikes on the Ha radiation, as shown in Fig.3(a). It
should be noted that total radiation from the bolometer measurement behaviors almost same with Ha,
while the soft-X ray from the central plasma almost keep constant. This shows that the perturbation is
limited in non-central region of the plasma. So this seems to be a typical ELM mode. In this case, the
particle confinement was always improved. Usually ELM mode was obtained in divertor configuratin,
here the ELM mode was trigged by LHCD in limiter
configuration.

The other type of perturbation emerges at the
high density of about 2xl013cm"3 , which features an
increase of Ha from edge plasma and bolometer
signal, as shown in Fig.3(b). As opposed to ELM-
like mode metioned-above, there is sawtooth-like
oscillation on the soft-X ray from the central part of
the plasma. This shows that the perturbation is
involved in total plasma region. Through further
analyses, the oscillation on the soft-X ray was
identified not to be a normal MHD behavior. Usually,
the perturbation occurred during LHCD just after
impurity injection by the laser blow-off. So it may be
related to the concentration of impurity in the plasma.
In such case, the confinement of plasma is no longer
improved.
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4. Collapse phenomena during LHCD

As we know that the collapse events in plasma
are important in determining the achievable plasma
parameters for a fusion device and the understanding
of the collapse phenomena is one of the essential
problems in fusion plasmas.

During LHCD at the density of about
1.8xl013cm"3 on HL-1M, a sudden collapse of the all
signals of soft-ray radiation from different chords
was observed with no significant change on plasma
density, measured by HCN interferometer, as is shown
in figure 4. The plasma temperature, monitored by
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ECE, after LHCD did not varied in comparison with that before LHCD. It should be noticed that in
figure 4 the signal of the ECE was masked during LHCD by the radiation from the non-thermal
electrons. Furthermore, there was even no remarkable change on thermal radiation measured by
bolometer for the collapse of soft-X signal. All signal of soft-X ray from different chord collapsed
simultaneously, i.e. no propagation of the crash in the plasma was observed. The time scale for the
Collapse is estimated to be less than 0.2 ms from the data acquisition rate.

It is believed that the collapse like this occurred as a consequence of the steep plasma gradients
due to the improved confinement by LHCD. This idea was supported by two facts as follow: first, the
profile of the soft-X ray peaked before the collapse during LHCD; second, the plasma profile at
boundary plasma generally get more steep during LHCD, as is shown in figure 2. But in our case, no
detail of core plasma gradient profile was obtained. Further investigation is required for the
mechanism of the collapse.

Based on the magnetic braiding and turbulence-terbulence transition, a so-called M-mode
transition model was proposed by S-I.Itoh[4]. The phenomenon of the collapse on HL-1M is roughly
agreeable with the theory model of Itohs.

Meanwhile, the effects of LHCD on MHD activities were studied with the soft X-ray detector
array on HL-1M. A complete suppression of sawtooth and a complete suppression of the Mirrnov
fluctuation were observed during LHCD in separated shot. Here the Mirrnov fluctuations before and
after LHCD was verified as m=l mode. These results were reported in [5]. In both of the cases it is
suggests that the current profile was modified by LHCD.

5. Ion heating with LHW

Although the 90; phased antenna on HL-1M launches a almost unidrectional wave spectrum,
which is suitable for efficient current drive, remarkable ion heating by LHW was observed when the
plasma density was over 3.5; 1013cm"3[6] The ion energy spectrum was measured with a charge
exchange analyzer[7]. It was observed that beside the increase of the temperature of bulk ion, a large
amount of ion tail was formed in the ion spectrum in this case. It was found that the increase of Ts is in
direct proportion to plasma density and in inverse proportion to electron temperature (namely Ip). The
condition for ion heating is similar to these of parameters decay instability [8]. So it is believed that the
parameter decay instability is the most possible mechanism.
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Abstract

Fast current ramps with central ECRH and pellet injection in ohmic plasmas allowed to study several
kinds of MHD instabilities in plasmas with peaked pressure profile and low or negative magnetic shear. Double
tearing modes were systematically observed when the minimum q value crossed the qmin=2 value; such modes
either ended into full core reconnection, or saturated at a large amplitude, with a displacement involving more
than one third of the plasma radius. Macroscopic fluctuations clamp the peak temperature during central ECRH;
the cause of such fluctuations is attributed to MHD modes that are excited when qm,n is close to a low order
rational value; gaps in the distribution of such values can explain the effective transport barriers observed near
integer qmin values. When qm^l either sawteeth or saturated internal kink modes are observed.

1. INTRODUCTION

Plasma configurations with extremely peaked pressure profile and negative or low magnetic
shear in the plasma core are obtained in the FTU tokamak by 140 GHz ECRH during fast current
ramps [1, 2] or by deep deuterium pellet injection in ohmic discharges [3]. In both cases the MHD
behavior is a relevant issue as it affects the core confinement properties; this is not surprising,
since the low magnetic shear (s=rq'/q) reduces the line bending stabilizing effect, and the local
poloidal beta reaches values (3P>3.

Current ramps are particularly interesting as the minimum q value (qmjn) slowly decreases
from qmjn>3 to qmin=l. The main aspects of MHD activity in such conditions can be seen in Fig. 1.
The major feature is a wide scale profile rearrangement associated to a double tearing mode at
qmi]1«2 (see Section 2). Besides this well identified event, erratic Te fluctuations with 2-s-5%
amplitude are present during most of the ECRH pulse; the possible connection between these
fluctuations and MHD activity will be discussed in Section 3. At t=140 ms, i.e. 10 ms before the
onset of sawtooth relaxations, saturated m=l oscillations set in. Such oscillations are not localized
at the sawtooth inversion radius, on the contrary all the plasma within that radius is affected by a
nearly uniform displacement. A similar mode is also observed after pellet injection; in this case,
either the mode precurs the sawtooth crash, or it survives for a long time at a large, saturated
amplitude (Section 4).

Associazione Euratom-ENEA-CNR, Istituto di Fisica del Plasma, Milano, Italy
INFM and Dipartimento di Fisica, II Universita di Roma 'Tor Vergata', Rome, Italy

***ENEA fellow
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#12799

40 80 120 160
Time (ms)

FIG. 1. Fast current ramp time traces, pulse
#12799, 360 kW ECRH: plasma current
(Ip), central line averaged density (ne HJ,
electron temperature (TJ from ECE
polychromator at r=1.2cm and r=4 cm.
The expanded trace at r=4 cm shows that
macroscopic fluctuations of the central
temperature are correlated with MHD rapid
oscillations (see Sect. 3).

2. DOUBLE TEARING MODES AT qmin«2
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FIG. 2. Te evolution during double tearing
modes: (a) core crash; (b) saturated mode.
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FIG. 3. Te profiles during the precursor (thin
lines) and after the mode growth (thick lines).

The evolution of m/n=2/l double tearing modes during current ramps with ECRH features a
clear branching: a precursor oscillation, lasting for 0.5 ms, is followed by a sudden growth
acceleration, leading either to full reconnection in less than 25 p,s, or to a large saturated
oscillation that reduces the central temperature but leaves a peaked profile (Figg. 2, 3). The
structure of precursor and saturated oscillations is a displacement with even parity, which affects
more than one third on the plasma radius; in the example shown in Fig. 2b, the displacement
increases from 7 mm in the precursor phase to a maximum value of 27 mm in the saturated one
(Fig. 3b). The fast time scale and the global nature of the perturbation imply that the mode must
be ideally unstable, or at least marginally stable [4]. The full reconnection case is similar to a
sawtooth crash (apart from the wider radial extent), while the saturated oscillation resembles the
so called subordinate sawtooth relaxation, with the remarkable exception that the mode structure
is m/n=2/l (the mode numbers can be unambiguously identified as the large oscillation is detected
by the Mirnov coils).
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3. MACROSCOPIC TEMPERATURE FLUCTUATIONS

The erratic Te fluctuations observed during central ECRH play a role in heat transport, in
fact, as the temperature evolution reverts from fluctuating to monotonically increasing at qm^l
(t=135ms in Fig. 1, i.e. 5 ms before the onset of sawteeth), the thermal energy in the plasma
core increases at a rate amounting to 60-5-70% of the local heating power. This indicates that an
effective transport barrier sets in when the fluctuations are suppressed. Profile evolution shows
that the barrier extends throughout the plasma core (Fig. 4). Time dependent transport analysis
gives a factor two reduction of the heat diffusivity during the temperature rise.

The existence of a pause of fluctuations at qm^l points to a causal role played by MHD
modes excited at qmin=m/n resonances with relatively low m, n, in fact the distribution of such
resonances features gaps around integer q values; as an example, the distribution of resonances
with ns9 is shown in Fig. 5. As the poloidal magnetic field increases in the central region on the
resistive diffusion time scale, the resonances diagram is scanned leftwards, and gaps and resonances
sequentially enter the plasma (the wider the gap, the stronger the resonance); when qmin is close to
a resonance, a small temperature drop occurs, while, if qmin is in a gap, the peak temperature rises
since the modes are effective only if they resonate in the zero shear region. This view is enforced
by the observation that a transient temperature rise is also observed at qmin«2 when the 2/1 double
tearing mode is weak [5]. Furthermore, in some cases, MHD oscillations are directly observed in
conjunction with temperature drops (Fig. 1). The concept of effective transport barriers
associated with the larger gaps around integer q values is only valid in the shearless region, since,
with monotonic q, modes with m>3 are not likely to affect transport.

#12799

1=135 ms_
t=145ms 1 -

0.5 -

0.8 1.2

FIG. 4. Profile variation during the
temperature rise at qmin<°*l. The time traces at
R=.954 (r=1.2cm) and R=.926 (r=4 cm)
are shown in Fig. 1.

4. THE INTERNAL KINK MODE

FIG. 5. Rational q=m/n values with ns9.
The bar height is 1/m in order to highlight
the resonances with smaller line-bending
effect.

The spatial structure of m/n=l/l oscillations is a global displacement of the plasma core
(Fig. 6). The displacement is nearly constant across 30% of the minor radius in discharges with
pellet injection (25% in the ECRH case); its amplitude can overcome 10% of the minor radius. In
spite of the large displacement, the profile peaking is not reduced; this indicates that no
reconnection occurs. This observation, together with the one on spatial structure, leads us to
identify the origin of the oscillations as a saturated internal kink mode. Such a mode can exist if
the q profile has an off-axis minimum slightly above one [6,7]. The saturated m=l mode is very
similar to the sawtooth precursor (Figg. 7, 8); we conjecture that the sawtooth crash occurs if the
qmin=l condition is fulfilled, as in this case fast reconnection becomes possible, and then the line-
bending saturation mechanism [6] is no longer effective.
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FIG. 6. Oscillation of the soft x-ray
brightness profile during the saturated
m-1 mode in pulse #12822. Dashed
line: t=.81135; solid line: (=.81165.
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FIG. 7. Pellet injection followed by
sawteeth, (a) line average density; (b) soft
x-ray flux 5 cm above the midplane.

5. CONCLUSIONS
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Time (s) 4
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FIG. 8. Pellet injection) followed by a long-
lived m=l mode, (a) line average density;
(b) soft x-ray flux 5 cm above the midplane.

Saturated MHD modes featuring a global plasma core displacement have been observed at qmin
=2

and qmin-l; such modes can either lead to wide-scale reconnection or survive for a long time. The
peak temperature during central ECRH is clamped by macroscopic fluctuations, and rises when q ^
is close to an integer value. The fluctuations can be caused by modes excited at low order rational
q^n values.
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OBSERVATION OF NEO-CLASSICAL TEARING MODES IN JET
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JET Joint Undertaking,
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Abstract

Neo-classical tearing modes have been identified in JET ELMy H-mode discharges at medium to high beta.
The n=2 modes as observed in both ECE and SXR data, have a clear island structure and a global character. The
critical normalised beta at the onset of the modes is found to scale with the normalised Larmor radius. The scaling
with collisionality is much weaker and has a negative power.

1. INTRODUCTION

Neo-classical tearing modes (NTM) are thought to be responsible for the beta limit in long pulse
discharges which can be well below the limit set by ideal MHD instabilities [1,2]. They have been ob-
served in TFTR [3], DIII-D[4], AUG [5], JT-60U [6] and COMPASS-D [7]. From the DIII-D data a
scaling of the critical normalised beta with collisionality (pN ~ v*+03) was obtained. Previously in JET,
no collisionality dependence of the beta limit was found [8]. High beta discharges withpN close to 4 have
been sustained for up to 5 seconds, the length of the neutral beam (NB) heating phase. The modes
observed at high beta were m/n=l/l and m/n=2/2 modes and ELMs.

Recently, at medium to high PN (between 2 to 3) and higher toroidal field (so that fast ECE data is
available) modes with the characteristics of neo-classical tearing modes have been identified in JET long
pulse ELMy H-mode discharges. The modes are mostly triggered by a large sawtooth crash after which
the modes persist until the NB power is switched off. The toroidal mode number is predominantly n=2.
(n=l neo-classical tearing modes are also observed, mostly at higher pV) The reduction in confinement
time caused by these modes is between 10 and 20%. After the appearance of the n=2 mode the sawteeth
are in general suppressed and the electron temperature profile is locally flattened around the q=l .5 sur-
face. These modes typically appear above a normalised plasma pressure PN of about 2, but long pulse
discharges without continuous n=2 modes exist up to fiN -2.6. However, in low temperature, high density
discharges the critical beta can be significantly below 2. Figure 1 shows the time traces of two ITER-like
ELMy H-mode discharges, one with a NTM, triggered at PN=2.6, and one without a NTM, at pN=2.1. The
reduction in confinement in this case due to the NTM is 13%. The NTM causes a flattening in the
electron temperature profile of about 15 cm. Estimating the confinement loss using Ap/p = 4 (ps/a)4 w j
Ps [9] (with ps the radius of the island, wsa, the island width and a the minor radius) gives a reduction in
the confinement time of 15% for an island width of 15cm.

In the recent JET DT campaign neo-classical tearing modes have been observed in ITER demon-
stration discharges, for p\g >2.5. At PM=2.5 the ELMy H-mode DT discharge is sawtoothing without neo-
classical tearing modes. However at higher normalised beta, a NTM is triggered by a sawtooth, after
which the sawteeth are stabilised (although a continuous n/m=l/l mode is present). With the NTM present
at a pV=2.9 the confinement factor H^E is 0.92 (±10%) compared to H97E= 0.96 at PN = 2.5 without a
NTM.

Modelling of the evolution of the magnetic perturbation (i.e. island size) as a function of time with
the modified Rutherford equation yields good agreement with the measurements (see Fig. 2). This shows
that the plasma pressure is the driving force of the n=2 mode which identifies the mode as a neo-classical
tearing mode as opposed to a tearing mode driven by the gradient in the current density.

see Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by M.L. Watkins)
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r.—Pulse No: 43945 •--Pulse Ho: 43947

Pulse No: 43950
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Fig. 1 Example of a long pulse ITER-like ELMy
H-mode discharge (1.7T/1.7MA, q95=3.4) with an
n=2 mode present. The mode is triggered by a
sawtooth after t=19.2 s at /5N = 2.65. Included is a
similar discharge with lower heating power in
which the n=2 mode is stable at j8w = 2.1.

2. MODE STRUCTURES

Fig. 2 The experimental and modelled evolution of
the island width in discharge #43950. Shown is the
fast and slow (filtered) magnetic data and the mod-
elled values as a function of time (w2). Included is
the time trace of the poloidal beta. At t= 24.5s the
NB heating steps down.

The n=2 modes have been observed in the fast 48 channel ECE diagnostic. The electron tempera-
ture perturbation shows the characteristics of an island structure, i.e. a minimum in the perturbation at the
q=1.5 surface and a phase jump of 180 degrees at the minimum (see Fig.3). The modes have also been
observed with the SXR cameras. The 178 viewing lines of the JET SXR diagnostic allow a detailed
tomographic reconstruction of the perturbation of the SXR emission in the poloidal plane. Figure 4a
shows the result of a tomographic inversion of the perturbation in the SXR emission due to an n=2 neo-
classical tearing mode in discharge #40563. The tomographic reconstruction of the n=2 mode shows
coupled m=2 and m=3 poloidal harmonics and a phase inversion at the same radius as the ECE data.

The amplitude of the mode is much larger on the low field side, where the m=2 and m=3 compo-
nents add up, than on the high field side. A similar structure of the neo-classical tearing mode was found
in AUG [2] and DIII-D [10]. Both diagnostics show the perturbation to be a relatively global mode. The
mode is largest inside the q=1.5 surface and extends inward up to the magnetic axis. The component
outside the q=1.5 is relatively small up to 30-40% of the amplitude inside the q=1.5 surface.

Perturbation Phase

200 -

150 -

100

3.8 3.0 3.2 3.4 3.6 3.8

R (m) R (m)

Fig.3 The amplitude and the phase of the perturbation in the electron temperature due to a neo-classical
tearing mode as measured with the JET heterodyne ECE diagnostic. The frequency of the mode is 18kHz
with an n=2 toroidal mode number.
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Fig. 4 Tomographic reconstruction of the perturbation in theSXR emission in the poloidal plane for two
cases. On the left (Fig. 4(a)) the perturbation at medium beta (fiN= 2.4) in discharge #40563 and on the
right (Fig. 4(bj) at high beta fl3N= 3.0) in discharge #40564.

3. SCALING OF NORMALISED BETA AT THE MODE ONSET

A database has been collected containing 40 discharges from the Mark IIA experimental campaign
in which a continuous n=2 mode is present. The parameters of the discharges are taken at the time the
n=2 mode appears. All the discharges have a ITER relevant ellipticity (E-1.8), triangularity (5 ~ 0.25)
and safety factor (q95 ~ 3.4). Some of the discharges are still ELM-free when the n=2 mode appears.
Regression with the normalised collisionality and Larmor radius defined in global and local parameters
yields :

A
-0.1 p * + 0 . 7

• -0.2 _* +0.6
108a 4a4En3

e ,max(1019)/(W2
d ia), p* = 2.23 109 ( W ^ / a2 ne,max E Ip) 1 / 2

0"4
e ,m a x (

'AT 0"3 LTe
1/2/Bv* = 6.23 1(T ne R q/ (Te* E3"), p* = 4.57 10":

The value of PM at the onset of the instability, for both the local and the global parameters, has a
small negative dependence on the collisionality, v* and stronger dependence on the normalised Larmor
radius, p*. This scaling is very different from the scaling (3N ~ 5.2 v*03 derived from the DIII-D data. The
difference may be due to the different regime in the parameter v;/ e co (vs is the ion collision frequency, e
the inverse aspect ratio and co the mode frequency, taken to be the diamagnetic frequency) which influ-
ences the polarisation current contribution to the modified Rutherford equation. Thus, schematically we
can write an expression for the onset of neoclassical tearing modes, within the framework of this model
in the form [11]

(V=c,(ws/Pbi)p-/[i-g(pbi/ws)
2]
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Fig. 5 The value of the normalised beta at the onset of the neo-classical tearing mode as a function of the
normalised collisionality v* (left, Fig. 5a) and as a function of the normalised Larmor radius p* (right
Fig. 5b).
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where g is approximately constant forv/ e <o«l (typical of JET), but increases at higher collisionality
(typical of DIII-D). Here Ws is the seed island width, provided by the sawtoooth for example, andpbi is
the ion banana width. The denominator must be positive to trigger the NTM, and this introduces a
threshold island width Ws~pbi. Neglecting any residual scaling of Ws with plasma parameters (which can
be important) we see that taking Ws~pbi in the above expression provides an interpretation for the differ-
ent scalings for the onset observed on JET and DIII-D.

4. HIGH BETA DISCHARGES

At higher values of %, typically above 3, n=l modes appear. These n=l modes grow to such a
large amplitude that a soft-stop is triggered by the JET control system, i.e. the plasma is slowly termi-
nated by ramping down the heating power and plasma current, to avoid a disruption. The occurrence of
the n=l modes is not reproducible, in some discharges the mode appears immediately in the high beta
phase, in others only at the end of the NB heating after 5 s or is completely absent. It is the n=l mode
which ultimately limits the maximum pV the n=2 modes alone lead to a degradation of the confinement
but not a limitation in pV Long pulse high beta discharges with a % above 3, with an n=2 mode present,
have been sustained for 4 s, the full duration of the NB heating phase.

The mode structure of the n=2 mode at high normalised beta is dominated by a global m=2
component. The m=3 component becomes more difficult to distinguish. Fig. 4b shows a tomographic
reconstruction of the perturbation due to an NTM in high beta discharge #40564.

5. CONCLUSION

Neoclassical tearing modes have been identified in medium and high beta JET discharges. The
n=2 modes show a phase jump of 180 degrees and a minimum in the perturbation at the q=1.5 surface
(characteristic of an island) in both the ECE and the SXR data. The amplitude of the perturbation is much
larger inside the q=1.5 surface than outside. The n=2 mode has both an m=2 and an m=3 component
(similar to NTM modes in AUG and DIII-D). The m/n = 2/2 component becomes dominant at high beta.
The calculated magnetic perturbation based on the modified Rutherford equation for neoclassical tearing
modes is in good agreement with the measured evolution of the perturbation. A weak, negative, depend-
ence of the critical pV on v* (~v'0'2) was found (unlike DIII-D). The critical pV does scale with p* (p07).
The difference in scaling could be due to the different regime in the parameter (v; /eco) which is much
smaller for JET data. A similar scaling with p* was also observed in AUG at low collisionality. At high
beta ((iN>3.) m/n=2/l modes become unstable which lead to a pre-programmed control system soft stop
or a disruption.
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Abstract
The behaviour of MHD perturbations before and during disruptions in the TFTR Reversed

Shear (RS) plasma with q min~2 was analysed. In the q min region tearing modes, wave-like modes,
and mixed tearing plus wave-like modes are followed by disruption. Sometimes a helical snake
(helix) appears at the X-point of the qmin island. The local outward electron energy transport near the
X-point can be explained by the development of "positive" magnetic islands . It is proposed that the
disruption is initiated when the X-point of the magnetic islands coincides in one toroidal position near
torus equator.

1. INTRODUCTION
Today the enhanced interest in RS plasmas exists because the experiments show the

promising improvement of the confinement. However, this is unfortunately accompanied by an
enhanced rate of disruptions. This stimulates the study of the perturbations in RS plasmas in the hope
to find ways for disruption suppression. The most interesting features of the MHD perturbations are
discussed.
2. DIAGNOSTICS

In TFTR, arrays of Mirnov coils allow identification of external perturbations with
poloidal/toroidal modes up to m=6,7/n=2,3. ECE emission in two cross sections (labelled GPC1 and
GPC2) separated by 126 ° in the toroidal direction was used to measure internal MHD-perturbations.
These two main diagnostics have a time resolution of 2 p.s. Motional Stark Effect (MSE) and
TRANSP code were used in analysis to find the q-profile. Soft X-Ray (SXR) channels were used to
monitor cut-off of the ECE signals. In addition to the earlier visualisation method [1], we have
developed a code which allows representation of the large data arrays as 3D stereo images although in
this paper we show mono images. This open the possibility for faster analysis of complicated
phenomena.
3. COMPARISON OF THE RS and SS DISRUPTIONS

Analysis shows that the disruption instability in SS (in positi ve shear) and RS has the same
sequence of events - minor disruption (first fast thermal quench), slow thermal quench, second fast
electron and ion thermal quenches, positive current spike, and current quench [2, 3]. The fast electron
thermal quenches have the same time scale ~ 50-200 fxs. The same time scales of the current
quenches ~ 4000-5000 us. Slow thermal quench is shorter. The main difference is in the value of the
current spike. In RS disruptions 8lp ~ two times less than in SS disruptions ( RS(8lp~4-5%),
SS(5Ip~6-8%)). Probably the reason for this difference is the relatively small magnetic energy inside
the plasma column (1 ;I2/2) and resulting shorter time 1 ;/R for current density flattening. As in the SS
plasmas [2] the probable J(r) flattening decreases the MHD-stability of ideal modes and the major
disruption could be the result of the ideal instability. The key event of the RS minor disruption is the
relaxation-like phenomenon and the resonance between q „,;„ and q(a) modes.
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4. MODE DYNAMICS IN RS DISRUPTIONS
Strong wave-like, mono-tearing, double-tearing and mixed modes are observed in the q „,„ region.
A. In high power NBI shots wave-like perturbations develop as separate fishbone-like bursts in a
frequency range of 10-70 kHz (m= even(4)/n=2 or m=even(2)/n=l) and in some cases produce
enormously strong deformation of the electron temperature profile without visible tearing structure.
As the perturbation increases, the initial wave-like structure can transform into a mixed structure
with a single tearing mode in the normal shear and a wave-like perturbation in the reversed shear
region. Fig. la shows evolution of the electron temperature profile in two toroidal cross-sections
separated by 126 °. Figs, lb, c show 3D images of the electron temperature profile. A clearly visible
hot island (double-tearing mode) has formed only ~1 ms before the minor disruption . In the mixed
case the X-point has increased size (t2, t4) and the perturbation pushes to outside through X-point. It
looks like a deformed Waelbroeck's ribbon-like X- point which was discussed in [4].

B. Fig. 2 shows relaxation type of MHD activity which is typical for the negative shear region near
qmin. The development of this perturbation causes a fast (~ 100 JJ,S) changes in the electron
temperature profile in a narrow region adjacent to the negative shear region. It looks like a sawtooth
relaxation (fragment (a) of Fig. 2), but the nature of the precursor is not clear because the precursor is
not visible in the frequency range f<250-500 kHz and in the space range 5r>3-5 cm. (The size of the
relaxation region is 2-3 cm, estimated according to [5]). This activity precedes the disruption and
probably plays the trigger role of the disruption (t3 in Fig. 2)

C. Helical snake perturbations (helix) could be observed in the RS shots before and during
disruption. Fig. 3a shows the evolution of the ECE perturbations in the q niin region, which leads to
the minor disruption . The TRANSP q(R) profile is shown in Fig. 3c. Sawtooth-like phenomenon,
(type as discussed above) at the time t~3.482s preceded by fishbone-like perturbations, develops in
the qmin region (R-310-314 cm). A magnetic island suddenly appears 3 msec later at t=3.485 s,
probably as a result of some relaxation processes. The analysis of ECE signals shows that this
perturbation is an even(2)/l single island tearing mode. The helix has appeared in the X-point of this
island 0.5 ms before the disruption and propagated through the external magnetic surfaces leading to
the minor disruption. A ballooning-like mode at the edge of the helical bulge sometimes can
accompany this type of MHD activity. Fig. 3b shows the 3D top view image of the electron
temperature profile for the time interval ~ 2 ms.

Sometimes a fast helical "Bridge" between hot and cold regions of the plasma can be
observed during a minor disruption in the q mm region. Fig. 4 shows the development of the "bridge"
in a discharge with q min=2. In this discharge, the tearing mode starts at tK3.068628 s. 16 |J,sec later the
hot "bridge" at the X-point of the ( even(2)/l) island reaches the external(3)/l mode region. At this
moment the first non-thermal ECE appears at the position of 3/1 island. 14 u.sec later we can see the
flattening of the electron temperature in the toroidal position of GPC1 between q=3(int) and q=3(ext_
(q(r)-TRANSP). Only 18 |i.sec later the temperature along the torus becomes equal and the plasma
shifts inwards (~ 9 cm) indicating a drop of plasma energy. This moment coincides with the
beginning of the turbulent edge magnetic activity. During the next 300 fisec the central temperature
drops slowly from 4 keV to 2 keV (slow thermal quench) and in 50 |j,sec it disappears during the
second fast thermal quench. The plasma current spike, an indicator of global magnetic reconnection,
starts at that time. One of the possible explanations of this phenomenon can be the development of the
bulge-type perturbations [6], another one is the development of the "positive" magnetic islands in the
X-point of the initial magnetic island in low shear region near q n™ [7].

Thus, the RS disruption observed in TFTR discharges is the result of the non-linear
development of the m/n=q min perturbation. The scheme of the development is similar to the sawtooth
development near q(rs)=l in SS discharges. A peculiarity is the development of the islands near q m̂
and subsequent appearance of the helical "bridge" from the hot plasma region to the periphery. This
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behaviour could be understood if we take into account that in low shear region there is a possibility
for the development of an additional "positive magnetic island" in the region of positive current
perturbation [7]. Such positive islands have radial orientation and as the perturbation increases it
penetrates the magnetic surfaces connecting the hot and cold regions. The development of the
"Bridge" in RS discharges is the analog of the "Hot spot" in a positive-shear sawtooth but with
m/n=qmin. A possibility for avoidance of the disruption in this case could be the distortion of q min and
q(a) resonance, for example by rotational shear or local ECD in q min region.
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Abstract

Studies of disruption prevention by means of ECRH in T-10 at the plasma current rise phase in limiter
discharges with circular plasma cross-section were performed. Reliable disruption prevention by ECRH
at HF power (PmOniin level equal to 20% of ohmic heating power POH was demonstrated. m/n=2/l mode
MHD-activity developed before disruption (with characteristic time -120 ms) can be considered as
disruption precursor and can be used in a feedback system.

1. INTRODUCTION

The influence of ECRH on the behavior of plasma MHD-activity on T-10 was investigated at
the phase of plasma current Ip rise aimed the reliable prevention of disruption. The goals of
experiments were as follows:

(1) Demonstration of reliable disruption prevention by ECRH. Determination of minimum HF
power launched into plasma required for reliable disruption prevention.

(2) Study of disruption precursors which can be used in a feedback system for disruption
prevention.

(3) Determination of HF power switch-on moment and HF pulse duration required for the reliable
disruption prevention.

The experiments performed are the continuation of previous studies on MHD-activity
stabilization by means of ECRH [1,2].

In the previous T-10 experiments (circular plasma cross-section, limiter discharges) it was
shown [3] that at the given toroidal field BT and plasma current growth rate 3lp/3t there exists the
maximum plasma density growth rate (Bn/Bthm (maximum influx from the gas puffing valve). If the
3n/3t value exceeds the maximum one, the rapid monotonous growth of m/n=2/l MHD-mode is
observed with the consequent development of disruption instability.

Such MHD-activity behavior allows us to suggest that at 3n/3t>(3n/3t)iim a disruption instability
is developed because of cooling of plasma periphery by gas influx from the valve Fv, shrinkage of
plasma current profile and going out of the q=2 surface onto the plasma boundary.

2. THE EXPERIMENTAL CONDITIONS

At the first stage of experiments at the given current growth rate 3lp/3t=0.60-K).65 MA/s and
BT=2.4 T (on-axis ECRH) the value of 3n/3t=6-1019 r n V 1 < (3n/3t)Urn=10-1019 m 'V 1 was chosen so
that it provides the stable discharge development (these 3n/3t values correspond to influx levels from
gas puffing valve rv=1.6-1020 s'1 and 2.7-1020 s"1, respectively). Then the auxiliary gas puffing was

1
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switched-on at tg.p=200 ms instant which provided the rapid increase of the density growth rate
dn/dt>(dn/dt)Um.

"Regular", i.e. occured at the same time, disruption in ohmic discharge was obtained at
3n/3t=12.34019 m^-s'^l.lSidnJdt)^ (rv=3.3-1020 s"1). The valve was open until the end of current rise
phase so simulating prolonged non-controlled impact of gas and impurity flows from chamber walls
causing the disruption.

The MHD-activity behavior was investigated for HF pulse switch-on at different instants tuF, at
different PHF power levels and at a different localization of HF power deposition.

Because the character of a real non-controlled impact on plasma causing the disruption is not
exactly known, during the second stage of experiments the disruption prevention was studied at
auxiliary gas puffing valve switching-on for a short time (50 ms) so simulating in this way a brief non-
controlled impact on plasma. In this case regular disruption in ohmic discharges was obtained at the
value 3n/3t=22-1019 m V ^ ^ n / a t ) ! ™ (Tv=5.94020 s"1).

3. THE RESULTS OF EXPERIMENTS WITH PROLONGED GAS PUFFING

3.1 The results of experiments on determination of minimum value of HF power sufficient for
disruption prevention are presented in fig. 1. In these experiments HF pulse was switched-on
simultaneously with auxiliary gas puffing valve (tgp =200 ms). The main results of these experiments
are as follows:

(1) At auxiliary gas puffing valve switching-on in OH regime with 3n/9t=1.25(8n/3t)lim the
monotonous growth of m=2 MHD-mode was observed during 120 ms; after which thermal quench
occured, i.e. fast and large decrease of temperature and density (with afterwards current disruption).
Characteristic time of m=2 island development decreased to 40-50 ms with shift of valve switching-on
instant to the start-up of the discharge.

(2) HF pulse switching-on results in reliable prevention of disruption if HF power value PHF
exceeds the level (PHF)min~80 kW which constitute -20% of ohmic heating power POH (in current
plateau stage) (fig.2a).

As shown in fig.lb HF pulse even with high value of PHF=:(6-J-8)(PHF)min decreases the rate of
m=2 mode development but does not prevent process of plasma periphery cooling. That's why (PHF)min
value required for disruption prevention depends on influx duration from auxiliary gas puffing valve
(i.e. on duration of non-controlled impact on plasma). And that's why shift of valve switching-on
instant toward the discharge start-up (tgp=100 ms) causes the ( P H F W value increase as shown in
fig.2c.

(3) The maximum level of m=2 MHD-mode amplitude Am^1"71 at which the disruption occurs
changes weakly despite a significant changing of conditions causing the disruption. As was shown
previously during studies of limit density on T-10 [3] this maximal level Am^™ corresponds to the
condition when m=2 island width is close (consists 70-80%) to the distance between magnetic surface
q=2 and plasma boundary.

(4) The reliable disruption prevention at PHF=1 ̂ (PmOmin takes place at HF pulse switching-on
until the instant when the amplitude of MHD-mode reaches the level not smaller than 70% of limit
one. More earlier switching-on the HF pulse does not result in significant changing of (PHF)™^

3.2 The goal of experiments with changing of BT, i.e. the displacement of HF power deposition
region in plasma, was to try to decrease the value of HF power sufficient for disruption prevention
(PmOmin by means of plasma heating in m=2 island neighborhood. But as shown in fig.2b (PmOmin value
increases weakly with displacement of HF power deposition region from plasma center up to AR=20
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cm (which is close to q=2 surface). Further displacement causes abrupt increase of (PmOmin value that
can be associated with decreasing of HF power absorbed in one pass (in accordance with calculations).
The part of HF power not absorbed in plasma can result in the increase of additional gas and impurity
influx from chamber wall and other components.

4. PECULARITIES OF EXPERIMENTS WITH A SHORT GAS PUFFING PULSE

As was mentioned above in section 2 in case of a short gas pulse (50 ms) the "regular"
disruption in OH regime was achieved when gas influx rate exceeded a limit value (3n/3t)iim by a
factor of-2.3. Naturally, such a strong increase of impact on plasma (2.3 instead of 1.25) causes
significant increase of minimal HF power value required for disruption prevention (PHFW, as is seen
in fig.2d. In this case the shift of gas puffing valve switch-on instant tg.p. does not cause significant
changes in (PmOmjn value (in contrast to the experiments with prolonged impact on plasma).

5. COMMENTS

Overall picture of described above results corresponds to the view that the HF power deposited
in plasma weakens (slowing down) a process of plasma periphery cooling and current channel
shrinkage which results in reliable disruption prevention.

The results obtained allows us to consider the m=2 MHD-mode amplitude (with characteristic
time -100 ms) as a disruption precursor and to use it in a feedback system for disruption prevention.
The correlation between the limit level of MHD mode amplitude AmM1™ and ratio of the m=2 island
width and distance from q=2 surface to plasma boundary allows us to calculate Amhd1"11 value what is
necessary for a feedback system design.

The disruption in tokamaks can arise also at p-limit achievement or as a result of plasma column
vertical stability loss. Feasibility of such disruption prevention (i.e. extending stability region) by
means of ECRH was not considered in this work and requires a special experimental investigation.
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FIGURE CAPTIONS

Fig.l Traces of plasma density ne(t), soft X-ray intensity ISXR(0J), m=2 MHD-mode amplitude
Amhd at different HF power PHF levels (tdis is the instant of disruption).

Fig.2 Dependence of m=2 mode amplitude on HF power PHF (a), changing of (PHF)min as a
function of toroidal field BT (b), valve switching-on instant Lp. (c) and (dnjdt)/(dnjdt)iim parameter
(d). Infig.2a Am/,d values are given at different instants: (tdis)° - disruption instant in OH discharges;
(tdis)ECH - disruption instant in ECRH discharges; tmax - (Amhd)

max instant in discharges without
disruption
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Abstract

The reversed shear experiments were carried out on T-10 at the HF power up to 1MW. The
reversed shear in the core was produced by on-axis ECCD in direction opposite to the plasma
current. There are no obvious signs of Internal Transport Barriers formation under condition
when high-k turbulence determines the electron transport.

The reversed shear (RS) experiments were carried out on T-10 at the HF power (PHF) up to
1MW in plasma. The main goal of these experiments was to investigate the possibility of the Internal
Transport Barrier (ITB) formation under condition, when the HF power was absorbed by electrons and
electron turbulence determines the plasma behaviour.

Nonmonotonous q profiles with RS in the plasma core were created by on-axis ECCD in
opposite direction to the initial ohmic current (Counter-CD).

Preliminary calculations were made by ASTRA transport code [1] and by TORAY code [2]
for EC-current jCd(r). These calculations were made for the wide range of plasma parameters: total
plasma current 7/̂ =75 -̂150 kA, line average density ne=(0.7-^1.5)xl019m'3, absorbed power Pab up to 1
MW.

It was shown that:
1) It is possible to create the nonmonotonous q profiles with reversed shear area in the plasma core
{r/a < 0.35);
2) the qmin value is changed in a wide range from qmin~\3 up to qmin~2> by IP variation from
i>=150 kA to IP =75 kA correspondingly.

The T-10 experiments were carried out in the above mentioned range of plasma and HF-power
parameters. The toroidal magnetic field BT provided the exact on-axis power absorption (5^=2.420).
For all cases experiments were made in both Counter- and Co- CD regimes. It allowed to compare a
confinement and transport in plasma core under the same conditions but at different q(r) profiles:
monotonous (at Co-ND) and reversed shear (at Counter-CD).

The following experimental results were obtained:
1. The reversed shear q(r) profile was formed in the experiments.

2. No obvious signs of ITB formation were observed at reversed shear q(r) profile and

(7^=150 kA). Central plasma temperatures Te
Comtei(0) and Te

Co(0) were close during the whole HF
pulse (Fig. 1).

3. When the q^^ increases to ~2 (at Ip=l00 kA, according to preliminary calculations) at the same

HF-power the degradation of the central electron temperature Te(0) (~ 30 %) was observed at about
100 ms after EC-power turn-on (Fig. 2,a). This process was accompanied by development of internal
(r< 10 cm) MHD mode with m/n=2/l (Fig. 2,b).
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4. At the (J^^^ (Ip=75 kA) the plasma behavior after HF-power turn-on is close to the previous

case (Te(0) degradation with m/n=2/l mode development), but a new phenomenon was observed. The
Te(0) restoration up to initial (before MHD-phase) level took place after the typical MHD-phase
(Fig. 3).

The following peculiarities are essential:
The Te(0) restoration is always observed after MHD phase in all examined experiments.
Te(0) value on restoration phase does not exceed initial (before MHD) value and remains about
10% lower than Te(0) at CO-CD (i.e. at monotonous q(r) profile) as it is shown on Fig. 3.
As it is seen from comparison of ISXRO") profiles in both Counter-CD (after restoration) and CO-
CD there are no obvious signs of temperature gradient increase in the vicinity of qmtn (Fig. 4).

Therefore, Te(0) restoration observed in these experiments is not the result of ITB formation.

For more detailed analysis the results of these experiments were examined in simulations by the
codes mentioned above. The simulations were carried out in the conditions close to the experimental
ones: ne(r,t) and Te(O,t) from experiment were used. Dynamics of discharge was taken into account.

The results of the q(r) calculations are shown on Fig. 5,b. The experimental Te(O,t) trace is
shown on Fig. 5,a.

Comparison of the q(r) profiles with plasma behavior in different time moments shows that the
Te(0) degradation in experiment occurs at the moment of the second rational surface q=2 appearance.
The restoration phase beginning is in a good agreement with the moment when the qmin becomes
qmin >2 (Fig. 5,a).

This agreement between calculation results and experimental data provides the basis for more
probable hypothesis of the restoration phenomenon. When the second rational surface q=2 appears in
plasma, an interaction between two islands m=2/n=l formed near these surfaces can occur. It leads to
additional transport losses from plasma core and, therefore, to Te(0) degradation (which is observed in
experiment). The restoration phase begins when qmin becomes qmin >2 and hence the additional electron
transport connected with this MHD activity vanishes.

Analysis of the experimental results has shown that in the qmin region, the ExB shear damping
rate, (£>EXB is about 3 times lower than the growth rate of low-k ITG modes ((OExB =0.2x10V vs
YITG=0.6-0.7X105S'1) due to low values of the ion temperature (Tj(O) =0.3+0.4 keV), density (n(0)=
3xl019m"3) and rotation velocity (Fx=3-i-5xl03m/s).

Moreover, the difference (HEXB < Y is> probably, essentially stronger. Under T-10 conditions ITG
mode does not play the significant role because the ion transport is close to neoclassical level [3].
Electron transport is determined by high-k electron modes (ETG) which has larger growth rate [4].
Probably due to this reason the obvious signs of ITB formation were not observed in these T-10
experiments.

The experimental results and the corresponding numerical simulations allow us to conclude:
1. The q profiles with reversed shear area in the plasma core in T-10 experiments have been formed.

The possibility to control the current profile by ECCD in the broad range was shown
experimentally.

2. The obvious signs of ITB formations in the reversed shear discharges under conditions when the
high-k turbulence determines electron transport were not observed.

3. The q(r) profiles with two resonance surfaces are dangerous for plasma confinement in the
plasma core when qmin becomes close to qmin~1.

This work was partially supported by Russian Ministry of Science and Technologies (grant
No. 363), by General Atomics and by ITER JCT.
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Abstract

A feed-forward neural network is used to forecast major and minor disruptions in TEXT
tokamak discharges. Using the experimental data of soft X-ray signals as input data, the neural net is
trained with one disruptive plasma discharge, while a different disruptive discharge is used for
validation. After proper training, the networks with the same set of weights, it is then used to forecast
disruptions in two other different plasma discharges. It is observed that the neural net is capable of
predicting the onset of a disruption up to 3.12 ms in advance. From what we observe in the predictive
behavior of our network, speculations are made whether the disruption triggering mechanism is
associated with an increase in the m = 2 magnetic island, that disturbs the central part of the plasma
column afterwards, or the initial perturbation has first occurred in the central part of the plasma
column and then the m = 2 MHD mode is destabilized.

1. INTRODUCTION

Artificial neural networks are computer algorithms which simulate, in a very simplified form,
the ability that brain neurons have to process information. Within each unit of the network, all the
input weighted signals are summed and an excitatory or inhibitory signal is then fired to the next
layer's units, depending whether the result of the sum has reached a certain threshold value or not.
These weights are adjusted (or educated) to minimize errors in prediction (back propagation [1]).

Observing the time delayed vector of a physical quantity X at time t, of the tokamak data:
Xt = [xt, xt-t, xt.2T, ... , xt_nx] then it is reasonable to suppose that the future state of the system, at time
t+x, could be predicted by a smooth non-linear function F: xt+T = F (Xt) where x = 0.04 ms
corresponds, in this work, to the sampling rate of the CAMAC acquisition system.

However, since the function F is not known, the idea is to alternatively use a neural network
to approximate F and, therefore, predict the future evolution of the system. This is done by training
neural first, that is, by finding the correct set of weights for all connections.

In a single-step process the soft X-ray data points are predicted one time step ahead only
(x = 0.04 ms), while in multi-steps predictions the predicted output at time t + x is fed back into the
input and is used to predict a new output at time t + 2x, which is fed back into the input together with
the values previously predicted, in order to predict a new output at time t + 3x, and so on.

The neural net architecture used in this work had the configuration ( 1 5 - 9 - 3 - 1 ) , that is, 15
neural units in the input layer, 9 units in the first hidden layer, 3 units in the second hidden layer and
only one unit in the output layer. The activation functions were chosen to be g(x) = tanh(x) for all the
hidden units and g(x) = x for the output unit. The training of the network and the disruption prediction
was carried out over the last 200 ms of the plasma discharges.
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2. DISRUPTION FORECAST

In order to find the adequate weights for all the connections between the neural units, two
different disruptive plasma pulses have been used: the training set and the validation set. The single
and multi-step forecasting processes are performed, afterwards, over two others disruptive pulses,
distinct from the ones used for training and validation.

In Fig. 1 the basic experimental signals, related to the first one of the plasma disruptive
discharges used for forecasting, are shown. This pulse corresponds to an Ip« 170 kA plasma discharge
that disrupted at t a 470 ms. About 18 ms before the major
disruption a minor disruption occurred, as observed in the
Mirnov magnetic signal (Fig. lc), causing a significant drop
on the average electron density (Fig. If) and electron
temperature as observed through the X-ray emission signals
(Fig. Id). This same feature, that is, the major disruption
being preceded by a minor disruption just before the plasma
current collapse, is also observed on the plasma discharges
used for validation and for training the net.

The result of the forecasting process for this plasma
shot is shown in Fig. 2. As it can be observed, for one time
step-prediction (Fig. 2a) the result obtained from the neural
network agrees almost perfectly with the experimental
signal. By increasing the forecast time interval, i. e., the
number of time-steps, as showed in Fig. 2b for 25 time-steps,
the shape of the sawteeth oscillations is observe to be
somewhat deformed but the net is still capable of accurately
predicting the instance of the minor disruption that takes
place at t « 452 ms. The longest forecasting time achieved is
obtained for 63 time-steps (Fig. 2c) for which the net still
accurately predicts the occurrence of the minor disruption.
This corresponds to a forecasting of the disruptive instability
2.52 ms before it actually takes place for the medium sized
TEXT tokamak. For time-steps longer than that, the net fig-1 -TEXT disruptive discharge used
continues predicting the disruption but now with a time shift for forecasting. The major disruption
delay, as shown in Fig. 2d for a 90 time-steps forecasting. was Preceded by a minor disruption.

Examining in detail the result obtained for the 63 time-steps forecast (Fig. 2c), it can be
observed that in order to make this prediction, the net used 15 experimental data points that are
positioned around t « 449.5 ms. This particular time interval is located exactly in the oscillatory
region of the last "typical" sawtooth oscillation, when our eyes are unable to perceive any peculiar
occurring in the soft X-ray emission which would signal that an instability has started at that point (or
before) and that a disruption in coming soon. Only after the crash of this sawtooth at t « 450.0 ms,
when an strong fluctuation starts to build up afterwards, one can say that a disruptive instability
indeed has been triggered.

As another test for the neural network, exactly the same set of weights obtained and used
above is now used to forecast the disruption that occurred in a second plasma discharge, with Ip« 170
kA, which disrupted at t « 424 ms. Differently from the first discharge analyzed, however, in this
particular plasma discharge the major disruption was not preceded by any minor disruption.
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fig.2 -Comparation of the neural net results (in black) with the experimental data (in green) for
several time-steps. The best prediction is obtained for 63 time-steps.

The results of the multi-step forecasting ,, " * *
analysis done for this discharge show that the
net is able to accurately predict the disruption
time up to time-step 78 (Fig. 3). This
corresponds to a forecast of the occurrence of
the major disruption 3.12 ms in advance, value
which is nearly triple the time that has been
obtained previously using only magnetic data to
feed the neural networks [2]. For larger time-
steps, once again a time shift in prediction
appears between the experimental signal and
the result provided by the network.

Interestingly, in both prediction cases
the experimental data points used by the net to
accurately forecast the minor and major
disruption (Fig. 2c and Fig. 3) are located in
time prior to the amplitude increase of the
magnetic fluctuation signals, as can be seen in Fig. 4.

Since the neural networks was able to forecast disruptions using data points related to some
particular instances of time before the observation of an increase in amplitude of the MHD activity,

figJ . Nmml net resuits%r 7 second TEXT plasma.
Now> thg ^ ^ dismption was not preceded by a

minor disruption_ The hest resuh is obtained for the

78 time-steps prediction.
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/ig.4 - Soft X-ray intensity (a) and Mirnov magnetic signal (b) close to the disruption time. As can be
observed, the experimental data used by the net in its best performance, for both cases analyzed, are
located in time just before the MHD activity starts increasing in amplitude.

this observation might suggest that it is not the growing magnetic islands related to the q = 2 magnetic
surface that would consequently disturb the inner island at q = 1 magnetic surface. The results
obtained in this work suggest that it is probably the other way around, i. e., some disturbance
phenomena would develop first around the central part of the plasma column (visualized by the soft
X-rays central detector) and then the plasma region within the q = 2 magnetic surface would be
affected, destabilizing the m = 2 MHD mode. This interpretation reminds us the works already done
in tokamaks suggesting that the disruptive instabilities would be caused by a "cold bubble" moving
towards the plasma center [3,4]. However, some more careful and further investigations must be done
in order to give more confidence about the reality or not of this process.

Finally, as a continuation to this work, a recurrent Elman type of neural network is being used
to forecast plasma disruptions, using soft X-ray as input signals. The preliminary results already
obtained have shown a significant improvement, due to the network's recurrent feature, over the
capability of the feed forward neural net in identifying the diruption precursor oscillations.

3. CONCLUSION

It has been shown that feed-forward neural networks can be effectively used to forecast both
minor and major disruptive instabilities in tokamaks. Our forecasting time of minor or major
disruptions is almost three times the one based on magnetic data [2]. We also note that the future
larger tokamaks have longer plasma time scales than the medium size machines such as TEXT. This
opens up a possibility of using feed-back controlled auxiliary systems to avoid the occurrence of the
upcoming disruption or at least to minimize its harmful effects. Observing that the soft X-ray
experimental data points used by the net in the best forecasting cases are located prior to the instance
of the amplitude increase in the Mirnov magnetic signals, this might suggest that the perturbation
which triggers the disruptions first initiates in the central part of the plasma column where the q = 1
magnetic surface is located and only afterwards this instability would reach the outer part of the
plasma column, destabilizing the m = 2 MHD mode. The neural net may be employed in predicting
and controlling plasma behavior in disruption and in perhaps more general dynamics as well.
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Abstract

Prompt runaway electron bursts, generated by rapidly cooling DIII-D plasmas with argon
"killer" pellets, are used to test a recent knock-on avalanche theory describing the growth of multi-
MeV runaway electron currents during disruptions in tokamaks. Runaway current amplitudes,
observed during some but not all DIII-D current quenches, are consistent with growth rates predicted
by the theory assuming a pre-current quench runaway electron density of approximately 1015 m~3.
Argon "killer" pellet modeling yields runaway densities of between 1015-1016 nr3 in these discharges.
Although knock-on avalanching appears to agree rather well with the measurements, relatively small
avalanche amplification factors combined with uncertainties in the spatial distribution of pellet mass
and cooling rates make it difficult to unambiguously confirm the proposed theory with existing data.
Additional measurements are proposed which should enable us to definitively test the theory.

1. INTRODUCTION

A basic issue for magnetic fusion devices with large toroidal plasma currents (Ip) is how best to
dissipate the energy stored in the poloidal magnetic flux (\f/0) during a disruption. The rapid decay of
Ye following a thermal quench results in a toroidal electric field (E^) which can convert a substantial
fraction of plasma current into a multi-MeV runaway electron current (IR). This runaway current can
damage wall components unless its energy is dissipated prior to reaching the plasma edge. In ITER, a
pre-disruptive ohmic flux\)/e« 214 Wb produces an average toroidal electric field < E^> =
\jre(27tRAtq)~ ~ 8.4 V/m over a current quench time Atq = 0.5 s. This will not generate Dreicer
runaways since it is only about 2% of the Dreicer electric field EDR in post-thermal quench ITER
plasmas. Alternatively, a small population of high energy electrons may grow exponentially via a
knock-on avalanche process during an ITER disruption [1]. An estimate of the number of avalanche e-
folds "feAt ~ elp/mc3lnA in a 23 MA ITER discharge gives an amplification factor ARA = e"i'RAt ~ e64.
Thus, the prevailing theoretical view is that a substantial fraction of ITER's pre-disruptive Ip will be
unavoidably converted into runaway current with an average electron energy of 10-20 MeV during
disruptions [1]. In fusion devices Compton scattered electrons, produced by high-energy gamma
radiation from wall activation, provide a sufficient seed population to generate multi-MA knock-on
avalanche runaway currents assuming amplification factors similar to those predicted for ITER.

Since disruptive runaway avalanches may be unavoidable in tokamak reactors, it is imperative
to confirm the details of knock-on theory during disruptions in existing tokamaks. In devices such as
DIII-D, with Ip ~ 1.5 MA, avalanche e-folding times are expected to exceed 25%-30% of the Ip
quench time. While this produces relatively small avalanche amplification factors (i.e., ARA ~ 55 with
YRAt ~ Ip/0.021nA ~ 4 [1]) it can result in measurable IR levels given a sufficient pre-Ip quench
runaway electron seed density. In DIII-D, some types of "killer" pellets (KP) appear to produce seed
densities of sufficient size to test knock-on avalanche theory. This paper describes recent DIII-D KP
experiments carried out to better understand knock-on avalanching during disruptions.

Work supported by U.S. Department of Energy under Contracts DE-AC03-89ER51114, DE-AC05-96OR22464, and Grant
No. DE-FG03-95ER54294.

* University of California, San Diego, La Jolla, California 92093-0417.
*CompX,Del Mar, California 92104.
^ idge National Laboratory, Oak Ridge, Tennessee.
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2. EXPERIMENTAL BACKGROUND AND OBSERVATIONS

Recent experimental and theoretical impurity KP results have substantially enhanced our
understanding of the physics involved in the mitigation of disruptions as well as the generation and
confinement of runaway electrons during and immediately following the pellet ablation phase [2-4].
Experiments with cryogenic neon, argon and methane KPs have been carried out in DIII-D and an
ablation/radiation model (KPRAD) has been developed for the analysis of these experiments. Our
experimental results demonstrate that KPs reduce local Vertical Displacement Event (VDE) vessel
forces on average by about a factor of two and divertor heat loads by a factor of two [2-4]. We also
find that some KPs produce prompt runaway electron bursts which are often correlated with fast
ablation spikes and large MHD events. These prompt runaway bursts are generated at least 1 ms prior
to the onset of the Ip quench and appear to be confined on some surfaces long enough to act as a seed
population for knock-on avalanching during the remainder of the discharge.

2.1. Generation of runaway seed currents with killer pellets

In DIII-D, KP's are injected from the low field side with velocities of 400-600 m/s. The
duration of the ablation phase is 0.5-0.6 ms with a typical normalized pellet burnout radius p p B ~ 0.4
where p = r/a is referenced to the seperatrix radius rggp = a at the time the pellet is injected. In the
pellet ablation zone p p B < p < 1 where Te is small and ne is large, E^ « EDR requiring a new
mechanism to account for runaway generation in this region. Two distinct dynamical processes
involving rapid non-adiabatic impurity radiation cooling have been proposed. The first of these is due
to a rapidly growing VrPe instability on flux surfaces intersecting the active pellet ablation zone [4].
Calculations with the DIII-D KPRAD code show that T e is reduced from 2500 eV to 30 eV within
20 us after the arrival of a neon KP at p = 0.5 and then falls to a steady state value of- 10 eV by about
100 us. Thomson scattering measurements, made 500 us after a neon pellet reaches p = 0.5, yield
10 eV and thus are in good agreement with the KPRAD calculations. KP's move about 10 mm in 20 us
implying VrTe ~ 2 x 105 eV/m. During this time ne increases <50% producing a large increase in VrPe.
Ideal ballooning mode growth rates exceed 5 x 105 s^1 in this case implying the destabilization of
MHD modes as the pellet approaches p p B . Large 8be spikes observed during the ablation of neon and
argon pellets appear to be related to these unstable MHD modes. In the region behind the pellet
KPRAD is used to calculate E^ = T\j§ ~ 90 V/m. Here T| is calculated using Zeff's and Te's determined
in KPRAD assuming j§ = const, during the 20 us cooling time. While the cold electrons behind the
pellet p > p p B are below the Dreicer threshold energy, keV electrons supplied from the region p < p p B

by the MHD instantaneously runaway in the 90 V/m electric field.
The second mechanism proposed for generating prompt runaways in the cold region results

from the Maxwellian nature of the electron distribution function (i.e., a velocity space source
involving electrons in the high energy wing of the distribution) and the rapid radiative cooling of the
thermal part of the electron distribution compared to the high energy electrons. Calculation of electron
cooling rates as a function of energy are used to estimate runaway production rates at each flux
surface [5,6]. The model predicts a sharp jump in the runaway current density from essentially zero to
j R ~ 75 kA/m2 as a neon pellet crosses a threshold radius p™ » 0.7. During the rest of the pellet's
flight (0.7 > p > 0.5) JR increases linearly to ~ 95 kA/m^T At p = 0.5 the crossover energy for
converting Maxwellian tail electrons to runaways is about twelve times thermal Te and the integrated
runaway current across this region is approximately 25 kA. With argon pellets KPRAD predicts a
more rapid radiation cooling rate thus runaway currents may be significantly larger in the ablation
region. On the other hand, larger 8be spikes are observed with argon pellets as compared to neon so
runaway losses from this region may be larger with argon. A Fokker-Planck code, CQL3D, has also
been used to estimate runaway currents generated by the dynamical hot tail conversion mechanism and
finds relatively large conversion factors unless losses due to magnetic fluctuations are included [6]. It
is important to note that these models nominally only account for runaway generation during the pellet
ablation phase on flux surfaces located a few mm inside p P B out to PTH- On m e other hand, pellet
driven VrPe instabilities near pTH are expected to mix and drag some of the pellet's mass inward
resulting in runaway generation near the center of the plasma via the Maxwellian tail electron
conversion process. Experimental measurements confirm the existence of a rapid inward particle pinch
with neon pellets along with an increase in the central density that is consistent with an inward
redistribution of pellet mass [7].
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2.2. Runaway current growth during disruptive plasma current quenches

We now turn to observations of growing runaway currents following some argon killer pellet
injection. Figure l(a) shows an argon KP (refer to P01HA1 for the ablation signal) induced prompt
runaway burst on an ECE signal (ECEF1) followed by an exponential Ip quench 1720 ms < t <
1722 ms then a flattened region in Ip 1722 ms < t < 1729.5 ms and finally a second exponential decay t
> 1729.5 ms. This ECE burst is believed to be caused by runaway acceleration near the center of the
plasma following a pellet induced MHD instability. We approximate the ohmic part of the Ip quench
with an exponential function, fit to Ip between 1720 ms < t < 1722 ms, where XL/R = 4.5 ms then
extend this to t = 1735 ms [refer to the dashed line in Fig. l(a)]. A rough approximation of IR, as
shown in Fig. l(c), is taken as the difference between Ip and the dashed line. The assumption that the
ohmic L/R time remains constant is a weak point in this approach but until we understand the detailed
evolution of E^, Te and Zeff in these discharges we must accept this uncertainty in the analysis. A
detailed evaluation of E,j,(t) during the Ip quench is underway and will be reported in a subsequent
paper [8].

In Fig l(b) the signal from one channel of a soft x-ray detector array shows a representative
increase with IR. This array does not have a direct view of the plasma after t = 1723 ms but is known
to be sensitive to hard x-rays produce by runaway electrons interacting with carbon tiles at the top of
the vessel. The base level increase in this signal is thought to be due to a loss of runaways as the flux
surfaces between 0.7 > p > 0.25 are scraped off by these carbon tiles while the spikes may be due to
the interaction of runaways confined to isolated stochastic layers spread across this region. Figure 2
shows the position of the plasma and the loss of the outer flux surfaces at 2 ms intervals during the Ip
quench. We see from Fig. 2 that at the peak in IR all the runaways are confined to p < 0.25 well inside
ppg. We assume the central flux surfaces remained closed {i.e., are not stochastic) during the time
between the pellet injection and the peak in IR (AtRA = 10.8 ms) and calculate an average avalanche
growth rate inside p = 0.25. E(h(t) is calculated from an analytic model of StVe an(^ n e ^ is obtained
from experimental data. We estimate the free and bound electron populations produced by the mixing
process discussed above and calculate the critical electric field Ec(t) = 0.092 ne x 10~20 m~3 [1]. E(j/Ec

varies with time so we estimate the knock-on growth rate using the average <E^/EC> = 300 over AtR .̂.
This results in an approximate amplification factor of 18.2 based on Eq. (18) in Ref. 1. Thus, a KP
induced seed density of 1.6 x 1015 n r 3 (i.e., a 17.6 kA runaway seed current contained inside p =
0.25) can roughly account for the 320 kA peak in IR observed in Fig. l(c). Projecting the neon hot tail
conversion results given above into p < 0.25 we find a runaway current of about 12 kA. Since argon
cooling is known to be more rapid than neon from KPRAD modeling in the ablation zone, we expect
that the argon seed population inside p = 0.25 could be significantly larger than that produced by neon.

S 0.7-

=3

re

1715 1735

Fig. 1. (a) argon KP induced current quench showing the pellet ablation signal (P01HA1) and a fast response
ECE radiation signal (ECEF1), (b) a central soft x-ray signal (sx45rlf6), (c) runaway current (IR) growth.
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Fig. 2. Sequence of plasma equlibria during the Ip quench shown in Fig. 1.

Thus, if an argon pellet produces 50% more runaway seed current than neon it will result in the
required 17.6 kA. On the other hand, given the uncertainties in the mixing process argon pellets could
produce up to 100 kA of seed current in the core implying our simple estimate of the amplification
factor would have to be reduced. We note that runaway currents similar to that shown in Fig. l(a) have
not been observed with neon or methane KP's. Additionally, we have identified an argon KP case
which does not have this runaway current even though the seed population appears to be essentially
identical to argon KP shots with these runaway currents. In this case it appears that an instability is
triggered near the onset of the Ip quench which dumps all the runaways from the core plasma.
Understanding this behavior may be beneficial for developing runaway electron mitigation techniques.

3. DISCUSSION

While the growth of knock-on avalanche runaways during the quiescent phase of the plasma
appears to be relatively well established by experiments on TEXTOR [9], it is essential to understand
the details of the avalanche process during disruptions in existing tokamaks. Based on our
interpretation of existing DIII-D data, we believe runaway currents, such as the one shown in
Fig. l(c), can best be described by a growing population of relativistic electrons near the center of the
discharge. The most plausible model requires a rapid inward transport of the argon from outside p p B

into the core which generates a sufficiently large density of well-confined seed runaways inside
p = 0.25 in order to produce observable knock-on avalanche currents. Relatively low avalanche
amplification factors along with uncertainties in the magnitude of the seed population, the temporal
evolution of the toroidal electric field and the magnitude of the runaway current still need to be
resolved. Detailed calculations of the toroidal electric field evolution in the core and the argon cooling
rates based on inward transport estimates of the KP mass are underway and will be reported in a future
paper [8]. Initial estimates of avalanche growth rates in discharges terminated by argon KP's suggest
that it should be possible to definitively test the theory and develop avoidance or mitigation techniques
in devices such as DIII-D. Methods for increasing seed densities and avalanche amplification factors
while reducing the rate at which the outer flux surfaces are scraped off are being investigated for this
purpose. Low Z (methane) and low concentration neon KP's as well as massive gas puffs and liquid
jets are also being developed to mitigate avalanching in high current tokamaks.
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Abstract

Observations of the suppression of the amplitude of tearing instabilities through the
application of synchronous (closed loop) and asynchronous (open loop) resonant magnetic
perturbations are reported. These observations extend our previous investigations of large changes
of tearing mode rotation induced by oscillating currents in small saddle coils. Although mode
suppression is achieved using several techniques, the most significant decrease in the size of a
magnetic island occurs when the island is made to rotate faster or slower than its natural
frequency. By comparing measurements with time-dependent simulations, we find the observed
mode suppression is consistent with a dynamic stabilizing effect proportional to the square of the
difference between the island's instantaneous and time-averaged rate of toroidal rotation. Our
results suggest that internal modes may be controlled more effectively by inducing rapid
modulations of island rotation than by applying phase-controlled active-feedback.

1. INTRODUCTION

Active and passive control of MHD instabilities are critical elements of plans to improve the
economic potential of steady-state tokamak power sources [1], to achieve high-beta, steady-state
operation of spherical tokamaks [2], and to sustain RFP discharges. Passive wall-stabilization can
suppress fast external kink instabilities and plasma rotation control and/or active feedback may
stabilize resistive wall modes [3,4] and internal tearing modes [5-9]. Experiments using the High
Beta Tokamak-Extended Pulse (HBT-EP) tokamak [10] study the feasibility of a high-beta
tokamak stabilized by a combination of an internal conducting wall, plasma rotation control, and
active feedback. For control of internal modes, HBT-EP (R = 0.92 m, a = 0.15 m, B = 0.35 T, Ip ~
15 kA, (Te) ~ 80 eV) uses a number of small (6° wide toroidally) saddle coils covering only 3% to
5% of the plasma surface, located between the gaps of a movable and segmented conducting wall,
and driven by high-power, linear amplifiers, (P < 10 MW,/< 50 kHz). When the conducting wall
is moved near the plasma's edge, the growth rates of fast-growing instabilities are reduced or
eliminated in discharges which would otherwise exceed the stability limit for ideal external kinks
when the wall is retracted [10,11]. With the wall inserted, slowly growing mln = 2/1 tearing modes
are excited by adjusting the evolution of the plasma current profile. Previous HBT-EP studies
demonstrated control of the toroidal rotation of these slowly growing internal instabilities by
energizing a small number of the highly localized saddle-coils [12,13]. Instantaneous
measurements of an island's toroidal location were well-modeled using a single-helicity,
Rutherford description for driven resistive modes and a phenomenological rotational drag [12].
The application of either oscillating single-phase or rotating two-phase saddle-coil currents was
seen to strongly modulate the toroidal rotation frequency of the resonant magnetic islands. The
phase-instability associated with active tearing mode control was detected, illustrating the rapid
toroidal relocation of island position during closed-loop stabilization and the need for a relatively
high system bandwidth to maintain phase-accuracy during active feedback control.

In this paper, we report new observations of the suppression of the amplitude of tearing
instabilities through the application of synchronous (closed loop) and asynchronous (open loop)
resonant magnetic perturbations [13,14]. These observations of amplitude suppression (1) imply
the existence of an additional dynamic damping or stabilizing effect [13,14], (2) provide an
explanation for the decrease in tearing mode amplitude detected during observations of the phase

* Work supported by US DOE Grant DE-FG02-86ER53222.
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FIG. 2. Synchronous application of I ms
stabilizing (0°) followed by I ms destabilizing
(180°) active feedback for I ms intervals.
Bottom shows comparison with the equi-
librium solution of the driven island model as
a function of feedback angle.

instability, and (3) suggest that internal mode control through (asynchronous) rapid modulation of
island rotation may be more effective than (synchronous) active-feedback. Within our ability to
estimate plasma profiles, these observations of island suppression are consistent in magnitude and
form with theoretical models of magnetic island suppression proportional to the square of the
rotation velocity difference between the island and the background plasma resulting from ion
inertia and finite Larmor radius (FLR) effects [9]. However, a relatively large difference between
the tearing mode rotation rate and the average toroidal ion flow is measured using Mach probes for
r/a > 0.6, and we have not yet established consistency between these flows (nor the local density
and temperature perturbations produced by magnetic islands) and theoretical models [9,15].

2. TRANSIENT ISLAND SUPPRESSION DURING PHASE-INSTABILITY

Characteristics of the coupling between the saddle coils and the resonant islands can be
measured during the unstable growth of the phase, Aq>, between a rotating external perturbation
and an internal resonant mode, referred to as the "phase-instability" [6]. The phase-instability is
studied in HBT-EP [12] with a technique previously used in DITE [7]. As shown in Fig. 1, when a
rotating resonant external magnetic perturbation is applied having a steady frequency, the island
rapidly "locks" to the rotating perturbation and the mode amplitude increases. Measurement of this
initial increase of the mode amplitude determines the direct coupling between the coils and the
island. When the rotation frequency of the applied field coincides with the plasma's natural
rotation frequency, WQ, the phase-difference, A(p approximately vanishes, indicating an absence of
externally-applied torque. At a predetermined time, the phase is rapidly advanced by 180° such
that the "X-point" of the internal mode becomes aligned momentarily with the positive conductor
of the saddle coil. This reduces mode amplitude until small deviations in phase produce a torque
from the saddle coils which realigns the mode and Aq> —> 0. Measurement of the rate of phase-
growth following the rapid phase-flip determines the strength of the torque applied by the saddle
coils and the moment of inertia of the island (i.e. the fraction of plasma influenced by island
rotation.)

For large islands and for strong external resonant fields, the phase instability grows rapidly,
A(p/At ~ (0, and this allows direct demonstration of dynamic mode suppression induced by a rapid
change of island rotation. When the island moves relative to the plasma, the perturbed inertial
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FIG. 3. Suppression of tearing mode amplitude as a result of frequency modulation
induced by non-rotating, single phase coil oscillations and by square-wave modulation
of the frequency of rotating 2/1 magnetic field perturbations.

force [6] (and, possibly, the perturbed viscous [8,15] force) may become comparable to the
perturbed J x B force and contribute to strong mode suppression through the longitudinal current
induced by the ion polarization drift. In the phase-instability experiments, we model this effect as a
stabilizing resonant current proportional to (co - (OQp-18^, where 8 is the island half-width and COQ
is constant in time. When the magnitude of this inertial damping corresponds to that estimated in
Ref. 9, the measured rotational and amplitude dynamics seen during the HBT-EP phase-instability
experiments can be reproduced with a single-helicity simulation of nonlinear island dynamics
when using reasonable estimates of the plasma profiles [13]. As also shown in Fig. 1, without the
effects of inertial damping, the mode amplitude is reduced only slightly by the direct interaction of
the external field normally associated with magnetic feedback of tearing modes [5].

3. SYNCHRONOUS (CLOSED-LOOP) CONTROL

Active feedback is used to maintain A<p = 180° and to apply a resonant magnetic field which
appears in the island's rotating frame of reference to be constant and opposite to the self-fields of
the tearing mode [5-8]. In HBT-EP, quadrature detection of the toroidal phase and amplitude of
magnetic islands is derived from fluctuations of either magnetic or soft x-ray detector arrays [13].
The detector signals are acquired by a high-speed digital signal processor (DSP) after which they
are phase-shifted and gain-adjusted to drive the input stages of the high-current linear amplifiers
connected to the saddle coils. Groups of localized saddle-coils, connected in series, generate two
toroidal phases which excite predominantly a (m, n) = (2, 1) perturbation [13].

As shown in Fig. 2, the closed loop response of active feedback control at moderate gain
agrees with the single-helicity theory as the phase angle of the applied field varies relative to the
2/1 island location. However, both predicted and observed suppression levels are modest, and
small phase-errors are seen to produce gradual changes in the island rotation. As the feedback gain
was increased to achieve greater mode suppression, we are unable to maintain accurate phase
synchronism. This is expected, in part, since higher gains produce larger torques and faster phase-
instability growth rates. We recently attempted to improve synchronous mode suppression in two
ways. The DSP input sample rate was increased to 500 kHz from 100 kHz, and mode amplitude,
and phase detection was improved with more accurate and better-shielded magnetic diagnostics. In
all cases, a further reduction in mode amplitude was not achieved, and active feedback showed no
effect on disruption timing or severity.
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4. ASYNCHRONOUS CONTROL OF ISLANDS

Actively modulating island rotation about its natural toroidal propagation rate produces a
significant decrease of island size. Significant mode suppression results either from low-frequency
oscillation of a single-phase saddle-coil system or from applying rotating two-phase external 2/1
control fields alternately above and below the natural mode frequency, COQ. The use of this second
technique was originally suggested by Kurita and co-workers [8]. In both cases, dynamic
suppression only occurs when the frequency modulation drive prevents the island from co-rotating
(i.e. mode-locking) with the external perturbation. Apparently, the toroidal rotation rate must
change at a rate near the inverse of an island's momentum relaxation time. In HBT-EP, the island
relaxation time is measured after the saddle-coil currents have been switched off, and its value is
approximately 200 (i-s. Fig. 3 summarizes the mode suppression of naturally-occurring 2/1 tearing
modes observed in a large number of discharges. When the saddle-coils are used to modulate the
island frequency by more than a few kHz from its time-average, (ft)) = COQ, significant island
suppression always results. Simulations similar to those which reproduce island dynamics during
the phase-instability, also reproduce island suppression due to induced frequency modulation.
Furthermore, these asynchronous control techniques delay disruptions, usually triggered by large
sawtooth crashes in the plasma core, by preserving the confinement of the outer flux surfaces.

5. SUMMARY

Rotating and oscillating resonant magnetic perturbations significantly alter tearing mode
dynamics and can produce sustained reductions in mode amplitude when the perturbations are
applied either synchronous (closed loop) or asynchronous (open loop) [13]. The most significant
mode suppression is produced when actively modulating the island rotation about its natural
propagation frequency. We have demonstrated several techniques which produced rapid changes
in island rotation, and, in all cases, the effect on mode amplitude implies the existence of an
additional damping or stabilizing effect proportional to the square of the island's perturbed
rotation velocity, (ft) - too)2 [13,14]. These observations of island suppression are consistent with
models of magnetic island suppression resulting from inertial effects [9], and they suggest that
internal mode control through asynchronous modulation of island rotation may be more effective
than synchronous active-feedback. Experiments planned in the near future include active feedback
of slowly-growing resistive wall instabilities [4], the application of multiple-helicity and multiple-
frequency perturbations to generate and sustain sheared plasma rotation, and the use of ICRF
heating for beta enhancement.
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Abstract

Two approaches to achieving long-time scale stabilization of the ideal kink mode with a real,
finite conductivity wall are considered: plasma rotation and active feedback control. DIII-D experi-
ments have demonstrated stabilization of the resistive wall mode (RWM) by sustaining beta greater
than the no-wall limit for up to 200 ms, much longer than the wall penetration time of a few ms. These
plasmas are typically terminated by an m=3, n=l mode as the plasma rotation slows below a few kHz.
Recent temperature profile data shows an ideal MHD mode structure, as expected for the resistive wall
mode at beta above the no-wall limit. The critical rotation rate for stabilization is in qualitative agree-
ment with recent theories for dissipative stabilization in the absence of magnetic islands. However,
drag by small-amplitude RWMs or damping of stable RWMs may contribute to an observed slowing
of rotation at high beta, rendering rotational stabilization more difficult. An initial open-loop active
control experiment, using non-axisymmetric external coils and a new array of saddle loop detectors,
has yielded encouraging results, delaying the onset of the RWM.

1. INTRODUCTION

Stabilization of low-n kink modes by a conducting wall is crucial for high beta, steady state
"advanced tokamak" scenarios. Operation at high beta allows a more compact and economical fusion
plasma with a large fraction of bootstrap current. Good alignment of the bootstrap current with the
equilibrium current density profile, important for minimizing the requirements on external current
drive systems, is achieved with broad current density profiles and broad pressure profiles. Such broad
profiles have a low beta limit in the absence of a wall, but strong coupling to a nearby conducting wall
can improve the stability limit by as much as a factor of 2 or 3 [1-3].

Two approaches to achieving long-time scale stabilization with a real, finite conductivity wall are
being considered: plasma rotation and active feedback control. Ideal MHD theory predicts that for a
plasma which would be stabilized by an ideal wall, non-zero wall resistivity leads to an unstable
"resistive wall mode" with a growth time on the order of the wall's magnetic field penetration time Tw

and a real frequency oo ~ T^ , and which is not stabilized by sub-Alfvenic plasma rotation. However,
more detailed theories show that the addition of dissipation in the plasma allows stabilization by sub-
sonic plasma rotation [4,5]. Furthermore, external kink modes can drive islands in a resistive plasma,
allowing stabilization by plasma rotation frequencies as low as Q ~ T^, [6,7].

DIII-D experiments [8,9] confirm many of the important qualitative features of these more recent
theories. In discharges with broad current density profiles, beta values reach up to 1.4 times the ideal
n=l kink mode limit calculated without a wall, but remain within the stable range calculated with an
ideal wall at the position of the DIII-D vacuum vessel. Beta greater than the no-wall limit has been
sustained for up to 200 ms, much longer than the wall penetration time xw < 6 ms, which indicates that

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC02-
76CH03073, DE-AC05-96OR22464, W-7405-ENG-48 and Grant Nos. DE-FG03-97ER54415, DE-FG02-
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the resistive wall mode has been stabilized [Fig. l(a)]. As the rotation slows, these plasmas are
typically terminated by an m=3, n=l mode which has a growth time of 2-8 ms and a real frequency co
~ T ,̂ , as expected for a resistive wall mode. The mode typically begins to grow as the plasma rotation
at the q=3 surface decreases below 1-2 kHz, consistent with a loss of rotational stabilization
[Fig. l(b)].

In many cases, temperature profiles measured with electron cyclotron emission show an ideal-like
mode structure, without islands (Fig. 2), as expected for an ideal kink mode which has lost its wall
stabilization. The broad displacement of the Te profile in Fig. 2 is consistent with a global kink mode
structure, and the radial displacement of ~1 cm in the outer part of the profile is consistent with the
measured mode amplitude of ~50 G at the wall. By itself, a single Te profile measurement cannot
conclusively rule out the existence of an island. However, in this and other discharges, the outer
portion of the Te profile rises or falls consistent with an ideal MHD mode structure, given the toroidal
phase inferred from magnetic measurements. The temperature perturbation profile agrees well with
predictions by the GATO stability code. The growth of a stationary mode in the presence of significant
plasma rotation also indicates the absence of islands. (In some cases, electron cyclotron emission and
beam emission spectroscopy measurements do show evidence of stationary island formation, but at
beta below the ideal no-wall limit.)

2. ROTATIONAL STABILIZATION

Plasma rotation is one possible means for long time-scale stabilization by a resistive wall. Vacuum
field measurements show that the DIII-D vacuum vessel wall penetration time for an imposed n=l
radial magnetic field can be approximated by a 2-pole response with time constants of 7 ms and 1-
3 ms. This agrees well with calculations using the SPARK 3D electromagnetic code which show that
the time constant for the lowest n=l eigenmode of the DIII-D vacuum vessel is about 5.8 ms,
followed by about 3 ms for the next eigenmodes. Stabilization for longer times in the experiment
indicates that plasma rotation is important.

The existence of a critical rotation frequency for stabilization is clearly demonstrated by a series of
reproducible discharges in which the rotation rate was modified through magnetic braking by an
applied magnetic error field. As the magnetic braking field was increased [Fig. 3(a)], the plasma
rotation decelerated more rapidly, and the onset of the resistive wall mode occurred earlier,
corresponding to a fixed value of the rotation [Fig. 3(b)].

The experimental data allow us to distinguish at least qualitatively between predicted mechanisms
for stabilization. The observed critical rotation frequency fi=2rcf~104 s"1 at the q=3 surface disagrees
with the predictions £2~T^ <3xlO2 s"1 of theories which include driven islands, and
O ~ TA~1 > 10 6 s"1 of ideal MHD theory .The agreement is somewhat better with predictions
Q ~ 0.05 T A ~ 10 s~ of theories where the ideal mode is stabilized by dissipation which occurs
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through coupling to sound waves. The observed critical rotation speed is typically at least 10% of the
ion acoustic speed, and thus may be consistent with coupling to sound waves.

We speculate that the much more rapid central rotation of fi~l-2xlO5 s~l could also contribute to
stabilization. Sound wave coupling and dissipation occur at resonant surfaces, and strong shaping and
toroidicity couple poloidal modes so that all integer q surfaces are important in this global «=1 insta-
bility. To date, the discharges which significantly exceed the no-wall beta limit have qmin^, placing
the q=2 surface in a region of strong rotation (Fig. 1, for example). Discharges with qmin^ and hence
no q=2 surface tend to have a resistive wall mode onset at lower beta and larger rotation, indicating
that rotational stabilization is less effective. The discharges in Fig. 3, for example, have qmin~2.3 and
develop an RWM at PN~2.2 with a rotation frequency greater than 6 kHz.

The plasma rotation is observed to gradually slow in discharges which exceed the no-wall limit,
eventually leading to loss of rotational stabilization as in Fig. 1. Comparison of timing in several
discharges shows that this slowing does not correlate with the presence of rotating MHD activity, the
H-mode transition, or the onset of ELMs. Possible explanations include electromagnetic drag due to a
resistive wall mode saturated at small amplitude or drag due to the continuum resonances of a stable
resistive wall mode [3]. Further experimental and theoretical work is needed to determine whether this
represents an inherent problem for rotational stabilization.

3. ACTIVE CONTROL

The slow growth and rotation of the resistive wall mode should permit active feedback
stabilization by non-axisymmetric coils outside the vacuum vessel, without the need for plasma
rotation. Active suppression of resistive wall modes may also help to maintain rotation. Several
approaches have been proposed, including the "smart shell" [10,11] where the feedback control is
designed to maintain a net zero change in radial magnetic field at the resistive wall, and the "fake
rotating shell" [12] in which a phase shift applied to the response mimics the effect of a rotating wall.
These schemes will be tested in active control experiments which are planned for DIII-D, initially
using the existing error field coil (C-coil). A set of six midplane saddle loops for mode detection have
recently been installed, matched in geometry to the six toroidal segments of the C-coil.
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A preliminary experiment in open-loop control has been performed, with encouraging results for
feedback control experiments. A series of discharges was established having a resistive wall mode at a
reproducible onset time and spatial phase. Then the C-coil was programmed to produce a static n=l
magnetic perturbation with a spatial phase opposing the mode, beginning at the anticipated onset time.
(The lack of bipolar power supplies required this n=l perturbation to be superimposed on a constant
n=3 bias field; other experiments established that this n=3 field has no detectable effect on plasma
stability.) As seen in Fig. 4, in the stabilized discharge the electron temperature, beta, and plasma
rotation hesitate at the anticipated onset time, then continue at constant or increasing values. In
contrast, these parameters decrease rapidly in the comparison shot without the stabilizing n=l field.
These results suggest that the resistive wall mode was stabilized by the opposing n=l field. Although
complicated by the rapidly changing applied fields, analysis of the saddle loop data indicates that the
instability was delayed by at least 20 ms.

Closed-loop feedback experiments in the near future will be aimed at comparing control
algorithms and demonstrating improved stability. New bipolar power supplies to be procured in 1999
and 2000 will increase the power available for feedback stabilization. Numerical modeling with the
VALEN 3D electromagnetic code [13] indicates that feedback stabilization using the existing 6-
segment C-coil can produce a measurable (~20%) increase in beta over the no-wall limit. Modeling
also shows that an extension of the C-coil with additional segments above and below the midplane can
double the margin over the no-wall stability limit by allowing better coupling to the helical mode
structure. Experimental validation of the models with the existing midplane coil set will provide
support for the design of the extended coil set.

4. SUMMARY

DIII-D experiments have shown that a resistive wall can stabilize a rotating plasma at beta values
well above the ideal no-wall limit, for durations much longer than the resistive wall penetration time
for n=l magnetic fields. The predicted resistive wall mode has been observed as the plasma rotation
decreases below a critical value of a few kHz, and the ideal structure of the mode has been
confirmed. The critical rotation frequency for stabilization may be consistent with theories which
include dissipation by coupling to sound waves to provide stabilization in the absence of islands.
Long-duration sustainment of wall-stabilized plasmas has been hindered by a slowing of rotation as
beta exceeds the no-wall limit. We conjecture that the slowing may result from drag caused by a
small-amplitude resistive wall mode or by continuum resonances of the stabilized resistive wall mode.
Modeling predicts that feedback stabilization using non-axisymmetric coils can provide a significant
increase over the no-wall beta limit. In a preliminary open-loop experiment, the onset of the resistive
wall mode was postponed for several wall penetration times, an encouraging result for closed-loop
feedback experiments.

REFERENCES

[I] MANICKAM, J., et al., Phys. Plasmas 1 1601 (1994).
[2] TAYLOR, T.S., et al., Plasma Phys. Contr. Fusion 36 B229 (1994).
[3] TURNBULL, A.D., et al., Proc. 17th Int. Fusion Energy Conf. (International Atomic Energy

Agency, Vienna, 1997) Vol. II, p. 509.
[4] BONDESON, A., and WARD, D.J., Phys. Rev. Lett. 72 2709 (1994); WARD, D.J., and

BONDESON, A., Phys. Plasmas 2 1570 (1995).
[5] CHU, M.S., et al., Phys. Plasmas 2 2236 (1995).
[6] FINN, J.M., Phys. Plasmas 2 198 (1995).
[7] BOOZER, A.H., Phys. Plasmas 2 4521 (1995); Phys. Plasmas 3,4620 (1996).
[8] TAYLOR, T.S., et al., Phys. Plasmas 2 2390 (1995).
[9] GAROFALO, A.M., et al., Proc. 1998 Euro. Conf. on Contr. Fusion and Plasma Physics,

Prague (to be published); General Atomics Report GA-A22985 (1998), to be submitted to
Phys. Rev. Lett.

[10] BISHOP, CM., Plasma Phys. Contr. Fusion 31 1179 (1989).
[II] JENSEN, T.H. and FITZPATRICK, R., Phys. Plasmas 4 2997 (1997).
[12] FITZPATRICK, R. and JENSEN, T.H., Phys. Plasmas 3 2641 (1996).
[13] BIALEK, J., et al., Bull Am. Phys. Soc. 43 (1998), Division of Plasma Physics Conf., Abstract

K6Q-29; BOOZER, A.M., Phys. Plasmas 5 3350 (1998).



859

Characteristics of Halo Current in JT-60U
XA0053970

Y. Neyatani, Y. Nakamura, R. Yoshino, T. Hatae and the JT-60 team

Naka Fusion Research Establishment, Japan Atomic Energy Research Institute
Mukoyama 801-1, Naka-mach, Naka-gun, Ibaraki-ken, 311-01, Japan

ABSTRACT

Halo currents and their toroidal peaking factor (TPF) have been measured in JT-60U by Rogowski coil
type halo current sensors. The electron temperature in the halo region was around 10 eV at 1 ms before the
timing of the maximum halo current. The maximum TPF*Ih/Ipo was 0.52 in the operational range of Ip = 0.7 ~
1.8 MA, B T = 2.2 - 3.5 T, including ITER design parameters of K > 1.6 and q95 = 3, which was lower than that
of the maximum value of ITER data base (0.75). The magnitude of halo currents tended to decrease with the
increase in stored energy just before the energy quench and with the line integrated electron density at the time of
the maximum halo current. A termination technique in which the current channel remains stationary was useful
to avoid halo current generation. Intense neon gas puffing during the VDE was effective for reducing the halo
currents.

1. INTRODUCTION

A current flowing directly into a vacuum vessel from a plasma (called halo current) is observed
during disruptions in tokamaks. This halo current will produce an intense electromagnetic force on the
in-vessel components in ITER, such as the blanket module and the divertor cassette. Therefore, the
halo current is one of the critical issues. The design value for ITER is mainly determined from the data
base from medium and small size tokamaks [1]. Further investigation on the characteristics of the halo
current in large tokamaks is urgently required. Its parameter dependence must be established, and
mitigation and/or avoidance methods applicable to ITER must be developed. In JT-60U, sensors for
the halo current (Rogowski coils) were newly installed during the divertor modification in May 1997,
enabling the measurement of its toroidal and poloidal distribution.

2. EXPERIMENTAL RESULTS

2.1 Plasma behavior during simulated VDE

For the halo current study, the most dangerous disruption caused by vertical displacement
event (VDE) was experimentally simulated, in which a plasma was actively controlled to move
downward (Fig. 1). In this case, a halo current flows into the inside baffle plate and back to the plasma
through the outside baffle plate, as was expected. When the plasma attaches the baffle plate, total D ^
signal measured at the plasma attached position increases. After that, an energy quench occurs with a
strong D a and dB/dt bursts (13.0372 s in Fig. 2). Doc emissions from the corners of inside baffle, dome
and outside baffle plate are caused by an energy release from a plasma core (Fig. 2(b)). When qs

becomes close to unity (13.0437 s in Fig. 2), Dot and dB/dt bursts occurred again. Magnitude of dB/dt
(n=0) jumps at the similar time scale of the energy quench within 40 micro seconds. In this burst, only
a D a emission at the plasma central channel increases (Fig. 2(c)). Just after the burst at qs ~ 1, a halo
current rapidly increases and reaches to its maximum. The maximum halo current is more than 80 % of
the plasma current in this case. In some cases, no burst at qs ~ 1 was observed since qs at the time of
the maximum halo current was more than one. The upper bound of the maximum halo current was
determined by the discharges with the burst at qs ~ 1, which suggests that the q ~ 1 magnetic surface is
destroyed and a plasma current inside a plasma core is changed to the halo current rapidly.

A toroidal distribution sometimes showed an n = 1 structure with its peak position rotating
with a rotation frequency of 500 ~ 700 Hz. Rotation frequency of the halo current correlated with the
frequency of density and magnetic fluctuations. This may be caused by a kink type instability. At the
timing of the maximum halo current, the rotation phase correlations between the magnitude of halo
current and both fluctuations are not clear due to the burst at qs ~ 1.

The temperature distribution during disruption was measured by YAG Thomson scattering
system [2] with a repetition time of 50 ms. The central and edge electron temperatures before the
energy quench were 1-1.8 keV and 200 - 400 eV respectively for the initial plasma current of 0.7 MA
(Fig. 3). After the energy quench, Te near the edge drops to 20 - 50 eV with a flat temperature profile.
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T e near the last flux surface gradually decreases during Ip-quench and reaches to 10 eV at 1 ms before
the time of maximum halo current. In the case of In = 1.2 MA, the central electron temperature of 1.5
- 2.0 keV before the energy quench also drops to 10 eV.

2.2 Halo current data base

A halo current data base for the amplitude and toroidal peaking factor (TPF =
maximum/average amplitude of the toroidal direction) was constructed by scanning the plasma
parameters just before the disruption in the ranges of Ip = 0.7 -1 .8 MA, B T = 2.2 ~ 3.5 T, K = 1.3 ~
1.6 and q95 = 2.8 ~ 7.0, respectively. Ranges of the measured total halo current normalized by initial
plasma current (Ih/IpO) ana" TPF were 0.05 ~ 0.26 and 1.4 ~ 3.6, respectively (see Fig. 4). The
maximum TPF*In/Ipo, corresponding to the maximum local halo current, was 0.52 so far, which was
lower than that of the maximum value of the ITER data base of 0.75, and was also smaller compared
with the present design value of ITER divertor cassette of 0.58. For NB heated discharges with the
stored energy (Wd^-I^of more than 1 MJ just before the energy quench, including three reversed
magnetic shear discharges and one high Pp discharge, the maximum value of TPF*Ih/Ip0 is about one
third of the value of upper boundary (squares in Fig. 4). Significant reduction of TPF*Ih/Ip0 was also
observed for an intense neon gas puffing during VDE (closed circles in Fig. 4).

3. PARAMETER DEPENDENCIES

The upper boundary of TPF*In/Ipo tended to decrease with the increase in Ipo. No B T
dependence was observed. Other parameter dependencies of TPF*Ih/Ipo on K and q95 were not clear.
The driving forces of the halo current are considered to be an electric field generated by the decrease in
toroidal and poloidal magnetic fluxes in a plasma caused by the vertical shift (-dZj/dt) and the plasma
current decay (-dlp/dt). Since the magnitude of the halo current is considered to be determined by the
induced electric field and the resistance in the halo plasma, the effects of the driving forces and the
resistance have been verified. We confirmed that the upper boundary of TPF*Ih/Ipo decreased with the
decrease in -dZj/dt. On the other hand, the TPF*Ih/Ip0 clearly decreases with the increase in Wdia6"^"
(Fig. 5). This dependence is consistent with the dependence of the upper boundary of TPF*Ih/Ip0 on
the plasma current. TPF*Ih/Ipo clearly decreases with the increase in the line integrated electron
density at the peak of the halo current as shown in Fig. 6.

These stored energy and density dependencies of the halo current is explained as following.
When the released plasma energy at the energy quench increases with Wdiae"^s a large amount of
impurity is generated at the divertor plates due to a large heat load. After that, the electron density
increases and the electron temperature decreases in the halo plasma (the resistivity increases), then the
halo current decreases. While a dependence of the electron temperature near the edge at the maximum
halo current on the stored energy is not clear due to diagnostic errors, these experiment results support
the possible mechanism where the magnitude of halo current is small for the low electron temperature
at the halo plasma region.

4. REDUCTION AND AVOIDANCE OF HALO CURRENT

Based on the above results, reduction and avoidance methods of the halo current have been
investigated. For reducing the temperature of the halo plasma, an intense pulse gas puff has been
attempted. When hydrogen gas of 50 Pam-Vs x 0.1s was applied during VDE, the magnitude of the
halo current decreased by about 40 %. In case of neon gas puff with the puffing rate and duration of
3.3 Pam^/s x 0.17 s, the halo current reduced to 60 % of those of no gas puff case (Fig. 7). TPF*In/Ip0
was always lower than 0.12 in this case. Thus, the neon puff is more effective to reduce the halo
current. Electron temperature decreases form edge to center during neon puff, and the edge
temperature drops to below 10 eV before the time of the maximum halo current (Fig. 8). The electron
temperature at the timing of the maximum halo current can be expected to be lower than that for no
gas puffing.

Furthermore, perfect avoidance of the halo current has been demonstrated by maintaining the
plasma vertical position during the current termination. R. Yoshino et al [3] found that there is a
vertical position where VDE is not observed during the Ip-quench. In this point (neutral point), the
total vertical force was almost zero due to an optimal distribution of the vacuum vessel eddy currents.
In JT-60U, the neutral point is Zj = +15 cm because of an up-down asymmetry of the vacuum vessel
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and PFC. Simulations by the Tokamak Simulation Code (TSC) confirmed the experimental
observation of the zero VDE growth rate at the neutral point [4].

We conclude that the magnitude of the halo current during high performance discharges is
expected to be small compared to that in the OH case from the parameter dependencies studies. For
OH discharges only, a large plasma current should result in a small Ih/IpO because of the large
W(jia

e-(1-. This result has an advantage for the next generation tokamaks with high performances and a
large plasma current. The neon gas puffing is effective to reduce the halo current.
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Fig. 1. Waveforms of the halo current during
a simulated VDE. A plasma is shifted
downward actively to simulate VDE. The
dotted line in the upper figure indicates the
line of sight of FIR measurement. Halo
current starts to flow from t = 6.265 s and
reaches its maximum at t = 6.286 s.
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simulated VDE. ldBr/dt\ is measured by
saddle loops located at outer midplane. Slow
change ofn=l component correnponds to
downward motion of the plasma.
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Abstract

The RFP configuration is maintained by an intrinsic dynamo mechanism associated to
resistive MHD tearing modes. These dynamo modes are responsible for field line stochasticity and
have a strong influence on plasma confinement. RFX results relevant to the subject are discussed
both in terms of the influence of the magnetic boundary and of the characteristics of the RFP
enhanced confimenement regimes. The dynamo modes are often locked in phase and to the wall,
which spoils the stabilising effect of the conducting shell and leads to severe plasma-wall
interactions. The driven rotation of the locked dynamo modes has been studied in RFX by means
of a new Toroidal Field Modulation System. A rotating toroidally localised perturbation of the
toroidal magnetic field couples to the modes and induces their rotation

I. DYNAMO MODES AND CONFINEMENT REGIMES IN THE RFP

In the Reversed Field Pinch (RFP) the internal poloidal currents necessary to generate the
magnetic configuration are maintained by an intrinsic dynamo mechanism, which is associated to
MHD current driven tearing instabilities resonant internally to the field reversal radius [1]. The
consequent magnetic fluctuations lead to magnetic field
stochasticity in the plasma core, thus playing an
important role in particle and energy transport. Indeed
enhanced confinement regimes have been found in RFPs
[2-4] in connection with the mitigation of the dynamo
activity, as deduced from both the toroidal flux generated
by the plasma and the spectrum of the dynamo modes
[5].

In the RFX experiment (a = 0.46 m, R = 2 m) [6]
the self-generated toroidal flux is larger than in other
RFPs with similar size, such as MST. This is interpreted
[5,7] in terms of different marginal stability limits due to
the larger distance between the plasma and conducting
stabilising shell (b/a=1.18 in RFX). A consequence of the
larger plasma-shell distance in RFX could be the
systematic locking in phase and to the wall of the
dynamo modes (dubbed LDM for locked dynamo modes).
The LDM in RFX are made of a spectrum of m=l n > 7
internally resonant and m=0 modes resonant at the field
reversal radius, as shown in fig.l(a). The LDM, beside
causing magnetic stochasticity in the plasma core and
interfering with the achievement of enhanced
confinement regimes, result in a large stationary helical
deformation of the plasma, which is responsible for
severe plasma-wall interaction [8].

13

Fig. 1. Typical n-spectra of m=0,l
modes: (a) during a standard
pulse and (b) during a PPCD
experiment

1 Also at INFM unita di Padova
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A spontaneous enhanced confinement mode is seen also on RFX [5,7] in correlation to
reductions of the LDM amplitude. It has been dubbed oc-mode because one of its signatures is a
reduction of the self-generated toroidal flux, which is seen as a sudden change in the a parameter of
the (U.&p model [9] \ The oc-mode may last for several energy confinement times and is associated
to a change of the LDM spectrum towards a single helicity state, similarly to the enhanced
confinement modes seen in other RFPs.

Reductions of the dynamo modes amplitude comparable to that of the cc-mode are induced in
RFX during pulsed poloidal current drive (PPCD) experiments, where the dynamo is controlled by
applying a transient poloidal voltage. As soon as the voltage pulse is applied, the plasma reacts
with a prompt reduction of the dynamo, as shown e.g. in fig.l(b). At the same time, an increase of
the energy confinement time is seen, which is due to a reduction of the core thermal conductivity
[10]. This is consistent with the picture of a core plasma confinement which, being governed by
parallel transport along stochastic field lines, greatly improves by reducing the amplitude of the
modes. Moreover, perturbation studies with on-axis and off-axis pellet injection give evidence that
the hotter plasma core achieved during enhanced confinement modes may play a role in their self-
sustainment by reducing the growth rate of the modes [7].

II. THE TOROIDAL FIELD MODULATION SYSTEM

The wall-locking of the dynamo modes, due to field diffusion into the conducting shell, spoils
its stabilising effect on the modes themselves. This on the one hand may worsen the core
confinement and, on the other hand, causes a larger plasma wall interaction because of the
increasing radial magnetic field at the edge [11]. Hence, in parallel with the experiments on the
reduction of LDM (such as PPCD), it is very important to develop new techniques to actively
control the LDM position. To this end, first a test has been done by unbalancing the current in the
twelve sectors of the toroidal field winding, which proved effective in coupling to the LDM and
determining its toroidal location with high reliability [12].

This encouraged us to develop the Toroidal Field Modulation (TFM) system [13] for the
driven rotation of the locked dynamo modes. The TFM system generates an independent current
modulation in the twelve sectors of the toroidal field winding, using high voltage and current Gate
Turn-off Thyristor as switching devices. In this way it is possible to apply a rotating toroidally
localised perturbation of the toroidal magnetic field (dubbed RTFM for rotating toroidal field
modulation) which couples to the LDM and induces their rotation. The non-homogeneous current
distribution produces local radial and toroidal
magnetic field inside the shell because of the high
flux which can pass through the large equatorial gaps
of RFX. As an example, in a vacuum shot, an
increase of 1 kA of the current in 6 adjacent
toroidal field winding sectors modulated to generate
a rotating error field, produces a B<j,_even with a
fundamental component (m=0, n=l) and with an
amplitude (as measured by the probes) between 8
and 12 mT.

Finite element electromagnetic analyses have
been carried out to compute the modulation along
the toroidal direction of the toroidal flux linked
with the vessel. The flux modulation, produced with
1 kA of current unbalance modulated with different
frequency, is shown in fig 2. Two cases are shown,
related to the experimental conditions in which one

20

15

10

5 - ; •;••

1 bump
2 bumps
1 bump exp.
2 bumps exp. -

0 20 40 60 80 100
frequency [Hz]

Fig.2. Modulation of the toroidal flux
produced by a 1 kA current
unbalance. Computed and
experimental data.

1 The |i.&p model magnetic field profile assumes the normalized parallel current density |J, = |ioJ,/B to be «i-(r/a)a
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Fig. 3 Induced LDM rotation in RFX:
radial amplitude of the helical
perturbation versus 0 for several
times during the pulse. The curves
(0.5 ms averages) are vertically
shifted to show the evolution.
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Fig.4 Mode rotation per pulse statistics.
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and two rotating local toroidal field enhancements (bump)
were generated along the torus, so that n=l and n=2 are
respectively the fundamental harmonics produced by the
external current unbalance. The figure shows that the
diffusion of the magnetic field in the equatorial gap
increases the local flux generation at lower frequency
rotation; the double bump case also produces a lower flux
inside the vessel.

The RTFM can apply modulations with adjustable
duty cycle and a period > 2 ms, so that the maximum
toroidal rotation frequency for an n=l mode is 500 Hz,
corresponding to a toroidal velocity of 6.2 km/s. The
maximum current unbalance which can be produced in the
toroidal sectors is about 2 kA.

III. FIRST RESULTS OF RTFM EXPERIMENTS

The RTFM shows to be most effective when
applying perturbations with relatively slow rotation, i.e.
one toroidal turn in 30-40 ms. In this way continuos
rotations or multiple toroidal jumps of the LDM are often

induced [12].

A typical result is shown in Fig. 3. The locking
position is stationary at =70° during the first 40 ms.
Then the rotating perturbation couples to the mode and
causes a complete rotation around the torus. The same
pattern is repeated between 65 and 100 ms. It is worth
noting that not all the n modes contributing to the LDM
rotate: the main mode (typically n=8) remains
stationary, hence the region of maximum perturbation is
seen to move approximately around an helical path. The
result is that the localised perturbation does not move in
a travelling-wave fashion: the position of the nodes of
the wave remains unchanged, while the peak-to-peak
amplitude is reduced in one toroidal region and increased
in another region.

The probability of inducing rotations of the LDM
is an increasing function of the I/N parameter (plasma
current / line density Nsxta2n) and depends on the
amplitude of the applied RTFM. This is shown in fig. 4
and 5. The number of mode jumps and rotations in a
shot has been evaluated as the number of locking
movements, during the quasi-stationary phase, larger
than 30 degrees. In fig. 4 the statistics of locking
movements are reported comparing shots without and
with the RTFM; the shots with RTFM have been also
divided in high and low I/N. The shots with RTFM show
a statistically significant increase of the locking
movement and this effect is more evident at low density.
The correlation between the average number of locking
movements during RTFM and the flux modulation
amplitude, normalised to the plasma current, is shown in
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fig. 5 for high and low I/N: the number of movements
increases with the normalised flux modulation amplitude
and, as already shown, is larger at high I/N.

Although only a limited number of experiments
has been performed to date, some beneficial effects on
the plasma performance have been seen. The possibility
of avoiding the occurrence of carbon blooms when
operating at currents of ~ 1 MA is reported in a
companion paper at this conference [14]. In some cases
the rotations or the jumps of the LDM have been found
to be accompanied by large reductions of the modes
amplitude, the cc parameter and the loop voltage and
increases of the electron temperature and the energy
confinement time (see fig. 6). The phenomenology is
very similar to that of an a-mode. Conversely the
reduction in mode amplitude is comparable to that
observed with PPCD and, indeed, the confinement
improvement is of the order of 50%, which opens
encouraging prospects of inducing enhanced confinement
regimes with the RTFM.
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Abstract
Plasma wall interactions become a crucial issue in the Reversed Field Pinch RFX at high

current (>0.7 MA).Wall-Mode Locking (WML) leads to carbon bloom, enhanced recycling and
makes the density control very difficult to achieve. Several wall conditioning techniques have
improved the capability of controlling recycling, especially boronisation with diborane, but at
1 MA of plasma current removal of the WML becomes mandatory. Encouraging results have been
achieved by rotating an externally induced perturbation that can unlock the WML. The strong
impurity screening mechanism found at intermediate current does not degrade significantly at
1 MA. Modification of the tiles geometry could further reduce the power density dissipation and
mitigate the PWI.

1. INTRODUCTION

In Reversed Field Pinch (RFP) experiments the plasma-wall interaction (PWI) is a subject
of considerable interest for three main reasons: 1) the input power in a RFP (10-50 MW in RFX
[1]) is typically ten times higher than in an ohmically heated tokamak of similar dimension, and
due to a number of asymmetries, first of all the locking in phase and to the wall of MHD modes,
may result in local power depositions of 100 MW m"2 [2,3]. 2) The resistivity enhancement
associated to PWI hampers the dynamo, i.e. the fundamental mechanism that drives the large
poloidal currents characteristic of the RFP configuration [4]. 3) PWI affects directly the edge
region that plays an important role in the RFP confinement, where in fact large pressure
gradients, high shears of flow velocity and of radial electric fields are measured.

It is finally important to note that the several improved confinement regimes found in the
recent past in RFP's, such as the externally driven Pulse Poloidal Current Drive or the
spontaneous High-0 Mode and cc-Mode [5], whose common feature seems to be the reduction of
the turbulent dynamo and therefore of the radial transport in the plasma core, all require among
other requisites a low plasma contamination.

RFX is a toroidal device of 2 m in major radius and 0.46 m in minor radius whose aim is to
experiment the RFP configuration up to 2 MA. The first wall is made of an armour of graphite
tiles that covers almost completely the Inconel vacuum vessel.

Up to 700 kA discharges the effect of the PWI has been documented to be of little
influence on the plasma performance. Despite the presence of a large area of graphite tiles (36
m2) and the high particle outflux, of the order of 1023 s"1, control of recycling is feasible by
minimising the magnetic field errors and by means of a careful wall conditioning. Zeff may reach
values close to one at intermediate and high densities (4-9 1019m 3) [6] and, with the exception of
the high density regimes, radiated power is typically a negligible loss channel [7].

When plasma current is increased the input power generally increases as well. The PWI
close to the WML position shows an increase of the fraction of total energy dissipated (up to 40-
50%)[2,3], an increase of the radial error field at the wall and an enlargement of the area of the
wall affected by the perturbation. The tile edges show an excessive overheating that beyond a
threshold, i.e. when the temperature of the hot spots exceeds approximately 1800 °C, degenerates
into carbon blooming or in enhanced recycling and eventually in a current decay [2].

In the following we describe the several actions that have been undertaken to mitigate the
PWI effects at high current, namely the wall conditioning techniques for controlling recycling and
the attempts to control wall-mode locking position (WML). In addition we analyse the screening
mechanism that allows a low contamination despite the large PWI and finally we consider whether
alternatives to graphite as the first wall material may be conceived for future experiments.
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2 1 MA OPERATION

2.1. Effects of wall conditioning procedures
Fig. 1 shows some relevant time traces of a 1 MA pulse. In the first 35 ms the WML is

stuck at one position of the wall and the density increases. The external chord (solid line)
increases more than the central one ( dashed line), i.e. the density profile becomes hollow. C VI
and O VII emissions increase as well but Zeff remains constant. At about 35 ms the modes change
their locking position: density recovers, the discharge continues and the temperature increases.

Without mode unlocking, WML at high currents thwarts the efforts of controlling the
recycling whatever method is used: either He GDC, boronisation or hot wall. In any case there are
relevant differences in the effectiveness of the three methods: He GDC alone allows depleting the
H inventory at the wall for just a few discharges. A boronised wall instead displays a good
capability of pumping hydrogen during the discharge for about 50 pulses and reduced effects
remain for approximately 200 shots; loss of effectiveness is accompanied by the formation of a
hydrogenated carbon layer on the top of boron [8] and is the faster the higher the current. Hot
wall operations (up to 280 °C) feature strong hydrogen desorption after the shot; the hysteresis
effect on recycling is reduced but the pumping capability during the discharge is less effective
compared with the other two methods. Once boronisation has lost its effects, hot wall operation
does not lead to specific improvements in the control of recycling, presumably because of the
dominant role of the WML in regulating the particle inventory at the wall.

In terms of impurity concentration and radiated power the boronised wall guarantees the
best performances at all currents and regardless of the wall temperature(Zeff=1.5,
Prad/Pohm<10%)

One of the main effects of a wall saturated with hydrogen is the formation at the plasma
edge of large density gradients; they increase with the average density and are almost independent
on current [9], although the highest densities are reached mainly at high currents. Fig. 2 shows the
density gradients measured by the thermal He beam diagnostic as a function of the average
density: the data confirm the results found by the interferometer in [9] and in addition show large
hysteresis effects especially at high density, as indicated by the three contiguous 1 MA shots
10790, 10791, 10792: despite the filling gas was progressively reduced, in these three shots the
density gradient doubles while the average density is practically constant, meaning that the density
profiles become more and more hollow.

2.2. Impurity screening
Remarkably, high current operation do not necessarily mean a higher plasma

contamination. Fig. 3 shows that Zeff does not increase with current for shots with selected
density and a comparable degree of wall conditioning. This behaviour has been justified on the
basis of Monte Carlo simulations of the carbon behaviour at the edge [6] as due to several possible
causes: 1) the ratio between the impurity ionisation length and the Larmor radius of the first
ionised stage is typically low ( between 0.1 and 1) and does not change significantly with current,
mainly as a consequence of the increase of the edge electron temperature with current, as it is
shown in Fig. 4 for density selected pulses. 2) High currents are typically associated to high
densities and therefore to higher density gradients that also reduce the ionisation length. 3) The
fraction of chemical sputtering is relatively large, that is ~ 50% of the total, in agreement with
the observation of molecular emission [6]. 4) At the edge of RFX the radial electric field Er is
negative (= -3 kV, inward directed) in the first 0.5 to 3 cm close to the wall and positive (=1.5
kV) further inside the plasma [10,11]. The origin of the negative electric field has been ascribed to
the prompt losses associated to the finite Larmor radius [12] while the internal and positive one
has been thought to be of ambipolar nature, as a consequence of the stochasticity of the internal
magnetic field [10]. The radial dependence of E r may significantly affect the impurity screening
since sputtered atoms are shifted inward if ionised in the region of the negative field, the opposite
in case of ionisation in the positive field. Data available up to 0.5 MA show that the region where
Er is negative shrinks when current is increased while keeping I/N constant.

2.3. Wall-mode unlocking

Recently a method for controlling the wall-mode locking position has been envisaged and
brought into operation. A more detailed description is reported in [13]. Basically the idea was to
produce an artificial error and to make it rotating toroidally in order to hook and drag the locked
modes around, thus spreading the power losses on a larger area. A reproducible effect on the
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WML, with movements accompanied by changes in the phase locking among the modes and in a
reduction of their amplitude, has been obtained at intermediate plasma current (0.6 MA) [13].
However several successful events have been already obtained also in 1 MA pulses; indeed in these
cases the typical sudden increase in the density is stopped when the WML position is moved. Fig 5
shows the evolution of the toroidal distribution of the perturbation amplitude for the same shot as
in Fig. 1. At about 35 ms the WML moves toroidally by about 200° and prevents a premature
quenching of the current: density recovers and the electron temperature increases reducing the
emission of the highly ionisation states of carbon and oxygen.

3. FIRST WALL MATERIALS AND TOPOLOGY

At low current level (< 0.7 MA) the experience from different RFP experiments shows that
the first wall material is not an issue since the effect of different first wall materials and
configurations on the plasma performance is negligible. In RFX the experience has demonstrated
that at 1 MA the enhanced power exacerbate the PWI and the power handling is much more
critical for both materials and first wall topology.

The excessive plasma edge temperatures advise against the use of high Z materials,
especially if the locking of the modes cannot be avoided.

For the high current and high performance operation only graphite seems to be the suitable
material. Improvements could instead derive from an optimised shaping of the tile profile in
particular in the poloidal direction in order to minimise the power density and avoid the
formation of the hot spots where blooming is likely to occur [14].

4. CONCLUSIONS

The recent experience on RFX shows that the severe problems induced by the PWI at high
currents may be overcome. Positive impacts are expected from the optimisation of the unlocking
of the modes at 1 MA and beyond. Mitigation of the PWI should improve the effectiveness of
boronisation and therefore the density control, which is a necessary means for trying to access the
regimes of improved confinements at high currents. A strong impurity screening at the edge that
does not degrade with current plays favourably in the same direction. Finally further optimisation
of the PWI should come from modifications of the tile geometry aimed at reducing the local
power density.
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Abstract
The particle and energy transport mechanisms have been investigated in RFX. In the core

the particle diffusivity and thermal conductivity are consistent with a stochastic magnetic field
model. At the edge particle transport is mainly driven by electrostatic fluctuations, whereas
radiation, electrostatic and magnetic turbulence account only for 50% of the total energy losses.

1. INTRODUCTION
Transport in a reversed field pinch (RFP) configuration is anomalous and fluctuation driven

as confirmed by measurements in different RFP experiments [1]. In order to investigate the
mechanisms underlying the particle and energy transport in the RFX experiment new
measurements of electron density and temperature profiles and of their time evolution have been
performed in various plasma conditions with a set of dedicated diagnostics, including a 13-chord
mid-infrared CO2 interferometer, a 20-points Thomson scattering system, edge probes, a
bolometric tomographic system and a multifoil soft x-ray spectrometer which allows highly time
resolved electron temperature measurements. Electrostatic fluctuations have been measured at the
edge by triple Langmuir probes and the corresponding energy and particle flux have been derived.
The energy flux driven by magnetic fluctuations has been measured at the edge by a pyrobolometer
combined with magnetic coils. In this paper particle and energy balance in two regions, the core
and the edge, separated by the toroidal field reversal surface at r/a~0.85-0.9, will be addressed.

2. TRANSPORT IN THE CORE PLASMA
Density profiles are found to be flat or hollow in the core with whole the gradient appearing

at the edge in a 2-5-4 cm thick layer [2]. The shape of the profile depends only on the I/N
parameter (defined as the ratio of plasma current over line density), varying from flat or slightly
peaked at high I/N to clearly hollow at low I/N, as shown in Fig. 1. The systematic existence of
stationary hollow density profiles implies the presence of an outward directed fluid velocity in the
core. A one dimensional particle transport code has been used [2] to simulate the density profiles
and the neutral source from the wall and to derive the radial profiles of the diffusion coefficient D
and of the convective velocity. The analysis indicates that the particle diffusivity D in the core is
of the order of 10 mV1 , consistent with the value expected from a stochastic diffusion model based
on the quasi linear estimate of the magnetic field line diffusivity Dm [3]. Indeed a wide stochastic
region is expected in the core of RFX due to the overlapping of the magnetic islands produced by a
wide spectrum of MHD instabilities with high amplitude {blB>\%) and with poloidal periodicity
m=l and toroidal periodicity n in the range 7-20. These instabilities correspond to internally
resonant resistive MHD modes, related to dynamo process [4] and are locked to the wall giving rise
to a stationary magnetic disturbance localized in a toroidally restricted area. The picture for core
particle transport is consistent with what is found for energy transport. A typical electron
temperature profile at /-0.65 MA standard conditions is shown in Fig. 2. As for the density, the
largest gradient appears at the edge, outside the reversal surface, thus indicating that most of the
energy confinement in RFX takes place there. Moving from this pedestal region inward, the

temperature profile in the core is characterized by a region where a second gradient, VTecore is
present, as also shown in Fig. 2. The magnitude of this gradient and the radial extension over which
it is present have been found to depend on electron density and on plasma current, with a trend for
the profile to peak at low neand high / [5]. This behaviour has been summarized in a trend with the
magnetic Lundquist number S: in particular as S increases, more peaked profiles are observed, with
the region spanned by the core gradient extending further inward [5].

1 These authors are also members of INFM, Unita" di Padova
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Starting from these measurements an effective thermal conductivity Xeff n a s been estimated
as y (r) = ff_i_(r) where the energy flux has been derived from the local power balance as

*eff ne(r)VTe(r)
V • q_|_(r) = Q(r) —8(r), where e(r) is the experimental total radiation emissivity and Q(r) the
ohmic power deposition profile given by E(r)j(r); the electric field is modelled via a local Ohm's
law with Spitzer's resistivity and the current density profile is reconstructed with external magnetic
measurements. It must be noticed that in standard discharges radiation losses account for less than
20% of the total losses and most of the radiation is lost in the outer region [6]. The resulting
effective core conductivity is of the order of 400 ± 200 mV1, a value consistent with that
expected in the quasi-linear estimate [3] corrected for collisional effects [7]. In Fig. 3 the particle
diffusivity and the thermal conductivity for plasma current ~800kA are shown. It is interesting to
note that the ratio %eglD is of the order of 40 i.e approximately the square root of the ion and
electron mass ratio, in agreement with a stochastic model applied to a hydrogen plasma with Te=T;.

The role played by magnetic fluctuations in driving core energy transport finds a striking
confirmation when the behaviour of the core Xeff is studied As a function of S [5]. As a consequence

of the previously discussed trend of VTecore a function of S, also the average value of %eff in the core
is found to decrease with S. Since magnetic fluctuations decrease with 5, as predicted by numerical
simulations [8] and measured in various RFPs [9-10-11], the observed trend of %eff with S offers a
direct experimental confirmation of the theory [3], indicating that an improved confinement, with
the onset of core transport barrier, is measured when magnetic fluctuations decrease. The crucial
role played by dynamo related magnetic fluctuations in the core transport has been confirmed also
by a substantial modification of the core thermal diffusivity observed in regimes where magnetic
fluctuations are reduced. An example comes from Pulsed Poloidal Current Drive (PPCD)
experiments, where a poloidal current is externally driven thus alleviating the resort to
spontaneous dynamo [12-13]. One of the most clear effects of this technique is a substantial
reduction of magnetic fluctuations, which is associated with a strong peaking of the Te profile and a
decrease of Xeff'm m e core, where Xeff becomes comparable to its absolute minimum value reached at
the edge. A noticeable improvement of confinement is obtained in these conditions. As a final
point it is worth mentioning that a recent interpretation [14] opens new perspectives for the
understanding of core transport in the RFP. It has been in fact observed that in RFX, as in other
RFPs, the plasma, under certain spontaneous or driven (like PPCD) conditions, moves from a state
characterized by a broad toroidal spectrum to a quasi single helicity state, characterized by a
toroidal mode spectrum where one m=l, n=n0 -7-8 mode is dominating over the others. This single
helicity situation corresponds to one branch of a bifurcated state where confinement is improved;
this fits theoretical expectation [15] since a turbulent dynamo is replaced by a laminar process,
thus recovering a situation where good flux surfaces are present and a much narrower stochastic
region is expected.

3. TRANSPORT IN THE EDGE PLASMA
Electrostatic and magnetic fluctuations have been measured at the edge by insertable probes

in low current discharges (I~300kA) giving normalized values for density 8n/n~0.5-l, electron
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temperature 5Te/Te~ 0.4-0.5, plasma potential e5Vp/Te -1-2 and radial component of the magnetic
field b/B~0.5%. The electrostatic turbulence has broad band features with average wavevector <k>
and frequency <f> comparable to the respective spectral widths.

Electron temperature and density profiles measured by insertable Langmuir probes confirm
that most of the plasma pressure gradient is concentrated at the edge. Particle and energy fluxes
driven by electrostatic turbulence have been measured by triple probes. The particle flux T has a
maximum around r/a=0.97, as shown in Fig. 4, and the radial behaviour has been related to the
neutral source at the edge. By comparing in stationary conditions the maximum of the particle flux
with the hydrogen influx measured on a chord viewing the edge plasma in the outer equatorial
region, it has been found that most of the particle transport is accounted for by electrostatic
turbulence [16]. The particle diffusion coefficient D derived assuming a Fick's diffusion law, i.e.
F = -DVn, is of the order of 10 mV1 , consistent with Bohm like diffusion. This value of D is
consistent with the density profile analysis equating the source and the sink rates from collisional
ionisation and total (radiative plus three-bodies) recombination to the diffusion rate. As shown in
Fig. 5, the resulting D at the edge shows a favourable dependence with increasing density. A double
spontaneous ExB velocity shear takes place at the edge [17]. Change in plasma rotation with radius
has been confirmed by impurity rotation measured by Doppler shift of line emission [18] and by
plasma flow measured by an array of Langmuir probes [19]. This velocity shear is of the order of
lOV1 and results close [18] to that required to decorrelate electrostatic turbulence in RFX. Indeed
the shearing frequency cos, which can be estimated as a>s = <k>A dvExg/dr, where dvExB/dr is the

radial derivative of the ExB velocity, in the region of high velocity shear (r/a = 0.94), results a>s =

(1.6+O.9)xlO5 rad/s, i.e. close to the ambient turbulence spectral width A(0t= (3.3±0.3)xl05 rad/s.

The tos value has been derived from the experimental data of the quantities entering in the

definition: dvE x B /dr=(l . l±0.4)xl06 s"1, <k>=12±2 m"1 and the radial correlation A= 12+5 mm has

been measured by reflectometer. Indeed a reduction of the particle diffusion coefficient is observed
in the region where the shear is maximum and the analysis of the electrostatic fluctuations
indicates that this shear influences their amplitude and coherence [20]. The energy transport at the
edge has been also analysed. Radiation which is maximum at the edge has been taken into account
and the radial energy fluxes due to electrostatic and magnetic fluctuations have been measured. It
has been found that the electron energy flux driven by electrostatic fluctuations Qe shown in Fig. 6,
is mostly convective and < 15% of the total power losses at low current. By assuming an equal
contribution for ions the electrostatic contribution is less than 30% of the total transport losses at
the edge [21]. The magnetic contribution has been derived by correlating the energy flux parallel to

the magnetic field with the radial component of the magnetic field qr=(q/j br). It has been found
that at low plasma current this contribution is negligible at the edge due to a low coherence between
magnetic fluctuations and energy flux fluctuations as observed in MST [22].

The small contribution due to magnetic activity at the edge is confirmed by the negligible
effect on the thermal conductivity observed during PPCD. Even taking into account the radiation



874 EXP3/15

D(a) (m2. s"1)

10 \-

70

60

50 E-

4 0 '-••

30 h-

20

10

0 h- i i -

0.86 0.88 0.9 0.92 0.94 0.96 0.98 1

FIG. 5 Particle diffusivity at the edge vs FIG.SElectrostatic energy flux!"
plasma density.

losses, which are typically of the order of 10-20% of the total losses, almost 50% of the power
balance is missing at the edge. Candidates to explain this discrepancy are the ion losses, the
electrostatic contribution of non-thermal tail in the electron distribution and the effect of the
locked mode.

4. CONCLUSIONS
Two distinct confinement regions have been identified in RFX: a core region and an edge

region. The core region is controlled by dynamo related MHD instabilities which originate a wide
stochastic region. Particle and energy transport coefficients are in agreement with a stochastic
model. In the edge region particle transport is mainly driven by electrostatic fluctuations whereas
the energy transport is still under investigation since only 50% can be accounted for by
electrostatic fluctuations, magnetic turbulence and radiation. Energy confinement in the core has
been improved at higher plasma currents or in regimes of reduced magnetic fluctuations obtained by
PPCD or through transition to single helicity state. At the edge it has been found that electrostatic
fluctuations are sensitive to the shear of the radial electric field, opening the possibility to achieve
regimes of improved particle confinement by enhancing the plasma rotation.
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Abstract
The paper reports on the present status of the Gas Dynamic Trap (GDT) experiment and plasma parameters recently

achieved with increased neutral beam power. The measurements indicated plasma beta approaching 0.3 in the vicinities of
the turning points of energetic sloshing ions. Energy balance of the energetic sloshing ions with maximal density of 1013 cm"3

and energies ~ 5-7keV was studied in detail in the regimes with high beta. It was observed that relaxation and losses of the
energetic ions are dominated by classical Coloumb scattering. Also discussed in the paper is power balance of the bulk
plasma heated by the neutral beam injection.

1. INTRODUCTION

The Gas Dynamic Trap (GDT) (see Fig.l) is an axisymmetric plasma confinement device with
the high mirror ratio variable in the range of 12.5-100. To provide MHD stability of the entire plasma
axisymmetric min-B cells are attached from both ends of the device. The plasma confined in the
central cell is essentially collisional and contains hot ion minority produced by oblique injection of
high-power neutral beams (NBs) into the relatively cold target plasma. The plasma in the external
stabilizing cells are fed by bulk plasma losses from the central cell. Studies of low beta (5-10%)
plasma confinement in GDT are reported elsewhere [1-3]. Main objective of the GDT research
program is to generate adequate plasma physics database for the GDT-based neutron source for
material irradiations [4]. In order to provide 14MeV neutron flux approaching 2MW/cm2 in the testing
zones plasma beta in the device should be as high as -0.7. So far, confinement of high-p plasma,
relevant to operational conditions in the GDT-based neutron source, was not studied. To address those
problems we increased injected neutral beam power and improved vacuum conditions in the GDT.

FIG.l General layout of the GDT.

The GDT parameters are listed in Table 1. Recently, the currents of each of six NB injectors
were equalized by their increasing to 37 eq. A. (as it was for the better injector), for 15.5 -17keV
energy thus providing full injection power of up to 4.3MW in 1.2ms pulses. Due to the equalizing the
injected currents and beam energies for the injectors located at different azimuths better axial
symmetry of the injection was achieved. It resulted in smaller disturbances and induced losses of the
target plasma during the initial stage of neutral beam heating. With increase the injected NBs power
plasma energy was also increased more than 1.5 times in comparison with that previously achieved.

2. SLOSHING IONS CONFINEMENT AND RELAXATION IN THE HIGH-p REGIMES
In stable regimes of confinement with cusp end cell [3] and when titanium was deposited onto

the first wall, heating up of bulk electrons to temperatures of 120eV was observed. Reduction of
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charge-exchange losses and increase of target plasma temperature enabled to increase the density of
fast ions with the mean energy of 5-8keV to 1013 cm"3 near the turning points.

Distribution function of the energetic ions over energies was locally measured at the midplane
of GDT using "artificial target" method [5]. Relaxation of the fast ions in the target plasma was
simulated using Monte-Carlo code which incorporates classical Coloumb collisions. Simulation results
were find to be in reasonable agreement with the experimental data on the fast ion distribution over
energies and pitch angles as well. The measured fast ion energy content, with an accuracy of ±10%,
close to that predicted by the code for the given parameters of target plasma.

TABLE 1. The parameters of GDT experiment

Parameter
Magnetic field at midplane
Total length
Trapped NBI power (15.5-17keV beam
energies)
Fast ion energy content
Bulk plasma energy
Electron temperature
Radiated power
Electron drag power in limiter shadow
Power released on limiters
Plasma radius
Bulk plasma density

Value
0.22 T
llm
2.4-2.6 MW

520-700 J
170-230 J
85-1 lOeV
20-50kW
220kW
300kW
8.5cm
1.0-10xl013cmf3

The fast ions global energy balance in high-p regimes is illustrated by Fig.2. NB-injected
power (Pinj) was determined by measuring of a drain current and an accelerating voltage of each
injector. Then, ion beam power was multiplied by the measured neutralization efficiency of the beam
which varies in the range of 0.82-0.85 for different injectors. Trapped NB power (Pj.) was determined

from beam attenuation measurements. The fast
ion energy content (WF) was inferred from the
diamagnetic loops data.

The power of charge-exchange losses (Pex)
were measured by bolometers located on the
first wall of central cell. Subsequently the
electron drag power (PFe) was derived using the
energy balance equation:

dWF
P — P — •

dt
— P-

o.i

In parallel, the Monte-Carlo (FIT — fast ion
transport code) [6] and Fokker-Planck (FPM —
fast particles model) [7,8] codes were applied to
calculate the fast ion characteristics. As inputs
for these codes we used the measured
parameters of neutral beams and those of the

t, msec target plasma and spatial density distribution of
neutral gas in the central cell.
The comparison between the measured and
calculated temporal variation of fast ion energy
content shows, that within the measurement

accuracy the experimental and simulated data are almost identical (Fig.3). It demonstrates that the
relaxation rates of the fast ions in a plasma background are essentially defined by Coulomb collisions
with a bulk plasma and charge-exchange. The same results has been obtained previously in the studies
of lower density energetic ions relaxation [3,9]. The global characteristic times of electron drag and

FIG. 2 Fast ion power balance data
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FIG. 3 Fast ion energy content vs. time:
simulations using FIT and FPM codes and
experimental data measured before (spring'96)
and after (winter'98) NB-system upgrade.

charge-exchange of fast ions were calculated from
the energy balance data by making use of the
following relationships:

Initially, when NBs start up, the electron drag
time was as low as 10-20|J.s provided the electron
temperature being of some eVs and plasma
density of 3-13x1013 cm"3. Later on the electron
temperature increases up to 100 eV causing the
electron drag time increase up to 0.3-0.8ms. The
charge-exchange losses were measured to be
negligibly small during NB injection (Tex=6-
10 ms).

* 0.8

In Fig.4 the local energy distribution functions
of fast ions are presented at different time points
after the start of NBI. From measurement of the
energy spectra one can determine the mean energy

of ions, that was estimated to be 5-8 keV. The angular distributions of ions with different energies
were also measured and compared to those obtained by numerical simulations. This comparison did
not reveal any significant anomalies in fast ion slowing down and scattering rates.

3. BULK PLASMA ENERGY LOSSES
To evaluate the central cell energy confinement time in the high beta regimes we define

T±=-f-, where Wcc is energy stored in the bulk plasma, determined by diamagnetic loops, and P± is

the transverse power losses from the bulk plasma. Energy losses from collisional bulk plasma under
neutral beam heating were evaluated in the high performance shots by direct bolometric measurements

of the power released on the limiters, less the
power released by finite-orbit fast ions in the
halo plasma located in the limiter's shadow.
The former portion is not directly measured, we
determined it from fast energy balance data.
The magnitude of the various terms used to
evaluate the global energy confinement time of
the bulk plasma is given in Table I. The
difference between the total power absorbed by
the limiters (300kW) and Electron Drag Power
(EDP) of fast ions in the halo plasma gives for
the radial power flux from the core plasma the
value of about lOOkW. In the same
experimental conditions the bulk plasma energy
content amounts to 170J. This corresponds to
energy confinement time of the heated plasma
of 1.7ms. In accordance with the data given in
Table I, taking the plasma radius a=8.5cm and
B=0.2T, T=85eV, one obtains that the
characteristic Bohm confinement time

t=0.2...0.3 ms
<E>=7,4keV

t=0.6... 0.7 ms
<E>-6:8keV

i=1.2...1.3 ms
<E>=5-3 keV

=a w h e r e , equals to

FIG. 4 Local energy distribution functions of fast
ions on the GDT axis (r=0...4cm)

%DBohm

0.045ms and is at least 37 times less than the
observed value. This observation reasonably
correlates with the results obtained previously
for lower plasma temperatures. Note that this
ratio between the plasma lifetime and
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characteristic Bohm time is considered to be favorable for the operational parameters of the GDT-
based neutron source.

Axial losses from the central cell plasma were also measured and found to be in reasonable
agreement with the theory applicable to a collisionless regime of plasma flow beyond the mirrors [6].
An assessment of power balance of the cusp stabilized central cell plasma indicates that these axial
power losses account for at least 60% of the EDP for mirror ratio of 12.5.

It was observed that the electron temperature profile in the high performance shots has a well
pronounced minimum on axis, indicating enhanced energy losses from the near-axis region. This
region is well mapped along the field lines onto the plasma gun, so it can be concluded that this
temperature reduction is attributed to heat sink onto the gun. Local energy balance data indicate that
about 30% EDP are lost due to this mechanism for plasma temperatures in the range of 80-1 lOeV. For
smaller temperatures this energy losses become less significant [3,9].

4. CONCLUSIONS

Plasma P in GDT central cell was increased up to 30% with higher NB power. Measurements
of local distribution of fast ions over energies and pitch angels indicate that there were no noticeable
anomalies in fast ion slowing down and scattering. For mirror ratio of 12.5, energy losses from the
target plasma are dominated by longitudinal ones. With increasing mirror ratio to 45 it was observed
that energy lifetime of the target plasma is about 2 time less than that determined by longitudinal
losses through the mirrors. Additional channel of energy losses can be characterized by corresponding

lifetime which is estimated to be » 30 X' ̂ ohm for the representative shot parameters. In this estimate

of the effective plasma temperature is calculated including contribution from fast ions. Exact
mechanism of enhanced transverse losses is not identified so far. It is believed that the extra energy
losses during NB injection would be caused by residual asymmetry of beam current of injectors
installed at different azimuths that still exists. Nevertheless, it should be noted that these losses are
tolerable when scaled to the operational parameters of the GDT-based neutron source.
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Abstract

The development of sausage type (m=0) instabilities in initially homogeneous plasma column
leads to the appearance of dense plasma. Temperature of this plasma is substantially higher, than the
average plasma temperature in the column. Therefore the reasonable idea might be the using of this
high temperature areas for nuclear burn wave initiation. The study for possibility of this phenomenon is
presented.

1. INTRODUCTION

Investigation of Z-pinch discharges, compressing itself due to rising magnetic pressure of their
currents, shows, that z-pinch plasma column is unstable and the appearance of hot and dense plasma in
the neck (the regions of maximal compression) is a reality. Simulation predicts the main part of plasma
column has temperature l-2keV, at the same time the plasma temperature in the neck region may
achieve lOkeV at IMA current range. Such the plasma is considered to be perspective for
thermonuclear fusion.

With increase of the discharge current confinement parameter nT is also increased. If the
confinement parameter is enough high, the essential thermonuclear energy in the neck might release and
the modelling predict, that under certain conditions burn wave will propagate along z-pinch axis [1-4].
In this case thermonuclear heat release will take place from the all plasma column, not only from the
neck region.

2. THEORETICAL RESULTS

Thermonuclear wave initiation in the neck and its further propagation along Z-pinch axis were
firstly simulated in [1]. The calculated energy heat release appeared to be essentially larger than, that
have been spent to creation of given pinch. Therefore Z-pinch might be the energetically advantageous
energy source. Results of MHD modelling of thermonuclear burn wave initiation with its further
propagation along plasma column is presented in this paper [3].

',2

a)

-* Plasma column

' disturbance

b)

Plasma column

temperature
plasma

Plasma column

thermonuclear
burn w aves

FIG. 1. Dynamics of the discharge with thermonuclear burn wave, a) the initial stage, b) formation
of thermonuclear burn wave, c) propagation of the burn waves.
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Fig. 1 shows distribution of pinch at different stages of the discharge. On the initial stage (during
increasing of the current) the z-pinch is cylindrical column with conical perturbed zone (Fig. la). Such
zone is usually formed as a result of m=0 MHD instability. Since the magnetic field pressure in the
perturbed zone is somewhat greater than the plasma pressure in the column, the perturbed zone is
expended, that result in the emergence of the cavern in the plasma column. The cavern is developed due
to the entry of magnetic field into it from the rarefied peripheral plasma (Fig lb).

In the near axis zone the plasma column is compacting and a gradual increase in its temperature
occur. When the temperature > 5keV is attained, an intense fusion heat release, resulting in the
emergence of a burn wave, propagating along the pinch axis, starts in dense plasma. In this case, a
dense plasma configuration around the axis disappears beyond the propagating wave front, the process
of wave propagation is accompanied by an essential plasma temperature rise in near axis zone (Fig. lc).

Thus the appearance m=0 MHD instability plays positive role and leads to creation of hot dense
plasma and burn wave. The burn wave in DT mixture will be realized at the current range larger, than
10 MA, if the plasma radius in the neck region will be less, than 10"* cm. At the 100 MA current range
thermonuclear wave undoubtedly takes place. Analysis also shows, that to decrease the requirements to
energy driver, which must have enough high rate of rise of current, the presence of medium with
density for 10-104 times less, then solid matter density, is necessary around the DT mixture to achieve
the matched regime.

The main state of matched regime is that the initial radius of the handmade neck and the initial
fiber density need to be correctly chosen in order to the timescale for development of the neck and the
current rise time coincide. Such matched regimes have been thoroughly investigated theoretically by
group from Kurchatov Institute, have verified by comparison with experimental results on plasma
focus devices and are widely used at present in the design of the new installations.

3. EXPERIMENTAL RESULTS

The 8-module 10TW pulse power generator S-300 was constructed for the development of
experimental investigation in this field in RRC Kurchatov Institute. The S-300 installation with output
impedance of 0.15 Ohm provides a total current up to 4MA with a rise time of 60ns in Z-pinch load
[5]. To examine the desirable theoretical approach and to receive the plasma with thermonuclear
parameters fibre with preformed perturbation are used. The initial plasma was produced by an
electrical breakdown of profiled carbon filled agar-agar fibres with density of 0.05-1 g/cm3.

FIG 2. a) Optical (1,2,3) and VUV-soft X-ray (4,5,6) frame-camera pictures for carbon filled agar-
agar fibres of 0.1 g/cm3 density with a neck region of less than 1 mm diameter; b) Pinhole-camera
picture of carbon filled agar-agar fiber of 0.1 g/cm density and with the initial neck diameter <
lmm.
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The best matching with the load at the level of incident energy wave of 70 kJ, transmitted to the
vacuum concentrator unit, occurs for the fibres diameter of 3-5 mm and their length of 7-10 mm. The
neck diameter and its mass per unit length were being varied between 0.5-2 mm and 0.1-0.5 mg/cm
accordingly. Various X-ray diagnostics were used for plasma parameters measurements: X-ray framing
cameras with 5ns exposure time, X-ray pinhole cameras, fast response detectors with filters and crystal
Roentgen spectrographs. In addition, optical radial streak photographs with the slit, aligned
perpendicular to the pinch axis and framing cameras were used.

It was established that plasma formation essentially depends on the initial density and radius of
the neck. At the initial fibre density lower than 0.05 g/cm3 of the plasma corona was formed with the
diameter, exceeding that of the neck diameter [6]. Chaotically arising bright spots were observed in the
space occupied by the rare plasma (the corona). At increasing the initial fibre density up to 0.1 g/cm3

the time integrated pinhole camera and X-ray frame camera pictures show the plasma formation in
preliminary made neck (see Fig.2). The mean compression velocity as determined from X-ray frame
camera pictures proved to be 5-106m/s. The highest compression for the initial neck diameter of 1 mm
corresponded to the moment of current maximum.

Fig.3 shows optical radial streak image in the fibre neck of lmm initial diameter. The bright
region with cross - size dimension of 0.5 mm exists during first 100ns. The continuous expansion of
emission comes at least 100ns after the current start. It must be noted that the expansion of bright
region is observed on soft X-ray frames. The picture of expansion were taken at about 145ns after the
current start. From time-integrated pinhole camera pictures it follows, that as a result of compression
the plasma formation occurs with the least diameter dimension of 40-70 (am as observed behind 10-20
fj.m thick mylar filter (Fig.2b).

Approximately the same dimension values of the hot plasma were obtained in spectroscopic
measurements from the width of X-ray penumbra behind the edge of the horizontal slit. The
compression was accompanied by the soft X-ray radiation pulses. The moment of the hot plasma
appearance determined by soft X-ray radiation burst behind the 10 jxm thick mylar filter corresponds to
the current's maximum. It should be noted that, the VUV-diode with 10 |um mylar filter is most
sensitive to 2keV X-ray radiation. The hot plasma life-time measured by the half intensity of soft X-ray
decay is less than 5ns, while the radiation power for > lkeV quanta exceeds 5-109 W and the total
irradiated energy is to be 20-50 J.

In some experiments a diagnostic admixture of KC1 was used, the luminous region length of
helium-like chlorine radiation, measured by a spectrograph proved to be 100-150 |um with its diameter
of 200 (am. At the same time measured diameter for helium-like potassium is in one and a half times
less. The electron density and temperature, calculated from the spectral lines intensity ratio of
hydrogen-like and helium-like ions, proved to be: ne = (0.3-l)-1022 cm"3, Te = (0.8-1.5) keV. The line
broadening measurement analysis shows, that there is a significant difference between the ion and
electron temperatures. The observed effect is characteristic for fast Z-pinch, compressed by the
magnetic field of megaampere current range.

The plasma parameters at the initial density of 0.1 g/cm3 were depended essentially on the neck
profile. The highest parameters were obtained when the load neck was like two truncated cones with
their tops directed towards to each other and the cone angle not exceeded 90°. By increasing the initial
load density up to 1 g/cm3 the plasma parameters decreased and became lower than for the density of
0.1 g/cm3.

3.OO ns

FIG. 3. The radial optical streak photography of a fibre neck
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4. DISCUSSION AND CONCLUSIONS

Theoretical and experimental results, presented here, show positive role of m=0 instability. This
type of instability leads to creation of hot dense plasma and initiation of burn wave.

The experiments carried out on the S-300 generator at Z-pinch current range from 1 MA [5] to 3
MA, show the reliable effect of deep neck development and hot dense plasma formation. Plasma with
typical cross-size dimension of 40-70 |J.m was formed in the region of a preliminary made neck as a
result of electrical breakdown of carbon filled agar-agar fibres. The highest plasma parameters n. =
1022cm3, Te = 1-1.5 keV, were obtained by using fibres of 0.1 g/cm3 density. The hot plasma lifetime
proved to be 5 ns. The power and full energy of soft X-ray radiation in the range of quanta energy hv
> 1 keV proved to be 5- 109 W and 20-50 J, correspondingly.

Let we assume, that all the Z-pinch current flows through the neck region. Then for the smallest
measured neck diameter values of 40-70 (xm, which at the same time correspond to the space resolution
of used diagnostics, the magnetic pressure H2/87t round the neck would be about two orders of
magnitude higher than the kinetic pressure (rieTe + njT;). Thus the experimental investigation, carried
out at S-300 device, has shown Bennet equation is not fulfilled at the final stage of neck development.

The probable reasons for such the discrepancy might be because of the following effects have
not been accounted:

- generation of axial magnetic field (along z-axes),
- generation of chaotic electromagnetic fields inside plasma,
- transfer of the current by surrounding plasma.
Besides that, it is possibly, that we actually have more deep compression, which is not seen

because of inappropriate resolving power of equipment. Probably plasma density is higher, than it is
obtained by our methods, x-ray spectroscopy might doesn't show the high density because of possible
trapped of corresponding lines.

So, the question about minimal plasma sizes is open and needs more detailed investigation. In
this connection one of the most interesting study is that, related to searching the mechanisms, limiting
the degree of compression. This might be realized by measuring plasma parameters with high spatial,
spectral and time resolutions and by comparison with results corresponding of MHD modelling.

Our results show the perspective of Z-pinch devices for creation of plasma with thermonuclear
parameters. To obtain the necessary plasma parameters more careful investigation of the mechanisms,
responsible for burn wave initiation is necessary.
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Introduction. The Extrap-T2 reversed-field pinch has concluded operation in the OHTE RFP
configuration with a resistive shell. T2 is the only RFP that has recently operated with a resistive shell:
Tsheii — 1-5 ms, which is much shorter than the pulse duration of up to 15 ms. The minor radius of the
shell is b = 1.09a, where a = 18.3 cm is the radius of the first wall. The wall is covered by carbon tile
armor. This paper summarizes our observations and conclusions regarding wall-locked modes, dynamo
activity and plasma-wall interaction (PWI) with a resistive shell and graphite first wall.

Measurements indicate that plasma performance is significantly degraded by the presence of a
toroidally-localized, wall-locked, internally-resonant mode, despite the fact that discharge duration of up
to ten times the shell penetration time can be achieved. 3-D resistive MHD simulations demonstrate the
degradation of magnetic topology which occurs with a resistive shell. A new observation is that high
frequency dynamo activity originates in the region of the locked mode, contributing to an asymmetry
of toroidal flux. The distorted flux surfaces give rise to regions of very intense power loads on the
graphite first wall, resulting in impurity and hydrogen release. A hydrogen recycling and fueling model
simulates the rise of density observed in PWI events, due to thermal H release when the graphite surface
temperature exceeds 1000 K. Infrared camera measurements show that at regions of intense PWI, the
wall temperature reaches up to 1200 K by the end of the discharge. The total area of these regions is
estimated from camera pictures to be approximately 2% of the total first wall area. This result is in
agreement with the hydrogen recycling model where local heating of 2-5% of the first wall area can
reproduce the experimentally observed density evolution. In addition, carbon and oxygen are released
into the plasma, further cooling the electrons, increasing Zefi and leading to increased plasma resistance.
A 1-D transport code predicts that there could be improvement of energy confinement by at least a factor
of three with reduction of the locked mode to below the level of the existing temporal fluctuations.

Wall-Locked Modes. T2 is equipped with an array of 32 loops which measure the toroidal flux
within the outer radius of the toroidal field coils and a 4 x 32 array of pickup coils which measure
the radial magnetic field Br at the outer surface of the shell. These have been used to diagnose the
wall-locked mode which grows on the resistive shell penetration time-scale in every discharge.

The mode manifests itself on both magnetic diagnostics: as a localized increase (typically 10%)
of toroidal flux and as a localized region with a large radial field (Br/B ~ 5%). Fig. 1 displays the
distortion of an outer poloidal flux surface constructed using the poloidal field data. Although the narrow
toroidal extent of the mode makes accurate mode analysis difficult, the measurements indicate that the
mode is internally resonant, with poloidal mode number m = 1 and a broad n spectrum centered around
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n = 12 ~ 2R/a. The mode is therefore a wall-locked version of the internal tearing mode 'slinky' seen
on many RFP devices. External, low-n 'resistive-shell' modes are, if present, obscured by external field
errors. The locking location varies from discharge to discharge, and is likely associated with external
field errors which provide a nonzero seed Br at the edge. Locking can be forced at the location of an
externally-applied ra = 1 field error [1].

Simulations carried out with the DEBS [2] resistive MHD code using a resistive-shell boundary
condition, but low aspect ratio (R/a = 2.2), show similar behavior, with a ±20% toroidal variation of
the toroidal flux and a local region where Br/B reaches 20%. As shown in Fig. 2, the mode degrades the
magnetic geometry in the outer half of the plasma and makes the reversal surface extend outside the shell
along an m = 1 band over a 90° toroidal extent. Although T2 has much higher aspect ratio (R/a = 6.8),
and therefore a more localized mode structure, the DEBS simulation provides a good qualitative picture
of the locked-mode topology.

Dynamo Activity and Confinement. Toroidally localized flux generation occurs largely in dis-
crete events in the region of the locked mode, with a period of 100-150 fxs. These local dynamo events
appear at the position of the wall-locked mode and rotate toroidally around the torus, diffusing and re-
connecting in less than one turn, yielding an axisymmetric toroidal flux contribution. Similar events have
been observed in ZT-40 and are therefore not a resistive-shell feature. However, in T2 the fixed starting
position of the events creates a stationary toroidal flux perturbation at the position of the wall-locked
mode. In addition, the dynamo activity is correlated with coherent n = 0 oscillations in soft x-ray emis-
sion, and occasionally with edge localized line emission in the locked mode region. This suggests that
the core electron temperature and the edge particle flux is modulated by localized dynamo activity. We
conclude that a large fraction of dynamo activity is associated with the locked mode and affects global
confinement.

Plasma-Wall Interaction and Confinement. The wall-locked mode leads to a localization of
power flux and, to a lesser extent, particle flux to the wall, often resulting in a strong influx of hydro-
gen and impurities along with a characteristic drop of the edge electron temperature from 20 to 5 eV.
Calorimeter probe measurements indicate that, on average, heat flux in the range 15-45 MW-m~2 is
incident in the electron drift direction on the exposed edges of the graphite tiles in 150-kA discharges.

A fast (1 ms/frame) and a slow (20 ms/frame) CCD camera have been used to obtain photographic
images of the first wall. The camera view is along a tangential chord and covers a A<fi = 50° ± 10°
toroidal sector. Fig. 3 displays an image of Ha (A = 6560 ± 65 A) line radiation obtained with the fast
camera in which the wall-locked mode is evident as a region of greatly-enhanced emission. The region
has an m = 1 structure, n = 12 — 18 with a pitch coinciding with the helicity of the internally-resonant
modes. The m = 1 instability is a common feature and characterized by a full turn in the poloidal
direction. The typical toroidal width of the structure is about 20°.

Using a CII camera filter (A = 5150 ± 25 A), similar m = 1 structures are observed. In addition,
local hot-spots have been observed with high poloidal mode number (m ~ 6). Typical effects of carbon
blooming with sudden increase of carbon impurity influxes have also been observed at the end of the
discharges. Infrared measurements (A = 10240 ± 150 A) with the slow camera show that temperatures
exceeding 1200 K are reached on a small fraction of the graphite wall (> 1% of the total area) during
the discharge. This is sufficient for thermal release of trapped hydrogen (900 K) and for self-sputtering
and chemical erosion of the graphite-wall.

In Fig. 4, the density evolution for a 180-kA discharge, which exhibited a rapid density increase
due to a plasma-wall interaction event, is overlayed with a hydrogen recycling and fueling simulation
assuming 2-5% of the surface is affected by thermal release of trapped particles. The same discharge
has been analyzed with calibrated VUV spectroscopy, showing that the strong increase of density at
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t = 4.5 ms (Fig. 4) is accompanied by increases of impurity line emission and plasma resistance. The
increase of plasma resistance is within the range calculated using Spitzer resistivity and the observed drop
of core Te from 100 to 50 eV and increase of Zeff fr°m 1-9 to 3.6. The Z^ rise is due in large part to
increased carbon concentration. The global energy confinement time decreases by 40% (assuming equal
ion and electron energy content). The plasma partially recovers from the strong hydrogen and impurity
influx: ne and Zeff decrease while Te increases somewhat, resulting in continuation of the discharge in a
colder, more resistive, state.

Transport Simulations. The 1-D particle/energy/neutral transport code RFPEQ [3] has been used
to compare two cases: an experimental 150-kA discharge condition with a locked mode perturbation
Br/B = 4.5%, and a hypothetical discharge with Br/B = 2.0%, corresponding to the measured level
of temporal fluctuations. This gives an estimate of the minimum improvement one would achieve by
eliminating the locked mode either with a conducting shell or active control such as forced rotation.
The neutral density was adjusted to maintain equal plasma density (2 x 1019 m~3). This comparison
suggests that elimination of the locked mode would increase Teo from 80 to 140 eV and reduce the loop
voltage from 100 to 50 V, increasing the global energy confinement time by a factor of three in addition
to improvements expected from reduced plasma-wall interaction.

Conclusions. Measurements on Extrap-T2 with a graphite wall and resistive shell indicate that
plasma performance is significantly degraded by the presence of a wall-locked, internally-resonant mode,
despite the fact that discharge duration of up to ten times the shell penetration time can be achieved. 3-
D resistive MHD simulations demonstrate the degradation of magnetic topology which occurs with a
resistive shell. Impulsive dynamo activity originates in the region of the locked mode, contributing to an
asymmetry of toroidal flux. This asymmetry is well established before flat-top conditions are reached,
suggesting that rShen is t o ° s n o r t as compared to the time-scale for tearing-mode growth and the related
dynamo and relaxation phenomena. Therefore the wall-locking prohibits establishment of good RFP
equilibrium. A hydrogen recycling and fueling simulation matches the rise of density observed in PWI
events with thermal H release when 2-5% of the graphite surface is heated to 1000 K. In addition, carbon
and oxygen are released into the plasma, further cooling the electrons, increasing Z^ and leading to
increased plasma resistance. A 1-D transport code predicts improvement of energy confinement by at
least a factor of three with reduction of the locked mode to well below the existing temporal fluctuation
levels.

T2 Rebuild. T2 is now being rebuilt with several significant changes: (1) the single-layer brass
shell is replaced by an overlapping double-layer copper shell with a shell penetration time of 5 ms;
(2) the graphite first wall is replaced by a large number of molybdenum mushroom limiters; (3) a new
vacuum chamber allows increased diagnostic access; (4) the helical toroidal field coil is replaced by a
conventional 64-coil solenoid. Unlike the previous T2 configuration, in which the plasma current ramp
time (2.5 ms) was longer than the shell time (1.5 ms), allowing the locked mode to develop during the
period of strong ramp-up dynamo activity, the T2 rebuild will reach maximum current on a time scale
corresponding to conducting-shell boundary condition. This allows one to study the transition from
conducting shell to resistive shell equilibrium with improved plasma conditions. The rebuilt device will
begin operation in 1999.
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FIG. 1. The poloidal flux surface at the radius
of the resistive shell, generated from radial field
measurements at time t = 7 ms in a discharge,
when the wall-locked mode is fully developed.
(Distortions are magnified by a factor of 10.)

FIG. 2. Midplane toroidal flux contours from a
DEBS resistive-shell simulation at aspect ratio
2.2. The contours indicate the position of field
lines as they cross the midplane. The reversal
surface is shown with a darker internal line. The
total toroidal flux is shown on the inner polar
plot.

FIG. 3. An image of Ha line emission obtained
with a camera viewing along a tangential chord.
The wall-locked mode is visible as a region of en-
hanced emission with an m = 1 mode structure.

FIG. 4. Line-average electron density from a T2
shot with a strong plasma-wall interaction event,
along with two simulations of hydrogen recycling
and fueling which include a sudden temperature
increase on a small fraction of the surface area
att = 4.8 ms.

[1] G. Hedin, Proc. 20th EPS Conf. on Cont. Fusion and Plasma Physics, Vol. Ill, 1265 (1997).
[2] D. Schnack and S. Ortolani, Nucl. Fusion 30, 277 (1990).
[3] S. Hokin, Nucl. Fusion 37, 1615 (1997).
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Abstract

Classical transport theory grossly underestimates collisionally-driven cross-field transport for
plasmas in the parameter regime of rc«A,D, where rc = vlQ.c, XD = TIATK n. In current
experiments operating in this regime, cross-field test particle transport is observed to be a factor of 10
larger than the prediction of classical theory. Heat conduction is enhanced by up to 300 times over

4
classical theory, and viscosity is up to 10 times larger. New guiding center theories of transport due
to long-range collisions have been developed that agree with the measurements. Theory also predicts
that emission and absorption of plasma waves may further enhance the thermal conduction and
viscosity, providing a possible mechanism for anomalous thermal conductivity in the electron
channel of fusion plasmas.

1. INTRODUCTION

Recent theory and experiments on magnetized non-neutral plasmas have investigated the rate at
which collisions cause transport of particles, momentum, and energy across an imposed magnetic
field. It may be surprising that anything new can be learned in this area, since this subject was
exhaustively studied in the early days of plasma physics, resulting in what has come to be known as
the classical theory of collisional transport^ 1-4]. However, recent experiments have observed
collisional transport that is much larger than the classical theory predicts. Test particle diffusion is ten
times larger than classical theory [5,6]; thermal transport is up to 300 times larger and is independent
of magnetic field strength [7-9]; and viscosity is up to 104 larger, and actually increases rather than
decreases with magnetic field strength [10,11]. Note that the enhanced transport is not due to
turbulent fluctuations; the nonneutral plasmas are very quiescent. Also, the measured fluxes are in
substantial agreement with new theories of transport due to long-range E x B drift collisions being
developed by the UCSD group [7-8,12-16].

The basic problem with classical transport theory is that it ignores an entire class of collisions.
The elementary cross-field step envisioned in classical theory occurs as a result of a close collision
that scatters the particle velocity vectors. This scattering causes the particle guiding centers to change
position by Ar = rc [see Fig. l(a)]. Such scattering occurs only for small impact parameters p<rc.
However, there are also long-range collisions with impact parameter p>rc, and these dominate in
plasmas for which rc « XD. For these collisions, the interaction fields cause the particles to E x B
drift across the magnetic field [Fig. l(b)], and also to exchange energy associated with velocity
components parallel to the field.

The experiments that observe the enhanced transport caused by these long-range collisions were
carried out on single-species nonneutral plasmas confined in a Malmberg-Penning trap. The
confinement geometry is displayed in Fig. 2. The trap consists of cylindrical electrodes immersed in a
uniform magnetic field. The plasma rotates through this magnetic field, creating an inward v x B
force that confines the plasma radially. Axial confinement is provided by application of voltages to
the end electrodes, creating an axial potential well.

In the next section we discuss thermal conduction, and in section 3 we examine test particle
diffusion. In order to save space we do not consider the plasma viscosity in detail. Interested readers
are directed to the references [ 8,10,11,13,14].

Work supported by grants from NSF and ONR.
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FIG. 1. a) Short-range and b) long-range collisions. FIG. 2. Electrodes and laser paths.

HEAT TRANSPORT

Preliminary measurements of cross-field collisional heat transport on a pure ion plasma show a
strong enhancement (up to 300x classical) due to long-range collisions [8,9]. A radial thermal

gradient is created in the Mg+ ion column by shining a laser along the magnetic field (Fig 2). After
turning off the heating, the relaxation of the temperature gradient is measured using a low intensity
probe beam. The measurements show that the heat flux is diffusive, and some results for the thermal
diffusivity are displayed in Fig. 3. Our evaluation [7] of the heat conductivity K from long-range
collisions with impact parameters in the range rc< p<XD gives

2xl5n = 0.48v0A^ = 0.039-^, withv0 s nvb2 and b = e2 IT . (1)
mv

The theory has no adjustable parameters, and agrees well with measurements over a range of
1 y2 decades in temperature, 2 decades in density and for two magnetic field strengths. (Only a portion
of this data is displayed in Fig. 3, for n = 1.4 xlO cm" at B = AT.) In this theory, particles exchange
parallel velocities, even though they are on field lines separated by up to XD. For comparison, the
classical prediction is K/n = v±\\rc , where VJJ = (84n 115) v0 ln(rc / b).

Surprisingly, the heat transport from long-range interactions is independent of density and
-1/2

magnetic field, scaling only with temperature as T . All three scalings (n,B, T) are quite different
than the classical theory predicts [4].

In addition, the new theory predicts a contribution to K from wave-mediated interactions between

particles separated by very long distances (p » XD.) . This mechanism was originally considered by
Rosenbluth and Liu [17] as a possible explanation of the anomalous heat loss through the electron
channel in fusion plasmas. More recently, Ware has discussed the enhancement of the wave transport
for a non-Maxwellian particle distribution (e.g., a high energy tail) [18]; such distributions can be
produced in a trapped nonneutral plasma. Of course, the advantage of using a nonneutral plasma with

rc « X.D for such studies is that the mechanism of interest dominates the heat transport.

3. TEST PARTICLE DIFFUSION

The test particle diffusion data is obtained from steady-state ion plasmas maintained near thermal
equilibrium by the "rotating wall" drive [19]. A localized density nt of "test" particles is created by
placing some Mg+ ions in a different atomic spin state than the rest of the plasma, using laser light.
The test particles are observed to diffuse radially, and the diffusion coefficient D is obtained [5,6].

Classical short-range velocity-scattering collisions [1-3] give
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Experiments with neutral plasmas have investigated this classical transport in various regimes [20-
22].

A detailed calculation [5] of long-range E x B drift collisions [23] using the Integration along
Unperturbed Orbit (IUO) technique yields

E$g = 2V^ vor} In( — I lnf^ 1 (3)

The strongest long-range collisions occur between particles with near-zero relative axial velocity; the

velocity vmjn is the minimum relative velocity for which the unperturbed orbit analysis is still valid,

determined by either shear or collisions. In DJUO > m e m(A£>/rc) t e r m arises because guiding center

theory for the dynamics breaks down for impact parameters p < rc and the interaction is Debye-

shielded for p > hD.
Figure 4 shows the experimentally measured diffusion compared to the initial theory prediction,

D = Dnf0 +D c a s s , for a wide range of densities, temperatures, and magnetic fields. The
measurements are about 3x larger than this prediction. This might be considered "reasonable"
agreement, but it led to re-examination of the theory and to the discovery of a new plasma effect.

We have determined that this 3x discrepancy in D is caused by a novel effect in kinetic theory
which causes the IUO technique to fail [12]. In IUO, two colliding particles are assumed to move
along the magnetic field on unperturbed trajectories, interacting only once. However, velocity-
scattering collisions with surrounding particles eventually cause the relative axial velocity of the
interacting pair to reverse, and the particles may make another collision; in fact, they may collide
several times. This surprising "collisional caging" effect is neglected in IUO, and it leads to a factor-
of-three increase in the test particle diffusion, i.e. D x = ocD^o , with a = 3 in a shear-free
plasma. This new prediction is shown by the upper dashed line in Fig. 3, where it can be seen to
match the experiment within the scatter of the data.

This a = 3 enhancement occurs only if the collisional dynamics is effectively 1-dimensional.

Thus, the enhancement will be smaller if particles become spatially separated in (r,0) before they

can suffer a second collision, e.g. due to shear in the rotation rate cog(r). In the experiments to date,

the plasma was near thermal equilibrium, with minimal shears; but if the shear were made larger, one

would expect the diffusion coefficient to decrease to near Dl}f0 .
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Abstract
Chemical erosion of carbon is investigated in the outer Divertor II of the ASDEX Upgrade tokamak for ion flux

densities up to 1023 m~2 s~l and up to reactor-relevant values of the power per major plasma radius, P/R < 12

MW/m. Surface temperatures are relatively low and do not exceed 100 °C at the position of the measurements.

The erosion yields calculated from CH molecular line emission exhibit a pronounced hydrogen flux dependence

and an isotope effect, resulting in lower yields for higher fluxes and a factor of 2 higher yields for deuterium

in comparison to hydrogen. Corresponding yields derived from carbon ion lines corroborate these results. The

observed parameter dependences of the chemical erosion yields can be described with the analytical model of

Roth and Garcia-Rosales, Nucl. Fusion 36 (1996), if an additional, empirical time constant for the hydrogenation

process is introduced.

Introduction
Carbon is an attractive target plate material for a fusion reactor concerning its high heat conductivity,
neutron compatibility and good mechanical properties. The major caveat originates from its high erosion
rates, in particular owing to chemical erosion via hydrocarbon formation, which reduce the component
lifetime and may lead to the codeposition of considerable tritium inventories within carbon layers in cold
regions of the vessel. Chemical erosion depends on a number of experimental parameters, like surface
temperature, impact energy and incident flux density (see, e.g. the review by Davis and Haasz [1]). Many
of the observed dependences can be explained by the analytic model of Roth and Garcia-Rosales [2]: The
chemical erosion yield YChem is described as the sum of a thermal and a surface process. The thermally
activated process, represented by the yield Ytherm, peaks at surface temperatures Tsurf around 1000 K, but
has a negligible contribution to the chemical yield at room temperature. The surface process is attributed
to the formation of sp3 hydrocarbon complexes on the surface. The corresponding yield Ysurf dominates
the total yield Ychem in particular for low surface temperatures and low impact energies. Since the analytic
model was originally based on ion beam data, high values of the ion flux density had not been considered.

This paper describes spectroscopic measurements of chemical erosion in the divertor of the ASDEX
Upgrade tokamak for conditions which are most attractive for power removal in a fusion reactor, namely
high fluxes, moderate impact energies and low surface temperatures. Particular emphasis is placed on
the dependence of Ychem on the incident flux density, which has been recently observed under cold [3] as
well as hot surface conditions [4] [5]. The experimental results are compared with an extended version
of the analytical model proposed by Roth [6].

Measurement of chemical erosion yields
The experimental set-up to determine carbon erosion yields Ychem at the outer divertor target (CFC
material) is shown in Fig. 1. Line intensities of C+ and C2+ ion lines, hydrogen Balmer series and
CH molecular band emission are measured along the indicated line of sight using a low resolution
spectrometer [3]. Electron temperature Te and density ne in front of the target as well as the ion flux
density F, are measured by Langmuir probes. Viewing lines identical to that shown in Fig. 1 are
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Figure 1: Left: Experimental arrangement in the outer divertor (Div-II) ofASDEX Upgrade. The arrow
indicates the line-of-sight (Lo.s) of the spectroscopic measurements. Typical profiles ofne and Te along
the l.o.s. from B2-EIRENE modelling are also shown. Right: Target plate power load, contribution from
radiation, CHI emission and deuterium fluxes from Langmuir probes andD$ spectroscopy along the target
plate for an 8 MW neutral beam heated discharge.

available for the infrared thermography diagnostic, used to measure the surface temperature T w / and
the power flux density r^rge '. A corresponding bolometer viewing line supplies the line integrated
total plasma emission, F ^ ° . The latter is also used to correct the power flux density I*™8*' for the
contribution of radiation, which is about F^°/2 for the quite homogeneous conditions at the position of
the measurements. We restrict our analysis to attached plasma conditions (Ts

e
heath > 4 eV), where the

mean free path of the particles is short compared to the geometrical dimension and the hydrogen line
emission is not affected by recombination. The term hydrogen is used for the element genetically, while
deuterium refers to the particular isotope.

Evaluation of hydrocarbon and hydrogen fluxes
To calculate the hydrocarbon flux from the spectral line intensity of the CH molecular band, the photon
flux is multiplied with an atomic physics factor, D/XB. The chemical erosion yield is obtained according
to Ychem — D/XB • I(CH) /Tj, where the ion flux r,- is taken from Langmuir probe measurements. Details
on the evaluation procedure are decribed in Refs. [3], [7]. The D/XB values used are called effective
because they contain a recalculation to the initial CH4 flux. The recalculation takes into account the fast
redeposition of molecular fragmentation products during the breakup chain leading to the directly observ-
able CH molecules. Heavier hydrocarbons like C2H* and C3Hy contribute to the measurement via the
production of CH during their fragmentation. Alternatively to the Langmuir probes, the hydrogen flux is
determined by Hp spectroscopy. With the approximation of a constant atomic physics factor, S/XB=230,
the hydrogen flux evaluated via TH = S/XB • I{Hp) is found to match the ion flux taken from Langmuir
probes within a factor of 2 over a broad experimental parameter range.

Fig. 2 compares fluxes and erosion yields evaluated in different ways for a discharge where heating
power and density were ramped up in parallel keeping the divertor temperature approximately constant.
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are a) photonfluxes ofD^ and the CD band, b) electron density and temperature at the target, c) deuterium
fluxes and d) chemical erosion yields evaluated with different models.

The hydrogen fluxes obtained from the ion saturation current and Dp spectroscopy agree quite well. The
hydrocarbon fluxes are evaluated with the simple ansatz D/XB=50 [3] as well as with D/XB(ne, Te)
according to Ref. [8], All combinations of the fluxes exhibit a reduction of the erosion yield Yc^cm with
increasing hydrogen flux, the individual deviations can be taken as a measure of the uncertainties of
this experimental technique. We also have analysed discharges with pronounced variations of Te using
the parameter dependent D/XB(ne, Te). Unrealistically high and low erosion yields were obtained for
high and low values of Te, as well as unrealistically high values of the flux dependence of YChem. We
conclude that approximations made in Ref. [8] (like constant Te and ne along the viewing line) lead to
an overestimation of the variation of D/XB. Therefore, we use D/XB=const=50 in the following.

Erosion yield database
To establish a data base for chemical erosion under divertor conditions, a variety of L-mode and H-
mode discharges with heating powers P/ieaf= 1...20 MW has been analysed with hydrogen or deuterium
as working gas. Each data point represents a temporal average over at least 100 ms. For H-modes,
the data are averaged over many ELMs. Fig. 3 shows chemical erosion yields, calculated via Ychem =
50 • 7(C7J)/r,-. The obtained erosion yields for fluxes F; > 1022 m~2s~l are fitted by the expression
Ychem{%] = 1-38 -MH • (Fj/1022 m"2*-1)-0-75 with the atomic mass M H = 1 for hydrogen and Mff=2 for
deuterium discharges, respectively. No significant parameter dependences have been found on the sur-
face temperature Tmrf at the position of the measurement and on the mean hydrogen impact energy [9].
TSUrf varies between 20 and 100 °C in the data base. The data are also quite well described by the ex-
tended analytical model proposed in Ref. [6], where the flux dependence is introduced via a finite time
constant in the hydrogenation of carbon atoms (term csp ). The analytic expression given in Fig. 3 has the
asymptotic flux dependence Ychem <x r~x. Spatially resolved measurements of CH emission in the inner
divertor suggest a pronounced drop of hydrocarbon production for detached conditions, corresponding
to a reduction of the yield for low impact energies. The quantification of this effect in terms of yields,
however, is hampered by the long mean free path of the particles.

Emission lines of C+ and C2+ show generally a behaviour very similar to the CH molecular band. Car-
bon ion erosion yields, derived with the approximation of a parameter-independent atomic physics factor
S/XB exhibit flux dependences slightly stronger than 1/F,, supporting the assumption that chemical ero-
sion is the predominant origin of the carbon content in the divertor plasma.
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Figure 3: Chemical erosion yields Ychem derived from CH band spectroscopy.

Conclusions
Chemical erosion via hydrocarbon formation and release has been found to be the dominant impurity pro-
duction mechanism in a tokamak divertor at low surface temperature, low electron temperature and high
electron density. The erosion process exhibits pronounced isotope and flux dependences, quite indepen-
dent of the assumptions made during their evaluation. These parameter dependences can be explained
with the analytical model [2], if an empirical time constant is introduced for the hydrogenation rate.
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Abstract

Experiments on DIII-D have demonstrated the efficacy of using induced scrape-off-layer (SOL)
flow to preferentially enrich impurities in the divertor plasma. This SOL flow is produced through
simultaneous deuterium gas injection at the midplane and divertor exhaust. Using this SOL flow, an
improvement in enrichment (defined as the ratio of impurity fraction in the divertor to that in the
plasma core) has been observed for all impurities in trace-level experiments (i.e., impurity level is
non-perturbative), with the degree of improvement increasing with impurity atomic number. In the
case of argon, exhaust gas enrichment using a modest SOL flow is as high as 17. Using this induced
SOL flow technique and argon injection, radiative ELMing H-mode plasmas have been produced that
combine high radiation losses (Prad/Pmput > 70%), low core fuel dilution (Zeff < 1.9), and good core
confinement (TE > 1.0 TE,ITER93H)-

1. INTRODUCTION

In a high-power density fusion device, controlling impurities in the scrape-off-layer (SOL) is
essential in obtaining high radiative power fractions in the SOL to protect the divertor surfaces from
unacceptable heat loads and material erosion while maintaining acceptably low impurity contamina-
tion in the core plasma. A key issue in this regard is whether external control of impurities is possible
through tailoring of the main ion flow in the SOL. The tailoring of the main ion flow through strong
D2 gas injection and simultaneous divertor exhaust has been an integral part of the DIII-D program
since 1994 [1-4]. These experiments have demonstrated that induced SOL flow offers several poten-
tial advantages and two primary results have been obtained: (1) induced SOL flow improves impurity
enrichment in the divertor plasma in both open and closed divertor configurations with argon enrich-
ment values as high as 17 obtained in the highest flow cases; and (2) plasmas with P'^j/Pinput > 80%
with a high SOL radiation fraction (P?a°

L+P%d > 60% of P'^) have been obtained in ELMing
H-mode plasmas with confinement -1.0 TITER93H' ^ = 0.75 neQW, and Zeff < 1.9 using argon as the
seeded impurity.

2. IMPURITY ENRICHMENT STUDIES

The premise of the "puff and pump" technique used on DIII-D is that through simultaneous
deuterium injection near the midplane and divertor exhaust one can augment the bulk plasma ion flow
in the SOL sufficiently to overcome the thermal gradient force, which acts to drive impurities toward
the core plasma [5,6] Additional benefit may be gained through lowering of the SOL and divertor ion
temperature, which increases the frictional force and reduces the thermal gradient force. Experiments
have demonstrated that this technique is effective in increasing the enrichment of impurities in the
DIII-D divertor [1,2] with the improvement being substantial for higher Z impurities [3] To assess the
effectiveness of this process in entraining impurities in the SOL, the typical figures of merit are the
exhaust enrichment (T\exh = fexhlfcore) a n d compression (Cexh = n|* /n™re). On DIII-D, direct mea-
surement of these quantities are made using charge-exchange recombination (CER) spectroscopy for
the core impurity content and a modified Penning gauge for the exhaust gas impurity content. The
results from these studies are summarized in Table 1. The observed exhaust enrichment r\exh is

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC05-
96OR22464, W-7405-ENG-48, DE-AC04-94AL85000, and Grant No. DE-FG03-95ER54294.

+Oak Ridge National Laboratory, Oak Ridge, Tennessee.
^Lawrence Livermore National Laboratory, Livermore, California.
^University of California, San Diego, La Jolla, California.
^Sandia National Laboratories, Albuquerque, New Mexico.
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Table 1. Measured enrichment (f]exh) and compression (Cexh) for various flow levels and impurities

Fueling Location

Fueling Rate(D7s)

Helium
Neon
Argon

Case A

Top

1.05xl022

%xh

1.1
2.3
17.0

Cexh

6.1
14.2
85.0

CaseB

Divertor

1.05X1022

%xh

0.9
1.2
6.0

Cexh

4.3
7.8
28.5

CaseC

Top

5.6X1021

%xh

n/a
1.6
3.7

Cexh

n/a
6.2
11.4

CaseD

Divertor

5.6xlO21

%xh

n/a
1.0
2.1

Cexh

n/a
4.6
6.2

observed to be consistently higher in the top fueling case, indicating a beneficial effect of SOL flow on
divertor retention of impurities. The results in Table I also suggest that enrichment is sensitive to the
choice of impurity. For example, in the l.OxlO22 D°/s case, helium enrichment increases -20%, neon
enrichment increases ~90%, and argon enrichment increases ~200% when comparing the top D2 fuel-
ing case (Case A) with the divertor fueling case (Case B). Similar trends in argon enrichment have
been inferred from SPRED UV measurements of argon line radiation in the core and divertor plas-
mas [3]. Analysis shows that this strong Z dependence is consistent with a combined neutral ionization
and ion transport picture of impurity entrainment in the divertor [3].

Besides the improvement in impurity enrichment, several advantageous by-products arise from
the application of this technique. First, at a high flow level, the SOL broadens and its density
increases to 1.5xlO19 irr3 while the electron temperature remains approximately 10 eV. Such profiles
provide excellent screening of impurities emanating from the vessel wall and an excellent environment
for impurity radiation. Secondly, the ELM amplitude is reduced by approximately a factor of two rel-
ative to standard ELMing H-mode conditions [7]. This reduction is accompanied by a proportional
increase in the ELM frequency such that the time-integrated energy carried out by the ELMs is
approximately the same, but the instantaneous perturbation on the edge and divertor plasma induced
by each ELM is much smaller. Modeling has also shown that the ELM dynamics are important in the
obtainable impurity enrichment with higher frequency ELMs leading to improved enrichment [8].
Note that these changes are accomplished without significant impact on the core energy confinement.

3. RADIATIVE DIVERTOR PLASMAS

Motivated by the favorable argon enrichment values obtained in the induced SOL flow case,
recent experiments on DIII-D have focused on producing radiative divertors using the "puff and
pump" technique with argon as the seeded impurity. These experiments have produced radiative
plasmas that possess many of the aspects required by the radiative "solution" embodied in the ITER
design criteria. In particular, radiative fractions up to 75% with concomitant heat flux reduction (a
factor of 4) have been achieved simultaneous with good core energy confinement (XE = 1.1 TE>rrER93H)
and minimal core contamination (Zeff < 1.9). This represents the first successful demonstration of
radiative divertor operation using a seeded impurity in which all of these requirements are achieved
simultaneously. An overview of the results are presented here.

The best radiative discharges to date have been produced in a lower-single-null configuration
with Ip = 1.3 MA, BT = -2.1 T, q95 = 4.1, K = 1.75, < 8> = 0.28, and PNBI =11.9 MW. In these dis-

p

charges, a SOL flow is applied through deuterium injection near the symmetry point at the top of
DIII-D at rate of 2.45xlO22 D°/s throughout the current flattop phase (Fig. 1). This strong D2 flow
alone produces plasma conditions in which radiation levels are higher than normally found in ELMing
H-mode plasmas. During this phase, the total radiated power [Fig. l(c)] represents approximately
50% (-6.0 MW) of the total input power (PNBi + P O H = H-9 MW) with Prad,div:Prad,soL:Prad,core
(MW) = 3.5:2.0:0.5. The peak heat flux incident on the outer divertor target, inferred from IRTV
measurements, is ~2.0 MW/m2 [Fig. l(d)], which is a factor of two lower than the value normally
obtained at these power levels with no external gas injection [9]. Carbon is observed to be the
dominant impurity in the core plasma with Zeff« 1.4, [Fig. l(e)] and carbon and deuterium are the
main radiating constituents in the divertor.

A further increase in radiation is then observed upon the introduction of argon at 2.0 s, which is
injected from the private flux region of the divertor at a rate of 1.26xlO21Ar°/s. During the argon
injection phase, the total radiation increases up to -75% (8.5 MW) with Prad,div:Prad,soL:Prad,core
(MW) = 4.3:2.4:1.8. The radiation from the core plasma is localized in the last 10% of the plasma vol-
ume while the radiation in the divertor plasma is distributed fairly evenly over the entire divertor
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FIG. 1. Temporal evolution of the (a) input power and line-averaged electron density;
(b) deuterium input and exhaust rates and argon input rate, (c) radiation power balance;
(d) peak heat flux at the outer strike point; (e) Zegand (f) T^TE,ITER93H i-n a radiative discharge
produced via argon injection simultaneous with strong D2 injection and divertor exhaust.

volume (Fig. 2). The increase in core radiation consists almost entirely of line radiation from argon
and is consistent with the measured argon concentration (-0.20%) in the core plasma. Meanwhile, the
increase in the divertor radiation includes roughly equal increases in both carbon and argon radiation;
thus, carbon remains the dominant radiator in the divertor. Even though the biggest increase in
radiation is observed to come from the core plasma, it is important to note that the divertor radiative
efficiency (defined as the ratio of the power radiated in the divertor to the power conducted to the
divertor) actually increases substantially during the argon injection phase from 40% up to 55%. The
increase in radiation is accompanied by a factor of 2 decrease (relative to the pre-argon injection
phase) in the total and peak heat flux incident on the outer divertor target plates [Fig. l(d)]. The
outward shift of the heat flux profile observed during the argon injection phase is indicative of partial
detachment of the outer strike point [Fig. 2(b)]. However, Langmuir probes measurements at the outer
strike point suggest that the outer divertor leg remains attached as the particle flux profile remains
peaked at the separatrix location. Furthermore, the measured Da/Dp > 20 in the vicinity of the OSP,
indicating that significant recombination is not occurring [10].

The core carbon fraction does not change during the argon injection phase while the argon
fraction increases to ~0.20%, resulting in Zeff ~ 1.85. The incremental Z^g (i.e., Zeff - 1 = 0.85) in this
case is a factor of 2 smaller than that predicted by the scaling for radiative plasmas given by Matthews
et al. [11]. In fact, the measured incremental Zeff in these "puff and pump" discharges is found to be
consistently lower than the predicted scaling value, regardless of the level of argon (Fig. 3). This is
consistent with the fact that the radiation in the DIII-D radiative discharges comes primarily from the
divertor plasma; therefore, one might expect that Pra(j is not a linear function of Zgff as suggested by
the Matthews scaling law. Global energy confinement is not affected by the introduction of argon
with XE = 1.7 XEjTER89p =1.1 TE,ITER93H- In fact> m e r e is little variation of energy confinement in these
types of discharges over a wide range of radiative fraction (Prad^NBi)- Furthermore, local transport
analysis reveals little difference in %eff between the D2 only cases and the D2+Ar cases. These
observations are consistent with the observation that there is little deterioration in the edge plasma
during the argon injection phase as the pedestal pressure remains approximately the same as in the pre-
argon phase. ELMs remain Type I in character with the ELM frequency increasing to 200 Hz during
the argon injection phase. One final observation is that energy confinement in this regime is
insensitive to plasma density, in contrast to results in Rl-mode studies on TEXTOR [12].

4. CONCLUSIONS

These studies have demonstrated that SOL flow has many inherent benefits for ELMing
H-mode operation including: (1) improved impurity enrichment, especially of high Z impurities;
(2) thicker SOL profiles at the midplane; and (3) a factor of two reduction in the heat loss per ELM
without any deleterious effects on plasma confinement. Furthermore, a radiative plasma which meets
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FIG. 3. Measured Zeft versus the predicted
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where Prad is the total radiation power, Z is
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expression (ranging from Z = 6 (carbon) to Z
= 18 (argon). The ITER data point is
calculated using Prad = 150 MW, S = 1250 m2,
ne = 0.96X1020 mr3, and Z = 18 (argon).

all of the relevant criteria embodied in the ITER design has been produced on DIH-D using this
technique in combination with argon injection. The core argon fraction in these plasmas (-0.20%) is
consistent with the maximum fraction allowed in ITER as estimated by computational
simulations [13]. Previous analytic estimates show that the maximum heat flux reduction in ITER that
could be expected given this argon fraction would be -50% [14]. However, assuming that an argon
enrichment consistent with this experiment (i.e., y\exh = 3.0) can be achieved on ITER, then this
percentage would increase to over 67%, consistent with the ITER criteria that Ptarget/Pioss = 33%. The
results described in Section 2 indicate that even higher divertor enrichment of argon (r\exk ~ 20) can
be obtained using induced SOL flow and that a more closed, baffled divertor geometry may increase
the argon enrichment further. Finally, it is worth noting that the "solution" described here embodies
many of the favorable aspects of a "hybrid" radiative solution in which low-Z impurity radiation
predominates in the divertor and radiation from a high-Z impurity embellishes this divertor radiation
while providing additional radiation in the core plasma.
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Abstract

Tore Supra being devoted to long pulse physics and technology, this paper discusses recent advances in
the installation of actively cooled plasma facing components and on physics methods to mitigate the heat flux^
such as edge radiation in the ergodic divertor configuration of Tore Supra. The paper also stresses the
understanding requirements in terms of heat deposition! especially for wide area limiters.

1. INTRODUCTION

Tore Supra is a tokamak dedicated to the study of steady state regimes. This implies at
first a careful control of the heat exhaust in such regimes. In that respect, a continuous policy of
improving the technology of heat exhaust component has been undertaken [1]. The first
generation of actively cooled components showed a poor reliability, due to the difficulty of
insuring the quality of the « brazed » bonding of carbon on the metallic water pipes over large
areas. Recent progress has been made by use of the active metal casting technology ; however, its
successful implementation stressed the necessity to better characterise and understand the heat
exhaust in limiter configurations., especially when the limiter is tangent to the plasma. In addition,
the incomplete covering of the vacuum vessel by an actively cooled structure will be shown to
result in uncontrolled oxygen desorption for very long discharges.

The ergodic divertor of Tore Supra studied especially in view of its radiation capability, has
been shown to behave better than the average performance of both limiter and X point divertor
discharges. This will be shown to be related to the screening properties of the ergodic divertor. A
major difficulty is however, to control this radiative edge in situations where a complete
detachment may lead to a loss of ICRH wave coupling. Feedback techniques were therefore
developed.

2. POWER DEPOSITION ON LARGE LIMITERS

Tore Supra was equipped from the beginning with actively cooled plasma facing
components. However, their implementation did not prove to be very successful for many
technical reasons., as described in [1]. The brazing techniques of CFC (carbon fibre composites) to
the metallic coolant conveyor had to be improved, essentially as far as their reliability on an
industrial scale was concerned. Another design constraint stems from the difficult adjustment of
the material structure to the magnetic configuration of the plasma. In Tore Supra, alignment of
the former to the latter is now insured in the mm range. [2,3].

One sixth of the inner first wall, which had suffered from both misalignment and braze
flaws, has been replaced with new elements using more resilient CFC, instead of graphite, and new
brazing techniques. They proved to work satisfactorily and contributed to the obtention of new
performant long discharges, using combined heating by lower hybrid and ion cyclotron range of
frequency (ICRF) waves. The total power coupled was thus extended to more than 6 MW for 25 s,
corresponding to a total injected energy of 155 MJ. The surface temperature of the new inner wall
elements remained below 500C (i.e. a factor 2 margin to the heat flux exhaust limit), in spite of a
strong peaking of the heat flux near the equatorial plane^ , shown by both the observation of a
complete poloidal section of the inner first wall by infrared thermography and calorimetric and
Langmuir probe measurements [4]. Figure 1 shows the poloidal profiles of the calorimetric
thermocouples and the infrared thermography for three successive shots. The strong peaking
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around the mid plane cannot be explained without considering very short values of the heat flux e-
folding length close to 5 mm, i.e. 3 times less than the average one on the whole area.

This stresses the specific limitations encountered when using large and difficult to align
structures. The CIEL project, now approved and to be implemented in Tore Supra in 2000z
includes a toroidal flat bottom limiter for which the heat flux limitation should only occur at the
leading edge and for which real time feedback control will be provided by means of a complete
thermal imaging of the 7.5 m2 surface.

3. DENSITY CONTROL FOR LONG DISCHARGES

Another limitation occurred in the long discharge experiments as an uncontrolled density
increase after some time. This phenomenon is shown on figure 2, which displays the density
evolution for long shots in a low density, low power (2.5 MW) case. This delay varies with the
amount of average power coupled to the plasma, ranging from 100s for low power (about 2.5
MW) to less than 20 s for high power (about 7 MW). Calculation of the temperature increase of
recessed non cooled parts of the torus inside such as ports, due to the radiative power (about 20 to
40% of the total one in such shots), indicate that non chemically adsorbed water or oxygen could
then be released. Most of the electron content increase is related to an oxygen increase, whereas
the evolution of the isotopic ratio H/D seem to indicate that water desorption is at stake. [5].
Consequently, the CIEL project will also include a quasi complete coverage of such surfaces by a
water-cooled structure.
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Figure 2 : Time evolution of the line average density for 3
successive discharges ranging from 70 to 120s with 2.5 MW
injected power. An uncontrolled density rise is recorded
after about 80s.
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4. RADIATION CONTROL IN THE ERGODIC DIVERTOR CONFIGURATION

Control of heat exhaust requires the minimisation of the fraction of conducted-convected
power at the benefit of radiation, which is easier to spread and allows a power exhaust without
impact on first wall erosion. The Ergodic Divertor (ED) has been implemented in Tore Supra in
order to improve control of the plasma edge [6]. A reinforced ergodic divertor has been installed
in 1996 and operated since with two major objectives. The first one is to promote operation at a
large radiative fraction while minimising the core impurity content. The second one consists of
testing the specific requirements of such magnetic configuration in order to allow an extrapolation
of the concept to reactor relevant conditions.

The radiative scenarios have been implemented up to 8 MW of additional power. They are
favoured by the obtention of high recycling regimes at the edge, yielding local edge densities
similar to the central ones (4-5 1019 m )[6]. In Tore Supra a limitation stems from the physics of
detachment. The latter phenomenon may lead to edge conditions incompatible with a smooth
coupling of the RF waves, which are the only auxiliary heating systems available in Tore Supra.
Nevertheless, feedback techniques on gas injection using edge parameters relevant to detachment
(ratio of outermost bolometer signals on the low-field side of the torus, total radiation power
measurements) allow to remain at tolerable levels of detachment [8].

Generally,-with or without extrinsic impurities, the radiation efficiency appears to be
among the best encountered in terms of bulk pollution. This is shown in figure 3, where the
measured radiation is compared to a the multi-machine law derived by G. Matthews et al. [9]T The
observed enhancement is related to the large effective volume of diverted plasma in the ED
configuration. However, the actual value of the enhancement factor is difficult to evaluate,
because of the presence of a spurious signal, due to ion ripple losses, in the vertical bolometer
system.

Prad(MW)
1 I

I I

0 1

P11™ (MW)
rad v '

10 12

Figure 3 : Comparison of the radiated power Figure 4 : In an experiment where up to 6 MW
measured to the multimachine law after Matthews et al are injected, time traces of the total power
[9] (straight line). The dots refer to D2 gas injection measurements of radiated power from an horizontal
whereas squares and triangles refer to N2 and Ne and vertical bolometers and an evaluation of the
injection conducted power from IR thermography measurements

is displayed
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To better evaluate the power balance, measurements of the power flux onto the divertor
plates is measured from infrared thermography. It appears (figure 4) that the local average heat
flux onto the plates reaches values as low as 0.2 MW.m"2. This agrees well with the very low
values of the electron temperature at the detachment onset (about lOeV) for a density of
approximately 5 1019 m"3. The overall conductive and convective power is assumed to be about 3
times the value deposited on the plates surface (0.6 m2). In this experiment, the-radiation level is
enhanced by an Argon injection. It is worth noticing that the best efficiencies are obtained using
deuterium injection although an easier control of the discharge is obtained using neon injection ;
the latter allows to extend the range of temperature for which the plasma radiates without
overlapping with zones where the deuterium recycling is strongly affected (i.e. Te<13 eV). The
experimental results are consistent with an analysis of the radiated power scaling through the
following equation expressing the radiation power for a heat conduction dominated heat transport
(where Z is the impurity charge , Zeff the effective charge, Lz, the radiation function and fsc the
decontamination factor i.e. the ratio of edge and bulk impurity concentration)

14
TS 4 . 5 x 1 0 div div / r100 0.5TS 4.3 X1U div div H-TOO (15

P . = •_._, .. /(Z „ -1)1 n T U T LV(T )dT (1)
r a d / Z ( Z - 1 ) V e f f 7 s c e e \ U T e Z v e / e v /

This suggests that impurity screening is the dominant mechanism controlling divertor radiation.
[10]

The relevance of this concept needs, however, to be proved in a more relevant
configuration, including a certain flexibility of the required magnetic configurations with those
required to improve the confinement. A major difference to the X-point divertor is the necessity
to install the perturbing coils no too far from the plasma. This is considered possible even when
locating them behind a neutron shield. Moreover, the openness of the ED may lead to extended
plasma wall interactions structures, while the neutral recirculation will be controlled by the edge
plasma parameters themselves.

5.CONCLUSION

Control of the heat exhaust is one of the major topics to be studied and developed in Tore
Supra with regard to its long shot capability. Thus, a development of plasma facing components
involving active cooling with water pipes has been undertaken for more than 10 years now. This
allowed to install in Tore Supra elements which are technically acceptable; However, the physics
of heat deposition onto large surfaces tangent to the plasma leads to strong local deposition. The
ergodic divertor has shown a capability to increase the radiation capability compared to a multi-
machine law. This is true at low edge electron temperature even when one has as in Tore Supra to
stay above the full detachment level to allow RF waves coupling for auxiliary heating.
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Abstract

Roles of the inner leg pumping and the private dome, which are special features of the W-
shaped divertor of JT-60U, have been investigated. The following observations were made: The
inner leg pumping functions well in attached states or partially detached states with weak X-point
MARFE where the inner particle recycling is enhanced. A combination of main gas puff and inner
leg pump is effective in reduction of intrinsic carbon impurity. Geometrical effects of the private
dome on transport of hydrocarbons in the private flux region was confirmed by spectroscopic
measurements of CD-band intensity profile and impurity transport simulation code using
experimental data.

1. INTRODUCTION

In JT-60U, the previous open divertor was modified to a semi-closed W-shaped divertor
with pump (Fig. 1) in 1997 [1]. Special features of the W-shaped divertor are a dome in the
private flux region (private dome) and a pumping scheme from the inner divertor channel in the
private flux region (inner leg pumping). The inner leg pumping takes advantage of the
enhancement of particle recycling at the inner divertor channel [2]. The dome separates the
inner and outer divertor channels with respect to the behavior of neutral particles, which realizes
the inner leg pumping scheme. However, particle recycling distribution in the divertor changes
with divertor states, i.e., attached, partially detached and strongly detached states. Therefore, it is
important to study the operational regime where the inner leg pumping is effective, for example,
for generating SOL flow by "puff and pump" [3,4]. On the other hand, the private dome is
expected to prevent the upstream transport of hydrocarbons generated by chemical sputtering
[5], and to reduce a resultant carbon influx to the main plasma. Therefore, understanding the
effects of the inner leg pumping and the private dome is very important for both improving
divertor performance and designing a new divertor like ITER.

2. INNER PUMPING CHARACTERISTICS

The inner leg pumping characteristics has been investigated in ELMy H-mode discharges
with Ip = 1.2 MA, BT =2.5 T and PNBI = 18 MW. Figure 2 shows degree of in-out asymmetry of
particle recycling in the divertor defined by IDa

m/(IDam + lDa°m) an& neutral pressure under the
outer baffle (baffle pressure) as a function of inner Da intensity (Fig. 1). From this figure, it is
found that as the particle recycling increases, the degree of in-out asymmetry of particle recycling
increases up to around 0.8 in the "no X-point MARFE" state (attached at the outer divertor), but
begins to decrease after a weak X-point MARFE (partially detached at the outer divertor) appears
and finally drops to around 0.5 as a strong X-point MARFE is established. In the attached state,
the baffle pressures for 5g = 2 cm and 8g = 6 cm are proportional to the inner D a intensity,

respectively, showing the inner leg pumping works well. Here, 8g is a gap between the inner
separatrix and the inner wing of the dome (Fig. 1). The difference in baffle pressure for the same
inner D a intensity indicates that the pumping speed can be controlled by adjusting the position of

* University of Tsukuba, 1-1-1, Tnnoudai, Tsukuba-shi, Ibaraki-ken, 305-0006, Japan
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the inner separatrix to the pumping slot. From the baffle pressure and the pumping port
conductance, the throughput for 8g = 2 cm in the attached state is estimated to be about 3% of the
particle recycling flux in the divertor. On the other hand, in the partially detached states with a
weak or strong X-point MARFE, the inner D a intensity becomes saturated as the electron density
is increased by gas puff. The estimated throughput reaches near the applied gas puff rate (70 -
90% for the discharge with 5g = 2 cm). This is probably because the ionization process of neutral
particles in the inner divertor channel changes as the degree of detachment proceeds.

3. EFFECTS OF GAS PUFF AND PUMP ON IMPURITY REDUCTION

Effects of "puff and pump" on reduction of intrinsic carbon impurities have been
investigated in ELMy H-mode discharges described in Section 2. Figure 3 shows Zeff obtained in
these discharges as a function of electron density. Here, main gas puff is supplied at the top of
plasma and divertor gas puff is supplied to the inner separatrix leg through the pumping slot. It is
found that at the same electron density, Zeff is low in the discharges with main gas puff, use of
pump and narrow gap, for the cases of no X-point MARFE and weak X-point MARFE. A
combination of divertor gas puff and pump is not effective. As described above, the throughput of
the inner leg pumping is large for the narrow gap, and is comparable with the gas puff rate in the
divertor state with weak X-point MARFE. Thus, the reduction in Zeff is attributed to the effect of
the inner leg pumping. Core plasma performance is not considered to be a cause for this
difference, because these discharges have almost the same confinement properties; H-factor = 1 -
1.3 at ne

main » (3 - 4) x 1019 m"3 and type I ELM with frequencies of 130 - 140 Hz and 220 - 230
Hz before and after the onset of X-point MARFE.

After the divertor modification, carbon is the dominant impurity in JT-60U. To understand
the effect of "puff and pump" on reduction of Zef6 a relationship between gas puff rate (or
throughput) and Zeff should be investigated under the same condition of carbon generation in the
divertor. For this investigation, three discharges with main gas puff are compared; (A) with pump
and 8g = 2 cm, (B) with pump and 8g = 6 cm and (C) without pump and 5g = 6 cm. Figure 4 shows

electron density, ratio of the estimated throughput to the divertor recycling flux <E>Da
dlv, CII

intensity in the divertor and Zeff of these discharges as a function of gas puff. The data set of (A1}

B^ and (A2, B2, C2) are from the attached states of the discharges (A) and (B) and the partially
detached states with weak X-point MARFE of the discharges (A), (B) and (C), and are sampled at
the timings when CII intensity profiles, i.e., indexes of carbon generation, as well as D a intensities
are almost the same in the respective states. In this figure, Zeff is found to decrease for the both
divertor states as the gas puff rate increases. The gas puff rate of 73 Pam3/s for A2 corresponds to
15% of the divertor recycling flux. The estimated throughput increases up to about 14% of the
divertor recycling due to intermediate flow effect. Thus, it is possible to consider that a
combination of large main gas puff and inner leg pumping generates SOL flow and reduces carbon
impurities.

4. DOME EFFECT ON CARBON IMPURITY REDUCTION

In order to investigate the dome effect on carbon impurity transport, profiles of CD band
were compared intensity in the W-shaped shaped divertor and in the previous open divertor under
the same L-mode discharge condition; Ip = 1.2 MA, BT = 3.5 T and PMBI = 4 MW. The divertor
pump was not used for comparison. Figure 5 shows CD-band intensity profiles measured with the
6 0-channel fiber array (Fig. 1); (a) low density case, ne = 1.3 x 1019 m"3 and (b) medium density
case, ne = 1.8 x 1019 m"3. It is noted that when the electron density increases, the increasing rate
of CD band intensity in the private flux region is smaller by about 40% in the W-shaped divertor
than the open divertor, and the intensity profile between separatrix strike points keeps a deep
valley in the W-shaped divertor compared with the open divertor. Assuming that hydrocarbons
are mainly generated by bombardment of charge exchange neutrals to the tiles in the private flux
region [5], the ratio of CD-band intensity to D a intensity can be used as a measure for reduction.
Here, averaged intensities between the inner and the outer strike points are used. With these
parameters, it was found that the averaged D a intensities in the W-shaped divertor Da.av

w were
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larger than those in the open divertor D ^ 0 ; Da.av
w /Da.av° = 2 at n e = 1.3 x 1019 m~3 and Da.av

w /
Da.av° = 1.4 at n e = 1.8 x 1019 m"3. This increase is due to the closeness of the W-shaped divertor.
On the other hand, CD-band intensity ratios were CDav

w / CDav° = 1.1 at n e = 1.3 x 1019 m"3 and
CDav

w/CDav° = 0.7 at ne = 1.8 x 1019 m"3. Consequently, the ratio of CD-band intensity to D a

intensity is reduced to about 0.5 in the W-shaped divertor. This means that in the W-shaped
divertor, a large fraction of hydrocarbons is lost in the dissociation process though the number of
hydrocarbons generated by chemical sputtering is considered to increase. This is attributed to the
geometrical effect of the dome, which prevents the free motion of neutral hydrocarbons in the
private flux region. To confirm this effect, a two-dimensional impurity code based on Monte
Carlo technique (IMPMC-code) [6] has been developed. The following processes are incorporated
into the IMPMC-code; chemical sputtering process by neutral deuterium atoms as well as
deuterium ions, dissociation process of methane and electron excitation rate coefficient for
calculating CD-band intensity. Figure 6 compares the measured and calculated profiles of CD-band
intensity at ne = 1.9 x 1019 m'3. The calculated profile agrees well with the measured one within a
factor of 2. In this calculation, the neutral particle source at the baffles, which has been observed
in the W-shaped divertor [7], is taken into account so as to reproduce the measured D a intensity
profile between separatrix strike points. The resultant calculated CII intensity between separatrix
strike points is smaller than the measured one, but is within a factor of 2. This result is considered
to indicate that the modeling of dissociation process of methane is valid and the geometrical
effect of the dome predicted by the impurity simulation code exists. However, the observed
carbon impurity concentration in the main plasma was not reduced compared with the previous
open divertor, suggesting the existence of other mechanism for carbon impurity contamination.

5. SUMMARY

Effects of the inner leg pumping and the private dome on divertor performance have been
investigated. In attached states, the throughput of the inner leg pumping was confirmed to
increase with the enhancement of inner particle recycling and to be controlled by adjusting the
position of the inner separatirx. Even in partially detached state with weak X-point MARFE
where the in-out asymmetry becomes weak, the inner leg pumping is still effective. This may lead
to the reduction in Zeff by a combination of main gas puff and inner leg pump. The effect of
pumping location will be clearer by comparing the inner leg pumping and both leg pumping. The
both leg pumping experiment is planned in 1999. Geometrical effects of the private dome on
transport of hydrocarbons has nearly been confirmed to exist by spectroscopic measurements and
calculations with IMPMC-code. The private dome may be considered as a fundamental
component in the divertor system.
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Abstract

The plasma profile and parallel flow in the scrape-off layer (SOL) were systematically
measured using Mach probes installed at the midplane and the divertor x-point. Quantitative
evaluation of a parallel flow: naturally produced in a torus to keep the pressure constant along the
field line, was consistent with the measurement. Geometry effects of the W-shaped divertor on the
divertor plasma and particle recycling at the newly installed baffle plates were evaluated
quantitatively using the edge plasma data.

1. INTRODUCTION

Formation of a detached divertor is essential in order to alleviate erosion of divertor plates
during operation of a large, long-pulse tokamak such as ITER. The experimental database of SOL
plasma profiles upstream from the divertor target is crucial for design of the divertor plate and baffles,
and for clarifying the mechanisms of divertor plasma detachment and plasma flow. Capability for
multi-point measurements of temperature and density distributions in the SOL, i.e. at the midplane,
near the x-point and at the divertor plates, was developed in the W-shaped divertor on JT-60U
(Fig.l). In particular, Mach probes were installed at the midplane and near the x-point in order to
evaluate the parallel plasma flow. In this paper, studies of the SOL plasma transport along the
magnetic field line, plasma flow, and comparison of the geometrical effects of the divertor (new
W-shaped and previous open divertors) on the SOL plasma are summarized.

2. SOL PLASMA DISTRIBUTION ALONG HELD LINE AND PLASMA DETACHMENT

The detached divertor was formed by deuterium gas puffing in L-mode discharges (Ip=l.l-
1.7MA/Bt=3.5T/PNBf=4.3MW). When the radiation loss in the divertor was increased, the divertor
plasma started to detach from the target plate. Under the attached divertor condition of the W-
shaped divertor, electron density near the strike point, n^iv, was enhanced by a factor of two
compared with that in the open divertorfl]. Figure 2(a) shows that the local electron temperature,
X<Jiv, decreases to less than 10 eV at the lower main plasma density, ne. These results indicate that
the inclined divertor target and private dome are effective in condensing neutrals near the separatrix.

For the W-shaped divertor, the onset densities of the divertor detachment are decreased by
20% compared to those for the open divertor. When the divertor plasma starts to detach, electron
temperature just below the x-point, T*p, decreases to 10-20 eV due to an increase in radiation power
near the x-point. The range of T*p is consistent with an enhancement of radiation power by carbon
ions (C3+). The enhancement of carbon radiation near the x-point occurs at an onset of the x-point
MARFE (~10% higher than the detachment onset ne) similarly in the open and W-shaped divertors.
During the x-point MARFE, T*p decreases to 3-5 eV near the separatrix, and the divertor plasma is
detached below the x-point along the field line. Figure 2(b) shows that the degrees of the plasma
detachment at the x-point and outer target, PeP/P^ld and 2Pelv/P|nid, are -0.1 and 0.02-0.04 for the
W-shaped divertor, respectively. The value of 2Pe /Pe is a factor of 8 as small as that for the open
divertor. This may be caused by the high neutral density in the private region near the target[2].
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Accompanied with the reduction in T*p, a peak in the ion saturation current profile measured
* XD

with the double probe facing the up-stream side, JSat,up, is enhanced near the separatrix [1, 3] as
shown in Fig. 3(a). Local electron density, n*p, is estimated to be ~lxlO20 m"3. At the same time, the
ratio of the ion saturation currents at down- and up-steam sides, Jsat,down/Jsat,up, decreases (less than
0.1 near the separatrix), suggesting an increase in the parallel flow velocity to the divertor. During
the x-point MARFE, Jsat,up near the separatrix decreases by one or two order of magnitude, and the
large peak shifts to the boundary of the attached region. In the outer flux surfaces, T*p profile
becomes flat and n*p increases. Radial diffusion of the particle flux is enhanced upstream.

The peaking of the local JSat,up and, at the same time, a reduction in j * p
t ratio (from 0.1 to

~0.02) were generally observed only for the ion grad-B drift towards the divertor. One of the
candidate mechanisms is a return ion flow caused by the poloidal ion drift, Vj_=(JE'-Vpj/eni) X BIB2

(1), in the private region. Ion drift due to the radial electric field, E r, and pressure gradient, Vp j , is
the same direction (from the outer target to the inner target though x-point), and V± of 10-20km/s
is estimated. The return ion flow may be driven along the field line to keep the pressure constant, and
in particular large parallel ion flow is produced in the vicinity of the x-point, where the pitch of the
field line is very small (0.01-0.02). In the detached divertor, the region of the large j sat up and very

.xp
small J sat ratio shifts to the outer flux surfaces since the poloidal ion drift is associated with the large
E r and Vp ; . The radial shift of the poloidal ion drift can explain the change of the in-out asymmetry
in the particle flux in the divertor, which was observed at the x-point MARFE occurrence[4].

3. REVERSAL OF SOL PLASMA FLOW WITH ION grad-B DRIFT DIRECTION

Control of the SOL plasma flow will be important from the view point of He exhaust, impurity
shielding and reduction in the main plasma recycling. The SOL plasma flow in the direction of the
magnetic field line is generally considered to be driven by the pressure difference from the stagnation
point (such as the plasma top) to the divertor target. Experimental results, however, have shown the
existence of the flow reversal at the main plasma edge for the case of the ion grad-B drift direction
towards the divertor[5, 6]. The mechanism of driving the SOL flow should be investigated.

The parallel plasma flow was measured at the outer midplane in the L-mode plasma, and the
direction of the plasma flow is estimated from the ratio of the ion saturation currents measured at
down- and up-stream sides, JSat,down/Jsat,up: a value larger than unity indicates a flow directed away

from the divertor (i.e. "flow reversal" ). The directions of the SOL plasma flow at the midplane and
just below the x-point are shown in Fig. 4 for the ion grad-B drift towards and away from the divertor.
For the ion grad-B drift away from the divertor (reversed Bt), j Sat,down/J sat,up at midplane and near the

x-point are less than unity (except for the private region). The results show that the SOL plasma
flows from the plasma top to the outer divertor target. On the other hand, for the ion grad-B drift
direction towards the divertor (normal Bt), j £at,down/J sat,up of more than 2 near the separatrix shows

that the flow reversal occurs at the midplane, while the plasma flows from the x-point to the target
plate in the divertor chamber.

The difference of the ion saturation currents is large at low ne, and j ̂ t,down/J satfup becomes a
unity at high n e as shown in Fig. 5. Similar results have been obtained above the outer baffle plates
in Alcator C-MOD[6], and they proposed a conventional mechanism: an increase in the local
ionization in the outer divertor chamber caused by higher plasma temperature for the normal B,
direction. Since the plasma flow below the x-point directs to the target plate as shown in Fig. 4(b),
the ion drift in the main plasma edge may play a role in driving the parallel flow rather than the
increase in local ionization. One of the candidate mechanisms is the toroidal effect on the poloidal
ion drift, which drives the parallel ion flux ("Pfirsh-Schluter flow") at the midplane, F,/ ~ 2qnj V^cosG
(2), where q is the safety factor, Vx poloidal ion drift velocity and G = 0 at the midplane. The idea
was used to explain the DITE limiter result[7]. The flow direction is consistent with the
measurements for three cases: (1) normal Ip andBt directions, (2) reversal Ip andBt directions, and (3)
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normal Ip and reversal B, directions. The Mach number of 0.1-0.3 is comparable to that estimated
from j ™t,down/J satfup using the Hutchinson's formula [8], Pumping from the inner exhaust slot
influence neither the plasma flow velocity nor the direction. Pumping from the private region
simultaneously at the inner and outer divertor chambers will be implemented for producing the
plasma flow directed to the target.

4. SOL PLASMA FLOW IN ELMy H-MODE PLASMA

The SOL plasma flow in the improved core confinement plasma such as the ELMy H-mode is
practically important for designing a reactor since it affects the efficiency of helium and impurity
exhaust for reducing the dilution. The SOL plasma flow was measured by applying a constant
voltage to the double probes with a sampling rate of 200 kHz. Figure 6(a) shows the time evolution
of jsat,up and the ratio of the ion saturation currents, where Bt = 2.IT and the frequency of ELM
event was -25 Hz. The values of j ^down/J sat,up decrease to less than unity just after every ELM

event. Their radial profiles are plotted in Fig. 6(b). These results shows that the flow reversal exists
between ELMs, and that it disappears in a short period of 1 -2 ms. Rapid formation of the flow
reversal at the end of the ELM pulse is one of the evidences that the drive mechanism exists in the
plasma edge (i.e. may be caused by formation of large E r and Vp j).

5. RECYCLING AT THE BAFFLE PLATES

For the W-shaped divertor, the particle recycling above the baffle plates deduced from the Da
brightness profile was an order of magnitude larger than the calculation assuming only the back flow
of neutrals from the divertor chamber [1]. The penetration probability of the baffle source neutrals
into the core plasma is an order of magnitude larger than that of the divertor source. A reduction in
the baffle source is required to decrease the neutral density in the main chamber, which may improve
the energy confinement of ELMy H-mode plasma at high densities.

Quantitative analysis of generation mechanism of the baffle source was done with the 2-D
Monte Carlo neutral transport code, introducing a recycling at the baffle plates using the measured
SOL plasma profiles at the midplane and divertor plates. More than half of the local recycling flux
above the baffle can be explained by an interaction of the expanded 2nd SOL plasma with a relatively
long e-folding length of 6-8 cm. Fast ion flux due to the toroidal ripple loss is a candidate for the rest
of the baffle source.

6. CONCLUSION

Formation of the divertor detachment and SOL plasma flow were experimentally investigated.
Natural parallel SOL flow was measured at the SOL and divertor, which may be driven to keep the
constant pressure along the field line. Quantitative evaluation of the drive mechanism at the main
plasma SOL was consistent with the measurement.
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Abstract

Radio frequency waves in the ion cyclotron range of frequency (ICRF) are mainly used for
the plasma production and heating in the central cell of the GAMMA 10 tandem mirror. The
GAMMA 10 has minimum-B anchor cells with a non-axisymmetric magnetic field configuration.
The ICRF heating system in the central cell has been improved to create a more axisymmetric
plasma. A high ion temperature is attained with the system and high energy ions more than 50
keV are detected in both parallel and perpendicular directions to the magnetic field line. Strong
temperature anisotropy is observed and strong Alfven ion cyclotron (AIC) modes are excited due
to the anisotropy. With the AIC modes, high energy ions detected at the end increase and high
energy ions with nearly 90 degrees pitch angle in the central cell decrease.

1. INTRODUCTION

The GAMMA 10 tandem mirror is designed to be an effectively axisymmetrized tandem
mirror. The central cell has an axisymmetric mirror configuration and the anchor cells have a
minimum-B mirror configuration with non-axisymmetric magnetic fields. Recently, the density
increase due to the potential confinement has been attained by improving the non-axi symmetry
of the heating systemsfl]. Two ion cyclotron range of frequency (ICRF) sources are used in the
central cell for an initial plasma production and a main plasma heating, which are called as RF1
and RF2, respectively. A fast Alfven wave excited with the RF1 is also used for sustaining MHD
stability[2]. The wave is converted into a slow Alfven wave which propagates towards the
minimum-B anchor cell and heats ions on the cyclotron resonance layer[3,4]. Another ICRF
source RF2 is applied in the central cell for main ion heating with cyclotron resonance layers near
the midplane. By changing the ICRF antenna configuration, non-axisymmetry of the plasma and
the heating efficiency are improved. An ion temperature of 10 keV has been attained with the
high power ICRF heating[5].

With a strong ICRF heating, the temperature anisotropy defined as a ratio between
perpendicular and parallel ion temperatures becomes greater than 10 since the cyclotron
resonance layer is located near the central cell midplane. Unstable Alfven ion cyclotron (AIC)
modes are driven because of the strong anisotropy. The AIC modes have a frequency range just
below a local ion cyclotron frequency. This mode is excited as an eigenmode in the axial
direction and has a standing wave region near the midplane of the central cell[6]. High energy
ions are detected in both directions of a parallel and a perpendicular to the magnetic field line.
The interactions between the high energy ions and spontaneously excited Alfven waves may
become a constraint in future fusion devices. A clear correlation between the AIC modes and
behaviors of the high energy ions has been observed.

In this manuscript, the improvement of the axisymmetry of the plasma by changing the
ICRF antenna configuration and its effects on the plasma heating are described. The AIC mode
excitation due to the strong temperature anisotropy and the correlation with the characteristics
of high energy ions are also presented.

2. EXPERIMENTAL SETUP

The magnetic field profile in the central and anchor cells of the GAMMA 10 is shown in
Fig.l. The strength of the magnetic field at the midplane of the central cell is typically 0.4 T and
the mirror ratio is 5. The stainless limiter with a diameter of 0.36 m located near the midplane is
segmented to eight elements in the azimuthal direction. The locations of the limiter and ICRF
antennas of RF1 and RF2 are shown in Fig.l. For the initial plasma production, so-called Nagoya
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Type-Ill antennas (RF1) are used in combination with the hydrogen gas puffing in the central
cell. The four plate elements of the Nagoya Type-Ill antenna consist of two pairs, one with
vertical plates and the other with horizontal plates, in order to generate a rotating
electromagnetic field. They are located near both east and west ends of the central cell. To avoid
a strong interference between the waves excited with both antennas, the frequency of the west
antenna is slightly higher than that of the east antenna. For the plasma heating, the conventional
double half-turn (DHT) antennas (RF2) are placed on the location inside of the RF1 antenna.

The central cell has an axisymmetric mirror configuration and the transition regions to the
anchor cells have non-axisymmetric configuration with an elliptic cross section. A degree of
plasma non-axisymmetry in the central cell is evaluated from the azimuthal distribution of the
floating potential on the eight elements of the segmented limiter. The temperature anisotropy is
evaluated from three diamagnetic loops arrayed in the direction of the magnetic field line. AIC
modes excited spontaneously in such a hot plasma with strong anisotropy are detected by
magnetic probes set in the peripheral region of the plasma. To measure the behavior of high
energy ions, two semiconductor detectors are installed on the east end (eeHED) for the end-loss
ions and in the central cell (ccHED) for the magnetically trapped ions. Silicon surface barrier
(SSB) detectors (nominal depletion depth 300 )0.m) are used in this experiment. The nominal
value of the depletion depth of 300 |im is enough to measure high energy protons. The structure
of eeHED and the sensitivity of the SSB detector for protons are described in Ref. 7. The ccHED
is inserted perpendicularly to the magnetic field line and is positioned just outside of the limiter
radius in the midplane of the central cell. By rotating the ccHED against the normal axis to the
magnetic field line, a pitch angle distribution of hot ions in the central cell can be measured[8].
The locations of diagnostics are also indicated in Fig. 1.

3. IMPROVEMENT OF THE PLASMA NON-AXISYMMETRY

When the RF1 power into the four antenna elements is increased equally, a reduction of the
central plasma pressure is observed for the same RF2 power. In this case, the floating potentials
of the limiter segments show a nonuniformity of the plasma in the azimuthal direction. To
evaluate the effect of non-axisymmetry of the RF1 antenna elements, the injection power to
each antenna pair is changed separately under the fixed total RF1 power condition. The non-
axisymmetry is affected by the balance of the RF power applied to each antenna pair. When the
portion of the power applied to the vertical pair of the east RF1 antenna increases, the non-
axisymmetry of the plasma is improved and the diamagnetic signal increases as shown in Fig.2.
The inlets of Fig.2 indicate the azimuthal distribution of the floating potential and the degree of
the non-axisymmetry. The dotted circle means the positive floating potential averaged over
eight elements and potentials of each element are connected by solid lines. When the west RF1
antenna is used, the result is vice versa, that is, the non-axisymmetry of the plasma is improved
and the diamagnetic signal increases when the portion of the power applied to the horizontal
antenna pair increases under the fixed total RF1 power condition. By using the standard deviation
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of the potentials from the averaged value, the reduction of the diamagnetic signal associated with
non-axisymmetry is presented as shown in Fig.3. The reduction is strongly related to non-
axisymmetry of the floating potential distribution. A shape of the magnetic flux tube at the
transition region, which corresponds to a circular flux tube in the central cell, is an elongated
shape in a radial direction. When the antenna pair of the thin side in the projection of the
elongated region is used, the non-axisymmetry of the plasma is improved in both east and west
RF1 antenna cases. When the vertical pair of the east antenna and the horizontal pair of the
west antenna are used, no reduction of the diamagnetizm is observed with an increase of the RF1
power. In the opposite case, a significant reduction of the diamagnetic signal is observed. It is
suggested that the non-axisymmetry due to the minimum-B configuration is improved by the
ICRF antenna configuration. When the heating by the RF2 is higher, higher power of RF1 is
needed for sustaining MHD stability with keeping on the axisymmetry of the plasma.

4. BEHAVIOR OF HIGH ENERGY IONS

With a strong ICRF heating, a temperature anisotropy becomes greater than 10 and AIC
modes are spontaneously excited in the central cell. Semiconductor detectors are used for the
measurement of high energy protons in both parallel and perpendicular directions to the magnetic
field line. The minimum energy of the detection is roughly estimated to be around 10 keV. The
pitch angle distribution of high energy ions at the central cell midplane can be obtained by
rotating the ccHED as mentioned previously. When mirror confined ions have their turning
point at B = Bd, their pitch angle 8 at the midplane is given by sin 6 = Boj Be , where Bo is the
magnetic field strength at the midplane. The cyclotron resonance layer in this experiment is
located at about 1 m from the central cell midplane which corresponds to the pitch angle of 80
degrees. The obtained peak of the pitch angle distribution is just below the angle of cyclotron
resonance layer. Figure 4 shows the temporal evolution of (a) the diamagnetic signal near the
midplane, (b) the temperature anisotropy, (c) the AIC amplitude, (d) the signal of ccHED and (e)
the signal of eeHED. The diamagnetic signal is increasing with time till 100 ms. In this

experiment the ion temperature is several keV and the density is around 2x10 cm . Because
the electron temperature is relatively low (less than 100 eV), the variation of the diamagnetic
signal corresponds to the variation of the ion temperature. When the diamagnetic signal reaches
a threshold value, the signal of the ccHED appears and abruptly increases with the diamagnetic
signal since the SSB detector can detect only high energy ions of which pitch angle is nearly 90
degrees. The ccHED signal and the anisotropy increase with the diamagnetic signal on the initial
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phase and begin to decrease though the diamagnetic signal is still increasing. The AIC modes
appear under the certain conditions of the anisotropy and plasma beta. The eeHED signal
increases as the AIC modes are excited. The temporal evolution of the end-loss high energy ions
is almost the same as that of the AIC amplitude. When the amplitude of the AIC modes becomes
strong, high energy ions with a pitch angle near 90 degrees in the central cell midplane begin to
decrease and the anisotropy becomes weak as shown in Fig.4. These data suggest the pitch angle
scattering of hot ions due to excited waves in the plasma.

5. SUMMARY

In summary, non-axisymmetry of the plasma in the central cell of the GAMMA 10 tandem
mirror is improved by rearranging the ICRF antenna configuration and higher ion temperature is
effectively attained. Strong AIC modes are excited in such a high beta plasma with strong
temperature anisotropy. The pitch angle scattering of hot ions in the central cell and the
enhancement of the end-loss high energy ions due to the spontaneously excited Alfven waves are
observed.
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Abstract
The divertor discharge of reversed field pinch (RFP) is being studied in TPE-2M. To

understand the recycling process and the characteristic divertor plasma behaviors, the device was
reconstructed so as to have an enough divertor space. In the new device the shell is installed in the
vacuum vessel. The major and minor radii of the shell are 0.87 and 0.28 m respectively. Visible
spectroscopic observation showed that both light and heavy impurity lines decreased, while Da
from the diverter plate region increased. This indicates that the divertor acts effectively in the new
structural configuration. The newly found phenomenon in this vacuum vessel - shell structure is a
large-amplitude axis oscillation of plasma column along with the divertor point direction, that is,
the shell cut direction. It seems to be induced by the large shell cut angle or its structural form.
This sort of large amplitude oscillation may enhance the flux loss in RFP. In the improved shell
structure, in which the open angle of shell cut was reduced to a half (15 degrees) and the shape of
shell inner surface was made quasi-circular, that oscillation is effectively suppressed. The loop
voltage is relatively high in both cases, which seems due to the large - angle shell cut.

1. INTRODUCTION

The magnetic configuration of divertor discharge modifies the specific RFP configuration
strongly in the edge region. Such a modification may enhance the dynamo activity if the RFP
configuration should be sustained. Early experiments in TPE-2M have shown that the observed
global MHD dynamo activities are similar with those of normal discharge, that is, analysis of
magnetic fluctuations revealed that a nonlinear coupling of m=l and m=0 modes occurs during flux
generation process. Dynamo activity as a flux generation mechanism was maintained as in the
normal discharge and no particular global instability was excited. The heat exhaust concentration
to the separatrix point was observed. Total heat flux to that region is estimated at about 80% of
Ohmic input power [1-3]. Spontaneous increase of soft X-ray signal from the core plasma and
decrease of particle diffusion from the outward edge were also observed [4]. Due to the impurity
build-up, however, the duration of discharge was limited in this configuration with a very small
divertor space.

To study the recycling process, the characteristic divertor plasma behaviors and their effects
on the core plasma confinement, TPE-2M device was reconstructed so as to have an enough
divertor space as the second stage experiment. An inner-upper side single-null poloidal divertor
configuration is formed by combination of the stabilizing shell with an axisymmetric poloidal cut
and a hoop coil. The stabilizing shell is installed in the vacuum vessel to provide an enough
divertor space. In this configuration the normal RFP configuration can also be formed by reversing
the polarity of the divertor hoop coil current. The characteristic geometrical structure and electrical
parameters of the new device are described. The plasma - wall interaction and the divertor plasma
behaviors are observed by visible spectroscopy, and magnetic properties are observed by small
magnetic search coil arrays.

* Work supported by the Science and Technology Agency, the Prime Minister's Office, Japan
** Permanent Address: Faculty of Engineering, Iwate University, Morioka, Iwate, Japan
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2. DESCRIPTION OF DEVICE

The geometrical structure of the vacuum vessel - shell and magnetic coil assemblies is shown in
Fig. 1 (a). The close fitting aluminum shell of (2.5 cm in thickness), which is essentially necessary for the
stability in RFP, is installed in the vacuum vessel to provide an enough divertor space. An axisymmetric
poloidal shell cut and a divertor coil outside the vacuum vessel form the divertor configuration. The
calculated divertor field profile is plotted in Fig. l(a). The further modification of shell inner surface
structure is shown in Fig. l(b). The major and minor radii of the shell inner surface are 0.78 and 0.28 m
respectively. The shell is electrically insulated from the SUS vacuum vessel. The plasma current and
duration of the discharge are limited by the capacity of iron core 0.7Vs in the OH circuit. In the present
experiment the maximum plasma current is 70 kA, and the duration is around 5 ms depending on the
toroidal loop voltage (typically 100 V).

Divertor- Coil
Diagnostics Ports Oivertor coil

R=87cm

Vacuurrj Vessel (SU:
j a=28cm

1304)

(a) (b)

Fig. 1 Cross-sectional view of vacuum vessel - shell structure of TPE-2M.

3. EXPERIMENTAL RESULTS

3.1. Global behaviors of discharge

In Fig.2 are shown typical waveforms of the plasma current, the toroidal loop voltage, the
toroidal flux and the toroidal field on the shell inner surface at the configuration of Fig. l(a).

0

a.u.
0

a.u.

0

i

\

1

Toroidal flux of plasma

I i

Toroidal magnetic field
on the shell inner surface

1 i

ms4 6 ms 0 2 4
time time

Fig. 2 Typical waveforms of the plasma current, the toroidal loop voltage, the toroidal flux and the
toroidal field on the shell inner surface at the configuration of Fig. l(a). Full lines; with divertor, dotted
lines; non-divertor.
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In this series of experiment, the maximum plasma current is limited at 70 kA to protect the
electrical insulation of the toroidal shell gap. The toroidal flux in Fig. 2 is measured by magnetic
loops wound around the shell and compensated by calculation. The RFP discharge duration is
around 5 ms, which is limited at present by the flux capacity of iron core transformer, 0.7 Vs. The
toroidal flux reverses its sign at current termination. The waveforms at the normal discharge are
also shown by dotted lines in Fig.2. The toroidal loop voltage is typically 100 V. The loop voltage
is slightly higher and the duration is shorter in the divertor operation [5]. The higher loop voltage
in the divertor configuration may be explained by the additional flux loss due to the modification of
edge field profile by the divertor. The loop voltage, 100 V, seems generally higher in this minor
radius of 0.28 m, compared with 30 V in the old device in which the minor radius is 0.2 m. One of
possible reasons is a large shell cut angle of 30 degrees, which permits a faster flux loss compared
with a full covering shell. It also seems to induce an axis oscillation of plasma column along the
direction of divertor point, which is described afterwards. These two facts lead to a higher loop
voltage.

3.2. Observation of plasma - wall interaction

The interaction of plasma with the shell surface was observed by visible spectroscopy. In
Fig.3 are compared the intensities of CIII and All lines viewed horizontally (from A-port in Fig.
l(a)), and Da line in the direction viewing the divertor plate (from B-port in Fig.l (a)) with those
of normal discharge. In the divertor discharge, both impurity lines decreased to 1/2 or less, while
D a from B-port, which indicates the degree of interaction of diverted plasma with the divertor
plate (cooling and neutralization of diverted plasma), increased by about 2 times. The edge
observation instead of port-A observation shows the tendency more clearly. The reduction of heavy
impurity is generally more evident than the light impurity as in the former device [4]. These results
mean that the surface of plasma is more limited by the magnetic field than the material limiter
(SUS and Mo) and the interaction of plasma with the shell wall is reduced and the plasma effuses
to the divertor plate, that is, the divertor acts effectively in this configuration. The shell proximity
of plasma (shell minor radius / plasma minor radius) is slightly deteriorated in the divertor
configuration (approximately from 1.05 to 1.08 by equilibrium calculation), which can lead to a
less stable state. However, any distinguishable changes in the fluctuation level of magnetic signals
at wall surface were not observed with the divertor configuration. So that we can consider the main
plasma is confined stably with divertor as well.

0 2 4 6 ms
time

Fig. 3 Impurity lines from A-port and Da from B-port; Full and dotted lines show the same with Fig. 2.



918 EXP4/11

3.3. Characteristic plasma axis oscillation

The newly found phenomenon in this vacuum vessel - shell structure is the axis oscillation of
plasma column along with the divertor point direction, that is, the shell cut direction (m/n=l/0
mode). The period and amplitude of the oscillation are around 0.75 ms and 0.15 respectively. It
seems to be induced by the large shell cut angle or its structural form. The similar phenomenon was
also observed in a very low q tokamak operation (0<q<l). In Fig. 4 are shown Br signals at the
four inner surface positions with the case of very low q tokamak operation, where the discharge
continues longer. This kind of large oscillation may enhance the flux loss in RFP, which is a cause
of additional anomalous loop voltage in the divertor RFP discharge. In fact, the loop voltage is a
little higher and the discharge duration is shorter in the divertor discharge at the same plasma
current, compared with the normal discharge. To improve it, the shell cut angle was narrowed; the
open angle was reduced to a half (15 degrees) and the shape of shell inner surface was made
quasi-circular as shown in Fig. l(b). The experiment in the improved shell structure showed no
such oscillation of plasma column. However other global discharge properties remained
unchanged. No loop voltage reduction nor impurity reduction was observed. The relatively high
loop voltage observed in these discharges is estimated to be caused by the still large - angle shell
cut.

Position of Magnetic loop

Br(2)

^

Br(6)

Br{8)

2 4 6 8 ms
time

Fig. 4 Br oscillations showing an axis oscillation of plasma column along the direction of shell cut.

4. SUMMARY AND CONCLUSION

In summary, the divertor discharge of RFP in the outer vacuum vessel - inner shell structure
with an enough divertor space has successfully been operated, and the plasma - wall interaction is
effectively controlled. To improve the global plasma operation, boronization of the wall is being
tried, and Ti gettering is planned. The initial experiment with boronization resulted in improvement
in vacuum conditioning, and the plasma conductivity is slightly enhanced. The main efforts are
being paid for higher plasma current and longer discharge time operation to ensure a higher
performance.
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Abstract

Attempts have been in progress to control dynamics of the reversed field pinch (RFP) plasma by
use of external helical fields in the STE-2. In the quasistatic field experiments, it has been found that
combined application of different resonant fields causes enhanced mode coupling. Stability analysis has
shown that one of the possible mechanisms for the experimentally observed RFP improvement due to
external nonresonant fields is the stabilizing effect of the external current layer to external kink mode
which grows in the time scale of shell time constant. In the rotating resonant helical field experiments,
it appears that toroidal rotation of the asymmetric toroidal flux disturbance is either acceletared or
decelerated depending on the rotation direction of the helical field. No significant effect has been observed
on the global plasma parameters under the present limited experimental conditions.

1. INTRODUCTION

In the reversed field pinch (RFP), nonlinear interaction between tearing modes plays
important roles in MHD relaxation and subsequent RFP dynamo activities. The interaction
brings about phase locking between dominant modes, resulting in field line stochastization.
Interaction of the modes with external resonant fields is thought to be responsible for the locked
modes. These unfavorable nonlinear phenomena are more pronouced when the RFP plasma is
surrounded by the resistive shell due to the gowth of resistive shell modes.

Efforts have been in progress to control dynamics of the instabilities by use of external
helical fields in the STE-2 which is equipped with resistive shell. Following the quasistatic helical
field experiments [1,2], combined application of the different helical fields has demonstrated the
importance in the mode coupling of overlap of the externally produced static islands. Stability
analysis has revealed the stabilizing effect of the external current layer on external kink modes.
Initial results from rotating resonant helical field experiments will also be discussed.

2. MACHINE DESCRIPTION

The STE-2 is a small size RFP machine (i?/a=0.4m/0.1m) which uses a 2 mm thick SS
chamber with two poloidal gaps. The quasistatic felical field experiments have been performed
with a close fitting 0.5 mm thick copper shell [1,2]. The field penetration time of the chamber
rw is ~0.2 ms, while that of the shell TS is ~2 ms. In a typical discharge, plasma current Ip

is > 60 kA with discharge duration T^ <1 ms. Four kinds of helical coils produce quasistatic
helical fields with M/N=l /±8 and 1/dblO, where M (N) is the poloidal (toroidal) mode number
of the external field, (m and n will be used to designate the mode numbers of the inherent
magnetic fluctuations.) The M/N=l/8(l/10) field is (internally) resonant at r/a ~0.4(0.5).
Helical fields with negative N have no resonance between the field reversal surface and the shell
((externally) nonresonant). \Bra\/Bga will be referred to as perturbation level, where \Bra\ is
the external perturbation amplitude of either quasistatic or oscillating field and Bga. the edge
poloidal field. \Bra\jB$a will be referred to as the radial magnetic fluctuation level, where \Bra\
is the amplitude of the radial field fluctuation amplitude at the edge.

The shell has been removed for the rotating resonant (M/N=l /8) helical field experiments.
The rotating field is applied by two pairs of helical coils covering a half of the torus together with

1
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Figure 2: External helical current needed to
stabilize the external kink modes.

two alternating current sources with a phase difference of TT/2 with a view to driving toroidal
plasma rotation in order to stabilize resistive shell modes (tearing modes). Since we have used LC
damping oscillation to obtain the alternating current in the present initial experiment, effective
duration of the rotating field is restricted to <0.4 ms.

3. QUASISTATIC HELICAL FIELD EXPERIMENTS

3.1 Influence of resonant fields

The resonant helical fields have caused deterioration of the RFP plasmas with higher
discharge resistance. The deterioration is caused by enhanced coupling of the tearing modes due
to overlap of the static and inherent magnetic islands [1,2].

Combined effect of the different helical fields has been studied [4]. Figure 1 shows the
coherence of m=l edge magnetic fluctuations (100 kHz< / <300 kHz) versus poloidal separation
length. The coherence 7 is related to the spectral width Afc as Afc oc (1 —7), which is a measure
of the nonlinear mode coupling. The coherence scale length A|| corresponds to the e-folding
length of the coherence. When either the 1/8 or 1/10 field is applied separately with 1 % level.
A|| descreses only slightly. On the other hand, combined application of these fields has resulted
in significant reduction of A||, comparable to the minor radius. It should be compared with
the results in ref[2], where 3 % level perturbation was required to observe the same reduction
of Ay with 1/10 helical field alone. Combined application of the M/N=l/8 and 1/10 helical
fields thus enhances the mode coupling. Analysis of the magnetic island produced by resonant
helical field[3] has shown that the combined effect is attributable to sufficient overlap of the
static islands. Interaction between static magnetic islands thus plays an important role in mode
coupling as well as between static and inherent islands.

3-2. Influence of nonresonant fields

The RFP discharges are slightly improved by the nonresonant helical fields. In these
improved discharges, less active conversion of the poloidal magnetic flux into the toroidal flux
(RFP dynamo) is implied by the trend of higher pinch parameter 0 (= Boa/ < B& >, where
< B(p > is the average toroidal field). Toroidal symmetry of the toroidal flux has been improved
significantly, indicating suppression of the m=0 mode coupling [2].

In order to study possible mechanisms for these improvements, we have analyzed stability
of the ideal external kink modes in a cylindrical RFP surrounded by a resistive shell at r=b
and an external helical current layer at r=c [4], Assuming the zero Alfven transit time together
with the thin shell approximation, we derived a dispersion relation for the m=l external kink
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modes with normalized growth rate prs. The dispersion relation was then analyzed for the
force-free equilibria with A(=/Uoj • B/5 2) characterized by two parameters ©o and a. X(r) =
(20o/a)(l — (r/a)a). Without the helical current, the present analysis gives the results identical
to those in ref.[5]; the modes with —1.2<na/R <0 are unstable with the maximum growth
rate at na/R ~ — 1, where negative n stands for the external modes. The maximum growth
rate (pTs)max is 4.0 for the equilibrium with eo/a=1.9/3.2, 1.1 for 1.8/3.2 and 0.5 for 1.7/3.5,
showing the importance of this mode in peaked current profile.

Figure 2 shows the amplitude of the helical current (surface current density amplitude
normalized to the edge radial field of the corresponding mode) needed to stabilize the mode
with maximum growth rate in the equilibrium specified by ©o and a. Separation of the helical
current layer from the plasma surface c/a is chosen as a parameter. The current for stabilization
increases with c/a, about a/2 separation doubling the required current.

It has thus been shown that one of the possible mechanisms for the experimentally observed
improved RFP performance with nonresonant fields is the stabilizing effect of the external helical
current on external kink modes. The result has also shown that feed back controlled helical
current would be useful for stabilizing the external kink modes.

4. ROTATING HELICAL FIELD EXPERIMENTS

Experiments have started in shell less RFP to drive toroidal plasma rotation by controlling
the interaction of the tearing mode with rotating resonant (M/N=l/8) helical field.

Figure 3 shows time behavior of the plasma current and radial magnetic fluctuation level
in the RFP with and without the shell. When the shell is removed, reproducibility of the
RFP plasmas is degraded, however, plasma current higher than 50 kA can be achieved. The
RFP lifetime {TRFP) has been in the range from 2 to 3 times the chamber time constant, i.e..
TRFP <0.6 ms. Discharge resistance is degraded in the shell less operation; for /„ >55 kA, the
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resistance is higher by 30-50 % than that in discharges with shell, while, for Iv <50 kA, it is
almost the same as in the RFP with shell but deteriorated by the quasistatic resonant field. As
shown in Fig.3(b), the average radial magnetic fluctuation level (/ >8 kHz) is 2-3 times higher
than in the RFP with shell. Since the RFP deterioration due to the resonant perturbation in
the shell mounted case is attributable to the externally produced magnetic islands as described
in the previous section, the results above indicate that the degradation in the shell less RFP
is ascribable to the mode coupling enhanced by the higher fluctuation amplitudes in highly
resistive boundary.

The helical field was applied at 0.3-0.35 ms, after the formation of the RFP configuration
at 0.2-0.25 ms. No significant effect on the global PFR parameters has been observed under the
present experimental conditions: the perturbation level \Bra\/B$a lower than 1 %, oscillation
frequency / ~10 and 15 kHz, and effective duration of ~0.3-0.4 ms.

The M=l rotating field has no significant effect on the locked mode, a stationary radial
field disturbance localized near one of the port holes (and possibly at the poloidal gap also),
under the present conditions mentioned above. The radial magnetic fiuctuatuion level (/ >8
kHz) measured inside the chamber has not been influenced significantly either.

Influence of the helical field may be observed in the evolution of the toroidal magnetic flux
disturbance. Figure 4 shows time behavior of the asymmetric toroidal magnetic flux disturbance
(/ >5 kHz) over half of the torus with and without the helical field. In standard RFP plasmas
without helical field, the disturbance rotates toroidally in the opposite direction to the plasma
current (clockwise (CW) from top). When the CW rotating helical field is applied, the rotation
velocity of the disturbance appears to be accelerated, as in Fig.4(b). When the helical field
rotation is reversed in the counter clockwise (CCW) direction, the disturbance appears to be
decelerated, as in Fig.4(c). In this regard, we may note that in the shell mounted case toroidal
asymmetry of the toroidal flux perturbation was improved by the quasistatic externally nonres-
onant helical field [2]. Efforts are to be made to identify the mechanism by which the toroidal
flux perturbation (m=0 structure) is influenced by the M=l external helical field. Further ex-
periments are in progress to search for the conditions under which the rotating helical field has
some effects on the dynamics of the m=l modes.

5. SUMMARY AND CONCLUSION

We have obtained the new results from the helical field experiments in the STE-2. In the
quasistatic field experiments, overlap of the static islands produced by expernal perturbations
plays an important role in the nonlinear mode coupling. External helical current has a stabilizing
effect on external kink mode which grows in the time scale of shell time constant. Initial results
from the rotating resonant helical field experiments have shown that the dynamics of the toroidal
flux (m=0) is influenced by the rotating field. Further efforts are in progress to search for the
conditions under which n=l mode dynamics is influenced by the rotating helical field.

The present results have revealed that external helical field is promising as a means for
controlling the RFP dynamics.
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Abstract

A new concept for plasma heating using axial magnetic compression of a field-reversed configuration
(FRC) plasma is proposed. In this concept, the FRC plasma is compressed only axially, keeping the magnetic
flux between the separatrix and the confining chamber (flux conserver) wall unchanged, while allowing the
plasma to expand radially. A simple model based on an empirical scaling law of FRC confinement and on the
assumption that the compression is done adiabatically, predicts that in addition to heating the plasma, confinement
improvement will also be accomplished with this concept. This compression will be done by energizing segmented
mirror coils successively in such a way to decrease the length of the confinement region between mirror coils.
The apparatus for this axial compression was developed and an experiment was carried out. In this experiment
the plasma was compressed by about 30% and the plasma life time of about 500us was increased by about 50us.

1. Introduction

A field-reversed configuration (FRC) plasma has only poloidal field and an elongated shapefl];
the ratio of its length to diameter is about 10. Outside the separatrix, plasma pressure drops to zero
within a few ion gyro radii[2]. From these facts, the beta value in the axial mid-plane, averaged inside

the separatrix of an FRC in a solenoid or a cylindrical flux conserver is given by < /? >= 1 - (rs jrw) / 2 ,
where rs and rw are the separatrix radius and the conductive wall radius, respectively. The separatrix
radius rs(z) at an arbitrary axial position is obtained with good precision from an axial array of
diamagnetic probes except for the region near either end of the FRC.

The FRC plasma is produced in our case by a negatively-biased theta-pinch machine, which
consists of quartz discharge tube and massive, high voltage pinch coils; therefore access to the plasma
for additional heating is extremely poor. As no material structures link the FRC, it can be translated
axially from the theta pinch to a confinement chamber. By translating the FRC, additional heating
experiments could be performed. On the FRX-C/LSM facility in Los Alamos, high power (1GW)
magnetic compression heating was successfully done[3]. On the FRC Injection Experiment (FIX)
machine in Osaka, a fast rising (rise time was about an ion gyro period) magnetic pulse from a one
turn coil placed coaxially to the machine axis was applied to the translated FRC plasma and heating
was observed[4]. In the former experiment, the plasma heating from 7\= Te + 7J) of 0.6keV to 2.2keV
was accomplished by increasing the confining magnetic field from 0.4T to 1.5T in 55us. The result
was consistent with the adiabatic compression theory. Though the heating was excellent, the confinement
properties became poor. The energy confinement time TE shortened by a factor of 2~3 to 35us. In the
latter case, the strength of the magnetic pulse at its maximum was about equal to the strength of the
confining field of 0.04T and the rise in the plasma temperature was only about 10% of its initial value.
But most importantly, the confinement properties were improved by this heating. The result was
explained based on the empirical scaling law tN °= /?2/p,, where, TN, R, and pi are particle confinement
time, magnetic axis radius and the ion gyro radius in the external field, respectively. The explanation
for this is that an unfavorable tendency for the confinement due to the increase of pt was more than
cancelled by the favorable effect brought about by the increase of R by the heating.

We propose in this work an axial compression of an FRC plasma as a method to heat as well as
improve confinement.

2. Theoretical model

The FRC is compressed axially in a flux conserver without changing the external flux or the
magnetic flux between the separatrix and the chamber wall. The plasma is heated by the compression
and rs increases until the magnetic pressure of the external field balances the plasma pressure. The
change of the plasma parameters from before to after the axial compression is estimated with a simple
model: We assume that the compression is done adiabatically in a time scale faster than the transport

1
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time scale. The plasma is assumed to be cylindrical in shape with the radius^ and the length Is.
Therefore, the total particle number N is written by

where, nmax is the density at the magnetic axis and

v = >*£&.
where xs is rjrw and ls is the plasma length. Plasma temperature is assumed to be uniform. As the
adiabatic relation, we use

nl^T = const.
Conservation of the external flux reads as follows.

where, Bw and Bvac are the magnetic fields just inside the flux conserver wall with and without the
plasma, respectively. The plasma length before and after compression is written by /,. and lf. The
change of xs from xi to x. is obtained from the above equations to be

We can obtain an approximate solution to this equation if we set (/3)(. = {/?), = 1. As (f3). is about

0.9 and {0)f is closer to 1, serious error will not result from this approximation. The term in the

parenthesis of the above equation is written as nf lni. If we define a compression ratio c as

c-BfJB^ c can then be written as

In terms of c, the final temperature and density are
rr ,rr 2(l-l/y) / 2/y

Tf/Ti-c
y ll),nfjni^c'1

The most important ingredient in this model is to associate an empirical scaling law [5] [6]

with the axial compression. The change of p, and zN with the compression is written as follows.

pf/Pi = c-". rNf/rNi =(Xf/XifcVr(rTf/rry
2

where, rT - Tt IT (T: pressure balance temperature, Tt: ion temperature). The results of this analysis

are shown below. In Fig.l(a) and (b), (7//7j) and Xf lxi are plotted against lf jl{ for some initial xs

values. As is seen in the figure, the heating done by the axial compression is modest because of the
one dimensional nature of the compression and also possibly the existence of an upper limit to
compression, perhaps due to the tilt instability [7]. The important point is that simultaneous heating
and improvement of confinement is predicted for this method of compression.

4.0

'3.0

2.0

1.0

0.2

1
1

xs=0.3

•^ xs=0.4

1

1

1
0.4 0.6 0.8 1.0

Fig.l (a) Effect of heating by axial compression for different initial xs values,
(b) Effect of confinement improvement by axial compression.
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3. Apparatus

Upstream Mirror Coil
tube

q-pinch coil

The FRC is produced in the formation region of the FRC Injection Experiment (FIX) machine.
The theta pinch coil of the formation region is 1.26 m long, with an inner radius of 0.155 m. The FRC
is then translated into a 3.4 m long, 0.8 m diameter confinement region made of stainless steel,
equipped with mirror fields at both ends. The FRC translated into the metal chamber bounces back
and forth a few times and settles down in the confinement region[8]. Axial compression of the FRC is
done by energizing additional segmented mirror coils successively with time in such a way as to
shorten the length of the confinement region. The rise time of the additional mirror field should be
slow enough to accomplish a soft compression but faster than plasma decay times. In our case, the rise
time was chosen to be 30-50 \is. As this rise time is shorter than the skin time of the metal confinement
chamber, the additional mirror coils must be installed in the vacuum chamber. The additional mirror
coils are arranged in two segments, each segment consisting of a 0.66m diameter 3-turn winding, each
Of which is Contained in a StainleSS-Steel Axial Compression Coil Downstream Mirror Coil
jacket separated by 0.2m axially. Each jacket
consists of two halves, separated by an
insulator to prevent azimuthal return currents
from flowing. The individual coil segments
are spaced at 0.2m intervals along the o.4m*
machine axis. These coils are arranged next Formation Region
to the upstream mirror region. The length of Confinement Region z

the confinement region can be shortened from ' ' ' ' ' *"'
3̂ 4 m to 2.4 m[9]. A schematic drawing of F 2 S c h e m a t i c 6nmia o f t h e F I X m a c h i n e .
the apparatus is shown in Fig.2.

4. Experiment

An axial compression experiment was done on the FRC injection experiment (FIX) machine.
The additional mirror coils were energized when the movement of the FRC plasma associated with the
translation ceased. The separatrix shape and its change with time during the compression is inferred
from an axial array of diamagnetic probes arranged in the confinement region. The separatrix shape
near the additional mirror coils is not obtainable when the coils are energized, because the magnetic
field is assumed to be almost straight in calculating rs. In Fig.3, the change of the separatrix radius
with time at 0.6m downstream from the axial midplane is shown for the case with and without
compression is shown. By this operation, the length of the confinement region was decreased from
3.4m to 2.4m, or the plasma length was compressed by about 30%. The wavy structure before 200us
is due to the movement of the FRC plasma associated with translation. Without the compression, rs is
seen to decrease monotonically after 200us. While, with the compression applied at 230us, rs begins
to increase from 248 to 266us and then after 310us it starts to decay with almost the same decay rate
as the case without the compression. After all, the configuration life time of about 500us increased by
about 50ns. In the theoretical analysis, the decay process was neglected and therefore rs takes a
different but constant value before and after the compression. In this case the improvement of tN can
be concluded by simply comparing XN before and after the compression. However the following two
facts complicate the comparison between analysis and experiment: i) rs decreases with time as a result
of unneglectable loss of plasma particles, energy and trapped magnetic flux: ii) Transport times
change with time. To overcome these difficulties and to see the change in confinement due to
compression, experimental Tw was plotted against the confinement time predicted from the empirical
scaling law (Fig.4). The empirical XN is obtained at each instant of time by

TN = ((dN/dt) /N), N = nV

V is calculated from the measured rs(z) and as n we used a quantity obtained by dividing a side-on
interferometer signal by rs measured at the interferometer location. The fact seen in Fig.4 that tN is
almost the same for the case with and without the compression, signifies that the result predicted by
the analysis is experimentally verified, i.e. that the confinement can be improved by increasing rs

through axial compression. It must be mentioned that tN is longer than the predicted tN by a factor
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of about 5 as already noticed in Ref.[4]. However the functional dependence of tN on /?2/p ; still
holds approximately.
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Fig.3 Change in separatrix radius with time at
0.6m downstream from the axial midplane of
the confinement region. Dashed line: no
compression. Solid line: axial compression
field applied at 230us.
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Fig.4 Particle confinement time at each instant of
time plotted against the value calculated for the
empirical scaling law with (solid line) and without
(dotted line) axial compression.

5. Conclusion

A new method for the axial magnetic compression of an FRC plasma in a flux conserver is
proposed. The ability of this scheme to heat as well as improve FRC plasma confinement was
predicted by taking into account both the empirical scaling law and the adiabatic compression relations.
An experimental apparatus to test this concept was built and was installed on the FIX machine.
Reflecting the smallness of the compression ratio, heating was not recognized but improvement of
confinement was observed by the experiment.
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Abstract

Novel high-power heating experiment of compact torus (CT) has been developed in the TS
devices by use of merging effects. This method enables us to inject whole magnetic and thermal
energies of a colliding CT into a target CT within short reconnection time. The maximum heating
power of 10MW was obtained in our initial low-field (0.3-0.8kG) and small-scale (R<0.2m)
experiment. This heating energy is provided mostly by ion acceleration effect of magnetic
reconnection. The q-value of the target CT was varied continuously from low-q reversed-field
pinch (RFP) region (q=0.2) to high-q spherical tokamak (ST) region (q=30). The ion heating
energy as well as the merging speed increases with decreasing the q-value (Bt component) of two
toroids and with increasing their external compressing force of current sheet. The most probable
interpretation for these phenomena is that unmagnetized ion motion causes the anomalous
dissipation of the current sheet when it is compressed shorter than its ion gyroradius. The merging
process causes the (3-values of CTs to increase by factor 2-3 and the p increment increases with
increasing the q-value of CT.

1. INTRODUCTION

The TS (Tokyo Univ. Spherical Torus) experimental group has been investigating various
merging phenomena of CTs (STs, spheromaks and RFPs) and their applications, using the TS-3
merging device. Its main objects are (1) 3-D investigation of magnetic reconnection and its
application, (2) comparison of various CTs in a single device and (3) merging formation of FRC
and its application to ultra-high-^ ST formation. The high-power heating of CT is one of the
major applications of reconnection effects to fusion plasmas[l-4]. As shown in Fig. 1, the
produced CT is collided with the target CT in the axial direction. Their reconnection is expected
to heat plasma through its particle acceleration effect[4]. This heating method is unique, because
whole magnetic/thermal energy of the colliding CT can be used for heating of the target CT
within short merging/reconnection time. Unlike the other heating methods, it will realize GW-
order heating power easily in the present large tokamak experiments and is expected to be a
future attractive high-power heating method of CTs. Our TS-3/4 devices can produce and merge
together various CTs with wide range of q-value. This paper addresses two important issues on the
high-power heating characteristics: (1) how its heating and reconnection characteristics depend on
the q-value of the merging CTs, (2) how this heating changes the CT equilibria, especially in
terms of their beta ((3) values. The fast merging of low-q CT realized the maximum heating power
of 10MW in our initial experiment and increased p of the target CT by factor-2-3, revealing the
high-p properties of CT equilibria.

2. EXPERIMENTAL SETUP

Our TS-3/4 merging devices enable us to axially collide and to merge two CTs with wide
range of q-value from 0.2 to 30. As shown in Fig. 2, the TS-3 merging device has two poloidal
field (PF) coils and two sets of eight electrode pairs for two CT formations in a cylindrical
vacuum vessel with length of lm and diameter of 0.8m. These coils were used to inject arbitrary
amount of toroidal and poloidal fluxes into the CTs. Right after their formation, the CTs have
major and minor radii of 0.2m and 0.14m. Reversed currents Iacc of the two PF coils were used to
increase the plasma colliding force as well as the reconnection speed. The arbitrary toroidal field
Bt;ext was applied to the CTs, varying toroidal field Bt (=Bt,ext+Bt,in) of the CT continuously from

Princeton Plasma Physics Laboratory, Princeton University,
P. O. Box 451, Princeton, NJ 08543
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FIG. 1 Plasma heating scheme of compact
toroids by use of merging (magnetic
reconnection) effect.
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FIG. 2 The TS-3 merging device.
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FIG. 3 Poloidal flux contours with Bt field strength
and q profiles of ST, spheromak, RFP and FRC.
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FIG. 4 Time evolutions of thermal
energies of merging CTs
(solid lines) and single CTs
(dotted lines). The CTs are
spheromaks (a) and STs
(Itfc=35kA) (b).

low-q RFP region to high-q tokamak region The 2-D array of magnetic probe was located on the
r-z plane of the vessel to measure the poloidal and toroidal magnetic field profiles of the merging
plasmas. Radial profile of ion temperature Tj was measured on the midplane by use of a Doppler
broadening of Hp and CTI lines. An electrostatic probe was inserted at z=0cm to measure radial
profiles of electron temperature Te and density ne.

3. EXPERIMENTAL RESULTS
3.1 HIGH POWER HEATING EFFECT OF MERGING

Figures 3 show poloidal flux with B t contours and q profile of the CT plasmas with various
center toroidal coil current Itfc right after merging. For simplicity, the injected CT had the same
flux as the target CT to maximize the heating effect. These data were obtained from the 2-D
magnetic probe measurements on r-z plane. As ItfC was increased from -5kA to 50kA, the q-value
was observed to increase from the RFP regions (qo~O.l), through the spheromak region to the
tokamak region (qo>l)- In the present operation, the initial merging plasmas had the poloidal
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magnetic field Bp=0.5kG, ion and electron temperatures Tj=Te=15eV and density ne=5xl019nv3.
Figures 4 show time evolutions of thermal energies of the merging CTs and a single CT, which
were calculated from measurements of Tj, Te and ne. In all cases, the thermal energies of the
merging CTs were observed to increase significantly as soon as they started merging. The
maximum heating power of 10MW was obtained in the case of spheromak (Itfc=0)- The thermal
energies of the merged CTs were much larger than those of the single CTs in all cases. It is also
noted that the heating energy increases with decreasing the q-value of the merging CTs. Figure
5 (a) shows the center ion temperatures T ô before and after the reconnection (at t=10|isec and at
t=22.5)iisec), as a function of Itfc[4]. In the case of Itfc=0, TJO increases significantly from 15eV to
120eV, while Te stays around 15eV. This fact indicates that the heating of the target CT is mostly
caused by its ion heating effect. It is noted that TJO increases with decreasing Itfc, in agreement
with Fig. 4. The Tj increment at Itfc=O is as high as HOeV, while that at Itfc=20kA is as low as
40eV.

° after
reconnection

• before
reconnection

0 10 20 30 40 50
Itfc [kA]

FIG. 5 Dependences of ion temperature
Ti before and after merging (a)
and reconnection rate y on Itfc (b).

20 30 40
Itfc [kA]

FIG. 6 (a) Poloidal beta pp, (b) central beta po

and (c) averaged beta PN (normalized by

the Troyon scaling) of merged or single CTs

as a function of toroidal field coil current Itfc.

3.2 HIGH BETA PROPERTIES OF CTS

A question is how much of the injected heating energies are confined in those CTs with
different q-values. As shown in Fig. 4, the thermal-energy of the high-q ST decays much slower
than that of the spheromak with the lowest q. Figures 6 show the poloidal beta pp, the central beta
Po and the averaged beta PN (normalized by the Troyon scaling value) of the CTs after merging
and the single CTs, as a function of Itfc- Right after the heating, these betas tend to decrease
sharply to the constant values which are shown in Fig. 6. It was clearly observed that the merging
process increases Pp and Po by factor 2-3. It is noted that the Pp increment increases with
increasing ItfC (q-value). These results indicate that the ST with higher q-value has better
confinement to sustain the large heating energy of merging. Though most of the B t profiles were
located still on paramagnetic side of vacuum B t profile, the high-power heating effect of merging
was observed to reduce the paramagnetism of CTs. It is interesting to check whether this tendency
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agrees with the Troyon scaling or not. Figure 6(c) indicates that the present averaged p is always
about four times larger than the Troyon limit. It is concluded that the high-p confinement of CT
improves with increasing its q-value, while the ion heating energy of merging increases with
decreasing the q-value.

3.3 MECHANISM FOR ANOMALOUS DISSIPATION AND HEATING EFFECTS OF
MERGING

Figure 5(b) also shows the reconnection rate 7=(da/dt)/a, as a function of initial ItfC, where
a is the ratio of the reconnected poloidal flux to the total poloidal flux. It was observed that both
of ion heating and reconnection rate increase with decreasing the q-value of CTs. The ion heating
effect is considered to be related closely with the anomalous dissipation of current sheet. An
important question is why the ion heating energy and the reconnection speed depend on Itfc (q-
value). Our finding is that the measured resistivity T|(=Et/jt) of current sheet is strongly correlated
with ratio of the sheet width to the ion gyroradius. Figure 7 shows r\ evolutions with five different
Itfc, as a function of 5/p;. All curves agree that the measured r\ stays almost constant(~0.3mQm) as
long as 8 is longer than p[. This value is the order of the Spitzer resistivity calculated from the
electron temperature. Note that r\ increases significantly, once 8 is compressed shorter than pi[5].
The maximum r|=3mQm is roughly fifty times larger than the Spitzer resistivity, leading to the
observed fast reconnection in small Itfc regime. These results agree well with the recent
macroparticle simulation results by Horiuchi et al.[6].
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FIG. 7 Evolutions of effective resistivity T| as a function of 8/pi

for five different Itfc case.

4. CONCLUSIONS

In summary, our TS-3/4 CT merging experiments demonstrated the high-power heating
characteristics of merging STs, spheromaks and RFPs for the first time. The maximum heating
power of 10MW was obtained in the initial low-field and small-scale experiment. The heating
effect of merging is explained well by the anomalous ion heating effect of magnetic reconnection.
The ion heating energy and merging speed increase with decreasing their q-value. However, the
CT with higher q-value was observed to confine the injected thermal energy longer. The 8
increment of CTs are about four times larger than the Troyon scaling values. The most probable
interpretation for this ion heating effect is the anomalous dissipation of the current sheet caused
by the unmagnetized ion motion which occurs when 8 is compressed shorter than pj.
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Abstract

In the course of the ITER EDA, an extensive collaboration amongst the major
communities in the international magnetic confinement fusion programme has assembled a
comprehensive description of the physics of tokamak plasmas. The ITER Physics Basis provides
rules and methodologies for the extrapolation of plasma behaviour to the ITER scale and
underpins both projections of plasma performance in, and the engineering design of, ITER. The
major focus of the work has been the development of scalings and models for core, edge, and
divertor plasmas in the ITER reference scenario, the ELMy H-mode. In addition, data relevant to
ITER's ultimate goal of steady-state operation has been incorporated. Here the major elements of
the ITER Physics Basis are summarized in terms of the understanding developed in the areas of
plasma confinement, mhd stability and operational boundaries, the physics of edge and divertor
plasmas, and energetic particle behaviour.

1. INTRODUCTION

A major benefit of the ITER EDA [1] has been the increased coherence of the world
tokamak programme, which has focussed on establishing a reliable physics basis for the design of
an ITER-scale experiment and for the prediction of its plasma performance [2]. There are three
key aspects of this research. The first is the assembly of scaling databases derived from tokamak
experiments, which provide broadly based scaling predictions for many aspects of ITER
performance. The second consists of dedicated experiments designed to address specific physics
questions, to validate theoretical concepts, and to develop operating scenarios in support of
ITER. The third is the development of sophisticated numerical codes for modelling complex
aspects of ITER behaviour and their validation in existing tokamak experiments. The experience
gained in exploiting heating, current drive and diagnostic systems, and the physics understanding
thereby developed, is an additional facet of these activities. This paper develops projection
methodologies in the areas of plasma transport and confinement, mhd stability and operational
limits, power and particle control, and energetic particle physics. Important conclusions which
can be drawn from this activity are that a substantial basis now exists for the extrapolation of
plasma behaviour to the ITER scale and that there is a common physics behaviour across many
tokamak experiments which provides confidence in ITER performance predictions.

2. PLASMA CONFINEMENT

The ELMy H-mode is a reproducible and robust mode of tokamak operation with a
demonstrated long-pulse capability. This is therefore the reference operating scenario for ITER
ignited operation and the ITER Physics Basis naturally emphasizes observations and modelling in
this regime. However, since steady-state operation remains an ultimate goal of the ITER
programme, recent progress in 'advanced tokamak' scenarios, which are characterized in the main
by low, or negative, central magnetic shear, has been incorporated in the Physics Basis. The
results of ITER performance projections in this regime are reported in [3].

An empirical scaling database has been assembled for the prediction of the H-mode access
conditions (eg [2]) using the working hypothesis that the plasma is sustained in H-mode by a
minimum (conducted and converted) loss power flowing across the plasma separatrix. A

Contributing authors to the ITER Physics Basis Document are listed in Reference [2].
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significant recent advance is the confirmation in JET DT experiments that the dependence of the
power threshold on the inverse of the plasma isotopic mass holds in DT and T plasmas [4], as
illustrated in Fig. 1. The recommended log-linear scaling expression derived from the database is,

Pthr = C(R/a,K,a)M-lBTn^R2(ne>20R
2)a, (1)

in (MW, T, 1020nr3, AMU, m), with -0.25<oc<0.25, Mthe effective isotopic mass of the plasma
fuel, and C a non-dimensional coefficient, with C=(0.9±0.2)x0.6a. This predicts a midpoint loss
power of 80MW for access to the H-mode in ITER at a density of <ne>=5xl019nr3, with a factor
of 2 uncertainty in either direction. Work is continuing to understand the sources of experimental
scatter in the database so as to reduce this uncertainty and recent analysis is reported in [5].

Predictions of plasma transport, confinement, and fusion performance at the ITER scale
are derived from an analysis which is founded on three complementary strands of physics R&D:
(a) derivation of empirical global confinement scalings; (b) non-dimensionally similar transport
and confinement studies; (c) development of one-dimensional transport modelling codes.

The first of these activities involves experimental data obtained from many tokamaks
under a range of conditions. The extensive scope of the input data, the wide-ranging analysis
which has been performed, and the understanding developed of the implications which the data
selection and analysis techniques have for the extrapolation to ITER make this the recommended
approach for characterizing confinement quality in ITER. Most recent improvements in the
database (ITERH.DB3) have yielded a significantly better conditioned dataset [2, 5] in the sense
that the database mean of each of the engineering parameters is closer to that of ITER and the
ranges in the major parameters (R, n, I, P, B) are larger. The recommended scaling (IPB98y) for
the thermal energy confinement time in the ITER reference scenario is,

y 7^008 -̂0-6^0-41^0-20 -̂9^0-2^0-67, (2)

where the units are (s, MA, T, 1019nr3, AMU, m). Introducing the commonly used dimensionless
variables p*, |3, and v*, this expression can be cast in the 'physics' form,

T - 1 0 M ° - 9 V 2 - 5 2 £ - ° - 5 5 K 2 - 7 2 . 0)

It is of significance that this scaling has an almost gyro-Bohm form.

Taking into account various forms of error analysis for the regression leading to equation
(2), an interval estimate for the thermal confinement time at the ITER nominal operating point

has been derived, f f ^ = (4.4,6.8).?. This represents the 95% uncertainty level for a log-linear (ie

power law) scaling analysis. When log-nonlinear models are included, a larger 95% interval

estimate of r f 1 ^ = (3.5,8.0)s results. However, the point estimates which emerge from all valid

log-linear and log-nonlinear scalings derived to date lie within or above the smaller interval [2].

While the strength of the global scaling approach is that all physics factors influencing
confinement are contained within the data, there are several weaknesses. Firstly, the various
factors influencing confinement may scale differently from present devices to ITER, eg the
contributions of core and edge pedestal to global confinement. Analysis of JET DT data indicates
that core and edge confinement exhibit different dependences on the isotope mass, with the core
confinement dependence lying close to that expected from pure gyro-Bohm scaling,

Tc£re °= M~02 [4]. Secondly, the majority of data has been sampled away from operating
boundaries, such as the density and p limits, and may not adequately reflect the confinement
behaviour in the vicinity of these boundaries. Thirdly, there may be hidden parameters, such as
the core Mach number (reflecting the influence of toroidal rotational shear), which are not
included in the analysis. Several such issues are under investigation within the ITER framework.
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Kadomtsev's proposal that turbulence responsible for anomalous transport should depend
on a small number of dimensionless parameters forms the basis of non-dimensional scaling
analysis. This has given rise to the concept of ITER Demonstration Discharges, in which
tokamaks have established plasmas in which {3N and v* are similar to those of ITER, allowing the
dependence of transport and confinement on p* to be addressed. Such experiments have shown
that the dependence of ELMy H-mode confinement on p», the direction of largest extrapolation
to ITER, scales in a gyro-Bohm fashion, in agreement with the global scaling expression. Figure 2
compares the results of non-dimensional scaling experiments in DIII-D and JET, one of several
inter-device comparisons performed, and the ITER93H-P scaling, derived from an earlier version
of the global database. Some discrepancies between the global and non-dimensional approaches

remain and are the subject of further study. For example, while the latest global scaling has a p~05

dependence, non-dimensional experiments find the confinement to be independent of (3 for PN<2.

The third strand of activity involves the development of numerical codes for predicting the
local transport properties of ITER plasmas from fundamental physics considerations. This has
been greatly assisted by the code validation activity, using a database of experimental profiles
from a range of tokamaks (eg [2]), which is essential for establishing the reliability of predictions
for ITER. By using several figures of merit (eg the 'incremental' stored energy above that
contained in the edge pedestal) tests have been performed on 11 models (see [2]). While each
model performs well under specific circumstances, the present conclusion is that their predictive
capability is not yet accurate enough to provide the principal basis for extrapolation to ITER.

3. MHD STABILITY AND OPERATIONAL LIMITS

MHD stability plays a defining role in determining the accessible parameter space, and
thereby setting the limits of fusion performance. The major stability limits relate to the
maximum plasma current, plasma density, and plasma pressure. Operating experience on many
tokamaks underpins ITER's choice of operating at q95=3 with Ip=21MA to achieve high
confinement, by maximizing current, while avoiding the increasing susceptibility to instability as
q=2 is approached. A quantitative analysis of disruption frequency on several tokamaks shows
that ITER's goal of achieving an initial disruption frequency of 10% or less has been attained in
existing devices, with no specific problems due to proximity to q95=3 [6].
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The P2B4 scaling of fusion power provides a substantial incentive to operate at the highest
attainable (3. The ideal (3-limit, corresponding to (3N=p/(I /aB))~3.5, has been extensively
validated in present devices, has also been confirmed for ITER by numerical analysis of reference
equilibria using several mhd stability codes (see [2]), and affords ITER a considerable margin for
operation at its nominal ignition point of |3N=2.2. However, the observation of neoclassical
tearing modes at (iN values well below the ideal limit may pose a more significant constraint for
ITER operation [2]. These modes develop as a result of an instability caused by a deficit of
bootstrap current inside an island due to the flattening of the pressure profile across the island.
Experimentally the most common modes have m,n=3,2, which generally leads to a 'soft' limit
and a degradation of confinement, or m,n=2,l, which usually produces a major disruption.

Although a well developed theoretical explanation of the mode growth exists (eg [2]), the
requirement for a 'seed' island, produced by other instabilities such as sawteeth, prevents the
prediction of a precise limit in ITER. Figure 3 illustrates the (3N value at which neoclassical tearing

modes were first observed in several tokamaks, plotted against the parameter vileoae, which is
important in determining the critical seed island size in the 'ion polarization current' model of
the instability threshold. Although modes are observed at (3N=2.2 and below, the existence of
long-pulse ITER Demonstration Discharges with the required values of (3N and v», in experiments

such as JET, provides support for the ITER reference scenario. In addition, the long growth time
of the modes, 10-100s in ITER, could allow stabilization by localized ECCD and experiments to
investigate this proposal are underway (eg [7]).

For ITER, two distinct density limiting processes are relevant. The ultimate limit for
plasma density, generally observed in L-mode plasmas, is set by radiation and/or transport
instabilities in the plasma edge and scrape-off layer, which trigger mhd instabilities leading to a
major disruption. Of more relevance to the operating space for ignited operation is the common
observation that it is difficult to maintain H-mode confinement while increasing the density with

gas fuelling above the Greenwald scaling «e(1020w~3) = 1p(MA)l7ta2(m). This limit is manifested

as a gradual degradation of confinement which eventually results in a return to L-mode at densities
somewhat lower than the L-mode limit (eg [2]). Pellet fuelling, particularly from the high field
side of the plasma ('inside launch'), has enabled the density limit to be extended somewhat beyond
the Greenwald value, though with some penalty in H-mode confinement quality, or a radiative
collapse (see [2]). Operation in ITER requires a plasma density close to the Greenwald value and
deep fuelling techniques such as inside pellet launch will therefore be required.

A possible explanation for the H-mode density limit has been developed in terms of an edge
parameter operational diagram [8] (Fig. 4). It is proposed that H-mode confinement quality is
influenced by the parameters of the pedestal and that in gas-fuelled discharges increasing the
pedestal density at the expense of the pedestal temperature produces a transition from type I to
type III ELMs and thence to L-mode. While the underlying physical processes have not yet been
identified, this suggests that the density limit is (as in L-mode) an edge density limit.

The consequences of disruptions and vertical displacement events (VDEs) impose a
significant design constraint on ITER and a characterization of disruptions in present devices has
been developed which has allowed extrapolations of key processes to the ITER scale through the
analysis of a multi-machine database (eg [2, 6]). Principal concerns include severe heat loads on
the first wall and divertor targets, large electromechanical forces on the vessel structures, and
potentially high currents of runaway electrons in the post-disruption plasma.

Thermal and poloidal field energies in ITER each amount to ~1GJ and the consequences of
the disruption thermal and current quenches depend in large measure on the timescales of these
events. The thermal quench is usually observed to occur in two stages, the first of which is most
likely driven by resistive processes, while the second may involve mhd-driven convection and
impurity radiation (see [2]). Analysis of the database indicates a timescale in ITER for the first
phase of 20ms (uncertainty range: 6-60ms) and for the second phase of lms (uncertainty range:
0.3-3ms) [6]. While the spatial distribution of the energy deposited on the plasma facing surfaces
is not well characterized, it is probable that localized energy deposition will reach lOOMJnr2 at
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the divertor target. Evaporation and melting of first wall materials can be expected at this level,
but the occurrence of ablation shielding should mitigate the most severe effects (eg [2]).

Electromagnetic forces arise from: eddy current forces, due to the current quench, which
increase with decreasing current quench times; and halo current induced forces, associated with
VDEs, which are more severe for longer current quench times. Analysis indicates that the fastest
current quench rate observed is consistent with a post-disruption plasma temperature of 3eV,
which extrapolates to a minimum current quench time of 50ms in ITER [6]. The vessel forces due
to VDEs depend on the magnitude of the halo current (for scaling purposes this is normalized to
the plasma current, Ih,msx^p)> a n ^ the degree of toroidal asymmetry, denoted toroidal peaking

factor (TPF). Although the physics basis of halo currents is understood, the detailed processes
determining the magnitude of these two quantities are not, and extrapolation to ITER again relies
on database analysis. This has produced a design constraint for ITER of (Ihmzx/1 )xTPF = 0.5

for the 'typical case' and (Ihmax/1p)x TPF = 0.75 for the 'worst case' (eg [2]). There is, in fact,

an indication in the database that a favourable size scaling of //,max / Ip exists, and hence that the

bound on maximum halo current fraction in ITER may eventually lie below 0.25.

Runaway electron currents can be generated by an avalanche process in the cold, highly
impure plasma produced by disruptions. The runaway current level is predicted to reach as much as
15MA in ITER, with electron energies in the range 10-15MeV [2]. Interaction of such runaway
electrons with the first wall could lead to localized surface damage, and suppression of runaway
currents has become a central issue in the development of disruption mitigation and avoidance
techniques. A promising development is that magnetic fluctuations associated with disruptions are
found to suppress runaway electrons in JT-60U (eg [6]). Nevertheless, there is a requirement for a
fast plasma shutdown system which can mitigate the most severe disruption effects (see [6]).

4. EDGE AND DIVERTOR PHYSICS

During the EDA, tokamak experiments have made major contributions to the development
of a physics basis for the ITER power and particle exhaust concept by detailed investigations of
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physics processes in the scrape-off layer and divertor and by incorporating ITER-relevant
divertor geometries [2]. The central aim of these experiments has been to develop regimes in
which divertor power dissipation due to (hydrogenic and impurity) radiation and volumetric
charge exchange losses is enhanced, a high neutral pressure is maintained in the divertor to
facilitate helium pumping, neutrals are effectively trapped in the divertor to prevent their outflow
into the main chamber where they might influence edge conditions and confinement, and
impurities are retained in the divertor to minimize plasma contamination.

In L-mode plasmas, it has been possible to achieve fully detached plasmas with hydrogenic
gas puffing and many of the fundamental physics processes associated with detachment have been
identified (see [2]). In particular, several theoretical expectations, for example the role of
recombination losses in power dissipation and the low divertor temperatures (l-2eV) required for
detachment, have been confirmed experimentally. In contrast, in H-mode plasmas, divertor
detachment can only be sustained in impurity seeded discharges, in which low levels of impurity
gases such as argon, neon, or nitrogen are combined with hydrogenic gas puffing to enhance
radiation levels and establish plasma detachment (see [2]). Virtually all divertor tokamaks, and
some limiter devices, have established such regimes, but at some penalty in the global energy
confinement (eg [9]). Although the level of impurity contamination in present devices is
unacceptably high, the scaling study performed in [9] indicates that the parametric dependence of
the impurity concentration scales in an acceptable way to ITER. This is supported by detailed
modelling calculations of the ITER divertor (see [2]).

The introduction of ITER-like geometries in a number of devices, involving vertical
divertor targets with a closely baffled divertor volume, has produced several of the anticipated
effects (eg [10]). For example, higher neutral densities and hence higher neutral compression
factors (of order 100) are observed, higher power losses occur due to the increased volumetric
recombination and, as a result, plasma detachment from the divertor is initiated at lower density
and the target power loading is reduced. This has also had a significant beneficial impact on helium
pumping capability. However, thus far divertor geometry has neither influenced the core plasma
impurity levels, nor had a discernible impact on H-mode core plasma performance.

Experiments in DIII-D have demonstrated that in ELMy H-modes helium can be exhausted

at a rate which satisfies the constraint iHelxE<\5 (see [2]) and that the exhaust rate is
determined by the achievable pumping speed, rather than by core transport processes, a key result
for ITER. Moreover, studies in ASDEX Upgrade and in the W-shaped divertor in JT-60U have

shown that T*He/TE - 5 - 1 0 can be attained in ELMy H-modes (eg [10]), supporting modelling
predictions that the helium concentration can be maintained below 10% in an ignited plasma.

The complexity of processes in the SOL and divertor, combined with the fact that the
relationships between physics scale-lengths and divertor size in ITER differ significantly from
those in current devices, necessitates the use of sophisticated two-dimensional SOL and divertor
modelling codes for the prediction of divertor performance in ITER. Results flowing from the
experiments have provided validation of physics concepts incorporated in such codes (see [2])
and many of the experimentally observed phenomena can be reproduced. However, perpendicular
transport in the SOL, which is still poorly understood, must be described by empirical scalings
from existing experiments. A database characterizing SOL parameters has been assembled and the
current status of the scaling analysis is discussed in [11]. In addition, the predictions for divertor
performance in ITER derived from such codes are reviewed in [12] and indicate that a substantial
operating window with acceptable power loads and helium exhaust rates exists.

5. ENERGETIC PARTICLE BEHAVIOUR

The essential issues in energetic particle physics are that the oc-particles (and other fast ion
species) must slow down classically and not suffer anomalous losses due to mhd instabilities or TF
ripple. The first requirement has been convincingly demonstrated in tokamak experiments, where
energetic particles produced by auxiliary heating systems do slow down and transfer their energy
to the thermal plasma at the predicted rate (eg [2, 13]). Additional evidence has come from DT
experiments in TFTR [14] and JET [15], where electron heating by cc-particles was as expected.
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The influence of TF ripple on energetic particle losses has been studied experimentally in
several devices using fast particle populations produced by NBI and ICRF (see [2]), as well as
fusion-produced a-particles in TFTR (eg [16]). These experiments have tested and validated
numerical codes which incorporate the various TF ripple loss mechanisms identified theoretically.
The good agreement between experimental observations and code computations gives confidence
in the predictions for ITER that oc-particle losses will be acceptable in both the reference ignited
and proposed steady-state scenarios (the major consideration is to avoid damage to the first wall) .

Energetic particles influence the stability properties of mhd instabilities, contributing both
stabilizing and destabilizing effects. For example, sawtooth stabilization has been studied both
experimentally and theoretically, leading to the development of a model for the sawtooth
instability in ITER (eg [2]) which predicts that sawteeth could be stabilized transiently for up to
100s by a-particles. The residual uncertainties in the theory of the m=l instability give rise to
significant uncertainties in this prediction, but the result is indicative of the way in which the de-
population might change the mhd behaviour of an ignited plasma. Additional instabilities which
might interact with a-particles and other energetic particle populations include fishbones, kinetic
ballooning modes, localized interchange modes, neoclassical tearing modes, and ELMs (see [2]).

Attention in this area has focussed on the role of a-particles in exciting Alfven eigenmodes
(AEs), since the a-particle energy is well above that (~1.3MeV in ITER) associated with the
Alfven velocity and the a-population can resonantly destabilize these modes via the free energy
available in the a-pressure gradient (see [2]). The specific concern arising from this interaction is
that AEs could eject a significant fraction of the a-population from the plasma, causing damage
to the first wall. The modes have been studied in both tokamak and stellarator experiments using,
for the most part, the fast ion populations produced by NBI and ICRF heating (eg [13]).

Validation of numerical codes employed in calculating Alfven eigenmode stability is a
central aspect of these studies. Broadly speaking, it is found that the predictions of mode
frequencies and structures are in good agreement with experimental observations. Stability
thresholds, which are more problematic due to the competition between a-particle drive and
damping arising from several dissipative mechanisms associated with the background plasma, are
found to be in reasonable agreement (see [2]). On the basis of such detailed comparisons, the
numerical codes have been used to predict Alfven eigenmode stability in ITER. It seems likely
that the major source of concern will involve the nonlinear interaction of the a-population with
modes having higher toroidal mode numbers (n>10), for which further theoretical developments
are required. The implications of these calculations for ITER are discussed in detail in [17].

Although the volume averaged a-particle (} in ITER, <Pa>, exceeds that in existing DT
experiments (0.2% versus 0.12% in JET), it is lower than that of fast particle populations
produced by auxiliary heating systems in current devices (up to 0.5% in ICRH experiments) [2],
Moreover, the dimensionless fast ion pressure gradient, RVPf, which drives collective fast ion
instabilities, is also lower (0.06) than in some present devices (up to 0.1). While plasma
dimensionless parameters in current experiments do not entirely match those in ITER, the
extensive experimental and numerical studies performed have encompassed the range of fast
particle parameters expected in ITER and provide an acceptable basis for the extrapolation of
confinement and mhd stability aspects of a-particle behaviour to ITER conditions. Analysis
indicates that confinement of a-particles will be sufficiently good to allow efficient a-particle
heating and that anomalous losses will be within design constraints on first wall power loading.

6. DISCUSSION AND CONCLUSIONS

This paper has briefly reviewed several key aspects of the ITER Physics Basis, identifying
the major issues which define the performance capability of a reactor scale experiment, outlining
key elements of the rules and models which have been developed to extrapolate plasma
performance to ITER, and summarizing remaining areas of uncertainty. It has not been possible
to touch on the extensive contributions which have also been made in the fields relating to plasma
control, plasma diagnostics, and plasma heating and current drive systems, which have established
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confidence in ITER's capability to operate as foreseen. To quote a single example, the recent
JET DT experiments have studied and validated ICRF scenarios proposed for ITER [18].

The experimental observations and analysis assembled in the ITER Physics Basis [2]
provides a guiding methodology for extrapolating plasma performance to the ITER scale and
underpins the predictions that ITER will achieve its goal of long-pulse controlled ignition [1]. On
the basis of the recommended scalings for the H-mode power threshold and ELMy H-mode energy
confinement outlined in Section 2, it is predicted that ITER has a significant window for ignited
operation, with some margin for confinement degradation [1, 2]. The major uncertainties are
associated with the H-mode power threshold and confinement behaviour close to the operational
boundaries discussed in Section 3. In the course of the EDA there have been considerable advances
in the understanding of the physics of these boundaries as they apply to ITER. While there are
remaining uncertainties in the predictions of the precise P and density limits for ITER,
experimental techniques under development, such as ECCD control of neoclassical tearing modes
and inside pellet launch for operation at high density, will contribute to ITER's operational
flexibility in these areas. These techniques, together with the ability, for example, to operate at
currents above 21MA, will strengthen ITER's performance margins. Overall, the projections for
plasma performance in the ITER ELMy H-mode reference scenario can be considered to be
founded on the most systematic analysis of evidence available from existing experiments and
these projections give confidence that ITER will meet its goal of long pulse ignited operation.
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Abstract

This paper reviews the design and performance of the in-vessel components of ITER as developed for
the EDA Final Design Report (FDR). The double-wall vessel is the first confinement boundary and is designed
to maintain its integrity under all normal and off-normal conditions, e.g., the most intense VDE's and seismic
events. The shielding blanket consists of modules connected to a toroidal backplate by flexible connectors which
allow differential displacements due to temperature differences. Breeding blanket modules replace the shield
modules for the Enhanced Performance Phase. The divertor is based on a cassette structure which is convenient
for remote installation and removal. High heat flux (HHF) components are mechanically attached and can be
removed and replaced in the hot cell. Operation of the divertor is based on achieving partially detached plasma
conditions along and near the separatrix. Nominal heat loads of 5-10 MW/m2 are expected and these are
accommodated by HHF technology developed during the EDA. Disruptions and VDE's can lead to melting of
the first wall armour but no damage to the underlying structure. Stresses in the main structural components
remain within allowables for all postulated disruption and seismic events.

1. INTRODUCTION

The large currents, fields, stored energy and fluxes in ITER present many challenges to the
design of the in-vessel systems. For example, during normal operation the divertor is required to
dissipate a heat flux which upstream in the scrape off layer approaches 300 MW/m2, while during off-
normal events such as VDE's and disruptions, the vessel and its supports must accommodate a net
vertical force Fv up to 150 MN and the first wall and divertor plates must withstand transient thermal
loads of up up to 100 MJ/m2 over durations of 3-300 msecs. The solution to such problems in the
design of in-vessel components required a mix of innovative engineering approaches, the development
of advanced technology, and detailed physics understanding and analysis of underlying phenomena.
The intent of this paper is to review the main features of the design of the ITER in-vessel systems and
to describe the nominal and limiting thermal and mechanical loads expected to be applied to these
systems, and their consequences. A principle conclusion to be drawn is that the design developed by
the JCT and Home Teams during the EDA for the main in-vessel components robustly meets the very
demanding requirements imposed by ITER's normal and off-normal operating conditions.

2. DESIGN DESCRIPTION

The main features of the in-vessel components of the FDR design [1] are illustrated in
Fig 1. The vacuum boundary is formed by a double-walled vacuum vessel which is supported by the
TF coil structure and which contains the blanket and divertor systems. The shield blanket is composed
of 739 modules, typically 1x2x0.35 m3 and weighing 41, attached to a 160 mm thick backplate which,
like the vessel, is a double-walled toroidal shell. The shielding modules are water cooled steel blocks,
which are effective in removing energy from the 14 MeV neutrons, with a water cooled copper mat
bonded to the surface of the modules on the plasma side and protected from interaction with the
plasma by an armour material. The latter is beryllium for most of the modules, except those identified
in the figure as the lower baffle for which the armour is tungsten. The blanket backplate is supported
on the vessel by means of supports fabricated from laminated plates which allow differential radial
displacements between vessel and blanket system. The divertor consists of 60 tapered steel cassettes
whose plasma facing surfaces are protected from the plasma by demountable high-heat-flux (HHF)
components. The latter are composite structures of steel, for structural support, lined on the plasma
side with a water cooled copper heat sink and protected from the plasma by armour. CFC is used as
armour for the lower vertical targets, the components receiving the highest heat flux, and tungsten
elsewhere. The 20 equatorial ports are used for neutral beam and RF heating and current drive (8), test
blanket modules (4), diagnostics (4) and remote handling (RH) equipment (4, shared with limiter(s)
and additional diagnostics).

*For the ITER Joint Central Team and Home Teams
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(a) <b>
Fig 1. a) Isometric view of vessel showing blanket and divertor. b) Cross-sectional view.

The structural material for all in-vessel components is SS, generally 316 L(N) (ITER Grade - 0.06 to
0.08% N and < 10 wppm B). The in-vessel components are cooled by water. The inlet temperature for
the vessel is 100 °C while for the blanket and divertor it is 140° C. Design temperature rises are 9 °C
for the vessel, 50 °C for the blanket and 40 °C for the divertor.

The vessel is a double walled structure fabricated from two toroidal shells joined by poloidal
stiffening ribs [2]. The shells and ribs are 40 - 60 mm in thickness, and the total thickness of the vessel
ranges from 0.37 to 0.79 m. Water cooled shielding plates are fixed between the walls and, in the
region from 12 to 3 o'clock, ferromagnetic material is used in order to reduce the peak field ripple at
the plasma edge to < 1%. A high boron content in the 304 SS shield plates improves shielding
efficiency. The scale is impressive, 9 m xl5 m in poloidal cross section, and the tolerances that can be
obtained in a welded fabrication are critical to the assembly. A full scale 18° sector, shown in Fig 2,
was fabricated by the Japanese Home Team as part of the L 3 Project [3]. The sector was fabricated
from poloidal pieces into two half sectors by different companies and the obtained tolerances of ~ 5
mm in width and height of the final assembly are remarkably small. A combination of TIG, MAG and
e-beam welding techniques, including a novel through-wall e-beam method, were used and the
experience gained in constructing the model will be valuable in defining the final ITER vessel
fabrication method.

The blanket modules are attached to the backplate by flexibles supports — four titanium alloy
cylinders which are slotted parallel to the cylindrical axis in order to permit relative displacements
between module and backplate [4], This approach was necessary to accommodate differential thermal
and disruption-induced mechanical displacements between module and backplate of order 1 mm. A
cutaway view of a module is shown in Fig 3. A single insulated centering pin locates the module on
the backplate. Flexible pipes transport cooling water between each module and the 40 mm space
between the walls of the backplate which serves as a manifold, and flexible copper connectors provide
electrical contact between the modules and backplate. The modules are linked to each other by a
system of insulated keys which react the radial torques produced by disruption-induced currents. Each
of the four flexible supports is attached to the backplate by an M 45 Inconel bolt. All connections
between backplate and module are accessible from the plasma side of the module. The mechanical
attachment has been selected to facilitate remote assembly and replacement of the modules. RH access
to the modules is by means of tools installed on vehicles which travel on a toroidal rail installed from
equatorial ports. The thermal performance of the first wall and the feasibility of the fabrication
processes have been validated in the L 4 large project [5]. Viability of the assembly and maintenance
approach is being addressed in the L 4 and L 6 [6] Projects.
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FIG. 2. Full scale sector model (JAHT) FIG. 3. Cutaway view of blanket module.

Tritium breeding blanket modules have been designed to replace the shielding for the
Enhanced Performance Phase. The breeding modules are essentially interchangeable with the
shielding modules, except for the addition of He purge gas tubes, and operate with the same hydraulic
parameters. A tritium breeding ratio of 0.97 has been calculated for the reference design [7], thus
exceeding the minimum required TBR of 0.8.

The divertor cassettes are 5 m long, 2 m high and taper from 0.5 to 1 m in width [8]. The
HHF components are mechanically mounted on the cassettes (Fig. 4) and include the inner and outer
divertor targets, liners which are perforated to provide pumping access through the cassette body to
regenerating cryopumps located in 16 of the 20 divertor ports, and a dome which prevents neutrals
from flowing back to the main plasma near the X-point from the private flux region which typically
operates at neutral pressures > 0.1 Pa. The cassette assembly weighs ~ 25 t and is mounted on two
toroidal rails welded to the vessel. A pivoted attachment is used on the outer rail to allow differential
thermal expansion. Repair or replacement of HHF components is carried out by removing the affected
cassette through one of 4 divertor ports dedicated to RH access. Cassettes are removed by two
vehicles, one which moves them toroidally along the rails, the other which moves them radially
outward through the RH ports. Critical aspects of manufacturing a cassette and near-full-size HHF
components have been demonstrated in the L 5 Project [9], while the RH approach has been
successfully demonstrated with full size and weight components in the L 7 Project [10].

Installation of port-mounted systems, e.g., those providing RF H&CD, diagnostics and Test
Blanket Modules is based on an integrated approach. In the case of the equatorial ports, these systems
are cantilevered from the vacuum vessel closure plate. An example is illustrated in Fig 5 which depicts
an ECH antenna array inserted into an equatorial port. In this way, that part of the system protruding
from the closure plate to the plasma can be fully assembled and tested prior to insertion into the port
thereby simplifying and shortening assembly and maintenance procedures. RF launchers and power
trains have been designed to couple 50 MW of RF power for heating and current drive in each of three
frequency ranges, namely electron cyclotron, ion cyclotron and lower hybrid [11]. Three equatorial
ports are dedicated to neutral beam injectors thereby permitting 50 MW to be injected via NBI at an
energy up to 1 MeV.
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FIG. 4. Exploded view of divertor cassette FIG. 5. Cutaway view ofECH antenna.

3.1. THERMAL LOADS AND PERFORMANCE

3.1. Normal operation

During a reference ITER discharge, 1500 MW of fusion power is produced of which 300 MW
is associated with alpha particles, which must be dissipated by the first wall and divertor, while the
remaining 1200 MW is in the form of 14 MeV neutrons whose energy is absorbed mainly by the
blanket and divertor cassette. Because the decay length associated with the power deposited by the
neutrons in the steel-water shield is rather long, typically 15-20 cm per order of magnitude, removal
of heat in the shield under steady-state conditions does not present a difficult design challenge.
However with the layout of cooling passages indicated in Fig 3, the thermal time constant varies with
radial depth and under startup and shutdown conditions a radial temperature gradient exists (VT -150
° K/m) which leads to a bowing of the module. Accommodation of differential thermal deformations
was one of the principal requirements which led to the development of the flexible attachment
concept.

The 300 MW of alpha power, plus up to 100 MW of auxiliary heating power, flows partly to
the first wall of the blanket modules, mostly in the form of bremsstrahlung (~ 100 MW) and radiation
from impurities, with the remainder flowing to the divertor. The exact split between first wall and
divertor can not be predicted, and in fact it is desirable for the machine operator to be able to control it,
and therefore the approach taken is to allow 75% of the power (300 MW) to be dissipated either on the
first wall or in the divertor. Averaged over the first wall, 300 MW corresponds to a power density of
0.25 MW/m2. The design requirement of 0.5 MW/m2 allows for a peaking factor of 2 and is easily
accommodated by the first wall design [5].

Practical solutions to handling up to 300 MW entering the divertor channels require that the
divertor operate in a partially detached mode, where power and momentum entering the divertor
channel near the separatrix are removed by radiation and charge exchange through interaction with
neutrals and impurities before contacting the target. Partially detached divertor regimes are routinely
observed in all divertor experiments and have been shown to be a reliable method of reducing the peak
power flow on the divertor target plates, typically by a factor of 5 relative to what it would be in
attached regimes. In order to promote the conditions for detachment, a vertical target design has been
adopted in which recycling neutrals are directed toward the separatrix and private region. A generous
fraction of in-vessel space has also been allocated to the divertor in order to permit a relatively long
divertor leg, which is necessary to permit sufficient interaction between neutrals and plasma to remove
most of the plasma power and momentum near the separatrix. (See Ref. [12] for a review of early
detachment studies, and Refs. [13-15] to trace the main steps in the evolution of the ITER divertor
design).
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Detached plasmas allow neutrals to escape from the recycling region (or recombining region)
near the target plates. On one hand this is beneficial since it fosters the buildup of high pressure in the
private flux region, allowing efficient particle removal by the pumps, but on the other it could be
deleterious in that it could allow neutrals to flow into the main chamber between the first wall and
SOL. Fortunately the vertical target geometry naturally provides a solution: detachment occurs mainly
near the separatrix, thus allowing the private zone to fill with neutrals, while further from the
separatrix it remains attached, thus plugging neutrals from escaping to the main chamber.

Modeling of the complex physical processes taking place in the divertor has made rapid
progress during the EDA and success in comparing results with experiments gives confidence in using
codes to aid in ITER's divertor design and predicting its operating regime. The main code used to
support ITER divertor design is B2-Eirene. This code predicts target heat loads in the range 5-10
MW/m2 under nominal ITER conditions. A series of runs designed to investigate the divertor target
heat load when a number of input parameters were varied about their reference values have also been
carried out [16]. The variations include: 1) reducing edge transport coefficients, 2) lowering upstream
density, 3) reducing chemical sputtering from the carbon target, 4) modifying the geometry by
changing the length of the divertor dome, and 5) neglecting carbon radiation (Neon only). In cases 1)
and 2) the peak heat flux rises to 13 MW/m2 while in the other cases the target heat load remained
within 5-10 MW/m2. Throughout these runs the He neutral pressure was > 1.0 x 10 "2 Pa, sufficient
to remove the helium at the required rate of 2 Pa-m3/s. Although the peak target heat load decreased
with decreasing dome length the helium partial pressure also decreased and became marginal at the
shortest dome length, thus indicating that the dome plays a useful role in the pumping of helium.

Excellent progress has been made in developing practical FW configurations for the three
candidate PFC armours, Be, C and W [8,9]. Mockups have been fabricated and tested with each
material, and the feasibility of using them as armours on plasma facing components capable of
reaching steady-state conditions up to 10 MW/m2 for -1000 cycles has been established. Although
any of the three materials could be used for the first wall, Be has been selected on the basis of its low
Z, and absence of chemical sputtering and codeposition with tritium under ITER conditions. Thus Be
is used as the PFM on the blanket modules, including the limiter, except on the lower baffle modules
where lifetime considerations dictate the use of W because of its low sputtering coefficient at energies
characteristic of charge-exchanged neutrals produced in this region. Solely on the basis of the nominal
design heat load (5-10 MW/m2), all three materials could also qualify as a PFM for the divertor target.
However, in view of uncertainties in the control of the partially attached regime, a number of high
power transients are foreseen (in 10 % of the discharges and lasting for ~ 10 sec) in which nearly
attached conditions resulting in a peak heat flux of- 20 MW/m2 could occur. Based on R&D results,
C and possibly W could still meet this requirement with reasonable target thicknesses and projected
lifetimes, but Be is ruled out.

3.2. Thermal response to disruptions and VDEs

During the thermal quench phase of a radial disruption, a large fraction of the plasma energy is
dumped onto the divertor plates. Assuming the nominal - 1 cm scrape-off (at the outside mid-plane)
expands to 3 cm during such an event, the energy deposition on the divertor is estimated to be - 100
MJ/m2 occurring over a duration of 1-10 msecs. Substantial melting and evaporation of W targets, and
evaporation of C targets, are predicted to occur, although the effects of such disruptions in simulations
are mitigated by the formation of a vapour shield. Full power disruptions are expected to occur often
in ITER, especially in the BPP phase where 10 % of the full power discharges are assumed to disrupt,
and the associated loss of material may be dominant in determining divertor lifetime. In this regard C
is superior to W, since for W neither the fractional loss of the melt layer nor the behavior of the
resolidified material can be predicted. This is the principal reason that C is selected for the divertor
targets in spite of concerns over the trapping of T through the co-deposition process. W remains an
alternate, and could be used in a future divertor installation.

Following a thermal quench, a substantial fraction of the plasma current can be converted to
runaways through the knock-on avalanche process. Calculations indicate that runaway currents of 15
MA with electron energies in the range 10 MeV could be expected, and that the total kinetic energy in
the runaways could reach about 50 MJ [1]. However, a significant fraction of the magnetic energy may
also be converted to runaways in which case the energy available for plasma-wall interaction would be
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significantly higher, e.g., 300 MJ. Considering the scrape-off width of the runaways, and the
alignment accuracy of the first wall modules, the maximum energy density delivered on the wall as the
plasma impinges on it is estimated to be 50 MJ/m2.

For the case of a loss-of-control VDE, the plasma drifts vertically and quickly becomes
limited. Plasma thermal energy can be transferred to the wall either during the slow VDE drift phase
or during a final thermal quench phase. In either case it is estimated that 1 GJ may be lost to the wall
over a toroidal band > 0.5 m wide. With a peaking factor of 1.5, the maximum energy density
deposited to the wall is then 60 MJ/m2, similar to that deposited in the runaway case.

In calculating the expected damage to the wall, the duration of plasma-wall contact is an
important parameter. Short interaction times are favourable since more of the incident energy is lost
to evaporation and less energy is then available for transport to the armour joint and coolant. In
modeling the plasma-wall interaction, the available energy is assumed to be released over a duration of
300 msec, a time which is considered to be a reasonable upper bound since during this time the plasma
drifts vertically and the plasma-wall contact area moves out of the 0.5 m wide interaction region.

With these assumptions, the total melted and evaporated thickness for a 10 mm Be first wall is
calculated to be 1.5-2 mm [17]. About 0.7 mm is evaporated in the case of a VDE but considerably
less in the case of runaways. Although the incident energy density is similar for runaways and VDEs,
the energy is deposited deeper in the Be by runaways and the incident energy is less effective in
evaporating material. Aside from melting and evaporating a thin layer of armour, no other permanent
damage to the first wall is expected as temperatures in the heat sink remain well below the melting
temperature of copper.

4. MECHANICAL LOADS AND STRESSES

During normal operation the mechanical loads on the in-vessel components are insignificant.
Instead, the main loads are due to off-normal events such as TF coil quenches, disruptions and seismic
events.

Two classes of disruptions are foreseen in ITER. In the first, heat transport in the plasma
increases dramatically and a large fraction (up to 100 %) of the plasma energy is lost within a few
msecs mainly to the divertor target (thermal quench). Significant poloidal currents flow in the in-
vessel components in response to the loss of diamagnetism. This is followed by a resistive current
decay (current quench) and loss of vertical equilibrium. Poloidal currents again flow, this time in
response to the loss of paramagnetism. If the current quench is rapid, e.g., 50-100 msec, the plasma
stays relatively centered in the mid-plane and this is referred to as a radial disruption. For slower
current quenches, a significant upward vertical motion occurs (disruption-induced VDE) followed by
more rapid current quench which terminates the discharge. Toroidal and poloidal currents are induced
in the in-vessel components, particularly those near the top of the vessel.

In the second basic type of disruption a VDE develops as a result of loss of control of the
vertical stability. In this case, transport remains low and the plasma initially retains most of its thermal
energy while it undergoes vertical motion driven by the unstable shaping field (loss of control VDE).
Plasma-wall contact quickly ensues, the plasma becomes limited and shrinks in minor radius causing q
to drop. When q drops to a sufficiently low level, taken to be q = 1.5 in the simulations, a thermal
quench followed by a current quench occurs and large poloidal and toroidal currents are induced in the
in-vessel components in the top or bottom of the vessel, depending on the direction of the initial
perturbation.

During a VDE, currents flow through a force free region of cold plasma (halo) outside the
main plasma and close through the vessel. These halo currents play a role in supporting the plasma's
equilibrium, and their magnitude and toroidal distribution are important in determining the
performance limits of the in-vessel components. Halo currents and associated forces have been
evaluated for ITER using the axisymmetric MHD codes MAXFEA and TSC. While such codes are
useful in the detail and insight they provide, they are limited quantitatively by the fact that halo
currents are experimentally found to be non-axisymmetric; consequently an empirical approach has
been adopted in which the predicted halo current In and toroidal peaking factor TPF for ITER are
extrapolated from a VDE data base gathered from existing machines [18]. This leads to the bound
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Ib/Ip*TPF < 0.58, which may be conservative as there is a trend toward lower values of In/Ip*TPF for
larger machines, in particular Ih/Ip*TPF < 0.50 for JET and JT-60U. Also, TSC simulations indicate
that the geometry and L/R time of the vessel are important in determining the amplitude of the halo
current. Relative to existing machines, toroidal currents induced by vertical plasma motion in ITER
should be more effective in the plasma force balance due to the long L/R time of the vessel. Such
currents tend to be more axisymmetric than the halo current associated with non-axisymmetric
disruptions and this could lead to lower halo current effects.

Indications from JET are that asymmetric VDEs can produce net horizontal forces acting on
the in vessel components. In the absence of a more quantitative model, and motivated by the JET
observations, the plasma in a maximum intensity disruption in ITER is assumed to undergo a helical
perturbation with a peak amplitude of ~ 30 cm. This leads to a net horizontal force acting on the in-
vessel components of about 50 MN. In the analysis, this force is further increased by the factor 1.4 to
account for dynamic amplification.

For design purposes it is necessary not only to consider limiting cases in terms of severity of
the loading conditions, but also the frequency with which various load cases are expected to occur.
The severity of radial disruptions is dependent on the effective duration of the current quench; the
shorter the quench time, the larger the induced currents and forces. From analysis of the disruption
database, a model for the current quench has been proposed in which the plasma magnetic energy is
dissipated by radiation. When extrapolated to ITER the fastest current quench time for a full
performance plasma is projected to be 50 msec [18] while quench times of 100 msec are expected to
be more typical. Nevertheless quench times of 50 msec are assumed to occur in a few percent of the
BPP plasmas, and this is frequent enough to constitute a normal operating load condition for
application of structural analysis codes.

From the results of TSC VDE simulations, slower disruption times in the final quench phase
produce higher halo currents and forces since they allow larger vertical displacements and bring the
disrupting plasma into regions of stronger destabilizing field. However, loss of control is expected to
occur less frequently than radial disruptions and consequently the worst case VDE is presumed to
occur only a few times during the machine lifetime. As a result a modest increase in allowable stresses
is permitted by structural codes in carrying out stress analysis for such events.

The mechanical response of in-vessel components to seismic and disruption loads has been
investigated using a variety of numerical and analytic methods. The process generally begins with a
description of the currents and forces produced by a disruption, using one or more of the codes
MAXFEA, TSC, EDDYCUFF and EMAS, and then uses these loads as input to stress analysis codes
such as ANSYS and NASTRAN. Load combinations are then defined, e.g., thermal + disruption
+seismic, etc., and the stresses resulting from the assumed loads are calculated and compared to limits
appropriate to the category assigned to the load or load combination [19,20]. In summary, for all
postulated loads and load combinations, including VDE's and disruptions, TF coil quenches, and
seismic events, the in-vessel component design is determined to be structurally robust as the maximum
stresses in the vessel, blanket and divertor systems stay within allowables.

5. NEUTRONIC PERFORMANCE

The neutronic performance of the ITER design has been extensively analyzed using a
combination of 1-, 2- and 3-D neutronic codes [22]. The shielding performance of the in-vessel
components, including effects of all penetrations, is found to limit the magnet heating to about half of
the required value of 17 kW. Dose rates around most of the ports where hands-on maintenance is
expected to be performed is calculated to be low enough (100-200 uSv/h) two weeks after shutdown
to permit controlled human access for these repair work activities. He levels in the vessel remain low
enough (< 1 appm) to permit rewelding during ITER's full experimental lifetime. However, due to
streaming through penetrations in the modules, He levels in the backplate could somewhat exceed 1
appm at 1 MW-a/m2. Near the 1 appm level, rewelding by conventional methods may be problematic
and specialized techniques would then be necessary.
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6. CONCLUSION

Owing to ITER's unprecedented size and performance, the design of its in-vessel systems is far
more challenging than that of the largest fusion experiments now in operation. Solving the problems of
removing the bulk heat deposited by neutrons and the surface heat deposited by the alpha particles,
both in steady-state and transient conditions, required innovative design approaches, e.g., invention of
a flexible attachment concept in the case of the blanket modules and exploitation of detached divertor
regimes in the case of the divertor. Support for critical aspects of the design has been provided by a
highly successful R&D effort. Worst case disruptions and VDE's have been modeled for ITER using a
number of tools and are found to produce the most demanding mechanical loads. The design is found
to be structurally robust as all normal and off-normal conditions load conditions lead to calculated
stresses within allowable levels.
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Abstract

Features incorporated in the design of the International Thermonuclear Experimental Reactor (ITER)
tokamak and its ancillary and plasma diagnostic systems that will facilitate operation and control of ignited
and/or high-Q DT plasmas are presented. Control methods based upon straight-forward extrapolation of
techniques employed in the present generation of tokamaks are found to be adequate and effective for DT plasma
control with burn durations of a 1000 s. Examples of simulations of key plasma control functions including
magnetic configuration control and fusion burn (power) control are given. The prospects for the creation and
control of steady-state plasmas sustained by non-inductive current drive are also discussed.

1. INTRODUCTION

The design of the International Thermonuclear Experimental Reactor (ITER) developed
during the course of the Engineering Design Activities (EDA) [1, 2] incorporates all of the
provisions needed for the reliable operation and control of ignited and/or high-Q driven-burn DT
plasmas with fusion powers in the 1-1.5 GW range and fusion burn durations of &1000 s. The
nominal size (R = 8.14 m, a = 2.80 m, K95 = 1.6), on-axis toroidal field strength (5.7 T) and
nominal plasma current (21 MA) of the ITER tokamak are chosen such that with presently-
foreseeable physics basis assumptions about attainable energy confinement, attainable plasma
density and projected plasma impurity content (including thermalized alpha particles), sustained
D-T burn with power a 1 GW is possible [3]. Auxiliary heating and/or current drive powers of up
to 100 MW are provided for the initiation of ignited burn and for the sustainment of high-Q
(Q a 10) driven burn. The in-vessel plasma facing surfaces and nuclear shielding modules are
designed with steady-state power handling capabilities such that sustained fusion powers of up to
1.5 GW with 10-s duration transients of up to 1.8 GW can be accommodated. The Poloidal Field
(PF) coil system is sized and configured such that static and dynamic plasma equilibrium control
at plasma currents of up to 24 MA are possible, and the PF system supplies sufficient inductive
current drive to enable nominal 21-MA, 1600-s duration pulses (including a 1000-s burn) to be
produced. Shorter duration (500-s burn) inductively-sustained pulses at 24 MA are also possible.
Table 1 summarizes key plasma-performance-related parameters. The emphasis here is to show
the as-designed capability of ITER to conduct DT-burning plasma experiments and operation
over a finite range of plasma operational conditions and hence over a credible range of
foreseeable plasma performance outcomes. The availability of a finite operation capability
domain is a necessary prerequisite of being able to then control the plasma performance within
this domain. The range of plasma operation capability provided in ITER coupled with the
availability of a comprehensive suite of plasma diagnostics will also facilitate the conduct and
control of first-of-kind scientific and performance optimization experiments with GW-power-level
DT-burning plasmas.

The specific means provided for the control of ITER plasmas are presented below. The
presentation is organized into four topical Sections: Section 2, plasma operation scenario;
Section 3, plasma magnetics control; Section 4 plasma kinetics control; and Section 5, prospects
for the production and control of steady-state-capable plasmas with modified current profiles and
internal transport barriers. The overall prognosis for ITER plasma operation and control is
summarized in Section 6.

2. PLASMA OPERATION SCENARIO AND CONTROL CONCEPTS

Plasma operation in ITER will be conducted within the framework of an inductively-driven
and controlled plasma operation scenario [1],[4],[5], The scenario concept is identical to that
employed in the present generation of shaped-cross-section divertor tokamaks. Figures 1 and 2
illustrate the scenario concept and show the plasma current/shape/configuration evolution that the
scenario will incorporate.
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TABLE I. ITER TOKAMAK AND PLASMA OPERATION CAPABILITIES
Parameter or Capability Symbol Units Nominal Expected Rangea

Plasma major radius Ro

Plasma minor radius a
Vertical elongation (95% flux)K95

Toroidal field (at R = 8.1 m) B
Safety factor (95% flux) q95

Plasma current Ip

Fusion power Pfus

Auxiliary power Paux

Fusion power gain (Pfus/Paux) Q
a Applies for 'full-performance' 1-1.5 GW DT plasma operation. Additional range may be

available or applicable for low-power plasma operation.
b Plasma R, a, K95 variations are correlated: Ro + a and divertor strikepoints remain approximately

fixed.
c Toroidal field magnet range is 0-5.7 T; 4-T limit is set by ECH plasma start-up assist frequency,

also possibly by rf heating/CD means and source frequency range(s).
d Nominal sustained maximum fusion power is 1.5 GW; up to 1.8 GW transient for 10 s is allowed.
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FIG. 1. PF and plasma parameter waveforms for the
nominal 21-MA plasma operation scenario.

FIG. 2. Plasma equilibrium evolution and
features for 21-MA plasma scenario.

Features of the scenario include i) a 530 Wb PF system flux swing, ii) inductive plasma
initiation (Townsend avalanche breakdown with EC assist) in a high-order multipole field null
positioned near the outboard port-mounted limiter, Hi) minor radius and elongation expansion of
the startup plasma on the limiter prior to divertor formation at Ip ~15 MA, and iv) maintenance of
a well-controlled single-null divertor configuration during the heating/burn/burn-termination
phases. Current termination is effected following burn termination with a minor radius and
elongation contraction on the limiter.
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Simulations of the plasma startup and shutdown dynamics show that MHD stability
(trajectory in the q-Zj domain) and the edge plasma power balance needed to avoid a density-limit
disruption are satisfied with acceptable margins. The resistive flux (volt-second) consumption
during the startup and current rampup phase falls within the physics design basis of
0.45fAoR-oIp (- 100 Wb) and a 80 Wb of PF system flux swing will be available for sustaining the
21-MA plasma current during fusion burn. For the estimated burn-phase plasma resistive voltage,
this flux swing will provide a 1300-s burn.

The scenario design basis is predicated upon a 'reference case' plasma with Ip = 21 MA,
poloidal beta (3p = 0.9 and dimensionless internal inductance /j(3) = 0.9. The sizing of the PF
coils and power supplies allows equilibrium control and in most cases &1000-S inductively-
sustained burn to be obtained for 21-MA plasmas with 0.7 ^ f5p £ 1.2 and 0.7 s l\ <. 1.1.
Operation at 24 MA (q95 E 2.6) with (3p s 0.8 and /; s 0.8 (1.5 GW fusion power) is also feasible.
Inductively-sustained burn at 24 MA is about 500 s. The scenario will also support operation with
ohmic and auxiliary-heated DD plasmas during initial plasma commissioning, and extended-pulse
inductively sustained driven-burn operation with reduced plasma current (e.g., 6000 s burn at
~1 GW with Ip = 17 MA and 100 MW H/CD power). True steady-state operation may also be
possible with a reversed-shear plasma at Ip ~12 MA. Possibilities and open physics and plasma
control issues for such operation are discussed in Section 5.

Control of the overall ITER plasma operation scenario and control of the plasma magnetic
and kinetic attributes during the various phases of the scenario will be effected by a Plasma
Control System (PCS) that will be a subordinate control system embedded within the overall ITER
facility-wide Control and Data Acquisition (CODAC) System [3]. The precise hardware details and
configuration of the PCS remain to be defined, but it is certain that the PCS will, like the control
systems of the present generation of large tokamaks, be implemented primarily by computer
software and will configured in a modular and upgradeable fashion, with independent tokamak
and plasma sequencing (scenario), plasma magnetics (plasma current, shape and divertor
configuration) and plasma kinetics (density, fusion power and divertor power) control algorithm
modules [4]. The PCS will also control the means (e.g., impurity gas or pellet injection) for
effecting a fast fusion power and plasma current shutdown in circumstances where plasma
operation anomalies develop and/or where at-risk tokamak components (e.g., the divertor targets)
require prompt plasma shutdown for protection. These capabilities will provide a plasma-
operation-related 'machine protection' function that will be integrated with plasma operation and
control.

The PCS will also incorporate 'plasma operation regime' identification and reaction
capabilities. The regime-identification capability, which will use plasma diagnostic data to
ascertain the plasma operation regime or state (ohmic, L-mode, H-mode, full-attached or
partially-attached divertor, etc.) and energy content, will be used to enable (activate) plasma
control algorithms that are optimized for the corresponding plasma operation conditions. The
PCS will also incorporated event-triggered plasma operation abort and machine component
protection capabilities. These capabilities will facilitate more-robust and reliable control the
sequence of plasma states and control procedures that will be required to effect an ITER fusion
burn pulse of specified power and duration and to take appropriate action if plasma or machine
operation anomalies occur. Additional details of the PCS regime-identification and event-
reaction capabilities are described below.

Plasma control systems that include plasma-regime-identification and event-triggered
plasma operation abort and machine component protection logic are presently being implemented
in a number of tokamaks, and there have been significant successes with such systems in providing
more reliable control of highly-optimized plasma operation regimes (e.g., the high-radiation
H-mode in ASDEX-Upgrade [5,6]) and in minimizing the adverse effects of disruptions in
vertically-elongated plasmas in JET [7]. In these 'modern' plasma control systems, the traditional
separation between tokamak system operation and protection and plasma operation and control is
becoming increasingly blurred (in part owing to the increasing levels of plasma magnetic and
kinetic energy that modern tokamaks can obtain), and we anticipate that by the time that ITER
operation commences that a comprehensive physics and plasma control engineering experience
basis for the implementation of such 'integrated' and 'intelligent/adaptive' tokamak and plasma
control systems will be available.
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III. PLASMA MAGNETICS CONTROL

Magnetic control comprises quasi-static and dynamic control of the global parameters of
the tokamak plasma equilibrium — current, shape and position — by magnetic means, effected
through control of the currents in the array of Poloidal Field (PF) coils that modern tokamaks
incorporate. For ITER, there are 9 independently-controlled PF coils (PF1-PF9) plus a separate
central solenoid (CS), all located outboard of the Toroidal Field (TF) coil [1],[3]. Figure 3
illustrates the plasma and tokamak cross-sections of ITER and ASDEX-Upgrade, which has a
plasma and PF geometry that is very similar to ITER [5]. Figure 3 shows the use in each
experiment of fiducial plasma boundary position control points (gi-g6 for ITER) to specify and
control the plasma shape and position within the first-wall (FW) plasma-facing-surfaces and the
divertor. A similar 'FW gap + strikepoints' control strategy has recently been implemented in
ASDEX-Upgrade [8]. The control points used are shown in Fig. 3.

The underlying physical basis of plasma current, shape, and position control in tokamaks is
ideal MHD equilibrium, as embodied in the Grad-Shafranov plasma equilibrium equation. For
ITER, validated Grad-Shafranov equilibrium models have been applied for assessments of both
'slow' quasi-static equilibrium control during the course of the plasma operation scenario (e.g.,
Fig. 2.) and 'fast' dynamic control of the plasma configuration in response to 'plasma
disturbances' that include sawteeth, minor disruptions and Type I ELMs. Table II summaries the
disturbances specified for ITER control system evaluation purposes. The most serious disturbance
is a minor disruption during the burn phase, with 20% beta loss and 0.1 /,• drop. The plasma shape
and current response to such a disturbance (plus the other disturbances given in Table II) has been
used to evaluate available PF control power and assess whether adequate plasma shape control
(avoidance of appreciable separatrix-to-FW contact) will occur.

TABLE II. PLASMA DISTURBANCES FOR ITER CONTROL SYSTEM EVALUATION
Disturbance Mi (decrease) A(3p (decrease) Waveform/frequency/recurrence

0.1 -m 'control-off drift phase
Step/0.2 Hz/< 10 per pulse
Step/0.2 Hz/< 10 per pulse
Sawtooth: 0.1-0.01 Hz
Sawtooth: 2-0.2 Hz

Vertical drift
Minor disruption (A)
Minor disruption (B)
Sawtooth
ELM

0
0
=s
<,
<.

0.1
0.05
0.05

0
< 0.2 (decrease)
< 0.2 (decrease)
£ 0.05 (decrease)
s 0.05 (decrease)
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FIG. 3. Comparison of the plasma and PF coil configurations of ITER and ASDEX-Upgrade.
The plasma configuration boundary control points for the two experiments are indicated.
The bi-directional arrows show the magnetic control action for the corresponding point.

A simulation using a Tokamak Simulation Code (TSC) model of response to a minor
disruption (B) disturbance is shown in Fig. 4. The gap data show that the immediate response of
the separatrix is to shrink away from the first wall. The maximum excursion of the gap between
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the separatrix and the first wall or the position of the divertor leg strike point is 17 cm. The power
required to bring the plasma back to the nominal separatrix location is ~80 MW, well within the
ITER line-power demand and rate-of-demand-variation specifications. There is no plasma
(separatrix) contact with the wall. The rf antenna-separatrix separation (gap g3) does not decrease
by more than 5 cm. All nominal ITER PF/plasma control requirements are met. Similarly
favorable results are obtained for the other disturbances given in Table II.

The control algorithm used for the simulation shown in Fig. 4 is derived using the
'H-infinity' control design methodology applied to a linearized Grad-Shafranov model (the
CREATE-L model). The H-infinity method allows the internal parameters of the controller
elements (gain, frequency response, and coupling of the feedback loops that control the PF power
supplies) to be optimized in a mathematically defined manner. Limitation of the plasma control
gap variances and limitation of the peak power demand and rate-of-demand enter into the
controller optimization procedure. The plasma response simulation with a full non-linear TSC
model confirms both the validity of the design optimization procedure and the ability of this type
of power-demand and gap-variance-optimized controller and PF design to meet ITER
axisymmetric (n = 0) magnetic control requirements.

The ITER magnet system and the ITER PCS will incorporate provisions for the avoidance
of MHD instabilities caused by non-axisymmetric (n > 0) field errors that arise from small
deviations of the ITER TF and PF coils from ideal symmetry. Here small (Berror/B s 10"4) levels of
low m,n non-axisymmetric error fields are projected to result in plasma mode rotation locking and
subsequent disruption in low-density startup plasmas (ne ~2 x 1019 nr3) and possibly also in high-
density high-beta burn phase plasmas [1]. The ITER magnet system will include three n = 1 error-
field correction coils capable of reducing the rms-weighted sum of the 1,1, 2,1 and 3,1 error fields
to levels ~2 x 10~5. The magnitude and toroidal phase of the currents in the three correction coils
will be controlled —in response to changes in the PF coil currents—to maintain an acceptable
level of error field throughout the plasma operation scenario.

3. PLASMA KINETICS CONTROL

Kinetics control comprises the establishment and sustainment of the kinetic attributes of the
core and divertor plasma regions of the tokamak discharge. At the most elementary level, the key
kinetic attributes of the core are density, temperature, impurity content and, for a DT plasma,
fusion power. At the same elementary level, the key attributes of the divertor plasma are
temperature, density, impurity content and ionization state and the resulting levels of radiated
power and power conducted to the divertor targets. In ITER, an integrated DT-fueling/impurity-
injection/auxiliary-heating plasma kinetics control system that can simultaneously control the
fusion power level and limit the amount of power to be exhausted by the divertor system to
acceptable levels (~ 50 MW) will be provided [1]. Figure 5 illustrates how the kinetics control
system maintains control of fusion and divertor power during a severe plasma power balance
transient (100 MW power added). Fusion and divertor target power control during power ramp up
and rampdown are also maintained (high-frequency power transients are likely modelling artifacts
and are within the transient capabilities of the affected components).
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FIG. 4. Simulation of magnetic configuration
control following a minor disruption.

FIG. 5. Simulation of burn and divertor power
control during a plasma power input transient.

The physics basis for the ITER kinetic control design derives from the same control
techniques — fueling control, auxiliary power control and impurity injection control — that are
successfully used in present tokamaks for control of plasma density, plasma temperature and beta
and the amount of power reaching the divertor targets. In present tokamaks, these control
functions are largely independent. In ITER, ignited or high-Q DT plasmas will be wholly or
largely self-heated, and impurities in the plasma core will affect core radiation (bremsstrahlung)
and fusion reactivity, so the plasma kinetic control problem becomes more highly coupled as far
as the interaction among fueling, heating and impurity injection divertor power control is
concerned. In addition, for ITER operation with an ELMing H-mode, the conducted power at the
plasma boundary must be sufficient to maintain the H-mode. This H-mode threshold requirement
introduces yet another coupling into the kinetic control problem.

The complexities of the overall plasma core, edge (H-mode), and divertor control problem
and the importance of profile effects make 1.5-D plasma modeling (transport code simulation)
methods the best basis for assessing control feasibility and for developing candidate control
approaches and control system parameters. Studies of the feasibility of ITER kinetic control
during the fusion burn phase have been examined through the use of time-dependent 1.5-D
simulations of the plasma core and edge that incorporate a 1-D divertor model abstracted from
more-elaborate 2-D simulations of the full ITER divertor geometry. [1] Application of this self-
consistent core/edge/divertor model to ITER shows that for reference assumptions (ELMy H-mode
confinement, H-mode power threshold scaling and uniform mixing of impurities (Ar or Ne)
injected to control divertor power), control of the fusion power level while limiting the total
divertor target power to 50 MW or less is possible.

The kinetic control system concept derived from these studies is shown in Fig. 6. There are
three control 'modules' for DT fueling (gas or pellet injection), impurity fueling (Ar gas
injection) and auxiliary power. The DT module controls either plasma density or fusion power.
Density control overrides power control if the requested density exceeds an allowable maximum
(limit) density. The Ar module limits the divertor target power to less than a specified allowable
power. The auxiliary heating module is configured to control the amount of auxiliary heating, in
order of decreasing priority, to i) maintain the plasma in H-mode, ii) maintain the plasma density
below a maximum value, and Hi) assist in the control of the fusion power. Within each module,
control of the respective 'actuator' (DT fueling rate, Ar fueling rate or Paux) is effected by a PID
(proportional/integral/differential) feedback loop that compares the measured value of the plasma
kinetic attribute with a setpoint, or reference waveform. This setpoint is either specified externally
by the PCS or (for the cases of plasma-parameter dependent quantities (e.g., H-mode threshold
power) calculated in real time from plasma diagnostic data.
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FIG. 6. Concept for the ITER plasma kinetics control system (fusion and divertor power).

Studies of the stability and robustness of the type of controller shown in Fig. 6 have shown
that it can maintain fusion power and divertor target power control (power limitation) during both
the fusion burn startup and termination phases of the scenario and during the burn 'flattop'
despite foreseeable plasma power balance or external actuator disturbances. The ability to
maintain control is, of course, dependent on achievement of a satisfactory static plasma burn
operating point in which there is finite margin with regard to maximum allowable density and also
finite margin for sustained ignition (with P a u x = 0) or, for driven burn, finite margin for auxiliary
power control. Given such margins in the operation point, simulations of the type shown in Fig. 5
demonstrate that reliable and robust control is obtained over a credible range of underlying
plasma modelling assumptions (basis for transport coefficient, variation in convective terms,
variation in inherent impurity levels, etc.). The ability of the control system to maintain fusion and
divertor control when a simulation of a candidate divertor target surface temperature measuring
system with finite response time and noise is introduced into the control loop has also been
confirmed [9].

The elementary control logic functions incorporated in the plasma kinetics control concept
in Fig. 6 anticipate what will undoubted be a more comprehensive implementation of plasma-
operation-regime identification and control system reaction capabilities. Here ITER plasma-
regime or state-identification will encompass not only the basic operation regime (ohmic, L-mode,
H-mode, etc.), but also more subtle distinctions as to plasma core MHD activity (sawtooth
characteristics, presence of neoclassical tearing modes, etc.), radiation characteristics (high
localized radiation in the divertor or MARFE onset) and proximity to empirical or calculated
operation (beta and density) limits. The kinetic control system and the PCS in general will
incorporate capabilities to modify the control algorithms of the subordinate control modules on
the basis of both plasma state data (including indications of proximity to impending disruption)
and the status of the tokamak and its ancillary support systems. This capability will allow the PCS
to effect disruption avoidance, controlled plasma shutdown in a normal manner (in ~100 s) for
tokamak component protection, and if necessary, fast (in ~ 1 s) shutdown of fusion power and
plasma current by impurity injection for component protection if a loss-of-plasma-equilibrium-
control or loss-of-[divertor target]-coolant-flow event occurs. As has been noted above, the
implementation of plasma-state-cognizant control and the melding of plasma control and plasma-
operation-related machine component protection functions is already occurring in present
tokamak operation practice.

The ITER PCS can also incorporate a capability to use radially-localized current drive (by
EC or possibly LH waves) for control or suppression of the growth of slowly-growing MHD
instabilities e.g., neoclassical tearing mode instabilities, that may lead to a confinement limitation
on achievable beta. Here modelling [10] of the effect of static or time-modulated localized ECCD
on mode growth shows that this control measure can be effective in avoiding what may otherwise
be a 'soft' beta limit deterioration of achievable kinetic performance. If on-going experimental
tests of such control are successful, the method can be readily added to the functions of the
kinetics module of the ITER PCS.

The kinetics control concept embodied in Fig. 6 illustrates that plasma kinetics control in
ITER makes widespread use of data available from a suite of plasma diagnostics [11]. These data
will provide not only the primary controlled-parameter measurements (density, fusion power and
divertor power) but also supporting data on radiated power fraction, plasma core and edge MHD,
q(r) profile, etc. This latter class of data, which will contribute to plasma-regime identification, will
be essential for the kinetics control of ITER plasmas. Comprehensive data will also be necessary
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for implementation of pro-active 'before-incident' protection of the ITER plasma-facing-
components that are at risk during plasma operation. In this sense, we anticipate that the
distinction between the utilization of plasma diagnostic for plasma control, machine protection
and the acquisition of scientific data will, like the partitioning of the plasma control and machine
protection functions among the ITER control system units, become increasing blurred as the final
design of the ITER plasma control system is fully defined.

5. STEADY-STATE AND ENHANCED-PERFORMANCE OPERATION

The design basis plasma operation scenario for ITER is based on sawtoothing ELMy
H-mode operation [3] where the 21-MA current flattop during the 1000-s burn is sustained by
inductive current drive. Driven-burn variations of this scenario with reduced plasma current and
continuous auxiliary power and current drive will allow burn pulses of up to 6000-s duration. The
ITER design also incorporates the hardware provisions — including sufficient PF system
flexibility and plasma magnetics control capability and also various options for radially-localized
heating and current drive — that are anticipated to be necessary to support steady-state operation
sustained by non-inductive current drive and bootstrap current. Assessments of the feasibility of
achieving such operation in ITER confirm that the capabilities of the design are consistent with
known requirements for the reversed-shear (RS) plasma operation modes that are now obtained
(mostly on a transient basis) in present tokamaks [12]. However, since the physics understanding
of these modes and the operation features required to sustain and control them on a steady-state
basis are still subjects of on-going physics R&D, at the present time the degree to which steady-
state operation can be achieved in ITER and the details of how such operation will be controlled
remain as research to be undertaken in the future.

A number of considerations related to ITER plasma operation and control in an RS mode
have emerged. First, weak or negative magnetic shear (s = r/q dq/dr) plasmas can be produced in
ITER by the same method of current and/or shape ramping combined with early auxiliary heating
that has been used to obtain enhanced performance RS plasmas in present tokamaks. Second, the
ITER PF system and divertor system are compatible with a high-q, high-elongation, high-
triangularity plasma that can be obtained by shifting the plasma radially outward with decreased
minor radius (Ro s 8.5 m, a s 2.4 m, K95 & 2.0, Ip s 12 MA, q95 s 5). Third, non-inductive
sustainment of a reverse-shear current profile and 12-MA current (~80% bootstrap-driven) is
consistent to first approximation with 100 MW of current drive power apportioned between
on-axis and off-axis deposition. Fourth, the ideal MHD stability of such current profiles and the
plasma pressure profile required for up to 1.5 GW fusion power is adequate if stabilization of
external kink modes by an ideally-conducting wall located at r/a s 1.3 is assumed. However,
considerations 3) and 4) are based upon ad hoc assumptions that it will be possible to
simultaneously obtain near-optimal plasma pressure, current density and safety factor profiles,
MHD wall stabilization and also reduction in plasma energy transport relative to transport
observed in positive-shear H-mode plasmas. In contrast, simulations that self-consistently examine
the RS plasma performance attainable with candidate current drive efficiencies plasma densities
and various degrees of transport reduction inside an internal transport barrier located at the zero-
shear radius of candidate RS plasmas show that attaining Q > 5 (> 0.5 GW power) will require
obtaining a challenging combination of plasma performance 'enhancement' characteristics
including beta levels that will require wall stabilization [9].

There are also significant uncertainties as to how well RS plasmas can be controlled in a
steady-state regime. Magnetic control of the high-elongation plasmas needed for RS operation
will be less robust than magnetic control of full-bore plasmas. Control of the current profile is also
more problematical in the physics sense, since the bootstrap current profile is determined by the
pressure profile (which in turn may be determined by the shear and/or rotation profiles in a
manner that is not yet fully understood), and also in the practical sense that the ability to
arbitrarily control on-axis and off-axis current drive profiles is subject to physics and
technological limitations. In addition, how plasma rotation affects wall stabilization and whether
'active' stabilization of the resistive wall MHD mode (the result of resistance in the kink-
stabilizing wall) will be required to obtain adequate beta in RS plasmas both remain as open
physics issues. These considerations make design of a RS plasma control system and drawing
conclusions about its adequacy premature. It is clear, however, that at a minimum, accurate real-
time measurement of the q(r) or j(r) profiles and also of the electron and ion p(r) profiles of ITER
RS plasmas will be critical to their successful control.
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6. SUMMARY

The ITER design defined during the EDA incorporates provisions needed for the operation
and control of ignited and/or high-Q driven-burn DT plasmas with fusion powers in the 1-1.5 GW
range and fusion burn durations of a 1000 s. Extension of the burn duration to ~ 6000 s in a
reduced-current driven-burn operation mode is feasible. Methods used in present tokamaks for
magnetic and kinetic control of present H-mode plasmas are applicable and adequate for similarly
robust control of ITER plasmas. Simultaneous control of fusion power and limit of divertor power
to acceptable levels appears achievable. The incorporation of regime-identification and control
reaction capabilities into the plasma control system is anticipated to make ITER plasma control
highly reliable and robust. Steady-state plasma operation with appreciable fusion power may also
be possible in a reverse-shear operation mode, but detailed understanding of the physics basis for
the attainment and control of such plasmas remains as an on-going task for the world magnetic
fusion program.
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THE INTEGRATED DESIGN OF THE ITER MAGNETS
AND THEIR AUXILIARY SYSTEMS*

M. HUGUET and the ITER Joint Central Team and the Home Teams
ITER Naka Joint Work Site, Naka-machi, Naka-gun, Ibaraki-ken, Japan

Abstract

The magnet system design for the International Thermonuclear Experimental Reactor (ITER) [1] has
reached a high degree of integration to meet performance and operation requirements, including reliability and
maintainability, in a cost effective manner. This paper identifies the requirements of long inductive burn time,
large number of tokamak pulses, operational flexibility for the poloidal field (PF) system, magnet reliability and
the cost constraints as the main design drivers. Key features of the magnet system which stem from these design
drivers are described, together with interfaces and integration aspects of certain auxiliary systems.

1. INTRODUCTION

The International Thermonuclear Experimental Reactor (ITER) is described in the Final
Design Report (July 1998) as a tokamak with a nominal plasma major radius of 8.1 m, plasma
minor radius of 2.8 m, elongation of about 1.6 and plasma current of 21 MA. The toroidal
magnetic field at the major radius is 5.7 T. The project goals include the demonstration of
controlled ignition and extended DT burn in inductive pulses with a flat top duration of 1000 s.
The expected average neutron loading at the first wall is 1 MW/m2 and a total fluence of at least 1
MW-a/m2 is to be achieved for blanket and material tests [1-2].

The programme objectives establish a dual role for ITER. First, it must serve as a full scale
test bed for the technologies of a fusion reactor and, therefore, provide the environment of a
reactor core in terms of plasma performance, pulse duration, neutron flux and fluence, and
expected activation. As a reactor test bed it must also have available a remote maintenance
capability and it must offer attractive overall safety characteristics. Second, it must serve as an
experimental facility with the flexibility to address and resolve open physics issues and to explore
new operation domains with a view to optimizing the design of a demonstration fusion power
reactor. This dual role is reflected in the operation plan which includes a Basic Performance Phase
(BPP), essentially for experimental developments, and an Enhanced Performance Phase (EPP),
with emphasis on nuclear operation. This dual role, however, results in conflicting requirements
for the magnets, the design of which is a compromise between experimental flexibility and the
simplicity and reliability expected for a reactor type of operation. It also makes it more difficult to
observe cost constraints.

Detailed descriptions of the magnet design and R&D programme have already been given
[3, 4] and are not repeated here. The paper identifies key design drivers in section 2. Sections 3 to
6 describe the impact of these design drivers on the magnet conceptual and detailed design. In
sections 7 and 8, interfaces and integration issues in relation to the thermal shields, the cryostat
and the cryoplant are reported. Cost considerations are addressed in section 9.

2. KEY FEATURES AND DESIGN DRIVERS OF THE MAGNET DESIGN

The magnet system is comprised of 20 Toroidal Field (TF) coils operating at a maximum
field of about 12.8 T, a Central Solenoid (CS) which operates at a maximum field of 13 T, and 9
Poloidal Field (PF) coils operating at fields of typically 5 T. In addition, PF correction coils
provide small components (about 10~4 of the toroidal field) of magnetic field to correct non-
axisymmetric field errors. A mechanical structure provides support against gravity, electro-
magnetic and seismic loads [2], The magnet assembly is shown on figure 1. The magnet system is
designed for up to 50,000 full power tokamak pulses. The magnets and structures are surrounded
by thermal shields, which intercept radiation from surfaces at temperatures well above cryogenic
temperatures, and are contained inside a cryostat which provides the vacuum for thermal
insulation (Fig. 2).

* This report is an account of work undertaken within the framework of the ITER EDA Agreement. The
views and opinions expressed herein do not necessarily reflect those of the Parties to the ITER EDA Agreement,
the IAEA or any agency thereof. Dissemination of the information in these papers is governed by the applicable
terms of the ITER EDA Agreement.
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FIG. 1. Elevation of magnet system showing coils
and structures

FIG. 2. Elevation of machine showing
Thermal Shields (TSs) and Cryostat

All ITER coils are superconducting. In view of the high field requirement for the TF coils
and CS, there was an early decision to use Nb3Sn superconducting material. This decision implied
the need for a strong R&D programme to promote industrial development of this material and
demonstrate coil manufacturing technology. This programme is well advanced and has been very
successful in the industrial production of Nb3Sn superconductors and demonstrating the wind,
react, insulate and transfer process. Model coils of the TF and CS types are nearly completed and
testing is scheduled to start in 1999 [4]. For the PF coils, the use of NbTi at 4.5 K is technically
possible except for one coil, PF9, which operates at a somewhat higher field and requires
subcooling to 3.3 K. All coils use a cable-in-conduit type of conductor with supercritical He,
forced-flow cooling. The conductor design and optimization is described elsewhere [5]. The
conductor is the main cost driver for ITER magnets, and cost reduction measures are addressed in
section 9.

Among the many requirements which have had a bearing on the magnet design, the key
design drivers can be identified as the;
(1) requirement for an inductive pulse duration of 1000 s,
(2) requirement for a long lifetime of 50,000 full-power tokamak pulses,
(3) requirement for flexible operation of the PF system to allow a range of plasma profiles and

scenarios,
(4) need for high operational reliability of the magnets, and
(5) cost constraints imposed to meet the overall Project cost limits.

As a result of the first requirement, the CS has to provide a large flux swing to produce a 21
MA plasma and sustain a 1000 s burn. For this reason, structures that take space and do not
produce flux have been kept to a minimum in the centre of the machine. This has been achieved
by bucking the TF coils onto the CS with the result that the CS is a monolothic, layer-wound coil
since only this type of coil is able to provide a good bearing support for the TF coils. Another
direct, and inevitable, consequence of this optimization philosophy is that structural limits are met
in all components in the centre of the machine (section 4).

The second requirement confirms the choice of a bucked TF coil design which allows CS
operation under mostly compressive hoop stress and hence the elimination of the fatigue issue for
the CS. The TF coil cases, however, operate close to their fatigue limit (section 4).

The third requirement has been achieved with a PF coil system with a total of 9 coils. The
ampere-turn capability of each PF coil has been determined to meet the demand of a wide range
of plasma parameters and also a range of plasma scenarios. Details are given in section 3.
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The fourth requirement stems from the fact that repair or replacement of magnets would
require extensive machine down-time and ITER magnets must, therefore, achieve reliable, long
term operation. Since the most common causes of magnet faults are insulation failures, specific,
and sometimes unconventional, insulation design philosophies have been developed for the ITER
magnets. Maintenance schemes have also been developed. Details are given in sections 5 and 6.

Cost drivers and design choices with a strong impact on cost are discussed in section 9.

3. A FLEXIBLE POLOIDAL FIELD COIL SYSTEM

The main development since the IAEA Conference in 1996 is the increase in the number of
PF coils from 7 to 9 [6]. This has been achieved essentially by splitting the two small diameter PF
coils, which were previously made with Nb3Sn superconductor. The result is a configuration with
plasma shape and position control somewhat improved over the previous design. The main
advantage, however, is a significant cost reduction because all PF coils now use NbTi
superconductor (section 9).

As indicated in section 2, the CS is a monolithic, layer-wound coil with a fixed current
distribution over its height. Alternative CS designs which allow changing this current distribution
have been evaluated. The main option considered was a CS segmented into three, independently
powered modules along the vertical axis. This option offered plasma shaping advantages and, in
particular, the possibility to increase the plasma triangularity above the reference value of 0.24 to
about 0.29. Steady-state operation was also improved in terms of plasma shaping capability (range
of achievable lj values). However, the segmented CS design could not be selected because of
higher than allowable stress in three critical areas in the center of the machine (section 4). The
monolithic, layer-wound solenoid design has therefore been retained because it fulfills the ITER
mission.

The location and size of the PF coils have been optimized for the nominal 21 MA plasma
current scenario taking into account a wide range of plasma pressure and current profiles
(0<Pp<1.2 and 0.7<li<l.l). This optimization included the requirements to control the plasma in
the event of large plasma disturbances at different phases of the scenario. The control system is
designed to recover the plasma shape and position after plasma disturbances characterized by
IAppl^0.2 and/or IAljl<0.1. Plasma disturbances with larger magnitudes ("giant" sawteeth, "giant"
ELMs, H-to-L mode transitions during the burn, major disruptions) are also expected, but the
strict maintenance of shape following such events is not considered mandatory.

In addition to the nominal scenario, the PF system can support other scenarios including:
heating during plasma current ramp-up in the 21 MA scenario;
different ramp-up rates in the 21 MA scenario;
accelerated plasma termination (150 s) in the 21 MA scenario;
high current (24 MA) scenario with a shorter inductive flat top of 560 s;
long inductive burn (4500 s) scenario at a current of 17 MA;
12 MA steady-state scenario with reversed shear.

4. A COMPACT STRUCTURAL DESIGN

The design has been optimized to achieve a 1000 s long inductively-driven burn time. As a
result, the TF coils are bucked on the CS and there is only a very thin structure, the Outer Cylinder
(OC), at the interface between the external surface of the CS and the noses of the TF coil cases.
The "bucked" design, as opposed to a "wedged" design where the TF coils form a self-supporting
vault, saves space in several ways: the structural steel in the CS can be reduced since the CS
operates under mostly compressive hoop stress, and fatigue (in relation to the 50,000 full-power
tokamak cycles which correspond to 100,000 CS full field energizations), is not an issue; there is
no need for a thick steel structure at the nose of the TF coils to react the radial centripetal load.
For ITER, it was estimated that a bucked design results in a major radius about 0.5 m smaller than
a wedged design. As already indicated in section 2, the bucked TF coil design requires a layer-
wound CS which provides a structurally axisymmetric and vertically uniform bucking support
with a smooth outer surface free from geometrical discontinuities due to electrical terminals, joints
and coolant supply lines.

The 20 TF coil cases form the main structural component of the ITER tokamak and
integrate all coils and the Vacuum Vessel (VV) into a single mechanical system (Fig. 1). The PF
coils and the VV are directly supported in the vertical and horizontal directions by the TF coil
cases. This is important for seismic and electromagnetic loads and, in particular, for Vertical
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Displacement Events (VDEs) which generate large vertical and horizontal loads on the VV. These
loads are equilibrated within the magnet structure and are not transferred to external structures.
This concept of a compact load containment, where load paths are kept as short as possible, allows
the minimization of stress, of displacements under load, and of volumes of supporting structures.

The forces on the TF coils arising from the interaction with the poloidal field (out-of-plane
forces) are supported by the TF coil cases and the three outer intercoil structures which are
integral parts of the TF coil cases. These structures are located on the outboard legs of the coils
and are very rigid against torsional deformations. Additional out-of-plane support is provided by
two crowns at the upper and lower inboard curved regions of the TF coils. Along the straight
inboard legs of the TF coils, the out-of-plane deflection is transferred to the CS by friction. The
torsional stiffness of the CS, however, contributes only marginally to the out-of-plane support for
the TF coil inboard legs.

Structural analyses cover a wide range of operating conditions, including seismic and off-
normal events. The results show that the magnet system fulfills the requirements with safety
margins on maximum stress and fatigue life according to design criteria, but that there are three
areas where stresses are close to the allowed limits:
(1) the lower inboard curved regions of the TF coil case where there is a combination of hoop

tension, in-plane and out-of-plane bending. In this region, the maximum principal stress for
fatigue assessment reaches 435 MPa and the cyclic component of stress generated by out-
of-plane bending is 245 MPa. Such stress levels are acceptable for a high strength austenitic
stainless steel with minimum 4K properties of 1000 MPa for the 0.2% offset yield strength
and 200 Mpa-m for the fracture toughness.

(2) the lower crown and the TF coil cases have high local stresses at their inner radius interfaces.
This is due to the relative lack of out-of-plane support along the TF coil inboard legs which
results in a concentration of reaction forces at the inner radius of the crown.

(3) the CS experiences shear due to the combined effect of torsion from the TF coils and
bending over the height due to the non-uniform TF centering force. The most critical load
is the torsional shear which is driven by the out-of-plane deflection of the TF coil inboard
legs and transferred to the CS by friction. Torsional shear reaches 31 MPa in the equatorial
plane region, and is just within the allowable limit for the chosen insulation system which
uses epoxy, glass and polyimide tape.

All the high stresses are a direct consequence of the design optimization philosophy to
maximize the flux swing generated by the CS and therefore minimize structures in the centre of
the machine. The high stresses are generated by the out-of-plane loads acting along the TF coil
inboard regions and, in particular, in the divertor region where the poloidal flux transverse to the
TF coils is relatively large. These stresses are very sensitive to the load distribution. For example,
attempts to increase the plasma triangularity by means of a non-uniform current density in a
segmented CS have been unsuccessful as the out-of-plane load distribution becomes more severe
and stresses in all three critical regions substantially exceed allowed limits. Studies related to a
reduced cost version of ITER have confirmed that an increase of the plasma elongation and
triangularity above the reference values can be achieved but requires a more rigid support of the
TF coil inboard legs. Such higher rigidity is achievable with a much thicker Outer Cylinder and
stiff torsional links between the Outer Cylinder and the crowns but is not compatible with the CS
flux swing requirements unless the radial built, and therefore the cost, of the machine is increased.

5. MAGNET ELECTRICAL INSULATION : A KEY FACTOR FOR RELIABILITY

Magnets are permanent components of the ITER machine and must be designed to achieve
maximum reliability and a fatigue life compatible with at least 50,000 full-power tokamak pulses.
Many design and manufacturing quality aspects have a bearing on magnet reliability, but
experience with magnet operation indicates that the most common causes of magnet faults are
insulation failures. In this section, the discussion is restricted to the specific insulation design
philosophies which have been developed for ITER magnets.

The magnet reliability relies on three lines of defense:
(1) design and strict manufacturing QA to make a fault very unlikely.
(2) damage induced by a fault, should it occur, is mitigated by design. This implies that the

detection of insulation faults must be possible before significant consequential damage
occurs.

(3) in the event that a) and b) above have not been effective, recovery options are available
allowing (depending on the type of coil) the by-pass of the faulty section of a magnet



961 ITER/4

(possible for the PF coils) and/or local repair. In the worst case, replacement of any coil is
possible.

In accordance with point (1) above, the ITER magnet insulation reliability is greatly
improved though the use of a material with intrinsically good dielectric properties, i.e., a
polyimide film, which provides a full electrical barrier without the need to rely on the quality of
the vacuum impregnation with epoxy resin.

The TF coil insulation system : The TF coils use a thin-jacketed circular conductor
embedded in grooves machined into "radial plates" (Fig. 3). This arrangement offers the following
advantages as compared to a conventional thick-walled square conductor winding pack:
(1) the Lorentz forces acting on each conductor are directly transferred to the radial plate and

there is no accumulation of these loads on the conductor insulation.
(2) insulation on circular conductor is much more robust than on square conductors due to the

absence of corners. Conductor corners and the gap where corners of adjacent conductors
meet are critical regions with stress concentrations and poor control of the insulation
quality.

The radial plate design results in a TF conductor insulation which is mechanically and
dielectrically very robust and can easily stand the coil full ground voltage. Considering that the
radial plates form a physical separation between the turn insulation and the coil ground insulation,
the TF coils are provided with a redundant insulation system. In addition to redundancy, the radial
plates ensure that a short between conductor and plate, should it occur, would be detected and
would not produce any further damage. This is achieved by monitoring the insulation resistance
between conductor and plate.

The PF coil insulation system : The design objective has been to eliminate the risk of
internal shorts (between turns or pancakes). Internal shorts could produce extensive damage with
local melting of the superconducting cable and its conduit and the only possible remedial action
would require the faulty coil module to be cut up and physically removed. To eliminate the risk
posed by shorts, all PF conductors are provided with a double insulation which (except for PF1
and PF9) is composed of an internal insulation layer, an intermediate steel foil wrap (0.2 mm) and
an outer insulation layer. With this configuration, the failure of one of the two insulation layers
can be detected by the foil wrap, the potential of which is accessible through a current limiting
resistor. In this event, the affected coil module can be electrically by-passed thus allowing
operation to continue without the need for a major intervention inside the cryostat. It is important
to note that operation with a by-passed module can continue at full power because there is a built-
in redundancy in the PF coil design, whereby each coil consists of 4 identical modules allowing
full ampere-turn operation of the coil with 3 modules only, but at reduced operating temperature
(3.8 K).

The CS insulation system : Due to space restrictions and the need to achieve a high current
density in the winding pack, double insulation has not been used in the reference design for the
CS conductor. The provision of a high quality conductor insulation relies on wrapping and curing
this insulation prior to assembly of the conductor into the coil thus allowing full visual inspection
and HV test of the conductor insulation. The use of double insulation remains, however, an option
but would result in some cost increase and a small reduction of the flux capability.

The short circuit of an entire TF coil represents a serious risk for the tokamak in view of the
potential damage due to stored energy deposition and electromagnetic forces. This risk must be
eliminated not only to protect the tokamak but also for safety reasons to ensure that the
confinement barriers, the VV and the cryostat, are not at risk from such an accident. For these
reasons, the TF coil terminals and feeders have been provided with double insulation as described
for the PF coil conductors. In addition, the terminals and feeders are separated by a steel plate
thick enough to carry the current from a ground short.

6. MAGNET MAINTENANCE RELIES ON HANDS-ON INTERVENTIONS

Although ITER magnets and all magnet components inside the cryostat are designed to last
the lifetime of ITER without requiring inspection or maintenance, plans are available for repair
should it become necessary [7]. Interventions fall into 2 categories: 1) relatively brief access to the
so-called "break boxes" for minor repair and 2) major interventions for an entire coil
replacement. This paper considers only the minor interventions which are more likely, but it must
be stressed that replacement schemes have been conceptually developed for all ITER magnets.
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For minor interventions, the strategy is to use hands-on maintenance [8]. Remote
maintenance is considered only as a back-up during the EPP if radiation levels preclude human
access. To support this hands-on strategy, the radiation shielding has been optimized such that the
expected dose on the external surfaces of the magnets is about 200 |0.Sv/hour thus making time-
limited, controlled personnel access inside the cryostat possible until the end of the BPP, and
possibly later.

The coil break boxes are located close to the coil surfaces inside the cryostat and contain
terminal joints, helium manifolds, insulating breaks in series with cooling pipes and
instrumentation. A typical intervention would involve the replacement of the insulating break of a
helium coolant pipe. The coil break box locations have been optimized to allow man access.
Permanent access platforms, walkways, lifting points and other features to simplify and reduce the
duration of in-cryostat maintenance operations have been integrated into the magnet and cryostat
designs. Access into the cryostat is provided by a number of ports at the top, the cylindrical
surface, and bottom of the cryostat, in locations which allow direct access to coil break boxes. The
box internal design provides easy reach to components which may require maintenance and takes
into account space requirements for automatic cutting and welding tools.

7. THERMAL INSULATION OF THE ITER MAGNETS

The magnet thermal insulation is provided by two thermal shields, the vacuum vessel thermal
shield and the cryostat thermal shield, and a cryostat which contains the whole tokamak (Fig. 2).

The vacuum vessel thermal shield is located in the narrow gap between the TF coils and the
VV. The key design issues for this thermal shield were :
(1) to minimize the thickness of the shield and the gap between the TF coils and the VV at the

inboard region taking into account thermal and mechanical relative displacements;
(2) to ensure no line of sight between the VV and the coils and minimize radiation from the

shield to the coils.

The design solution is a shield which is a thin, stainless-steel, self supporting, toroidal shell.
The shield is no more than 53 mm thick and fits within a 120 mm gap, at assembly, between the
TF coils and the VV at the inboard region. The shield is cooled by helium gas at 80 K and is
silver-plated on both sides for low emissivity; the radiative heat load from the shield to the
magnets is of the order of 1 kW. The shield includes 80 toroidal breaks of which 60 are
electrically insulated to reduce eddy currents and associated magnetic forces. There are also 2
poloidal electrical breaks. The shield is hung from the TF coil cases and the design has been
integrated such that one TF coil and a shield sector form a single unit for assembly. The cryostat
thermal shield is supported from the cryostat walls and located close to these walls to ease in-
cryostat access. This shield is composed of a steel frame which is cooled by helium gas at 80 K
and panels which are welded or bolted to the frame. The panels are steel plates which are copper
clad to achieve a uniform temperature distribution and silver plated for low emissivity. The
vacuum vessel and cryostat thermal shields are connected by additional shields around the vessel
ports, vessel supports and the machine gravity supports [2].

The tokamak is installed inside a large (32,700 m3) vacuum vessel, the cryostat, which
provides the vacuum for the thermal insulation of the magnets and structures and forms part of
the tokamak second confinement barrier. It is designed to survive, without damage, the accidental
loss of magnet helium coolant. The cryostat has a flat lower head and a flat upper head to reduce
building height and cost. The upper head is integrated with the top biological shield supports
which consist of steel truss structures. The gravity support ring pedestal provided at the cryostat
lower head is connected to the tokamak gravity supports by bolts, and supports the entire tokamak
machine loads. The cryostat provides ports and penetrations with bellows to access the vacuum
vessel. There are many access ports to the cryostat interior in the upper head, on the lower half of
the cylinder and on the lower head [2].

8. THE MAGNET PULSED HEAT LOADS : A CRITICAL ISSUE FOR THE CRYOPLANT

The magnets and structures are cooled in closed loops by forced flow of supercritical
helium at about 4.5 K. The loops include heat exchangers immersed in LHe baths from which the
evaporating helium is extracted by cold compressors and rejected into the process loop of the
cryoplant. The heat load can be broken down into :
(1) a static refrigeration load as a result of conduction and radiation,
(2) a pulsed refrigeration load due to AC losses in conductors, eddy current losses in structures,

nuclear heating and mechanical friction losses in structures. The circulation pumps and cold
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compressors work is also a variable load which depends on the mode of operation of the
machine.

(3) a liquefaction load for current leads cooling.

At nominal power and pulse repetition rate, the total time-averaged refrigeration load is 84
kW of which about 39 kW is pulsed. The liquefaction load is 0.19 kg/s. The key issue of the
cryoplant design is to smooth the large pulsed heat load to make it compatible with the cryoplant
which is essentially a steady-state device. This is achieved by a combination of measures as
follows. The large inventory of helium in the coils (about 210 m3) acts as a thermal buffer. The
tokamak structural components, the crowns and to some extent the TF coil cases, are also used as
thermal buffers. To this end, the helium flow is controlled to allow a temperature rise, within
allowed limits, of these structural components during a plasma pulse. A major load buffering
action is provided by controlling the cold compressors such that the power extracted from the
LHe baths is kept constant or slowly varying. A 40 m3 LHe buffer tank provides additional load
smoothing by allowing the cryoplant to switch from a refrigeration to a liquefaction operation
mode and vice versa. With these provisions, the process loop of the cryoplant is only required to
respond to slowly-varying loads and this is achievable by warm compressor control and control of
the process loop pressure.

The full cryoplant is expected to include 8 LHe plant modules each of 11.75 kW plus 0.034
kg/s, operated in parallel [2]. This module size is proposed in order to use the experience gained
with the 18 kW refrigerators of CERN for the superconducting ring of the Large Hadron Collider.
The initial investment can be reduced since 6 LHe plant modules are sufficient to satisfy the
plasma operation requirements for several years until long burn D-T operation is established.
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9. COST DRIVERS AND COST REDUCTION OPTIONS

The FDR Magnet Systems require about 1040 t of Nb3Sn strand, 865 t of NbTi strand, 657 t
of copper wire, 2411 t of stainless steel conduit, 884 t of Incoloy 908 conduit, and about 19,000 t
of stainless steel structures. The total magnet system cost of 1,800 klUA (1 IUA=1 US k$ at 1989
value) is about 33 % of the total Project investment cost. The pie-chart in Fig. 4 shows the relative
costs of the main components. Forty six percent of the total magnet system cost is in the
conductor. The bulk of the finished conductor cost for any coil is in the strand and the cost of
Nb3Sn strand is about 3.6 times the cost of NbTi strand on a weight basis. It is clear that the focal
points of cost reduction efforts should be a) the conductor and particularly the TF conductor
since this cost is about 28 % of the total magnet system cost; b) the TF coils including the winding,
radial plates, cases and outer intercoil structures.

Cost minimization has driven the change from a PF coil configuration with 7 coils to a
configuration with 9 coils. A PF coils total cost reduction of about 13 % resulted from the ability
to use NbTi superconducting material for all nine PF coils, whereas, the previous configuration
required the use of Nb3Sn in 2 coils. The increase in the quantity and cost of NbTi is small
compared to the cost decrease resulting from the elimination of Nb3Sn conductor and of the more
complex manufacturing requirements for two Nb3Sn PF coils. The main effort to minimize cost
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has been focused on the TF coil conductor. The use of an Incoloy 908 jacket, rather than a steel
jacket, for this conductor results in improved strand performance and reduces the required strand
quantity by 15 to 20%. This is because the thermal expansion of Incoloy 908 matches that of
Nb3Sn and there is no reduction of critical current and field due to thermally applied strain.
Incoloy 908 has also been used for the CS not only for cost reasons but also to achieve the
required flux swing. Further significant reductions in NbsSn strand quantities can be achieved. A
reduction of design margins is deemed possible in view of the experience gained during the strand
production and R&D development for the ITER Model Coils. Measures include a reduction of the
temperature margin from 2 to 1 K and the use of a higher heat exchange coefficient between
copper and helium. This should result in an overall ITER conductor cost reduction of about 16%
[9]. This has been evaluated after the issue of the ITER Final Design Report.

The TF coil winding pack includes radial plates which are expensive components to
manufacture because of the requirements for extensive machining and tight dimensional
tolerances. Figure 4 shows that the cost of radial plates is about 9 % of the total magnet cost. A
choice could, therefore, be made between 3 basic options: a) a winding pack with radial plates and
a conductor with a thin incoloy 908 jacket; b) a winding pack without radial plates and a
conductor with a thick-walled, square Incoloy 908 jacket; c) same as b) but with a stainless steel
jacket. The costs of options a) and b) have been found to be similar because the manufacturing
cost of radial plates is about the same as the cost of the thick-walled incoloy jacket. Option b) is,
however, problematic since it implies, for the TF coil cases, the use of a material with a low
contraction coefficient to match the Incoloy properties. The cost of option c) is close to that of
both options a) and b) because the low cost of the stainless steel jacket is offset by the larger
quantity of strand required. Option a) was, therefore, selected on the basis of the reliability
advantages described in section 5.

Cost constraints can be in conflict with reliability and flexibility requirements. Section 3 has
shown that the PF coil ampere-turn capability has been determined to meet the demand of a wide
range of plasma parameters and scenarios. As a result, the PF coils are oversized for any specific
plasma scenario. Moreover, the PF coils include a 25% redundant ampere-turn capability to allow
operation at full performance after the occurrence of a fault necessitating the by-pass of one of
the four modules constituting a coil. In this case, the flexibility and reliability requirements have
taken priority over cost considerations.

10. CONCLUSIONS

The ITER magnet system has been able to meet the challenging set of performance and
operation requirements imposed by the Project objectives. Reliability and maintenance
requirements have also been given a high priority. In order to fulfill all these, often conflicting,
requirements within strict cost constraints, a rigorous design optimization philosophy has been
followed. For example, the 1000 s long inductive burn time and the 50,000 pulses requirements
are met, but as a consequence, structural limits are reached in several components in the centre of
the machine. Auxiliary systems and their interfaces with the magnets have been highly integrated,
resulting in space savings, cost reductions and reliability improvements. The magnet system in the
ITER Final Design Report represents an optimum design for the specific requirements of the
ITER Engineering Design Activity.

References

[1 ] SHIMOMURA, Y., ITER Overview, this conference.
[2] TECHNICAL BASIS FOR THE ITER FINAL DESIGN REPORT, COST REVIEW AND SAFETY

ANALYSIS (FDR), IAEA/ITER EDA/documentation series (1998), to be published.
[3] HUGUET, M., The ITER Magnet System, Fusion Engineering and Design, Vol. 36 (1997) 23-32.
[4] THOME, R.J., BARABASCHI, P., Recent Progress on the ITER Magnet Systems, Proceedings of the

17th IEEE/NPSS SOFE, San Diego, California (1997) pp 427.
[5] MITCHELL, N., BESSETTE, D., Conductor Development for the ITER Magnets, 15th Magnet

Conference, Beijing, China (1997).
[6] MONDINO, PL., ITER Plasma Shaping Capability: Comparison of Alternative Magnetic

Configurations, Proceedings of the 17th IEEE/NPSS SOFE, San Diego, California (1997) pp 633 - 636.
[7] HAANGE, R., et al., Remote Handling Maintenance of ITER, this conference.
[8] TESINI, A., et al., Repair of Components Located Inside the ITER Cryostat: Engineering and Safety

Aspects, Proceedings of the 20th Symposium on Fusion Technology, Marseille (1998), pp 1107 - 1110.
[9] BESSETTE, D., Towards Less Expensive Conductors for the ITER Magnets, Proceedings of the 20th

Symposium on Fusion Technology, Marseille (1998), pp 799 - 802.



965 ITER/5
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801-1, Mukouyama, Naka-machi, Naka-gun, Ibaraki-ken, 311-0193 Japan

Abstract

The remote maintenance strategy and the associated component design of the International Thermonuclear
Experimental Reactor (ITER) have reached a high degree of completeness, especially with respect to those
components that are expected to require frequent or occasional remote maintenance. Large-scale test stands, to
demonstrate the principle feasibihty of the remote maintenance procedures and to develop the required equipment
and tools, were operational at the end of the Engineering Design Activities (EDA) phase. The initial results are
highly encouraging: major remote equipment deployment and component replacement operations have been
successfully demonstrated.

1. INTRODUCTION

ITER is described in detail in the Final Design Report [1]. The in-vessel components must
be maintained and handled remotely because of neutron activation. Due to plasma interactions,
the divertor high heat flux components are expected to erode to such an extent that they will
require replacement several times during the lifetime of the machine. Blanket modules are
expected to require replacement only in case of damage due to unexpected events. Furthermore,
all blanket shield modules will be replaced with tritium breeding modules at the end of the Basic
Performance Phase (BPP) in preparation for the Extended Performance Phase (EPP).

The ITER vacuum vessel is shielded from direct plasma interactions and is not expected to
require any maintenance throughout the life of the machine. Equally, all components outside the
vacuum vessel but inside the cryostat (which provides the vacuum environment for the
superconducting coils), are designed to last the lifetime of ITER without requiring maintenance.
However, it can not be fully ruled out that unexpected failure occurs that requires repair.
Calculations have shown that the nuclear shielding provided by in-vessel components and the
vacuum vessel itself is such that the build-up of neutron-induced activation inside the cryostat is
slow and that time-limited hands-on access into the cryostat may be feasible up to the end of the
BPP [2]. Hands-on repair is therefore considered the primary approach should, in the unlikely
event of a failure, access into the cryostat be necessary. However, components that may require
remote handling will be constructed to be remote handling compatible.

In-vessel maintenance requires access of remote handling equipment through ports. Access
is gained after removing the inserts that are normally located inside the dedicated remote
maintenance ports. To remove these inserts, not only have the relevant plug and closure plates in
the bioshield and cryostat to be removed, but also a number of services, including coolant lines,
vacuum connections, signal cables etc. As the predicted radiation level in these port areas is
relatively low, the strategy is to use hands-on assisted operations to reduce the number of complex
remote operations.

While it is considered desirable to carry out maintenance and repair in-situ, the present state
of the art limits these operations to inspections and a few adjustment operations. Remote repair
and refurbishment will normally be carried out in a dedicated hot cell facility, requiring removal
and reinstallation or replacement of the relevant components. Extraction and reinstallation, as well
as the transfer of active components, have to be carried out such that activated dust and tritium
remain fully confined, and exposure of personnel or sensitive components to gamma radiation is
avoided. The strategy that has been adopted involves sealed transfer casks that are docked to the
vessel and hot cell via double-sealed door arrangements. The casks do not provide gamma
shielding because of size and weight constraints. Therefore, personnel will be evacuated from the
tokamak pit area during transfer operations, and any sensitive components along the pathway have

* This report is an account of work undertaken within the framework of the ITER EDA Agreement. The
views and opinions expressed herein do not necessarily reflect those of the Parties to the ITER EDA
Agreement, the IAEA or any agency thereof. Dissemination of the information in these papers is governed by
the applicable terms of the ITER EDA Agreement.
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FIG. 1. ITER Machine Elevation

to be shielded. Figure 1 depicts an elevation of the ITER tokamak depicting the access ports and
maintenance casks at the various levels around the bioshield.

The aim of this paper is to give an overview of the ITER remote maintenance as well as to
describe the rationale for the strategies adopted for the in-vessel and ex-vessel component
maintenance.

2. APPROACH FOR IN-VESSEL MAINTENANCE

Procedures for in-vessel maintenance have been developed taking into account the
following constraints:

(i) maintaining confinement of activated materials and tritium at all times,
(ii) application of as low as reasonably achievable (ALARA) principles for radiation exposure

of personnel,
(iii) impact on machine operation.
(iv) cost.
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During machine operation, the radioactive inventory in the vacuum vessel is confined by
two barriers: the vacuum vessel and the cryostat vessel. For component replacement or repair
requiring introduction of large-scale remote maintenance equipment, it is impractical to maintain
two barriers at all times. It has therefore been decided that the connection to ports of maintenance
and components transfer casks will be such that one barrier is maintained at this location. As a
prerequisite, however, the amount of releasable radioactivity is strongly reduced by certain
activities prior to cask docking; lowering the temperature of in-vessel components and vacuum
vessel to near ambient temperature, venting the vessel with dry nitrogen and maintaining a purge
flow through a detritiation system. Furthermore, if required, maintenance activities may begin with
the removal of in-vessel dust.

These activities lower the stored energy inside the heat transfer loops and the releasable
activity inside the vessel such that one confinement barrier suffices during maintenance
operations. It is clear that these activities take time and hence are not appropriate for frequent in-
vessel inspections that may be necessary to investigate plasma-facing components after strong
disruptions or expected component damage. The in-vessel inspection systems design requirement
is therefore based on maintaining at all times two confinement barriers during deployment and on
operating with the in-vessel components at interpulse temperature. In this way, frequent
inspections can be carried out without significantly degrading machine availability, and
maintenance interventions can be preceded by quick inspections revealing the extent of damage,
so that repair or replacement preparations can already be targeted prior to opening the vacuum
vessel.

The in-vessel viewing ( IW) systems will provide direct high resolution imaging, to
millimeter resolution, or detailed metrology, to 0.1 millimeter resolution, depending on which
system is in use. The direct views will be used to routinely inspect all the plasma-facing
components, from the vertically deployed IVV mast, which will be held under operational vacuum
conditions for deployment between plasma discharges. The metrology data is used to create an
electronic representation of the current condition of the in-vessel components, for the planning of
future maintenance activities.

In-vessel maintenance is done remotely, hence fully satisfying ALARA considerations. The
opening of ports does, however, involve hands-on assisted operations. These involve not only the
deployment of personnel outside the bioshield, but also hands-on operations when the bioshield
plug in front of a port has been removed. In the latter case personnel will be exposed to certain
dose rates and the procedures are subject to strict ALARA guidelines, whereby the exposure has
not only to be limited as much as practical and below statutory levels, but personnel exposure
should also be justified against the drawback of having to develop and deploy otherwise complex
and costly equipment.

To limit the impact of maintenance and repair operations on machine availability, the
following approach has been adopted:

(i) expected frequent, routine maintenance activities, e.g. divertor replacement, must be
accomplished in a short time;

(ii) components that are expected to require infrequent, but occasional, maintenance must be
designed to allow remote maintenance in a reasonable time,

(iii) components that are designed to require no maintenance, but should they fail, must be
repaired or replaced remotely, must be designed to allow remote maintenance, but the
maintenance time is generally of much less importance than functional design
considerations.

Table I lists the main components inside the vacuum vessel and their main characteristics for
maintenance. As shown in Table I, the divertor is expected to require replacement several times
during the lifetime of the ITER machine. Therefore, the design of the divertor is driven not only
by functional requirements, but also largely by remote maintenance requirements. These
considerations have led to a divertor design involving its segmentation into cassettes. The design
allows draining and coolant pipe cutting (and welding) operations to be carried out by hands-on-
assisted activities external to the bioshield, in parallel with other preparatory activities. The number
of cassettes is given by the available port width for transfer into and out of the vessel. The in-vessel
operations to be carried out by handling equipment is mainly limited to the radial and toroidal
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TABLE I. IN-VESSEL COMPONENTS* REQUIRING REMOTE MAINTENANCE

Component

Divertor
Cassettes

Blanket
Modules

Dimensions
H x W x L

(~m)

2 x 1 x 6

1.3 x 2 x 0.5

Weight

(t)

26

< 4.3

No of Units

(-)

60

740

Expected
Maintenance
Frequency

During
Lifetime

(-)

3 - 8

few
1 (all mod's)

few (single
module)

Maximum Duration
of Replacement

(months)

6 (all cassettes)

2 (single cassette)
24

2 (single module)

3 (toroidal row)

*Excluding components located in ports.

transport of cassettes and locking activities, whereas coolant pipe welding, cutting and leak testing
can be carried out from outside the bioshield. Accurate alignment of all plasma-facing
components is crucial. A remote metrology system may be introduced to survey, with
submillimetre accuracy, the rails to which cassettes are attached prior to (re)installation, as well as
the high heat flux surfaces of cassettes after (re)installation.

After the BPP all 740 blanket shield will be replaced with breeding blanket modules prior to
the start of EPP operations. To limit the impact on machine availability, single modules must be
replaced within 8 weeks, whereas the complete module change must be accomplished within 2
years. Modules are attached to a backplate, which also includes the coolant manifolds. The
backplate is horse-shoe shaped in elevation section with modules attached in poloidal and toroidal
arrays. To allow quick, accurate installation and withdrawal of modules, the in-vessel module
handling transporter is designed to have its main axes of transportation oriented in the toroidal
and poloidal directions. The equipment is based on a segmented, toroidal rail and a vehicle with
telescopic arm and end-effector. The vehicle rides on the rail in the toroidal direction and can
turn around the rail to provide the telescopic arm and end effector with poloidal movement. The
backplate attachment positions (before module assembly), as well as the modules themselves (after
assembly), can be surveyed by the same metrology system as used for the divertor cassettes.

Small holes in the front face of the modules allow access for mechanical attachment, coolant
and electrical connections. The rather complex mechanical design of the modules and the
modularization is optimized with respect to the payload capacity of the handling system which is
determined by the maximum size of the equipment and limited by the port opening and available
space for handling inside the vessel. Both port opening and in-vessel space are fully utilized when
inserting the vehicle or transferring modules and by the kinematic trajectories of the handling
equipment with modules attached inside the vessel, respectively. The dedicated remote handling
ports are constrained in width and height by the toroidal field (TF) coils and required space for
intercoil structures between ports respectively. To maximize the port width, the number of ITER
TF coils was reduced from 24 to 20 early in the design phase.

The cost of equipment and maintenance features is generally minimized by maximum
standardization. This is only partially achieved for in-vessel components, by the use of the same
inspection and metrology equipment, but different transporters and end-effectors have been
developed for the divertor and blanket modules. The advantage of this approach is, however, that
both components can be maintained fully independently of each other. Further standardization
improvements, especially regarding the standardization of all remote cask docking interfaces
would have been beneficial and were considered at the end of the EDA.

Port insert assemblies are also in-vessel components. Those at equatorial and divertor levels
generally consist of a shield plug filling the opening in the blanket, backplate and vacuum vessel
shield, as well as additional equipment, including plasma measurement equipment (diagnostics). In
some instances, e.g., ion cyclotron heating and current drive, test blanket modules, and diagnostics
are integrated with the shield plug. For maintenance or withdrawal of the insert, the latter is
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withdrawn into a transfer cask, followed by repair in the hot cell and reinstallation of the
refurbished insert or a new one. At the divertor level, 16 out of 20 ports contain cryopumps. In
that case the shielding is provided partially by divertor cassettes.

To allow rapid replacement and to minimize the number of remote operations on
components exposed to the vacuum inside the vessel, the inserts, including shield plug and
vacuum vessel closure plate, will be handled as one integrated unit. The merits of this approach are
that fully tested units can be inserted without requiring additional remote work on the in-vessel
components and that this lends itself to a high degree of standardisation as the vessel port
interfaces are the same for all ports at equatorial level. Moreover, as the number of remote
operations is minimized, relatively quick replacement is achievable. The demerit is that this
requires cantilevered handling of large and heavy loads (2.6 x 1.6 x 4m, approx. 50-70 t).

In addition to horizontal vacuum vessel ports at the divertor and equatorial levels, there are
vertical upper ports penetrating the vacuum vessel shell in between the 20 toroidal field coils. Ten
of those ports are dedicated to the routing of coolant pipes to and from the backplate and from
the vacuum vessel itself, whereas the other ten are allocated to diagnostics. Due to neutron
activation and tritium contamination, those diagnostic components that are exposed to the plasma
require remote handling. Access for maintenance is via vertical port extensions that connect with
the upper lid of the cryostat. For standardization reasons, the diagnostic probes are, to as large an
extent as practical, arranged in a modular way on cylindrical plugs that can be replaced remotely,
if necessary.

3 STATUS OF IN-VESSEL MAINTENANCE

The feasibility of the two main in-vessel remote replacement procedures, for divertor
cassettes and blanket modules, had, at the end of the EDA, been demonstrated in large test stands.
While the simulated remote operations are still far from complete, the chief handling procedures
and transportation from installation position to and from transfer port positions were clearly
demonstrated on dummy components at 1:1 scale in size and weight. Parts of the transfer
operations were already carried out in automatic mode. Welding and cutting operations, although
not yet integrated in the test stands, had been qualified to varying degrees in bench tests using
prototypical equipment. Port handling concepts are described in more detail in [1] and [3].

Based on the use of four dedicated remote handling ports at both equatorial and divertor
levels, a seven day working week and two shifts a day for in-vessel operations, a number of
independent analyses concluded that the stipulated maximum component replacement times for
both blanket modules and divertor cassettes can be achieved. Verification will, however, only be
obtained when the detailed procedures are fully carried out in the test stands. The blanket
handling and divertor handling test stands will continue to operate in the post-EDA period to
develop in further detail the handling procedures, and the equipment. Special emphasis will be
placed on the development of equipment recovery procedures from any credible malfunction or
accident.

Details of the blanket handling equipment and test demonstrations are given in [4], whereas
the detailed status of the development of divertor remote handling is given in [5]. The in-vessel
viewing and metrology systems are described in [6].

The diagnostic systems inside the vertical port that require remote maintenance, can be
accessed after placing a cask onto the port extension penetration in the cryostat lid. A double-seal
door system is used to allow passage of components and insertion of handling tools from that
cask. At the end of the EDA, conceptual designs had been generated. Details of the designs are
described in [7].

With the exception of inspection, in-vessel maintenance will be carried out with the vessel
vented with dry nitrogen and the vessel and in-vessel components cooled to near ambient
temperature. Components to be replaced will be drained and, depending on configuration and
level of decay heat, will slowly rise in temperature to a somewhat higher level. The in-vessel
gamma radiation dose rate 24 hours after the last plasma pulse is expected to be around 3 x 104

Gy/h decreasing to approximately 1 x 104 Gy/h after 10 days and to roughly 3 x 103 Gy/h one
year after the last pulse. Remote handling equipment, even when introduced into the vacuum
vessel for only a short time, must be designed to be "radiation hard". To achieve this, a broad
based radiation hardening development programme, that was already initiated prior to the EDA,
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has been continued throughout the EDA. Very good results have been obtained for many
constituent components of the large scale remote handling equipment to be used in-vessel. The
aim of having available equipment that is radiation hard up to at least 108 Gy under a gamma
dose rate of 3 x 104 Gy/h has been approached or exceeded for many constituent parts and
components.

It is intended to have available, at the start of machine assembly, a complete set of remote
handling equipment and tools - if feasible, already fitted out with radiation hard parts and
components - to be used for initial machine assembly, albeit not always in a fully remote mode. It
is expected that together with the tests carried out in the large test stands, this would demonstrate
and verify the procedures and equipment.

4. APPROACH FOR EX-VESSEL MAINTENANCE

The ITER cryostat is a very large cylindical vacuum vessel with many penetrations in the
cylindrical shell. Side penetrations are either for cryostat ports that connect via bellows to ports in
the vacuum vessel at the divertor and equatorial levels, or for water or cryogenic coolant lines.
Additionally, four side penetrations in the lower part of the cylindrical shell, as well as four
penetrations in the lower flat lid and 25 penetrations in the upper lid are for access into the
cryostat itself.

Although the cryostat is a very large vessel (36.5 m diameter x 31 m high), the interspace
between vacuum vessel and cryostat shell is filled with port ducts, and service lines. Moreover, all
coils and cold structures are shielded from direct line of sight to warm surfaces by 80K thermal
shields. Access into the cryostat and to the cold components is therefore blocked by thermal
shields and movement inside the cryostat is severely impeded by service lines and ducts. To gain
human access, the cold structures have to be warmed to room temperature and the cryostat has to
be vented with air. This takes approximately one month. Following an intervention, evacuation
and cooldown, takes another month. The long time span and the difficulty of gaining access for
inspection and maintenance due to congestion and thermal shields, has led to the requirement that
there must not be any components inside the cryostat that require maintenance. All components
must be designed to last the lifetime of ITER without needing maintenance or replacement.
However, it is clear that even with the application of conservative design criteria and tough quality
control procedures, failure of components inside the cryostat cannot be fully ruled out which
would then require access for repair.

Such a repair intervention is a very unlikely event and occupational radiation exposure
analyses predict that time-limited human access into the cryostat remains a feasibility up to the
end of the BPP, Therefore, the adopted strategy for repair inside the cryostat is based on hands-on
operations with human access into the cryostat, at room temperature. Such access will be strictly
time-limited and the approach outlined below will be followed:

(i) hands-on repair is the reference scenario, with remote repair as a back-up, should dose rates
preclude hands-on repair;

(ii) to reduce the duration of in-cryostat operations, permanent walkways and platforms will be
available inside the cryostat to gain quick access to strategic locations. These include lifting
points and other special features;

(iii) back-up provisions for in-cryostat remote operations will be provided and, where practical,
will use the special features introduced for hands-on operation.

Worker's exposure is subject to legal dose limits and to ALARA considerations. It is
assumed that for ITER a 20 mSv/y regulatory dose limit will be imposed. To ensure that
regulatory limits are not exceeded, reduced administrative limits are set for individual exposure
control. Additionally, scenarios are reviewed to ensure that occupational radiation exposure is
reduced to levels as low as reasonably achievable. Therefore hands-on operations are normally
considered only in areas where the dose rate is below 750 uSv/h. The dominant factor for the
radiation shielding of the ITER shield blanket and vacuum vessel was to keep the dose rates low in
the cryostat to allow human access. This turned out to be more restrictive than the avoidance of
excessive nuclear heating or irradiation damage to coils. It is expected that towards the end to the

BPP the dose rate 106 s after a plasma pulse will be around 100 uSv/h at the cryostat inner wall.
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The following in-cryostat repair operations have been considered during the EDA:

• repair of electrical insulation breaks of cryogenic pipes inside the magnet break boxes;
• repair of electrical insulation breaks on other cryogenic lines;
• bolt tensioning of intercoil structures;
• leak checking to find vacuum or cryogenic leaks.

As a typical example, access to the magnet break boxes and the repair of electrical
insulation breaks have been studied in more detail for both hands-on and remote repair [8]. In
addition to local repair operations, the replacement of any of the coils has to be considered. The
design of the Central Solenoid (CS) is such that, after accessing the top and bottom connections, it
can be withdrawn from the top after opening an inner cover in the upper lid out of the cryostat.
As it is located in a very well shielded position, the dose rate is expected to be sufficiently low for
short-term access. The upper Poloidal Field Coils (PF1 and 2) can be similarly lifted out of the
cryostat by removing the central cover of the cryostat lid together with the upper thermal shield.
For coil PF 3 all upper coolant lines and their guard pipes have to be removed. Coils PF 4 to PF 7
are "trapped" either between ports or underneath the machine. Replacement of these coils,
although ultimately possible, will not only take a very long time but also involve removal and
installation of many other systems. It has therefore been decided that these coils should have
redundant winding packs (modules). They are composed of four modules each. Each
superconducting coil can develop its full ampere turns with only three modules in case one of
four modules malfunctions, albeit at a lower operation temperature. Should, however, more than
one module fail, the coil would have to be replaced. For such an event, annular rings have been
included in the bottom lid of the cryostat that can be removed to provide an opening for the
corresponding coil to be lowered through. The space underneath the cryostat can be fitted out to
cut the faulty coils in pieces for removal and for rewinding a new replacement coil. Redundant
windings could not be included in the Toroidal Field Coils (TF). Should they develop
unrecoverable faults, they will have to be replaced. Such a major operation has been studied [1]
and is, in principle, feasible, although it will require installation of substantial radiation shielding
structures above the cryostat and in the Tokamak Hall.

Features are included in the design of the vacuum vessel and thermal shields that would, in
principle, allow their cutting, rewelding and handling by remote means. However, this is
considered such an unlikely event, that the remote equipment and procedures would be fully
developed and tested only when required.

5. STATUS OF EX-VESSEL MAINTENANCE

As ex-vessel repair operations are very unlikely to be required, the studies undertaken in the
EDA have been restricted mainly to showing the feasibility of repair work and to provide input to
the design of components and additional features to facilitate repair work when necessary.
Conceptual designs are available for permanent walkways, platforms and structures and fixtures
inside the cryostat. Access hatches have been incorporated in the design of the thermal shields.
Moreover, access openings are provided in the cryostat shell to allow quick access to all areas that
may need human or remote equipment access for postulated repair operations. The design of the
cryostat, thermal shield, vacuum vessel, the layout of service lines inside the cryostat, as well as the
position of the magnet break boxes have been driven, to a considerable extent, by the requirement
to facilitate remote or hands-on replacement and repair of components inside the cryostat.

Remote back-up procedures have been studied to a limited extent. This focused mainly on
kinematic studies with manipulator and transporters to gain access to strategic positions, e.g.
magnet break boxes inside the cryostat. Preliminary bench tests involving remote replacement of
an insulation break inside a break box showed very encouraging results so that it is believed that
this can indeed be developed as a credible back-up scenario. Studies devoted to coil replacement
scenarios, have also mainly focused on ensuring that this is, in principle, feasible. These studies
determined the space requirement underneath the cryostat for coil rewinding, the requirement and
geometries for the annular rings in the bottom lid and the covers in the upper lid of the cryostat.
The many steps involved in coil replacement scenarios were investigated and proposals were made
for the shielding of the cryostat opening when the upper lid and bioshield are removed and for
the shielding of large, activated components withdrawn from the cryostat. Furthermore, initial
evaluations show that the skyshine dose rates accompanying operations, that involve removal of
the cryostat lid (and top shielding), must be kept of sufficiently short duration (approximately one
shift) so that the allowable dose limit at the site boundary (100 uSv/y assumed) is not exceeded.
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6. TRANSFER OF ACTIVATED COMPONENTS TO AND FROM THE HOT CELL BUILDING

As mentioned above, repair or refurbishment of in-vessel components, especially divertor
cassettes, will generally occur in dedicated cells in the hot cell building [9]. During maintenance
periods, biological shielding will be in place to allow man access into the areas around the cryostat
while in-vessel maintenance operations are in progress.

Transfer of activated components to and from the hot cell building can be initiated only
after evacuation of all personnel from the pit and pathway. The route from the divertor and
equatorial levels is via circumferential galleries, through the lift shaft to the -12.7 m level of the
building (hot cell building entry level). From here the casks travel approximately 150 m to the hot
cell building. Docking ports are provided for unloading and loading of components. During a 24
hour day, two shifts are devoted to maintenance operations and one, the night shift, is devoted to
transport operations. In-vessel maintenance could, in principle, go on in parallel with transport
operations.

Casks are designed to be leak tight so that tritium and in-vessel dust is fully confined during
transport. Due to decay heat, a slight overpressure may be generated. Casks will be designed to be
tight for the expected rise in pressure. However, in the very unlikely event that a loaded cask is
stuck during transport for a prolonged time, some form of passive overpressure relief, without
escape of dust or tritium, has to be provided. The intention is to develop a filtered relief valve and
rupture disk assembly connected to a low temperature catalytic convenor and absorber that would
retain all dust and ~ 99% of the released tritium.

The original transportation system was based on railway tracks and included turntables in
areas were sudden changes of direction were required. Due to the impact of rails on the building
design, an alternative system based on air cushion flotation was studied and a conceptual design of
an air cushion transporter for ~ 100 t payload was developed. The reference transportation vehicle
is now based on air flotation with onboard batteries and compressors, guided by tapes buried in
the floors [10]. The time to transfer a cask from a vessel port to a hot cell has been estimated at 45
minutes.

7. CONCLUSIONS

At the end of the EDA, the remote maintenance strategy for ITER had been fully defined.
Remote maintainability has had a major impact on the layout of the machine and design of

components. Major in-vessel remote handling operations have been demonstrated on large-scale
test stands. Testing will continue after the EDA to develop (in detail) procedures and equipment.
This will include rescue of equipment from any credible event.

The main maintenance strategy adopted involves in-situ inspection followed, if necessary, by
component replacement and repair/refurbishment of components in a hot cell.

Hands-on and/or hands-on-assisted maintenance are/is used in areas of low radiation
background and where a very unlikely repair operation could be required. In this case, special
features are included in the design to limit, as much as practical, the workers' exposure times in the
radiation field.
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INTERNATIONAL THERMONUCLEAR EXPERIMENTAL REACTOR (ITER)
PLANT LAYOUT AND SITE SERVICES

V. CHUYANOV
International Thermonuclear Experimental Reactor (ITER) JOINT CENTRAL TEAM and
HOME TEAMS

Abstract

The ITER site has not been determined at this time. Nevertheless, to develop a construction plan and a
cost estimate, it is necessary to have a detailed layout of the buildings, structures, and outdoor equipment
integrated with the balance of plant service systems prototypical of large fusion power plants. These services
include electric power for magnet feeds and plasma heating systems, cryogenic and conventional cooling
systems, compressed air, gas supplies, de-mineralized water, steam, and drainage. Nuclear grade facilities ate
provided to handle tritium fuel and activated waste, as well as to prevent radioactive exposure of either the
workers or the public. To avoid interference between services of different types and for efficient arrangement of
buildings, structures, and equipment within the site area, a plan was developed which segregated different classes
of services to four quadrants surrounding the tokamak building, placed at the approximate geographic center of
the site. Location of the twenty-seven buildings (Table I) on the generic site was selected to meet all design
requirements at minimum total project cost. A similar approach has been used to determine the location of
services above, at, and below grade. The generic site plan can be adapted to the site selected for ITER without
significant changes to the buildings or equipment. Some rearrangements may be required by site topography
resulting primarily in changes to the length of services that link the buildings and equipment.

1. INTRODUCTION

The ITER EDA activities included the development of a site layout and an engineering
design of site services, which are prototypical of large fusion power plants [1,2]. It was clear from
the beginning that the design does not present any feasibility issues, however, the cost of the
balance of the plant (including all buildings) represents 40% of the direct construction cost and
the design for the balance of the plant requires careful definition of the requirements and their
early optimization.

2. SITE

The ITER design, in the absence of a specific site, had to be developed to be acceptable at
any site proposed by the four ITER Parties. As a substitute for site data, a set of compulsory site
requirements and non-compulsory site design assumptions was developed and issued in 1996 [3].
These requirements and assumptions provided the basis for a generic site layout and design
requirements for all site-sensitive buildings, structures, and outdoor equipment. They have been
used for integration of buildings and services in a site plan, for the development of reliable project
cost estimates, and construction schedules. Two requirements that significantly influenced the
design include an assumed site seismicity [an acceleration of O.lg for an earthquake which can
happen during the lifetime of the machine (probability 10-3/y) and 0.2 for an improbable (10-4/y)
event], and an assumed limitation to size and weight of received shipments. Shipments were
limited to maximum dimensions of 14 m width, 19 m length, and 6 m height; with one of these
shipments being approximately 1300 tonnes and a hundred or more shipments in a range between
100 and 800 tonnes. The assumption of a limited seismicity simplified the design but required its
compatibility with a seismic isolation building option for sites with higher seismicity. The
capability to receive large shipments has reduced the number and size of buildings for on-site
fabrication and assembly of large components.

To avoid excessive interference between different services and for efficient arrangement of
buildings, structures, and equipment within the site, the following plan was accepted:

a) The tokamak building is placed at the approximate geographic center of the site:
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b) Buildings, structures, and services are arranged relative to the tokamak building with the
following considerations:

- The area to the east (compass directions are arbitrary) is allocated to water cooling and
non-electrical site services;

- The area to the west is allocated to electrical power supplies and the cryoplant;
- The area to the north is allocated to construction activities; processing and handling of

radioactive material after startup;
- The area to the south is allocated to worker access, receiving materials and operating

supplies.

Figure 1 represents the ITER generic site as it would appear in an aerial view from southeast
to northwest. The north-south direction is along the entrance road to the site. The electrical
switchyards are at the extreme western part of the site and the heat sink (mechanical draft
cooling towers) is located to the east. The tall, rectangular building near the site center with an
exhaust stack to the right side is the crane hall portion of the tokamak building complex.

All of the buildings and outdoor equipment are connected by a network of roads. The north
and south entrance roads to the tokamak building are 50 m wide to allow the horizontal entry of
large coils and other prefabricated components. A wide loop road around the east side of the site
provides access to the north entrance from the coil fabrication building.

FIG. 1. Aerial view of generic ITER site.

3. TOKAMAK BUILDING

The size of the tokamak building was determined by the tokamak assembly and service
methods. The assembly may be performed using a "vertical method" with an overhead crane
having a capacity up to 1500 tonnes, or by a "horizontal method" using horizontal transporters
instead of a crane. We can not prove that the "horizontal method" is impossible; however, for
the first of a kind machine, it imposes so many limitations that the "horizontal method" for
ITER has been rejected. Application of a "vertical assembly method" to a monolithic central
solenoid (CS), which has to be lifted over the toroidal field (TF) coils, requires that the height of
the building must be greater than the length of the CS, plus the height of TF coils and their
gravity supports. All together, this leads to a height of ~ 96 m from the roof to the bottom floor.
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An optimum embedment of the building was determined by site geotechnical characteristics
and shielding requirements during tokamak operation and servicing. With the total weight of the
tokamak, ~ 60,000 t, we must expect soil loading to be about ~ 70 t/m2. To make the machine
siteable at any reasonable location, we must install pilings in the ground or embed the machine
below the level - 30 m where such bearing capacity is a normal value for a typical ground
condition. Operation of a fusion reactor with a fusion power ~ 1500 MW and servicing such a
reactor require an additional (~ 2 m thick) biological shielding around the machine, and around
paths for transportation of irradiated internal components. With the selected approach of
servicing through horizontal ports, an embedment of transportation paths permits significant
savings on shielding. These considerations led to the design with an embedment of —50 m. This
puts the entire tokamak machine below grade. This choice may be reconsidered when geotechnical
and meteorological site data are available.

Heavy congestion of equipment, pipes, electrical buses, and transportation paths around
tokamak requires an extremely careful consideration of equipment layouts and proper balance
between the costs associated with a larger pit diameter, versus difficulties of assembly and
maintenance in a smaller pit. The problem was amplified by a requirement to have a design
compatible with seismic isolation and by a safety requirement to have a double confinement
around the plasma volume as well as all its extensions. As a result, all primary cooling systems
were placed inside the pit, within special vaults, with the capability to withstand the steam
pressure during external LOCA accidents. The primary piping and vault structure form extensions
of the double confinement and are within the seismic isolation boundary. Only secondary cooling
pipes, electrical cables and HVAC ducts cross the seismic isolation gap between tokamak pit and
external structures. To limit the pressure within 240 kPa (abs), a value acceptable from a
construction point of view, the water volume in any primary cooling loop had to be limited to
~ 65 m3. As a result, the cooling system had to be subdivided into 18 loops. The large number of
relatively small loops has increased the cost of the cooling system and complicated its servicing.
This arrangement is a consequence of an approach to plasma facing components as experimental
equipment, without any safety credit, and of very strict limits on tritium emission. This may not
be necessary for a power reactor with an established plasma facing component design and it may
be reconsidered for ITER when site specific safety requirements are better established.

ITER is an experimental machine. An elaborate system of remote extraction,
transportation, and maintenance in a hot cell has been developed to allow for the replacement of
components which have become radioactive and contaminated. Many component parts will be
reinstalled in the tokamak machine in order to minimize cost and the generation of radioactive
waste. Transportation of the objects from the tokamak machine to the hot cell building will be
accomplished using air-cushion vehicles and a high capacity lift. Unshielded transport containers
travel between the tokamak building and the hot cell building below grade, where heavy building
members provide shielding to protect workers and the public. All horizontal ports are accessible
by remote handling vehicles using transportation galleries which surround the pit. The air-cushion
transportation system for irradiated internal parts has been selected because of its better flexibility
and compatibility with smooth, easily cleaned surfaces.

All systems and functions which involve the storage or handling of radioactive material are
located in the tokamak, tritium, hot cell, and radwaste buildings. These buildings are connected by
dedicated structures designed to provide shielded pathways and to facilitate access control. These
buildings are arranged so a contiguous boundary can be established, and the passage of workers and
material can be strictly controlled. Rooms and spaces within this region of the ITER plant have
been designated according to the expected level of radioactive material or direct radiation
expected to be present during various plant operating modes. Drainage from these areas will be
collected in tanks within the low level liquid radwaste system. Solid radwaste will also be collected
and packaged for eventual disposal by the host country. Airborne contamination and tritium,
which might be in the radiologically controlled areas, are collected and processed by ventilation
systems. The tokamak, tritium, hot cell and radwaste buildings are served by several ventilation
systems, each of which is subdivided into zones according to the function of the building and
particular activity of the designated location. Pressure gradients are controlled to assure that
leakage is from the outdoors to areas of low contamination potential, and then to areas of higher
contamination potential. These zones are all maintained at negative pressure, and exhausted to a
tall stack. In addition, areas where a tritium release is possible are equipped with atmospheric
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detritiation systems. Here, tritium is collected as water and sent to the water detritiation system
for tritium recovery and recycling. Where high levels of dust are possible, the ventilation systems
will include HEPA filters.

Space around the tokamak machine is at a premium. Design and integration of power and
cooling routes, transportation and information channels, ventilation ducts, personnel access and
escape routes would be very difficult (if not impossible) without use of CATIA - 3D Computer
Aided Design (CAD). Also, 3-D CAD has been used in special studies, which have confirmed the
ability to assemble and service equipment within the pit.

4. ITER SITE SERVICES

Proper functioning of the ITER tokamak machine is completely dependent on the
provision of a number of services: ICRH and ECRH, high and ultra high frequency power,
electrical power (both steady state and pulsed), cooling water, cryogenic fluids, compressed air,
gases and other services that must be available. Above grade services have been limited to
switchyards and a few other critical locations because of the need to bring heavy equipment and
large components onto the site for construction, tokamak assembly and maintenance. Most of
the electrical and cooling services have been placed in tunnels, pipe chases or have been buried
underground to avoid interference.

The steady state electric power network (SSEPN) ( see FIG 2) supplies a maximum ~
235 MVA of power to ITER systems (excluding coil and auxiliary heating power). The main
power system ("Class IV power") has redundant 220 kV connections to the regional utility high
voltage grid (assumed 220 kV). The voltage is stepped-down to 11 kV via two main transformers
and made available for site distribution through eight main distribution buses. For high reliability,
the system design allows for redundant load paths to all equipment at the 220 and 11 kV levels.

The SSEPN design is relatively straightforward; the main difficulty has been to determine
electrical loads for the operational states of ITER (Table 2). About 50% of the SSEPN power is
routed to the tokamak building complex, where over 14,000 equipment items are connected at
voltages ranging from 120 V to 11 kV. Efficient routing of power and cooling requires a trade-off
between the proximity of pumps, transformers, etc., to the numbers of pipes and cables that must
be routed to the tokamak area. The delivery network has been optimized within the constraints of
the buildings and equipment. The SSEPN has fourteen service zones; four of which service the
four quadrants the tokamak building. Each zone has a dedicated load center (LC) with a cable
tunnel connection to the switchyard. At the LCs, a portion of the incoming 11 kV power is
stepped down to 3.3 and 0.48 kV, to service many smaller loads.

The SSEPN is also designed to provide emergency ("Class III") power to sensitive
consumers. This emergency power is supplied through separate distribution cables and equipment,
which are physically separated and protected from Class IV cables and equipment. Under normal
conditions, the Class III main distribution buses are energized through Class IV power connections.
In the event of loss of Class IV power, Class IV power connecting switches are opened and the
Class III buses are supplied by four on-site diesel generators located in the Emergency Power
Building. The Class III power system is single active failure tolerant. Class III power equipment is
divided into two channels, which are also physically separated and protected. Within each
channel, loads are divided into Priority 1 and Priority 2. Priority 1 loads include all safety related
loads and are resupplied within 30 seconds after loss of Class IV power. Priority 2 loads are
supplied after all Priority 1 loads are satisfied and after any faults have been cleared.
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Local Local Loads
Distribution Control (examples)

FIG. 2. The steady state electric power network

The cooling system is designed to reject 2,600 MWt from several hundred individual heat
source connections throughout the site. It follows the same routing principle as the SSEPN.
Water cooled by the cooling towers will be delivered by gravity flow through large penstocks t o
pumping stations located at - 6 m in the east and west tokamak services buildings for distribution
to client systems. To minimize cost, the cooling tower system utilizes a hot mixing basin to
average the heat load over the pulse/dwell operation, thereby reducing the maximum duty to the
cooling towers. The system is designed for a mean value of power generation taking into account
a 1000/2200 pulse/dwell ratio. Additionally, the overall cooling system includes sub-systems to
provide component cooling water for systems requiring high quality water and chilled water for
low temperature equipment (e.g., HVAC). These systems also use a site zone distribution approach
to minimize the overall system cost.
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. Major Cable Tunnel _ Load Center

• Cable Tray or Conduit p Motor Control Center
• Personnel Tunnel <" Load Control Panel

11 Building No. 11 ( Tokamak Building)

»:•: Paved Roadway

FIG. 3. Site electrical services (numbers on buildings correspond to Table I and II).

Figure 3 shows a site plan with the tunnels, cable trays, and other services indicated. Small
black or white boxes indicate the location of load centers and motor or load control panels
respectively. Pipes are placed in pipe chases or are buried below the tunnels and other services.

5. CONCLUSIONS

The ITER Generic Site plan has validated the ITER site requirements and design
assumptions by demonstrating that buildings and services can be integrated within the cost and
schedule goals of the project. They are not overly restrictive and an acceptable construction plan
has been developed based on the generic site layout. The sequence of construction activities is a
direct result of the integration process. For instance, cable tunnels and pipes chases are
constructed early in the schedule so they do not interfere with delivery and assembly of tokamak
components. However, placement of cables and pipes in these underground structures can be
deferred until later in the schedule, closer to the time they are needed for commissioning.

The integration of site services, such as electrical and cooling water distribution, into the
site plan has provided the basis for more reliable cost estimates and construction schedules.

The ITER generic site layout is a cost-effective integration of all the buildings, structures
and services that must function together for the ITER mission. There is a high probability that
the generic site plan can be adapted to the site selected for ITER without significant changes to
the buildings or equipment unless changes are dictated by regulatory requirements. Some
rearrangements may be required by site topography, but this will result primarily in changes to the
length of services that link the buildings and equipment.
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TABLE I. ITER BUILDINGS, OUTDOOR STRUCTURES, AND AREAS

Key

11
12
13
14
15
16 •
17
21
22
23
24
25
31
32
33
34
35
36
41
42
51
52
61
62
71
72
73
74
75

37
43
44
53
63
64

Buildings, Structures,
Areas

Tokamak Hall
Laydown Hall
Assembly Hall
Tritium Building
Electrical Termination Building
Tokamak Services Building - West
Tokamak Services Building - East
Hot Cell Building
Tokamak Access Control Structure
Radwaste Building
Personnel Access Control Structure
Personnel Building
Magnet Power Network/Switchgear Building
Magnet Power Conversion Building - North
Magnet Power Conversion Building - South
NBI Power Conversion Building
RF Heating Power Supply Building
Pulsed Power Supply Auxiliary Building
Emergency Power Supply Building
Steady State Power Supply Auxiliary Building
Cryoplant Cold Box/Dewar Building
Cryoplant Compressor Building
Site Services Building
PF Coil Fabrication Building
Control Building
Laboratory Office Building
Cryoplant Perimeter Guard House
Control Room Perimeter Guard House
Vehicle Entry Perimeter Guard House
Building Totals
Pulsed Power Switchyard
Diesel Fuel Storage Tanks
Steady State Switchyard
Gas Storage Yard
Cooling Towers and Basin
Plant Service Water Storage Basin and Tanks
Structure Totals
Outdoor Storage/Expansion Areas
Parking Areas
Roadways
Area Total

Grand Totals

Foot
Print m2

5,630
2,690
3,580
1,670
1,670
1,220
1,220
8,430
1,300
1,404
1,260
2,592
4,440
6,000
6,000

720
2,500

380
3,620

270
8,030

10,350
8,300
9,330
2,880
5,500

240
240
240

101,706
70,000

2,500
22,000

9,000
20,000
2,600

126,100
30,000
50,000

130,000
210,000
437,806

Floor
Area

m 2

29,900
5,380
7,170
8,360
6,690
4,880
4,880

36,350
2,600
2,808
1,260
9,504
8,880

12,000
12,000

720
5,000

690
6,050

270
8,030

10,350
8,300
9,330
5,760

17,550
240
240
240

225,432

225,432

Volume
m3

536,000
174,000
232,000

71,400
71,400
47,600
47,600
43,950
24,000
23,026

5,670
38,892
88,800

105,000
105,000

7,200
57,400

5,160
43,610

1,620
186,400
170,800
103,000
286,650

40,320
67,400

960
960
960

2,786,778

2,786,778
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TABLE II. ITER PLANT STEADY STATE LOAD SUMMARY

System

Fueling
Remote Handling
Primary Heat Transfer
Systems
Vacuum Pumping
Tritium Plant
Cryoplant
Heat Rejection
Coil Power Supply
Additional Heating
SSEPN
Supervisory Control
System
Diagnostic
Waste Treatment
Buildings
Liquid Distribution
Radiological Protectior
Gas Distribution
Others
Totals

Powered
Eqpmt.

59
469

1,072

3,301
575
414
211
131
268
387
650

500
440

17,137
354
355
118
429

26,870

Class III Power
No. of

Operation
(kW)

10
0

140

376
2,758

62
410

1,250
446
405
151

400
0

501
43

131
43

190
7,273

Maintenance
(kW)

10
743
686

376
2760

62
50

940
394
405
151

100
9

2,923
1,054

131
26

178
12323

Class IV Power
Plant State

Operation
(kW)

395
0

46,530

1,210
3,811

47,786
18,339
2,850
6746

555
151

2,000
1282

14,185
14,381

202
2160

232
162,818

Maintenance
(kW)

260
3,747
4,653

1,039
3,813

18,610
5,750

900
454
555
151

500
1476

20,083
13,042

202
2160

247
77,644
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SESSION ITER

Wednesday, 21 October 1998, at 4.20 p.m.

Chairman: N. Inoue (Japan)

ITER EDA

Paper IAEA-CN-69/ITER/l (presented by D.J. Campbell)

There was no discussion.
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Paper IAEA-CN-69/ITER/2 (presented by R. Parker)

DISCUSSION

R.J. GOLDSTON: The JET team seems quite concerned about a limit of 2% on
AW/W at each ELM. Could you comment on this?

R. PARKER: The JET team is correct to be concerned over this level of energy loss
per ELM. For ITER, it could mean an unacceptably short lifetime for the divertor armour.
The best solution may be to operate in the type II ELM regime, which may be related to the
EDA mode found in Alcator C-Mod. More work should be done to elucidate the
characteristics of this mode and assess its applicability to ITER.

N. NODA: For the first wall, have you considered applying a low Z in-situ coating on
the bare stainless steel surface, such as boronization, which could be more cost-effective than
expensive beryllium tiles bonded to stainless steel? If protection against vertical
displacement events or disruptions is necessary, stainless steel may be sufficient.

R. PARKER: A stainless steel wall designed for 0.5 MW/m2 would be quite thin, that
is a few millimetres between the plasma and the coolant. Since vertical displacement events
could evaporate or melt 1-2 mm per event, such a design would be very risky. Of course, if
the first wall heat flux requirement were reduced, the thickness could be increased and the
risk of burning through during a vertical displacement event would be correspondingly
reduced.
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Paper IAEA-CN-69/ITER/3 (presented by J.C. Wesley)

DISCUSSION

Y.K.M. PENG: You referred to an "advanced tokamak" mode example using the
ITER designed capabilities and suggested that it might be very difficult to implement. Is this
a result of the present design of ITER based on the "first stability" regime, or is it due to the
intrinsic difficulties of "advanced tokamak" operation in a more general sense?

J.C. WESLEY: I believe that the difficulties - which centre on the need to obtain a
simultaneous combination of enhanced energy confinement, enhanced MHD stability (<£=^N)

and high efficiency and localization for off-axis current drive - are largely generic to reactor-
regime tokamaks and to the configuration and parameter limitations that reactor operation
imposes on their design.

M.E. MAUEL: Would you comment on the possibilities for plasma rotation control in
ITER?

J.C. WESLEY: Up to 50 MW of 1 MeV NBI will probably be available but the final
complement of heating/CD systems to be installed remains to be determined, so NBI is not
guaranteed. The near-tangential injection geometry provides a rotation/momentum drive
source, and variation of the injected power (0-50 MW) will provide a corresponding variation
in rotation drive. However, owing to the high beam energy, momentum input is small and
hence projected plasma rotation frequencies are relatively low. There is at present no
possibility of varying beam injection angle or orientation. Overall, I would say that rotation
"control" capabilities will be relatively limited.



984 ITER/D

Paper IAEA-CN-69/ITER/4 (presented by M. Huguet)

DISCUSSION

C.S. CHANG: A large CS flux swing is needed not only for plasma shaping for
advanced mode operation, but also for a robust plasma start-up. With no control capability
over stray field, will the CS flux swing as designed be enough for a robust start-up in ITER?
I would stress that ECH power cannot be raised too much owing to Te separation from Ti,
which causes runaways - thermal and electrical - and thermal runaways cause plasma
collapse!

M. HUGUET: At plasma start-up, stray fields are well controlled by pre-programming
the current waveforms in the outer PF coils. At full CS pre-bias, a start-up window with a
diameter of 2 m and stray field < 1-2 mT is produced in the vicinity of the outboard limiter.
Current waveforms in the PF coils then provide a rate of rise of the vertical equilibrium field
of 0.16 Ts"1 consistent with the plasma current rate of rise of 0.5 MAs"1. All analysis includes
the effect of eddy currents in the vacuum vessel and in-vessel components. We therefore
consider that good start-up conditions exist requiring only modest ECH power.
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Paper IAEA-CN-69/ITER/5 (presented by R. Haange)

There was no discussion.
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Paper IAEA-CN-69/ITER/6 (presented by V.A. Chuyanov)

There was no discussion.
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Abstract

New H-mode power threshold scaling expressions have been found which incorporates an assumed 1/M
isotope dependence for hydrogenic plasmas. Preliminary power threshold predictions based on discriminant
analysis have also been made. However, the ITER predictions are still uncertain. The log-linear confinement
scaling expressions suggest that the L-mode is governed by Bohm type transport whereas the ELMY H-mode is
governed by gyro-Bohm transport. Various non-linear scalings also fit the ELMy H-mode data and a confidence
interval for the predicted confinement time in ITER has been established which takes the predictions of these into
account

1. INTRODUCTION

The ITER H-mode Power Threshold, L-mode and H-mode Confinement Databases [1-3] have
all been expanded with new data in the last two years and the number of contributing tokamaks has
increased. Here some of the recent findings using these databases will be presented, see also [4-6].

2. H-MODE THRESHOLD POWER

The ITER Threshold Database contains data from 10 divertor tokamaks (ASDEX, ASDEX
Upgrade, Alcator C-Mod, COMPASS-D, DIII-D, JET, JFT-2M, JT-60U, PBX-M and TCV). Since
the previous IAEA conference [7] efforts have been made to understand the causes of the large scatter
of the data and to improve the quality of the database by adding new data.

Regressions on the points just at the L-H transition yield the following two expressions (units
of M, n2o> S, Pthres; B, R and a are AMU, 1020 m"3, m2, MW, T, m and m, respectively):

Pthres = 0.082 M"1-0 n 2 0
a 6 9 B0-9 1 S0-96 , RMSE = 25.2% (1)
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Pthres = 2.76 M"1-0 n2o0-77 B0-92 R1-30 a0-76 , RMSE = 25.1% (2)

Fig. 1. Comparison of experimental power thresholds
with scaling expression Eq.(l).

The data from ASDEX (only circular device), COMPASS-D and TCV (smallest devices with an open
divertor) have not been included in the regressions because they are above the prediction according to
both regression models, see e.g. Fig.l.
For the latter 2 devices neutrals may be
the cause of the increased power
threshold. Both Eqs. (1) and (2) are
dimensionally correct within the
uncertainties of the exponents. The
dependence on S is in agreement with
the L-H transition being an edge
phenomenon. The expressions were
obtained from deuterium data. The
dependence on M is only valid for
hydrogenic plasmas and was imposed
based on operation in hydrogen and
deuterium as well as tritium [8]. The
extrapolated values for ITER using
Eqs.(l) and (2) are 85 (56 - 153) MW
and 107 (63 - 179) MW, respectively.
The uncertainty on Pthres is largely due
to data scatter that can reach a factor of 2 within a single device. The data scatter has several causes
that vary from device to device. One effect is wall conditioning, the threshold being higher in high
recycling cases. It has been shown in several devices that the edge electron temperature is almost
constant for given values of B and I. Therefore, to reach the required temperature, more heating
power is necessary at higher edge density (i.e. high recycling). Using the edge density instead of the
line-averaged density in the analysis would be preferable. However, the lack of data and the large
scatter of the available measurements have prevented a reliable result to be obtained. Moreover, the
edge density in ITER is not known with accuracy. Therefore, at present, using the edge density does
not improve the prediction. A second cause for scatter in several devices is due to the sawteeth. The
heat pulse following a sawtooth crash can trigger the L-H transition when it reaches the edge.
Depending on the plasma conditions and time evolution of the discharge, the L-H transition may be
triggered by a sawtooth heat pulse with variable efficiency or not at all. Presently it is not possible to
reliably take this effect into account, but modeling is being carried out. A cause of data scatter in
Alcator C-Mod is attributed to the variation of the ICRH absorption. A correction to the heating
power with experimental absorption factors has decreased the scatter and reduced the density
dependence in this device. However, the overall results did not change significantly.

Discriminant Analysis is used to determine a set of hyperplanes in a multidimensional space,
which best separates two classes of data. An investigation of the H-mode power threshold using this
approach has been initiated [5]. The first class consists of L-mode data and the second of H-mode
data. In order to increase the number of data points all 3 databases (L-mode, H-mode and Threshold
database) have been merged together. However, only data from tokamaks contributing both L-mode
and H-mode data have been considered. The resulting dataset is thus significantly different from the
one used in the previous section. R, B, K, q95, n and the loss power P constitute the multidimensional
space. The discriminant function (constant on each hyperplane) can be transformed into a function
that gives the probability of a data point to belong to the H-mode class. With this model about 75% of
the data are well classified. The model can be used to predict the H-mode threshold power in the
following way. For design values of R, B, K, q95 and n, the loss power P is increased until the model
shows a probability larger than 0.5. That value of P is considered to be the threshold power. The
prediction for ITER is 80 (25 - 200) MW. Threshold predictions for independent scans of R, B, K, q95
and n have also been calculated. They show that this model is equivalent to a threshold power scaling
which increases with R, B and K but decreases with q95 and n. The latter dependence is not in
agreement with the results obtained by regression analysis and hence deserves further consideration.
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3. L-MODE CONFINEMENT

The present public L-mode database consists of data from 14 tokamaks (Alcator C-Mod,
ASDEX, Dili, DIII-D, FTU, JET, JFT-2M, JT-60U, PBX-M, PDX, TEXTOR, TFTR, Tore-Supra,
and T-10). In [4] a dimensionally correct fit to the thermal confinement data for the combined limiter
and divertor data subsets is given (in units of s, MA, T, MW, lO^m'-S, AMU, m, -, -):

TthITERL97P = o.O23 I0-96 B0-03 P"0-73 n i 9
0 - 4 0 M 0 2 0 R1 -83 £ - ° 0 6 K0-64, (4)

The RMSE is 15.8% and there is no apparent difference between the divertor and limiter data. The
scaling predicts 2.1s for ITER. The scaling expression in Eq.(4) is °= Tj$ P* ^ ' ^ p"* 4* V* ^.19 which
shows it is a Bohm like scaling. From a comparison of Eq.(3) with the ELMy H-mode data, it is also
apparent that the H-mode enhancement factor tends to increase with machine size.

4. ELMY H-MODE CONFINEMENT

The new public version (DB3v5p) of the ITER H-mode confinement database, ITERH.DB3,
was released 1st of June 1998. This version contains data from 12 tokamaks: Alcator C-Mod
(C-Mod), ASDEX, ASDEX Upgrade (AUG), COMPASS-D, DIII-D, JET, JFT-2M, JT-60U, PBX-M,
PDX, TCV and TEXTOR. The new H-mode data specific to DB3v5p are detailed in [4].

The new ELMy H-mode standard dataset of DB3v5p (1398 obs. From 11 Tokamaks) [4] is
significantly larger than the IAEA 1992 ELMy standard dataset (833 obs. from 6 Tokamaks) [10].

Only 3 correlation coefficients (Pip, p j e and PIK) are now larger than 0.7 and the principal
components have changed significantly. The extrapolation to ITER is now only larger than 4 standard

deviations around the largest principal component. The factor J1+ ^ A . in the classical statistical

interval formula [11] is ~ 40% lower compared to that of DB2 implying that the log-linear interval for
the ITER prediction is significantly reduced. The ELMy H-mode data now satisfies the Kadomtsev
constraint [9] which was not supported earlier because the required changes to the exponents of n, B
and/or R were too large. The addition of C-Mod data is responsible for the dataset now meeting the
Kadomtsev constraint. The reason for this is being investigated (e.g. a reduction in the correlation
between B and R may be playing a role). The new dataset is quite robust in the sense that the log-
linear regression results and subsequent ITER predictions do not change appreciably if the dataset is
perturbed. The Kadomtsev constrained log-linear scaling with the lowest RMSE (15.64%) is obtained
with the TAUC93 renormalisation [12]. The renormalisation attempts to normalize the few closed
divertor configurations represented in the database to open divertor configurations, the majority

configuration represented in the database. This expression is «= TB p^^p-O.SOy^-O.lO^ j e a gyro-

Bohm scaling, and is practically identical to the EPS97P(y) scaling [13]. The ITER prediction is

6.15s. The scaling obtained without any renormalisation is °= TB p*'^-^p"^-37V*"^-^ which predicts

7.08s for ITER. It is the ASDEX normalisations that make the p degradation stronger and reduce the

p* dependence that leads to the lower ITER prediction. The scaling is °= TB p^-O-esp-O.SOy^-O.n jf

only the ASDEX normalisations are applied and the prediction is 5.75s for ITER. With TAUC92 [10]

or TAUC93 applied only to the PDX data, the regression gives Tfit <* TB p*-l32$-°36V*-°Al or Tfit
oc TB p*"'-49p-0.36y „.-(). 1^ respectively. Hence, the PDX normalisations counteract the effect of the

ASDEX normalisations on the p* dependence. Scalings based on TAUC92 are slightly more
conservative in the prediction for ITER than those based on TAUC93. The IPB98(y) scaling

expression [4] is based on TAUC92 and reads (in units of s, MA, T, MW, 10 1 9 m"3, AMU, m, -, -):

tthIPB98(y) = 0.0365 P-97 B0-08 P-0.63 ni90.41 M0.20 R1.93 e0.23 KO.67 , ( 4 )
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Eq.(4) is oc XB p*-a83p-°-50V*-°-10 and predicts 6s for ITER. The RMSE is 15.8%. In [6]
uncertainties of the exponents for the individual dimensionless physics variables have been estimated
by a mapping of the RMSE minima from a series of constrained regressions. Two constraints are
applied: the Kadomtsev constraint plus a constraint corresponding to a given value, y, of the exponent
of one other dimensionless parameter. The 95% confidence interval ± by can then be estimated from
the plot of RMSE versus y. For Eq.(4) the values of 5y are 0.27, 0.24 and 0.08 for p*, P and v*,

respectively. Finally in [4] also fits using another definition of elongation, K = area / (rca2), which
seems appropriate to use for the indented,
bean shaped PBX-M and also START [14]
can be found.

Based on the log-linear scalings
obtained from various subsets of the data
[4], the 95% log-linear interval estimate for
the ELMy H-mode confinement time in
ITER is (4.4-6.8 s). This comes close to a
classical statistical 95% interval estimate
based on the log-linear fit using TAUC92,
allowing for a multiplication factor of 2 to
roughly account for some of the modeling
imperfections. Several non-linear scalings
with lower RMSE's than that of the log-
linear scalings have been found [4, 15, 16].
Allowing for these non-linear models and a
number of additional considerations as
presented in [4], the 95% non-linear
interval estimate is (3.5-8 s). Hence, the
95% log-linear interval corresponds
roughly to a 66% non-linear interval
estimate (Fig.2).

+25 % » 6.6

- 6,0 Rel.

if4,3

3,5

Fig. 2. Interval estimates of the confinement time
in ITER at the standard operating point.
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Abstract

A number of proposed tokamak thermal transport models are tested by comparing their
predictions with measurements from several tokamaks. The necessary data have been provided for
a total of 75 discharges from C-mod, DIII-D, JET, JT-60U, T10, and TFTR. A standard prediction
methodology has been developed, and three codes have been benchmarked; these 'standard' codes
have been relied on for testing most of the transport models. While a wide range of physical
transport processes has been tested, no single model has emerged as clearly superior to all
competitors for simulating H-mode discharges. In order to winnow the field, further tests of the
effect of sheared flows and of the 'stiffness' of transport are planned. Several of the models have
been used to predict ITER performance, with widely varying results. With some transport models
ITER's predicted fusion power depends strongly on the 'pedestal' temperature, but ~ 1GW (Q=10)
is predicted for most models if the pedestal temperature is at least 4 keV.

1. INTRODUCTION

Predictions of ITER based on validated 1-D transport models would provide: 1) a physical
foundation for extrapolations of energy confinement scalings to the ITER regime, 2) a means for
optimizing the tokamak design and operational scenarios, 3) profiles required for MHD stability
analyses, 4) clarification of the outstanding confinement issues which should be addressed in
current tokamak confinement research programs.

Many transport models have been partially tested against tokamak data [1]. In order to
establish how well each model represents the wide range of existing tokamak data we have
developed the ITER Profile Database [2] which contains fully analyzed profile data, readily
accessible, specified in a standardized manner, from many tokamaks and covering a variety of
confinement modes. Presently 209 discharges from 12 tokamaks are available, including series of
discharges over which various parameters were individually varied: scans over current, shaping,
isotope (H/D and D/T), p*,v* and P . Energy and particle sources are given as a function of radius
and time to allow detailed transport analysis. By defining each transport model in a standard form,
using the same variables as defined in the Profile Database, and using transport codes which are
also written in a standardized form and benchmarked against each other, it is possible to carry out
reliable and verifiable testing of transport models. Since the last IAEA meeting [3] the database
has expanded by 50%, and we have benchmarked three 'standard' simulation codes.

Standardized 'figures of merit' have been defined [3] to quantify each model's performance.
Predictions are compared to electron temperatures in a standard dataset of 75 L- and H-mode
discharges from C-mod, DIII-D, JET, JT-60U, T10, and TFTR. A subset of 55 discharges which
have measured ion temperatures were used in the comparisons with incremental stored thermal
energy, Win c , and with the ion temperature profiles. All models were tested with benchmarked
'standard' codes except the Weiland-Nordman, IFS/PPPL with ExB, Tl I/SET, and CPTM; these
models have only been used to simulate about half as many discharges as the others.
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2. TESTS OF TRANSPORT MODELS

There are currently several transport models which are successful in reproducing core
temperature profiles. Our figure of merit is the incremental thermal stored energy, W m c , which is
the energy above the 'pedestal' energy (see [2] for details); this takes no credit for the pedestal
energy which is input to the simulations through the temperature boundary condition at p=0.9a .
The root mean square error in predicting Wine is shown in Figure 1 for each model.

The L-mode results exhibit more variation from model to model, with the best models being
Mixed-shear [4] and Weiland-Nordman [5]. For ITER the H-mode is of primary interest, and the
best simulations are given by Multi-mode [6] and Tl I/SET [7], but the Tl I/SET simulations are
not made with a 'standard' code. We note that, as a class, the 'theory based' models (Weiland
through IFS/PPPL in the figures) are not notably more successful that the 'empirical' models , and
that the models which best simulate the L- and H-modes are drawn from both categories.

a
00
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Mult i-
mode
(MLT)

GLF23 IFS/PPPL IFS/PPPL
no ExB ExB (NT)
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RLWB Culham Mixed-
shear

Figure 1: RMS of error in incremental stored energy, Winc, simulated by the 12 transport models
for the subset of 55 discharges which have measured ion temperature.

It may seem surprising that models which are based on the same physical process (e.g., ion
temperature gradient modes) should give results as dissimilar as models which are based on
entirely different processes. However, close examination of these models reveals that superficially
related models sometimes approach the problem from very different theoretical directions, and
even the most closely related models treat some 'details' differently [8].

We have looked for correlations between goodness of fit and many parameters, including
p*,v*, (3,Zeff5 elongation, Ip; and Btor- In most cases there is no correlation, indicating that the
models' predictions do not depart from measurements in a systematic way as the parameter in
question varies. Prominent exceptions are the correlations between goodness of fit and p* for
several models, and some weaker correlations with (3. Figure 2 shows the Multi-mode model's ratio
of predicted to measured Wine as a function of p* at mid-radius. Different results from fully
predictive simulations [6] are thought to be due to differences in the density and Zeff profiles.

A correlation seems self-evident, but the discharge dataset is incomplete in important ways
and has hidden correlations; as a result, the true cause may have nothing to do with the p*
'dependence' of the model. Firstly, note that the limited p* range of H-mode discharges alone
does not support a strong correlation with p*; thus, there is no indication of incorrect p*
behaviour in the H-mode regime which is important to ITER. Secondly, while there is no evidence
of
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Figure 2: Ratio of predicted to measured Wine a s a function of p* at mid-radius for Multi-mode.

machine to machine variability in the region of overlapping p*, the bulk of the trend arises from
simulations of a single tokamak, TFTR. Additional JET and JT-60U discharges with medium to
low p* are being sought to strengthen the dataset. Other limitations of the standard dataset are
apparent in Fig. 3, which shows the experimental (3 and p* at mid-radius. H-mode discharges
produce most of the (3 variation; thus, apparent correlations with p arise from simulations of these
discharges. There are no low P H-modes and, as noted above, H-modes are nearly absent with
medium to relative small p* (we expect to add discharges in this region).
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Figure 3: Thermal toroidal |3 vs. p* at mid-radius for the standard dataset.

All of the models were developed without direct reference to the ITER Profile Database (but
there is some overlap between the discharges in the database and those used to calibrate some
models). We noted that some models tended to systematically over- or under-predict the
temperatures, and their performance could be significantly improved by renormalization. After
recalibration, the GLF23 model achieved a reduction in the mean square deviation of Wine (on a
46 discharge subset) from 43% to 32% (the original model is shown in the Figures). Both the
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magnitude of % (the stiffness and the ExB stabilization were reduced by 50% to achieve this
improved fit; the first change improves ITER performance, while the latter has little effect on it[8].
Finally, renormalization of the CDBM model could clearly improve its performance.

It is important to test models of the stabilizing effect of sheared flows because some
tokamaks (DIII-D and JET) have uni-directional neutral beam injection, and this may lead to an
improvement in confinement which may not be available to ITER. We have used the IFS/PPPL
model (with and without ExB) to estimate that the size of this effect for DIII-D and JET is
typically 10-30%. However, the flow shear corrections in the IFS/PPPL ExB model frequently
appear to be too strong (also noted above in the recalibration of the GLF23 model), and study of
this issue continues.

3. ITER SIMULATIONS

To compare various models' predictions for ITER under uniform conditions, prescribed
density and current profiles and boundary conditions were used. The boundary temperature
plays an important role in some stiff models so it was varied from 1 to 5 keV. Not surprisingly, the
range of predicted fusion power is large: about of factor of 6 between extremes. The Multi-mode
model predictions are insensitive to pedestal temperature and are very close to the reference fusion
power found independently using global scaling expressions for energy confinement time
prediction. The models based on a gyro-fluid numerical simulation of electrostatic turbulence [8]
are quite sensitive to the assumed edge temperature, and occupy the lower range of fusion power.
Under simplified modeling assumptions (fixed T* HeAE> density and auxiliary heating power) and
despite the wide disparity between models, an edge temperature of 4 keV ensured at least 1.0 GW
(Q = 10) from most models in these standard runs. An edge temperature up to 5 keV ensured 1.5
GW(Q = 15).

4. SUMMARY

Our work has identified several avenues for further research which may differentiate the
currently successful transport models. We hope to discriminate between models with perturbative
and transient experiments to test the "stiffness" of ion temperature profiles, tests of the effect of
plasma elongation on thermal diffusivity, and close examination of controlled scans (of, e.g., p*).
Characterization and testing of models for the effect of velocity shear on transport coefficients are
also required. Finally, validated theoretical models for the edge pedestal, important for stiff
transport models, are required for ITER performance predictions.
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Abstract

This paper presents recent developments in modeling and simulations of ITER performances and
scenarios. The first part presents an improved modeling of coupled divertor/main plasma operation including the
simulation of the measurements involved in the control loop. The second part explores the fusion performances
predicted under non-inductive operation with internal transport barrier. The final part covers a detailed scenario for
non-inductive operation using a reverse shear configuration with lower hybrid and fast wave current drive.

1. KINETIC CONTROL OF THE BURN INCLUDING MODELING OF DIAGNOSTIC
MEASUREMENTS

Previous simulations using the 1.5D PRETOR code [1], incorporating a OD model of the
divertor, assumed perfect measurements of the relevant input quantities, namely fusion power,
volume average density and power reaching the divertor target. It was shown that simultaneous
control of the fusion power and divertor power load were possible. As a first step in assessing the
effect of including the diagnostic limitations in the control loop, the divertor plate temperature,
Ttarget as measured by the IR system, was used as a feedback parameter for impurity (Ar) injection
[2].Tor Tpiate 230°C upwards, this system [3], has systematic errors in Tpiate less than 10%, and
the noise at 230°C and 50 ms time interval is ~ 10%. The thermal inertia time-constant of the
divertor plate, — a 2 cm thick slab of CFC held at 140°C on the coolant side — is ~ 0.8 s. A
simple PD controller working on e = tanh (x + 50 x3), where x = (Ttarget - T s e t )/Tset signal was
used to control the incremental gas feed at each time step. This function was found to provide a
stable operating point for small perturbations, and to minimize the response time to large
perturbations without leading to radiative collapse of the core. Figure 1 shows that Ttarget is
constant to within 20% during the burn phase and heating excursion, even though there is a short
attached period where the power to the target exceeds 10 MW/m2. The target operating point, Tset
is 500"C initially, but at t = 400 s, it is reduced to 200°C in anticipation of the H mode termination
which leads to a transient increase of the power to the target plates to above 15 MW/m^, briefly
increasing the temperature to ~ 1000°C. At low Tpiate the noise performance of the diagnostic is
relatively poor; this can be seen as noise on the Ar fraction. Based on these results, this IR system
is adequate for impurity injection control purposes, although an improvement of S/N at low Tpiate
is desirable.

900

FIG. 1. Selected divertor parameters for a typical run. A full power heating pulse is used as a test
perturbation at 150 s. The target plate temperature is well controlled with zero instrumental noise.
The strike width was assumed constant at 0.1 m.
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2. PERFORMANCE DIAGRAM FOR NON-INDUCTIVE OPERATION

The 1-1/2D transport code PRETOR implementing the transport modeling assumptions used
to predict ITER performances under inductive operation [4] is used to compute the plasma
current density profile in absence of inductively driven ohmic current and to predict the
confinement enhancement factor as a function of assumed properties of the Internal Transport
Barrier (ITB). The ITB is assumed to be located in the zero or negative shear region - which is
predicted from the current profile - and to be characterized by the amount by which transport is
reduced in this region. A reference operating point was determined under the following
assumptions: 20 MW of NBI heating, 80 MW of ECCD off-axis heating with an efficiency of
0.2 1020 MA/MW/m2 at 10 keV, a transport reduction of 80% and a location of the off-axis
current drive chosen such that the radial location of the ITB is rho = 0.62 (square root normalized
toroidal flux). Once this operating point is established, a 0D code is used to extrapolate it to a
wider operating space (varying confinement, density and normalized beta) as shown in Fig. 2a.
This operating space is useful to translate the confinement enhancement factor HH (defined as the
energy confinement time normalized to that given by the ELMy H-mode scaling expression) and
operational limits into fusion power under the above assumptions for non-inductive operation.

A separate set of simulations performed with the 1-1/2D transport code is presented in
Fig. 2b. In this set, the transport enhancement factor HH is computed consistently from the radial
location and magnitude of transport reduction of the ITB. For each point the density is set equal
to the Greenwald value, the current drive efficiency and powers are the same as above and no
inductive current is present. The imposition of the ITB increases the temperature peaking, and
more modestly the density profiles, and therefore increases the plasma stored energy. This
increase in stored energy relates to an increase in HH factor which can be computed and is given
on the vertical axis. At low confinement (HH of the order one) however the plasma current and
therefore the density become very low. Because of the high auxiliary heating (100 MW), the Zeff is
high leading to high core radiation and slightly inverted temperature profiles and therefore HH
slightly below 1 as visible in Fig. 2b.

This diagram, which is valid for the above current drive efficiency and powers, helps to
translate the observed ITB properties into an equivalent HH factor for ITER.
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FIG. 2a: Fusion performance for 80%
transport reduction, inside rho(ITB) = 0.62
and yen - 0.2.

.40 .45 .50 .55 .60 .65 .70

Radial position of ITB (rho)
FIG. 2b: HH versus rho(ITB) for various
transport reductions (60, 80 and 90%). The
spread corresponds to various off-axis CD
profiles.

.75



997 ITERP1/09

Although the physics of the ITB are not yet well determined, it is possible to derive the
necessary conditions to achieve a given fusion objective for ITER under non-inductive operation.
Achieving better than for instance Qth = 5 at the Greenwald density with an off-axis current
efficiency of 0.2 and 100 MW of power would required HH > 1.35 and betaN > 2.8. This in turn
requires at least 80% transport reduction with rho(ITB) larger than about 0.5. This provides a
valuable goal against which present experiments in optimized shear configuration can be
compared.

3. NON-INDUCTIVE SCENARIO USING COMBINED LOWER HYBRID AND FAST WAVE
CURRENT DRIVE

The previous section studied the static performances of non-inductive operation by reaching
a steady-state regime (i.e., all plasma parameters reaching their equilibrium value) without
inductively driven current for each variation of the characteristics of the Internal Transport
Barrier. This section addresses the dynamic aspects of non-inductive scenarios in order to
determine the requirements for plasma formation, establishment of the ITB and its dynamic
control over time. At least three aspects need to be studied:

• The replacement of the ohmic current required during the plasma formation by
non-inductive current (a combination of bootstrap and current drive);

• The establishment of a desired current density profile and its sustainment as the ohmic
contribution is being replaced;

• The control algorithm needed to maintain the ITB and the plasma fusion power over time.

Such a dynamic scenario has been developed using the 1-1/2D code ASTRA [5] and a
combination of Fast Wave and Lower Hybrid current drive systems. The characteristics of the ITB
used in the simulations are given by a local heat transport model which is described in a
companion paper [6]. The model relates the radial location of the ITB and the magnitude of
transport reduction as defined in section 2 above to an analytic dependence on the local magnetic
shear. The analytic expression is chosen to produce a reasonable agreement with present reversed
shear experiments from JET, TORE SUPRA and TFTR.

The time traces of key global parameters for this scenario are shown in Fig. 3. The plasma
profiles reached during the final steady-state phase where the fully non-inductive regime is
established are shown in Fig. 4. This scenario is divided into four phases:

1. Initial current ramp up and formation of the RS configuration:
A combination of ohmic current ramp up and Fast Wave heating is used to ramp the plasma
current while establishing a reversed magnetic shear in the central region.

2. Low-current reversed shear steady state equilibrium
The next phase of the scenario is the replacement of this off-axis OH current by a Lower Hybrid
(LH) driven current while holding at the same time the RS configuration and controlling the
central current with FWCD.

3. Second LH-driven current ramp up and plasma shaping
A controlled increase in plasma volume, shaping, and FW/LH power is applied to evolve to a full
size plasma with the required q profile.

4. Feedback-controlled density rise and burn phase
The average density is increased to ramp up the fusion power to the required value of 300 MW. A
RS configuration with qo around 3.5 and a minimum q-value, qmjn = 1.5 is produced. A
moderate amount of FWCD (~ 20 MW) is sufficient to maintain the central current. The ITB is
held at mid-radius by the control of the LH power deposition profile through the N//-spectrum of
the LH launcher. Preliminary BANDIT-3D [7] calculations predict LH power deposition and
current drive profiles centered at r/a = 0.6-0.7 with a launched N// of 2.2, but with a low edge
density. The bootstrap current is peaked slightly inside the ITB with a bootstrap fraction around
64%.

The simulations indicate that with a careful choice of plasma shaping, average plasma
density, surface plasma voltage (to control the ohmic current component), and of two independent
— one central, one off-axis — heating and current drive systems, a fully non-inductive regime
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can be established and controlled over time (see also [8]). Additional work is needed to produce
these scenarios with other choices of heating and current systems (Neutral Beam and/or Electron
Cyclotron Resonance Heating) and study the sensitivity of these scenarios to the assumed transport
model for the ITB and to the other implicit assumptions used in the modeling such as density
profile or coupling with the divertor to determine the plasma purity.
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FIG. 3. Time traces for (a) power; (b)
central temperatures; (c) plasma current
and (d) q(0) and qmin.
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This report is an account of work undertaken within the framework of the ITER EDA
Agreement. The views and opinions expressed herein do not necessarily reflect those of the Parties
to the ITER EDA Agreement, the IAEA or any agency thereof. Dissemination of the information in
these papers is governed by the applicable terms of the ITER EDA Agreement.
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Abstract

This paper summarizes results of projections of energetic particles behavior in ITER plasmas. The
emphases in this paper are made on new results in the areas of TF ripple loss, TAE instabilities excited by
fusion alpha-particles, physics of runaway electrons produced during plasma disruptions, and others.

1. INTRODUCTION

ITER plasmas shall have a variety of energetic particles produced by different sources.
Self-sustained ignition of thermonuclear plasma depends on plasma heating by highly energetic
alpha particles produced from fusion reactions. The auxiliary plasma heating systems, such as
Neutral Beam (NB) injection and Ion Cyclotron Resonance (ICR) heating, generate superthermal
ions with particle average energy in MeV range. Energetic runaway electrons can be produced by
a high loop voltage developed in the plasma during current quench phase of plasma disruptions.
Excessive loss of energetic ions, if it occurs, would reduce the efficiency of plasma heating and
would also affect the durability of the plasma facing components such as first wall, divertor targets
and limiters. Therefore, it is essential to develop plasma operational scenarios with efficient alpha-
particle heating and small energetic particle loss and to develop reliable physics design
specifications. This paper summarizes results of projections of energetic particles behavior in
ITER plasmas. The emphases in this paper are made on new results in the areas of TF ripple loss,
TAE instabilities excited by fusion alpha-particles, physics of runaway electrons produced during
plasma disruptions, and others.

2. ENERGETIC PARTICLE RIPPLE LOSS

Toroidal field ripple, or variation of the magnitude of toroidal field due to discreteness of
TF coils, should be low to avoid excessive loss of energetic alpha-particles and energetic deuterons
produced during NB injection. The loss of ICRH minority ions is expected to be small in ITER,
because their source is localized near the magnetic axis where TF ripple is small.

The TF ripple loss of energetic particles in tokamaks is well studied theoretically and
experimentally and efficient Monte-Carlo numerical codes which are now available at JAERI,
PPPL, and Kurchatov Institute have been validated on experimental results [1]. The codes have
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been applied to different ITER scenarios for evaluation of the TF ripple loss of alpha-particle and
NB ions and associated heat loads on the plasma facing components. Table I summarizes the
results of the analysis. It was found earlier [2] that Steady State (SS) operational scenarios based
on reversed shear current profiles are significantly more susceptible to the TF ripple loss than the
reference H-mode type profiles. To avoid excessive TF ripple loss, the magnitude of the TF ripple
has been reduced from original 1.8% to 0.7% by implementation of ferromagnetic inserts in the
design of Vacuum Vessel. As can be seen from Table I, the energetic particle ripple loss is small
and local heat loads are below the maximum acceptable level of 0.5 MW/m2 even at low plasma
current.

TABLE I. RIPPLE LOSS OF ALPHA-PARTICLES AND NB DEUTERIUM IONS (1 MeV)
Fusion alpha-particles NB ions

Plasma scenario Ignited, Steady State, Ignited, Steady State,
21 MA 12 MA 21 MA 12 MA

Total heating by energetic ions (MW) 313 253 40 40
Energy loss fraction (%) <0.5 0.8-1.5 (2) 0.4 (3) 3.2 (3)
Peak heat load on waliW (MW/m2) < 0-05 0.1-0.45 (2) 3.5 IP'3 (3) 0.15 (3)
') The heat load is calculated on the axisymmetric wall. 2) Lower and upper limits correspond to downward
(reference) and upward toroidal drift directions,3) Co injection

Analysis of ripple loss has been carried out also for the diagnostic neutral beam which will
be injected almost perpendicularly, through a horizontal port. The TF ripple loss was found to be
large but (because of low beam power) does not lead to any significant heat loads in the case of
reference field direction (downward toroidal ion drift). However, at the opposite magnetic field
direction, almost all particles end up trapped in one ripple well near the beam entrance. Local
peak heat load on the wall is as high as 5 MW/m2. This precludes use of the diagnostic beam at
this field direction.

In conclusion, the TF ripple loss of energetic particles in ITER is well quantified and TF
ripple was adjusted to eliminate excessive loss and local heat loads.

3. COLLECTIVE INSTABILITIES

The various Alfven modes (TAE and others) still attract the major attention as a most
dangerous candidate among alpha-particle induced instabilities in ITER. Impressive progress in
theoretical and experimental studies in this area has been reported recently at the last IAEA
Technical Committee Meeting on Alpha-particles in Fusion Research [3]. Various modes have
been observed on almost all major experimental tokamaks and were identified theoretically with a
high degree of details. A comprehensive review of the ITER relevant results can be found in [ 1 ].
The modes are well described by the linear theory and so far no significant effects of TAE modes
on alpha-particle confinement in DT experiments have been observed in TFTR and JET [4,5].
However, it is well recognized by now that the mode structure in ITER will be different from the
present experiments. On the contrary, to the present experiments where a few low mode numbers
such as n= 1,2,3 are usually observed, one can expect in ITER a large number of high n modes,
n>10, if the alpha-particle pressure will exceed a certain critical value. While the experimental
study of these regimes shall wait for ITER operation, an evaluation of the expected loss in ITER is
a challenge to the nonlinear theory of these instabilities. Progress has been achieved in developing
a nonlinear theory for the case of many discrete modes. The theory predicts a pulsation of the loss
rather than a quasilinear type diffusion of energetic particles.

To answer the question whether the TAE instabilities can cause loss or only redistribution
of alpha-particles in ITER, the TAE stability analysis has been carried out for a range of alpha-
particle pressure profiles described by the formula pa(r) = fpa, originalO") + (l-f)0 - r2)- Parameter
f=l corresponds to the reference peaked profile, and f=0 corresponds to quasilinearly
smoothened parabolic profile. The results presented in Fig. 1 were obtained by means of the
numerical code based on the gyrofluid model which includes continuum/radiative damping, and
ion/electron Landau damping. The stability analysis was carried out for two representative mode
numbers, n=20 and n=30. A range of alpha pressure profiles are considered, starting with that
determined by transport modeling and gradually broadening this out to a parabolic profile: pa(r)
|i 1 - (r/a) . It was found that for these two mode numbers, the broader profiles are more stable
(i.e., have higher TAE thresholds). These results suggest that alpha-particle redistribution may be
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a viable quasilinear saturation mechanism and the effect of the TAE will be redistribution of the
heating profile but not a significant loss.

n=20 n=30

o 0:2
Parabolic
profile

Original
profile

FIG. 1. 2D mode structures and threshold value of central alpha-particle beta as a function of the
alpha-particle profile steepness, pa(r) = fpa, Originai(r) + (l-f)(l - r )•

The above results of the linear analysis are in agreement with large-scale numerical
simulation of energetic-particle-driven instabilities that have been carried out for both TAE modes
and fishbone oscillations in ITER-like plasmas. A perturbative nonlinear simulation of the alpha
transport due to 10 core-localized TAE modes showed only a small amount of anomalous
diffusion, with no alpha losses. The small alpha orbit width, combined with the core-localized
nature of the modes, ensures that consequences of the instability are benign.

We can conclude that significant progress in understanding and quantifying the
alpha-particle driven Alfven instabilities in ITER has been achieved since the previous IAEA
conference. The first attempts to simulate effect of these instabilities on alpha-particle
confinement in ITER indicate that one can expect a benign effect rather than a violent loss of the
alpha-particles.

4. RUNAWAY ELECTRONS

In ITER, the high electric fields produced in either disruptions or the proposed use of
impurity pellet injection to effect a fast fusion power and current shutdown are predicted to
produce substantial conversion of plasma current to runaway electron current. The dominant
mechanism for runaway production in large multi-MA reactor tokamaks is expected to be
avalanching of runaway electrons owing to large-angle (knock-on) Coulomb collisions that
produce secondary electrons which also run away [1]. This phenomena can result in conversion of
a major fraction (up to about 75%) of the decaying plasma current to runaway current.

To assess the total energy transformed to the runaway electrons and to identify a most
probable energy deposition pattern on the first wall, we have carried out numerical simulation of
plasma disruption in ITER. 1.5D transport code DINA has been modified to include in the
transport equations the analytical model for runaway electrons [6]. Recent and a more detailed
Monte-Carlo analysis of runaway electron kinetic has proven the validity of the above model in a
wide range of the plasma parameters. The code allows following 2D evolution of plasma
equilibrium within ITER conducting structures and, therefore, evaluate plasma wall contact
position during vertical plasma displacement event (VDE) which follows thermal quench of
plasma disruptions in ITER. The calculations include the model for halo current which was tested
and validated in experiments on DIII-D [7].

A typical time trace of the plasma current is shown in Fig. 2. The initial spike in the plasma
current is related to the plasma current profile flattening at the end of the thermal quench which
was included in the model. Owing to impurity radiation, a low plasma temperature forces plasma
current to decay and hence generates a high loop Voltage which in turn produces runaway
electrons. Simultaneously, plasma moves vertically and forms a limiter configuration with a
plasma wall contact point near the upper left corner of the vessel. As soon as all plasma current is
overtaken by the runaway electrons, the current quench and VDE slows down significantly, but the
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plasma continues to move toward the wall until all runaway electrons are scrapped off and lost at
the wall.
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FIG 2. a) Typical plasma current time trace predicted for ITER disruption. Dashed lines mark the
times when q at the edge passes 2 and I values, b) Sequence of plasma equilibriums during VDE.

Modeling has been done for a variety of post disruption plasma parameters and different
pre disruption plasma currents and has allowed us to draw the following conclusions:

1) VDE with fast current quench and hence runaway formation has predominantly the upward
direction in ITER and the deposition of runaway is localized near "11 o'clock" position on the
first wall;
2) The total energy transformed to the runaway electrons is as high as 150-200 MJ but most of
the energy is transformed when the plasma cross section shrinks sufficiently and safety factor at
the edge, q, drops below 1 and when violent plasma instabilities and fast loss of high energy
electrons are expected. At q=l, the energy which was transformed to the electrons is much smaller
than the maximum calculated values.

The simulations have allowed us to reduce specification for the total energy deposited on the
wall in the form of runaways from 300 MJ (as was expected earlier) to 50-100 MJ. Even at the
reduced total energy, the runaway electrons remain the serious threat to the durability of the first
wall and mitigation techniques are being considered in ITER. The runaway electrons can be
avoided by an increase of the plasma density. Schemes based on deuterium injection, as in the
form of multiple pellets and as in the form of cryogenic jets, have been analyzed [8].
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Abstract

An assessment is presented of the impact of recent magnetohydrodynamic research results on performance
projections for reactor-scale tokamaks as exemplified by the ITER Final Design Report facility. For nominal
ELMy H-mode operation, the presence and amplitude of neoclassical tearing modes governs the achievable
p-value. Recent work finds that the scaling of P at which such modes onset agrees well with a polarization drift
model, with the consequence that, with reasonable assumptions regarding seed-island width, the mode onset (3
will be lower in reactor-scale tokamaks than in contemporary devices. Confinement degradation by such modes,
on the other hand, depends on relative saturated island size which is governed by principally by p and
secondarily by v -effects on bootstrap current density. Relative saturated island size should be comparable in
present and reactor devices. DT ITER Demonstration Discharges in JET exhibited no confinement degradation
at the planned ITER operating value of PN=2.2. Theory indicates that Electron Cyclotron Current Drive can
either stabilize these modes or appreciably reduce saturated island size. Turning to operation in candidate
steady-state, reverse-shear, high-bootstrap-fraction configurations, wall stabilization of external kink modes is
effective while the plasma is rotating but (so far) rotation has not been maintained. Recent error field observations
in JET imply an error-field size scaling that leads to a projection that ITER/FDR will be somewhat more
tolerant to error fields than thought previously. ICRF experiments on JET and Alcator C-Mod indicate that
plasmas heated by central energetic particles have benign ELMs compared to the usual type 1 ELM of
NBI-heated discharges.

1. INTRODUCTION

Magnetohydrodynamics governs many areas of plasma performance for a reactor-scale
experimental device as exemplified by the ITER Final Design Report facility [1]. Since fusion
power increases as P2B4 , there is considerable incentive to assure that PN = (P%)aB/I > 2.2 to
accomplish the nominal mission of the ITER/FDR device and to investigate the prospects for
reliable operation at PN > 3.0, thus providing an experimental database to support design of a
demonstration fusion power plant. This paper assesses the implications of current research on
projections for reactor-scale plasma performance in four areas: 1) neoclassical tearing modes and
their control by Electron Cyclotron Current Drive (ECCD), 2) evolution of discharges that
require a nearby conducting wall for stability against ideal n=l kink modes, 3) the threshold error
fields above which locked modes will grow and degrade plasma performance, and 4) experimental
observations of benign ELMs with ICRF heating.
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2. NEOCLASSICAL TEARING MODES

During the ITER/EDA, it has become recognized that neoclassical tearing modes govern the
P-values that long-duration discharges can attain [2]. The general experimental observation is
that usually (m,n)=(3,2) modes arise first and cause a 10-20% degradation in confinement, which
corroborates well with calculations of the saturated island sizes. At higher P-values, (2,1) modes
can onset and lead to plasma disruptions. Normally, only a single mode is present. Theory
indicates and experiments support the concept that neoclassical tearing modes are a metastable
phenomena [3], requiring a finite P-value and finite seed island size to exhibit growth. Once
growth is initiated, the island size will grow to a saturated island size that is well-supported by
experimental observations [4]. This island size is directly proportional to the bootstrap current
density in the vicinity of the mode rational surface. Recent work has focused on the onset P-value
and island size needed to initiate neoclassical island growth. The theoretical model introduces a
stabilizing polarization drift term into the island evolution equation. This term is found to better
replicate mode-onset data than existing models for finite island thermal conductivity physics. For
a reactor scale device, the seed island size necessary to initiate mode growth scales with the ion
gyroradius and therefore is relatively smaller compared to the plasma size in a reactor scale
device. The onset P-value also has a normalized gyroradius scaling. Theoretical estimates for the
scaling of sawtooth-induced seed-island widths are not yet well-established so definitive
projections of mode occurrence can not be made. The principal interim conclusions are that
sawtooth-induced neoclassical tearing modes will arise on reactor scale devices and that the
saturated island sizes (and hence confinement degradation) will depend on p and v*, which are
similar in contemporary devices and reactors. Thus ITER Demonstration Discharges should be
representative of the limitation imposed by neoclassical tearing modes. Figure 1 portrays a DT
ITER Demonstration Discharge on JET, which supports the conclusion that neoclassical tearing
modes may not occur or significantly degrade confinement at PN = 2.2.
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3. ACTIVE CONTROL OF NEOCLASSICAL MODES

Control and suppression of neoclassical tearing modes will assure operation of the
ITER/FDR device at {5N ~ 2.2 and open the possibility of reliable operation of a demonstration
reactor at (3N > 3.0. Since neoclassical tearing mode growth depends on resistive reconnection
near the mode rational surface, the growth time can be long for a large, hot plasma as anticipated
for the ITER/FDR device. Representative growth times are 20-50 s, so that active control and/or
stabilization are distinct and attractive possibilities [5,6,7].

Two possibilities based on ECCD are examined: 1) Mode stabilization by modulated ECCD
and 2) saturated island reduction by continuous ECCD. The first approach is based on replacing by
ECCD the bootstrap current within the island which has become lost as a result of the flat pressure
and temperature profiles within the island. Theoretical calculations [5] show that if the ECCD is
modulated 50% on-50% off then a driven current density exceeding 1.5-jbootstrap i n t n e

neighborhood of the rational surface will stabilize arbitrarily small islands. Stabilization is
insensitive to the width of the driven current profile and thus to the total driven current. The
phase of modulation must be such as the drive forward current at the island O-points. The second
approach rests on two observations: 1) The saturated island width is inversely proportional to the
quantity (-A') which customarily depends on the global current density profile, and 2) thin current
drive layers just outside the mode rational surface can make large changes in (-A'). In
representative calculations, the value of (-A') can increase an order of magnitude leading to an
inverse decrease in saturated island size [8], provided again that the driven current density exceeds
the bootstrap density. The two processes can be combined and lead to either stabilization or
saturated island widths comparable to the driven current width which can be quite small.
Theoretical ray-tracing calculations based on 100 MW ECCD power show that current densities
exceeding 0.3 MA/m2 in an 0.2 m layer can be driven for normalized radius p in the range 0.2 < p
< 0.8, while a representative bootstrap current density is jbootstrap ~ 0-1 MA/m2 [2]. However,
the driven current density profiles are sensitive to gyrotron frequency as well as poloidal and
toroidal launch angles, indicating that experimental current drive studies will be necessary to learn
how to place thin current drive layers just outside mode rational surfaces as theory requires.
Current layers further from the rational surface will destabilize regular tearing modes. Overall,
theoretical prospects for control appear quite favorable. Preliminary experimental results are just
beginning to arrive [9].

4. BETA LIMITS AND WALL STABILIZATION

The principal approach to steady-state operation of the ITER/FDR device is via
reverse-shear, high-bootstrap-fraction discharges that achieve a high degree of congruence
between bootstrap current density and the required current density. In the absence of a nearby
conducting wall, such discharges are known to be unstable to the n=l external kink mode at the
pN-values ((3N = 3.5-4.0) [10] needed to generate 1500 MW of fusion power in ITER/FDR. When
a wall is present, these modes are no longer ideally unstable but can develop resistive wall modes
which grow on a time scale characteristic of magnetic field penetration through the wall. Plasma
rotation is essential to stabilizing resistive wall modes and a new sub-field of tokamak
magnetohydrodynamics - the study of plasmas unstable in the absence of a wall - is just beginning
[11,12]. This field is essential to the realization of steady-state tokamak reactors.

Initial [10,13] and more recent [14] experimental results from DIII-D indicate that wall
stabilization based on plasma rotation works and discharges can be maintained for many MHD
times and ~ 10 resistive wall times. But, in the discharges published to date, plasma rotation could
not be maintained in conditions when kink modes were unstable in the absence of a conducting
wall. The resulting gradual decrease of plasma rotation had the consequence that growth of modes
on resistive wall times could not be avoided. Experimental values of the marginal rotation speed
for instability to occur are lower than theoretical predictions [11,12]. A preliminary conclusion is
that plasmas lose toroidal rotation when unstable in the absence of a conducting wall, but this is
based on a handful of published discharges. If rotation cannot be maintained, then active n=l
magnetic feedback systems [15] will be needed.
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5. ERROR FIELD SCALING

Small levels of non-axisymmeric error fields [16] can initiate locked mode instabilities
which degrade confinement and lead to disruptions. Systematic experiments in JET and
COMPASS-D [17] and in DIII-D [18] show that low n,m error fields with Bm)I1/B0 < 10"4 produce
locked modes in comparable low-density plasmas in each tokamak. For ITER, the key issue is how
these threshold observations (allowable Bm)n/B0) will extrapolate in size and field. Extrapolation
of the JET data to ITER using the Kadomstev quasineutrality constraint yields an R0-4 size scaling
and estimated ITER thresholds of about Bmn/Bo=10"4 [16]. Similar but more uncertain estimates
result from B o extrapolation of the DIII-D data, but COMPASS-D results show a different
magnetic field scaling and lower (~ 2 x 10-5) allowable ITER error field [17]. Until this
discrepancy is resolved, the requirement for ITER error field compensation of the rms-weighted
sum of the 1,1, 2,1 and 3,1 modes to a level of 2 xlO"5 [1] will be retained.

6. ICRF ELMs

Because of ITER's long pulse length, ELMs can cause significant erosion of plasma facing
materials. This is especially true for type 1 ELMs which are present in most of the ELMy
H-mode discharges used in the confinement database. It is therefore noteworthy that under ICRF
heating conditions two tokamaks, JET and Alcator C-Mod, exhibit a different type of response.
For JET, ELMS associated with ICRF heating are of a much more frequent and lower amplitude
than the standard type 1 ELMs associated with NBI heating [19, 20]. In the case of Alcator
C-Mod, ELMs are not observed at all in H-mode operation but instead an increased level of D a

radiation [21]. Future work should focus on the causes for the differences in behavior.
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Abstract

An edge database has been archived to facilitate cross-machine comparisons of SOL and edge pedestal
characteristics, and to enable comparison with theoretical models with an aim to extrapolate to ITER. The SOL
decay lengths of power, density and temperature become broader for increasing density and q95. The power
decay length is predicted to be 1.4-3.5 cm (L-mode) and 1.4-2.7 cm (H-mode) at the midplane in ITER.
Analysis of Type I ELMs suggests that each giant ELM on ITER would exceed the ablation threshold of the
divertor plates. Theoretical models are proposed for the H-mode transition, for Type I and Type III ELMs and
are compared with the edge pedestal database.

1. INTRODUCTION

The physics design of ITER requires a reliable estimate / prediction of the H-mode pedestal,
SOL and divertor plasma parameters. These parameters can be obtained by several routes, namely
by scaling laws based on the experimental H-mode pedestal and SOL databases or by theoretical
models validated by the databases above. The physics understanding of the H-mode pedestal is the
key for characterising the confinement and stability of the core plasma, while SOL and divertor
physics implemented into models guides the divertor design. In this paper we report results from
the edge database analysis[l-5].

2. SOL DATABASE ANALYSIS

Scaling laws derived from the SOL database for Ohmic and L-mode discharges yield a power
decay length which decreases with power and increases with density, qa.5 and the device size [1].

• Scaling L-l (with measured divertor power) (Fig. 1) :

1 L-l/™\ {c c. 4. i i \ i r»-4 D/'™\l-21±0.l5 n/ «/ni/\-0.l9±0.05 _0.59±0.ll_ / , J Q _^\^-54±0.15 Q AI+Q QQ
Xq '(m) = (6.6 +2.2)10 i?(m) P(MW)div q95 n e (10 i y m *) Zeff,sali
• Scaling L-2 (with total input power) :

1_ n n l Q _3s°.68+0.16 ™0.65±0.09

This can be understood if the transport in the plasma edge and the SOL is Bohm-like.
Scalings derived for H-mode discharges show a broadening of the power deposition profile

with increasing power and qo.5.
• Scaling H-l (with measured divertor power) :

Scaling H-2 (with total input power) :
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The extrapolation of the above scalings to the ITER-EDA machine (R = 8.14 m, Ip = 21
MA, Bx = 5.7 T, q95 = 3.0, Zeff =1.8) are given in Table 1, where the magnetic and divertor
geometry of ITER have been taken into account. The values obtained for ITER show that the
scaling would yield power levels that fall within reasonable engineering limits. The scaled peak
power is ~ factor 2 lower than 2 D code results [6], i.e. the transport chosen for the modelling is
more conservative.

TABLE 1: EXTRAPOLATION OF POWER DECAY LENGTH TO ITER

Regime <ne>

(10 1 9 m"3)

Pnet

(MW)

Pdiv

(MW) (cm)

Pypeak

(MW/m2)

Pd ivpeak

(MW/m2)

L-mode

(L-1)

5.0 100 40 2.7
-0-8

2 2
/+O.9\

V-oV
L-mode

(L-2)

5.0 100 40
2 1

/+0.9\

\-0.7)
2 9

/+1.5\

1-0-9/

H-mode

(H-l)

10.0 200 50 .5M
\-0.2j 83 0

H-mode

(H-2)

10.0 200 50

A comparison of the systematic behaviour of Xne and Xje has been performed among all
major tokamaks [2]. Phenomenologically, the analysis is divided into two different OH-L
regimes: "high recycling" (Tes<40-60eV) where the widths increase rapidly with decreasing T e s

and "low-recycling" where variations are more subtle. For high recycling regimes one finds ^Xe ~
Tes~(l-3-2) qp5(0.6-1.4) Ptot(0-5-0.9) p o r i o w reCycling regimes the baseline behaviour for all

machines is reasonably described as: X x e ( m i n ) ~ 1 5 ( S a r e a / I p ) ^ an<^ ^ n e ( m i n ) ~
^^(Sarea^Ip)^'^- F° r ITER(OH-L) the predictions are: A,ne(min) ~ lcm and Xxe(min) ~1.5cm.
Larger values will be obtained for high q95 or Ptot, or when ne approaches the GW limit.

An n analysis of OH and L-mode discharges yielded the following power law [3]
C~SCp

ne(sep)=0.00236 n~e^-08 k1-11 B T
0 - 7 8

where k is the plasma elongation. From this scaling, the separatrix density in ITER is predicted
to be 3.0(±0.7)xl01 9 n r 3 in L-mode with gas fuelling at n e . c o r e ~ 5.1019nr3.
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The 2-D B2-EIRENE code calculations performed for several existing machines were
compared with plasma edge parameters archived in the edge profile database[4]. H-mode
discharges of DIII-D and JET can be satisfactorily modelled with similar values of the transport
coefficients, when the power flow into the SOL is dominated by the ion channel.

Analysis of the ITER ELM database indicates that the ELM energy is 2-6% of the plasma
stored energy. In terms of edge parameters the ELM energy represents ~36% of the pedestal
electron energy in DIII-D and ~26% in JET[5]. The pedestal electron energy is given by the
value of the electron pressure, at the top of the steep gradient region just inside the separatrix,
multiplied by the entire plasma volume inside the separatrix. The above fraction remains nearly
constant, over a wide range of main plasma parameters. Given ITER's proposed operating
parameters density, plasma volume and expected scaling of the edge pedestal, this would represent
an ELM energy of approximately 25 MJ if the same fraction of pedestal energy were lost in
ITER as was found in DIII-D and JET. The large Type I ELMs typical for a low recycling H -
mode may therefore exceed the divertor target ablation threshold by a factor of 5. This
constraint implies a regime where either the ELM energy is a smaller fraction of the edge pedestal
energy, or a regime with a smaller edge pedestal that still maintains good confinement or a
different type of ELM (i.e. Type II). Such regimes have been achieved on several machines, e.g.,
on JET, encompassing high densities with gas puffing, with use of RF heating and operation with
Type III ELMs, grassy ELMs on DIII-D, minute ELMs (Type II) on JT-60U, ENHDA on C-
MOD, CDH mode on ASDEX-U. However, except for CDH all these regimes were obtained with
high triangularity discharges (e.g. ~ 0.5 measured at the separatrix).

3. H-MODE PEDESTAL DATABASE ANALYSIS

The most important data archived in this database are the electron temperature and density
at the top of the H-mode pedestal, measured during different phases of the discharge (L to H-
mode transition, Type III ELMs, Type I ELMs, e.t.c). Te .ped plotted against ne-ped obtained
during different phases of the discharge defines boundaries for the various regimes (edge
operational space diagram, Fig. 2a). We propose a set of unified theoretical models which are able
to describe these boundaries in the database in order to extrapolate to ITER.

FIG. 2a: shows the edge operational space
diagram for DIII-D. Shown are H-mode
transition data, Type III, Type IV and Type I
ELMs as well as theoretical curves defining the
boundaries for these regimes.

AUG
C-MOD
DII I -D
JET
JT-60U

0.001 0.01

FIG. 2b: shows the normalised beta versus
normalised collisionality for several divertor
tokamaks at the top of the H-mode pedestal
prior to the L-H transition as well as the
threshold defined by the Alfven drift theory.

H-mode transition: We examined several theories for the H-mode transition (e.g, Alfven
drift instability [7], drift-ballooning mode stabilisation [8], and mode suppression by electric field
shear only) by comparing them to the edge pedestal database. In addition a data analysis to derive
the H-mode transition scaling in terms of non dimensional parameters, p*, v* and p, evaluated at
the plasma edge was also performed. So far, the Alfven drift turbulence suppression model [7] as
well as a more elaborate numerical model based on drift ballooning modes [8] has been identified
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to reproduce the LH transition boundary reasonably well. The essential hypothesis of both
models is the suppression of electron turbulence when exceeding a critical beta value on the
plasma edge. The stabilisation of the drift AlfVen modes can be characterised by two normalised
parameters, i.e. the normalised plasma beta and the normalised collision frequency. The
suppression occurs when the normalised beta in the pedestal region is greater than a critical value,
i.e. Pn > Pcrit=l + vn . The measured LH transition points on the (3n - vn plane are shown in
figure. 2b for different machines together with the transition boundary defined by the Alfven-drift
theory [8] showing reasonable agreement.

Type III ELMs: The general trend of the Type III ELM data agrees reasonably well with
the H-mode transition curve multiplied by factor 2 to 3 (Fig. 2a). So far no satisfactory
theoretical model has been found for Type III ELMs.

Type I ELMs: The type I ELM boundary is defined by the MHD stability (e.g. ballooning or
kink modes) and thus follows a constant pressure curve. The effects of the separatrix, the X-point
and the finite edge current density of ITER-relevant current and pressure profiles, which modify
the stability properties of such modes are investigated. Again the models above are compared with
the edge pedestal database using a scaling of the pedestal width also derived from the database
which depends on machine size. For Type I ELMs, we fit the measured pedestal widths assuming
A = f^Ppoi(TseP)R w i t h f = °-134 R 0 ' 9 6 PI- This predicts a width of ~ 15 cm for ITER where
the poloidal gyro radius is evaluated at the separatrix. Because Tsep varies only weakly with
plasma parameters Ape(j ~ const and therefore Ptot-ped = constant is reproduced as observed for
Type I ELMs. The strong scaling with machine size and weak dependence on ppoi suggests that
MHD edge stability requirements may play a major role in determining the edge pedestal width.
The width may be related to the region where the magnetic shear is high enough to support large
pressure gradients, i.e. where pcrit is large. This conjecture is consistent with the very sharp
increase in shear observed between vi/95% and the separatrix when the bootstrap current is
included. It is also consistent with the difference in the pedestal widths for Type I ELM discharges
(6 cm) and for ELM free discharges (4 cm) observed in JET [10]. The models describing the
various boundaries in the edge operational space diagram were implemented in a 1.5 D code in
order to test their time dependent behaviour, results are reported in [11].
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Abstract
The results of the ITER divertor modelling performed during the EDA are summarised in the
paper. Studies on the operating window and optimisation of the divertor geometry are presented
together with preliminary results on the start-up limiter performance. The issue of model
validation against the experimental data which is crucial for extrapolation to ITER is also
addressed.

1. INTRODUCTION

The present paper summarises the design studies [1-4] done for the ITER EDA divertor
using the B2-Eirene code and shows results from application of the same model to actual
discharges from the multi-machine data base.

2. MODEL VALIDATION

Model validation using the "ITER edge profile database" has recently been started [5]. This
database contains data provided by Alcator C-mod, DIII-D, JET and JT-60U. First simulations
without impurities have been carried out for all devices, and simulations with impurities (carbon,
physical sputtering plus 1% yield roughly simulating chemical sputtering) have been performed
so far only for JT-60U in L-mode. A recycling coefficient of 1 for all surfaces and anomalous
perpendicular transport constant in space for particles and energy are assumed here.

2.1. Ohmic and L-mode discharges

JET and JT-60U discharges having similar main plasma parameters (2 MA L-mode density
scans with ~4 MW of additional heating) can be modelled with similar input parameters. JT-60U
plasmas with impurities and JET experiments in a similar regime are satisfactorily modelled with
the same values of the transport coefficients (D = 0.15 m2s~1, y= 5.0 m2s~1). In both EDGE2D
and B2-EIRENE simulations of JET, the outer divertor agrees better, i.e. it is in the high recycling
regime in both experiment and the simulations, whereas the inner divertor is more detached in the
experiment than in the codes. JT-60U impurity radiation levels are well reproduced by the carbon
production assumption above over the whole density scan. Impurities are needed to describe
properly the sudden approach to detachment at the measured separatrix density and the measured
radiated power fraction. The Zeff found by the code falls from 2.2 to 1.2 as n is raised, whereas it
remains constant around 2 in the experiment (see Ref. [5] and references therein).

In contrast, Alcator C-mod mid-plane and divertor profiles in equivalent Ohmic regimes can
be modelled only by using input values very different from those for JET and JT-60U, i.e.
D = 0.2 m^s"1, % = 0.04 m2s~1. A strong particle sink at the divertor (modelled by taking R = 0.8
there) must be assumed, requiring also a strong particle source in the core plasma and leading to a
much stronger normalised particle flow (30% vs. less than 10%) and convective energy flow (90%
vs. 10%) than in the other devices and ITER. In the current modelling, the sink provided by
realistic bypasses (restoring R=l) is too small and the deduced core particle source is also too
small and does not correspond to the (higher) measured core H a .
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2.2. H-mode discharges

Low density ELMy H-modes between ELMs are modelled for similar plasma states in JET
and DIII-D. B2-EIRENE and EDGE2D results for JET are similar: divertor ion flux and Te and
SOL power flow can only be reproduced using very low diffusion coefficients and a large ratio of
ion to electron power flow. This occurs also in B2-EIRENE simulations of DIII-D, for which
power profiles can be compared with infrared measurements. P{/Pe here is 4.0 and diffusivities are
similar to those used for JET, D_L = 0.01 m2s-1 , x±e= 0.70 m 2 s- 1 , x±i = 0.35 m2s-1 . The very
peaked divertor electron temperature profile and the upstream electron temperature and density
profiles are all reproduced (Fig. 1). The ion temperature in the SOL is underestimated here.
Therefore, if charge-exchange measurements are representative of the Maxwellian ions, then the
parallel ion heat flux would be flux limited in the experiment, whereas no ion flux limit was
imposed in these simulations.

D ne_Exp#79342_2.5_sec
• - . - -ne_Code_#13

O Te_Exp#79342_2.5_s
A Tr_Exp#79342_2.5_sec

-Te_Code_#13
•Ti_Code_#13

O ne_Exp_#79342_2.5_sec|
_ . _ —ne_Code_#13

-0.01 0.01 0.02 0.03
Distance to Separatrix (m)

0.04

-0.05 0 0.05 0.1

Separatrix Distance at Divertor (m)

FIG. 1. Radial profiles of Te, T\, and n in the mid-plane SOL (left) and of Te and n at the target
(right) for a DIII-D low density ELMy H-mode discharge and B2-EIRENE simulation [5]

3. OPERATING WINDOW FOR THE ITER DIVERTOR

The principal parameters limiting divertor operation in ITER are the peak power loading of
the target which should be below 10 MW/m2 and the helium pressure in the private-flux region
(PFR) which should be sufficient to exhaust 2 Pa-nvVs of helium [4]. Compatibility with the core
plasma requires that the separatrix density upstream ns be (3 to 4)xl019m~3 and Zeff at the core-
edge interface (CEI) be less than 1.8. The edge plasma density, cross-field transport, input power,
particle throughput, and neon seeding level have been varied to explore the operating window of
the ITER divertor. In these calculations, the plasma consists of D-T, He, C, and Ne ions and their
transport is described self-consistently. He and Ne are introduced through their concentration at
the CEI, and physical and chemical (Y=0.01) sputtering at the target plates provide the C source.

It is found that under our standard transport assumptions (%±_ = 1 m2/s , Dx =0.3 m2/s), the
peak power loading is acceptable over practically the whole required density range (Fig. 2).
Reduction of %j_ and D_L by a factor of 2 leads to a considerable increase of the power loading, but
this can be compensated by a reduction of the input power by 25% (increasing radiation from the
"mantle" [1]).

The calculated DT and helium pressures are shown in Fig. 3 (calculated at approximately
constant pumping speed except for the two points marked "low core flux"). For a typical point in
the middle of the range, at n s=0.331 1020 m ' 3 the pressure shown corresponds to a DT
throughput of 219 Pa-m3/s at a pumping speed S D T = 1 3 0 m3/s. The helium throughput is
3.4 Pa-m3/s at SHe=106 m3/s (i.e. 80% of SDT)- There is therefore a margin of about 1.7 in helium
pumping with respect to the required 2 Pa-m3/s at 1.5 GW fusion power, or, conversely, a helium
fraction at the core-edge interface of 6% would be expected at the required helium throughput
rather than the 10% used in the calculation. When pumping speed and DT throughput are varied
simultaneously keeping the upstream density constant, it is found that the ratio of divertor
pressure to upstream density varies weakly, and as a result the upstream helium fraction varies
strongly with DT throughput. It is concluded that DT pumping speeds larger than 120 m3/s and
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DT throughputs larger than 190 Pa-m3/s are required to maintain the upstream helium fraction
below 10% for ITER conditions.

The results indicate that the peak heat loads decrease only slowly as the seeded neon
increases (Zeff variation in Fig. 2). This is apparently related to the constant chemical sputtering
yield used in the calculations, because an increase of the neon radiation reduces the hydrogen flux
which then reduces the carbon release from the target. Impurity seeding therefore can make up
the radiation if the carbon source were smaller, but does not modify the ITER operating point.

0.100

0.010

0.26 0.30

- standard case
- low core flux

—c— low X
lowX, lowP, 150 MW

°-34n, (10-mV-38 0.001
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• C1.4-1.SS0DB1

• D 1.55-1.7 . "
• 1.7-1.8

-1.9
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FIG. 2 (left). Peak power load at the divertor target vs. upstream density ns for "standard case"
(solid circles), for lower % and D (hollow squares), for simultaneous lower X and D and lower SOL
power (solid squares) and for lower throughput (hollow circles), all for reference divertor
geometry. Various Zejf (obtained by varying the neon fraction) are indicated by symbol size.

FIG. 3 (right). Average helium partial pressure and total neutral pressure at plasma-PFR
interface vs. ns for reference divertor geometry. Legend see Fig. 2.

Start-up conditions in ITER have been modelled with the UEDGE code for a toroidally
symmetric limiter inserted to a normalised flux of 0.935 with the core boundary located at 0.87.
Here the CEI density is set to 5-1019 m"3, and %j_ = 0.5 m2/s and Dj_ = 0.33 m2/s are used.
Variation of the input power from 6 MW to 30 MW and of the limiter angle to the magnetic
surfaces from normal to almost tangential (3°) reveals no evidence of significant particle
recycling. The peak heat flux scales almost linearly with discharge power and inversely with the
wetted area, being 8 MW/m2 for 20 MW on the normal limiter. Simple estimates of the power load
based on the SOL width [6] should therefore remain valid.

4. GEOMETRY OPTIMISATION

Three studies aimed at the optimisation of the divertor geometry are reported here: an
analysis of the importance of the "wings" in the PFR [7], a determination of the optimum size of
the shielding structure in the PFR (the so-called "dome"), and a comparison of divertors of
different length.

It is found that the presence of "wings" along the divertor channels in the private-flux
region is not expected to have a large influence on the divertor parameters because only a small
fraction of the parallel momentum (less than 10%) is transferred to them by the neutrals [3].

In order to see the effect of the dome, four series of calculations were done for different
dome shapes, ranging from the open PFR without dome to a slot-like divertor whose dome length
is 80% of the divertor length [4]. It is found that a much longer dome would impede the transition
to the partially attached state and therefore would yield higher heat loads, whereas removal of the
dome would degrade helium pumping by a factor of 2. It is therefore recommended to retain the
present dome.

The effect of reducing the divertor length was studied using the ITER divertor and divertors
having 0.75 and 0.5 of its length [4]. In order to separate the effect of the divertor length from
that of the magnetic flux expansion near the x-point, the geometry of the targets was adjusted to
keep the same surface area interacting with the plasma - that is, the same angle of the field line to
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the target - at least in the vicinity of the separatrix strike-points. Fig. 4 shows the cumulative
integral of the power radiated in the divertors for these three options. Reduction of the divertor
length squeezes the radiation region towards the targets and increases the radiation load. The
increase of the peak power loading is considerable, Fig. 5, but a further optimisation of the
divertor geometry or impurity composition, or a minor reduction of the input power could bring
it below 10 MW/m2. The margin for helium pumping remains the same within 20%.
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FIG. 4 (left). Cumulative integral of radiation power density (already integrated radially) in
poloidal direction vs. distance from target to X-point (inner divertor and PFR, left pane), from X-
point to X-point (edge plasma and SOL, central pane) and from X-point to target (outer divertor
and PFR, right pane), for standard, three-quarter, and half-length divertors.

FIG. 5 (right). Peak power as in Fig. 2 but for standard, three-quarter, and half-length divertors

5. CONCLUSIONS
The 2D model used for ITER divertor modelling reproduces a number of experimentally

observed features of discharges in the multi-machine database. First results for startup operation
of ITER show that significant particle recyling does not occur at the limiter and that therefore
simple estimates of the limiter power load can be used.

Application of the 2D model to the ITER divertor yields the conclusion that the ITER
divertor provides acceptable power loads and helium pumping for the expected mid-plane
separatrix densities and radial transport coefficients. It can also accommodate low %j_ and low ns

with a modest SOL power reduction and an acceptable operating window for heat load and He
pumping. The "wing" structures are not required. Modifications desirable for other reasons
(shorter divertor, dome removal, reduced DT throughput) reduce this window.
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Abstract

This paper defines and discusses the integration of diagnostics systems into the ITER machine. For each
machine region, the key constraints and solutions adopted are discussed, and illustrated with selected examples.

1. THE INTEGRATION PROCESS

In order to meet the ITER programmatic and operational goals it is necessary to measure a
wide range of plasma parameters as well as the condition of the first wall and divertor target plates
[1]. Thus there is a need for an extensive collection of individual measurement systems
(diagnostics) which together form the ITER diagnostic system. Integration of this system into the
ITER machine is the iterative process of allocating space for each diagnostic following a set of
priorities, and resolving all the interface issues between the diagnostic and other machine systems
(including other diagnostics) or operations (including maintenance). Priorities for the diagnostics
largely follow the categorisation of measurements [2]: these are la) those necessary for machine
protection and basic control; lb) advanced control; and 2) physics understanding. Interface issues
[3] dominate the integration process, making it natural to discuss integration by location [4].

There are four main areas where diagnostic components are installed:
a) equatorial port: LIDAR Thomson scattering, wide angle viewing in visible and IR, radial

neutron camera, bolometers, polarimeter, tangential interferometer/polarimeter, ECE, edge
reflectometers, X-ray crystal spectroscopy, vacuum-UV spectroscopy, active spectroscopy
(MSE and CXRS), neutral particle analyser;

b) back plate and vacuum vessel (W): Magnetic pick up coils and flux loops, bolometers, soft
x-ray diodes, position reflectometers, high-field side profile reflectometers;

c) vertical port: bolometers, impurity monitors, edge Thomson Scattering, neutron activation,
vertical neutron camera, wide angle viewing in visible and IR, In Vessel Inspection (IVI);

d) divertor cassette: Impurity spectroscopy, target IR viewing, reflectometry, Langmuir probes,
pressure gauges, magnetic pick up coils, bolometers.

The integration of diagnostics must be consistent with the number of ports allocated, the
design of the port plugs and in-vessel machine components, nuclear shielding requirements,
tritium containment and vacuum requirements, as well as maintainability with remote handling
equipment both in the vacuum vessel and in the Hot Cell. The main shielding requirements are
met by labyrinthine access penetrations, while materials survivability is met by the choice of
materials for the exposed front end components [5]. Thus the above requirements which arise in
an ITER like machine serve as the primary design drivers, posing a new design challenge.

2. THE RESULTS

Equatorial Ports. The equatorial ports are the preferred location for diagnostics. Three
regular ports and one port having limited access (adjacent to the NBI) are fully used. Two further
ports allocated to Remote Maintenance can include diagnostics which can be quickly removed. All
diagnostic equipment inside the W ports is mounted in an integrated shield plug incorporating a
first wall/blanket part, a VV port plug for shielding and a VV closure plate (Fig. 1). In order to
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simplify and to standardise the maintenance of these VV plugs, modular sub-assemblies are
replaceable without completely dismantling the plug (Fig. 1). Services and cooling connections,
mechanical attachments for larger plug subassemblies as well as positioning and alignment of these
subassemblies use a standardised, limited, set of Hot Cell tooling. The space between VV and
cryostat is bridged by an interspace diagnostic block (incorporating the cryostat closure plate and
all equipment needed between VV and cryostat closure plate). Thus only two large pre-tested
assemblies have to be installed / removed (remotely), while most of the repair is performed off-
line in the Hot Cell. An exception are windows on the primary closure plate which can be replaced
in-situ.

Different factors have to be taken into account in optimising the distribution of diagnostics
inside these plugs and among the available ports: for example, large aperture systems such as the
LIDAR optics (Fig. 1) or the neutron camera aperture have to be placed at port centres and
tangential viewing systems at the sides of ports. Systems which need to view one of the Heating
Neutral Beams and the Diagnostic Neutral Beam, as well as ports incorporating wide angle viewing
systems (maximising plasma or wall coverage), need to use specific ports. Systems requiring
vacuum extensions have to use the port adjacent to the NBI in order to utilise the existing
pressure vault.

Blanket D i a g n o s t i C

Shield B l o c k

Module

FIG. 1. Port No. 16 showing (1) the mirror
rack for Ha (2) the mirror rack for LIDAR and
(3) the removable parts of the wide angle
viewing system.

interspace Plug
'Relay Optics

In-Vessel
Inspection

System jt

FIG. 2. The Diagnostic Socket on the back
plate. Bolometer cameras view through the
space between Blanket module gaps

Inner Piug

Outer Piug

Thomson Scattering
Laser input Window

,'Collection Optics

FIG. 3. The vertical port with the edge
Thomson scattering system. Also indicated is
the offline inspection system. Access for
installation and maintenance is from the top.

For each port, it is necessary to ensure that the overall neutron shielding is not worse than
the unbroken shield of the blanket + VV structure. In addition, for each aperture a special
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blanket/shield has to be designed so as to tolerate the same conditions as any other part of the
first wall. These requirements can have a large influence on specific diagnostic designs e.g.,
favouring small apertures, as well as in the layout of diagnostics within the port. A particularly
difficult area in this respect is the port incorporating the VUV, X-ray crystal spectrometry and
NPA systems which need a primary vacuum extension into the pit (NBI vault) [6]. However in
this case individually minimising the aperture for each X-ray/VUV or NPA channel yielded an
acceptable neutron streaming allowing hands-on maintenance in the NBI vault. Figure 1, which
shows the exploded view of the port plug, blanket section and vacuum closure plate of the LIDAR
port #16 [7] gives an example of the above outlined principles.

Backplate and Vacuum Vessel. The majority of the in vessel diagnostic systems are
mounted on the plasma side of the back plate (some are on the VV wall). Most systems mounted
on the back plate are essential for tokamak operation (e.g., magnetic diagnostics [8]) and so
require redundancy. In addition, they are in a difficult environment, and must tolerate the possible
removal of a Torus sector and so require reparability. The primary integration concern for these
systems is to have minimum impact on the blanket, which is already constrained because of high
thermal, radiation and electromechanical loads. Additional constraints comes from the back plate,
which is highly stressed in disruptions and will not tolerate long grooves for conduits, and from
the VV, which is a pressure vessel and must not be disturbed. Thus, these diagnostics view the
plasma through the gap between blanket modules (Fig. 2) which are sometimes slightly enlarged.
With the exception of the various magnetic flux loops and reflectometer heads [9], all sensors are
mounted in small replaceable conduction cooled diagnostic sockets embedded in the back plate
(Fig. 2). Wiring and other connections to the front ends of these diagnostics are grouped to a
single conduit per sector. Space for this conduit is provided in the back of the blanket modules.

Vertical Ports. Ten vertical ports are allocated to diagnostics. They are shared with the
off-line in-vessel inspection system and the retractable glow discharge cleaning electrodes. Due to
the large distance between the VV top port and the cryostat lid (~ 7 m) and substantial
movements between these two large machine components, this interspace is bridged by three
articulated vertical pipes (one with 600 mm diameter and two with 860 mm diameter) located
along a radial line on top of the vertical VV port (Fig. 3). The smaller pipe is occupied by the IVI
system whereas the other pipes provide access to two integrated diagnostic plugs mounted in the
VV top port. Again, two interspace blocks are provided to keep diagnostic equipment inside these
pipes modular and permit the simplest possible extraction. This is illustrated in Fig. 3 where the
port with the edge Thomson scattering system is shown [10]. The two diagnostic plugs in each VV
port (each 700 mm diameter and ~ 4 m long) incorporate various diagnostic systems and in some
cases the glow discharge electrodes. They are inserted into a fixed shield which is part of the VV
top port. In contrast to the equatorial ports, they do not include a blanket component. The
penetration through the blanket is also standardised and is a slot 150 mm wide and 2.4 m long.
The remote maintenance employs a special vertical cask whose dimensions have been minimised
by dividing the vertical length of the interspace blocks and the diagnostic blocks into components
~ 4.5 m long. The cask can be taken to the Hot Cell where the interspace blocks are repaired
hands-on while the diagnostic blocks require remote maintenance, in most cases limited to the
exchange of relatively big sub-components.

Divertor. In the divertor, diagnostic components are located inside the four remote
handling ports and on the divertor cassettes in front of these ports. At each of the four locations
there are two instrumented cassettes (Langmuir probes, bolometers, pressure gauges, etc.) on
either side of a central cassette. The latter is modified to incorporate optical and microwave
diagnostics (Fig. 4).

In order to avoid delays in the maintenance of the divertor, remote maintenance inside the
machine is performed for the diagnostic cassettes in the same way as for standard cassettes. In the
space between the VV closure plate and the divertor cassettes a diagnostic block is installed which
functions as a carrier for wave guides and optical relay equipment, and can be removed in a simple
operation. Similarly, in the pit, equipment is designed for easy removal. In order to minimise
activation at the cryostat, special shielding is added around windows. Integrated assemblies are
mounted on the diagnostic cassettes (e.g., side plates incorporating various sensors) to allow
relatively simple replacement of diagnostic components inside the Hot Cell. These inserts make
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efficient use of the limited non-structural space available within the cassette body. In order to
minimise the impact on plasma facing components, diagnostics view the plasma through narrow
(25-35 mm) slits between target plates, or though the central dome. Some of these features are
illustrated in Fig. 4 for the impurity monitoring system [11].

FIG. 4. The impurity monitoring system for the divertor, showing (1) a mirror system under the
dome for the observation of both divertor legs (2) a UV system viewing through the gap between
the cassettes (3) radiation shielding around the primary vacuum windows and (4)
instrumentation in the access cell designed to roll out of the way of remote handling equipment.

3. CONCLUSIONS

Through a combination of specially designed machine components, selection of
measurement methods and materials for diagnostic components, as well as the use of new
measurement techniques it has been possible to integrate most of the required diagnostics into
ITER. In particular, all the diagnostic systems which provide measurements in category la have
been accommodated and most of those which provide measurements in categories lb and 2. Thus
it has been demonstrated that a diagnostic set of similar measurement capability or even better
than in present day machines can be realised in a reactor class machine like ITER.

Acknowledgement: This report is an account of work undertaken within the framework
of the ITER EDA Agreement. The views and opinions expressed herein do not necessarily reflect
those of the Parties to the ITER EDA Agreement, the IAEA or any agency thereof.
Dissemination of the information in these papers is governed by the applicable terms of the ITER
EDA Agreement.
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Abstract

XA0054002

The status of the design and of the technology development of the Radio-Frequency Heating
and Current Drive (RF H&CD) systems performed during the ITER EDA is summarized.
The conceptual designs of three RF systems [Electron Cyclotron (EC), Ion Cyclotron (IC) and Lower
Hybrid (LH)] are now completed. In view of ITER severe in-vessel operating conditions, the
maximum emphasis was given to the design of the in-vessel components. In the R&D program,
technology progress has been achieved in several critical areas of all three systems, both in base
technology (such as in gyrotron and windows developments for EC) as well as in design validation (IC
prototype antenna, LH transmission components).

1. INTRODUCTION

The analysis of ITER physics scenarios suggests that a minimum auxiliary heating and current
drive power of 100 MW (with a desirable extension capability to 150 MW) can cover all ITER
operational needs.

H&CD requirements vary during the different phases of the discharge and possibly change
during the ITER lifetime, depending on the evolution of the physics program. They range from bulk
central heating, in the H-mode access and pre-ignition phase, where direct ion heating, provided by the
IC system is an advantage, to localized electron heating (typical of EC) for plasma kinetic control,
stabilization of MHD modes and sawtooth suppression during burn, and to off-axis current drive (for
which LH provides the best performance) for shear and profile control and discharge optimization.
Auxiliary, but important, functions, also assigned to the heating system are plasma start up and wall
conditioning, the latter possibly continuously required during the interpulse period.

A substantial versatility is thus required for the ITER H&CD systems. As at present no single
system appears to be capable of efficiently carrying out all duties, more than one heating systems is
planned to be in operation at the same time. To cover these diverse requirements, three H&CD
systems (Electron Cyclotron, Ion Cyclotron and Lower Hybrid) and a (negative ion) Neutral Beam
Injection system have been designed and developed during the ITER EDA. The RF systems are
reviewed in this paper.

/ / £ -i H (a)
FIG 1. a) Integrated Electron Cyclotron andb) Ion Cyclotron plug-ins.

To allow these systems to be flexibly used, and to facilitate interchangeability, a modular
approach has been adopted in the design of the RF systems (see examples in Figure 1). All systems are
designed for a power output of 50 MW CW and are integrated in ITER equatorial ports. They provide
adequate neutron shielding, are easily removable through the port with similar manual and Remote



1022 ITERP1/16

Handling (RH) operations, and do not modify the torus layout or extend its vacuum and tritium
boundaries. From a construction point of view, the RF plugs share a common support structure design,
port closure plate, vacuum feed-through position, and RH tooling.

2. EC SYSTEM DEVELOPMENT

The EC System is designed to launch elliptically polarized, ordinary-mode EC waves from the
low-field side of the machine. The selected frequency of 170 GHz provides the necessary capabilities
for heating and current drive. A separate system operated at 90 and 130 GHz is designed for start-up
and wall conditioning functions.

The injection system features an innovative design, with each of the 56 array wave guides
injecting through a pair of mirrors, one of which is toroidally steerable by 30°. Work has focused on
identifying the critical design issues of both in-vessel transmission and injection system. Detailed
designs of the mirror, cooling connections, and actuation mechanisms, have been developed.
Prototypes have been constructed and tested.

The mirror, is mounted on a flexible pivot (Figure 2a), which provides rotation about a vertical
axis of ±15°. Interwoven helices provide inlet and outlet paths for the cooling water. The mirror
assembly is thus free of bearings and bellows. A prototype mirror has been fabricated and tested with a
heat source providing about 2 MW/m2 peak, closely simulating the RP beam profile (Figure 2b). IR
temperature measurements of the surface confirm that the heat transfer and temperature rise are
consistent with design specifications.

FIG. 2a. Steering mirror rotating pivot FIG 2b. Thermal load test on EC mirror. [1]

In view of the difficulty of designing a highly reliable mechanical component for use near the
plasma, alternative methods are also being examined. A promising approach is called "remote
steering." Using this method, the mechanical components can be moved either to the outside of the
vacuum vessel or located within the vacuum vessel in a well shielded area unexposed to the plasma
fluxes and disruption forces. Details of the method and results of experimental measurements are
presented in the companion poster.

Electron cyclotron H&CD relies heavily on the development of gyrotron and window
technology [2]. The two items have been the primary focus of the ITER EDA R&D program, the main
goal being the demonstration of a 170 GHz, CW, -50% efficient, 1 MW gyrotron, together with
dielectric windows for use on the torus and tube. Within the final four years of the EDA, the best
gyrotron power performance at 170 GHz is 1 MW output for up to 2 s and 1.75 MJ in 10 s operation.
Demonstration of a high efficiency (~50 %) depressed collector operation at 100, 140, and 170 GHz
was also obtained.

One of the major successes of the development program has been the demonstration of a water
cooled, single disk, diamond window. The technology to manufacture large diameter diamond disks
has been developed and the material quality rapidly improved. The technique to bond the disks to
metal tubes has been demonstrated, prototype bonded disks have established their feasibility for use on
gyrotrons, high power tests of the material at 170 GHz have been made, and a complete window
assembly has been fabricated and operated on a tube.
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3. IC SYSTEM DEVELOPMENT

ITER IC system design is based on an antenna scheme well tested in present tokamak operation:
the Resonant Double Loop (RDL). An IC array consists of a matrix of 4x2 RDLs. The adopted
frequency range (40 to 70 MHz ) encompasses the principal IC heating scheme at the 2£2x = ^He3
resonance, (57 MHz at full Bj,), successfully demonstrated in D-T plasmas in TFTR and JET, with
Q.D (42 MHz at full Bj) as an alternative. Fast Wave Current Drive (FWCD) is in the frequency
window between 2Qx a nd ^He4> (62.5 MHz), where electron absorption is high. The system uses four
equatorial ports to deliver 50 MW, at a nominal plasma/separatrix distance of 15 cm. If the plasma
wall distance were reduced to 10 cm, two ports could be sufficient to couple 50 MW.

The current strap is fed by one coaxial transmission line (supported by all-metal supports [3]) about
the centre of the strap, and tuned at the two ends by two variable reactances (pre tuners). A resonant
A/2 double loop results, whose electrical length can be adjusted by the pre-tuners to different
frequencies and plasma loads. The (resistive) input impedance is matched to the nominal characteristic
impedance.

Extensive characterizations of the prototype antenna have been performed with and without a
Faraday shield and the experimental results have been analyzed with the help of ARGUS 3D EM
code (Figures 3 a and b).

FIG. 3a. Prototype antenna characterization: FIG. 3b. Example of comparison between com-
3D B-field components of the RF emission puted and measured date

The agreement is generally good (Figure 3b), providing an essential background for an accurate
prediction of plasma coupling.

One of the important parameters affecting the reliability of operation is the maximum operating
voltage, which is dependent on plasma coupling. Present estimates show that, due to the low plasma
coupling in ITER (Rc ~3 fl/m), the maximum system voltage exceeds 50 kV. Therefore, specific
antenna optimization studies for high voltage operation have been carried out in the R&D program [4]
and validation tests have been performed in vacuum on a full scale prototype. The prototype tests have
demonstrated that RF voltages over 60 kV can be maintained for time intervals limited by overheating
only. Figure 4 shows a pulse of two seconds at an antenna voltage in excess of 60 kV.

4. LH SYSTEM DEVELOPMENT

The LH System has been designed by the EU Home Team to provide extension of ITER pulse
duration, sawteeth control, off-axis current profile control during burn, and non-inductive current drive
in advanced tokamak scenarios. The launcher and transmission line design features important
innovations with respect to today's systems, and feasibility tests on existing tokamaks are planned, in
order to validate the adopted solutions. The system operates at 5 GHz and uses two ITER ports. The
launcher design is based on the concept of the passive active multijunction (PAM). Four PAMs are
used for each antenna. Each PAM is connected to an hyperguide fed by 24 TEiO-30 mode converters.
The operating power density is about 23 MW/m2 (waveguide cross section), now routinely achieved in
present experiments at 3.7 GHz. Calculations show that the PAM assembly is an
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FIG. 4. High voltage test on IC antenna prototype FIG. 5 Lower Hybrid PAM stack

efficient neutron and radiation shield. The launched N// spectrum, produced by a PAM stack of 29
passive and 28 active waveguides, (Figure 5), with a 270° phasing, is fixed at N//=2. Each antenna is
fed by 8 main transmission lines, each consisting of a splitting network connected to 6 RF windows,
one oversized size (C10) circular transmission line, operating in the T E J O mode, and a recombining
network, to combine the power of 4 klystrons. The LH H&CD plant is composed of 64 klystrons of 1
MW in CW operation.

Specific components, such as the mode converter and the hyperguide have now been
successfully tested at high power and long pulse duration. However, an intensive design R&D
validation program is planned to test a full scale module of the LH antenna. The program will focus on
the validation of the PAM concept together with a splitting network made of hyperguides and mode
converters.

The launcher design [5] has been adapted to 3.7 GHz to be tested on Tore Supra, as it has a
unique capability for long pulse and high heat load operations. The ITER-like launcher is made of 2
PAM modules of 17 passive waveguides. Each PAM is fed by a TE30 hyperguide fed by 4 TE10-30
mode converters. The power density in the wave guide is below 38 MW/m2 for a maximum injected
power of 3.5 MW. The main N// peak is at 2 for a directivity of 67%. The transmission line
recombines the power from 8 existing 500 kW klystrons into a circular C14' transmission line. The
recombining and splitting network, as most ex-vessel components are similar to the ITER design and
based on technologically mature components.

5. CONCLUSIONS

The RF systems design developed during the ITER EDA appears to be adequate to provide the
H&CD functions required in all ITER scenarios and to offer the prospect of reliable operation.
Substantial advances in technology have taken place in the parallel R&D programmes. Design
validation has taken place wherever necessary and possible. The modular approach to the design is
likely to provide a sufficient degree of flexibility to accommodate future physics needs as well as
future technological progress.
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Abstract

The Neutral Beam (NB) system for the International Thermonuclear Experimental Reactor (ITER) has
reached a high degree of integration with the tokamak and with the rest of the plant. Operational requirements and
maintainability have been considered in the design. The paper considers the integration with the tokamak,
discusses design improvements which appear necessary and finally notes R&D progress in key areas.

1. INTRODUCTION

In the final design of ITER [1, 2], 100 MW of power for Heating and Current Drive
(H&CD) is required and is to be provided by at least two of the four possible H&CD systems
under study: ion cyclotron, electron cyclotron, lower hybrid and neutral beams.

The ITER NB system is designed to deliver 50 MW of power to the ITER plasma. The beam
energy, 1 MeV, has been chosen as a reasonable compromise between the heating, the current
drive and the plasma rotation requirements. Three adjacent ports are allocated to NB and three
injectors are foreseen, each with a power capability of 16.7 MW. The beam tangency radius (to the
toroidal plasma) is about 6.5 m. Deuterium negative ions are produced in a caesiated arc
discharge source. Filaments are used as a cathode. This technology is already used in JT-60U [3]
where recently 18.5 A, H", at 360 kV and 14.3 A, D~, at 380 kV have been achieved. In both cases
the quoted current corresponds to the accelerated ions from one source.

The design of the ITER NB system has been described in [4]. The main concepts and the
basic design of the main components have not changed. This paper will concentrate on the
progress made in the design and its most relevant modifications and the integration with the
tokamak. Finally, a short report is given on recent R&D results on the most critical components;
the beam source, the accelerator, the large insulators and the plasma neutraliser.

2. INTEGRATION WITH THE TOKAMAK

The integration of the NB system with the tokamak has progressed, in particular in the
critical area of the NB duct (shown in Fig. 1) which is the main interface with the vacuum vessel
and the blanket. The beam passes through an equatorial port, the structure of which has been
modified in order to provide a shielding thickness not less than 450 mm (stainless steel 75 %,
water 25 %: shells are included) that reduces the neutron fluence to the cryostat wall and keeps the
dose rate below 300 jo.Sv/h. This value allows the development of local shielding solutions for a
few specific maintenance areas close to the NB duct, which comply with ALARA personnel
exposure criteria. Based on this analysis, the port structure was improved slightly to make the
closure plate thicker. This was analysed by the JA Home Team, which showed a reduction in dose
rate to about 150 )J,Sv/h. The neutronic calculations have also confirmed that the nuclear heating
of the toroidal field coils are well below the design limits.

This report is an account of work undertaken within the framework of the ITER EDA Agreement. The
views and opinions expressed herein do not necessarily reflect those of the Parties to the ITER EDA Agreement,
the IAEA or any agency thereof. Dissemination of the information in these papers is governed by the applicable
terms of the ITER EDA Agreement.

1 EU Home Team, CEA/Cadarache, St-Paul-lez-Durance, France
2 ITER JCT, Garching JWS, Garching, Germany
^ RF Home Team, Kurchatov Institute, Moscow, Russian Federation
4 JA Home Team, JAERI Naka, Naka-gun, Ibaraki-ken, Japan
5 ITER JCT, San Diego JWS, San Diego, CA, USA
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FIG. 1. NB Duct illustrative scheme

The components associated with vacuum and pressure confinement are distinct from those
receiving power deposited from beam re-ionisation and interception, plasma radiation and the
largest part of nuclear heating. Power removal is entrusted to the liner (two parts) and to the NB
drift duct, with the advantages of a thermohydraulic design adapted to the beam power deposition
profile and of an installation procedure simplified by manageable sizes and weights. The port
structure and the liner are cooled with forced circulation using water derived from the vacuum
vessel Primary Heat Transfer System (PHTS), while the NB drift duct is cooled by the NB PHTS.

The exit of the beam through the tokamak first wall (580 mm width, 915 mm height) fits
the geometry of the blanket segmentation in the equatorial port area. The blanket modules (NB
duct special modules) surrounding the beam exit include module side walls suitable for the power
deposition due to nuclear heating, plasma radiation and beam interception. The dimensions and
weight of the modules are chosen so that the maintenance removal procedure used for all other
blanket modules (in-vessel vehicle and manipulator) applies also to them. The backplate is locally
reinforced to sustain the electromagnetic loads and provides the mechanical and hydraulic
connections for the blanket modules.

A bellows (the NB flexible duct) connects the NB duct to the injector vessel. The design of
this bellows takes into account the beam size, the thermal expansion, the assembly tolerances and
the relative displacements occurring during normal operation and off-normal events.

3. DESIGN MODIFICATIONS

3.1. Radiation Induced Conductivity (RIC)

Radiation analyses in and around the NB injectors have been carried out, and the results are
reported in [5] where, in addition, the consequences for the NB injector system materials have
been assessed. In particular RIC in the compressed gas used for insulation is expected to cause
leakage currents and therefore power losses both around the beam source and in the section of the
transmission line between the ion source and the HV deck. The estimated losses due to RIC, with
nitrogen at about 6 bar, are > 100 kW around the beam source and ~ 70 kW in the transmission
line. Removal of such powers is considered too complicated from the gas around the source but is
thought feasible from the gas in the transmission line. To overcome the problem of RIC, a
Vacuum Insulated Beam Source (VIBS) has been considered: the design criteria for vacuum
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insulation and the VIBS design are described in [6],
The concept is shown in Fig. 2: the boundary
between the vacuum insulation and the compressed
gas (nitrogen ~ 6 bar) insulation is provided by the
High Voltage (HV) bushing that becomes also the
first confinement boundary of the tokamak. Fig. 2
shows the Multi Aperture Multi Grid (MAMuG)
beam source (the reference design) supported from
the front flange of the beam source vacuum vessel,
but the large cylindrical insulators (diameter 2.7 m)
are replaced with post insulators. Cylindrical
insulators are still required in the HV bushing but
their diameter is reduced to 1.8 m. Several insulating
materials are being considered for this purpose [6],
among others, an industrial type of porcelain with
which cylinders of 1.2 m diameter are already
feasible. The electrostatic analyses performed so far
indicate that the VIBS satisfies the design criteria for
vacuum insulation mentioned above. The VIBS
design can be easily modified to accept the single
aperture, single gap (SINGAP) accelerator
(considered a possible design improvement).

3.2. Magnetic Field Reduction

High voltage line high voltage
bushing

beam source
vessel

N 53 GR 80 97-07-29 W 0.1

FIG. 2. VIBS illustrative scheme

The Magnetic Field Reduction System has also
been modified. The previous design aimed to
compensate the vertical component of the field
produced by the tokamak in the injector volume, but
the large radial component still present was able to saturate the iron and partly penetrate the
injector. The three compensation coils [4] have been replaced with six which are able to remove
the flux from the injector volume, in particular the innermost coil, above the injector, is inclined so
that its axis is about parallel to the tokamak field lines. The iron shield is less saturated than with
the previous design and the field requirements in the injector volume are met without the inner
layer of mu-metal previously foreseen.

4. PROGRESS IN THE R&D

The R&D performed by the three Home Teams (EU, JA, RF) working on this field has made
good progress. The development programme has been highly integrated and the close
cooperation among the three Home Teams has allowed duplications to be avoided, the only
exception being the accelerator for which the development of two alternatives (MAMuG and
SINGAP) mentioned above is considered prudent.

The JA Home Team has continued the development of the large, low pressure (about
0.3 Pa), "Kamaboko" source and of the MAMuG accelerator [7]. As regards the accelerator,
after several modifications to the test bed and to the experimental set-up, and improvements to the
conditioning procedures, the nominal voltage 1 MV has been achieved with a drain current of
25 mA for 1 s, with H'. In addition 180 mA, H~, have been accelerated at 900 kV.

The EU Home Team has continued the development of the SINGAP accelerator [8]: 43 mA
of H" ions at 860 kV, and 106 mA of D" ions at 630 kV have been achieved for 1 s. Higher
voltages could not be reached because of failures in 2 of the 9 insulators making up the 1 MV
bushing. New insulators have been built and the tests should soon restart. Porcelain insulators have
been built by EU Industry to be used in the SINGAP experiment and studies are in progress on
large diameter, ITER-relevant, insulators.

These results are very encouraging, as it should now be possible to increase the accelerated
current, at full energy (1 MV), for 2-3 s, towards the target 0.5 A (with current density >
280 A/m2, H") for the JA Home Team, and towards the target 0.1 A (with current density >
200 A/m2, D") for the EU Home Team. Reliability should be demonstrated by repeating the same
pulse with these parameters many times (100-1000).



1028 ITERP1/17

The SINGAP accelerator is expected to be simpler and cheaper than the MAMuG
accelerator which, instead, is more conservative: development should continue on both since none
has reached the target values mentioned above. The deadline of October 2000 has been agreed
with both Home Teams as a reasonable date by which these target values should be met, then the
design will be finalized on the agreed accelerator.

Two Home Teams (JA & EU) are also working together on the development of a steady-
state, low pressure source for ITER, in the framework of the ITER R&D. Recently, using an
actively-cooled plasma grid, 240 A/m2 of H~ ions and 200 A/m2 of D~ ions have been achieved
with a pressure of about 0.3 Pa and a pulse duration of 100 s. The EU Home Team has
demonstrated 1000 s operation using the "ITER model source" (KAMABOKO III) at ITER-
relevant parameters (pressure and power density, H2 and D2) with the plasma grid temperature
being held constant at between 200 °C and 350 °C, as required for efficient negative ion
production.

Radio frequency driven ion sources are used for positive ion production. The EU Home
Team has started R&D to produce negative ions with this method. Preliminary experiments have
shown promising results even if high pressure is used (above 1 Pa). This development could
simplify the source, reduce its cost and its routine maintenance by avoiding the use of filaments.

The RF Home Team has continued R&D on a plasma neutraliser [9] that would allow an
increase of the neutralisation efficiency up to 80 %, as compared to 60 % achievable with the
reference gas neutraliser [4]. If the same power is assumed at the output of the injector, the plasma
neutraliser could allow a reduction in the required negative beam current extracted from the
source (smaller beam source and reduced power supply requirements), and therefore a reduction
in the power deposited in the residual ion dump and the total gas input to the injector. The RF
Home Team has built an experimental plasma neutraliser, PNX-U, described in [9]. Recently a
hydrogen plasma has been produced using radio frequency sources (50 kW at 7 GHz): the plasma
density in the central region is 3-5 x 1017 n r 3 and the target thickness is 8-12 x 1017 n r 2 (the
design value for an ITER plasma neutraliser is > 2 x 1019 nr2). Experiments with a negative ion
beam will start soon. The design of the next experiment is in progress, however, its construction
will start only when the agreed target results for the PNX-U experiment are met.

5. CONCLUSIONS

A fully integrated design of the three NB injectors with the tokamak has been completed.
All required auxiliary systems, not described in this paper, are fully defined and consistent with
the overall project. To achieve this result a lot of care has been dedicated to detailed development
as reported in [1]. Substantial progress has been made on the R&D but more effort is required to
complete the programme defined jointly by the Home Teams and the JCT in the Spring 1994.
Two more years of work are required on both the 1 MV test beds but the experience acquired so
far gives confidence that the required results will be achieved within the allocated time.
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Abstract

This paper summarizes the main results of nuclear analysis calculations performed during the
International Thermonuclear Experimental Reactor (ITER) Engineering Design Activity (EDA). Major
efforts were devoted to fulfilling the General Design Requirements to minimize the nuclear heating rate
in the superconducting magnets and ensuring that radiation conditions at the cryostat are suitable for
hands-on-maintenance after reactor shut-down.

1. Introduction

Radiation transport calculations to estimate neutronics parameters are an important part of the ITER
design process. The nuclear performance and shielding requirements for the in- and ex-vessel
components and dose limits for hands-on activities to support remote maintenance operations for ITER
are specified in the General Design Requirements Document (GDRD) [1]. In particular, these include

Nuclear heating rate in the toroidal field coilsr 17kW
Dose rate at the cryostat at two weeks after shutdown 100 • Sv/h

The results reported here are for the Basic Performance Phase (BPP) of ITER operation (first-wall
neutron fluence, 0.3 MWa/ m2; average neutron wall loading, 1 MW/m2). The BPP is envisioned to last
for about ten years and involve a few thousand hours of DT operation. Blanket, vacuum vessel and
other reactor component shield design are carried out in a logical progression. Initial results are obtained
using one-dimensional scoping and parametric analyses and optimum shield compositions are
recommended. In the BPP, the blanket and vacuum vessel are water-cooled, stainless steel assemblies
having average inboard and outboard thicknesses of 1.0 and 1.25 m, respectively, with bulk shielding
capabilities that provide adequate shielding to meet GDRD specifications. ITER, however, contains 60
major ports (vertical, equatorial including three neutral beam injection ports, and divertor), gaps
between blanket modules, and other penetrations that degrade the blanket-vacuum vessel shielding
performance.

Detailed two- and three-dimensional radiation transport calculations are then used to characterize
radiation streaming and account for the geometric complexity of the tokamak including experimental,
diagnostic, and plasma heating systems that penetrate the shielding. Three-dimensional models of ITER
were developed for use with the Monte Carlo code MCNP [2]. Both 9° (half-sector) and 18° (full
sector), models were widely used to characterize neutron and gamma-ray flux distributions, heating,
radiation damage and other responses in in-vessel components (blanket, vacuum vessel, divertor, test-
modules, diagnostic and heating systems) and outside the reactor (superconducting magnets and
cryogenic systems). Estimates of the effects of radiation streaming through the major ports, gaps,
channels and other small penetrations were carried out to provide data for determining shield disposition
and composition to realize heating and shutdown dose rate limits. Multidimensional calculations were
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also performed to estimate 16N-decay gamma ray heating in cryogenic components from activated water
in the outlet coolant pipes.
Residual dose rate maps and nuclear heating rates in the toroidal field coils from streaming through the
fully open Neutral Beam Injection ports were analyzed using 36° and 90° calculational models. A half
torus (180°) model that included a tritium breeding blanket test module in one equatorial port was used
to investigate the radiation environment inside the cryostat volume and to estimate port-to-port radiation
streaming interference effects.

2. Nuclear-Heating in the Superconducting Magnet System

The integrated nuclear heating rate in the toroidal field coils and intercoil structure from radiation
leaking through the reactor ports and from 16N-decay gamma rays for 1.5 GW of fusion power is
summarized in Table 1. Also given in the table are the calculational models used to obtain these data.

Table 1. Integrated Nuclear Heating Rates in the Toroidal Field Coils and Intercoil Structure
Toroidal Field Coil Parts and Locations

Inboard Toroidal Field Coil Legs
Vertical Ports (20):

Blanket Cooling Pipe Vertical Port (10)
Vertical Diagnostic Port (10)
Inter-Coil Structure

Mid-Plane Ports (20):
ICRF Ports (3)
NBI Ports (3)

ECH Ports (2)
Remote Handling Ports (4)
Test Blanket Ports (4)
Diagnostic Ports (4)

Divertor Ports (20):
Toroidal Field Coil
Inter-Coil Structure

N Decav Gamma Rays*
Upper Ports with Guard Pipe
Upper Ports without Guard Pipe
Equatorial Ports
Divertor Ports
Total Nuclear Heating

kW
1.2

1.3
0.2
0.3

<0.3
0.14

<0.2
<0.1
0.05
0.07

0.5
0.4

0.3
1.1
1.2

<0.1
7.3

Calculational Method
1- and 2-D

3-D (9° Model)
3-D (9° Model)
3-D (9° Model)

3-D (9° Model)
3-D (36° /90°

Models)
3-D (9° Model)
2-D (R-Z Model)

3-D (9° /18° Models)

3-D (18° Model)
3-D (18° Model)

3-D (9° Model)

3-D (9° Model)
3-D (9° Model)

30% accuracy**
*)lncludes heating in the poloidal field coil clamps, cryogenic lines, and break boxes.
**)Based on uncertainties in the reactor models and C/E ratios from integral experiments on ITER

blanket-vacuum vessel mockups.

Other magnet responses based on a first wall neutron fluence of 3 MWa/m2 specified for the lifetime
performance of permanent components [1] (vacuum vessel, toroidal field coils, etc.), for example, the
damage to the toroidal field coil copper stabilizer (1.2 x 10"5 dpa) and the total insulator dose (1.5 x 105

Gy), are below GDRD specifications. The total nuclear energy deposition in the poloidal field coils
varies between 10 and 130 W and the total heating rate in all PF coils is <0.4 kW. The specific nuclear
heating in the poloidal field coils is ~ 0.01 mW/cm3. The estimated nuclear heating in the poloidal coils
and coil clamps from 16N-decay photons is <0.02 mW/cm3.

3. Shutdown Dose Rates at the Cryostat

Residual dose rates at locations where hands-on maintenance is proposed are governed by activation of
the outer steel layers of the vacuum vessel, intercoil structures and the cryostat. During maintenance
periods (usually 10-14 days after reactor shutdown), the residual dose rates from the decay of 58Co and
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followed by ^Co from the Ni-component and Co-impurities in stainless steel are the main contributors
to the. Table 2 summarizes the maximum dose rates at two weeks after shutdown at the end of the BPP
at locations near the vertical, equatorial, and divertor ports where hands-on maintenance will be
performed. Residual gamma ray dose rate distributions in cryogenic elements for different port
configurations are characterized by uncertainties of factor of ~ 1.5 to 2 due mainly to the uncertainties in
reactor operation scenarios.

Table 2.Shutdown Dose Rates at Maintenance Locations

Port and Location
(Cooling Time =10
Dose Rate (uSv/h)

s, Neutron Fluence

Vertical Ports

= 0.3 MWa/m2)
Design Actions

Cooling Pipe Ports:
•Around the Port 50-120
•Correction Coil Break 90
Box
Diagnostic Ports:
•Upper port 240
•At the Port Walls 20 - 40

If the port sidewall thickness is increased from 13 to 18 cm.
Local dose effect provided the intercoil structure adjacent to
the port is modified.

Appropriate shielding will be recommended for each port.
Diagnostics are still being designed.

Equatorial Ports
ICRF Ports:
•At the Closure Plate
•At the Cryostat
NBI Ports:
•TF Coil Break Box
•At the Cryostat
ECH Ports:

Remote Handling Ports.
•Upper Port Wall Surface
•Outer Port Plug Surface
•Cryostat/Bio-Shield Gap
Test Blanket Ports

Diagnostic Ports:

•LIDAR System
•Integrated Diagnostic
Port {#16}
•Electron Cyclotron
Emission Port {#19)

40 - 70
~ 20

150
50-180

60

~ 180
30 - 40
20 - 40
- 1 0 0

NBI port wall thickness must be ~60 cm thick.
Port wall thickness and composition was modified based on
results given in. Ref. 3, Sec.7.2.2
Modified dogleg wave-guides and intermediate plug are
proposed.

The steel frame is sufficient to reduce the dose rate at the
cryostat to -100 uSv/h. Inclusion of test blanket modules
assures dose rate will be acceptable.
Appropriate shielding must be developed for each diagnostic
port.

< 50

<50

< 50
Divertor Ports

Pumping Ports: 20 - 30
Remote Handling Ports:
•At Cryostat 40 - 50
•At Suppression Tank 50
Pipe

Additional shielding around the regeneration pump

Modified port shielding structures added. See Ref. 3.
Resize suppression pipe thickness and length.

These values will be achieved if the design actions recommended from a neutronics point-of-view are
implemented. The dose rates are generally low enough (<50-200 |iSv/h) to allow controlled access for
repair work activities.

Detailed 3-D Monte Carlo calculations were performed to determine the shielding for the virtually
,,open" NBI ports using a 90° calculational model. Calculations showed that a wall thickness of 60 cm
is needed to reduce the dose rate at the cryostat surface to levels between 50 and 180 fiSv/h. However,
in the space between the vacuum vessel and toroidal field coils, the NBI shield is thinner to avoid
interference with the toroidal field coils. This leads to higher dose rates at nearby break boxes and at the
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cryostat. The divertor remote-handling port model did not initially include divertor diagnostics
equipment with slots in the diagnostic cassettes and viewing system channels. Consequently, dose rates
were too high and required insertion of shield plates in the duct and improved shielding around the
suppression tank pipe.
4. Summary

Comprehensive neutron and photon calculation were performed using state-of-the-art radiation transport
codes and cross-section data to assess the shielding performance of the reactor and structural assemblies
to identify adverse radiation conditions and nuclear responses inside and outside cryostat. Analyses
focused on global and local shield optimization/disposition, neutron streaming through major
penetrations, operational neutron and gamma-flux distributions and energy release in reactor
components, and radiation conditions in plasma heating and diagnostic systems. Detailed three-
dimensional calculations were carried out to estimate radiation environments in and around the divertor
including nuclear responses in the divertor itself. Estimates of the neutron and gamma ray flux, power
and dose distributions were provided to designers to optimize shielding and reduce helium-production
and radiation damage in stainless steel. Gas production at locations where rewelding is required for a
fluence of 1 MWa/m2 is generally acceptable (<1 appm) at most locations but marginal (~3 appm)
where radiation streaming effects dominate. The main neutronics responses are given in Table 3.

Table 3 Calculated Nuclear Responses
Total Power -2100 MW
Nuclear Power -1800MW
Average DT-neutron Wall Loading _ j MW/m^
TFC Nuclear Heating -7 .3 kW
Dose Rate at the Cryostat 14 days after shut down at end the of the BPP -100 - 200 uSv/h

The estimated total nuclear heating in the toroidal field coils and intercoil structure is -7.3 kW, a factor
of two lower than the GDRD value which gives a reasonable safety margin. The dose rates at two weeks
after shutdown allow controlled personnel access at locations where hands-on maintenance is required.
Some port configurations, particularly those being used for diagnostics may, however, require additional
study. Steel:water ratios in the vacuum vessel and port walls were assessed for cost and shielding
efficiency. With the exception of the NBI and some diagnostic ports, port shielding is adequate for
reducing the nuclear heating in the superconducting coils and, simultaneously, reducing the dose rates at
the cryostat to levels that permit personnel access.

Material optimization studies showed that stainless steel with high boron content (2 wt% in non-
structural shielding elements) reduces the nuclear heating in the toroidal magnets by as much as a factor
of two. Co, B, and Nb levels in stainless steel were recommended for reducing He production and long
term activity. Borating the biological shield concrete (~ 0.1 g/cm B) reduces the dose rates outside the
cryostat by factors of 2-3 which is important for maintenance considerations.

Radiation transport methods, nuclear data and calculational models combined with 14.1-MeV
benchmark measurements and supporting analyses established the reliability of design calculations.
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Abstract

The combined use of beryllium as plasma facing material and water as coolant in ITER (International
Thermonuclear Experimental Reactor) poses the potential risk of significant hydrogen production under accident
conditions. In this paper we describe on-going R&D at several different institutions worldwide to understand the
beryllium/steam and beryllium/air interactions for the ITER design. Our understanding of beryllium chemical
reactivity has progressed significantly during the ITER EDA (Engineering Design Activity), allowing us to
more accurately assess ITER postulated accidents. We include a brief description of how these data were used in
our modeling activities for the safety analysis of ITER.

1. INTRODUCTION

The combined use of beryllium as plasma facing material and water as coolant in ITER
poses the potential risk of significant hydrogen production under accident conditions. Beryllium
reacts exothermically with both air and steam.

Relevant short time-scale events are in-vessel Loss of Flow Accidents or ex-vessel Loss of
Coolant Accidents (LOCA) with ongoing plasma burn where the reduced cooling can hinder
thermal relaxation of the overheated PFC (plasma facing component). (An in-vessel LOCA will
stop the plasma burn immediately, precluding high temperatures and significant hydrogen
production.) If the fusion power shutdown system fails, impurity influx from the hot FW (first
wall) will eventually cause passive plasma shutdown once the FW reaches about 1150°C [1].
Hydrogen production during these types of scenarios can be several kg.

For longer-term accidents, the concern is the ability of the ITER design to remove the
decay heat in the FW/shield and still remain below the 450-500°C temperature limit [2]. This
limit is based on data from chemical reactivity experiments, and is the temperature above which
hydrogen production can be important in longer (weeks) accidents. These types of events are
analyzed to show the ultimate safety margins of ITER [3]. On-going chemical reactivity
experiments enable us to assess this temperature limit, ensure that it is appropriate, and reduce
hydrogen risk to tolerable levels.

The beryllium reaction rate with air or steam is a strong function of temperature and the
physical form and microstructure of the beryllium. On-going ITER safety R&D is being performed
at several different institutions worldwide to understand the beryllium/steam and beryllium/air
interactions for the ITER design. These data are used in modeling accident sequences to determine
the magnitude of the chemical reactivity problems for the ITER design.

Work partially supported by US Department of Energy, Idaho Operations Office, unc
DE-AC07-94ID13223.
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In this paper we describe chemical reactivity R&D performed under the auspices of ITER in
the United States (Section 2), Russia (Section 3), and Kazakstan (Section 4), and briefly describe
the modeling work that makes use of the data from these activities (Section 5).

2. CHEMICAL REACTIVITY R&D IN THE UNITED STATES

In the Steam Reactivity Measurement System (SRMS) [4], developed during the EDA at the
INEEL, various forms of beryllium have been tested, including fully dense (irradiated and non-
irradiated), plasma-sprayed, and porous [see, for example, 5,6]. In each test series, hydrogen
production was measured by weight gain as well as with a mass spectrometer to provide time
dependent kinetic information about the reaction rate and to increase confidence in the data. In
experimental design, emphasis was placed on increasing detection sensitivity so that chemical
reactivity could be measured at temperatures as low as 350°C.

In addition, the INEEL measured the effective surface area of various forms of beryllium
using BET, a gas adsorption method, providing unique insights into the effect of surface area on
the chemical reactivity of the beryllium [7], Differences in the chemical reactivity between the
various types of beryllium can be explained by the surface area available to react with the steam.
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FIG 1. Chemical reactivity of various forms of Be plotted with respect to geometric surface area
(left) and BET surface area (right). Methods to determine hydrogen produced were gas collection
(GV), weight gain (WG), mass spectrometer (GMS, Gl, G2). Forms of beryllium shown are porous
- 88% dense (P), plasma-sprayed (PS, PSA, PSB), fully-dense discs (D), fully-dense cylinders (C),
and irradiated fully dense (I, IRA).

Specimens with significant surface-connected porosity provide more surface area for
reaction with steam. Figure 1 shows that there is less spread in the chemical reactivity data of
beryllium for a number of different forms when plotted with respect to BET surface area rather
than with respect to the geometrical surface area of the specimen. Data from fully-dense (both
irradiated an non-irradiated), plasma sprayed, and porous beryllium are included on this graph.
When data are plotted with respect to geometric surface area, there is significantly more spread in
the data as evidenced by Fig. 1.
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3. CHEMICAL REACTIVITY R&D IN RUSSIA

Chemical reactivity tests at VNIINM focussed on beryllium interaction with air [8], and
included some experiments in steam. Reaction rates are calculated from weight gain
measurements. Fully-dense, cm-size samples were tested in air over the temperature range
800-1100°C, under steady-state conditions as well as with thermal cycling. At 800°C, the
chemical interaction of the fully dense beryllium was not significant, however at 900°C, the
interaction was much stronger. Thermal cycling of the beryllium samples resulted in enhanced
interaction with air, probably due to cracking in the oxide film during thermal cycling allowing the
air access to unreacted metal.

Beryllium powders ranging in size from 20-30 (tun were exposed to air at temperatures of
500-1000°C for 5 hours [8] to simulate the chemical reaction of tokamak dust. The depth of the
beryllium powder was also varied. The fraction of beryllium that reacted was larger for smaller
diameter powders due to the increased surface area. Additionally the fraction reacted decreased
with increasing powder depth, probably due to reduced steam access as the powder depth increased.
This was supported by a change in the oxide layer through the thickness; the oxide was less
permeable as depth increased. At 900°C, the reaction rate showed little dependence on the initial
powder size, and a weak dependence on the thickness of the fill layer. At this temperature,
94-97% of the powder reacted according to weight gain measurements. Some initial oxidation of
the beryllium was probably present, which could account for this estimate indicating less than
100% reaction.

4. CHEMICAL REACTIVITY R&D IN KAZAKSTAN

At the IAE NNC RK, a facility was constructed to measure the chemical reactivity of heated
specimens consisting of a layer of beryllium, copper, and steel (fabricated at Ulba Metallurgical
Plant, Ust Kamenogorsk, Kazakstan) to simulate the ITER first wall/blanket/shield structure. The
beryllium emissivity, needed for modeling accidents, is measured in this facility as a function of
surface temperature and degree of oxidation as well as the chemical reactivity of the beryllium
[9]. Test plans include both fully dense and porous (86.5% theoretical density) beryllium. These
tasks are important to validating codes used in ITER safety analyses.

Figure 2 shows measured emissivity as a function of temperature after oxidation for two
different samples (both fully dense, heated to about 700°C and exposed to steam; the inner wall
temperature of the vacuum chamber was about 190°C to preclude oxidation of the wall material)
as well as the curve fit to the data. After oxidation, the samples were placed in the vacuum
chamber under less than 1 torr pressure. The temperature was increased step-wise, and the
emissivity measured as the sample was held steady at various temperatures. Additional emissivity
tests are planned, as well as tests to measure chemical reactivity as a function of various
temperature gradients through the structure to simulate thermal conditions in the ITER blanket
under accident conditions.

5. MODELING EFFORTS

Sophisticated thermal hydraulic computer codes (e.g., MELCOR, INTRA, and CHEMCON)
are used to predict the thermal response of the ITER first wall under accident conditions . The
codes use the reaction rates determined from the R&D described in this paper and apply
appropriate safety factors to account for experimental uncertainties and lack of a complete
database. These codes determine the ability of the ITER design to remove the chemical energy
generated by the Be-steam or Be-air reactions by convection, conduction and radiation to cooler
parts of the machine .These analytic tools have been used to optimize the design from a chemical
energy removal standpoint and thus prevent Be-steam and Be-air interactions from posing a
serious safety risk in ITER. Future efforts will focus on verification and validation of the models
in these computer codes using the results of the experiments being performed at KNNC as part of
the overall regulatory approval process.
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FIG 2. Emissivity of dense beryllium as a function of temperature following oxidation in steam.

6. CONCLUSIONS

A coordinated, international program, including experiments in the United States, Russia,
and Kazakstan, is providing necessary data for assessing the impact of beryllium chemical
reactivity on the safety of ITER. Additional experiments are planned to add to the database,
including experiments to provide verification and validation of models used in thermal hydraulic
computer codes.
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Abstract

The International Thermonuclear Experimental Reactor (TTER) Engineering Design Activity (EDA)
includes the development of high performance superconductors, high current joints between superconducting
cables and insulating materials. Also in the EDA, the resulting products of this R&D are incorporated in a
Central Solenoid Model Coil which utilizes full size conductors. The manufacturing of the model coil and
components has led to the development of the design, materials, tooling and process which are fully applicable to
the manufacture of the ITER relevant CS coil. The R&D is essentially complete and final stages of the CS
Model Coil manufacturing are underway.

1. INTRODUCTION

The extensive program of superconducting magnet development undertaken during the
ITER Engineering Design Activity (EDA) includes the design, fabrication and testing of a Central
Solenoid Model Coil (CSMC) with 3 exchangeable insert coils and superconductor development
for the ITER coils. The model coil program will confirm the design criteria and performance of
the ITER conductor, develop and verify manufacturing tooling and processes, and verify material
performance following fabrication processes. The CSMC [1-3] is being constructed using full size
ITER CS conductors (2 grades) and consists of an inner module of 10 layers (total 328 turns)
and an outer module of 8 layers (total 272 turns). The coil which has an inner diameter of 1.58 m,
an outer diameter of 1.78 m and a height of 2.78 m including two, 0.5 m high lead regions, stores
an energy of over 600 MJ. The model coil will be supported by a 70 tonne stainless steel structure
which will provide gravity support and also provide preloads necessary for the operation. The coil
peak field will be 13 Tesla at the operating current of 46 kA and the coil will be tested at a
nominal field change rate of 1.2 T/s. The two modules and the insert coils will be connected to
each other and to the power supply using superconducting busbars. The inner module, the
support structure and the busbars are being fabricated by the United States Home Team (USHT)
while the outer module and the test facility are being fabricated by the Japanese Home Team
(JAHT). The CS insert coil and a niobium-aluminum insert coil are being fabricated by the JAHT
while the RFHT is fabricating the TF insert coil. The installation of the model coil and the insert
coils in the test facility at Japan Atomic Energy Research Institute (JAERI) in Naka will be led by
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the JAHT. The Joint Central Team (JCT) provides the coordination of the program and activities
and provides support for technical evaluation and design of interfaces.
2. SUPERCONDUCTOR FABRICATION

The conductor (two grades are used in the model coil) is a round cable of about 1100
superconducting strands within a heavy-walled Incoloy 908 jacket with a square outer section
(about 5 cm x 5 cm) [4]. About 25 tonnes of Nb3Sn strand (approx. 0.8 mm diameter) for the
CSMC program has been manufactured by 6 companies in the 4 Home Teams and cabled (about
1100 strands per cable) by 4 companies. About 6000 m of heavy walled, square Incoloy 908
jacket material from the USHT, as well as cabled superconductor from the European Union
(EUHT), JAHT and USHT were supplied to the EUHT for jacketing. The jacket was delivered in
lengths of 8 - 10 m, then butt welded to obtain the required lengths of up to 220 m. The finished
cable was then pulled into the jacket which was compacted around the cable to control the He void
fraction. All of the cables for the 18 layers of the CSMC have been jacketed by the EUHT and
supplied to the JAHT and USHT. In addition, the superconductors for the insert coils have also
been fabricated. The production issues and quality issues for the jacket fabrication were identified
and resolved and lessons have been learned for the production requirements and in-process
Quality Assurance (QA). The development of jacket welds has led to a detailed understanding of
the welding process and material requirements. The superconductor fabrication has demonstrated
long length production capability for the ITER coils and the quality of conductor produced for
the CSMC has proven to be adequate for the fabrication of the CSMC.

The SAGBO (Stress Assisted Grain Boundary Oxidation) sensitivity of the Incoloy 908
jacket material to the heat treatment environment has been quantitatively understood with an
extensive program of SAGBO studies [5] in the JAHT and USHT. The requirements for SAGBO-
free heat treatment can be and have been achieved reliably. The jacket material characterization
program has resulted in a wealth of data on the strength and toughness of the Incoloy 908
material before and after heat treatment. Additional extensive R&D studies have also been carried
out on the weld metal characteristics before and after heat treatment.

3. JOINTS

The outer module has butt joints [3,6] between the layers and lap joints are to be made
between the busbars and the terminals. A butt joint prototype [Fig. 2] with a U-shaped cable
showed a satisfactory DC resistance of 3.8 nano ohms and an AC loss time constant of only 70
ms. The lap joint has shown lower resistance of 2.7 nano ohms, but has a higher although
adequate time constant of 500 ms. The inner module uses lap joints between layers and to the
terminals. A preprototype joint and a prototype joint [7] have been tested. The prototype joint
which is essentially of the same design as the inner module has a low DC resistance of 2.1 nano
ohms and an adequate time constant of about 400 ms. The intensive development of high current
joints between superconductors has resulted in highly satisfactory design options for joints for
ITER.

4. CS MODEL COIL FABRICATION

The conductor for the ITER CS is layer wound, four-in-hand, to limit the maximum cooling
path length to about 1000 m. Both the inner and outer modules for the CSMC are layer wound
(two-in-hand), leads formed and terminations for the joints are added and the layer is heat treated.
For the inner module, thick sections of tension plates and shear plates of Incoloy 908, which
provide support against lead forces, are welded to the leads prior to heat treatment, while only tabs
are welded on the leads in the outer modules and additional sections are added afterwards to link
the leads. The conductor has been wrapped with 1.5 mm thickness glass-Kapton-epoxy sheet for
turn insulation. Between the layers a 4 mm thick space has been provided including 2 mm
thickness layer insulation. The layers are assembled with buffer zone segments, provided at the top
and bottom of the winding in order to support the leads. Tension links have been provided
between the conductors joined to withstand hoop forces generated during coil operation. The
layers are epoxy impregnated by the Vacuum-Pressure-Impregnation (VPI) process. The outer
module joints are assembled prior to impregnation while the inner module joints are assembled
after the VPI. (See also ref. 1 for fabrication and process details).
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4.1 Winding, lead forming and termination

The winding of two different sizes of conductors and corkscrewing of the wound coil to
form two-in-hand layers of the inner module was achieved reliably with a short cycle time. While,
the variation in radius after winding was large (up to 25 mm) for the inner module, the average
radius was well controlled to the specification required for the assembly process. For the outer
module, much closer variation (~5 mm in radius) was required and achieved.

After much development work, the lead forming and tension plate welding processes were
finalized and a well controlled process was obtained. The tension and shear plate welds on the
inner module required a high degree of QA and the process was improved to eliminate weld
defects. Similar experience was also gained on the outer module.

The main effort on the inner module termination development was related to brazed and
welded joints between Glidcop, Monel and Incoloy components. An extensive development was
carried out for adding a low resistance / low loss interface between the conductor cable and the U-
shaped cable of the butt joint. All the materials and joints for these terminations and joints have
been qualified for the requirements to operate the modules in the JAERI facility. All the leads and
terminations were completed with correct geometry.

4.2 Heat Treatment

The most sensitive part of the fabrication is the heat treatment of the layer wound coils.
Since the residual stresses in the Incoloy 908 jackets are high and the heat treatment temperature
is in the SAGBO regime, the environment of the furnace and the cable space was controlled. The
turns and lead supports were shot peened to place the Incoloy surface in compressive stress. The
heat treatment of the inner module layers was carried out in vacuum and the cable space was
intensively purged to remove all contamination including any oil. For the outer module layers, the
elimination and pump out of the contaminants was done up to the temperature of 520 C in
vacuum and the heat treatment at higher temperatures was carried out in high purity argon.
Witness samples of strands and conductors were added to the coils and tested. For both modules,
the oxygen content was less than 0.1 ppm and the water vapor content was below 5 ppm during
the heat treatment. All the 18 layers were successfully heat treated and the co-heat treated strand
samples have been tested and show good performance. The JAHT has carried out tests on co-heat
treated full size samples and these also show adequate performance.

4.3 Turn Insulation

The insulating process is carried out with the coil horizontally for the inner module and
vertically for the outer module. In both cases, turn insulation, consisting of prepreg glass/Kapton
tapes, is applied and cured on each layer before the layer is assembled on the coil. While the
insulation on the main turns was done with an automatic process [2], the tension link and lead
areas were insulated by lay ups and a convection furnace for curing.

FIG. 1. Layer on layer assembly FIG. 2. Butt joint of the FIG. 3. A mould for VPI is being
of the inner module outer module installed on the outer module
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4.4 Coil assembly

The assembly of each of the modules is carried out by placing the innermost layer over a
mandrel and a bottom plate and then assembling the outer layers one over the other. The
assembly tool is rotated while the turns are compressed. In each case the buffer zone pieces and
layer insulation are added and welding of tension links is carried out at the appropriate steps. For
the inner module, the assembly (Fig. 1) is carried out starting from a slightly larger coil and then
compressing it by pushing on the turns. The correct radius and azimuthal location of the coil
leads is obtained simultaneously. The combination of turning the coil and pushing of the turns
was optimized to minimize the damage to the dry glass wrap. For the outer module, since the
layers are wound in a slightly smaller diameters than the final, each layer is expanded a little and
lowered over the inner layer and pushed to get the final geometry. All the layer assemblies in both
modules have been completed and the lead locations have been obtained to an accuracy of ±1 mm
and the inner module inner and outer radius which are constrained is also within ±1 mm.

4.5 Vacuum Pressure Impregnation (VPI)

Each of the modules is impregnated with epoxy and cured at a temperature of about 120 C.
For the outer module, the coil is baked out in vacuum of around 1 Torr at 120 C, cooled down to
50 C. The epoxy is mixed with the hardener as a batch in a mixing tank and injected from a
height at a temperature of 50 C while both the tank and the coil are in vacuum. The coil and the
epoxy are raised to the curing temperature of 120 C and a pressure of 6 atm and cured. The
impregnation has been completed for the outer module successfully.

For the inner module, preparations for the impregnation are under way and two VPI trials
have been conducted. The selected process uses an in-line mixer for the epoxy and hardener while
being injected. The bake out is to occur at 90 C in vacuum. The epoxy is injected at 50 C and
then gelled at a temperature of 90 C. The pressure is then to be raised to 2 atm and the epoxy is
cured at 120 C.

5. CONCLUSIONS

The fabrication of the CS Model Coil is nearing completion. The fabrication of the 8 layer
outer module is essentially complete, while the inner module is being prepared for vacuum epoxy
impregnation after which the interlayer joints will be made to complete fabrication. It will then be
shipped to the JAERI facility. All the heavy and complex structural parts have been fabricated. All
the busbars except for one and all the helium plumbing are complete. All these components will
be assembled and testing is expected to begin in the summer of 1999. The R&D effort has led to
the full development of the process of fabricating the high performance ITER superconducting
strands, jacket materials and conductors, high current joints with stringent DC and AC
performance requirements, insulating materials for coil turns, layers and leads and process of
insulating. The process of fabricating a CS coil with the heavy walled conductors to precise
geometry with strict limits on conductor strain during fabrication, heat treatment of the conductors
while eliminating any SAGBO risk in Incoloy jackets and finally the assembly process of the layer
and VPI process have been fully developed.
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Abstract

The TF coils for ITER will use the concept of a circular thin walled Nb3Sn cable in conduit
superconductor completely enclosed in an insulated groove in steel plates to foim the coil pancakes. These are
then stacked together to form the winding pack and supported by a AISI316LN stainless steel case.

The concept is being demonstrated by the fabrication of a racetrack shaped model coil (TFMC) which is
designed to operate mecanically, electrically and hydraulically in conditions representative for the ITER TF
coils. For this purpose the TFMC will be assembled in the TOSKA facility at FZK Karlsruhe, together with the
EURATOM LCT coil which provides an external field. The objectives of the TFMC are as follows:

• to develop and verify the foil scale TF coil manufacturing techniques;
• to establish realistic manufacturing tolerances;
• to bench-mark methods for the ITER TF coil acceptance;
• to gain information on the coil's behaviour, operating margins and in-service monitoring techniques.

The TFMC is actually in an advanced state of manufacture. Thus a large part of the first three objectives is
reached. The TFMC will be delivered to FZK in summer 1999 to be prepared there for testing in TOSKA.

Connected wit the ITER TFMC two other progammes are running in parallel, namely:
• a joint development programme which foresees the production and test of three full size joint samples;
• the fabrication of full size sections of the ITER TF coil case and radial plate.

1. DESIGN DESCRIPTION

The design of the ITER Toroidal Field Model Coil (TFMC) [1,2] follows the design of the
full size ITER TF coils [3, 4]. The coil parameters are reported in Table I and the coil layout is
shown in Fig. 1. The conductor used corresponds to the one developed for ITER. The conductor
is reacted after winding to form the M>3Sn compound in a mould at 650°C for about 200 hours,
then insulated with a glass/Kapton tape interleaved and transferred to the radial plates. The shape
of the radial plate is a racetrack having different radii of curvature. The grooves of the radial
plate are closed with a cover laser welded to the plate. After glass-Kapton insulation is applied the
double pancake (DP) modules are vacuum impregnated. The 5 DP's forming the winding pack are
assembled together, then the ground insulation is applied and the winding pack is vacuum
impregnated. To be able to connect the pancakes the conductor ends are provided with
terminations according a technique developed at CEA Cadarache [5]. The terminations of the two
pancakes forming a DP module are joined at the inner circumference by soldering and clamping
them together. The inter-DP joints are located at the outer circumference. They are made by
electron beam welding copper pins between the two terminations. The winding pack is inserted in
the case, the space in between filled with graded silica grains and finally epoxy resin impregnated.

TABLE I. Coil Parameters ITERTF TFMC
Conductor diameter Trnml
Conductor insulation thickness [mm!
Ground insulation thickness fmml
Number of double pancake modules
Total number of turns
Winding min/max radius Fmml
Case thickness Fmrnl
Overall dimensions fm]
Weight per coil [tl

45.7
2.5
O
O

7
192
2705/9600
75-240
18.7x12x1.4
695

40.7
2.5
o
5

5
98
600/1161
70 - 80
3.8x2.7x0.77
40



1042 ITERP1/23

An inter-coil structure (ICS) allows the assembly of the TFMC and the LCT with an angle to
have in addition to the attracting forces between the coils also a pressure on the front part of the
coil (Fig.2). The TFMC is supported on the ICS by four wedges to simulate, during testing,
mechanical stresses similar to the one experienced by the ITER TF coils during operation. The
TFMC case and the ICS are provided with cooling channels. A large number of sensors will be
mounted as co-wound voltage taps, strain gauges, temperature and displacement sensors etc., to
be able to operate the coil safely and to monitor the behaviour of the assembly during testing.

Coil Case Winding Pack

j
JyJ •

\ -

Cross Section

FIG. 1. Layout of the ITER TFMC. FIG. 2. TFMC and LCT in the TOSKA facility.

FIG. 3. Ic(B) curves, operating lines and stability limits of the TFMC. The two stability limit
curves correspond to the well-ill cooled stability transition taking the copper strands into account
or not.



1043 ITERP1/23

2. THE CONDUCTOR PERFORMANCE

ITERTF
60
11.5
12.5
5000/coil
-130
30
527
750

TFMC
80
7.8
7.78
79.4
-
-
-
622

TFMC+LCT
70 (16)
6.7 (9.401
8.77
339
-180
50
470
614

The conductor [6, 7] used for the ITER TFMC consists of 720 "internal tin" Nb3Sn -strands
mixed with 360 pure copper strands in the 1st stage triplett cables. The conductor is a multistage
cable in conduit with a central spiral. The jacket used for the TFMC is a SS 316LN seamless tube,
while in the ITER reference design Incoloy 908 is foreseen.

The conductor shall carry 70 kA at 8.77 T at nominal operation together with the LCT as
shown in Fig. 3. In this condition the Lorentz force on the conductor reaches 616 kN/m, which is
82 % of the Lorentz force acting in the ITER TF coils; during the test phase it will be decided if
the TFMC can be energised up to 80 kA in order to reach 100 % of the ITER TF Lorentz force.

3. ANALYSIS

The magnetic field and the magnetic forces have been computed independently with two
different computer programmes with quite good agreement. The results are shown in Table II. By
energising the TFMC with 80 kA the field reaches 7.78T and could reach 9.73 T with the LCT
background field.

TABLE II. Operating data
Ooeratine current (LCT) TkAl
Ampere turns (LCT) [MAI
Bmax in ITER TF / TFMC |T1
Stored energy TFMC + LCT [MJ1
Max. Compressive load on insulation [MPal
Max. shear stress between DP modules [MPal
Max. Tresca stress in SS case [MPal
Max. Lorentz force on conductor fkN/m]

The mechanical analysis of the TFMC has been performed in a first step with a simplified
model in order to understand the basic behaviour of the coil under the electromagnetic loads [8].
The final stress analysis has been carried out by the AGAN consortium with a more detailed mesh
(Fig. 4), in particular in the joints area. The TFMC is modelled by parabolic 27-node solid
elements and the intercoil structure by shell elements. The compressive loads on the coil
insulation have their maximum of-180 MPa at the location of the four wedges. The analysis
confirms that the mechanical loads on the TFMC are representative for ITER as shown in
Table 2. In case an extended performance at 80 kA could be reached at the end of the test period
the ITER design loads would even be exceeded.

4. MANUFACTURE

All the superconductor for the TFMC has been manufacured sucessfully by Europa Metalli.
The TFMC itself is manufactured by the European consortium AGAN consisting of the
companies Ansaldo (Italy), Alstom (France), Preussag Noell and Accel (both Germany). The
double pancake (DP) module manufacture at Ansaldo is in an advanced state with one of
5 modules being completed and tested and the others near completion. The sequence of
operations is outlined in section 1 and is descibed in detail in [9]. Figure 5 shows two pancakes just
before the reaction heat treatment. The completed DP modules are being shiped to Alstom where
they will be stacked, insulated, electrically connected by electron beam welding, impregnated and
finally potted into the case made of SS 316LN. After mounting all manifolds and instrumentation
and the assembly with the bus bars the coil will be transported to FZK, Karlsruhe in summer 1999.
At that time the ICS manufacured at Noell will also be ready for the assembly of the
TFMC/ICS/LCT test rig.

In order to demonstrate the feasibility of the thick walled ITER TF case some full size
models are in fabrication by forging, casting, machining and welding 316LN full austenitic
material. One will be a forged hollow bent square section of 40 tons with 200 mm thickness.
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F/G. 4. The TFMC/ICS/LCT mesh is
deformed under the magnetic loads

5. TEST OF THE TFMC

FIG. 5. Two pancakes in the moulds and one full size joint
sample in front of the reaction oven at Ansaldo.

The upgrading of the TOSKA facility for the testing of the TFMC will be completed till the
arrival of the TFMC at FZK [10]. The test of the coil in the TOSKA facility is specified in details
in the test program. The test program contains the procedure to measure the properties of the
coil, namely the electromagnetic, thermohydraulical, mechanical and dielectric insulation
properties. The high voltage testing is an important part to gain experience for the ITER full-
scale testing and reliable operation. The performance of the test program requires a cryogenic and
electrical supply system designed for the operation parameter and the control of fault conditions
without damage for the coil and facility. At the beginning the TFMC shall be tested alone than
together with the LCT at nominal current and, if possible, energised up to 80 kA at the end.

CONCLUSIONS

The manufacture of the TFMC is in an advanced state and the coil shall be delivered to FZK
in summer 1999. Most of the technical problems are solved or already tested in mock-ups The
preparation of the TOSKA test facility and the test program is going on at FZK, Karlsruhe
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Abstract

The full-scale Sector Model Project, which was initiated in 1995 as one of the Laige Seven ITER
R&D Projects, completed all R&D activities planned in the ITER-EDAperiod with the joint effort of the
ITER Joint Central Team (JCT), the Japanese, the Russian Federation (RF) and the United States (US)
Home Teams. The fabrication of a full-scale 18 toroidal sector, which is composed of two 9 sectors
spliced at the port center, was successfully completed in September 1997 with the dimensional accuracy
of - 3 mm for the total height and total width. Both sectors were shipped to the test site in JAERI and the
integration test was begun in October 1997. The integration test involves the adjustment of field joints,
automatic Narrow Gap Tungsten Inert Gas (NG-TIG) welding of field joints with splice plates, and
inspection of the joint by ultrasonic testing (UT), which are required for the initial assembly of ITER
vacuum vessel. This first demonstration of field joint welding and performance test on the mechanical
characteristics were completed in May 1998 and the all results obtained have satisfied the ITER design.
In addition to these tests, the integration with the mid plane port extension fabricated by the Russian
Home Team, and the cutting and re-welding test of field joints by using full-remotized welding and
cutting system developed by the US Home Team, are planned as post EDA activities.

1. INTRODUCTION

The ITER vacuum vessel is designed to be a water cooled, double-walled structure made of 316L+N
stainless steel with a D-shaped cross section approximately 9 m in radial width and 15 m in vertical
height [1]. Since the vessel forms the first radioactivity confinement barrier for the reactoi; the vacuum
vessel must be designed to withstand electromagnetic loads during plasma disruptions and vertical dis-
placement events (VDE) and to withstand off-normal events without losing confinement. The vacuum
vessel is toroidally divided into 20 sectors which are joined by field welding at the central plane of the
ports during initial assembly. According to this requirement, the fabrication tolerances for the whole
vessel including field assembly are specified to be - 20 mm for the total height and total width, and - 5
mm for the sector wall thickness. Due to its large scale and tight manufacturing tolerances, the fabrica-
tion and testing of a prototype vacuum vessel were essential to assure the structural integrity of the ITER
vacuum vessel. To meet this requirement, a full-scale development program [2] was initiated in 1995.
Two major technical objectives of the project are 1) to develop and demonstrate the fabrication technolo-
gies of double-walled ITER vacuum vessel, and 2) to perform the demonstration test of field joint weld-
ing between sectors which is required in the initial assembly. In order to achieve these objectives, the
project was conducted with the joint effort of the ITER JCT, the Japanese, the RF and the US Home
Teams. The two main parts of the project are the fabrication and testing of the full-scale sector model
performed by the Japanese Home Team and the full-scale mid plane port extension being done by the RF

1 Japanese Home Team, Japan Atomic Energy Research Institute (JAERI), Japan
2 ITER Joint Central Team (JCT), Garching Joint Work Site, Garching, Germany
3 US Home Team, Oak Ridge National Laboratory/Boeing Roketdyne Propulsion and Power,

USA
4 RF Home Team, Efremov Institute, St. Petersburg, Russian Federation
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Home Team and they are integrated into a demonstration test at Japan Atomic Energy Research Institute
(JAERI). In parallel with these activities, the R&Ds required for the development of the remotized
welding and cutting tools for sector-to-sector connection were conducted by the US Home Team as
related R&D tasks. This paper describes the major achievements of the Full-scale Sector Model Project
obtained in the ITER-EDA period.

2. FABRICATION OF A FULL-SCALE SECTOR MODEL

Following the completion of the model design, the fabrication of the full-scale sector model began

in December 1995. The full-scale sector model corresponds to an 18 toroidal sector is composed of two

9 sectors, Sector-A and B, which are spliced and welded at the port center according to the current ITER

design. In order to satisfy tight manufacturing tolerances and structural integrity, a combination of TIG

/EB (electron beam) welding and TIG/MAG (metal active gas) welding has been adopted for Sector-A

and B, respectively. As shown in Fig. 1 and Fig. 2, both Sectors A and B were completed in September

1997 on schedule and structural integrity was tested by pressure and vacuum leak testing. Although the

different fabrication procedures and welding techniques were employed for the fabrication, the final

dimensions of both sectors at field joint edge have successfully satisfied the dimensional accuracy of- 3

mm to the total height, total width and total wall thickness. As the result of fabrication, the essential

technologies and procedures required for the fabrication of ITER vacuum vessel have been successfully

developed and demonstrated.

/ î 'ew o/f/ie ITER full-scale vacuum
vessel sector A

FIG. 2 View of the ITER full-scale vacuum
vessel sector B
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3. INTEGRATION TEST OF SECTORS A AND B

Both sectors were shipped to the test site in JAERI for the final assembly and integration test
began in October 1997. This final assembly involves the field joint welding of two 9 sectors that
simulating the initial assembly of ITER vacuum vessel in cryostat, and the measurement of mechanical
behavior after the completion of assembly. The most important test performed in the test site was the first
demonstration of the automatic NG -TIG welding of field joints with splice plates and non-destructive
inspection of the joint by penetrant testing (PT) and UT method. Fig. 3 shows the automatic NG-TIG
welding system used for the field joint welding between outer shells. For the assembly of SectorA and B,
two types of automatic NG-TIG welding system, which have an average deposition rate of more than 30
g/min. in all welding positions, were developed and employed for the field joint welding. The butt weld
joint and splice plate joint were adopted for outer shell and inner shell, respectively and the narrow U-
groove with a groove angle of 8 was employed for minimizing welding distortion. The initial gap and
offset between the root faces were adjusted less than- 0.8 mm to assure the quality of weld joint. The
deformation of the D-shape was measured and minimized by the combination of symmetrical welding
sequence, block welding sequence and back step welding. Although the original work plan was ambi-
tious, the final assembly of Sector A and B was completed at the end of May 1998. No unacceptable weld
flaws were detected by PT and UT inspection. After the completion of assembly, the supporting struc-
tures were removed from the inner bore of two sectors for the measurement of final dimension and
mechanical behavior. The maximum deformation of inner bore of SectorA and B due to field joint
welding was + 3.0 mm in horizontal direction and - 1.0 mm in vertical direction. Since the deformation
due to the removal of support structures was + 2.0 mm in horizontal, and - 0.5 mm in vertical direction,
the dimensional change due to final assembly was + 5.0 mm in horizontal and - 1 . 0 mm in vertical
direction. Based on these results, it has been demonstrated that the dimensional tolerance of current
ITER design, - 20 mm in total width and total height, is feasible for the actual fabrication and assembly

4. FABRICATION OF PORT EXTENSION

The fabrication of a full-scale model of the mid plane port extension, which was contributed by

the RF Home Team, was completed in May 1998. The model is 2.2 m wide and 3.4 m tall and 1.5 m long.

i *
W i - l l l i l l L I . I I i l l '**'/ f"

•* - i\-

1 . "

FIG. 3 Automatic NG-TIG welding system for the field joint welding between outer shells
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FIG. 4 View of the full-scale mid plane port
extension shipped to Japan

FIG. 5 View of the full remote welding roL ~.
in the mock-up test

The fabrication was successfully completed with the dimensional accuracy of- 4.0 mm. The model was
shipped to Japan in July 1998 for the integration with the sector model. Fig. 4 shows the port extension as
it arrived at the Yokohama Port in August 22. The port extension was transported to the test site in JAERI
on September 8 1998.

5. DEVELOPMENT OF REMOTE CUTTING AND WELDING SYSTEM

The development of full remote welding and cutting tools, which was contributed by the US
Home Team, was completed in June 1998. The NG-TIG welding head was assembled to a 6 degree-of-
freedom robot. The view of the welding robot is shown in Fig. 5. The feasibility of the full remote
system was successfully demonstrated on a full-scale partial mock-up of the lower outboard region of the
vacuum vessel.

6. CONCLUSION

The original objectives of the Vacuum Vessel Sector Model Project in the ITER-EDA period have
been successfully achieved with the joint effort of the JCT, the Japanese, the RF and the US Home
Teams. As a result of a series of tests and analysis on component fabrication and final assembly, testing
and analyses, a sufficient technical data base on the fabrication and initial assembly technology for the
ITER vacuum vessel has been obtained and verified the feasibility of current ITER design.
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Abstract

The L-4 Blanket Project embraces the R&D of the ITER Shielding Blanket, and its main objective is the
fabrication of prototype components. This paper summarises the main conclusions from the materials R&D and
the development of technologies which were required for the prototype specifications and manufacturing. The
main results of the ongoing testing activities, and of the component manufacture are outlined. The main
objectives of the project have been achieved including improvements of the material properties and of joining
technologies, which resulted in good component quality and high performance in qualification tests.

1. INTRODUCTION

The objectives of the L-4 Blanket Project are to demonstrate i) the fabricability of the ITER
blanket components and ii) their ability to be properly assembled, iii) to verify the performance of
their key engineering features, and iv) to confirm the design choices made. The Project was initiated in
June 1995 as a collaborative effort of the ITER Joint Central Team and the Home Teams of the
European Union (EUHT), Japan (JAHT), Russian Federation (RFHT) and United States (USHT) [1].
At present the Project has resulted in the selection of the main materials and joining techniques for
ITER, improvements in their properties and their characterisation also in irradiated conditions.
Neutronic experiments have validated the codes and the libraries used for the shield design. Prototypes
or large scale mock-ups of the main components have been completed or are almost manufactured.
Assembly tests are being carried out for a preliminary demonstration of component integration.

2. STATUS OF THE SUPPORTING R&D IN THE AREAS OF MATERIALS AND NEUTRONICS

Activities on materials have essentially been focused on stainless steel (SS) and copper alloys
for First Wall (FW) and shield application. The early choice of 316 L(N) SS as the main structural
material for the ITER blanket has been confirmed, and a particular ITER Grade (IG) has been
specified. This SS grade limits the N to a narrow range (0.06 - 0.08%), obtaining high strength and a
good weldability also by electron beam (EB), and the B to 10 wppm to reduce the He production
under irradiation. Other long term activation impurities (Co, Nb) are also limited.

FIG. 1 EUHT primary FW mock-up FIG. 2 JAHT medium scale primary wall mock-up
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The material characterization was focused on the raw material and on the products obtained by
the main manufacturing technologies, Solid and Powder Hot Isostatic Pressing (HIP). Solid HIP SS
shows a slightly reduced strength, below the average and closer to the lower scatter band of wrought
SS. Grain size increases with each HIP step. The Powder HIP SS strength is closer to the average of
wrought SS, and the grain structure is fine. Irradiation tests up to -2 dpa indicate that the fracture
toughness (FT) of the powder HIP material decreases but the reduced values are still relatively high
(e.g. -250 kJ/m2 at 80 °C at HIP conditions 1125°C, 120 MPa for 10 h), elongation of TIG weldments
and their FT decrease (FT -100-150 kJ/m2 at 325 °C) whereas the yield strength increases (up to -700
MPa) compared with the irradiated base metal, and that the EB weld material has properties closer to
the base metal (FT -500 kJ/m2 325 °C). Reweldability tests of irradiated 316L(N)-IG SS have resulted
in the requirement to limit the produced He content to 1 appm.

Improvements of the dispersion strengthened copper production process have led to the
specification of CuAl-25-IG with improved ductility (>20%) and radiation resistance as the reference
FW heat sink material. The precipitation hardened CuCrZr-IG is retained as an alternative material.
CuA125-IG keeps a stable structure up to 950 °C and high strength values after irradiation at
temperature up to 300 °C, but has a low FT even in unirradiated conditions. CuCrZr alloy loses its
properties (e.g. the strength up to 80%) above -450 °C, but has a FT almost ten times higher than DS-
Cu also in the irradiated state. Additional materials selected for ITER are Beryllium S65C or
equivalent grade for the armour of the primary wall, limiter and upper baffle mainly because of its
good thermal fatigue properties, Tungsten or the W-l%La2C>3 alloy for the lower baffle armour
because of its low erosion rate, necessary in the high neutral density region near the divertor, and Ti-
6A1-4V alloy and Inconel 718 for the flexible support and bolting material. Irradiation tests for these
materials have been initiated. In conclusion the properties of all the selected materials and weldments
are acceptable and they remain satisfactory after irradiation up to 2-5 dpa. Moreover R&D tests show
that corrosion/erosion of SS and Cu-alloys is not a critical issue for ITER conditions, if the specified
water velocity and water chemistry are used (deareated, demineralised, neutral pH water with
hydrogen addition to suppress radiolysis).

Neutronic bulk shield and streaming experiments on small gaps and large penetrations have
been conducted using two 14 MeV neutron source facilities to verify the predictive capability of the
reference tools for the analysis, i.e. the MCNP-4A code and the FENDL-1 data base, and to assess the
design safety margins. Results show that the predictions underestimate the experimental results by a
maximum of 30 % at the toroidal field coils. This is covered by the design margins.

3. DEVELOPMENT OF THE BLANKET COMPONENTS

The manufacturing feasibility for the primary wall, baffle and limiter blanket modules has been
assessed in two main stages. In the first, several (>20) small and medium scale mock-ups of the first
wall part of each module type and of the shielding block have been manufactured and tested (e. g. see
Fig. 1 and 2) in order to verify the selected technologies and assess the performance.

TABLE I MAIN BLANKET JOINING TECHNOLOGIES AND L-4 MOCK-UP ACHIEVEMENTS

Be/Cu-alloy - RFHT Fast Amorphous CuInSnNi brazing of small tiles at ~800°C.
for Baffle / Limiter FW Achievements: 4500 cycles at 12 MW/m2.

, - USHT HIP of small tiles with AlBeMet interlayer at 625°C .
Requirement 3 / 8 MW/m2 Achievements: 1000 cycles at 10 MW/m2.
Beryllium/Cu-alloy - EUHT HIP of large tiles with Ti interlayer at ~800°C.
for Primary FW Achievements : 1000 cycles at -2.5 MW/m2,
Requirement 0.5 MW/m2 failure at ~5 MW/m2 in screening tests.
Cu-alloy/SS - EU, JA, RF HTs HIP (at 950-1050 °C, 100-120 MPa, 2-4h)
for all modules - Friction Welding (for tubes)
Req. Strength not worse thai Achievements : Satisfactory quality also in irradiated state
base materials 7 MW/m2 for 1500 cycles
SS/SS - EU, JA, RF HTs HIP (at 1050-1090 °C, 100-150 MPa, 2-4h)
for all modules - E.B. Welding
Req. Strength not worse thar - TIG Welding
base materials Achievements : Satisfactory quality also in irradiated state
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F/G. i EUHTpowder HIP module destructive examin. FIG. 4 JAHT blanket prototype completed

The chosen joining technologies are presented in Table I. The results of the thermo-mechanical tests
on the small scale mock-ups show the expected performance of the components:

• The primary FW structure (without armour) withstands high thermal loads (up to 7 MW/m2 for
1500 cycles). In endurance tests at 0.75 MW/m2 (1.5 x nominal) three FW mock-ups have
resisted >20,000 cycles.

• The performance of the armoured mock-ups for the primary wall, baffle and limiter modules
coincides so far with the joint performance reported in Table I.

These results show that the FW meets its main thermomechanical requirements reported in
Table I. Additional results of thermal fatigue tests will be available during the second half of 1998. In
the second stage of the blanket R&D full or near full scale prototypes have been produced, namely:

• an EUHT full scale mock-up of a shield block manufactured with the powder HIP technology
• an EUHT prototype of the double curvature top module (in progress: completion mid 1999)
• a JAHT prototype of an inboard central blanket module
• two EUHT near full scale baffle/limiter FW mock-ups (in progress: completion mid 1999)

Based on intermediate R&D results, the EUHT has chosen to use powder HIP for manufacturing
the shield block, and solid HIP for the FW and its attachment to the shield block. Powder HIP results
in adequate quality for the shield part. Solid HIP is necessary to achieve the more stringent tolerances
of the FW, but results in higher manufacturing costs because of the large machining work. For the
powder HIP technology it was decided to manufacture an intermediate full scale mock-up of the shield
to demonstrate that adequate material quality and dimensional tolerances could be achieved (Fig. 3).
This component was HIPed at ~1090 °C and 120 MPa for 4h and was completed in 1997 with
satisfactory quality (tolerances were ~±3 mm and ± 0.2 mm respectively for the radial position and
pitch of the front row channels), and manufacturing procedures have been identified by industry to
further improve the manufacturing tolerances.

The EUHT Primary Wall Module Prototype is representative of one of the most complex ITER
module (#11), it has a double curvature (poloidal and toroidal), and includes Be armour, the eight front
access penetrations and the complex back side structure to accommodate the individual elements of
the attachment system. All materials used are the reference ones. A multi-step HIP process will be
used with optimised parameters according to the different material joints. The shield block is at
present being manufactured using powder HIP. Pre-tests are currently underway to guarantee the
correct shape and tolerances. The shield block will be available by the end of 1998. In the meantime,
optimisation of the manufacturing process for joining the copper and the beryllium armour by solid
HIP and for the FW attachment is in progress, with particular attention to the problem of the double
curvature.

The JAHT prototype (Fig. 4) has the design features of the ITER module #8 except the Be
armour. It has a single (toroidal) curvature, and includes four radial front access penetrations. The
shield was made from a SS forged block, and a deep drilling technique was used to produce the
coolant channels. After machining, the block was cold bent.
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To avoid excessive channel deformations, water ice was used as a filler material. After cooling
to ~ -90 °C the shield block bending was executed at room temperature, while the ice filler was kept
frozen. The FW parts were prepared by machining the DS-Cu plates with their semicircular grooves,
the SS cover plates and the SS tubes which are inserted inside the grooves of the DS-Cu plates. The
FW parts were joined together and to the shield block with a single solid HIP process at 1050 °C, 150
MPa for 2h. The Prototype was completed on schedule. Destructive examinations have been
performed on a dummy part, cut away from the prototype; maximum deformations on the outer
diameter of coolant tube were +1.0 /-0.0mm, and no defects in the joints were detected. Pressure and
leak tests were satisfactory.

Two EUHT near full scale baffle/limiter FW mock-ups are being manufactured. One will be
equipped with Be armour, one with W and CFC. Selected FW designs are integrated in a common SS
shield block in order to be further developed and tested in prototypical mock-ups.

The RFHT is manufacturing two small-scale port limiter mock-ups with all the key features of
the limiter, essential for its technological development (Fig. 5). The mock-ups have a Be armoured
FW in copper alloy integrated with a SS shield plate. The FW has curved parts which will resemble
the limiter edge region. It has cooling channels both inside the FW and the shield plate which are
connected in series. The armour will be highly castellated (~6x6 mm) for the best thermal
performance. One step solid HIP technology is being used for manufacturing the shield plate, the FW
and its attachment to the plates. An amorphous braze alloy (Table I) is used for the Be/Cu joining.

The mechanical attachment of the blanket modules to the supporting structures in ITER
comprises bolted flexible cartridges and a centre pin, as well as hydraulic and electrical connections.
Furthermore, the individual modules are toroidally connected by big keys. Manufacturing of
prototypes of the main components and assembly tests are in progress. The RFHT has manufactured
and is going to test prototypes of the flexible cartridge (Fig. 6). The EUHT has started the
construction of an assembly test stand. The purpose of this facility is to gain practical experience with
the assembly operations and procedures, and in particular with the required tolerances and clearances.
The facility includes a full size mock-up of a module, and a part of the supporting structure. The
activity includes the manufacture and testing of prototypical bolting, cutting and welding tools.

•ELI

FIG. 5 RFHT limiter mock-up assembled FIG. 6 RFHT flexible cartridge prototypes

4. CONCLUSIONS

The L-4 Project has generated innovations and a substantial progress in the development of the
shielding blanket technology of ITER. The main objectives have been achieved. ITER materials and
joining technologies have been selected and qualified. The fabrication of the prototypes of the main
components has been or is being completed. Preliminary assembly tests are in progress. The
performance tests have already produced satisfactory results, and further tests are underway to
substantiate the choices made in the manufacturing processes. Additional activities to be completed
are the long term fatigue testing of the FW, the final demonstration of component integration, and the
manufacturing feasibility of the blanket supporting structure.
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Abstract
The divertor "Large Project" was conceived with the aim of demonstrating the feasibility of

meeting the lifetime requirements by employing the candidate armor materials of beryllium, tungsten
(W) and carbon-fiber-composite (CFC). At the start, there existed only limited experience with
constructing water-cooled high heat flux armored components for tokamaks. To this was added the
complication posed by the need to use a silver-free joining technique that avoids the transmutation of
n-irradiated silver to cadmium. The research project involving the four Home Teams (HTs) has
focused on the design, development, manufacture and testing of full-scale Plasma Facing
Components (PFCs) suitable for ITER. The task addressed all the issues facing ITER divertor design,
such as providing adequate armor erosion lifetime, meeting the required armor-heat sink joint lifetime
and heat sink fatigue life, sustaining thermal-hydraulic and electromechanical loads, and seeking to
identify the most cost-effective manufacturing options. This paper will report the results of the
divertor large project.

1. INTRODUCTION

The ITER divertor is an assembly of 60 separate modules or "cassettes". Segmentation
facilitates the rapid exchange of the divertor. A cassette is based on a stainless steel body that
performs several functions: neutron shielding, helium pumping ducts, mechanically supports and
feeds coolant to the plasma facing components (PFCs). The entire cassette assembly must be capable
of withstanding the thermal loads from the plasma and from the neutron flux, and the loads generated
by electromagnetic forces. The divertor design that meets these requirements is described in other
recent papers [1,2]. The results of the research program conducted by the four HTs (European Union
(EU), Japan (JA), Russian Federation (RF) and United States (US) to demonstrate the capability to
meet the requirements are summarized in this paper.

2. MATERIALS SELECTION

For the strike point regions of the PFCs, CFC is selected because it provides adequate erosion
lifetime and since it sublimates it is tolerant to disruptions. W is selected for the other plasma facing
surfaces where the low sputter yield of W makes it suitable in regions where erosion is dominated by
sputtering by charge exchange neutrals. 3-D CFC materials are preferred to 1-D and 2-D, because of
their more isotropic properties, higher thermal shock resistance, better neutron irradiation resistance
and their suitability to be used in a monoblock configuration. The reference grades are SEP NB31
(EU) and NIC-01 (JA). Both grades demonstrated excellent thermal performance [3]. The baseline
choice of W is powder metallurgy tungsten (pure and W-1% La2O3). Other grades (CVD-W, W-13I,
PS W and single crystal W) are back-up. The materials program has reduced the candidate Cu alloys
for the heat sink to the precipitation hardened CuCrZr and the dispersion strengthened Cu (DS-Cu)
The CuCrZr alloy composition has been optimized by narrowing the Cr content and the limitation of
oxygen and other impurities. The commercial DS-Cu of Glidcop A125® has been modified CuA125-
IG (ITER Grade), to provide a better ductility at high temperature. CuCrZr is the first choice alloy
because of its significantly higher fracture toughness and only if the mechanical strength of the
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CuCrZr manufactured component is too low, or if the operating temperature too high, is CuA125-IG
recommended.

3. SMALL-SCALE TESTS ON CFC-CU JOINTS

More than fifteen unirradiated, small-scale mock-ups have been tested by the EU and JA using
three basic geometries: flat tile, monoblock and saddleblock [3,4]. The best results were obtained
with a thin pure Cu compliant layer that mitigates the effect of the large difference in coefficient of
thermal expansion of the Cu heat sink and CFC armor. Testing of the small-scale mock-ups has
demonstrated the feasibility of both approaches to provide a silver-free joining of CFC-Cu heat sink.
However, based on all the high heat flux test results available (summarized in Figure 1), the CFC
monoblock joined to a Cu alloy tube using the EU developed Active Metal Casting technique (AMC)
and Ti brazing appears to be the most robust option [5,7,8] and has been selected as the reference. In
addition, no failures occurred in >10 small scale mock-ups n-irradiated at 350°C to 0.3 dpa and
subsequently heat flux tested in the EU at 15 MW/m2 for up to 1000 cycles [9].
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Figure 1. Results ofHHF tests of the CFC-Cu
actively cooled mock-ups.
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Figure 2. Results ofHHF tests of the W-Cu
mockups.

4. SMALL-SCALE TESTS ON W-CU JOINTS

Because of the large difference in the coefficient of thermal expansion between tungsten and
Cu, new development was required for W-Cu joints for ITER. One of the more successful approaches
from the EU is the use of a pure copper layer on a square tungsten brush-like structure [5]. A similar
approach by the RF has had success using lamellae held in a pure Cu matrix [10]. In the US, two
mock-ups with cylindrical tungsten brush armor have been built and HHF tested [11]. The JA have
built and thermal fatigue tested mock-ups with 5 mm of chemical vapor deposited W (CVD-W) on
both Cu and W-Cu (30%) substrates [12]. In the EU a 4.5mm thick layer of W plasma sprayed on a
cylinder [13]. The achievement of HTs with the W-Cu mock-ups is summarized in Figure 2. The
macrobrush has been selected as the reference tungsten armor for ITER for the upper vertical target
and dome, and future R&D will focus on reducing the manufacturing costs of the brush structure.

5. CRITICAL HEAT FLUX (CHF) TESTS ON CU MOCK-UPS

The results of an extensive campaign of testing performed by the EU, supported by the US and
JA, on unarmored Cu mock-ups employing typical ITER coolant parameters, show that for the
maximum specified heat flux, 20 MW/m2, a margin on the CHF limit of 1.4 is achievable by taking
into account the peaked heating profile (see Table 1) [14,15,16,17,18]. In fact several of the
turbulence promoters meet the requirement, however, the EU swirl tube design was adopted as the
reference as it is readily adapted to the CFC monoblock.

6. MEDIUM-SCALE MOCK-UPS

An EU 0.5 m long CFC monoblock mock-up, using AMC armor joining, survived 1000 cycles
at 20 MW/m2. A vertical target mock-up being built by the EU is based on the reference materials and
joining technologies based on the work described above, and will give input relevant to the
manufacture of the full-scale mock-ups [19]. JA HT has fabricated several mock-ups; a mock-up with
3-D CFC joined with CuMn braze, mock-ups with both CVD-W and 1-D CFC armors joined with
Ag-based braze, and 2-D CFC monoblocks bonded with Cu-Ti braze on DSCu swirl tubes. The latter
mockup was tested at 5MW/m2 for 3500 cycles and 20MW/m2 for 1000 cycles without failure.
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Table 1. CHF Limits for bare Cu heat

Geometry

Smooth Tube 10 ID (EU)
Swirl Tube 10 ID, Y=2 (EU)
Hypervapotron-4x3x3 mm (EU)
Annular 16 OD, 11 ID (EU)
Porous Coating (RF)

sinks

Uniform Flux

MW/m2

17
26
35
27
20

Peaked Flux

MW/m2

36
43

Pressure Drop
MPa/m

0.20
0.75
0.56
1.0

0.20
NOTE: Inlet conditions: 100°C subcooling, 4MPa, 10 m/s

7. FULL-SCALE MOCK-UPS

The JA has fabricated several full-scale mock-ups; an Ag-free mock-up with 3-D CFC joined
with CuMn braze, mock-ups with both CVD-W and 1-D CFC armors joined with Ag-based braze,
and mock-ups with 2-D CFC monoblocks bonded this time with Cu-Ti braze. During cyclic HHF
testing of the JA vertical target mock-up employing CVD-W armor (the flat 5 mm thick CVD tiles),
and a vertical target saddleblock mock-up with 3-D CFC tiles bonded with Cu-Mn braze, survived up
to 5 MW/m!, though several tiles debonded between 6-8 MW/m2. The wing mock-up with a
monoblock configuration withstood 5 MW/m2 for 3500 cycles and 20 MW/m2 for 1000 cycles. The
RF experimented with fast brazing using resistance heating by applying current through the mock-ups
and with EB heating, where the tiles are heated with a rastered electron beam in order to melt the
braze alloy. For the full-scale mock-ups they have settled on resistance heating, which is applicable to
both the W and beryllium armors. The EU full-scale vertical target mock-up will be built and tested
in 1999.

8. CASSETTE BODY

The cassette body design has been developed based on the cast/HIP approach which is
estimated to be at least 20% lower cost than the other options (welded plate build-up, HIPing of solid
plates, fabrication from hand forgings, powder HIPed structure) [20]. Based on evaluation of
prototype full-scale castings it appears to be unnecessary to HIP the castings in order to remove
voids. The elimination of HIP means that the entire cassette body could be cast as two symmetric
castings and joined by welding along the midplane. Elimination of HIP lowers the reference
fabrication costs by 20% because it eliminates the four segment welds. The original intention of the
task was to manufacture an entire cassette body, but reductions in the USHT budget have reduced the
deliverable to an inner/center section of one toroidal half of the cassette body. The chemical
composition of the cast steel meets the specification of 316L(N)-IG with minor exceptions.
Mechanical properties of the cast steel meet all ITER requirements for 316LN-IG except the strength
allowables are about 30% lower than wrought material at 200°C [21]. The relatively low Sm (100
MPa) has been accommodated in the design by locally thickening of the cassette body beneath the
inboard gas box liner. Racetrack shaped cover plates close the water channels machined into the side
of the castings, and ~ 10 km of weld will be needed to close all the channels in a complete divertor
system. Cover plate welding development has shown that a controlled-root-burn-through weld can be
made up to 6 mm thick with the use of penetration enhancement compounds [22]. This development
has reduced the number of fill passes from 10 to 3. A full-scale body segment has been cast and pre-
machined prior to adding the coolant channels.

9. INTEGRATION OF PFCS ON CASSETTE BODY

Full-scale PFCs with dummy armor are being constructed by the HTs for installation on the
cassette body. The US budget reductions will allow only the inboard vertical target and dump target,
manufactured by JA, to be installed. Completion of the cassette installation is scheduled in the spring
of 1999. However, within the scope of the project, the EU has agreed to manufacture an outer half
cassette body using a welded box structure.

10. CONCLUSIONS

Because of the R&D program, the materials and configuration of the ITER divertor has been
defined. Overall the project has been a success in identifying the technologies from which suitable
Ag-free divertor components can be made. Undoped, 3-D CFC has been selected for the lower
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vertical target of ITER and either pure or lanthanated tungsten for the other armored surfaces. For the
heat sink material, CuCrZr is preferred over DS-Cu. For the highest loaded heat flux surfaces of the
divertor, a CFC monoblock has been identified as the reference design. The selected joining
technique of CFC to Cu is by means of AMC and brazing or diffusion bonding. A swirl tape is
incorporated inside the tube of the monoblock. For the tungsten armored regions, the use of a W
brush-like structure set in a pure Cu layer followed by brazing or EB welding to the heat sink is
selected. It is recommended that the cassette body be fabricated from 316L(N) castings without using
a HIP cycle.
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Abstract

Remote replacement of the ITER divertor wDl be required several times during the life of
ITER. To facilitate its regular exchange, the divertor is assembled in the ITER vacuum vessel
from 60 cassettes. Radial movers transport each cassette along radial rails through the handling
ports and into the vessel where a toroidal mover lifts and transports the cassette around a pair of
toroidal rails. Once at its final position the cassette is locked to the toroidal rails and is accurately
aligned in both poloidal and toroidal directions. A further requirement on the divertor is to
minimise the amount of activated waste to be sent to a repository. To this end the cassettes have
been designed to allow the remote replacement, in a hot cell, of their plasma facing components.
The paper describes the two facilities built at ENEA Brasimone, Italy, whose aim is to demonstrate
the reliable remote maintenance of the divertor cassettes.

1. DIVERTOR MAINTENANCE

Remote replacement of the ITER divertor is estimated to be required up to eight times
during the life of ITER because of failure, erosion of the armour or to install alternative divertor
configurations. To facilitate its regular exchange, the divertor is assembled in the ITER vacuum
vessel from 60 cassettes [1], each of them being introduced into the vessel through one of four
equispaced handling ports. Of the 15 cassettes installed through each port, 12 are 'standard'
cassettes and two are 'second' cassettes, positioned on either side of a 'central' cassette located
directly in front of the handling port. Radial movers transport each standard cassette along radial
rails through a port and into the vessel where a toroidal mover lifts and transports the cassette
around a pair of toroidal rails (fig. 1) to its designated position. To do so, the toroidal mover
inserts, between the toroidal rail and the cassette bottom, two forks which include a set of wheels
and jacks to lift the cassette by a few millimetres. The jacks are driven by pressurised water whilst
the toroidal mover is equipped with pinions, driven by electric motors, operating against racks on
the rails to index the cassette around the vessel. The second cassette is transported radially by the
second cassette mover until it reaches the position of the central cassette, at which point it is
translated toroidally by 6° along the toroidal rails. The central cassette is transported radially by
an ad-hoc mover to its final position. Once at its final position each cassette is locked to the
toroidal rails such that it can sustain the off-normal electro-magnetic loads and is accurately
aligned in both poloidal and toroidal directions. The transport between the vessel and the hot-cell
for refurbishment is performed using a transfer cask with a double door which ensures the reactor
and the cask remain closed during removal of the cask to the hot cell.
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FIG. I /TEi? Divertor Assembly FIG. 2 Exploded View of a Divertor Cassette

A further requirement on the divertor is to minimise the amount of activated waste to be
sent to a repository. To this ends a second element of this project addresses the remote
replacement of plasma facing components (fig. 2), thus allowing the cassette bodies (~ 1000 tons
of steel) to be used for the entire lifetime of ITER [2]. Each cassette comprises 10 plasma facing
components (PFC's) attached to the body, and the refurbishment of a complete set of cassettes is
scheduled to last 1 year.

2. OBJECTIVES OF THE ITER DIVERTOR MAINTENANCE PROJECT

The objectives of the ITER divertor maintenance project were to demonstrate the feasibility
of divertor maintenance [3] and to set up two facilities for the future optimisation of the handling
equipment, of the handling features incorporated into the components being handled, and of the
maintenance procedures.

The Divertor Test Platform (DTP) allows full scale simulation of all handling operations
inside the vacuum vessel. The Divertor Refurbishment Platform (DRP) allows simulation, also at
full scale, of the most critical operations to be realised in the hot cell. Both facilities have been set
up at the ENEA Research Centre of Brasimone, Italy.

\\V

FIG. 3 Overview of the Divertor Test Platform
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2.1 Objectives of the Divertor Test Platform

The procedures for divertor cassette replacement and the related remote handling
equipment have been devised taking into consideration the initial assembly, positioning and
manufacturing tolerances of the ITER components ("nominal" conditions). Deviations from the
initial tolerances ("limit" conditions), resulting from deformations of the components to be
handled or of their supports, will be unavoidable after several years of machine operation.

The feasibility of the remote maintainability of the divertor cassettes will be demonstrated
after checking the performance of the handling equipment under "nominal" conditions and after
assessing their operational limits. The tests foreseen and executed to date include the
commissioning of all models, mock-ups and prototypes, the validation of mover operations in
nominal conditions, the validation of auxiliary remote handling systems in nominal conditions
and a preliminary assessment of the operational limits of the movers [4]. Further tests, e.g. the
validation of rescue procedures, will be undertaken before finalising the handling equipment and
the component design.

2.2 Objectives of the Divertor Refurbishment Platform

The objectives of the DRP are to demonstrate the feasibility of the cassette refurbishment
and to assist in the definition of hot cell procedures. The experimental validation includes the
manufacture of prototypical attachments between cassette body and PFC's, the manufacture and
testing of remote handling tools for handling the PFC's and their attachments and for the cutting
and welding of the PFC's hydraulic connections, and a system for dimensional survey of the
cassettes before, during and after the refurbishment process.

P:'.V r
' • iM I 'h a, | li-:

FIG. 4 Assembly Test with an Attachment Key in the DRP

3. TEST RESULTS

The movers have all satisfactorily met their nominal performance, thereby achieving an
accuracy of positioning of the cassette better than required. The cassette toroidal mover
repeatability in the toroidal direction, as measured in the DTP, is better than 0.5 mm. The final
positioning of the cassette is achieved by the cassette locking system which, when actuated by the
manipulator mounted onto the mover, engages into a recess in the inner toroidal rail and forces
the cassette to slide to its final location. This allows positioning of a cassette with an accuracy of
0.1 mm as verified in the DTP.
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The maximum, nominal, gap between rail sectors in ITER, both toroidal and radial, is 1 mm
in any direction. To avoid unnecessary wear of the prototypes, this value has been reduced to 0.3
mm in the DTP and this causes no noticeable effect during mover operations. Specific sections of
the toroidal and radial rails have been constructed to allow testing with gaps up to 5 mm in any
direction and the successful passage over 1 mm gaps was demonstrated during the movers'
commissioning. A special set up was devised to cycle the passage of a wheel over a 1 mm gap
more than 1000 times, i.e. approximately the number of gaps that will be crossed by a mover
when replacing the complete divertor assembly 8 times. Considering that it is more difficulty to
replace a rail sector, permanently installed in the vacuum vessel, than a mover wheel, the hardness
of the wheels was specified to be lower than that of the rail (25 vs. 35 HRC). Following the
simulated 1000 crossings, markings on both surfaces were visible but without noticeable effects on
mover performance.

The metrology system of the DRP has an accuracy of 0.04 mm with a short sensing probe
and of 0.5 mm with a long probe. The repeatability is, respectively, 0.02 and 0.13 mm. The
performance is compatible with the accuracy specified for the manufacture and refurbishment of
a divertor cassette.

The qualification testing of a 'dumb-bell' type of key for the attachment of the PFC's to the
cassette body has been successfully completed. The functional and technical requirements of the
key resulted in very tight mechanical tolerances (a few hundredths of a millimetre) and, therefore,
in a delicate assembly procedure. The key assembly was, however, successfully demonstrated
using special purpose tools, in particular a 'key extractor' using pressurised water to provide
adequate power, and suitable sensors to align the key with the cassette body and the PFC.

A new attachment concept, which uses sets of links hinged to the PFC's and to the cassette
body, is being considered. This scheme allows: (i) to better distribute the electro-magnetic loads
within the links than within the dumb-bell key, (ii) to limit the tribological requirements to the
link/linkpin interface and (iii) to consider easier assembly procedures. Moreover, the link/linkpin
scheme is considerably cheaper than the dumb-bell key system.

4. CONCLUSIONS

Cassette maintenance by 'movers' was originally selected because of the robustness of the
concept, allowing for simple handling procedures, requiring simple handling equipment, and
allowing execution of the most frequent in-vessel maintenance operation as quickly as possible.
The 'divertor remote maintenance project' has been a success - all major objectives defined at the
beginning of the project have been met on time, therefore confirming the validity of this concept.

The final validation and the optimisation of the divertor maintenance concept still requires
work to demonstrate (i) the effectiveness of rescue procedures, (ii) the reliability of processes and
procedures selected and (iii) the implementation of these processes and procedures in full remote
conditions. R&D on component radiation-hardening must also continue in parallel.

This project demonstrates that it is possible to carry out complex technical activities
successfully and on time within an international framework such as the ITER EDA. In practice,
the additional effort required for project management is more than compensated by the increased
level of competence and of resources available.
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Abstract

The plasma neutralizer (PN) could be an attractive upgrade for the Neutral Beam Injection
(NBI) system of the International Thermonuclear Experimental Reactor (ITER). A multicusp
magnetic trap with microwave discharge plasma generation was proposed as a scheme for PN.The
experimental investigation of the scheme is undertaken in Kurchatov Institute.

1. INTRODUCTION

Injectors of deuterium atom beams are developing now for ITER plasma heating and current
drive are based on the idea of negative ion acceleration and further neutralization [1]. The maximal
neutral fraction from the passage of a D " beam through a gas, as proposed for a gas neutralizer of
reference ITER NBI concept, is 60%. The replacement of the gas neutralizer by a plasma one must
increase the maximum neutral yield to 80%.
As the plasma neutralizer must be able to replace the gas neutralizer in the ITER NBI of the reference
concept its length, / , is defined and equal to 3 meters. So the necessary plasma density in neutralizer
should be ne~7 1012cm"3. The basic requirements to PN for the single ITER NBL module are specified
in Table I.

l/V
ne /Te

confinement
dP/dV
ionization
divergence

3m/>10m3

7 10I2cm"3/<10eV
> 1 ms
~ 0.2 W/cm3

>0.3
< 5 mrad

The multicusp 3D magnetic wall configuration seems to be the best choice for PN plasma
confinement system [2]. This system can provide the necessary plasma confinement and an acceptable
beam ions deviation effect.
The plasma have to be produced in steady state mode of operation by the electrodeless microwave
discharge at a low gas pressure and mainly collisionless character of microwave energy absorption.

The ECR could provide the most effective energy transfer to electrons and support
their ionization ability for discharge plasma production. The value of the cut-off density is a major
factor which determines the possibility to use the ECR mechanism in the discharge: at a more dense
plasma microwaves cannot propagate through PN. This fact defines the necessity of use in ITER the
microwaves with high frequencies, 20-30 GHz, i.e. the gyrotrons. Three types of the microwave
discharge in multipole trap can be realized. The type 1 is connected with an opportunity of bulk
heating of electrons due to collisions with microwaves at multipass (1-2 wall reflections) propagation.
For these purposes gyrotrons are planned to use. The type 2 uses ECR for electron heating at plasma
density close to the critical one. The ECR area is located close to gas boxes, therefore, microwave
power is favorable for entering directly into these boxes. The type 3 of discharge arrangement uses
the excitation of circular surface plasma wavequides in conditions, when plasma density is higher
then the cut-off density .Thus large interest represents the research of an opportunity of use of the
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klystron type generators with lower frequency, 7 GHz. The physics of such discharges in multipole
traps isn't investigated rather well.

Another problem is to obtain a plasma with high ionization degree at low Te. It is important
also to reduce a gas flow from PN, this can additionally increase the advantages of PN. The magnetic
system geometry allows to use the following opportunities: (a) gas near wall screening; (b) small gas
pressure in the PN chamber at large pressure in gas boxes. So the main idea is to arrange the process
of ionization in near wall region with plasma expansion to the center of PN.

2. EXPERIMENTAL INVESTIGATIONS

The experimental investigation of the questions described is undertaken in Kurchatov
Institute. The first experiments were fulfilled at a little (701 of plasma volume) installation PNX-1.
Then that was slightly modified into PNX-2. PNX -1 experiment: The experiment on PN-1 device
has shown, that by stationary work in 701 chamber the plasma density 5 10llcm3=7ncut.Off was
produced at low absorbed power density 0.02 W/cm3. Thus at Te=4-]0eVthe confinement time %~1 ms
was obtained at the plasma ionization degree 0.1, The original surface type discharge was realized,
when the microwaves were exited in plasma waveguides, formed by plasma surface and metallic
chamber wall. The plasma was heated on periphery in conditions of upper hybrid plasma resonance.
The gas ionization takes place on periphery. PNX-2 experiment: In this experiment on PNX-1 device
the additional 7 GHz klystron generator was used. The frequency of this generator was greater than
cut-off frequency. Thus we have investigated the additional volumetric heating. The additional
absorbed power 0.5 kW leads to 30% density increase. Thus the scaling ne~Pabs is valid. We use the
power modulation of 7 GHz klystron generator to measure the plasma life time in conditions, when
plasma in multipole trap is produced in steady state mode by 2.45 GHz magnetron. PNX-U
experiment: Plasma is created in a volume of 500 1. Microwave power of 35 - 50 kW (7 GHz
klystron) was injected. The results was achieved at a moment are presented in the next paragraph ; the
experiments are under continuation.

The next step in this experimental activity ought to be the PNX-SU which is now under designing for
joint testing at JAERI beam test stand. This is planned close to parameters are demanded for PN-
ITER. The general table for the series of the devices is given below.

Device

PN-1

PN-2
PNX-U

PNX-U
PNX-U

PNX-
SU

PN-
ITER

Status

exp.95-96

exp.07.96
design

exp.02.98
exp.
06.98
beam
exp.
proposal
design

nj,
1015cin3

0.03

0.04
0.14

0.1
0.1-0.2

1

>2

V,
m3

0.07

0.07
0.5

0.5
0.5

1

>10

kW

1.5

1.5+0.5
50

15
35-50

150

>500

f,
GHz

2.45
magnetr
2.5+7
7
klystron
7
7

7

>18
gyrotron

B.,
T

0.18

0.18
0.5

0.36
0.36

1

>1

ionization

0.1

0.1
0.2

0.1
0.2

0.3

>0.3

Type of
mag.syste
m
Perm.Mag

Perm.Mag
Copper

Copper
CopperCo
ils
SuperCon
d.+Copp.

SuperCon

3.THE LAST TIME PNX-U RESULTS

The experiments were fulfilled with argon and hydrogen plasmas. The gases were puffed in to
provide a pressure at a level of 10 " Tor. (A residual gas pressure was of (7 - 8) x 10" Tor ).A
microwave power was introduced with a tangential input.
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Argon plasma experiment:
• a plasma density at a central region achieved (7-8) x 1011 cm"3 at injected microwave power

about
35 kW. ( See Fig.l) This value is slightly more than the «cut off» density for 7 GHz ( 6 x 10n cm"3

) which was accepted as a design value.
• so the target thickness, nl, along the PNX-U axis achieved 2 x 10 u cm "2 (1 = 250 cm).
• gas burn-out symptoms were observed clearly.
Hydrogen plasma experiment:
• a plasma density at a central region achieved (3-4) x 10n cm"3 at injected microwave power

about
50 kW.
• the target thickness, nl, along the PNX-U axis achieved 1 x 10 14 cm "2 .
• gas burn-out symptoms are not doubtless.
General comments:
• an electron temperature was of few eV in central region and increased up to 20 - 30 eV at a

plasma periphery (Fig.2). This provides an additional abipolar plasma confinement during
microwave injection.

• a microwave power could be introduced without breakdowns was increased with gas pressure
decreasing (Fig.3).

• any symptoms of microwave power absorption decreasing at plasma densities close to the cut
off one were absent( at the tangential microwave input) And what is more the linear low of the
dependence of plasma density on the injected microwave power was confirmed (Fig. 1, 3).

• an optimal (from plasma density increasing point of view) value of magnetic field was
discovered (Fig.4). Probably this is connected with the conditions of the microwave absorption.

Ar, p=5 tr5totr, 1=2.4 IA

-50 0 50 100 150 ZOO 250 300

- 140

50 100 150 200 250 300

r, mm

Fig. 1 Plasma density as a function of injected Fig.2 Plasma potential and electron temperature
microwave power. distribution across the plasma (the axis is at r=0)
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Fig. 3. Ion current to a probe versus power
at the different initial gas pressure. The end
of each curve is the end of a stable operation.

Kj p=71C5torr

"6
O

e

36-

33-

25-

20-

15-
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20 30 35

Bs,kG

Fig.4. Ion current to a probe as a function
of magnetic field at the different injected power.
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(across the plasma)

P = 30kW
Hj, p=81<rtor
i=2.35kA

V . . ^ '•
I
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tms

Fig.5. Interferometer (3.36 mm) measurement
of transversal nl ( 1 ~ 40 cm).

distance, mm

Fig.6. Ion current density distribution.
The arrow - direction to the center of plasma

Fig.7. Ion current density on the central probe
and microwave power pulse form.

Fig. 8. Microwave reflection coefficient as a
function of generated power.
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Abstract

The system composed of a palladium diffuser and an electrolytic reactor was proposed, and was
developed for a Fuel Cleanup system of ITER. The performance of the system was studied in a
stand-alone test in detail. A fuel simulation loop of ITER was constructed by connecting the
developed Fuel Cleanup and Hydrogen Isotope Separation systems; and the function of each system in
the loop was demonstrated. For the tritium recovery from the exhaust gas at He glow discharge
cleaning of vacuum chamber of ITER, a cryogenic molecular sieve bed system was proposed and
demonstrated.

1. INTRODUCTION

A fuel system of fusion reactor is composed of the following subsystems: a fueling system
injecting deuterium and tritium; an exhausting system; a set of front-end permeators recovering pure
hydrogen isotopes; a Fuel Cleanup System(FCU) extracting tritium from impurities; an Hydrogen
Isotope Separation System(ISS); a storage system using metal beds. In addition, a Water Detritiation
System(WDS) and a tritium recovery system from the gas produced at breeding blanket are important
as tritium plant in fusion reactor. The research and development of above systems concerning tritium
except for the fueling and exhausting systems have been carried at Tritium Process Laboratory(TPL)
of Japan Atomic Energy Research Institute(JAERI) with ~10 g level of tritium since 1987. The FCU
is a key subsystem of the fuel cycle; and a combination system of a palladium diffuser and an
electrolytic reactor was proposed and designed for the FCU of ITER by Japan, which became a main
ITER R&D task at the TPL1 from 1993. After the basic performance of this type of the FCU was
investigated in detail in a stand-alone test1, its feasibib'ty test in the total fuel system was planed and
started, by constructing a fusion fuel simulation loop in the TPL2. Development of a system of
cryogenic molecular sieve beds (CMSB) was also carried out as another ITER R&D task for the
tritium recovery from the exhaust gas at the He glow discharge cleaning (GDC) of vacuum chamber3.

This paper reports the results of the ITER R&D tasks mentioned above: the FCU using the
electrolytic reactor; fusion fuel simulation loop; and the CMSB system. Other research activities
related to ITER fuel system at the TPL are also described.

2. FUSION FUEL PROCESSING SYSTEM DEVELOPMENT FOR ITER

2.1 Development of electrolytic reactor

A FCU consisting of an electrolysis cell developed at the TPL was already demonstrated for its
feasibility in Japan-US collaboration tests at Los Alamos National Laboraory4. As an advanced
system based on this technology, a system consisting of the electrolytic reactor was proposed for
ITER2, and its prototype was developed. The proposed system has typical advantages: 1) It has
virtually no tritium inventory, since no catalyst is used; 2) The system can process the plasma
exhaust gas which contains a wide range of impurity composition. An electrolysis cell, a main part
of the reactor, was made of sintered stabilized zirconia open-ended tube (50 cm x ((> 3 cm). Figure 1
shows the basis of the electrolytic reactor. The potential difference is applied between the inner
surface of the cell and the outer one. An impurity mixture, CH4 and H2O, is first fed to the outer
surface of the cell, where methane is oxidized: CH4 —> CO2 + 2H2O. The product stream then flows
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backward in the zirconia tube where the reduction of water proceeds: H2O -» 2H2. Figure 2 shows a
typical data of this electrolytic reactor. The He gas containing 2% H2O and 1% CH4 were supplied to
the electrolytic reactor. It was demonstrated that both methane and water were completely converted
to CO2 (1%) and H2 (4%) at 2.0 V of electrolysis voltage.

A part of the wall of
Electrolysis cell tube

Outer CO2+ H 2 O

;trolysis Voltage

Inner
surface

Figure 1 Basis of electrolytic reactor.

2

•4.0 3
o

co
2.0 2

!

1.0 2.0
<-< Electrolysis Voltage (V)

Figure 2 A typical processing data of methane
and water vapor with an electrolytic Reactor.

2.2 Fusion fuel simulation loop test

2.2.1 Composition of the loop

Figure 3 shows a conceptual flow diagram of the fusion fuel simulation loop constructed at the
TPL2. The ISS, a palladium diffuser, and a FCU are interlinked through a torus mockup tank. A
hydrogen isotope stream (H-D-T mixture) is exhausted from the mockup tank. Impurities(He and
Methane) are added to this stream, and are sent to the palladium diffuser, the front-end permeator. A
pure hydrogen isotope stream (H-D-T mixture) is sent to the ISS, and an almost pure protium stream
(H) is withdrawn from the ISS. The rest of hydrogen stream is returned to the mockup tank.

The FCU is composed of the electrolytic reactor and a palladium diffuser. The impurities (He
and methane) and a small amount of hydrogen isotopes, which do not flow through the diffuser, are
sent to the FCU. The methane is converted to CO2 and H2 in the electrolytic reactor, and only the
hydrogen isotopes are recovered by the palladium diffuser. The ISS is composed of two cryogenic
distillation columns2, which has been applied in ITER. Four optical cells were installed to the top
and bottom streams of each column2. These cells were interconnected with a laser Raman gas
analysis system with optical fibers for rapid analysis and control system development. The detailed
specifications of this system were reported in Reference 5.

2.2.2 Significant accomplishment in the fusion fuel simulation loop test

Major experimental conditions of the demonstration tests are summarized in Table 1. Total
amount of tritium in the loop was 1 g. The flow rate was 10 mol/h (-1/8 of ITER ). Helium and
methane gases were intermittently added to the hydrogen stream at the flow rate of 0.1-0.3 mol/h.
The temperatures of the palladium diffuser before FCU and that in FCU were set at 573 K and 673 K,
respectively. The temperature of the electrolytic reactor was chosen to be 973 K. The amount of
the methane decomposed in the reactor can be estimated from the composition of methane at the outlet
of the electrolytic reactor. The efficiency for the decomposition of methane at the reactor was about
20% with the present conditions. Higher efficiency can be expected with a higher temperature.
The efficiency greater than 97% was obtained at the stand alone test with 1073 K1. Higher
temperature operation test in the loop will be performed in the feature. The measured performance of
the front-end permeator was 99% as an average value of the permeation efficiency. This value is
almost identical to that obtained with the same permeator in a previous experiment performed 10 years
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ago. No decrease of the permeation efficiency was observed for the diffuser in spite of the 10 years
of operation.

2.2.3 Performance of the ISS in the loop test

The two columns of the ISS were stably operated for a week with the intermittent impurity
addition. The protium stream essentially free from tritium was removed from the fuel simualtion
loop by the ISS. The tritium atom fraction in the protium stream from the ISS could be decreased to
2.5x10'6. The initial tritium atom fraction was lxlO"2, so that the measured Detritiation factor(DF)
was -4000. The advantage of the laser Raman analysis system using the optical fiber is that an
analysis result can be obtained with a short time interval, at a long distant place, with no sampling line.
In the experiments, we could measure the composition of the product stream of the ISS with 2 min.
interval. The feasibility of the laser Raman system using the optical fiber was thus demonstrated.

f Protium (H)
Hydrogen
Isotopes
(H-D-T)

Addition of Impurity
(He, Methane)

FCU-Fuel
Cleanup System

Cryogenic
Distillation
(ISS-Isotope
Separation
System)

H-D-T

Palladium Diffuser
(Front-end Permeator)

He, Methane,
H-D-T

, Electrolyic
Reactor

| He, CO2 , H-D-T
Palladium
Diffuser

|
1

Table I CONDITIONS OF
DEMONSTRATION TEST
OF FUEL SIMULATION LOOP
Amount of tritium used : 1 g
Concentration of tritium : - 1 %
Inventory of hydrogen isotopes
within integrated system : 20 mol
Flow rate of integrated system :
lOmoVh
Flow rate of H2 exhausted
from the integrated system : 0.27 mol/h

Figure 3
TPL.

Configuration of fusion fuel simulation loop at

2.3 Other R&D activities for ITER at TPL

To design the CMSB system, basic data for adsorption isotherm of hydrogen isotopes were
measured. Simulation codes for the CMSB system have also been developed. A prototype CMSB
system was made, and demonstration tests have been conducted to search optimum operating
conditions of the CMSB system; and to verify the validity of the code with the test results.

The prototype system was composed of two CMSBs(285 mm in height). Molecular sieve 5A
of -2.5 kg (1.6 mm <|) x 3.2 mm) was charged into an each bed. A helium stream of 140 mol/h
containing 0.2-1.0% of H2 was introduced to the system. This flow rate condition is almost identical
to that for the present design of the gas produced by the He GDC operation of ITER. Figure 4 shows
a typical test result of the prototype CMSB system3. The break through for H2 was observed at 150
min. This result agreed with the calculated results. Some important information was also obtained
for the necessary time for heating up and cooling down of the CMSB.

The Study of the ISS was carried out mainly for the simulations of the cryogenic distillation
column6. The control system of the columns has been designed to supply useful information for
ITER tritium plant. Some simulation codes of water distillation and chemical exchange columns
were developed 6. By using these codes, a WDS system applying the chemical exchange column
have been proposed for ITER as a result of an ITER design task. The release behavior of tritium
from the breeding blanket is still one of the important subjects to be studied6. The experiments for
the tritium behavior in some promising materials of the blanket have been carried out from this
viewpoint.
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Figure 4 Breakthrough curve ofH2 of CMSB system.

3. CONCLUSION

Advanced fuel cleanup system consisting of the electrolytic reactor was developed, and its
excellent performance was demonstrated in the stand-alone test. A fuel simulation loop of ITER was
constructed, and the function of each subsystem such as FCU and ISS was confirmed. The laser
Raman system analyzing process gas rapidly from the distant place using the optical fiber was also
demonstrated, which enables the quick system control. A long-term operation test of the fuel loop is
planned to optimize the system; to develop control and operation methods; and to verify the reliability
of the system against tritium. In addition, the prototype CMSB system was developed for the He
GDC gas processing system of ITER, and its demonstration tests were successfully carried.
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Abstract

In order to improve the safe handling and control of tritium for ITER fuel cycle, effective "in-situ" tritium
accounting methods have been developed at Tritium Process Laboratory in Japan Atomic Energy Research
Institute under one of the ITER-EDA R&D Tasks. A remote and multi-location analysis of process gases by an
application of laser Raman spectroscopy developed and tested could provide a measurement of hydrogen isotope
gases with a detection limit of 0.3 kPa for 120 seconds analytical periods. An "in-situ" tritium inventory
measurement by application of a "self assaying" storage bed with 25 g tritium capacity could provide a
measurement with a required detection limit less than 1 % and a design proof of a bed with 100 g tritium capacity.

1. INTRODUCTION

In the ITER design, the first attempt to build a complete fusion fuel cycle, which consists of
processes which are fueling, burning (by fusion reaction), pumping, purification (with recovery from
tritiated impurities), isotope separation and storage, was made. From the viewpoint of operation and
safety, tritium accountancy control will be required for the design [1,2].

Tritium-rich hydrogen isotope gas will be moving continuously with a fairly large flow rate (200
Pam3/s maximum) through the systems of the ITER fuel cycle under the plasma operation. On the
other hand, tritium inventory limits will be set for the individual (or some specified) components with
operational and/or regulatory purposes. A method for dynamic measurement of fuel process gas with
a short analytical period will be required to control fuel process components. When the method is
also expected to be used for tritium inventory control even during plasma operations, a feature of
uninterrupted measurement will be required. Also a static measurement of tritium with a good
accuracy will be necessary for a periodical tritium tracking of the whole fuel cycle loop including the
vacuum vessel components. To simplify the tritium accountancy process and estimate accurately the
amount of tritium retained and/or solved in the components in a reasonable time and with practical
processes, it will be required that the storage system has a feature of "self-assaying" tritium.

There were two projects held at the Tritium Process Laboratory (TPL) in Japan Atomic Energy
Research Institute to establish the technological base for such tritium tracking and process system
control under ITER-EDA. One was to develop a remote and multi-location analysis system of
hydrogen isotopes and tritiated molecular impurities in process gases by application of laser Raman
spectroscopy [3]. The other was to develop "in-situ" tritium inventory measurement by application
of a "self assaying" storage bed [4, 5]. Here, the brief specifications and performance of the
developed systems are reported.

2. DESCRIPTION AND PERFORMANCE OF DEVELOPED SYSTEMS

2.1 Remote and Multi-Location Process Gas Analysis System

A Remote and Multi-location Process Gas Analysis System of using laser Raman spectroscopy
has been developed at TPL/JAERI to monitor and/or control fuel process components. It has a
feature that gas analysis can be carried out simultaneously at plural analytical points with one system.
Comparing current conventional methods for qualitative and quantitative analysis of process gas, such
as gas chromatography, mass spectrometry, this system has advantages of much shorter analytical
period and no requirement of additional systems for sampling, evacuating and exhaust gas processing.

*Present address: Tritium Engineering Laboratory, Japan Atomic Energy Research Institute, Tokai 319-1195 Japan.
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Also the detector can detect almost all light signals from the sample gas flowing in the pipe
continuously, i.e., dynamic inventory control of process components is possible with this system [3].

Laser Raman spectroscopy using optical fibers and a multi-channel detection system equipped
with a liquid nitrogen cooled CCD is applied to this analytical system to enable remote and multi-
location analysis of hydrogen isotope gases in a process gas pipe inside a glove box. Figure 1 show
the optics module to be set in a analytical point with a cell developed for this system. The cell
attached to the process pipe has four sapphire windows, for transfer of laser beam and Raman
scattering light, which can stand differential pressure of 2 MPa. The Raman scattering light from
each analytical point is transferred through a fiber array of six step index fibers (core/clad diameter
114/125 ^m, length:20 m) into a monochrometer. The Raman scattering lights from the four
different analytical points are dispersed by a grating (1200 grooves/mm) and reflected on separated
areas of CCD chip as schematically shown in figure 2 (up).

The first remote and multi-location analysis system was installed in the Isotope Separation
System (ISS) of TPL. Tests for monitoring gas composition were carried out by using two optics
modules set on the gas lines from top and bottom of the ISS distillation columns. Pressure and
temperature of gases in the cells were in ranges of 10 - 100 kPa, 283 - 303 K, respectively.
Acquisition time was set between 60 - 300 sec. The Raman spectra of different analytical points,
which were transferred to the different CCD areas, were shown in figure 2 (down). The spectra were
well distinguished from each other without any cross-talk peaks. From the noise level at a range
where no Raman peak exists, the estimated detection limits was, about 0.3 kPa for H2, HD and D2 with
an acquisition for 120 sec, which was equivalent to a concentration of about 0.3% for a process gas
with an atmospheric pressure.

Figure 3 shows the analytical results of the
ISS product gas stream. Gas composition of ISS
product gas stream was successfully measured
with every 2 minutes interval and without
extraction of any sample gases. The time
dependence of gas composition fractions obtained
from the spectra data above agreed well with the
results of simulation analysis and the feasibility of
this remote and multi-location analysis system
was demonstrated
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Figure 1. The optics module and a Raman cell
for the remote and multi-location analysis
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Figure 2. Schematic images of spectra on CCD
detector (up) and spectra measured at
analytical points 1 and 2 (down) of ISS.
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Figure 3. Measured trend of hydrogen isotope
composition of the outlet gas from the bottom of
the ISS column by the remote and multi-location
analysis system.
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2.2 Tritium Storage Bed for "In-bed" Gas Flowing Calorimetry

A "self assaying" storage bed was developed. This system has been developed to establish a
safe and simple tritium accounting method for tritium storage system. "In-bed" gas flowing
calorimetry was applied to a scaled ZrCo bed with 25 g tritium capacity [4, 5]. In the principle
design of this calorimetric system, helium gas is circulated through a pipe inserted inside the primary
vessel containing zirconium-cobalt tritide to remove decay heat of tritium. The tritium inventory is
evaluated by the temperature difference at a steady state between inlet and outlet of the circulated He
gas. Comparing volumetric method (Pressure, Volume, Temperature and Concentration) commonly
used for tritium accountancy of the storage beds at tritium facilities in the world [7-10], this tritium
accountancy method has advantages in the following points; 1) simple operation without requirement
to move tritium from the system, 2) measurement of the whole amount of tritium stored in the bed at
once and 3) continuous removal of tritium decay heat to avoid overheating the ZrCo that results in
increase the gas pressure inside. It has been demonstrated using the scaled ZrCo bed that
measurement within an accuracy of ±1 gram against 100 grams tritium storage for an ITER design
requirement could be carried out with this method [4, 5].

Based on the results of the
demonstration tests, a ZrCo bed of
"In-bed" gas flowing calorimetry,
which has a normal tritium storage
capacity of 100 grams as ZrCoT15

( max. ~ 200 g T2 as ZrCoT3 , ~ 35
mol of hydrogen isotopes gases), was
designed for ITER, as shown in
figure 4. The primary vessel
contains about 3500 g of ZrCo
powder and about 1500 g of copper
balls (1 mm in diameter) for
improvement of thermal conductivity.
Other structure was the same as the
25 g T2 storage bed tested.

Figure 5 shows the flow
diagram of the whole "In-bed" gas
flowing calorimetry system for
tritium inventory measurement.
Though, the He flow rate for the
demonstration tests was 4 std. 1/min,
about 20 std. 1/min will be required
for operation of the designed 100 g
bed because of larger decay heat.
In addition, a vacuum pump will be
connected at the outlet of the process
gas from the beds to maintain its
hydrogenation / dehydrogenation
performance. Because dispro-
portionation of ZrCo possibly takes
place under high hydrogen pressure
and high temperature [11], e.g. when
regenerating of the bed. To avoid
the dispropotionation, the pressure
at the outlet has to be kept low by
using this vacuum pump.

670 •

Heater cable -

Outer Jacket
evacuation port
Vacuum Jacket
evacuation port Primary vessel of ZrCo

(316 Stainless steel)
/ Vacuum & outer Jacket

Heat shielding plates / (304 stainless steel)
(304 Stainless steel) ;

Figure 4. The cross section view of the designed ITER
tritium storage bed. (unit: mm)

Vacuum pump
for unload tritium

Vacuum pump

Heater for
decay heat
simulation

Zirconium-cobalt bed

RTD: Resistance Thermo-Device

TC: Thermo-Couple

P: Pressure gauge

F: Mass flow controller

H: Heater

Mass flow
Cooling coil controller

He gas circulation loop

Figure 5. The flow diagram and heat transfer of the
designed 100 g storage bed with "in-bed" calorimetric
system. (QT: decay heat of tritium, Q,: heat removed by He
flow, Q2: heat transferred by radiation from the surface, Q3: heat
transferred through piping.. Calibration was carried out with
the heater for decay heat simulation.)



1072 ITERP2/06

Figure 6 shows the relationship evaluated
by analysis between the total decay heat of
tritium stored and the temperature of the center
part of the ZrCo stored section in the primary
vessel under a calorimetric measurement
operation using some empirical formulas
obtained from the experimental data of 25 g
storage bed. The heat is removed by both He
circulation and radiation/thermal conduction of
metal parts. As shown in figure 6, in this
system, radiation and heat transfer through the
structural materials would give rather little
correspondence to the accountancy performance
because more than 80 % of decay heat is
removed by He gas circulation. The inlet
temperature of He gas is designed to be kept at
constant temperature of 35 °C with a small heater
to avoid the effect of fluctuation of room
temperature. Then the result shows that even
when 200 g (maximum) of pure tritium is loaded
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Figure 6. The evaluated relationship between
the total decay heat of tritium stored and the
temperature of the ZrCo stored section under a
calorimetric measurement operation with a
circulated He flow of 20 std. l/min (the outer
and vacuum jackets are evacuated).

into the bed the ZrCo (tritide) temperature in the
primary vessel will become less than 220 °C. This temperature is low enough to keep the hydrogen
equilibrium pressure inside the ZrCo bed far below the atmospheric pressure and also high enough to
give a proof of accountancy measurement with an accuracy less than 1% at the 100 g storage.

3. CONCLUSIONS

Two projects were successfully completed at TPL/JAERI to establish the technological base for
such tritium tracking and process system control under ITER-EDA. Successful development of the
remote and multi-location analysis system with an application of laser Raman spectroscopy would
make it possible to provided qualitative and quantitative analysis of process gas with a good accuracy,
a much shorter analytical period and no requirement of additional systems for sampling, evacuating
and exhaust gas processing. Successful development of the "in-situ" tritium inventory measurement
system with an application of a "self assaying" storage bed would make it possible to provide simple
operation for accountancy of the whole amount of tritium stored in the bed without moving tritium
from the system and to design of the ZrCo bed with a 100 g tritium capacity with a proof of sufficient
tritium decay heat removal and a good accuracy.
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Abstract

A reliable but versatile primary cryopumping system is required for high vacuum pumping of the ITER to-
rus during all phases of plasma operation. To achieve that goal, an extensive R&D programme has been perform-
ed within the framework of the Nuclear Fusion Project of FZK, supported by the European Communities under
the European Fusion Technology Programme. The present paper covers that part of the programme, which
focuses on the pumping speed of the recommended cryopanel type and the various aspects of the charcoal-
bonding system in the cryogenic temperature range. It is demonstrated that the investigated cryosorption panels
exhibit a very good behaviour with respect to pumping efficiency, long-term thermomechanical endurance and
compatibility with tritium. The recommended cryopump design was therefore chosen as point design for ITER.

1. INTRODUCTION

The ITER primary vacuum pumping system consists of 16 identical batch-regenerating cryo-
pumps. To guarantee for sufficient helium and protium pumping, the cryopumps are based on cryo-
sorption (combined sorption and condensation) by using cryopanels, which are coated with activated
charcoal as sorbent material, cooled to about 5 K. Preparatory tests were run in the past to find an
optimum combination of sorbent type and bonding cement, resulting in a ~ 1 mm thick layer of activ-
ated charcoal (type CHEMVIRON SC-II), bonded by an inorganic cement. Based on this optimum
panel set-up, an essential testing programme has been performed at Forschungszentrum Karlsruhe
(FZK) to determine the performance characteristics and to assess the suitability and effectiveness of
the cryosorption panel design. All of the FZK tests were made using a full-size ITER panel mock-up
in quilted design [1]. As part of a collaboration with the RF hometeam, the compatibility with tritium
was investigated. All test panels were coated using a special spray technique developed at FZK [2].

2. DETERMINATION OF DYNAMIC PUMPING CHARACTERISTICS

The pumping speed of a cryosorption pump for a certain gas mixture depends in a very complex
manner on the complete pumping history, e.g. the time scale, the arrival rate of the gas, the capture
probability and the gas load. As the pumping process is due to two different, but interdependent phys-
ical mechanisms (sorption and condensation), the main objective of the test campaign was not only to
measure the pumping speed performance at a parametric variation of gas composition, but also to
determine and assign the major factors affecting cryopump performance.

2.1. Physical pumping mechanisms

It could be shown that all gases admitted into the pump, while the panels are cooled at 5 K
standard operation temperature, are basically pumped by condensation except for helium and protium
[1]. This results in a different thermal release behaviour of the gases during regeneration. As the
sorption capacity at the partial regeneration temperature of 85 K is still very high for the impurity
gases (but negligible for the hydrogens and helium), they will adhere to and accumulate on the char-
coal [3].



1074 ITERP2/07

2.2. Ultimate base pressure

According to the ITER requirements, an ultimate base pressure of 10"5 Pa for the hydrogens and
10"7 Pa for impurities is specified. Depending on the pumping mechanism, the achievable ultimate
base pressure is determined by the sorption or condensation isotherms, respectively at panel operation
temperature under vacuum conditions. In that respect, the most critical gases are the hydrogens and
helium, which exhibit the highest sorption equilibrium pressures. The measurement results at an ap-
proximate charcoal temperature of about 6.5 K are shown in Fig. 1. The shape of the sorption iso-
therms fully agrees with what is expected from the pore size characterisation of the charcoal type [4].
The achievable base pressure for a pure helium background is limited to the 10'6 Pa range.
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FIG. 1. Sorption isotherms at about 6.5 K.

2.3. Pumping performance

2.3.1. Pure gases

The pumping characteristics with respect to pressure and gas load have been investigated by a
parametric variation of the flow rate of the gas to be pumped. For all gases, except He, the maximum
ITER gas load on the panels is below the saturation capacity by at least one order of magnitude. A
sticking probability of almost unity was measured for D2 and about 0.9 for H2, both of which are
pumped by sorption. This corresponds to specific pumping speeds (related to the cryopanel area, ref-
erenced to 0°C) between 3 L/(s-cm2) and 3.5 L/(s-cm2), depending on flow rate and pressure range.
The pumping speed for He depends significantly on the gas load and the temperature of the sorbent.
The initial He sticking probability (i.e. at zero gas load) varies approximately linearly between 0.64 at
6 K and 0.17 at 7.5 K. In this respect, it must be considered that the actual temperature results from
the energy balance of the pumped gas flow and the coolant situation inside the panel channels. In
component tests, it was found that for the maximum ITER typical surface-related flow under LHe-
cooling conditions, an elevated sorbent temperature of about 7 K must be taken into account. Howev-
er, for the hydrogens, the panel temperature does not start to exert an influence below 10 K [5].

2.3.2. Mixtures

In this test section, the gas mixtures, which were designed to stand as model gases for the fu-
sion exhaust, were varied systematically in a wide composition range (in terms of typical fractions
such as inert gases Ne, Ar, N2, impurities and He besides the hydrogens as major component). In the
first experimental stage, single cycle pumping speed tests were performed to gain a fundamental un-
derstanding. As the exhaust gas impurity fractions will accumulate on the panel within the developed
partial regeneration concept [3], multi-cycle tests were made in addition, in order to study potential
poisoning phenomena (clogging of the pore system). Within the latter tests, the gas flow was kept
constant at the ITER value of 2.6 (Pa-m3)/(s-m2) to simulate closely the ITER conditions. The main
results of the tests can be summarized as follows.
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For He-free mixtures, the pumping speed stays almost constant during the whole pumping time
and the saturation limit of the charcoal is not reached. The deteriorating influence of the inert gases on
the pumping speed is not critical. Fig. 2 (left) illustrates the influence of He content for D2-based
mixtures (D2-Base is a premixed gas consisting of 96 % D2 and 4 % impurities), composition indica-
ted in mol%. The maximum He content for ITER is about 10%. Even a doubled He content leads to
pumping speeds compatible with the ITER requirement for 1 L/(s-cm2). It should be pointed out that
the saturation capacity is very much the same for all helium containing mixtures of interest. This is a
very important feature with respect to the inherent safety concept of a limited tritium inventory [6].

Multi-cycle tests yielded only a moderate pumping speed decrease over the cycles and no im-
pact at all for He-free mixtures. The most critical composition was a combination of high H2 and high
He contents. This is due to a competitive sorption situation. However, such a gas mixture is, if at all,
only present in the H2-shot operation mode, which is not the point design for ITER. The experimental
results for the various mixtures investigated are given in Fig. 2 (right), which illustrates the general
decrease of pumping speed as a function of the number of subsequent pump cycles without reactiv-
ation. It is shown that the decrease in speed is not uniform, but exhibits certain recovery effects.
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FIG. 2. Pumping speed performance for gas mixtures. Left: Pumping speed curves of D2-based mixtu-
res vs. gas load; right: Decrease in pumping speed with increasing cycle-no due to poisoning.

To understand the competitive sorption performance in more detail, a special high resolution
gas mass spectrometric system was procured, with which we could monitor the composition changes
during pumping. A strong relative helium enrichment due to the different pumping speeds of helium
and the hydrogens was revealed. It generally turned out that the He enrichment is a quite sensitive
characteristic and very well suited to categorise the complex mixture behaviour.

However, all ITER pumping speed requirements can very well be met including a considerable
safety margin, which even allows for the 20 % excursion required in the ITER specification.

3. THERMAL CYCLING TESTS

The pumping panels to be used in the TIER primary vacuum pump must be designed to
withstand temperature cycling within partial regeneration (5 K <-> 90 K, about 220 000 cycles for the
projected lifetime of ITER) and total regeneration (5 K <-> 300 K). Even a less frequent cycling up to
100 °C may be necessary to get rid of the accumulated water-like substances [6]. Safety considera-
tions necessitate a large number of time-limited, rapid cycles, which is much more demanding than in
any other related application. Therefore, long-term cycling tests for the recommended combination of
stainless steel substrate, bonding agent and activated charcol were performed in parallel in two test
facilities at different temperature ranges, see Table I. The heating was always established by circula-
tion of warm gas at elevated pressure through the cooling channels, which corresponds to the heating
technique anticipated for ITER. The quality of sorbent survival was benchmarked several times during
the test programme by the nitrogen and helium adsorption behaviour, respectively. No deterioration or
sorbent degradation was detected. In a supporting theoretical analysis based on two dimensional Fi-
nite Element Modelling of the substrate/bonding complex it was shown that the internal pressure cy-
cling between pumping and heating is the decisive factor for the lifetime of the panel.
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TABLE I. PARAMETERS CHOSEN FOR THE THERMAL CYCLING TESTS.

Feature Cycling 5 K <-» 100 K Cycling 100 K <H> 300 K

No. of cycles 7 000 10 000
Cycle time (cooling + heating) 75 s / 5 s 2 min / 3 min
Heating medium gaseous He (300 K, 1.5 MPa) gaseous N2 (300 K, 1 MPa)
Coolant medium supercritical He (4 K, 0.5 MPa) liquid N2 (0.15 MPa)
Total detached charcoal* 0.53 g (0.2 % of all) 0.89 g (0.5 % of all)
Validation He pumping speed N2 sorption capacity
Optical inspection no degradation visible no degradation visible

* Most of the loss occured early in the test campaign, with the loss rate subsequently stabilising at a very low level.

4. IMPACT OF TRITIUM ON THE CRYOSORPTION PANEL

The goal of this test campaign was to demonstrate the resistance of the recommended panel set-
up to tritium [7]. The panels were exposed to tritium at 78 K (exposure in the order of 1010 Pa-s,
which is roughly corresponding to the ITER lifetime). Before and after tritium exposure, the sorption
capacity for D2 at 78 K was determined for comparison. A small decrease in sorption capacity (within
the limits of measurement error) was reproducibly measured; however, the deterioration effect is
comparatively moderate. It was also observed that tritium accumulation is less than proportional to
exposure (expressed in terms of the product pressure x time). The panels were then regenerated at
78 K and at 300 K for detritiation. The amount of residual tritium depended strongly on the chosen
regeneration temperature (factor 8 between 78 and 298 K), but not significantly on the duration of
regeneration, where a saturation seemed to be attained after about 0.5 h. To validate the strength of
charcoal bonding after tritium exposure, thermal cycling tests were performed, comprising 100 cycles
between 78 K and room temperature and between 78 K and 423 K, respectively. After these tests, no
relevant mass loss was detected; X ray phase analysis revealed that the cement microstructure also
remained unchanged.

5. CONCLUSION AND OUTLOOK

The R&D results achieved within the panel test programme firmly support the panel set-up,
which is recommended for ITER and chosen as point design in the ITER Final Design Report. The
panel type is installed in the ITER model pump to be tested at FZK. The poisoning influence of high-
boiling substances with a strong sorption capacity (such as water or higher hydrocarbons) will be
determined in parallel in the very near future. It is proposed to continue the investigation of the tritium
effect at the RF hometeam especially in the temperature range of 5 K. The investigation of the char-
coal microstructure has already started. Additional tests are also prepared at the Tritium Lab of FZK.
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Abstract

Within the framework of the European Fusion Technology Programme, FZK is involved in the research
and development process for a vacuum pump system of a future fusion reactor. As a result of these activities, the
concept and the necessary requirements for the primary vacuum system of the ITER fusion reactor were defined.
Continuing that development process, FZK has been preparing the test facility TIMO (Test facility for ITER
Model pump) since 1996. This test facility provides for testing a cryopump all needed infrastructure as for
example a process gas supply including a metering system, a test vessel, the cryogenic supply for the different
temperature levels and a gas analysing system. For manufacturing the ITER model pump an order was given to
the company L' Air Liquide in the form of a NET contract.

1. DESCRIPTION OF THE ITER CONCEPT FOR THE PRIMARY VACUUM PUMP SYSTEM

The primary vacuum pump system includes in total sixteen identical regenerating cryosorption
pumps. Each of these pumps with 1600 mm length and 1500 mm diameter will be installed at the
outboard of a divertor pump duct located at the bottom of the plasma chamber of the ITER fusion
reactor. The pumping process is based on cryosorption of hydrogen isotopes and helium on 5 K
cooled panels with a total pumping area of 8 m2 per pump which are coated with activated charcoal.
The impurities of the ITER exhaust gas will be condensed on the 80 K baffles as well as on the 5 K
panels [1]. The system of 16 vacuum pumps will provide the required vacuum condition inside the
ITER plasma chamber during all foreseen operation phases, as for example plasma operation or pump
down. Due to the maximum allowable tritium inventory inside all the vacuum pumps, the pumping
system must work in a staggered mode [2]. This means that during the different pumping modes some
of the pumps will be regenerated at a temperature of about 80 K or reactivated at a temperature of
300 K depending on the reached pump loading. A normal 1200 s pumping cycle for one pump
includes a 900 s sequence for the pumping mode and a 300 s duration for the regeneration mode.
During the regeneration several submodes like heating up to 80 K, thermal gas release, pump out and
the cooling down of the sorption panels to 5 K must be run. The regenerated gas will be pumped out
by a roughing pump station. The foreseen ITER vacuum pumping system must fulfil requirements
such as the pumping speed of 1000 m3/s at the operation pressure of 2.5 10"1 Pa.

2. DESCRIPTION OF THE TIMO TEST FACILITY

To demonstrate the feasibility of this pump concept for the ITER reactor, the test facility TIMO
has been under construction at FZK since 1996. The intention of this facility is to investigate the
pumping performance of a cryosorption pump within all ITER relevant pumping modes, simulating
ITER conditions of gas temperature, pressure, gas composition, etc. but not magnetic fields, neutron
radiation and tritium exposure. In the following sections the different components of the test facility
TIMO will be described.

2.1. Test vessel and the model pump

Within the cylindrical test vessel with a diameter of 1800 mm and a length of 4300 mm the test
pump will be installed. The test vessel is built in accordance with the PNEUROP standard for vacuum
pump testing. For optimisation of the vacuum conditions inside the vessel, the inner surfaces were
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electropolished. Due to safety reasons caused by the handling of hydrogens, the vessel is constructed
to withstand an overpressure of 0.7 MPa. To simulate the divertor duct temperature conditions with a
max. temperature of 475 K, the test vessel was equipped with a heating system. For the conditioning
of the test vessel with a total volume of 10.4 m3 and for regeneration of the model pump two roughing
vacuum stations were installed. The installation of the piping system between the vessel and the
metering system for the supply of the process gas and of the exhaust lines including the safety devices
was completed.

The model pump is a cryopump with a cylindrical housing of 1200 mm in diameter and a length
of 1360 mm(see Fig. 1). In the inner system the pump contains a set of laterally arranged cryopanels.
These cryopanels are protected against thermal radiation by a 80 K louvre baffle and a 80 K shield
system. The total pumping surface of the cryosorption panels installed in the model pump is reduced
by a factor of 1:2 compared to the conceptual dimensions of the ITER pump. This yields a total
pumping area of 4 m2 for the 16 cryopanels installed in the model pump. Each of the cryopanels (840
x 160 mm2) is manufactured in quilted design and coated on both sides with activated charcoal.

For controlling the pressure inside the pump a pneumatically driven valve disk with a diameter
of 700 mm and a stroke of 400 mm was installed at the pump inlet port. With this inlet valve the gas
throughput during the pumping mode can be controlled by accurate positioning (± 1 mm) of the valve
disk, or as a second function the cryopump can be closed during the regeneration and the stand-by
mode.

Duter Cylindrical Shield
Pump Housing 5K-Panel

Cryogenic Supply

FIG. 1. Sketch of the ITER model pump

2.2. Cryogenic supply

For the cooling of the test pump 80 K gaseous helium and supercritical helium at 4.5 K are required.
The supercritical helium flow at a pressure of 0.4 MPa will be supplied by a 600 W LINDE
refrigerator via a control cryostat. Within the cooling loop of this control cryostat with a total
inventory of 2600 1 liquid helium a blower can circulate a mass flow of max. 250 g/s supercritical
helium during the pumping operation and stand-by mode. To provide enough supercritical helium gas
at 5 K at the beginning of the cooling phase an additional helium buffer is placed inside the liquid
helium bath. Within this buffer tank with a volume of 250 1 gaseous helium at 4.4 K and a pressure of
1.9 MPa can be stored.

For cooling the 80 K components inside the test pump such as shields and the baffles, a 80 K
system has been procured (see Fig. 2).

This 80 K system includes the following components:
• A heat exchanger designed as liquid nitrogen bath and a system of spiral tubes for a max.

heat exchanger power of 30 kW between the boiling nitrogen and the circulated gaseous
helium,

• a cold blower from the Barber Nichols Company to circulate a max. mass flow of 200 g/s
gaseous helium at 80 K,
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the cryogenic lines for the gaseous helium flow at 80 K and 1.5 MPa operating pressure,
the cryogenic lines for liquid nitrogen supply and the gaseous nitrogen exhaust and
the instrumentation of the facility including the measuring technique and a PLC for
controlling the 80 K facility.

FIG. 2. The 80 K facility for the TIMO test facility

For the manufacturing of this 80 K facility an order was placed to the company Criotec
Impianti from Turin (Italy). After the delivery of the 80 K facility, the piping system as well as the
PLC system were installed into the infrastructure of the TIMO facility.

To heat up the 5 K cryosorption panels during the regeneration or the reactivation mode, 300 K
gaseous helium with a max. mass flow of 50 g/s can be used which is supplied from the compressor of
the LINDE refrigerator.

All the gaseous supply and return flows at the temperature levels of 5 K , 80 K and 300 K for
the several operation modes of the test pump will be controlled by a cold valve box. Between this
valve box and the test pump a main transfer line including the different supply lines and return lines
will be installed. The valve box as well as the main transfer line were designed and manufactured by
L' Air Liquide. The main transfer line will be delivered together with the ITER model pump. The
valve box was delivered in February 1998.

2.3. Process gas supply and metering system

For the process gas supply of the TIMO facility seven gas supply lines (ITER relevant process
gas mixture, H2, D2, N2, Ar, He, Ne) were installed between the gas reservoir and the gas metering
system. Three lines which are planned for the use during hydrogen operation have already been
equipped with safety-relevant systems, such as explosion-proof control electronics and flow
regulators. Four gas flow meters were installed for controlling the gas throughputs in a range between
the 1.7 10"3 and 16.9 (Pa-m3/s).

2.4. Gas analysing system

To control and monitor the gas composition inside the test vessel a quadrupole gas mass
spectrometer was procured by company BALZERS, Liechtenstein. With this mass spectrometer a
standard mass range between 1-128 AMU can be measured. In addition to this normal analysing
mode, a high-resolution operation over the mass range between 1-22 AMU is available [3]. In the
high-resolution operation the separation of helium (4.0026 AMU) and deuterium (4.0282 AMU) is
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possible. The gas analysing system is connected to the test vessel of the TIMO facility through two
different gas inlet systems depending on the process pressure. During the tests with the ITER model
pump the gas composition can be analysed for the pumping mode as well as for the regeneration
mode. The gas analysing system is equipped with a pressure reduction system which ensures that the
mixture composition obtained from the test vessel enters the analyser unchanged.

2.5. Data acquisition system and PLC system

During the tests a data acquisition system allows to perform measurement of up to 200
measuring points with a maximum acquisition frequency of 10 Hz. The processes and valve
movements required during the pump tests will be controlled by means of the installed PLC system
(Simatic S5-135U). In addition to this PLC system, a process visualization system (COROS-LSB) of
the Siemens company was installed to facilitate control and operation of the TIMO facility.

3. OUTLOOK

The tests at the new facility will start with a model pump which will be delivered at the end of
October 1998. Figure 3 shows the model pump after the assembling . After the delivery of the model
pump, the installation work including the preparation of the valve box together with the main transfer
line will be finished.

V , -"

FIG. 3 The ITER model pump after assembling

Within the investigations, the pumping performance will be optimised and the consumption of
cryogenics minimised to reduce the necessary cooling power.

[1] BOISSESf, J. C , "ITER Model Cryopump Conceptual Design", Forschungszentrum Karlsruhe
Contract 315/20 002 214 HIT (August 1995)

[2] MURDOCH; D.K. et. al., "ITER primary pumping vacuum system concept development and
testing programme", IAEA-CN-64/FP-5, Montreal (1996) 817-825.

[3] DAY, Chr., "The use of a high-resolution quadrupolgas mass spectrometer system for selection
of helium and deuterium", Vacuum 51/1 (1998) 21 - 30
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Abstract
The control of ITER provides several challenges which can be met using existing techniques

for the design of modern controllers. The specific case of the control of the Poloidal Field (PF)
system has sollicited considerable interest. One feature of the design of such controllers is their
dependence on a sufficiently accurate model of the full system under control. To this end,
experiments have been performed on the TCV tokamak to validate one plasma equilibrium
response model, the CREATE-L model. Using a new technique, the open loop response of TCV
has been directly measured in the frequency domain. These experimental results compare well
with the CREATE-L model. This model was subsequently used to design a PF system controller,
using methods proposed during the ITER EDA and the first test on TCV has been successful.

1. INTRODUCTION

Present tokamaks typically use low order PID controllers. Recently, considerable attention has
been focused on the design of plasma position, current and shape controllers for the ITER
Poloidal Field (PF) system. The controller is restricted to demand as little power as possible, to
limit surges in the total power required for the PF system and to maintain the specified shape in
the presence of disturbances. Simulations using modern controllers have provoked a great deal of
interest due to their ability to deliver this performance. These design techniques require an
accurate model of the tokamak, which is used in a mathematical optimisation to find an optimal
controller. There has been some concern that the rather unpredictable nature of a tokamak,
together with plasma noise and internal disturbances, might pose problems for these controllers. A
long term program was therefore undertaken to validate the full ITER EDA design procedure of
such an advanced controller from both modelling and controller design aspects. The TCV
tokamak possesses a large number of PF coils, all separately powered, and represents a suitable
device for such studies; technical details of TCV control are in [1].

Firstly, we required an accurate model of the TCV tokamak and there are two standard approaches
to do this. The most prevalent method for modelling the plasma response has been
phenomenological. A mathematical model is constructed from the relevant physical laws with
appropriate, but often debated, simplifying assumptions. Benchmarking a linearised deformable
plasma equilibrium model, CREATE-L [2] was started with closed loop performance comparisons
between the modelled tokamak and experiments on limited discharges [3] and diverted discharges
[4] in the presence of external PF coil voltage perturbations. These experiments showed no
discrepancies between the model and the experiment. A new circuit equation model of TCV also
showed good agreement (RZIP [5]).

The second approach to modelling the plasma response is based on system identification. No a
priori physics knowledge is assumed. Instead, a fit to experimental data is used to determine a
suitable mathematical model. The main features of TCV, that it is unstable with a large number of
inputs and a large number of outputs, make identifying TCV a challenge for such techniques. The
open loop response cannot be measured by simply opening the feedback loops, since the vertical
position of the plasma is unstable once the plasma cross-section is elongated. However the open
loop response can be recovered from sufficient closed loop data. These experiments lead directly
to an open loop model of the current, shape and position responses at a set of driving frequencies.
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These frequency response estimates can be compared directly with open loop plasma response
models. This open loop comparison corrects a recognised deficiency in previous model-
experiment comparisons of the closed loop behaviour in TCV [3,4]. A feedback system generally
tends to reduce the sensitivity of the closed loop system to variations in the open loop plasma
response model, whereas the success of a high-performance controller design depends on the
accuracy of the open loop model. The effect of the feedback controller is no longer present in
our new open loop data and a direct comparison is possible.

Finally, we designed a modern controller and tested its functionality on the TCV tokamak using a
fast digital plasma control system [6]. The complete life-cycle of a priori modelling, closed loop
comparisons, open loop measurements and controller design illustrates that such new techniques
can be considered for a future large tokamak.

2. MEASUREMENT OF THE OPEN LOOP RESPONSE

A weakly shaped plasma was chosen since no experience of this type of multivariable
identification was available. A low vertical instability growth rate (~200s"') implied a low open
loop bandwidth which was considered to be more suitable for this first attempt. The main
parameters were: /?=0.87m, a=0.24m, fi^=1.4T, /=200kA, k95-lA, <595=0.23, <?a=4.6,
ne=2.2xl0'9m-3.

Point frequency estimates were obtained by exciting the system with a multi-sinusoidal signal with
29 sine waves spanning the angular frequency range 20rad/s to 3000rad/s. The smoothness of the
underlying response as a function of frequency is assumed. The period of the slowest sine wave in
the excitation signal was designed to be 0.3s, resolvable during the experiments. The highest
excitation frequency was designed to be below half the sampling frequency and also above the
assumed TCV bandwidth. The excitation signal is injected at point s in Fig. 1. The phases of the
different frequency components were chosen to minimise the maximum amplitude of the total
stimulation waveform. During each identification experiment, the input voltages and the output
signals were acquired at 5kHz, over a time interval of 0.5s. The transients following the start of the
stimulation were allowed to decay. Any offsets and linear drifts were removed from the signals
before analysis.

The test signal was scaled to ensure that it was within the linear range of the power supplies but
also large enough to provided sufficient signal-to-noise ratio in the resulting data. The final
voltages applied to the PF coils lay within 80% of the power supply limits. If the response is noise-
free, linear and time-invariant, the frequencies of the spectral components in the measured signal
will match those in the test-signal exactly. The frequency spectrum of the measured signals at
these frequencies was obtained by a least squares fit. The amplitudes of the residuals, which cannot
be decomposed into the measurement frequencies, are a measure of data corruption due to
external disturbances, measurement noise and non-linearities of the system. The smaller the
residuals, the greater the confidence in the results of the identification procedure. The residuals in
these experiments were small compared with the signals.

The frequency spectra of all of the input and output data collected during the identification
experiments was then used to obtain the open loop frequency response. For the / h experiment we

define the input frequency spectrum as ' ^°<^ and the output frequency spectrum as W ' ,
where / indexes the inputs. Our estimate of the system frequency response at each measurement
frequency is then given by,

tfJM - ulM
The invertibility of the matrix (U,) at each frequency is a mild assumption that is satisfied if the
corresponding matrix for the designed test-signals is invertible. If that is the case, then the
experiments performed are said to be independent. Since TCV has 18 separate PF coil voltage
inputs, 18 experiments were required. The condition number of the U; matrices varied from 3 to
30, with lower values at higher frequencies, and so were easily invertible.

The agreement between the a priori models (CREATE-L and RZIP) is excellent for almost all
parameters. Three representative results of input-output frequency responses are shown in Fig. 2.
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Many responses show a relatively weak dependence on the model and even agree with the
plasmaless model (centre row) and these are always accurate. Some cases show a difference
between the plasmaless model and the plasma models (upper row) and the plasma models all
agree. Only a few cases are sensitive to the plasma model details (lower row). We also developed a
"Grey-Box" model allowing only 6 plasma parameters in the RZIP model to be fitted, fixing all
the electromagnetic properties of the tokamak with no plasma, The Best Grey Box Model (BGBM)
gave a better result than the a priori models in only a few cases. The BGBM approach also
indicates which parameters of the plasma response model are most accurately determined by the
experimental data and are therefore most important for generating an adequately accurate model.
Fig. 3 shows the variation of the Grey Box Model agreement as the 6 plasma coefficients are
varied, showing that apart from the plasma inductance and the radial force balance (M33 in Fig.
3) the a priori model is barely different from the fitted model. This method has therefore allowed
us to measure specific elements of the RZIP circuit equation model.

3. CONTROLLER DESIGN AND TEST

We chose the tracking of separate square pulse reference excursions as a suitable test [1],
positioning the plasma above the mid-plane. In this case the natural decoupling between the
vertical movement and the other 4 control parameters is lost. Since this was the first attempt, a set
of relatively conservative design goals were chosen. The controller should:
• stabilise the reference plasma and similar weakly shaped, symmetric, plasmas positioned at the

midplane;
• tolerate uncertainties in the PF coil currents with respect to the nominal model;
• be robust to unpredictable behaviour of the PF coil supplies;
• be insensitive to real experimental noise in the estimators;
• have a low closed loop bandwidth for lower power and minimising voltage saturation.
The main design challenge was therefore to demonstrate that the Hco controller could function
given real conditions in the tokamak operation, not included explicitly in the linearised model. A
simple algorithm was used to avoid large transients when switching between the digital
implementation of the PID controller and the Hoo controller. Details of the Hoo controller design
and implementation are found in [7].

The new controller was implemented in the DPCS and shadowed the analogue control system
during the operation of a single tokamak discharge, including the switching between PID and Hoo
controllers during the flat top. This open loop verification of the controller and switching
algorithms was adequate to believe that the closed loop control would be acceptable. Following
this single test discharge, the DPCS was given control of all the PF coils and the first successful
closed loop operation of this controller was achieved. Closed loop stability was obtained. The
switching produced no visible transient effects on the overall closed loop control. Fig. 4 shows the
behaviour of the 5 controlled parameters during this experiment. The decoupling performance is
superior to the PID for all responses and all parasitic cross-couplings. The tracking and
decoupling benefits of the Hoo controller have been clearly demonstrated and no unforseen
difficulties were encountered. Work will now concentrate on Power Management strategies,
saturation strategies and the explicit control of separatrix gaps during the flat-top.
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Fig.4 - Results of the first experimental test of
the Hoo controller on TCV, indicating good
decoupling between the 5 controlled variables.
P_VERT controls the radial position, TRI_IN
and TRI_OUT control the shape and zip and Ip
control the plasma height and current
respectively. The previous PID controller, based
on a plasmaless model, showed poor decoupling
of some parameters.
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ABSTRACT:

The paper discusses inertial confinement fusion research carried out at several different laser
facilities including the VULCAN laser at the Rutherford Appleton Laboratory, the TRIDENT laser at
the Los Alamos National Laboratory and the PHEBUS laser at Limeil. Low density foam targets were
irradiated either with nanosecond laser or soft x-ray pulses. Laser imprinting was studied and in
particular saturation of areal density perturbations induced by near-single mode laser imprinting has
been observed. Several issues important for the foam buffered direct drive scheme were investigated.
These studies included measurements of the absolute levels of Stimulated Brillouin and Raman
Scattering observed from laser irradiated low density foam targets either bare or overcoated with a thin
layer of gold.

A novel scheme is proposed to increase the pressure in indirectly driven targets. Low density
foams that are mounted onto a foil target are heated with an intense pulse of soft x-ray radiation. If the
foam is heated supersonically the pressure generated is not only the ablation pressure but the
combined pressure due to ablation at the foam/foil interface and the heated foam material. The scheme
was confirmed on planar targets. Brominated foil targets overcoated with a low density foam were
irradiated by a soft x-ray pulse emitted from a hohlraum. The pressure was obtained by comparing the
rear side trajectory of the driven target observed by soft x-ray radiography to one dimensional
radiation hydrodynamic simulations. Further, measurements were carried out to observe the transition
from super- to subsonic propagation of an ionisation front in low density chlorinated foam targets
irradiated by an intense soft x-ray pulse both in open and confined geometry. The diagnostic for these
measurements was K-shell point projection absorption spectroscopy.

In the fast ignitor area the channeling and guiding of picosecond laser pulses through
underdense plasmas, preformed density channels and microtubes were investigated. It was observed
that a large fraction of the incident laser energy can be propagated through preformed channels and
microtubes. Magnetic fields in the megagauss range have been measured, with a polarimetric
technique, during and after propagation of relativistically intense picosecond pulses on solid targets
and preionised plasmas. Two types of toroidal fields, of opposite orientation, generated through
different mechanisms, were detected. In addition, the production and propagation of an electron beam
through solid glass targets irradiated at intensities above 10*9 Wcm"2 w a s observed using optical
probing techniques.

LASER BEAM IMPRINT SATURATION:

It is essential for laser fusion that a high degree of symmetry is maintained during the
implosion phase. Asymmetries in the ablation pressure must be smaller than a few percent, otherwise
an unacceptable level of instability growth occurs, reducing the fusion gain. Recent studies at Imperial
College and elsewhere have demonstrated that the most sophisticated optical smoothing schemes
available to date do not provide a sufficiently smooth laser beam to eradicate the initial imprinting of
the laser drive on the cold target surface during the so called 'start-up' phase [1]. Once a plasma has
been formed, thermal conduction from the absorption region to the solid target provides some
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smoothing of further absorbed irradiation, but the initially imprinted non-uniformities rapidly grow
through the Rayleigh-Taylor instability and other hydrodynamic instabilities. The imprint problem
imposes severe constraints on capsule design, forcing designers to operate on a less efficient, higher
isentrope, in order to provide sufficient stabilisation of the instability growth such that the imprint seed
can be tolerated, and does not grow sufficiently to buckle the capsule shell and render the implosion
ineffective. It has been predicted computationally and analytically that imprinting may saturate and
decay prior shock breakout[2]. Thus far, the saturation of areal density perturbation have not been
reported experimentally since most experiments were performed with dpOILl ^pert < 1 where dpoih
and 'kpert are foil thickness and perturbation wavelength, whereas saturation is generally expected for
dFOlLl hpert > 1 • It is difficult to study the latter condition experimentally for solid foil targets
because of limitations associated with diagnostics such as spatial resolution and the high target
opacity. Thus, an alternative experimental approach is presented, namely the study of the effect in
low-density foams, which allow the use of high-resolution, high-sensitivity soft x-ray probing
techniques [3].

The experiment was carried out at the Trident Laser Facility of the Los Alamos National
Laboratory. Two beams of the Trident laser were used, providing laser pulses at a wavelength of
0.527|0.m. The pulse duration was 2.2ns full-width-at-half-maximum (FWHM) with ~ 150ps rise time
and the beams were focused by f/6 optics to a focal spot of ~ 800u.m (FWHM). A pair of transmission
echelons were inserted in the drive beam line. The wavelength of the sinusoidal interference pattern
produced was controlled by the relative angle of the pair. The beam profiles were recorded by an
equivalent-plane-monitor (EPM).

The foam targets were manufactured from polystyrene with a pore size of 2-3 jxm, a density of
200 mg/cc, and a length of 50 jxm. Face-on radiographs of these targets were obtained by the soft x-
ray imaging system at a probe photon energy of ~ 250 eV and 50x magnification. The mass
modulations induced in the target by laser imprint generated optical depth modulations which were
recorded by imaging a transmitted backlighter onto a gated microchannel plate framing camera at four
different times with a temporal resolution of ~ 120 ps. The backlighter signal was provided by
irradiating a gold foil by a second beam at an irradiance of ~ 2x10*3 Wcm"^ for 2.2 ns. The
Modulation Transfer Function (MTF) of the soft x-ray imaging system was measured. It was found
that the MTF was ~ 0.4 at a wavelength of 5 |im. All observations were made during shock transit
before acceleration could commence. Simulations of the experiments were performed with the two-
dimensional (2D) Eulerian hydrodynamic code, POLLUX. Sinusoidal modulations were imposed on
the laser drive with the modulation amplitude, perturbation wavelength and temporal beam profiles all
taken from experimental measurements.

Optical depth modulations were calculated from the simulations. The RMS intensity
modulation, AI/1, was found to be 0.23 ± 0.03 perpendicular to the sinusoids. The optical depth
modulation (AOD), was compared with the one predicted by the simulations. In Figure 1 the AOD
from two different experiments (square and circles) and simulations (the dashed line) are compared.
Two additional curves are obtained from simulations with the beam modulation amplitude AI/I = 0.17
and 0.28 (the solid and dotted curves respectively). As can be seen in Figure 1, the optical depth
modulations start to saturate at around 1250 ps, well before the shock breakout time of 1750 ps.

STIMULATED BRILLOUIN AND RAMAN BACKSCATTERING IN GOLD COATED
FOAM TARGETS:

To overcome the imprint problem we have recently proposed novel plasma smoothing
schemes including the Indirect Direct Drive (IDD) [4] and the Foam Buffered Direct Drive (FFD) [5]
scheme. In the IDD scheme a soft x-ray pulse is incident on the target prior to the laser beam to
generate a preformed plasma in which smoothing can take place. It is however difficult to control the
plasma density scalelength and in addition a strong shock is launched by the the initial x-ray pulse.
For these reasons the FDD scheme was proposed. It addresses the imprinting problem by utilising a
thin overcoat of a high-Z material on a low density foam layer formed on the capsule's outer surface.
The initial laser drive is converted to a brief soft x-ray flash, which supersonically preforms a plasma
from the foam directly ahead of the advancing laser-driven shock front, providing rapid smoothing,
and demonstrably suppressing the imprinting. Recent experimental observations [6] obtained on the
VULCAN laser in Britain and the TRIDENT laser at Los Alamos with green irradiation, the PHEBUS
laser at Limeil and the OMEGA laser at Rochester [7] with 3co irradiation have shown a substantial
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reduction in the initial laser nonuniformity imprinting of directly irradiated targets when the foam
buffer is used. It is however important that the absolute levels of SRS and SBS are low. Hence,
experiments were carried out on the Trident laser facility to measure the SRS and SBS levels.
Cylindrical bare or gold overcoated foam targets were irradiated with a flat topped, green, Ins laser
pulse. Spatial beam smoothing was used with a random phase plate resulting in a focal spot of about
120|xm in diameter. Backscattered SBS and SRS light from the interaction region was collected and
diagnosed using time resolved spectroscopy and calorimetry. The targets consisted of low density
foams (30 or 50mg/cc) either bare or overcoated with 150A of gold and plastic and gold planar foils.
The irradiance on target was changed between 1 and 16xlO^Wcm"^ by varying the laser energy. In
figure 2 the absolute SBS levels for several different target materials are plotted. It is observed that
about 8% of the incident laser energy is backscattered at irradiances of lxlO^Wcm"^. Similar levels
were observed for the solid plastic and the foam targets. The absolute levels of the backscattered SRS
were in the 10"^ range with similar values for both the solid CH and foam interactions.

PRESSURE MEASUREMENTS ON TARGETS HEATED BY A SOFT X-RAY PULSE:

It is proposed that the pressure in indirectly driven targets can be enchanced by heating a low
density foam supersonically that is mounted in front of the solid shell of the fusion capsule. The total
pressure is then the material pressure of the foam and the ablation pressure generated at the foam/foil
interface. Experiments were performed on the PHEBUS glass laser system at Limeil to investigate this
novel scheme. Thin plastic foils (~15jim thick CHOBr) either bare or overcoated with a 50mg/cc
polystyrene foam 50|im in length and 600|im in diameter were subjected to intense pulses of soft x-ray
radiation generated by a single sided hohlraum that was heated with a PHEBUS third harmonic laser
beam. The foam had a high degree of homogeneity with an average pore size diameter of
approximately 2jim and was facing the hohlraum. Two different types of hohlraums were used namely
2.5mm in diameter, 3ns pulse, 2.6kJ resulting in a radiation temperature of about 80eV and 1.4mm in
diameter, 3.5ns, 1.8kJ with a radiation temperature of 95eV. The target package was spaced 30fim
from the surface of the hohlraum.

The foil/foam or bare foil targets were diagnosed perpendicularly to the soft x-ray source
emitted from the hohlraum with a high magnification (50x) time-resolving soft x-ray imaging system
using a spherical multilayered mirror (central wavelength ~50A with a spectral bandwidth of ~5A).
The backlighter was produced by irradiating a lead doped glass target with one of the PHEBUS laser
beams. The slit of the x-ray streak camera was oriented perpendicular to the target surface. The
temporal resolution of the instrument was approximately 200ps while the spatial resolution was about
5jim. Simulations were performed with the one-dimensional hydrodynamic code, MEDUSA, coupled
to an LTE radiation transport algorithm. The simulation results were compared with the experimental
data by generating probe transmission contours from the predicted plasma density and temperature
profiles for the rear side of the target. It was observed that for the foam/foil target the pressure was
larger than for the bare case, i.e. the total pressure is the combined pressure due to ablation pressure at
the interface and the material pressure of the heated foam. In figure 3 the pressures of the foam/foil
and the foil shots are plotted. In addition, a pressure scaling is given as a function of radiation
temperature. The data was obtained by irradiating thin plastic foils (25jim thick CHBr) by an intense
pulse of soft x-ray radiation generated by the illumination of a thin gold converter foil between 0.9 and
1.1 Jim in thickness with one of the PHEBUS third harmonic laser beams with a pulse duration of 1.3ns
(FWHM). Again the pressure was obtained from the simulations by comparing the rear side target
trajectory to code predictions.

SUPERSONIC/ SUBSONIC IONISATION PROPAGATION:

For pressure enhancement the propagation of the ionisation wave through the foam has to be
supersonic. Hence, an understanding of the transition from super- to subsonic propagation of an
ionisation front is important. The transonic regime has been studied in x-ray irradiated low density
foam targets using point projection absorption spectroscopy. The foams were doped with chlorine and
irradiated with an intense pulse of soft x-ray radiation with a temperature up to 120 eV produced by
laser heating a burnthrough converter foil. The cylindrical foam targets were radiographed side-on
allowing the change in the chlorine ionisation and hence the front to be observed. From the absolute
target transmission the density profile was obtained. Comparison of experimental absorption spectra
with simulated ones allowed the temperature of the heated material to be inferred for the first time



IF/3

without reliance on detailed hydrodynamic simulations to interpret the data. The experimental
observations were compared to radiation hydrodynamic simulations [8].

The experiments were carried out at the Rutherford Appleton Laboratory using the VULCAN
laser system. The targets consisted of low density triacrylate foam with a density of 50mg/cc. The
samples used were chemically doped with chlorine of 25% by weight. The foams were cylindrical
and between 180 and 250um in length with a diameter of 200(j.m and were irradiated with a soft x-ray
pulse of either 1.0 or 1.5ns (FWHM) duration emitted from the rear of a laser-irradiated "burnthrough"
converter foil. The laser energy was delivered into a 200uMn focal spot on the burnthrough target
through f/10 lenses by up to six separate beams arranged in the VULCAN cluster configuration. Laser
irradiances of up to lO^Wcm"^ were used. The soft x-ray flux and pulse shape emitted from the rear
of the burnthrough foil was measured using an absolute calibrated time-resolving photodiode.
Allowing for experimental uncertainties and spatial and angular variations in the emitted radiation, it
is estimated that the peak soft x-ray flux at the surface of the foam was between 2x10* ̂ Wcm and
8xlO^Wcm"2. The ionisation wave propagating through the foam was diagnosed with point
projection K-shell absorption spectroscopy. The x-ray heated foam was probed side-on by a quasi-
continuum, 90ps soft x-ray pulse provided from a bismuth coated gold backlighter pin irradiated with
0.53um laser light. The data were recorded using a flat crystal spectrometer with a RbAP
(2d=26.12A), with a spectral resolution of 3eV, and Kodak Industrex C-type film.

Line scans of the absorption spectra were taken and were compared to a model of the
population of chlorine charge state configurations which assumed local thermodynamic equilibrium
(LTE). The material density was obtained from the measured continuum transmission and input to the
model. Saha-Boltzmann statistics was used to calculate the relative populations in configurations of
the chlorine charge states with a full K-shell, including all permutations of L shell electrons, satellites
in M and N shells and detailed term structure. A detailed spectrum was then constructed, using
transition energies and oscillator strengths from ab initio calculations of a multiconfiguration Dirac
Fock code. The measured density was input to the atomic physics model and the temperature inferred
by iterating the temperature in the model until the best match to the experimental absorption spectrum
was obtained.

Simulations were performed using a ID Lagrangian radiation-hydrodynamics code. The
temporal behaviour and absolute levels of the x-ray drive were taken from the absolutely calibrated
diode measurements, with the spectrum of the radiation assumed to be blackbody. For supersonic
propagation the experimentally measured front position and the density were reproduced well by the
simulation though the detail of the front temperature profile shows some differences. The subsonic
temperature profile is reproduced well by the simulation but behind the heat front the temperature
measured was slightly lower than that calculated. The density profile in particular the shock width and
peak density ratio differ in experiment and simulation. The differences are due to 2D effects including
a curvature of the shock front and radiation loss sidewards which the simulations do not include. The
data at the boundary of the supersonic and subsonic regime show a density ratio of approximately two.
The ionisation front is not preceded by the shock but both propagate together. In the subsonic case the
front was preceded by a shock. In this case the shock has a density ratio of approximately three.

FAST IGNITOR STUDIES:

Experimental studies investigating the propagation of an intense laser pulse through
preformed plasmas have been performed [9]. These experiments have great relevance for the fast
ignitor concept. The pulse (1 ps in duration, 10 TW, A,=1.054 |nm) was focused at an irradiance
exceeding 5x10^ W/cm^ onto a near critical, underdense plasma preformed by laser irradiation of a
thin (0.1- 0.5 um) plastic foil. The interaction in the investigated regime, i.e. significantly above the
threshold for relativistic filamentation, appeared to be characterised by relativistic self-channeling of
the pulse. The channeling was detected through spatially resolved second harmonic emission. A single
emission filament (typically 5 Jim in diameter and extending over several Rayleigh lengths) was
observed, and interpreted as a signature of the spatial extent of the beam during the propagation. In
addition, the transverse size of the channel appears to oscillate with a characteristic period of about 20
urn. These oscillations have also been observed in 3D PIC code simulations at the MPQ, Garching, for
conditions used in the experiment. The code has also predicted the generation of large magnetic fields
during the interaction, due to the current of relativistic electrons comoving with the laser pulse. These
magnetic fields contribute to the confinement of the laser energy into the narrow channel.
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The guiding of relativistically intense laser pulses in near critical preformed plasmas was
studied at the PI02 laser facility (Limeil). The plasma was produced by exploding a plastic foil with a
long pulse (about 750 ps in duration) at moderate irradiance, typically 5x10*3 W/cm^. A channel
producing infrared laser pulse with a duration in the range between 10 and 20ps was focussed into the
preformed plasma at an irradiance of about l x l0^ ' W/cm^. At the end of the pulse a green 300 fs
laser beam was focussed into the channel at an irradiance of 1-4x10*9 W/cm^. It was observed that
about 55 % of the incident energy was transmitted whereas only about 25% was measured when no
channeling beam was used. The channel evolution was studied with optical probing.

An alternative approach to the plasma channel formation and guiding is the use of hollow
capillary tubes. In this case the laser pulse is confined within the inner diameter of the guide and
propagates through reflections off the inner walls of the tube. For high intensity pulses, an overdense
plasma is created at the guide walls ahead of the main pulse, by the pulse's rising edge or by the
prepulse. The beam is guided through reflections off the high density plasma. This approach, in
principle also applicable to direct drive compression schemes, seems particularly promising for point
ignition following indirect-drive compression of a pellet placed inside an hohlraum. In this case, in
order to reach the compressed core, the igniting pulse can be guided inside a hollow capillary tube
through the hohlraum wall and the gas fill. Efficient guiding of 1 ps infrared laser pulses with power
exceeding 10 TW has been demonstrated through hollow capillary tubes with 40 and 100 (im internal
diameters and lengths up to 10 mm, with transmittivity higher than 80% of the incident energy [10].
The beam is guided via multiple reflections off a plasma formed on the walls of the guide by the
pulse's rising edge, as inferred from optical probe measurements.

The magnetic field induced by the relativistic electrons and the conventional thermal electric
magnetic field have recently been observed in a preformed plasma using optical Faraday rotation [11].
The rotation angle inversion is clearly visible in a lineout from the experimental data. The value of the
outer rotation (about 2°), suddenly decreases by almost 3° approaching the laser axis. The
corresponding lineout for the product nB, extracted by Abel inversion. From the plot it is evident that
the abrupt changes in the rotation angle observed in the data corresponds to an inversion of the
magnetic field direction. A value for the outer magnetic field can be extracted from the corresponding
rotation, dividing the product nB by the density n of the preformed plasma. This gives an amplitude of
about 1 MG for the thermal electric field. The amplitude of the field inside the channel can be
estimated as B[MG]=(nin/no) where nin is the density inside the channel and no is the background
density of the preformed plasma. Values in the range 5-10 MG are obtained if one considers njn to be
of the order of 0.1-0.5 no. The interaction was studied, under conditions close to those of the reported
experiment, using the 3D PIC code VLPL. A large toroidal magnetic field surrounding the laser axis is
observed, in correspondence with a current of relativistic electrons travelling with the laser pulse. At a
background density of 0.1 nc, the magnetic field is predicted to be as large as 9 MG, peaking at a
distance of 4-5 urn from the laser axis. In the predicted density profile, one observes that the beam has
formed a hollow cylinder type of depression, with outgoing shocks and a density maximum on axis.

The channeling of a hot electron beam at densities close to solid is a fundamental
requirement of the fast ignitor scheme, since an efficient coupling of the fast electron energy to the
compressed fuel is essential. Experiments were carried out on glass targets that were irradiated with a
high intensity lps laser pulse. The interaction in the glass was diagnosed with a picosecond green
probing pulse perpendicular to the laser direction. A collimated ionised channel of a few hundred
microns in length was clearly observed in the glass even when the glass was overcoated with 3fim of
aluminium eliminating any laser light from reaching directly the glass. Simulations with a hybrid code
in which the hot electrons are treated as particles and the background as a fluid with collision taken
into account also show an electron beam collimated by the self-generated magnetic field. The
magnitude of the self-generated magnetic field was a few megagauss. These simulations were carried
out with a solid density plasma. Figure 4 shows (a) a schematic of the experiment, (b) experimental
data and (c) a simulation. A clearly defined channel a few microns in diameter is seen in the
experimental data. The simulations reproduced the experimental data well and a temperature above
1.4keV was observed in the centre of the channel with a current up to 20MA neutralised by the return
current.
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FIGURE CAPTIONS

Figure 1: Temporal evolution of the target areal density modulation, 5m, in 200mg/cc polystyrene
foam calculated from the POLLUX simulations for an intensity of 5x1 O^ Wcm'2 with AI/1 = 0.23.
Two additional curves are shown that were obtained from simulations with the beam modulation
amplitude AI/I = 0.17 and 0.28. Saturation occurs with an amplitude of 0.57um.g/cc after 1.45ns.
Figure 2: Absolute levels of Stimulated Brillouin Backscattering for different target materials ( •
30mg/cc CH foam, • 30mg/cc CH foam + 150A of gold, O 50mg/cc CH foam, • gold target, x solid
CH).
Figure 3: Pressure scaling versus radiation temperature for soft x-ray driven foils.
Figure 4: a) Schematic of experimental arrangement to study the propagation of an electron beam in a
solid target, b) Shadowgraph showing a small collimated channel ionised by the hot electron beam, c)
Simulation showing that the temperature is above lkeV in the centre of the channel.
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ABSTRACT

The physics of fast ignition is being studied using a petawatt laser facility at the Lawrence
Livermore National Laboratory. Performance of the PW laser with deformable mirror wavefront
control giving intensities up to 3xl020Wcm"2 is described. Measurements of the efficiency of
conversion of laser energy to relativistic electrons and of their energy spectrum and angular
distribution including an observed narrow beam angle of ±15°, are reported. Heating by the electrons
to near lkeV in solid density CD2 is inferred from the thermo-nuclear neutron yield. Estimates
suggest an optimized gain of 300x if the National Ignition Facility were to be adapted for fast
ignition.

1. INTRODUCTION

The concept of the Fast Ignition (FI) [1] is of importance in inertial fusion energy (IFE)
research because it offers the possibility of significantly higher gain than can be obtained in indirectly
driven [2] or directly driven [3] inertially confined fusion (ICF). Higher gain would allow power
generation with lower driver efficiency and FI is therefore attractive for laser driven IFE. Figure [1]
illustrates this by showing the calculated gain for ICF targets of a size appropriate to the 1.8 MJ
National Ignition Facility (NIF) which will start operation in the USA in 2002. The NIF target designs
for indirect drive have been developed over decades of research and there is a sound basis for the
predicted gain factor of 12 to 20. The research base for direct drive with predicted gains at NIF scale
of 20 to 70 is less mature, but is nevertheless substantial. The potential for gain of about 300 indicated
for FI at NIF scale is based on newer physics of the interaction of intense laser radiation with plasma
in the relativistic regime and its practical feasibility remains to be proven.

*Work performed under the auspices of the U.S. Department of Energy by the Lawrence Livermore National

Laboratory under Contract No. W-7405-ENG-48.

**Visiting from Department of Electrical Engineering, University of Alberta, Edmonton, Alberta, T6G 2G7,

Canada

***Visiting from Joining & Welding Research Institute, Osaka University, Ibaraki, Osaka 567, Japan
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The essential idea of fast ignition is to pre-compress the fusion fuel by conventional laser
driven methods, then to ignite the fuel with a separate short duration high intensity laser pulse. A pre-
cursor hole boring pulse creates a channel in the plasma atmosphere enabling the ignitor pulse to
penetrate close to the dense fuel. Absorption of the ignitor pulse at the critical density interface
generates a beam of relativistic electrons which transport energy to the dense fuel and heat the
ignition spark. It must reach a temperature kT>10 keV over a density radius product pr>0.5 gcm"2[4]
The mean energy of the electrons must be such that their energy is deposited within the spark and
about lMeV is therefore required. This paper discusses experimental work aimed at testing ideas
relevant to FI using a laser beam line of up to 1 petawatt (PW) power at the Nova facility [5].

IK'!- . . . ^ - r ^

FIG. 1. Calculated gain curves for laser driven ICF targets. Fast ignition plots are labeled with
density, ignition spark driver energy and focal spot IX2 which are discussed in section 10

2. THE PETAWATT LASER

Powerful short pulse lasers have become available through chirped pulse amplification
(CPA) in high energy neodymium glass lasers and one beam line of the 10 beam Nova laser using
disc amplifiers of up to 31.5 cm diameter, has been adapted with CPA to generate 0.8 kilojoule
stretched pulses. Petawatt power is obtained when the stretched pulse is re-compressed via a pair of 1
meter diameter reflection gratings to a minimum duration of less than 500 ps [5]. The focal spot
determines the intensity and a diffraction limited airy pattern would ideally be produced. In practice,
the wave front quality is typically many times diffraction limited due both to passive optical
imperfections and to thermal effects from heating of the laser glass by the flashlamps. The
introduction of a computer controlled deformable mirror (DM) in the P W laser beam line at Nova has
significantly improved the wavefront as illustrated in figure 2. A typical image without the DM after a
7 hour cooling delay, shows significant thermal distortions. The much improved focal spot shown
with use of the DM is reproducible for firing intervals as short as 1 1/2 hours. Analysis of the ccd
images allows determination of the spectrum of intensity. Typically, peak intensities reach values up
to 3 xlO20 Wcm"2 for f/3 focussing when the laser is operated at a power of 1 PW and 20% of the
energy is delivered above 1020 Wcm'2. The fraction of the power contained up to the first minimum
around the central focal spot is 30%. The Strehl ratio is 5% and the fwhm of the central focal spot is
2.5 times the diffraction limit.
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There is laser energy incident on the target prior to the arrival of the short-pulse due to
amplified spontaneous emission (ASE) and small fractional leakage of the short-pulse through
Pockels cell gates in the pulse generator system. ASE begins approximately 4 ns prior to the short
pulse at a roughly constant intensity and its energy is typically 3 xlO^1 of the main pulse energy. A
leakage pulse arrives 2 ns before the main pulse and its minimized energy is 10 " of the main pulse.
The ASE and leakage pre-pulse create a plasma from solid targets prior to the arrival of the main
pulse and interaction of the main pulse with this plasma particularly by relativistic self focusing, is
important in the conversion of laser energy to electron energy. Short-pulse optical interferometry has
been used to measure the density structure of the pre-pulse induced plasma and these results have
been compared with numerical simulations in 2 dimensional cylindrical symmetry using the
hydrodynamic code Lasnex [6]. Good consistency of measured and computed results has allowed
more routine determination of variations in the structure of the performed plasma from Lasnex
modeling in conjunction with monitoring the ASE and prepulse levels on each shot.

'v?:

FIG. 2. Equivalent plane focal spot images and horizontal lineouts with (above) and without (below)
the DM. Thef.w.h.m. of the focal spot with the deformable mirror is 8 jjm.

3. CONVERSION EFFICIENCY AND ENERGY SPECTRUM OF THE ELECTRONS

Conversion of up to 30% of the incident laser energy into electrons of mean energy exceeding
600 keV has been inferred from measurements the Koc fluorescence of a buried layer of Mo in Cu
targets [7]. These measurements made at peak focused intensity of 2xlO19 Wcm"2 in 0.5 ps pulses
were obtained with 15 J laser pulses using a smaller scale prototype of the PW beam. The good
efficiency and suitable mean energy of the electrons for application to fast ignition provide a basis for
more detailed studies of the electron source.

The full scale PW system operating in both 0.5 ps and 5 ps pulses has been used to study the
electron energy spectrum at peak intensities of 3x1020 and 3x1019 Wcm ~2 respectively. A magnetic
electron spectrometer [8] was used to measure the energy spectra of the electrons. The targets in these
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experiments were also used to produce high energy x-rays by bremsstrahlung and were typically 0.5
mm thick Au. Electrons emitted from the rear of these targets have therefore lost energy by both
collisions and due to the electrostatic potential in the target. In spite of these losses; the recorded
electron spectra have energies up to 100 MeV as shown in figure 3. The quasi-exponential slope of
the electron energy spectrum can be used to estimate an equivalent temperature for the electron source
and measurements in the region of above 10 MeV show apparent temperatures for both the 0.5 ps and
5 ps data of the order of 5 to 10 MeV. It is clear from these data that the tail has a higher temperature
than would be inferred by assuming the temperature to be close to the ponderomotive potential at the
vacuum intensity. Such an estimate gives 1 MeV and 3 MeV respectively for the long and short pulse
data. The spectra were recorded at 30° from the laser direction and also at 95° for targets at normal
incidence. It is evident from figure 3 that in the region around 10 MeV the electron flux is
significantly larger in the forward direction. Interesting also is the observation of positrons produced
by pair production in the Au target.

- at 30°

10

Energy [MeV]
100

FIG. 3. Electron energy spectrum for a 280J, 0.5 ps pulse normally incident
on a 0.5 mm thick Au target.

4. ANGULAR DISTRIBUTION OF X-RAY EMISSION

X-ray bremsstrahlung from relativistic electrons has a cone angle of \/y where y is the
relativistic factor. Consequently, measurements of the angular distribution of the x-ray emission at
photon energies in the MeV region are almost equivalent to direct measurement of the angular
distribution of the electron flux in the target. An array of 97 thermo-luminescent (TLD) detectors
filtered to respond to photon energies greater than 300 keV, covered a ±45° cone of angles around the
laser direction and was used to produce the map of x-ray emission shown in figure 4. The striking
feature of these data is the broad angular range and multiple off axis peaks. Comparison of nominally
identical shots shows that the pattern of these peaks changes randomly from shot to shot.

5. NUCLEAR ACTIVATION

High energy x-ray photons interacting with high z target materials induce photo-neutron
emission and nuclear activation through nuclear giant resonance (y>xn) processes. The resonances are
relatively narrow and peak at energies which increase systematically with the number of ejected
neutrons x. For example in Au, the peaks forx=l andx= 7 are at about 15 MeV and 70 MeV. The
product nuclei are typically in excited states whose y emission can be measured and in our
measurements using Au the yields for x=l,3,4,5,6 and 7 have been recorded. From the yields and
known cross sections of these processes the absolute spectral intensity in the 15 to 70 MeV spectral
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region covered by the peaks of these cross sections has been deduced. Figure [4] illustrates the
angular distribution of the x-rays at high photon energy obtained fromx=l nuclear activation of an
Au disc composed of multiple smaller disks. The pattern has a typically broad off axis peak and there
is evidence in figure [4] of splitting of the peak. The direction of the peak varies randomly. The TLD
recorded patterns of lMeV photons and the 15 MeV activation patterns have been seen to be
uncorrelated.

x10"14 atoms produced
at to per target atom

TLD Dose
inRads

10.90

1.144

.^ser eye view

(__) 1.0 - 1.9 TLD's arrayed concentrically on laser axis
at 0, 6,13,18,22.5, 27, 36 and 45 degrees

FIG. 4 Right; the angular pattern of x-ray emission recorded with a TLD array. Dashed lines ring the
regions of higher intensity. Each segment represents one TLD. Left - Nuclear activation from 1 mm
thick Au targets backed with 2 mm Ni and I mm Au, the latter subdivided into I mm cylinders to map
the angular pattern of activation over a range of ±45°.

6. RELATIVISTIC CHANNELING

Evidence of relativistic channel formation is shown in figure 5. The laser was focused at
variable distances in front of and behind the surface of a planar Au target at normal incidence and 550
J in 0.5 ps. The irradiated area on the target if the propagation of the laser were unaffected by the
performed plasma, is shown by the superimposed circles. For focusing 300 |xm in front of the target
the x-ray pinhole camera images of the front surface of the target filtered to record x-rays of about 5
keV energy, shows an emission zone which is approximately 20 |j.m in diameter and much smaller
than the nominal 100 micron diameter irradiated area. The image has structure suggesting one strong
filament and 2 subsidiary filaments. Displacement of the target to the plane of best focus shows an
essentially invariant x-ray image. When the laser was focused 200 jim behind the surface, the x-ray
image was diffuse and of weak intensity extending over more than 300 \xm diameter. It has one 10 p.m
diameter bright spot attributable to a small fraction of the beam undergoing relativistic self focusing.
The yield of photo-neutrons was invariant at 2 to 3 xlO8 for focusing in front of the target while
focusing behind the target surface gave a drop in yield to 107.

7. MECHANISMS INFLUENCING THE ELECTRON SOURCE

Possible causes for the stochastic behavior and wide beam divergence of x-ray emission
include a hosing instability of the relativistic filament at near critical density, which has been seen in
particle in cell (PIC) modeling [9] or Weibel instability breaking up the relativistic electron current
into multiple off axis filaments which has also been seen in PIC modeling [10]. Refraction and
multiple filamentation in the structure of preformed plasma may also contribute. The hot tail in the
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energy spectrum of the electrons is attributable with some confidence to acceleration processes at sub-
critical density which have recently been noted in PIC modeling to give apparent temperatures of
more than 3 times the ponderomotive potential [11].

120 i i i

4.4 4 i •

peak intensity 3.9 20 14.9 17

FIG. 5. X-ray pinhole camera images. The location of the target surface relative to the focal plane is
indicated in the sketch.

8. ELECTRON EMISSION FOR P POLARIZED OBLIQUE INCIDENCE

In very recent experiments the angular distribution of electron emission has been measured
for P polarized 45 degree incidence on CH polymer targets typically 100 JJJH thick using 5 ps laser
pulses at energies up to 650 J. Here the absorption mechanism is different from the jxB process at
normal incidence which creates two electron bursts per optical cycle. P polarized obliquely incident
absorption is by the Brunei mechanism [12] in which electrons are driven perpendicular to the target
surface from sub to super-critical density by the electric field of the laser. The absorption launches
electrons into the target with the oscillation energy along the perpendicular to the target surface. The
electrons were detected by a cone of radio-chromic film placed behind the target and centered on the
laser axis. This film was in two layers, the first behind 7 jxm of Al and the second layer behind an
additional 200 jam of Ta. The first layer detected electrons with energies > 100 keV and the second >
500 keV. The image from the first layer showed the emission pattern in figure 6. An intense electron
beam saturating the film is observed approximately normal to the target surface. Also of interest are
weaker emission features, in particular, a line of emission (in a V shape on the unfolded cone of film)
which corresponds to electrons accelerated in the plane of incidence over a ± 90° range of angles
relative to the laser beam. The second layer shows only the beam directed along the normal to the
target surface. A line out of the optical density of the film indicates that the angular range of the beam
is only + 15°at full width half maximum of the optical density (which is approximately proportional to
intensity). There is also interesting fine structure within the beam with an angular range of just a few
degrees. This narrow well directed beam is extremely promising and interesting for application to fast
ignition.

9. HEATING BY THE ELECTRONS

Theoretical work [13] has suggested that a beamed source of electrons in solid density
material can be transported with magnetic collimation by its self-generated magnetic field. More
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recent calculations [14] for intensity of 2 x 10 19Wcm"2 in a 15 p,m focal spot show collimated heat
flow with temperature reaching 3 keV on axis and ikeV out to a radius of 15 |am penetrating through
0.1mm of solid CD2. This kind of heat transport is highly desirable for fast ignition.

FIG Electron emission . Left- >100keV, pattern over forward hemisphere (original cone of film on a
flat plane). Right- >500keV, enlarged view of beamed emission, (scale arrow shows 30° range).

Moreover, the electron jet previously described is suitable to initiate this behavior. Targets of solid
CD2 with a surface layer of CH were irradiated with 5 ps pulses to study thermonuclear fusion
reactions in the heated CD2 which generate neutrons from DD fusion with an energy of 2.45 MeV and
an energy spread in keV of 82(kT/lkeV)1/2. Such nearly mono-energetic thermal neutron emission is
very different from the photo-neutron emission discussed earlier or neutron generation by accelerated
deuterons striking static deuterons [15], both of which produce neutron energy spectra that are many
MeV wide. Figure 7 shows a neutron spectrum recorded by a large aperture neutron scintillator array
(Lansa) comprised of 960 photo-multiplier/scintillator detectors located 21.5 m from the target at an
angle that is backward at 70° from the laser axis. The target had 10 (im CH over 100 p.m CD2 and was
irradiated at 5 ps with 180J. The striking feature of the spectrum is a narrow peak at 2.45 MeV which
is well above the noise level and cannot be attributed to statistical fluctuations. This peak implies
emission of 6 x 10 4 thermo-nuclear neutrons and the yield (scaling as T5) suggests heating to a
temperature approaching 1 keV.

i L

Counts io-

2 4 6

Eneutron
10

FIG 7 Lansa neutron energy spectrum showing a narrow peak of thermal DD fusion
superimposed on a broad background
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10. FAST IGNITION AT THE SCALE OF THE NIF

The energy required in the electron beam heating the ingnition spark has been determined
from numerical simulations [16] and can be written in the form 80(100/p)u kJ. The same analysis
shows that the required density radius product pr is 0.5 g cm"2. Reducing the density therefore
increases both the spark radius and its inertial confinement time. Larger radius and longer pulse
reduce the required intensity at the laser focal spot. The electrons should have an energy deposition
range equal to the spark pr. A limit of about lMeV is therefore imposed on the energy. The laser
intensity x (wavelength)2 orIX2 is consequently limited to approximately 2.5xlOI9WcnT2um2. At the
scale of NIF these ignition requirements could be met with 10% of the NIF beams (i.e.19) focused in
a clustered array of 25 ja.ni diameter spots at 20 ps pulse duration and 0.53 |J,m wavelength, delivering
200 kJ. It is assumed here that hole boring brings the ignitor beams to within about 100 [im of the
dense core, that there is 30% conversion to electrons and 66% efficient magnetically collimated
transport with two fold increase in electron beam diameter to the ignition spark. Compression of the
fuel is assumed to be with 8% hydrodynamic efficiency typical of direct drive and with a ratio a of
internal energy to the Fermi degenerate minimum of 2. If 1 MJ of laser energy is used to compress the
fuel, the mass is 4.1 mg with a diameter of 340 |J.m. the pr is 3.4 gem"2 and the burn efficiency given
by pr/(pr+7), is 0.33. The gain i.e. ratio of burn yield to laser energy, is therefore 330. It is necessary
for obtaining high gain that the total laser drive be well above the ignition threshold and this sets a
lower limit on the density as illustrated in figure 1. The upper density limit arises from IX2 in the focal
spots which increases with density as indicated in figure 1. In this scenario there is a narrow
operating window at about 200 g/cc. The higher gain obtained in fast ignition arises because we
assume high compression efficiency T|=8%, a low adiabat ratio cc=2 and a low density p=200 where
the energy used to compress the fuel dominates the total input energy and scales as r\ap m. Lower
values of both a and p relative to direct drive are the source of the 5 to 10 fold higher gain for FI
shown in figure 1. This simple model has many limitations. The requirement in fast ignition research
is to substantiate that the postulated behaviors can be obtained. It is apparent that if they can be
obtained then fast ignition has a unique capability for high gain of considerable potential importance
for IFE.
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INERTIAL FUSION ENERGY

Paper IAEA-CN-69/IF/2 (presented by V.P. Smirnov)

DISCUSSION

R.J. GOLDSTON: Do you see any way of making this a repetitively pulsed energy
source?

V.P. SMIRNOV: Liner implosion can provide a cost-effective way of studying the
high gain pellet physics needed for some approaches to inertial fusion energy. With this data
we shall develop this technology to rep-rate operation. However, it is too early as yet to
discuss such operation.
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Paper IAEA-CN-69/IF/3 (presented by O. Willi)

DISCUSSION

T. DESAI: Your results show decay of instability after 1.7 ns and this is not acceptable
for ICF studies. Can you comment on this issue and your further efforts in this direction?

O. WILLI: You are right. It is absolutely essential to reduce the imprint level for
direct drive laser fusion. We have difficulty in establishing the exact imprint level at the
onset of Rayleigh-Taylor instability and, furthermore, saturation is of crucial importance. We
hope to find solutions to the imprinting problem by means of various beam smoothing
techniques, buffering schemes, broader band waves like KrF lasers, and so on.

T. DESAI: A self-generated magnetic field at the ablation surface can also restrict the
growth of instabilities. What effect of this mechanism do you observe in your study?

O. WILLI: We have no measurements or evidence of magnetic fields at the ablation
surface from an experimental point of view. However, theoretical simulations may provide
some answers.

K. MIMA: Is electron beam propagation in solid material relevant to electron
propagation in a fast ignitor? Electron beam propagation is sensitive to the electrical
conductivity of background plasmas. What are the plasma parameters where the electron
beam propagates?

O. WILLI: Although it is a solid target before interaction, an electron beam is
generated very quickly, ionizing a channel through the target and producing a plasma up to
several keV with temperatures similar to those observed in the plasma corona of an ICF
capsule. Collimation of the electron beam is still observed in the simulations, even when the
resistivity is reduced by a factor of 10. The background electron density is of the order of
102 m"3 and the temperature increases to a few keV while the beam is propagating, with a
somewhat lower value in the target.

V.P. SMIRNOV: What is the value of the electron beam current in your experiment?

O. WILLI: Approximately 20 MA. This is larger than the limiting Alfven current but
there is a return current.
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Paper IAEA-CN-69/IF/4 (presented by H. Nishimura)

DISCUSSION

D.H. CRANDALL: Regarding laser imprinting, the Naval Research Laboratory group
in the United States has the smoothest laser - a krypton-fluoride (KrF) laser. Their work on
imprinting is the best and they have found that laser smoothing, even with glass lasers not as
smooth as KrF lasers, could be adequate for direct drive inertial fusion. Foam buffering
remains interesting, but is probably not required.

With respect to the direct-indirect drive hybrid experiment with foam buffering that you
report, it will not be easy to distinguish the various sources of distortion (degradation) of
capsule compression. Presumably, laser imprinting, foam buffering processes and capsule
surface smoothness are all acting in your experiments. Are you confident that you can tell
which processes are dominating your results?

H. NISHIMURA: Previous work on smoothing by a foam layer focused mainly on
plasma formation by supersonic radiation heat wave and homogenization by electron thermal
conduction. In the present work, however, the influence of rippled shock waves, particularly
of wavelengths longer than the thickness of the foam layer, on perturbation growth has
recently been demonstrated. Hydrocode simulations show large growth of the perturbation
after the rippled shock passes through the foam-shell interface where a sharp density jump
exists. Even with the smoothest KrF laser, therefore, low modal non-uniformities determined
by the number of beams and/or the power imbalance among them cannot be easily excluded.
The growth of long wavelength perturbation found in the planar experiments may provide
further evidence.

As you pointed out, various sources of distortion - including the rippled shock - affect
implosion performances, and it is not easy to identify a dominant process, particularly in the
capsule implosion. In the present experiments, therefore, the highest fill pressure was
selected to attain the lowest gas convergence, in order to eliminate the influence of low-mode
non-uniformities on implosion performance. In addition, we expected the foam buffering to
eliminate high mode non-uniformities from laser imprinting. Nevertheless, the X-ray image
of the imploded shell shows non-uniform shell implosion, almost corresponding to the drive
beam geometry. Thus, we tentatively speculate that the degraded implosion performance
found in the compression experiments is due to the growth of long wavelength perturbation
brought about by the limited number of drive beams.
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Paper IAEA-CN-69/IF/5 (presented by M.H. Key)

DISCUSSION

D.H. CRANDALL: Gain in inertial fusion is a complex subject. You have suggested
high gain (330) is possible at the National Ignition Facility (NIF) using combined direct drive
compression and fast ignition. Without a fast ignitor, gain depends on a "spark plug" effect
that depends on high compression of the capsule and, in turn, on careful control of shocks
during compression. With a fast ignitor, the "spark plug" is partly in your control. Can you
say, in simple terms, how this ignitor helps to give higher gain?

M.H. KEY: Gain is the ratio of energy output from the fusion burn to laser energy
input for compression of the fuel and formation of the ignition spark. In all cases, that is
indirect drive (ID), direct drive (DD), and fast ignition (FI), operation well above the ignition
threshold is required for high gain. Then the internal energy of the spark is, by definition,
small relative to the internal energy of the fuel and can to a first approximation be neglected
here.

The burn efficiency scales as pr/(pr+H) where pr is the radially integrated density x
radius and H is a constant. Optimized designs use close to pr=0.5 H and differences in burn
efficiency can to a first approximation be neglected.

The central issue is the laser energy used to compress the fuel which scales as T)ap2/3,
where r) is the efficiency of converting laser energy into compressed fuel energy, a is the ratio
of the internal energy of the fuel to the Fermi degenerate minimum and p is the fuel density.
The same higher value of T| applies in FI and DD arising from direct laser irradiation of the
pellet relative to the lower r\ of indirect X-ray drive in ID. ID therefore has lower gain than
DD at fixed driver energy and the relevant comparison is therefore between FI and DD.

Lower fuel density can be used in FI for two reasons. Firstly, it is necessary for high
gain that the laser energy used to form the spark be a small fraction of the whole (operation
well above the ignition threshold). The spark internal energy scales as p"2 and in FI the spark
is at the fuel density (isochoric) rather than at a small fraction of the fuel density in DD
(isobaric). FI can thus use lower p to satisfy the above threshold condition. I should add,
there are subtleties in quantifying this advantage due to differences in isochoric and isobaric
spark energies for ignition and in laser to spark coupling efficiencies. Secondly, the hollow
shell fuel configuration used in DD requires a higher fuel density for a given pr and a given
fuel mass, again leading to higher fuel density in DD.

Finally, it is possible to use a lower adiabat ratio a in fast ignition because the fuel
compression is at lower density and there is no need to form a central spark. Under these
conditions ablative suppression of Rayleigh Taylor instability is less critical and a lower a
can be used.
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The net advantage of FI gain relative to DD gain therefore derives from the ocp2/3

scaling of the internal energy of the fuel with lower values of p and a in FI. Quantification of
this advantage requires more detailed analysis but the qualitative origin of the advantage is
clear.
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Paper IAEA-CN-69/IF/6 (presented by R. Kodama)

There was no discussion.
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LASER BEAM SMOOTHING AND BACKSCATTER SATURATION PROCESSES IN

PLASMAS RELEVANT TO NATIONAL IGNITION FACILITY HOHLRAUMS*

B.J. MacGOWAN, R.L. BERGER, B.I. COHEN, CD. DECKER, S. DIXIT, S.H. GLENZER, D.E.
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Lawrence Livermore National Laboratory, University of California, L-473 P.O. Box 808,

Livermore, California 94550, U.S.A., Centre D 'Etudes de Bruyeres le Chatel, France

Abstract
We have used gas-filled targets irradiated by the Nova laser to simulate National Ignition Facility (NIF)

hohlraum plasmas and to study the dependence of Stimulated Raman (SRS) and Brillouin (SBS) Scattering on
beam smoothing at a range of laser intensities (3co, 2 - 4 1015Wcm~2) and plasma conditions. We have
demonstrated the effectiveness of polarization smoothing as a potential upgrade to the NIF. Experiments with
higher intensities and higher densities characteristic of 350eV hohlraum designs indicate that with appropriate
beam smoothing the backscatter from such hohlraums may be tolerable.

As part of an integrated plan for attainment of ignition on NIF we are now carrying out
studies to evaluate the effectiveness of beam smoothing at reducing backscattered light (SRS and
SBS) as we depart from the point design hohlraum conditions. These studies are intended to allow
us more latitude in choosing the eventual ignition design. We are also exploring new
implementations of laser beam smoothing more representative of what will be possible on baseline
NIF and potential modifications. This work extends previous studies [1,2] that validated the
baseline NIF beam smoothing design through interaction experiments on Nova. The previous
work concluded that backscatter from the NIF (300eV) hohlraum would be at tolerable levels and
could be further reduced by the addition of Smoothing by Spectral Dispersion (SSD)[3].

We have performed experiments with Kinoform Phase Plates (KPPs)[4] and SSD using a
high frequency modulator (17 GHz) capable of generating bandwidths up to 1.6A at 3co. NIF will
use such a high frequency modulator, rather than the 3 GHz modulators used for previous Nova
experiments, in order to reduce the beam dispersion required for SSD. Lower dispersion will
improve laser propagation through spatial filter pinholes and the hohlraum laser entrance hole
(LEH), but has the potential drawback that smoothing at large spatial scales does not occur. KPPs
will be used in place of Random Phase Plates (RPP)[5] used in previous Nova experiments. RPPs
produce an intensity distribution in the target plane that is an Airy function with as much as 16%
of the light missing the LEH. KPPs can be designed so that the intensity distribution is
essentially flat topped with up to 95% of the light entering the LEH[4]. A potential problem with
KPPs is that the focal spot can have more long-scalelength intensity inhomogeneities. One goal
of these experiments was to verify that the combination of a high frequency modulator and low
dispersion SSD with a KPP focal spot gives results consistent with our previous experiments[l,2].
The new experiments also tested Polarization Smoothing[6] by incorporating wedged KDP crystal
plates in the final optics. The wedges separate the incident light into two orthogonal polarization
components slightly displaced in the focal plane, leading to the averaging of intensity variations
as the two speckle patterns are added incoherently. These techniques reduce filamentation of
hotspots in the focus and, in the case of polarization smoothing, reduce the intensity in hot spots.

Current target designs for the NIF consist of gas-filled, gold hohlraums, 9 mm in length,
heated with a 1.3 MJ laser (430 TW peak power) at 3co (X.o = 0.351 |im wavelength)[7]. The laser
energy is delivered to the hohlraum by 192 beams in shaped pulses about 20 ns long, producing a
peak radiation temperature of 300eV. The beams are focused with f/20 lenses arranged in groups
("quads") of 4 to produce effectively f/8 beams. Symmetric capsule implosions are accomplished
by using two rings of beams, inner and outer, that reach the hohlraum wall at different distances
from the LEH and have different path lengths within the hohlraum plasma. At the time of
maximum power the laser intensity peaks at 2 1015Wcm'2 at the best focus of the f/8 quad, with
other regions, along the 3 to 5 mm beam path, at intensities between 1015 and 2 1015Wcm"2. Over
most of their path length, the laser beams interact with a low-Z, fully-ionized, gas (a mix of He
and H2), but for the last 400 am, with high-Z, high Te gold plasma blown off from the hohlraum
wall. The low-Z plasma between the hohlraum wall and the LEH has electron temperature (Te)
from 3 to 6 keV and electron density (ne) from 7%ncrit to 12%ncrit ( n ^ = 9 1021 cm"3 for 3GO).
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To assess the usefulness of different smoothing schemes we used the laser plasma
interactions code F3D[8] to calculate the plasma response to the laser intensity near focus within
the NIF plasma. In the past we used the calculated increase in the fraction of laser light in high
intensity speckles caused by plasma self focusing (filamentation) as a measure of the effectiveness
of the smoothing technique. In our calculations we find that 0.6 - 1.6 A of SSD bandwidth at 3co,
or application of polarization smoothing, reduces filamentation. If both smoothing schemes are
used, the distribution of intensities can be held to the KPP vacuum value (i.e. filamentation is
suppressed)[6]. Although such comparisons are useful the observable in any smoothing
experiment is often the amount of back scattered laser light rather than the amount of
filamentation that occurs. Hence the calculation has been modified to predict the amount of SBS
and SRS backscatter[8]. In F3D, the incident and reflected light make use of the paraxial
approximation because the light is primarily amplified within the incident light cone. The short
wavelength acoustic waves and Langmuir waves that respectively Brillouin scatter and Raman
scatter the light are spatially enveloped. Anomalous damping is applied to the Langmuir and
acoustic waves to account for secondary decay processes. The 3D fully nonlinear hydrodynamic
response includes the quasi-linear effects of heating, induced flows, and density modification. Fig.
1 shows the results of such calculations for plasma conditions typical of the NIF inner beams.
The calculations show that SSD has its biggest effect on SBS with a more subtle reduction in SRS
expected. The calculations show a clear benefit to polarization smoothing either alone or in
combination with SSD. Future calculations will study the effectiveness of these smoothing
techniques for other laser and plasma conditions.

FIG. 1. Calculation (F3D) of the SBS
and SRS expected from a 10% ncri,
low-Z (CH) plasma at 3keV when
irradiated with a beam of intensity 2
10!5Wctri2. With a range of smoothing
options. The calculations model a
RPP, alone, or in combination with
SSD with lA of bandwidth at 3 co, or
polarization smoothing or both. These
plasma and laser conditions
correspond to the NIF inner beam and
the 300eV NIF point design hohlraum.
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Experiments were performed using the Nova laser with targets developed to reproduce the
plasma conditions and length scales of the NIF. The two plasma conditions that are important
for the NIF are the inner beam plasma, which is a large scale length low-Z plasma with a high gain
exponent for SRS and SBS, and the outer beam plasma which has shorter scale lengths and a higher
gain exponent for SBS in the plasma near the gold wall[2]. The low-Z plasma encountered by the
inner beam was modeled with gasbag targets, which are nearly spherical volumes of a high
molecular weight gas (C5H12) retained by two thin membranes. Symmetric irradiation by nine
"heater beams" leads to the production of 6 -15%ncrit plasmas with 1 - 2 mm scale lengths and Te

of 3 keV. The high-Z plasma with which the NIF outer beams interact was modeled with
cylindrical, "Scale-1" hohlraums, 1.6mm diameter by 2.7mm long, filled with methane gas. The
gas retards the expansion of the gold wall irradiated by the Nova beams and forms a shelf of gold
similar in density and temperature to that seen by the NIF outer beam[2].

Both experiments used the tenth Nova beam as an interaction beam configured at f/8 and
with the capability of SSD and polarization smoothing. SSD used a 17GHz phase modulator to
produce bandwidths of up to 5A at lco (1.6A at 3co). A 1200 mm"1 grating was used to skew the
pulse front by 150 ps, corresponding to 2 color-cycles of SSD[3]. (Each f/20 NIF beamlet will
have one full color cycle of SSD so NIF f/8 "quads" will have two color cycles of SSD across their
width). Polarization smoothing(PS)[6] was effected using an array of Type I KDP doubler
crystals cut at a wedge angle of 270 |J.rad. The crystal wedges were inserted in the beam after the
3co conversion crystals and were oriented such that the 3co polarization vector was at 45° to the e
and o axes of the crystals. The wedges deflected the beam 0.8 mm in the target plane with the
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speckle patterns due to the two polarization components displaced 30p,m relative to each other.
The one-dimensional SSD displaced the laser speckle patterns in the target plane in a direction
orthogonal to the direction of displacement due to the polarization smoothing wedges.
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FIG 2. (a) SBS and (b) SRS backscatter measurements from Scale-1 methane-filled hohlraums
modeling the gold plasmas encountered by the NIF outer beams.

Fig. 2 shows measured SBS and SRS reflectivity as a function of SSD bandwidth for the scale-1
methane filled hohlraums. Both SBS and SRS are time integrated during the shaped pulse
experiment, with the interaction beam intensity peaking at 2 1015Wcm~2. The experimental
uncertainty is ±25%. in the reflectivity. Data taken with the old RPP/SSD combination are shown
for comparison[l] as open circles. The newer data with the KPP and the 17GHz modulator (solid
circles) are consistent. Data taken with gasbag plasmas also showed results that were consistent
with the older data taken with RPPs and low frequency SSD. Hence this preliminary assessment of
the data indicates no significant difference between the NIF implementation of beam smoothing
(KPP and 17GHz SSD) and that of our older experiments (RPP and 3GHz SSD). Fig 2 also shows
two data points taken with the addition of polarization smoothing (triangles) that lie among the
other data, implying that, at least in this experiment, there was little benefit to polarization
smoothing for the laser and plasma conditions relevant to the NIF outer beams.
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FIG. 3. (a) Peak SBS reflectivity and (b) SRS reflectivity at peak Te (t = 1 nsec), for gasbag

plasmas. (Experiments above 13%ncrit used a RPP in place of the KPP)
Fig. 3 shows tests of polarization smoothing performed in gasbag plasmas, representing the

low-Z plasmas through which the inner NIF beams propagate. Most of the data in Fig. 3 had a
probe beam irradiance of 2 1015Wcm"2 corresponding to the NIF 300eV point design. The data in
the range 13% - 15% ncrit had an interaction beam irradiance of 4 1015Wcm'2, consistent with that
in higher temperature (350eV) NIF hohlraum designs. The bulk of the data with PS lie below the
unsmoothed data (open circles), while the experiments with PS and lA SSD have the lowest
backscatter levels (total scatter is less than 6%), especially for the case of SBS indicating that
there is some benefit to polarization smoothing for this inner beam case. Fig 3 shows data from
one shot that lies off the curves joining the rest of the data sets. Some similar data points were
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recorded in gasbag plasmas in experiments that increased the SSD bandwidth in order to examine
the effect of SSD alone (data are not shown here). These "anomalous" data points showed an
increase in one scattered signal (SRS or SBS) and a significant reduction in the other scattered
signal, possibly indicating that the smoothing affects one scattering process which then allows the
other to grow. The phenomenon was not restricted to experiments with polarization smoothing
but seemed to occur when we were making a change to improve smoothing by either method (i.e.
increasing bandwidth or adding PS). These kind of "anomalous" results were obtained on less than
10% of the experiments and had not been seen in previous smoothing experiments on Nova. We
are continuing to examine the data from these experiments in detail in order to understand the
mechanisms by which SRS and SBS are affected by the smoothing and by each other. A more
complete discussion of these results will appear in a longer paper.

8

%
DC

Q)

(a)1 RPP only
RPP & PS

SBS
2 -

o

1
0)

E

-

A
, , A, .

. • i i •

i . i . .

• RPP only
RPP & PS

SRS

\

M, ,
0 0.5 1 1.5

3 oo bandwidth [A]
0 0.5 1 o 1-5

3oo bandwidth [A]
FIG. 4. (a) SBS and (b) SRS time integrated reflectivity for scale-1 gas filled hohlraums
irradiated at 4 1015Wcm~2 to simulate NIF outer beams in higher temperature (Trad ~ 350eV)
hohlraums. "2 " indicates two overlapping data points.

Fig. 4 shows the results of tests of beam smoothing of the NIF outer beams at the higher
irradiances expected in 350eV hohlraums. The targets were scale-1 gas-filled hohlraums and the
interaction beam was smoothed with a RPP and SSD, with and without PS. The results show a
significant benefit to using PS in higher intensity applications. Coupled with the small amount of
data taken with the higher density gasbag plasmas (Fig. 3) we may conclude that the plasma and
laser conditions expected in 350eV ignition-scale hohlraums are not necessarily going to produce
large amounts of backscatter. Furthermore, the indications that higher intensity interaction
beams (up to 4 1015Wcm'2) do not produce dramatically worse backscatter problems may allow
more latitude in designing the KPPs that shape the NIF focal spots. Instead of designing for a flat
intensity profile with the lowest possible peak intensity, we may allow the peak intensity to
increase in order to better shape the sides of the focal spot. The polarization smoothing results
motivate re-examination of schemes to incorporate such smoothing on NIF as a retrofit and plans
for tests with a small number of beams on NIF itself. A fuller discussion of this data and modeling
will be published in a longer paper. However, the results of the studies shown here are that SBS and
SRS in NIF-scale hohlraums should be at tolerable levels with moderate amounts of beam
smoothing, even at the higher intensities and densities expected in 350eV ignition hohlraums.

Th i s work was performed under the auspices of the US. Department of Energy by the
Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48.
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EXPERIMENTAL PROGRAM TO ELUCIDATE AND CONTROL
STIMULATED BRILLOUIN AND RAMAN BACKSCATTERING IN

LONG-SCALE PLASMAS*

Juan C. Fernandez. James A. Cobble, David S. Montgomery and Mark D. Wilke
Los Alamos National Laboratory. Los Alamos. NM, 87544 USA

Laser-plasma instability is a serious concern for indirect-drive inertia! confinement fusion
(ICF). where laser beams illuminate the interior of a cavity (called a hohlraum) to produce X-
rays to drive the implosion of a fusion capsule. Stimulated Raman and Brillouin backscattering
(SRS and SBS) could result in unacceptably high laser reflectivities. Unfortunately, it is impos-
sible at present to fully simulate these processes realistically. Our experimental program aims
to understand these instabilities by pursuing a dual strategy. (1) We use a gas-filled hohlraum
design, which best approaches ignition-liohlraum conditions, on the Nova laser to identify impor-
tant non linear trends. (2) We are shifting towards more fundamental experiments with a nearly
diffraction-limited interaction laser beam illuminating extremely well characterized plasmas on
the Trident laser facility at Los Alamos to probe the relevant fundamental processes.

1. PLASMA CONDITIONS

Hohlraum designs planned for the National Ignition Facility (NIF) use plasma pressure
from a He-H gas fill to tamp the gold-wall plasmafl]. The underdense He-H plasma allows laser
propagation due to its low ionization state Z. High spatial-growth rates for stimulated Raman
scattering^] (SRS) and Brillouin scattering[3] (SBS) are predicted in the long-scale (size ~ few
mm) He-H plasma by linear convective theory[4]. particularly backscattering. SRS and SBS are
the growth of electrostatic wTaves, i.e.. electron-plasma waves (EPWs) and ion-acoustic waves
(IAWs) respectively, which scatter laser light that in turn reinforces the electrostatic waves.
Calculated linear gains are enormous and nonlinear saturation is expected.

We discuss two targets, designed using radiation-hydrodynamic simulations with the LAS-
NEX code[5]. (1) A toroidally-shaped hohlraum filled with a low-Z gas and illuminated with
the Nova laser (wavelength A = 351 nm) best approaches NIF conditions and spatial scales[6.7].
Nine of the ten / / 4.3 beams (heater beams) are on for 1.4 ns. An interaction beam (IB) is
turned on once the plasma equilibrates at 0.4 ns and is kept at constant power for 1 ns. Various
fills have been used at pressures up to 2.2 atm which fully ionize up to ne/nc = 0.20. where
ne is the electron density and nc is the density above which 351 nm light becomes evanescent.
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Figure 1: Left: The gas-filled hohlraum and beam footprints arc illustrated. Middle: LASNEX
profiles within the hohlraum along a beam path at time 1 ns are plotted. Right: Hohlraum x-ray
image (0.08 ns framing) taken at time 0.12 ns is shown. By using thin (2 /.im) gold walk with
no gas fill, sufficient L-shell photons reach our pinhole camera to record an image.
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Figure 2: Left: The geometry for the Thomson scattering measurement is illustrated. Scattering
from EPWs yields the ne profile, while scattering by IAWs yields the Te. Tt and flow velocity vz

profiles. Right: Measured versus predicted spatial profiles normal to the target (z) at 1.0 ns.

(2) Plasmas that are quasi homogeneous along the direction of beam propagation (fco) are pre-
formed by line-focusing a beam of the Trident laser[8] (A = 526.6 nm) for 1.2 ns onto a CH disk
6.7 /mi in thickness and 1 mm in diameter[9]. A second Trident beam for SRS and SBS inter-
actions, either a regular beam or a. well characterized / /6 .9 nearly diffraction-limited beam[10].
travels parallel to the disk and along the line focus plane. The plasma expansion is mostly
normal to A'o. so the IB beam samples a % 1 mm-long plasma with constant ne. depending on
the chosen IB-disk separation. Trident and Nova plasmas are similar in important areas such
as the onset and saturation of SBS[9,11]- Moreo\rer, Trident plasmas have been characterized
with unprecedented detail with a diagnostic that images light from collective Thomson scatter-
ing along the direction of plasma expansion with a framing time of 0.12 ns[10]. The diagnostic
geometry and the plasma, profiles, predicted and measured, are shown in Fig. 2. The profile
measurements are necessary for truly detailed comparisons between theory and experiment.

2. EXPERIMENTAL RESULTS AND FUTURE DIRECTIONS

High-energy glass-laser beams used for ICF are not spatially uniform. Mitigation tech-
niques include passive optics for beam smoothing. For Nova and some Trident experiments we
have used a binary random-phase plate (RPP)[12,13]. RPPs produce a "smooth" focal spot
envelope with a superimposed fine-scale speckle (or "hot spot") pattern. A significant fraction
of the beam energy is in hot spots. RPP hot-spot statistics affect the character of SBS and SRS
onsets profoundly, as seen in models and simulations [14,15]. The result of integrating the SBS
gain over the hot-spot distribution, including beam diffraction and pump depletion, is a non lin-
ear system which exhibits critical behavjor[14]. In the long-scale regime the instability-dephasing
length is much longer than the typical hot-spot length [l^s ~ 7f2X). There, as the average beam
intensity / is increased the reflectivity R sharply increases from Rsee,i once / exceeds a critical
intensity value Ic. I — Ic when the linear gain R/Rsee(i ~ exp[G'(/c,//;.<,)] ~ e1, in contrast with
the customary threshold G = 2TT. Once I » Ic hot-spots undergo pump-depletion or non
linear saturation and R levels off. Sha.rp onsets are also evident on 3-Dim. SBS simulations [15].
High-re and long density scales also allow SRS study where the same theory applies.

SBS Ic magnitudes and dependencies on v; and on / number measured in the Nova toroidal
hohlraums[7,16] and in the Trident line plasmas[9] are predicted theoretically reasonably well[14].
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Figure 3: Left: Time-averaged RSRS
 and RSBS

 are plotted versus I. Center: RSRS & R.SBS
are plotted versus initial ne/nc. Right: RSRS & RSBS ore corrected for inverse-Bremsstrahhing
absorption of the scattered light.

SRS onsets in toroidal hohlrauins have been measured also. For C5H12 {ne/nc = 0.11) the
observed Ic ~ 1014 W/cm2[16] is consistent with theory within our ability to ascertain the value
of the Landau-damping frequency of EPWs (ue) within hot spots[17]. Fig. 3-Left shows RSRS

and RSBS versus / of the RPP-smoothed IB from 1 atm C3H8 fills {ne/nc = 0.07). All the
reflected light near and within the beam cone is measured[18] and included in the values shown.
The observed Ic ~ 3 X 1014 W/cm2 for SRS is significantly higher than with iie/nc = 0.11
because of the higher vt from Landau damping at lower ne. In contrast, the observed SBS / c

are similar for both ne values because the Landau-damping rates for IAWs (//,;) do not change.
Fig. 3-Left includes fits to RSRS and RSBS from the model in R.ef. ([14]).

We have studied SBS and SRS saturation extensively. In a fixed-length homogeneous
plasma the convective gain exponents are GSBS c< {nel)/ui and GSRS &• I/^e- SRS and SBS are
not simply gain-limited when / > Ic since R levels off with increasing /[9,7,16], as in Fig. 3-Left.
Only time-integrated hohlraum RSRS

 a^d RSBS
 are discussed, as the plasma is approximately

in steady state while the IB is on. RSRS and RSBS vary in time due to hydrodynamic-evolution
details[19]. but this is outside the scope of this paper. RSRS is remarkably constant over a wide
range of ne. as shown in Fig. 3-Center and Right. According to LASNEX, changing nt changes
Te and T, little, allowing fairly clean comparisons. RSBS would increase exponentially with ne

if linear convective theory applied. Fig. 3-Right shows a vastly different result. In plasmas with
multiple ion species, i/i/uii depends on the relative ion masses[20.21]. We exploit this by using
the hohlraum gas fill to vary fj/^V while keeping T,/Te fixed. The measured RSRS from toroidal
hohlraums depends approximately linearly on I/J-/U>J[22,16]. even though SRS does not involve
IAWs. This is attributed to the coupling of SRS to the Langmuir Decay Instability (LDI),
where the SRS EPW further decays into another EPW and an IAW[23]. We have imaged the
SRS light at the target plane with 25 /an resolution and 0.15 ns framing[24]. We deduce from
these images that significant SR.S occurs throughout the beam path, contrary to expectations
from convective theory, i.e.. highest scattering at the end of the SRS gain region. Ubiquitous
SRS is more consistent with saturation mediated by LDI. i.e.. SR.S clamped by secondary decay
throughout the plasma except for a short growth region. In spite of modeling successes in
SRS-LDI coupling[25.26]. much more work will be required to explain our data thoroughly[27].
RSBS from toroidal hohlraums is influenced also by //;/cj;[16]. Since SBS is not simply gain-
limited, any v, dependence is difficult to explain. Competition between SRS and SBS might be
involved, but it is strange that the SBS reflectivity is constant for a wide range oivij^i while
the SRS reflectivity is changing significantly. SBS saturation is apparently sensitive to boundary
conditions. In Trident line plasmas when / >> Ic, we have raised the intensity-saturated RSBS

3
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Figure 4: The instantaneous RSBS end RSRS reflectivity of the Trident diffraction-limited beam
from a CH line plasma is plotted versus time.

by seeding SBS with an external light sourcefll],

Much work remains to understand SRS and SBS saturation. Underlying observed trends
in complicated NIF-relevant plasmas, there are undoubtedly coupled physical processes which
we hope to uncover by detailed comparisons of theory to the single-hot-spot experiments. For
example. Fig. 4 shows the evolution of RSRS and RSBS of the diffraction-limited Trident beam.
RSRS and RSBS are anticorrelated and oscillate in time with a period similar to acoustic transit
times across the IB. Promising modeling efforts for these experiments are underway.
*This work was supported by the US DOE.
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Abstract

The computational simulations play an important role in the study of inertial confinement fusion physics.
For the understanding of the physics, integrated implosion code which includes all physics important in the implo-
sion has been developed. On the other hands, several computational codes have been developed in order to verify
the physics models and analyze experimental results. The characteristics of these computational codes and recent
progress of implosion, ignition, Rayleigh-Taylor instability, ripple shock propagation, and burn dynamics analysis
are reported here.

1. INTRODUCTION

Physics of the inertial confinement fusion is based on a variety of elements such as compressible
hydrodynamics, radiation transport, non-ideal equation of state, non-LTE atomic process, and relativistic
laser plasma interaction. In addition, implosion process is not in stationary state and fluid dynamics,
energy transport and instabilities should be solved at the same time. In order to study such complex
physics, and integrated implosion code including all physics important in the implosion process should
be developed. The details of physics elements should be studied and the resultant numerical modeling
should be installed in the integrated code so that the implosion can be simulated with available computer
within realistic CPU time. In order to check the modeling of the physics elements, we apply the code to
compare to the model experiments, for example, such as Rayleigh-Taylor(R-T) instability at the ablation
front. We report at first the present status of our integrated code developed by focusing on a uniqueness
of numerical algorithms and physics models. At second, we report the analysis of implosion experiment
and hydrodynamic instability experiment. Recent theoretical progress of ripple shock wave propagation
will be also reported.

2. CODE DEVELOPMENT

As the first step, for developing the integrated code, we are promoting the following seven items.

(1) Multi-dimensional hydrodynamics: We are developing two different codes. One is an Eulerian code
and has been applied to study details of a part of implosion process. For a global simulation of
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all implosion process, a Lagrangian code with rezoning and remapping is necessary. The ILESTA
code has been modified by installing new rezoning and remapping scheme[l].

(2) Radiation transport: In order to drive implosions or control hydrodynamics, the x-ray radiation pro-
duced by lasers can be used. However, the radiation is not in LTE and multi-group transport is
essential. This part is most time consuming in the integrated code and we are developing a paral-
lel computing scheme. To solve a diffusion type transport in non-orthogonal mesh implicitly, an
iterative method of ILUBCG is used.

(3) Non-local electron transport: It has been suggested that a kinetic effect of electron transport is im-
portant in analyzing target acceleration of relatively thin plastic foils. A Fokker-Planck code as
been developed to couple with hydrodynamics and has been applied to study growth of the R-T
instability. This code is, however, time consuming one to be coupled with the integrated code and
is modified to a hybrid one.

(4) Non-LTE atomic and spectroscopic codes: In order to directly compare the results obtained with the
integrated code to the experimental data, it is necessary to reproduce X-ray emission numerically.
Energetics of radiation is simulated with radiation transport code of (2) in the integrated code,
while details of line emission of doped atom in the fuel gas. These data are used to identify core
nonuniformity as briefly described below.

(5) Relativistic plasmas: For studying basic processes of the fast ignition, we are developing a PIC
codes and Vlasov-Maxwell solver. Since we are interested in laser-plasma interaction in over-
dense plasmas, collisional process should be modeled in the PIC code. A global phenomena such
as hole-boring in inhomogeneous plasamas can be studied with the Vlasov-Maxwell solver. The
basic process clarified with such codes should be modeled in the integrated code for target design.

(6) Fusion product transport: The fusion products affect the burn property of ICF fuel through thede-
position of their kinetic energy and momentum. For detailed examination of the ignition and
burn dynamics, we have developed one-dimensional transport codes for charged particles and
neutron[5]. The transport equations are time-dependent and are written in terms of modified Eu-
lerian (i.e. moving mesh) frame, which enables us to take the hydrodynamic motion of the bulk
plasma into account and then couple them with the hydrodynamics code. Using this coupled trans-
port/hydrodynamic code, we clarified the roles of fusion products in central spark ignition and low
temperature ignition targets. For the purpose of more practical study, we are now undertaking the
development of multi-dimensional transport codes for fusion products.

(7) Target design and laser pulse shape optimization: In order to design high-gain target for future iner-
tial confinemnet fusion reactors. The integrated code, ILESTA was coupled with the optimization
methods, simplex method or genetic algorism. This code enable to design target structure and laser
pulse shape considering all physics important such as hydrodynamic instabilities.

3. IMPLOSION ANALYSIS

It has been already reported that it is difficult to explain many of experimental data only with 1-D
implosion code[2]. We have studied the effect of nonuniform implosion with 2-D integrated code. In Fig.
1, the normalized neutron yield [=(2-D yield)/(l-D yield)] is plotted as a function of the mode number of
£=1 -12 for four different ammplitudes of velocity nonuniformity. The temperature profiles near the time
of peak, neutron emission rates are shown for the case of I = 2, 6 and 12 with 8V/VQ =10%. By focus-
ing on the contribution from £=6 nonuniformity, it is concluded that the experimental neutron yield can
be reproduced by assuming that the velocity perturbation of 20% is generated through the acceleration
phase. Regarding not only the neutron yield, but also the ion temperature observed with time-of-fiight
method by the use of the multi-channel neutron detector, we have obtained a good agreement in the same
simulation.

In order to study the time evolution of implosion dynamics near the maxmum compression, line
emissions from argon doped in the fuel gas have been observed with a space-and-time resolved X-ray
spectroscopic method. We have focused on Ly-/3 line[Ar17+ ls-3p] from H-like and He-/3 line [Ar 16+
(Is2-ls3p)] from He-like argon ions. The line emission history has been calculated as post process for
the 2-D simulation with non-LTE atomic code[4]

4. RAYLEIGH-TAYLOR INSTABILITY ANALYSIS

The integrated code is applied to study linear and nonlinear R-T instability at the ablation front. In
Gekko XII experiments, a planer plastic target with corrugated surface on laser irradiation side was used
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and accelerated with a green laser of a square pulse. The pulse duration is 2 ns. Around this time the
second harmonics appears rapidly in the backlight image calculated with spectroscopic code. In Fig.2,
the density contours at 3.5 ns are shown. We have obtained a good agreement for the growth rate and
spike-bubble structure to cerresponding wxperimental data has been done by reproducing the backlight
and side-light images with the spectroscopic codes.

5. RIPPLE SHOCK WAVE PROPAGATION

Spatial nonuniformity in a laser intensity causes modulation in the ablation pressure, and gener-
ates hydrodynamic perturbation in a target. The study of the hydrodynamic perturbation growth in the
start-up phase is essential for a better understanding of implosion uniformity. The cloudy day model has
been used to setimate the thermal smoothing of the nonuniformity in the absorbed laser intensity. How-
ever 2-D simulations show that the thermal smoothing effect is much smaller than that of the cloudy day
model for relatively long wavelength perturbations, i.e., kD < 1, where k and D are a wavenumber of
the perturbation and thickness of the ablation layer. It was obserbed in 2-D simulations that temperature
and density perturbations increase in the ablation layer for kD < 1. This increase of the temperature
perturbation is founded to be due to the strong nonlinearity of the electron thermal conductivity [3]. Hy-
drodynamic perturbation growth before the shock breakout is investigated by using 2-D simulation and
an analytical model. Nonuniform laser ablation drives a ripple of the shock front and deformation of the
ablation surface caused by nonuniform laser absorption. As shown in the figure, the simulation results
agree fairly well with the analytical model[3]. Requirement of the laser uniformity is estimated for an
ignition target using the analytical model. It shows effectiveness of time varying smoothing of the laser
irradiation. Stability of a converging shock has been also studied with the use of 2-D (cylindrical) and
3-D (spherical) codes. Shock front ripples are found to be more stable than that estimated by CCW
solutions. We have developed an analytical model that explains the obserbed dependence of the stability
on the wavenumber and shock Mach number.

6. IGNITION AND BURN DYNAMICS

On the basis of 1-D coupled transport/hydrodynamic calculations, we investigated the effects of
neutronic processes (i.e. neutron heating and suprathermal fusion) in central spark ignition (CSI) D-T
targets[6]. It was found that the neutron heating has little effect on the threshold energy of laser because
the deposited neutron energy in the spark region (<0.5 g/cm2) is quite small. On the other hand, fast and
volumetric nature of the neutron energy deposition prevents the main fuel from being sufficiently com-
pressed and accelerates the pellet disassembly. Owing to this, the neutron heating leads to decreasing the
target gain by 10-15%. Additional energy release due to suprathermal reactions is not large enough to
compensate the gain decrement.

We also made an examination of the ignition and burn dynamics of low temperature ignition (LTI)
D-T targets, in which the stagnation dynamics was appropriately taken into account[7]. We found that
central-peaked profiles of temperature and density are formed through the stagnation. The ignition hence
takes place in the central region of fuel and then the burn wave propagates outward owing to the heating
by fusion products, without the production of a strong shock wave. In this scheme, the target should
be compressed to significantly high area! density pR, so that the neutronic processes play positive roles,
i.e. lowering the temperature required for ignition and increasing the energy gain. The central-peaked
profile formed at the ignition results in a lower ignition temperature and then a higher energy gain than
those previously estimated for volume ignition targets. As is shown in Fig.4, the limiting gain is 1.5
times higher than those estimated in previous work[8]. Compared with the CSI scheme, however, the
ligh implosion velocity (4.5 ~ 5.5 x 107cm/s) is required to achieve significantly high compression.
Even in the limiting gain case, thus, the gain of the LTI target is lower than that of the CSI one by a factor
of 1.5 ~ 3. However, high pi? means that the neutrons deposit a large fraction of their kinetic energy
inside the fuel, which has some advantages over the CSI targets, such as low induced radioactivity and
high energy conversion using a direct energy converter in a D-T inertial fusion reactor.

7. CONCLUSION

The present status of integrated implosion code, ILESTA including all physics important in the
implosion process, and other individual computational codes are reported. Recent progress of analyzing
implosion, ignition, burn dynamics, Rayleigh-Taylor instability, and ripple shock wave propagation are
shown.
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FIG.l. The normalized neitron yield[=(2-D yield)/(I-
D yield)] as a function of the mode number.

FIG.2. Density contour in nonlinear Rayleigh-
Taylor instability simulation by ILESTA-2D.
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Abstract

This paper presents a series of heavy ion driven, inertial confinement fusion targets that all
have adequate gain (> 50) for inertial fusion energy. These targets are based on the distributed
radiator concept in which much of the hohlraum is filled with low density converter material in
approximate pressure balance. This target is driven by heavy ion beams with a Gaussian spatial
distribution in a multibeam geometry that is consistent with the number of beams needed
by the accelerator and the space needed by the final focusing system. Because the optimal
ion species and kinetic energy depend on the integrated system of accelerator, final focusing,
chamber transport, and target, we have extended the distributed radiator target to accept ions
with range of 0.035 g/cm2 to 0.08 g/cm2. In addition, a "close coupled" version of the target, in
which the hohlraum wall is brought in closer to the capsule to increase the coupling efficiency,
has produced gain > 130 from 3.3 MJ of beam energy.

1. INTRODUCTION

Ion accelerators are well suited to energy production because they have the long lifetimes
(~ 30 years), high repetition rates (~ 10 Hz), and high efficiencies (~ 25-35%) needed for a
reactor. In addition, focusing is done by magnetic fields so there is no final optic in the beam
path. Because accelerators are efficient, relatively low target gains are acceptable. To keep
the recirculating power fraction reasonably small, the product of the driver efficiency times the
target gain (rjG) must be greater than 8-10. This means that gains as low as 30-40 are acceptable
and indirect drive targets can produce more than adequate gain.

Recent work in heavy ion target design has centered around the distributed radiator
target[l, 2, 3]. In the distributed radiator target, most of the cylindrical hohlraum is filled
with low density converter material. The ions stop in these converters and generate x-rays
which implode the capsule. In this type of target, symmetry is obtained by proper placement of
the converters inside the hohlraum. In particular, the converters are located near the zeros of
the Legendre polynomial, P4, and the sources are weighted such that P2 is also zero. The time-
dependent symmetry is controlled by choosing the converter materials and densities such that
approximate pressure balance is achieved and the converters stay in place. Ion range shortening
(which would move the radiating regions even with perfect pressure balance) is minimized by
starting with low density materials to avoid range shortening due to changes in density. Range
shortening due to changes is temperature is overcome by changing the ion kinetic energy when
the target undergoes a large change in temperature.

2. DISTRIBUTED RADIATOR TARGET

The original distributed radiator target assumed that the ion current was carried by two
beams (one per side) traveling parallel to the hohlraum axis and that the density profile within
each beam was a top-hat distribution. The accelerator cannot carry the 6 MJ of beam en-
ergy required in just two beams. If more than two beams are needed, they must be angled
to accommodate the final focusing system (magnets, shielding, etc.) upstream. In addition,

1Work performed under the auspices of the U. S. Department of Energy by Lawrence Livermore National
Laboratory under contract W-7405-ENG-48.
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Figure 1: Elliptically shaped, Gaussian beams are overlayed to form and annulus on the end of
the hohlraum. (a) Each beam is an ellipse with a=4-15 mm and b=1.8 mm. (b) In the foot
pulse, 8 beams are overlayed to form an annulus. (c) The sum of the 8 beams. When integrated
radially, the source has < 2% asymmetry in m=8.

chamber simulations indicate that a top-hat density distribution is probably not realistic for
"conventional" ballistic chamber transport. These simulations show the distribution is more
nearly Gaussian [3].

The targets described here use beams with a Gaussian distribution. In addition, the
number of beams and the angles that the beams make with the axis are consistent with an
accelerator designed by a systems code [4]. To minimize the amount of wasted energy, each
Gaussian beam was focused to an ellipse, as is shown in figure (1), and the ellipses were then
overlayed to form an annulus on the end of the hohlraum. The beams had major and minor
semi-axes of 4.15 mm and 1.8 mm for an "effective" radius (Vab) of 2.7 mm. An elliptical beam
spot is a natural choice since the accelerator uses alternating gradient focusing. In an alternating
gradient focusing system, the beam is focusing in one direction and de-focused in the other by
each quadrupole magnet. By alternating the polarity of the magnets, the beam is confined and
tends toward an elliptical shape. Two cones of beams were used to illuminate the target. 16
beams (8 per side) of 3 GeV Pb+ ions were used during the low power "foot" of the pulse and
32 beams (16 per side) of 4 GeV Pb+ ions were used during the main pulse. Figure (2) shows
the side view of the target including the ion beams, while figure (3) shows the ion current per
beam and the resulting hohlraum temperature as functions of time. The target was driven by a
total of 5.9 MJ of beam energy and produced 390 MJ of yield in an integrated (beam deposition
to fusion burn in the same computer calculation) Lasnex [5] calculation for a gain of 66.

Some types of accelerators are better suited to longer range (higher kinetic energy) ions.
Because only about 1 MJ out of the 5.9 MJ of beam energy ends up in the heat capacity of
the converters, it is possible to double the amount of converter material (and hence, the ion
range) for about 1 MJ more beam energy. Since almost 3 MJ ends up in the hohlraum wall,
we kept the target geometry fixed and increased the converter density. Using this technique,
we produced two successful integrated designs using increased ion range. In the first case, we
increased the range from 0.035 g/cm2 (4 GeV lead ions) to 0.05 g/cm2 (5.5 GeV lead ions); this
target produced 370 MJ of yield from 6.35 MJ of ion energy for a gain of 58. In the second
case, we increased the range to 0.08 g/cm2 (8 GeV lead ions); this target produced 413 MJ of
yield from 7.4 MJ of beam energy for a gain of 55. All of these cases have adequate gain for an
inertial fusion power plant.
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Figure 2: A schematic of one quarter of the distributed radiator target. The complete target is
a reflection about z = 0 and a rotation about the z axis. The arrows represent the Gaussian ion
beams entering the target.

3. CLOSE COUPLED TARGET

A preliminary cost of electricity (COE) for power plant based on the distributed radiator
target is reasonable: 5.6 cents per kWh for a 1 GWe plant and 4 cents per kWh for a 2 GWe
plant [6]. These same codes predict a 17% decrease in COE if we could drive the same capsule
with about 3 MJ of beam energy. A simple scaling suggests that we might be able to do this
if we reduce all the hohlraum dimensions by 27%. In doing so, more of the beam energy would
be coupled to the capsule (hence, "close coupled"). Reducing the hohlraum size means a much
smaller case-to-capsule ratio and less radiation smoothing than in the full size target so that
maintaining time-dependent symmetry is critical.

Two-dimensional integrated Lasnex calculations predict that it is possible, however. We
reduced the hohlraum dimensions of the target shown in figure (2) by 27%. The size of the
beam block, which is set by the capsule size, remained the same. This meant that the effective
beam radius was reduced by more than 27%. The beams used in these calculations had major
and minor semi-axes of 2.78 mm and 1.0 mm for an effective radius of 1.67 mm. The ion range
was also reduced: the foot was driven by 0.49 MJ of 2.2 GeV Pb ions while the main pulse was
driven by 2.78 MJ of 3.5 GeV Pb ions. This target produced 436 MJ of yield from 3.3 MJ of
beam energy for a gain of 132.

The impact of the close coupled target on the integrated system of accelerator, final focus,
and chamber transport needs to be evaluated. While the close coupled target reduces the beam
energy needed to drive the capsule, it puts more stringent requirements on beam focusing and
beam pointing/target positioning. Future work will address these issues.

4. CONCLUSIONS

We now have several variations on the distributed radiator, heavy ion target that produce
enough gain for inertial fusion energy. These targets are driven by ion beams with a Gaussian
distribution that are arranged in a geometry that is consistent with the reactor chamber and
final focusing system. These targets can also accept ion ranges from 0.035 g/cm2 (4 GeV Pb
was used in the Lasnex calculation) up to 0.08 g/cm2 (8 GeV Pb) with a penalty of 1.5 MJ
of additional energy. In addition to expanding the parameter space for this type target, these
calculations show the flexibility of the target.
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Figure 3: Left: Ion current per beam as a function of time assuming 16 beams of 3 GeV Pb+ ion
in the foot and 32 beams of 4 Ge V Pb+ ions in the main pulse. Right: Radiation temperature
inside the hohlraum as a function of time.

Because accelerators are efficient, target gains as low as 30 may be acceptable for a heavy
ion fusion power plant. Getting higher gain by decreasing the beam energy required may be
desirable, however, because the cost of the driver increases with the beam energy. We have
designed a close coupled version of the distributed radiator target that uses a smaller hohlraum
while driving the same capsule. This target has produced gain 132 from 3.3 MJ of beam energy
in two-dimensional, integrated Lasnex calculations. The impact of the close coupled target on
the integrated system of accelerator, final focus, and chamber transport will be evaluated in the
future.

One of the goals of the inertial fusion energy program is to construct an Engineering Test
Facility (ETF) that demonstrates all the physics and technology needed for an inertial fusion
energy power plant. The ETF would be a high repetition rate, high gain facility that would be
used for testing chamber concepts, materials, and advanced targets. Since the ETF would not
be a power plant, it would not need the full yield required for 1 GWe operation. A scaled-down
version of the close coupled target is an attractive route toward an affordable ETF. Scalings
predict that a close coupled ETF target driven by 1.5-2 MJ could produce > 100 MJ of yield.
Two-dimensional, integrated Lasnex calculations of such a target are in progress.
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Abstract
Light ion beams may be the best option for an Inertial Fusion Energy (ERE) driver from the standpoint of

efficiency, standoff, rep-rate operation and cost. This approach uses high-energy-density pulsed power to efficiently
accelerate ions in one or two stages at fields of 0.5 to 1.0 GV/m to produce a medium energy (30 MeV), high-current
(1 MA) beam of light ions, such as lithium. Ion beams provide the ability for medium distance transport (4 m) of the
ions to the target, and standoff of the driver from high-yield implosions. Rep-rate operation of high current ion sources
has also been demonstrated for industrial applications and could be applied to IFE. Although these factors make light
ions the best long-term pulsed-power approach to IFE, light-ion research at Sandia is being suspended this year in
favor of a Z-pinch-driven approach which has an excellent opportunity to rapidly achieve the U.S. Department of
Energy sponsor's goal of high-yield fusion. This paper will summarize the status and most recent results of the light-
ion beam program at Sandia National Laboratories (SNL), and document the prospects for light-ion IFE driver
development.

1. INTRODUCTION
The generation of high current density ion beams with applied-B ion diodes showed promise in

the late-1980's as an efficient, rep-ratable, focusable driver for inertial confinement fusion (ICF). In
the light-ion fusion approach, beam generation and acceleration are done in one or two, short, closely-
coupled regions at high accelerating gradients (0.5 - 1 GV/m) which are well above electron emission
thresholds. These devices therefore require the use of several Tesla insulating magnetic fields to restrict
motion of an electron sheath [1] which fills the anode-cathode (AK) gaps of order 1-3 cm, while

accelerating lithium ions to generate 200 - 700 A/cm2, 4 - 1 2 MeV beams on the PBFA-II, SABRE and
PBFA-X accelerators at SNL. Lithium ion beams have been used to heat hohlraums to 58±4 eV on
PBFA-II [2]. However, meeting the IFE driver requirements for high-brightness Li+ beams has been
more technically challenging than initially thought. IFE driver-scaling issues are strongly affected by

the ion beam power brightness, B •= P/82 , where P and 6 are the ion power density and divergence

respectively. An ion beam power brightness of about 0.3 GW/cm2/mrad2 scales conservatively to IFE
requirements (600 TW delivered to a target in 10 ns) [3]. A baseline approach to this brightness

involves production of a Li-t- current density of 1 kA/cm2 with a divergence of s 20 mrad at « 8 MeV
for 20 ns in the first-stage (injector-stage) of a two-stage system. Post-acceleration of this beam at « 22
MeV in a second stage would give about a 10 mrad beam at 30 MeV, assuming no emittance growth
during post-acceleration [4], which meets the requirements for self-pinched transport [5].

Flashover sources have produced proton beams at > 1 kA/cm2 at 17 - 20 mrad on several diodes
[6,7,8], showing that it is possible to achieve both these parameters simultaneously. The results of the
non-protonic experiments to date have been limited by higher beam divergence (20 - 40 mrad), lower

Li+ current density (< 700 A/cm2), and poor impedance behavior that would not couple well to a
second-stage. These experiments used so called "passive" ion sources which produce nonuniform
beams with large source divergence and result in electron thermal and stimulated desorption and
ionization of surface and bulk hydrocarbon contamination which limits ion beam purity and causes
impedance collapse [9,10]. The main problems appear to be extending an initial period of stable,
acceptably low-divergence operation while simultaneously producing a high enough non-protonic
current density for 20 ns.

Experimental and theoretical work over the last 6 years shows that high-brightness beams
meeting the requirements for an IFE-injector could be possible, but require the simultaneous
integration of at least four key conditions. These key conditions are: 1) rigorous vacuum cleaning
techniques for control of undesired anode, cathode, and ion source plasma formation from electrode
contaminants to control impurity ions and impedance collapse; 2) carefully tailored insulating
magnetic field geometry for radially uniform beam generation; 3) high magnetic fields and other
techniques to control the electron sheath and the onset of a high divergence electromagnetic instability
that couples strongly to the ion beam; and 4) a pre-formed ("active"), pure, uniform lithium plasma
for improved beam uniformity and low source divergence which is compatible with the above electron-
sheath control techniques. These four conditions have never been simultaneously present in any intense
non-protonic ion beam experiment, but we have demonstrated the effectiveness of each condition in
experimental tests. A major advance in our understanding is that these conditions are synergistic and
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tightly-linked. We have brought these four key technologies and the underlying physics understanding
together on the SABRE accelerator.

2.0 ELECTRODE CONTAMINANT CLEANING TECHNIQUES
Applied-B diodes use electric fields far above cathode plasma formation thresholds to generate

intense ion beams. Energy is also deposited in anode surfaces by several mechanisms. Plasmas
therefore form on anode and cathode surfaces from surface contaminants [9]. These plasmas impact
impedance history, ion beam purity, uniformity and divergence. We mitigate the impact of these
plasmas with cleaning techniques: reactive discharges, heating, improved base pressures, gold electrode
coatings, cryogenically-cooled cathodes, hardware conditioning and others [10]. We have increased
the voltage pulse width at the accelerating gap by a factor of 2 to 4, up to the width of the accelerator
input pulse. This is an entry level requirement to sustain high energy and brightness ion beams. In
addition to impedance collapse, production of non-Li+ contaminant ions have dominated the purity of
the Li beam. Li+ current density from the passive LiF ion source has been increased by a factor of 2
with the use of cleaning techniques in three different ion diode geometries on SABRE and PBFA-X
[10]. Other beneficial effects from mitigation of anode and cathode plasmas are reduction of diode
electron loss and beam contaminants, and an increase in ion efficiency, power, and energy. Cleaning is
also critical for the production of pure, pre-formed, Li-plasma sources and is discussed in section 5.0.

3.0 TAILORED MAGNETIC HELD PROFILES
A carefully tailored insulating B-field and diode geometry is required to control the time-

dependent radial beam uniformity [6,7,10]. A radially non-uniform beam can generate both source
and wave-induced divergence as demonstrated by Quicksilver 3-D electromagnetic PIC simulations (see
section 4.0) [11,12]. Beam profile control requires balancing the ion current enhancement from the
electron spatial distribution and the effect of ion-feedback on electron sheath dynamics as a function
of radius [12]. Anode and cathode plasmas also have a strong effect on the field profile for uniform
beam production. The production of radially uniform beams has raised the ion production efficiency
of extraction diodes from 20-30% to 50-80%. This control has recently resulted in a reduction of
proton divergence from 26 mrad to 17 mrad [7]. A simultaneous reduction in fluctuations on the ion
beam current density was also observed, possibly due to a reduction in wave-particle coupling. The
combination of cleaning and uniform field profiles (e.g. key conditions 1 and 2) has increased the
lithium current density and energy a factor of 4 from 125 to 500 A/cm2 on SABRE (see Table I).

4.0 ELECTRON SHEATH AND ION BEAM ENHANCEMENT CONTROL TECHNIQUES
The electron sheath distribution across the acceleration gap influences the ion beam current

enhancement above the space-charge-limit and also affects the growth-rate of electromagnetic
instabilities which can couple to the beam and cause divergence. Quicksilver simulations show a high-
frequency instability at low enhancement (diocotron mode) that produces < 10 mrad of ion beam
divergence. One important reason to use a non-protonic ion (e.g. Li+) is that the divergence produced
by wave-particle coupling in the diocotron limit is predicted to scale with sqrt(q/A) [13]. Once the
electron sheath fully spans the vacuum gap, and ion beam enhancement exceeds 5-6, simulations show
a transition to a low-frequency instability (ion mode) that produces large divergence, in excess of 30
mrad. This picture of wave-particle divergence growth has received strong experimental support
[14,15], although some differences exist between experimentally measured electron and ion density
profiles and Quicksilver predictions. SABRE results clearly show that current density fluctuations are
consistent with a wave-particle coupling mechanism. High B-fields are predicted to control the
charged-particle dynamics which can decrease the growth-rate and wave-particle coupling that produce
divergence, by limiting charge injection rate into the AK gap.

Axial current flow is another technique to effectively control the electron sheath and ion beam
enhancement and has recently been demonstrated both at Cornell University [16] and at SNL. In the
SNL implementation, a small area electron beam diode on the axis of the ion diode (axial electron
beam load or AEL) draws of order 25-50% of the diode current, shunting charge in parallel that would
fill the AK gap. The time-integrated divergence of the ion beam with the passive LiF source is reduced
from 39±8 mrad to 20±8 mrad, and the current density fluctuation level, electron loss and impurity
generation are reduced. Accounting for the reduction of Li beam power by 40%, the beam brightness
increased by a factor of 2. Quicksilver simulations also show a reduction of wave-particle induced
divergence, fluctuations, and electron loss as on-axis current is increased.

5.0 PRE-FORMED NON-PROTONIC SOURCE
Previous work has shown that as much as half of the divergence of the LiF Li+ ion source (in

quadrature) is dominated by the source [17], and that the source uniformity is poor. The generation of
high brightness ion beams requires a uniform pre-formed anode plasma to improve uniformity and
lower source divergence, and to be compatible with the above electron sheath control techniques (e.g.
high B-fields which shut off passive sources). We have concentrated on Li+ ion sources for two reasons:
1) Li has a large second ionization energy so that production of only a single charge state in the
plasma might be possible, and 2) the Li energy for coupling to an ICF target is readily achievable with
current pulsed-power technology. Previous laser source experiments which required plasma formation
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over & 500 cm2 used a 10-20 MW/cm2 evaporation laser with LiAg Li-bearing thin-films which
produced non-uniform plasma and ion beam, and large source divergence. Small-scale experiments
have shown that average Nd:Yag laser irradiances > 30 MW/cm2 can generate non-uniform plasmas,
while irradiances > 75 MW/cm2 will give uniform plasma generation from LiAg films when
illuminating at angles of 70° from normal [18]. A 90 J, 15 ns, Nd:Yag laser was developed that
provides about 25-40 MW/cm2 average irradiance over the 70 cm2 anode areas at the SABRE
accelerator. These experiments are discussed in section 6.0.

The effort to generate a pre-formed, pure Li anode plasma source for ion fusion has, in-part been
dominated by the inevitable surface oxides that form when loading lithium-bearing films, and
operating at pressures of « 5e-5 Torr. IFE injector beam inventory requirements are equivalent to
about 0.1 monolayers (ml) of Li+ ions. Since a single ionized ml can supply the entire beam inventory,
control of contaminants is critical [9]. For example, we have measured more than 30 ml of hydrogen
desorbed from LiAg films by the laser at 90 MW/cm2 [18] which is reduced by a factor of 10-15 with
discharge cleaning. These hydrocarbon and oxygen contaminants have quickly come to dominate the
desired Li+ beam in all previous pre-formed source experiments on SABRE, PBFA-II, and PBFA-X.

6.0 PARTIAL INTEGRATION
With laser-produced sources, we have for the first time produced a pre-formed plasma layer on

the anode with LiAg films. Reactive discharges and high magnetic fields were required to reduce the
proton contamination in this beam (by sputtering away a LiOH layer) to a 10% level, but the heavy
particle current produced from a Li2O layer (e.g. O+, etc.) dominated the Li+ current, which was also
only about 10%. This source layer is also locally nonuniform because of inadequate laser fluence to
turn-on the entire anode area, and large laser nonuniformity, so source divergence could be significant.
Further improvement in laser uniformity and power density is critical to achieve the best integrated
performance. Nevertheless, this partial integration of the four key conditions has resulted in: 1) the first
intense beam from a pre-formed source with a well-behaved, dominant, non-protonic particle current
density of 400 A/cm2, 2) a 20 ns earlier turn-on of ion current, and 3) the best impedance history that
we have ever produced with an enhancement below 4 and no impedance collapse for up to 45 ns. This
impedance history may be acceptable to drive the 2nd stage of a two-stage system. We have also
observed that the pre-formed source layer is modified by the arrival of the power pulse at the diode
and the electron sheath at the anode. Li ion source purity is still a very difficult issue. An in-situ Li
deposition system for rapid anode coating, coupled with a large-area cryogenic differential-pumping
system for base pressures of 7e-8 Torr has been developed and would allow a clean Li surface to be
deposited just prior to the laser and accelerator firing. We have also produced a carbon beam with only
about 20% proton contamination with minimal cleaning, although there is a carbon ion charge-state
spread in the extracted beam.

7.0 CONCLUSIONS
There is no question that this is quite challenging plasma physics. The enormous potential payoff

of accelerating particles in one or two steps at fields of 0.5 to 1 GV/m still makes this a worthwhile
candidate for fusion. The lack of appreciation for the dominant role of the ion source, the treatment of
ion sources as an engineering development issue, and the fundamentally difficult surface physics of
producing a lithium source at 5e-5 Torr over areas of up to 1000 cm2 has greatly hindered progress in
the past. In addition, it was extremely difficult to develop a systematic approach to these issues on the
large scale, low-shot-rate (60 shots/year) PBFA-II facility with reduced access for diagnostics.

We have pursued a physics-based development of extraction ion diodes for application to IFE-
drivers on the SABRE accelerator at 150 - 200 shots/year since 1992. Significant progress has been
made on accelerator-diode coupling, high-power, efficient extraction diode design, anode and cathode
plasma and impedance collapse mitigation, divergence physics and control, and pre-formed ion sources
in this 6 year period. For comparison, we may define a figure of merit (FOM) for an IFE injector
brightness as FOM=J (A/cm2)*T.(ns)/8(mrad)2 where J is the non-protonic current density, 6 is the
divergence at peak ion power, and x is the usable pulse lengh (x « 20 ns is required for the main pulse,
40 ns for the foot pulse3). Table I shows that successively improved integration of the four key
conditions has produced non-protonic beams on the SABRE accelerator with a FOM that has increased
by about an order of magnitude from 0.8 to 7.3 since the first Li beam experiments in 1993. Table I
also gives Li beam results from the PBFA-II experiments with a FOM of » 18 at 9 MeV [14], which
scales to about 12 at the 4 MeV SABRE level. An entry-level IFE injector requires a FOM>50 at 8 MeV
which scales to about 23 at 4 MeV. The bold figures in Table I show where injector requirements have
been met. Partial integration has produced a current density which scales to those required with a stable
pulsewidth which meets requirements for both the main and foot beams. Divergence requirements were
met on the PBFA-II diode which had improved beam uniformity compared to SABRE. This analysis
implies beams that are within a factor of 3 to 5 of IFE-injector requirements. Divergence must be
reduced by 40% to meet this goal.
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Parameter

Key
Conditions *

J (A/cm2)

9(mrad)

x(ns)

FOM

Circa

Table I.

none 1

125 250

30-50

10

0.8 1.6

1993 1994

Injector FOM Performance

SABRE(

2

300

30-50

10-15

2.4

1995

I 4 M V

1,2

500

3.9

1995

2,3b

180

15-30

15

5.3

1997

for Non-Protonic Beams

l,2,3a/b,4a

4002

33

20/40

7.3

1998

PBFA-n

4 MV3 9 MV

24

450 700

22

10-15

11.7 17.5

1995

IFE Requirem.
4 MV3 8 MV

1,2,3,4

450 1000

20

20/40

23 50

1. Key Conditions-l:electrode cleaning, 2:uniform B-profiles, 3:electron sheath control/3a. high-B, 3b. axial load,
4:source layer/4a. pre-formed, 4b. uniform, 4c. pure

2. Not Li, but non-protonic, all other current densities quoted are Li. Error estimate on current density is ±15%.
3. PBFA-II and IFE injector current densities scaled by V3'2/d2 for comparison with SABRE at 4 MeV, 1.2 cm gap.
4. The uniformity for the PBFA-II radial ion diode was significantly better than for the SABRE extraction ion diode.

The production of bright ion beams requires care in diode alignment, source purity and plasma
control, laser uniformity and power density, and B-field profile and magnitude. We have not achieved
the level of integration of these issues hoped for prior to program suspension, and yet partial
integration has resulted in some significant improvements. We have discovered nothing to show that
achieving the requisite beam divergence and current density is fundamentally impossible. The recent
work on the SABRE accelerator, particularly the demonstration of non-protonic ion sources with well-
behaved impedance histories, forms a strong basis for further engineering and physics development for
a light ion driver for IFE. Pre-formed sources allow a fundamentally new regime of diode performance
to be accessed. Further progress could be made in the important areas: plasma source formation and
purity, beam and source uniformity, and divergence-reduction physics, with a focused, multi-year,
physics-based program at universities, on small-scale development facilities and on accelerators. Ion
source/acceleration schemes for appropriate charge states of other candidate ions such as B, C, N, O
should also be developed. Relevant IFE-scale injector and post-acceleration physics could be pursued
on the existing SABRE and HERMES-III accelerators should a serious nationally-funded effort to
develop IFE drivers be desired. Light-ion diodes also offer high-current space-charge dominated
beams suitable for a physics-based modeling of the issues in heavy ion fusion final transport.
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CRYOGENIC DEUTERIUM Z-PINCH AND WIRE ARRAY XA0054025
Z-PEVCH STUDIES AT IMPERIAL COLLEGE.
M.G. Haines, R. Aliaga-Rossel, F.N. Beg, A.R. Bell, S. Channon, J.P. Chittenden, M. Coppins,
A.E. Dangor, D.F. Howell, N.G. Kassapakis, S.V. Lebedev, I.H. Mitchell, J. Ruiz-Camacho,
J.F. Worley & D. Zdravkovic
The Blackett Laboratory, Imperial College, London SW7 2BZ, U. K.
I. Ross
A.W.E. Aldermaston, Reading, RG7 4PR, U. K.

Abstract
Z-pinch experiments using cryogenic deuterium fibre loads have been carried out on the

MAGPIE generator at currents up to 1.4MA. M=0 instabilities in the corona caused plasma expansion
and disruption before the plasma could enter the collionless Large ion Larmor radius regime. For the
last 12 months we have studied Aluminium wire array implosions using laser probing, optical streaks
and gated X-ray images. Plasma from the wires in accelerated to the axis as radial plasma streams with
uncorrelated m=0 instabilities superimposed. Later in the discharge a global Rayleigh-Taylor (R-T)
instability develops. Single and double aluminium and tungsten wire shots were conducted at 150kA. 2-
D and 3-D simulations and a heuristic model of wire arrays will be presented along with theories on the
combined MHD/R-T instability and sheared axial flow generation by large ion Larmor radius effects.

1. CRYOGENIC DEUTERIUM FIBRE Z-PINCHES
The MAGPIE generator (2.4MV, 1.9MA) was employed to discharge currents of up to 1.4MA

through cryogenic deuterium fibres of 100(Lim diameter and 23 mm in length with a current rise time of
150ns. Optical and X-ray streak and framing cameras and laser interferometry and schlieren were
employed, and gave results similar to those found in our earlier experiments with carbon and CD2
fibres, the parameters of the coronal plasma being practically independent of the material and initial
fibre diameter. In all experiments, the corona plasma was observed (in laser schlieren images) to expand
at a constant 5x104 ms"1 and to be susceptible to m=0 instabilities right from the very start of the
discharge (see Figure 1). The measured expansion velocity of the plasma and the observed evolution of
the characteristic lmm wavelength for the m=0 instability are in close agreement with the results of 2-D
resistive MHD simulations of carbon fibres [1], which also indicated insensitivity of the coronal
behaviour to the initial fibre diameter.

In experiments using D2 fibre loads, bursts of 108-109 neutrons occurred late in the discharge as a
result of ion acceleration processes in the rarefied plasma gaps which result from the substantial m - 0
instability activity. Discharges into low line density, 7|Lim diameter carbon fibres do not show improved
stability of the coronal plasma. Moreover, disruption of the discharge (transition to the e-beam
generation mode) occurs earlier than for thicker fibres and before sufficient current is reached for the
ions to become collisionless and for pinch to enter the large Larmor radius (LLR) regime [2].

A current pre-pulse of 30kA was found to convert 1% of the fibre mass into a low density corona
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Figure la. Coronal plasma diameter
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Figure 1b. Schlieren photographs from different
discharges into WOfXm deuterium fibres
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around the fibre. This reduced both the m=0 instability development and the radial expansion velocity
during the initial phase of the discharge compared to shots with no pre-pulse. It is possible that a more
controllable and effective pre-ionisation of the fibre would allow further improvements to the stability of
a z-pinch initiated from a solid fibre.

2. WIRE ARRAY Z-PINCH EXPERIMENTS
Wire arrays 16 mm in diameter and 23 mm long with 8 to 64 aluminium wires of 15 urn diameter

were imploded on the MAGPIE generator, stagnating on axis near the current maximum (1.4 MA at
240 ns) to form a hot dense plasma. Both end-on (r-6 plane) and side-on (r-z plane) laser probing (Nd-
YAG, 532 ran, 0.4 ns) was used giving interferometry, schlieren or shadow images. A gated 4-frame
camera (2 ns gating time, 9 ns separation) gave time-resolved soft X-ray images.

End-on (r-6 plane) interferograms (Fig 2) show that after 60ns, the plasma from the wires starts
to move inside the array in the form of radially directed streams. The plasma electron density contour of
1023 m"3 has an inward radial velocity of ~1.5xl05 ms"1 while the azimuthal velocity is 1/4 of the radial
velocity. Azimuthal expansion leads to merging of the coronal plasmas and plasma with density > 1023

m"3 fills the regions between the wires at the initial radius of the array at 65 and 90 ns for arrays with 64
and 8 wires (gap size 0.78-6.28 mm) respectively.

Side-on laser probing (at a higher electron density of 1025 m"3) shows the same 60 ns delay before
rapid expansion at 3.2xlO4 ± 3xlO3 ms"1 in the inward radial direction and 1.32xlO4 ± lxlO3 ms"1 in the
azimuthal direction. This expansion occurs with the development of m=0 like instabilities with axial
wavelength less than 0.5 mm. The global magnetic field of the array modifies the instability pattern,
which is no longer symmetric around each wire axis. Comparison of the instabilities in different wires
shows that they are not correlated during the initial stages of the discharge.

Coronal plasma is observed on axis in radial optical streak photographs, x-ray gated images and
laser probing (Fig 3) long before the final array implosion where it accumulates forming a precursor
pinch of ~lmm diameter. The precursor formation time of ~120 ns implies lkeV ions and is relatively
insensitive to the number of wires in the array, however, the intensity and diameter of precursor plasma
emission in both the optical and x-ray regions decrease as the number of wires increases.

During the later stages of array implosion, the development of a global m=0 instability with a
dominant wavelength of 1.7-2.3 mm was observed by a number of diagnostics, starting at time t/tjmp ~
0.7 - 0.8 (where timp is the calculated time of implosion). X-ray gated images show that a number of
axially correlated bright spots are formed at the initial radial positions of wires (Figure 4). The same
characteristic wavelength of ~ 2mm of instability is also seen in side-on laser probing images and axial
streak photographs, which both show the formation of radially directed plasma streams and axial gaps.
The scaling of the time of appearance of the global instability with the number of wires (N) is consistent
with a heuristic model [3] for the magnetic Rayleigh-Taylor instability whose initial perturbation
amplitude (<50) is determined by averaging the initial uncorrelated instabilities on the individual wires
and is proportional to N" [4], (see Figure 5).

=145*11*. i positions

Ana*. \rray
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Fig 2. End-on interferogram of an 8 wire Fig 3. Side-on Schlieren of an 8 wire array, showing
array. coronal plasma around, the wires and the precursor on axis.
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Figure 5. Fit of the experimentally implied global
perturbation amplitude to data to N~1/2.

3. WIRE ARRAY Z-PINCH SIMULATIONS
We have developed a three dimensional resistive MHD code for the simulation of wire arrays.

The model is two temperature (electrons and ions) and incorporates LTE ionisation dynamics and a
simple radiation loss model. Explicit hydrodynamics is performed on a Cartesian (x,y,z) Eulerian grid,
using second order Van-Leer advection. The thermal and magnetic field diffusion equations are solved
implicitly using an iterative matrix inversion method.

A 2D (r,z) resistive MHD code (with fine spatial resolution) is used to model the initial ablation
phase of the wires and provide the starting conditions for 3D code runs on a coarser grid. Cold-start
conditions are applied in the 2D(r,z) code with a Thomas-Fermi equation of state and transport
coefficients which model the transition from solid to plasma conductivity. Fig 6 shows a mass density
map from a 2D(r,z) simulation of a 15|Um aluminium wire carrying an eighth of the total MAGPIE
current. Despite being surrounded by a high temperature corona exhibiting an m=0 instability with 0.5
mm wavelength, the cold unionised core of the wire still retains 83% of the original mass. Three-
dimensional results show that the symmetry of implosion is strongly affected by the level of ionisation
provided by the 2-D code.

Computational resources presently limit high resolution results from the 3-D code to 2D in the x-
y plane. Fig 7 shows a logarithmic mass density contour map of one quarter of an array of 8 15jim
aluminium wires driven by MAGPIE. Low density coronal material is swept around the higher density
wire cores by the global magnetic field giving rise to radial streams of plasma and forming a precursor
on axis. Fig 8 shows one iso-density contour at 170ns from a low resolution 3D simulation of the same
experiment. An imposed perturbation on the wires has resulted in plasma in some axial positions being
pinched to the axis (the back-right corner) before plasma in adjacent regions has begun to move.
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Fig 6. p(r,z) from a cold start Fig 7. p(x,y) from a simulation Fig 8. p(x,y,z) contour at 170ns from
simulation of an Al -wire, at 100ns. of a 8 wire Al array, at 125ns. a 3D array simulation of 8 wires Al.
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4. THEORETICAL MODELS OF Z-PINCHES
A heuristic model of the wire array pinch divides the dynamics into four phases, hi the first, each

wire is transformed into an expanding plasma with uncorrelated MHD instabilities as in single wire
experiments. The global magnetic field causes radial elongation of the plasma emanating from the wires
and determines the shell thickness when these plasmas merge (the second phase). The global
perturbation amplitude is then N"1/2 times the amplitude of the uncorrelated instabilities in the individual
wires. Phase 3 is the inward acceleration of the shell, with the linear and non-linear evolution of the
Rayleigh-Taylor instability. At phase 4, the stagnation, the amplitude of the dominant R-T mode, the
shell thickness and the final implosion velocity determine the X-ray pulse. The energy, at first in the
ions, is randomised and equipartition to the electrons leads to rapid ionisation and radiation loss. For
low N implosions in Al, the equipartition time is much longer than the Alfven transit time and this leads
to a broadening of the X-ray pulse. Good agreement with Sandia experiments is found.

The stability of rapidly imploding uniform-fill gaseous Z-pinches has been studied using a
2D(r,z) MHD code. Unlike hollow cylindrical shell implosions, these pinches do not exhibit classical
Rayleigh-Taylor like growth, but rather follow MHD behaviour with the growth rate being inversely
proportional to the radius. At peak compression, the instability mode structure at the pinch surface is
destroyed by a shock wave reflected from the pinch axis, however, after a recovery time given by the
instability scale-length divided by the thermal velocity, the mode structure is re-established.

Investigations of the stabilising effects of sheared axial flow in both the linear and non-linear
MHD regimes show that whilst reductions in growth rates are possible, overall stability is not. A
Vlasov-fluid model of a Z-pinch in the large Larmor radius regime has been used to demonstrate the
spontaneous generation of sheared axial flow caused by the interaction of ions with a moving vacuum /
plasma boundary (Fig. 9). Optimum shear generation occurs at the same value of Larmor radius (10-
15% of pinch radius) as the maximum reduction in the linear growth rate for m=0 and m=l modes [5].

5. Z-PINCH EXPERIMENTS WITH ONE OR TWO WIRES.
Experiments at 150kA with single wires show that whilst the expansion velocity of aluminium

coronal plasma is typically twice that of tungsten, it is relatively insensitive to the wire diameter.
Experiments with two wires separated by 300, 600 and 1500 \xm show plasma regions both localised to
the wires and equispaced between the wires. The central plasma formation time depends on material and
separation, appearing at 5, 15 and 30 ns for aluminium wires separated by 300, 600 & 1500|im. With
600 (im separation, the instabilities on the wires are correlated after 15ns. The global magnetic field
results in faster expansion in the side-on direction than the face-on direction and streams plasma from
the wires to the centre. The central plasma increases in size becoming m=0 and m=l unstable (Fig. 10).

W

0.2 0.4 0.6 0.8
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Fig. 9. Axial ion fluid velocity versus radius

1.0

Fig. 10. Schlieren images of 2 wire pinches.
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Abstract

The results of high-resolution processing using the multilevel dynamical contrasting method of earlier
experiments on linear Z-pinches are presented which illustrate formation of a dynamical percolating network
woven by long-living filaments of electric current. A qualitative approach is outlined which treats long-living
filaments as a classical plasma formation governed by the long-range quantum bonds provided, at the micro-
scopical level, by nanotubes of elements of optimal valence. The self-similarity of structuring in laboratory and
cosmic plasmas is shown, and examples are found of nanotube-like and/or fullerene-like structures of cosmic
length scales.

1. INTRODUCTION

Recently [1] the self-similarity of plasma structuring, in a very broad range of length scales and
macroscopic densities of electric current, has been revealed in analyzing laboratory and cosmic plasmas,
with the help of the multilevel dynamical contrasting method [1]. This covered about thirty orders of
magnitude, from micrometer thickness of individual filaments in laboratory discharges to about 1027 cen-
timeter size of the structures in the universe, which resemble the plasma formations in magneto-inertially
driven systems (gaseous [1], wire and wire-array Z-pinches [2], and plasma foci [3]). The broadness of
the length scale range and the unique survivability of the filaments (very often some of the filaments
sustain their integrity during almost the entire period of the discharge; in gaseous Z-pinches, from electri-
cal breakdown up to the Z-pinch neck's disruption [1]) suggest that the microscopic mechanism of the
filamentation could have a universal nature. The unexpectedly high elasticity and enhanced conductivity
of filaments suggest that only the quantum bonds can provide such a survivability rather than classical
magnetoplasma mechanisms. The dissociation of conventional molecules at the ambient plasma tem-
peratures in the range above 1 eV should prevent sustaining the long-range quantum bonds. Therefore,
the identification of strong long-range bonds in high-current gaseous discharges [1,3] suggests that there
should be a sort of fiber-like molecule of enhanced stability.

The latter is the case for the carbon nanotubes that have been discovered [4] and intensely inves-
tigated in recent years (see, e.g., the survey paper [5]). The following properties of the nanotubes are
essential: (i) unique mechanical stability and cohesion; (ii) high efficiency of cold autoemission of elec-
trons and thermoelectric emission; (iii) the ability of assembling large, macroscopic clusters; (iv) high
enough conductivity of individual nanotubes in a wide range of major parameters that make some of
them ideal 1-D quantum wires; (v) most economic consumption of the relevant available material to pro-
duce stable long-range quantum bonds. There are a number of sources for forming the nanotubes under
laboratory conditions: namely, (a) vacuum pumping system (organic or silicon oil are normally used in
the diffusion pumps); (b) vacuum chamber internal surfaces (in well-formed plasmas, as a rule, one may
find carbon: namely, graphite-containing walls and limiters in most "successful" tokamaks and other
magnetic-confinement facilities); (c) the loads (e.g., better operation of the organics-containing con-
densed-matter liners in dense Z-pinches). The production of the nanotubes in relevant quantities seems
to be a key element of the pre-breakdown stage of those electric discharges which produce long-living
filaments and, consequently, well-formed plasmas. A qualitative model of electrical breakdown, which is
based on the production and assembling of the nanotubes to give observable long-living filaments of
electric current, and its relationship to the streamer mechanism of the static-voltage electrical breakdown
are presented in [6].
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2. NETWORKING PICTURE: FROM PROTOFILAMENTS TO COSMIC SCALE AGGREGATES

The thinnest filament is the 1-D formation in which the nanotubes are successively connected by
the effective current of plasma electrons. The instability of this formation makes it reasonable to associ-
ate the term protofilament with the configuration which can self-sustain its structure. The latter is true of
a couple of the mutually wound subfilaments. It follows from the qualitative picture [6] that (i) the mu-
tual winding of self-sustained electric currents (due to the tendency of the system to build up a force free
magnetic configuration) starts at nanometer length scales and is supported by the quantum and classical
electric currents, respectively, on and around individual nanotubes; (ii) this self-organization process
sustains the observed fractality (i.e. the self-similarity of structuring at various length scales) throughout
the entire range of length scales via sustaining the plasma-solid structuring of the system [individual
nanotube + its microplasma]. The latter system plays the role of the basic microscopic building block of
the resulting percolating network.

2.1. Dendritic structures, the "needles", and the "stockings"

The analyses [1] enables us to suggest that the anomalously high, on ordinary plasma scales, elas-
ticity and, sometimes, even the stiffness/rigidity of the observed filaments, stem from the presence of the
microsolid component of high electrical conductivity. The latter component allows electric current to
concentrate at a level sufficient for the magnetic forces to glue the microsolid component to produce an
elastic formation. With increasing electric current through the filament and respective growth of the azi-
muthal component, kinks appear which gradually produce highly localized twisted loops. Such a loop
forms an almost closed, heterogeneous magnetoplasma configuration (so called heteromac [1]). Forma-
tion of heteromacs makes an individual filament a dendritic structure (Figs 1 and 2; ihe optics collected
the light through a circular diagnostic window, in a perpendicular direction to the facility's major axis,
from a layer of 7.5 cm diameter and 5 cm depth, located on the major axis of the facility; for other ex-
perimental conditions see [1]). This leads to fractality of individual filaments. The sticking of microsolid
blocks together in the heteromac results in the formation of a needle-like structure directed, as a rule,
perpendicular to the major direction of the electric current (Fig. 3) (see also Figs 5(a), 6, 10, and ll(a) in
[1]). The plasmas which manage to form long-living filaments of electric current are able to make long-
living networks of these filaments. Microscopically the networking can manifest itself in establishing mi-
crosolid links in direction perpendicular to the current, with the help of available nanotubes. This process
starts immediately after breakdown and may produce complicated nested cages, if the available deposit
or other sources of nanotubes are sufficient. The resulting magnetic structure around the cage has the
form of a "stocking" woven by the plasma component of the respective filaments (Fig. 4). Such a struc-
ture was called a "magnetic stocking" [7] and was suggested to be the basis for explaining a number of
phenomena observed in tokamak plasmas like, e.g., the transport barriers at low-number rational mag-
netic flux surfaces.

The networking picture allowed us [1] to suggest a transparent qualitative picture for the following
phenomena: (1) formation of electric current precursors on the axis, in advance of the major current
sheath's convergence; (2) fine structure of the Z-pinch's main body and halo; (3) picture of development
and saturation of the magnetically-driven Rayleigh-Taylor instability, allowing for the current sheath's
filamentation; (4) the necking of filamentary Z-pinch; (5) fine structure of hot spots. These results allow
one to identify the mechanisms responsible for depleting the energy density in the neck.

2.2. Rigid-body structures in space

The self-similarity [1] of networking in a very broad range of length scales, if compiled with the
qualitative approach [6] to the microscopic picture of filamentation, suggests the existence of nanotube-
like and/or fullerene-like structures of macroscopic size. This implies that the quantum bonds which pro-
duce rigid-body formations like nanotubes and fullerenes may produce rigid bodies of much larger length
scale with the same topology of the links between major building blocks. This opens unprecedented op-
portunities to investigate structuring at atomic and molecular length scales by analyzing formations that
are much easier to observe. Alternatively, the presence of rigid-body formations of macroscopic size in
laboratory electrical discharges and cosmic plasmas may be regarded as evidence for the quantum nature
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of long-living filamentation. Laboratory plasmas are prolific with various patterns of resolvable long-
living rigid-body structures (see Sec. 2.1). However, the most exciting examples come from the cosmic
length scale database available from the NASA Hubble Space Telescope Gallery [8]. First, the data sug-
gest that stars or other similar radiation sources merely illuminate locally the structures which seem to
penetrate the entire universe (cf. magnetoplasma universe concept [1], Sec. 6). Here, the best example is
what the astronomers called "powerful laser beamed from chaotic star" [8]. The "doomed" star observed
in our galaxy in ultraviolet radiation and called Eta Carinae reveals a fairly regular form of the nebula's
outer shell. A typical fragment shown in Fig. 5 suggests that the hypothetical laser beams could merely
be filaments of microsolid origin (note the presence of single heteromacs on these filaments and the den-
dritic structure of the "beams"). Second, the results suggest that endohedral fullerenes [9] of several-wall
and single-wall structure and similar nanotubes may be the "microscopic generators" of the structuring of
most planetary nebulae. The petal-like structure of the image of planetary nebula IC 3568 (Fig. 6) signals
the presence of strong rigid-like bonds between central mass and the 'iquantized" outer shell. Figure 7
shows what the astronomers called "the final blaze of glory of Sun-like star" [8], with the tubule-like
structure being interpreted as a shell of ejected glowing gas. The microsolid component-based approach
suggests this to be a macrotube illuminated and distorted by the encapsulated star. The same could be
true of similar macrotubes of non-single-wall structure available in [8].

3. CONCLUSIONS

The whole picture of well-formed plasmas results from the complicated interplay of the conven-
tional, fluid component and the microsolid component. The addition of the microsolid component's dy-
namics to existing theoretical formalisms and computational schemes might significantly extend their ca-
pabilities. The strong coupling of the physics of well-formed plasmas to solid state physics that is sug-
gested by the results of the present paper, on the one hand, doesn't contradict the well-known successes
of the existing approaches and formalisms (e.g., the long-living filaments may be responsible for the sup-
pression of numerous instabilities predicted by the theory) and, on the other hand, opens new opportuni-
ties for resolving existing difficulties (e.g., in describing the nonlocal transport phenomena).
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Fig. 1

FIGURE CAPTIONS

Fig. 1. A drawing of the
branching which produces the
heteromac(s) and makes an in-
dividual filament a fractal for-
mation.
Fig. 2. Typical experimental
picture (taken in visible light, 15
ns exposure) of individual strong

filaments in the Z-pinch (positive, frame width ~2 cm). A heteromac
is seen which branches off the individual filament in the right-hand
side of the figure.

Fig. 3. The needle in the lower window, where the contrast of the
original image (similar to Fig. 2; negative, frame height ~ 7.5 cm) has
been enhanced, is perpendicular to the major current.

Fig. 4 A stripped image of the dense Z-pinch (visible light image,
similar to Fig. 3) which exhibits formation of the stocking woven by
the plasma component of long-living filaments.

Fig. 5. The beam-like structures produced by the "doomed" star Eta
Carinae [8], which possess internal structuring, similar to that of the
microsolid-based filaments, and acquire dendritic form.
Fig. 6. The processed image of planetary nebulae IC 3568 suggests
the presence of strong rigid-like bonds between central mass and
"quantized" outer shell.

Fig. 7. The tubule-like structure of what the astronomers called "the
final blaze of glory of Sun-like stars" [8]. The microsolid compo-
nent-based approach suggests this to be a macrotube illuminated and
distorted by the encapsulated star.

Fig. 2 Fig. 3 Fig. 4
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Abstract

The National Spherical Torus Experiment (NSTX) is being built at PPPL to test the fusion physics
principles for the ST concept at the MA level. The NSTX nominal plasma parameters are RQ = 85 cm,
a = 67 cm, R/a > 1.26, BT = 3 kG, Ip = 1 MA, q9s = 14, elongation K < 2.2, triangularity 5 < 0.5, and
plasma pulse length of up to 5 sec. The plasma heating / current drive (CD) tools are High Harmonic
Fast Wave (HHFW) (6 MW, 5 sec), Neutral Beam Injection (NBI) (5 MW, 80 keV, 5 sec), and
Coaxial Helicity Injection (CHI). Theoretical calculations predict that NSTX should provide exciting
possibilities for exploring a number of important new physics regimes including very high plasma
beta, naturally high plasma elongation, high bootstrap current fraction, absolute magnetic well, and
high pressure driven sheared flow. In addition, the NSTX program plans to explore fully non-
inductive plasma start-up as well as a dispersive scrape-off layer for heat and particle flux handling.

1. Motivation

A broad range of encouraging advances has been made in the exploration of the Spherical Torus
(ST) concept.1 Such advances include promising experimental data from pioneering experiments,
theoretical predictions, near-term fusion energy development projections such as the Volume Neutron
Source2, and future applications such as power plant studies3. Recently, the START device has
achieved a very high toroidal beta Px« 40% regime with P N « 5.0 at low q95 « 3.4 The National
Spherical Torus Experiment (NSTX) is being built at PPPL to test the fusion physics principles for the
ST concept at the MA level.5 The NSTX device/plasma configuration allows the plasma shaping
factor, Ipqg5laB, to reach as high as 80 an order of magnitude greater than that achieved in
conventional high aspect ratio tokamaks. The key physics objective of NSTX is to attain an advanced
ST regime; i.e., simultaneous ultra high beta (P), high confinement, and high bootstrap current fraction
(fbs)-6 This regime is considered to be essential for the development of an economical ST power-plant
because it minimizes the recirculating power and power plant core size. Other NSTX mission
elements crucial for ST power plant development are the demonstration at the MA level of fully non-
inductive operation and the development of acceptable power and particle handling concepts.

2. NSTX Facility Design Capability and Technology Challenges

The NSTX facility is designed to achieve the NSTX mission with the following capabilities:
• Ip = 1 MA for low collisionality at relevant densities,
• R/a > 1.26, including OH solenoid and coaxial helicity injection7 (CHI) for startup,
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• High Harmonic Fast Wave8 (HHFW - 6 MW, 5 sec), Coaxial Helicity Injection (CHI), Neutral
Beam Injection (NBI - 5 MW, 5 sec) for heating and j(r) control,
• Close-fitting conducting shell for maximum P and PN, and
• Pulse length 5 sec > skin time « L/R time.

The NSTX device design is shown in Fig. 1. The device center-stack is designed and fabricated to
allow for the very low aspect ratio R/a > 1.26 operation. It has a sufficient ohmic drive to create 1 MA
ohmically heated discharges. The center stack is connected to the outer vessel via ceramic insulators
and bellows to provide an electrical isolation for CHI and a mechanical isolation to allow for the
relative growth of center-stack with respect to the outer vacuum vessel during bakeout and operation.
The device is designed with close-fitted 1. 2 cm thick copper passive stabilizing plates for MHD mode
stabilization. The CHI and HHFW will be used for the initial plasma start-up studies while ECH +
HHFW is considered for RF only start-up as an upgrade. The NBI heating and current drive system is
also expected to provide plasma rotation for mode stabilization as well as central plasma fueling. The
NBI system will be also used for the NBI based plasma profile diagnostics such as CHERS (both
toroidal and poloidal) and MSE (Motional Stark Effect) diagnostics. Presently, the NSTX device is
being assembled in the NSTX Test Cell at PPPL, and the first plasma is planned for early 1999. The
TFTR power supplies were reconfigured for NSTX. The device assembly and all the subsystems
needed for the first plasma are scheduled to be completed by Dec. 1998, and the integrated systems
test will commence in Jan. 1999. The HHFW antenna components are being fabricated and an
innovative design was developed for the 12 element HHFW antenna decoupler / matching system.
The HHFW system and the multi-pulse Thomson scattering system will become operational in the
summer of 1999. The NBI heating system and associated NBI based diagnostics such as the CHERS
will be commissioned in the summer of year 2000.

Ceramic Insulator -
(Helicity Injection^

PFC Tiles T

Upper Dome -
24" Flange •,

0.2 0.4 0.6 0.8 1.0

Fig. 1. NSTX Device Cross Section

3. Access to Advanced ST Regimes

Fig. 2. NSTX Adv. ST Regime: PT=40%,

(3N=8.5, q95 = 14, fb =0.77, K=2, and 3=0.45.

The ultimate goal of the NSTX research program is to access the advanced ST regime with
simultaneous high beta, high bootstrap fraction, and high confinement regime in non-transient fashion.
The ST configuration, due to the short outboard connection length combined with strong global
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magnetic shear, and the naturally high K and 8, has the potential of achieving a high-performance
regime with high plasma P and ft,s approaching unity. The predicted MHD stability limit against low
n-kinks and high-n ballooning modes is very high: PT~» 60%, PN -> 8 with fbs * 100% for K « 3.4. In
this regime, a close-fitting conducting shell with rwaii/a < 1.2 is needed for suppressing the low-n kink
modes. For K « 2 as planned for NSTX in the initial configuration, an ideal MHD stable regime with
Px ~ 40%, PN ~ 8 with fbs « 75 % is predicted. In Fig. 2, the corresponding plasma current profile are
shown. The jbs is indeed relatively well-aligned with the JTotal» a r |d an outer region current drive
contribution of « 20 % is required. NSTX has a sufficient heating power to reach the desired P value
(« 40 %) with a relatively modest confinement assumption of H-factor of » 2. A plasma pulse length
of 5 sec is sufficient to allow the current profile j(r) to fully relax. The low-n kinks are predicted to be
stabilized by a close fitting conducting wall together with plasma rotation induced by NBI. For the j(r)
control, the combination of NBI, HHFW, and CHI systems will be used to augment the bootstrap
current. The TRANSP calculations show that NBI is capable of driving 100-200 kA of current in the
central region which should be sufficient to provide the small central seed current (« a few kA)
required. For off-axis current drive, a twelve-element real-time-phased HHFW antenna array will be
used for driving up to 300 kA of off-axis current to supplement the bootstrap current. Theoretical
analyses and modeling calculations show that the HHFW power absorption is one to two orders of
magnitude larger in the NSTX parameters than conventional aspect ratio tokamaks. The strong single-
pass absorption together with the real-time antenna phasing capability allows efficient off-axis current
drive by HHFW. As for the edge current drive, the CHI is the most promising tool. The expected
edge current for CHI in the well formed ST may be estimated as Iinj x q95 where Ijnj is the current
injected into the plasma by CHI. For NSTX, up to 350 kA of edge current may be driven by CHI with
injection of « 25 kA for the expected q95 « 14. It should be noted that the ideal ballooning mode
prediction may turn out to be conservative for NSTX, because of the strong FLR and trapped particle
effects in the ST configuration. If true, the higher edge pressure gradients in NSTX will further reduce
the edge CD requirement. Another obvious path if the edge current drive turned out to be not practical
is to move toward a higher elongation regime where the bootstrap current can be near 100 % with very
high beta. Recent ideal MHD calculations indicate that the details of the plasma boundary shape in the
low field region is quite important for the ideal ballooning stability. The NSTX device poloidal field
coils are configured therefore to give sufficient outer boundary shape control capability.
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Fig. 4. Expected sheared flow rate profiles in NSTX

Fig. 3 Electrostatic and Electromagnetic
Instability Suppression for low R/a.
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4. Prospect of High Confinement

The ST configuration has the prospect of achieving very high confinement in the advanced ST
regime. The predicted linear growth rates of kinetic, electrostatic mode such as dissipated trapped
particle and r\-i modes and electromagnetic mode such as kinetic ballooning microturbulence are
found to be greatly reduced due to favorable drift orbits as R/a falls below 1.5 as shown by Fig. 3. 9

These properties are expected to improve plasma confinement in the outer region of NSTX. Due to
the high beta nature of the NSTX plasmas, a strong plasma sheared flow rate, yExB(sec-l), over a
significant portion of the minor radius, is predicted - particularly with NBI toroidal drive (toroidal
Mach number M = 0.5) as shown in Fig. 4. If the flow shear rate (and associated radial electric field
shear rate) is sufficiently high compared to the turbulence growth rate, then it could lead to the
turbulence suppression leading to reduced transport and improved plasma confinement. As can be
seen from the Figs. 3 and 4, the expected shearing rate could readily exceed the linear growth rates of
expected turbulence in the ST regime.10 In addition, due to the high beta as well as high poloidal field
nature of the ST configuration, a significant absolute magnetic well (< 30%) is expected to form in the
core region, which tends to stabilize a class of plasma instabilities. This absolute minimum B
formation and its effect on plasma confinement is an interesting area of research for NSTX.

5. Non-inductive Start-up and Power and Particle Handling

In order to eliminate the OH solenoid, it is important to develop an efficient non-inductive start-
up tool for ST. The relatively modest magnetic flux and helicity per plasma current for ST tend to
ease noninductive startup requirements. The main tool for NSTX is the coaxial-helicity-injection
(CHI). The NSTX device is designed with the ceramic electrical insulation breaks located at both ends
of the center-stack which would permit dc-biasing (up to 2 kV) between the center-stack and outer
vacuum chamber. The CHI power supply is 2 kV- 50 kA rectifier which should be sufficient to
produce 500 kA of non-inductive ST discharges from zero current. A TSC simulation shows that the
HHFW heating and current drive (CD) along with bootstrap current (and a small amount of OH assist)
can ramp up the current to full value of 1 MA. In addition, a start-up experimental plan based only on
RF using the ECH start-up11 together with HHFW current ramp-up is also under study.

Due to inherently high power density of ST, it is essential to develop an acceptable power and
particle handling concept. The ST plasmas permit inboard limited plasmas with mostly diverted SOL
(the so-called natural divertor configuration), large magnetic variations along the SOL field line (e.g.,
strong magnetic mirror ratios up to 4-to-l and field line curvatures), and potentially large flux tube
expansion (an order of 10) and strong interchange instabilities due to high edge pressure gradients.
These edge properties may lead to an effective power and particle handling concept for STs.
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Abstract
Globus-M spherical tokamak was designed and constructed in the framework of International

Science and Technology Center. The work was performed as a joint effort of institutions listed in the
title. Final technical characteristic of the machine are better than the design parameters. The nominal
plasma current is increased up to 0.5 MA, the toroidal magnetic field is increased up to 0.65 T.
Major radius is 0.36 m, minor radius is 0.24 m, aspect ratio is 1.5, vertical elongation is 2.2, pulse
duration is 0.2 s (at 6 pulses/hour rate operation). Device performance is discussed with focus on
details which could improve experimental program and make the machine operation more reliable.
Experimental program steps, starting from ohmic heating regime optimization and completing RF
auxiliary heating and CD methods are described. Some results of RF simulation performed in the
range of frequencies 10 MHz-^-2.45 GHz are presented. Application of such methods for local plasma
parameters profiles modification is discussed. Brief description of first stage diagnostics and of the
advanced diagnostics equipment for the second stage is made. Current project status is discussed.

1. DEVICE PERFORMANCE
Globus-M tokamak was recently delivered and installed in the new experimental machine hall,

specially built at A.F.Ioffe institute for the project needs. Total area of double stage machine hall is
600 m2 which is enough for disposition around tokamak all necessary technological, diagnostic and
auxiliary heating/current drive equipment.

The device vacuum vessel has big number of ports (38) of total area about 0.8 m2 which ensure
convenient access to plasma for column diagnostics, auxiliary heating and CD. Close vessel fitting
design and small ballast volume together with large area equatorial plane ports provide adequate
conditions for effective launch of high RF auxiliary heating power. Possible to use also NBI line.
Ports allows to launch up to 8 MW of total power.

The tokamak is fed via 110 kV National Grid through phase controlled thyristor rectifiers.
Power supplies together with fast (3 kHz) current inverters used for plasma column position and
shape control are looped through feedback circuit to ensure operation at constant current and shape of
the plasma column, even when auxiliary heating power is applied [1]. Together with water cooled
coils of electromagnetic system power supplies create big credit for increase of pulse duration, which
at present design and materials used is limited to one second. This is more than enough for complete
relaxation of current density profile.

Important characteristics of spherical tokamak are ultimate values of toroidal magnetic field
and plasma current. The design modification allowed to increase central rod current in Globus-M up
to 1.2 MA which led to higher value of axial toroidal magnetic field ~ 0.65 T. This fully ensures the
routine machine operation at plasma current of 0.5 MA. The ultimate value of plasma current still
satisfying kink modes stability criteria is very high for such small machine as Globus-M and could
be fairly close to the central rod current. START experiment had demonstrated the possibility of low
qedge operation in the set of experiments [2]. With qedge = 3.6, BT = 0.62 T Globus-M could in
principal achieve ~ 1 MA of plasma current. This value could be, of course, regarded as an ultimate
one for the limited number of shots in the regimes with non-inductive CD and requires further
development of discharge control methods and technology of power and particle handling. To
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provide routine operation with the design values of plasma current the volt-second capability of
poloidal field coils system (0.33 V-s) with the main contribution of central solenoid (0.3 V-s) is
enough. Central solenoid is described in [3].

Current density in Globus-M tokamak achieving in average 1.4 MA/m2 even at routine regime
operation is very high comparatively most other spherical tokamaks under construction This makes
ohmic heating regime more effective as high specific power deposition, proportional to j 2 could
benefit for higher edge temperatures and decrease the influence of resistive MHD instabilities High
current density, as well as high B/R = 1.8 T/m permit the operation at high absolute density limit of
about 2x10 m even for gas puff scenario of plasma fueling. Operation at low qcdgc with high
current density is an attractive domain for beta limits investigation in ohmically heated plasmas as it
allows to reach high values of normalized current IN = IP/aBT . Stability simulations of plasma column
for double null configuration with IN = 4.4, qedge =3.3 shows that it's stable for high-n ballooning
modes at pT * 18% in the first stability zone [4]. The outlook of the spherical tokamak Globus-M
installed m the new experimental machine hall at Ioffe institute is shown in Fig.l.

r -*•. Llfgi& ,. • .- 'jbL

FIG. 1. Globus-M tokamak in the experimental machine hall

2. EXPERIMENTAL TOOLS AND METHODS
Ohmic heating regime optimization is the first experimental program step which will be

performed using conventional methods of plasma initialization, maintenance and control The set of
compensation coils is responsible for suppression of central solenoid stray magnetic field in major
part inside of the vessel. The plot of poloidal B contours in the Globus-M vacuum vessel for the case
of central solenoid flux compensation is shown in Fig.2. The coils are feedback controlled To
minimize requirements for the breakdown fields the plasma preionization with the help of 15 GHz
magnetron will be performed. Plasma current ramp-up method is fully inductive for the first
experimental program step. According to predictive simulations it requires -0.18 V-s to achieve 0 3
MA of plasma current. Current ramp-up speed is about 5MA/s which is an order of magnitude less
than used in START experiment. Plasma column stability is provided by close fitting vessel
properties (image currents) from one hand and automatic feedback control from another First one is
responsible for suppression of fast vertical plasma column movements, as well as for stabilization
low-n kink modes by the conducting wall. Another possibility to reduce MHD activity of plasma
column is to drive current in SOL through segmented divertor plates [5]. Segmented divertor plates
of Globus-M tokamak which are insulated from each other and from vacuum vessel provide such
opportunity with minimum rearrangement. The picture of Globus-M divertor plates and ribs (in-
vessel components) before installation them inside the vessel is shown in Fig.3.
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FIG. 2. Breakdown phase poloidal field
structure at central solenoid current of 70kA

FIG.3. In-vessel components

Powerful ohmic heating and auxiliary heating of plasma in conditions of close fitting vessel
wall require the development of power and particle fluxes handling technology. Along with
conventional methods of wall conditioning special attention was paid for the choice of plasma facing
materials and the design of in-vessel components. The divertor and central cylinder protection plates
are stainless steel sheets and can be coated with different plasma facing materials. B, Be and C layer
covering technology is available. An easy access for removing and exchanging of those plates is
provided through two special manholes of big diameter (400 mm) in short time interval.

The further development of RF auxiliary heating and CD methods proposed in [1] were made.
For the frequency range of 6+50 MHz, covering ion cyclotron resonance harmonic numbers from
first to eight's the modeling of fast magnetosonic wave propagation and absorption has been carried
out in quasi-toroidal geometry, taking into account the poloidal and paramagnetic field component
[6]. The code solved 1-D wave equation with hot dielectric tensor and finite Larmour radius
corrections up to the 2nd order. Landau, TTMP and cross term damping were also taken into account.
A sufficiently strong single pass absorption (up to 80%) is predicted for fast magnetosonic waves in
Globus-M. Local power deposition profiles integrated for whole spectra are shown in Fig.4. The
fundamental harmonic ion cyclotron heating power deposition profile is fairly narrow (Fig.4a),
whereas HHFW power deposition at 30 MHz provides electron heating in rather broad region of
plasma of about half of minor radius (Fig.4b). Sharp spike corresponds to the power absorption by
the small fraction of protons at the second harmonics of ion cyclotron frequency. This effect could be
used for local modification of plasma pressure profile by the transmitter frequency tuning, which
does not influence significantly on the global power absorption and plasma heating.

dP(r) / dr, a.u. f=HMHz
Bo = 0.5 T
5% H + 95% D

0.0

dP(r)/dr, a.u. f = 30MHz
Bo = 0.68 T
2% H + 98% D

r I I , . ^ = .

-34 -12 0 12 24r, cm

FIG. 4a. Power deposition at fundamental
harmonic ICR

21 r, cm

FIG. 4b. Power deposition at HHFW
heating scenario
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Conventional schemes of lower hybrid waves excitation is not effective in spherical tokamaks
because of large Ny = 7-*-10. However strong poloidal inhomogeneity of the magnetic field provides
the possibility of using new heating scenario: the waves with frequencies co < eBpoi/meC and with low
initial N|| = 2*4 launched from the equatorial plane in the poloidal direction can go inside and be
effectively damped as their Nj increases along the trajectory due to poloidal magnetic field
inhomogeniety. The efficiency of grill antenna rotated by 90° positioned in the equatorial plane is
rather high and the reflection coefficient is reduced to 10+15%, if the plasma density profile is not
very steep. Ray-tracing simulations showed that the power is absorbed at r ~ (0.3-s-0.7)-a depending
on the plasma parameters: lower ne and Te at the periphery result in more central power deposition.
The higher values of the total plasma current provides better matching conditions at the plasma
boundary with the increase of current drive efficiency , which could be as high as 0.04xl020 A/m2 W

[7].
The adequate to investigation tasks set of diagnostics equipment is constructed or under

development now for Globus-M tokamak. Detailed electromagnet measurements (2x36 magnetic
probes array, magnetic loops and coils), plasma imaging at the reduced rate and line integrated
parameters measurements will be performed at the first stage of the experiments. Corresponding
equipment is under preparation. The set of diagnostic equipment for detailed measurements of
plasma parameter profiles includes, in particular, four advanced diagnostics. They are Pulse Radar
Reflectometer, Thomson scattering system, SXR diagnostics and plasma imaging camera. Pulse
Radar Reflectometer is the combination of commonly used frequency swept phase reflectometer and
pulse RADAR instrument. Thomson scattering system with Nd glass laser generating a pulse train of
20 pulses/shot with 20 J/pulse output energy and avalanche silicon detectors providing excellent
sensitivity limit - lxlO17 m"3 is under design together with two SXR pinhole cameras for plasma
tomography with capability to measure electron temperature and high speed video camera with
instantaneous exposure control for plasma imaging at very high dynamic range.

3. STATUS
The tokamak is vacuum and electrically tested and installed on the vibrodamping basement.

Current feeders for the electromagnet system are connected. The connections to vacuum pumps,
cooling and baking systems are under way. Control systems for plasma column control and power
supplies are under final stage of preparation. Cable lines for control are under construction. Tokamak
systems complex tests are planned for November, 1998. Total power supply system energizing is
scheduled for December 1998 as well as tokamak shake down and first plasma.
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Abstract

A spherical tokamak design without external toroidal field coils is proposed. The tokamak is sur-
rounded by a spheromak shell carrying requisite force free currents to produce the toroidal field in the
core. Such equilibria are constructed and it is indicated that these equilibria are likely to have robust
ideal and resistive stability. The advantage of this scheme in terms of a reduced ohmic dissipation is
pointed out.

1. INTRODUCTION

The most severe design constraints on a spherical tokamak(ST) arise because of the
copper centre post, which is excessively stressed because of intense ohmic dissipation, ex-
posure to neutron irradiation, strong mechanical forces due to halo currents etc.. In this
paper we propose a new method for generating the toroidal field of a spherical tokamak
without the use of external coils. The method consists in surrounding the ST plasma with
a spheromak shell plasma (carrying force-free currents) with enough poloidal current to
generate the required toroidal field in the ST core. The spheromak shell could be sus-
tained in the steady state by coaxial helicity injection whereas the currents in the ST core
could be driven by a combination of bootstrap and RF/NBI current drive mechanisms.
This scheme has several advantages.

(i) All the problems related to heat removal from the centre post, its protection from the
heat and neutron fluxes and stresses on it due to halo currents are eliminated. The
heat dissipated in the shell is removed through divertor plates in a manner similar
to the removal of heat flux conducted from the core to the edge while the force-free
nature of shell currents eliminates the issue of stresses due to halo currents.

(ii) All the external coil systems now reside on the outside in a simply connected geometry
and can be made superconducting with adequate neutron shielding.

(iii) As we will show later the present scheme improves the ratio of fusion power(PF) to
power dissipation in plasma coil(Pc)

(iv) The force-free currents surrounding the tokamak core are known to improve the 0
limits[3].

2. EQUILIBRIUM

We now demonstrate the existence of such equilibria with inflected q - profile by solving
numerically the Grad-Shafranov equation given by R-§^ (jjffj) ~*~ fz^ = ~l1oRJ<p j J<t> =

^ Y ^ for given pressure and toroidal field profiles as function of \I> the flux function

as p(\fr) = po^5p and tys = (yL_^ ) where $£,,$„ are the $ values at the limiter and

magnetic axis respectively. The profile for F is F($>) = R^Bl [l ~ Ci^"p - sech2 (=f^)]-
Po and Bo is the peak pressure and toroidal field at the axis and Ro is the major radius.
The constant c^ decides whether plasma is diamagnetic (ci > 0) or paramagnetic (ci <
0), while 5f controls the gradient of F near the edge. This equation is solved by specifying
A, Ro, Sj, ,80, Bo and f3vc (the poloidal beta in the core) which determines c\. We choose
fjpc ~ (30 to ensure the paramagnetism of the core [1]. In fig. 1 we show an equilibrium
solution of G-S equation with parameters related to a pilot plant and fig.2 shows the

1
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equilibrium profiles. This equilibrium is characterised by low A ~ 1.1 (A = Ro/a with
Ro and a respectively the major and minor radii), large elongation K < 2.5, an inflected
^/-profile and the ratio of core toroidal current to the poloidal shell current is nearly one
while the shell thickness is one-third of the core radius. In this solution the core is ST
like i.e. core aspect ratio AT < 1.5, monotonically increasing q and paramagnetic regime
with 3pc ~ 3. In this case, naturally diverted SOL can be clearly seen.

3. STABILITY

The general consensus on low A spherical tokamaks is that natural shaping along with
low A effects improve the MHD stability limits on plasma /3. In the present scheme this
is further likely to improve on account of shell carrying force-free currents[3]. To get
some insight into the ideal stability of these equilibria we consider the large A regime
where an analytic expression for ideal MHD perturbed energy 8W can be examined. Nor-
mally, a monotonically increasing ^-profile with qo > 1 is stable to ideal internal kinks
with m = 1, n > 1 (m and n respectively the poloidal and toroidal mode numbers).
In the present case, however, the shell introduces additional kink modes with resonant
surfaces in the shell region. The stability of these modes can be examined by an eigen-
function which is £ = £o = constant for 0 < r < rs and £ = 0 for rs < r < a where
r = rs is the location of the resonant surface. For modes with m = l , n > 1, 5W is

given by[4] SW = ^/o [ ^ (£) + ^ ? ] * + Jf H ^ * 1 w i t h s = {1 + k2r2) and
t = (1 — nq)(k2r2 — 1 — nq(3 + k2r2), where contribution due to shell region between
1 < r < rs is written explicitly and k = —n/R0. We first discuss the stability neglecting
pressure. The most unstable modes lie in the range k2r2 < 1 and since (nq — 1) > 0 in
0 < r < rs, all these modes are stable [fig. 3]. The stabilising contribution due to shell
given by second integral can be clearly seen. This is an interesting result which shows that
by eliminating the field reversal region normally present in reverse field pinches (RFP),
we have eliminated internal kinks in this region[5]. In RFP these modes impose a very
stringent condition on the position of the conducting wall. A finite pressure gradient will
tend to destabilise these modes and limit the 3P in the core. For large aspect ratio, this
limit is roughly l3p < 1. We next discuss m = n = 1 mode, for which toroidal effects
are important. In this case 8W = ^f (1 - q0) (j^ - 32j + 5WS where the first term is

contribution from the core region derived by Bussac et al[6] and SWS is the cotribution
from the shell. The detailed calculation of 5WS is beyond the scope of this paper, however
we note that if go > 1, then m = n = 1 kink is stable for arbitrary large 3P > yj^,
provided there is no additional destabilisation from the shell. Such a destabilisation is
unlikely to happen for two reasons: first since shell is cold, there is no destabilisation due
to pressure; second, since shell is able to relax to force free configuration quickly, there is
no free energy due to current gradients. Thus if go > 1? ideal m = n = 1 kink continues to
be stable for large 8P. Turning next to the case of external kinks we note that with q0 > 1,
the only possible external kinks are n = 1, m > qmax [fig- 3]. In ST regime, because of
natural elongation qmax can be as high as 15 to 20. Thus only possible external kinks are
•m 3> 1, n = 1. As is known[4,7], such high m kinks are localised, have small growth rates
and hence are not prohibitive for 3 limits. This removal of external kink constraint, as
can be seen is solely due to the shell. In normal tokamaks with q0 > 1, low m external
kinks with gross radial structure determine the Troyon limit on plasma 13. In the present
case, because of the shell, these modes have become stable internal kinks with resonant
surface within the plasma. On the other hand the n —)> oo ballooning stability of the core
is unlikely to be seriously affected by the shell which is cold. Thus the 0 limit in these
equilibria will be determined by n —>• oo ballooning stability of the core. This is a definite
advantage as ,3 limits due to ballooning modes are generally soft and less restrictive. The



1CF/03

localised Merrier interchange modes are stable because in the tokamak core qo > 1 while
in part of the shell where q < 1, the plasma is pressure less[8]. We now turn to resistive
MHD and kinetic stability of these equilibria. Recent experiments on START have shown
that the major disruption events which are generally related to m = 1, 2, 3 resistive tear-
ing modes are remarkably absent in the ST regime. Preliminary theoretical studies [9]
have shown that the saturated island width around q = 3/2 and q = 2 surfaces decreases
strongly with the decrease of A. Furthermore, for m = n = 1 modes, the results show
a ten-fold increase in the reconnection time in the A < 1.5 regime. With the inflected
g-profile of our configuration, we may expect some double tearing modes; however, as
they are similar in character to m = n = 1 modes ( when the two resonant surfaces are
close to each other) we expect them to be stabilised in the low A regime. The kinetic
stability in a low A regime is robust for two reasons. First, reduction in orbit averaged
bad curvature instability drive and second reduction in the trapped particle fraction due
to omnigeneity and magnetic well in the outboard region. The tilt and shift modes can
be stabilised by external coils.

4. PRODUCTION AND SUSTENANCE

Next, we briefly discuss how such equilibria can be produced and sustained exper-
imentally. One way of producing the desirable configuration would be to start with a
spheromak and to simultaneously increase the pressure and decrease the toroidal current
density in the central core region by a combination of neutral beam heating and/or RF
current drive methods. The q in the central region can thus be lifted to tokamak like
values and shaped by current profile control; note that this is possible only while the
plasma is still resistive. As the plasma (3 becomes significant, the current in the core
can be predominantly maintained by bootstrap effects. The maintainance of the external
spheromak like region can be ensured by a steady co-axial helicity injection in the pe-
riphery [10]. Recent experiments on HIT have successfully demonstrated tokamak startup
and sustainment phases in low A spherical tokamaks. Typically currents upto ~200 kA
in the core was sustained for ~10 ms in a configuration of A = 1.2, K = 2. As stated
earlier toroidally rotating n = 1 perturbations were observed which are thought to be
responsible for inward flux diffusion. Extrapolation of this method to reactor regimes
have been recently projected.

5. OHMIC DISSIPATION

WTe finally discuss the issue of ohmic dissipation(Pc) in the 'TF Coil'. The ratio of
fusion power to ohmic dissipation power for an ST reactor (Pp/Pc) is given by[2]
G = ^ = (°-88Ayo-2>4 p § f ^ ] 2 M ^ i l ! [! _ | ] 5

 w h e r e Vc is the resistivity of the
centre post while Re is its thickness given by Rc = RQ — a — 5. The term 8 takes into
account the width of SOL and shielding which may be needed to protect the copper centre
post from the core fluxes. For usual ST, S/a can be taken to be ~ 0.1 while in the present
scheme 8 — 0 as the plasma shell is in contact with the core. The increase in the gain G

is given by J^o°i) = j (R^TI£
c_s) • Thus with the present scheme ohmic dissipation can

be reduced by a factor of two, if rjc for plasma shell is taken to be the same as that of
copper.

To summarise, we have proposed a novel compact magnetic confinement configura-
tion of the spherical tokamak type in which the toroidal field in the tokamak core is
provided by a current carrying spheromak shell. This coupled compact configuration
combines the attractive stability features of force-free currents in spheromaks with excel-
lent confinement properties of the tokamak like core and eliminates a number of complex
design issues related to the excessively dissipative centre post in conventional spherical
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tokamaks. Experimental attempts to set up such configurations and to investigate their
stability, confinement and sustenance requirements will therefore be very worthwhile.

Fig 1. shows the flux surfaces of Pilot
plant diverted plasma and relevant
plasma parameters. Dotted line shows the
boundary between hot core and shell region.

J_

Fig 2. Profiles of q, J^ and pressure.
Normalization of J<p is 13 MA and
that of pressure is 3 MP.

Fig 3. shows stability diagram for internal
and external kink modes for large A.
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Abstract

The Sustained Spheromak Physics Experiment, SSPX, will study spheromak physics with
particular attention to energy confinement and magnetic fluctuations in a spheromak sustained
by electrostatic helicity injection. In order to operate in a low collisionality mode, requiring Te >
100 eV, vacuum techniques developed for tokamaks will be applied, and a divertor will be used for
the first time in a spheromak. The discharge will operate for pulse lengths of several milliseconds,
long compared to the time to establish a steady-state equilibrium but short compared to the L/R
time of the flux conserver. The spheromak and helicity injector ("gun") are closely coupled, as
shown by an ideal MHD model with force-free injector and edge plasmas. The current from the
gun passes along the symmetry axis of the spheromak, and the resulting toroidal magnetic field
causes the safety factor, q, to diverge on the separatrix. The ^-profile depends on the ratio of the
injector current to spheromak current and on the magnetic flux coupling the injector to the
spheromak. New diagnostics include magnetic field measurements by a reflectometer operating in
combined O- and X-modes and by a transient internal probe (TIP).

1. INTRODUCTION

SSPX is motivated by the achievement on a decaying plasma in CTX of Te = 400 eV [1] and
peak betas > 0.2 [2], and the subsequent recognition [3, 4] that the core energy confinement was
consistent with magnetic fluctuation dominated transport which should scale favorably as Te is
increased. The experiment is designed to study confinement in a discharge sustained by
electrostatic helicity injection [5, 6]. The experimental geometry is shown in Fig. la along with
flux surfaces calculated in the ideal MHD approximation. A large-diameter coaxial injector has
been chosen and calculations shown below predict that it will operate closely coupled to the
spheromak. Both conditions are expected to optimize both operational flexibility and the
efficiency of the dynamo current drive. The experiment has been designed for high vacuum
cleanliness to minimize current and energy losses to impurities. The flux conserver (1 m
diameter) is constructed to a 1 mm accuracy to control field errors. The goals of the experiment

*Work performed by LLNL for the US Department of Energy under Contract W-7405-ENG-48.
^ Present address: Department of Physics, University of Wisconsin Madison, WI 53706, USA
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Fig. 1: (a) SSPXflux conserver installed in the vacuum vessel, showing bias field coils and
magnetic geometry. The injector bias magnetic flux, up to 34 mWb generated by a solenoid, is
distributed on the injector walls by two small coils in the inner electrode and the top coil external
to the vacuum vessel. Other coils are available for bias fields linking the injector and flux
conserver. Impurities will be controlled by tungsten coating of the copper flux conserver, with
baking, discharge cleaning, and boronization to condition the walls. A magnetic divertor will
allow impurities in the edge flux boundary to be pumped (inertially) into the vacuum vessel.
Primary diagnostic access is through a slot on the midplane of the flux conserver. (b) Expanded
magnetic equilibrium (typical), including the flux surfaces in the coaxial helicity injector.

include n = 0.5-3xl020 nT3, Te ~ Tt = 0.1-0.5 keV, B = 0.5-1.5 tesla, and Ip = 0.5-1.5 MA, yielding
a Lundquist number S = t^xAifvin ~ 106. Initial experimental operation is planned in 1998.

2. MHD MODEL OF SSPX

The lowest order description of the experiment is the MHD equilibrium (evaluated using the
TEQ package in the CORSICA code [7]) of the coupled spheromak and coaxial helicity injector,
including the effects of currents on the open fieldlines; c.f. Fig. lb. The flux conserver shape
gives a margin of safety for low-order, ideal MHD modes as determined using the GATO code; for
example, as shown in Fig. 2, the tilt and shift modes are calculated to be stable for flux conserver
radii up to 60 cm, compared to the actual radius of 50 cm. Depending on current profiles, the
configuration is Mercier stable for beta-poloidal < 0.24. The precise shape of the flux conserver
is nearly tangent to the magnetic flux surfaces generated by coils outside the flux conserver,
available to generate the divertor or a bias (vacuum) field, thus minimizing field errors.

To model the injector, the magnetic flux from the injector bias coils is considered frozen
into the discharge walls. Current is assumed to flow at constant k =d{RB^Id%l> (=j\\/B at zero
pressure on the open field lines); its distribution on the walls is thus determined by the injector
bias flux. We take A. constant across the separatrix, but as shown in Fig. 3 allow a distribution
inside
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Fig. 2. Growth rate for tilt and shift modes in SSPX as a function of flux-conserver radius. The
external current is zero in this calculation.
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Fig. 3. Safety factor, q, profiles for two X-profiles; X in the edge plasma is constant at the value at
the separatrix. In (a), X~ 1 + (ip/tpedgJ

W- In (b), X - 1 + 0.6(tp/ipedge)
2.

the separatrix parameterized by A = X 1 + a4ip
 msv . The value of A on axis can reach

unity if the current density on axis drops too low, e.g., in profiles like Fig. 3(b), presumably
leading to strong instability. For both profiles, current along the flux conserver symmetry axis
results in q = 1 in the logarithmic divergence layer near the plasma separatrix.

The close coupling between the spheromak and helicity injector allows operation somewhat
below the eigenvalue for current density in a coaxial injector, A »jt/A, with A the width of the
gap. The ^-profiles also have significant implications for the dynamo, as there are no internal
m = 1 rational surfaces. Thus, internal helicity transport is expected to be due to resistive modes

with m > 1, which should be relatively localized in the magnetic profile.

3. EXPERIMENTAL PLANS AND DIAGNOSTICS

The goals of the experiment require that the plasma be hot enough that the current
dynamo can be driven by as small a ratio of Aedge/Acore as can be sustained. This will require that
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resistive losses be as low as possible, and thus that the plasma have as low Z^and high Te as
possible. Experimental "knobs" include the injector flux which determines the diameter of the
flux "hole" along the geometric axis, injector current which determines hedge, the gas injection
rate which determines the fueling rate, the divertor magnetic configuration, and the bias magnetic
field in the flux conserver. The spheromak power will be provided by an initiation capacitor bank
(0.5 MJ at 10 keV) and a sustainment pulse-forming network (1.5 MJ at 5 kV, configured for 2
ms pulse). The voltage and impedances of these systems can be varied independently, offering
additional control over spheromak operation.

Study of transport under these conditions will need external measurements of plasma
profiles, including density, temperatures, and magnetic fields. Initial diagnostics include magnetic
probe arrays in the flux-conserver walls, Rogowski probes to measure currents in the jumpers
across the diagnostic slot, flux loops, a camera to view discharge behavior, H-alpha diodes, and
visible and ultra-violet spectroscopy. As soon as possible, mm-wave reflectometry, Thomson
scattering, and a CO2 interferometer will be added. Probes will be used in the edge and boundary
plasmas.

Critical to understanding the coupling between the current drive and energy losses is the
measurement of magnetic fluctuations and their relationship to resistive MHD, including current
(and pressure) driven tearing modes. The amplitude and behavior of magnetic fluctuations will be
measured by an Ultra-Short-Pulse Reflectometer [8] operating in both the O- and X-modes; it will
also used to measure the density and magnetic field profiles. Coupling between the two
reflectometer modes is generated by magnetic shear, and thus will yield the vector direction of
the field. The coupling is also expected to be sensitive to magnetic tearing modes in the plasma,
and experiments are planned for using it to evaluate the level of the fluctuations presumed to
drive the dynamo. Modeling using computational spheromak equilibria has been used to develop
techniques for inverting the data [9]. As the measurement is indirect, a transient magnetic probe
[10] will be installed to measure the magnetic field locally from the Faraday rotation in a
sapphire "bullet" injected across the plasma. This field measurement will be used to validate the
reflectometer measurements.
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Abstract

A coreless compact magnetic confinement system that consists of sets of helical windings
and vertical magnetic field coils is investigated. The helical coils produce a small toroidal
translation of the magnetic field lines and seed paramagnetism. The force-free component of
the toroidal current strongly enhances the paramagnetism such that isodynamic conditions near
the plasma centre can be approached. At /3 ~ 5%, the configuration is stable to local MHD
modes. Global MHD modes limit the toroidal current 2irJ to about —60A*,4 for peaked ./.
Bootstrap-like hollow current, profiles generate quasiaxisymmetric systems that require a close
fitting conducting shell to satisfy external kink stability.

1. INTRODUCTION

The magnetohydrodynamic (MHD) equilibrium and stability properties of the
Sphellamak concept [1] are investigated. The configuration is characterised by a com-
bination of 10 helical coils wound on a sphere of 1???,. radius, has no central conductor and
has a set of vertical field (VF) coils. A model with 4 filaments per coil is shown in Fig. la.
The helical coils extend to a latitude of 60° and are connected by circular arcs. They are
modular with the currents flowing up a helical segment, across the upper connecting arc.
then down the adjacent helical segment and then back across the lower connecting arc.
This corresponds to a stellarator arrangement of the coil current flow. Part of the current
in the inner vertical field coils compensates the current in the connecting segments of
the helical coils. The helical coils cause a toroidal translation of the magnetic field lines
and assist in providing a seed paramagnetism. Similar coils sets previously proposed [2-4]
did not explore the potential to seed paramagnetism, to improve confinement properties
and to study MHD stability. A toroidal plasma current, nevertheless, must be driven in
this device. The force-free current that it produces generates the toroidal (and poloidal)
magnetic flux that guarantees the formation of flux surfaces and the confinement of the
plasma. Furthermore, the current enhances the paramagnetic effect very strongly. A pre-
vious investigation has modelled the plasma current with fixed toroidal filaments and field
line tracing studies have been applied to investigate the configurational properties of the
system [1]. In this work, we apply the free boundary version of the three dimensional (3D)
VMEC equilibrium code [5] using a, distributed toroidal plasma current to obtain MHD
equilibria that model the device. The local stability modules of the TERPSICHORE
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code [6] are applied to determine the Mercier criterion and the ideal ballooning stability
characteristics of the equilibria. The global stability modules of this code are used to
determine the stability with respect to internal and external kink modes.

2. MHD EQUILIBRIUM AND STABILITY

The parameters that ha,ve been investigated correspond to a current of 300/cA in
the helical coils (7bkA per filament), while the upper VF coil carries — 150A\4, the lower
YF coil carries + 150A\4 and the outer VF coils ha.ve — 20kA. The plasma current is
varied from —50A'.4 to —550A'.4 with a peaked profile. The pressure, inverse rotational
transform and differential volume profiles for a case with — 200A'.4 and volume averaged
3 = 2/7.Q Jr d3xp/ J' d3xB2 = 5.2% is shown in Fig. lb. The pressure profile is prescribed
as p(s) = /J(0)[250(1 — s2)2 + 5(1 — s)]/255 and the toroidal current profile is prescribed
as 2nJ'{s) = 0.5TTJ'(0)[3(1 - -s)5 + (1 - s5)2], where the symbol ' indicates a derivative
with respect to 5, where 0 < s < 1 constitutes the radial variable proportional to the
toroidal magnetic flux (plasma volume enclosed). The total toroidal plasma current is
2TTJ(1). The mod-B distribution on the cross sections at the beginning of the period
and at half period are displayed in Fig. 2. The magnetic field has a maximum value of
1/3T at the magnetic axis and is much smaller towards the edge of the plasma. In the
central region of the plasma, the mod-B contours align closely with the flux surfaces.
They diverge towards the plasma boundary. The equilibrium state thus is nearly iso-
dynamic [7]. In stellarator configurations, the curvature of the magnetic axis precludes
the strict existence of isodynamicity. In our case, the plasma current induces a strong
paramagnetic effect which produces the isodynamic conditions near the axis. However,
this condition does not hold close to the plasma edge. Consequently, the configuration
can be more closely associated with quasi-isodynamic [8] or pseudosymmetric [9] systems.
The strong paramagnetism in the bulk of the plasma also produces a magnetic hill. This
is not particularly favourable for MHD stability. The ballooning modes are stable and
the Mercier modes are only unstable very locally near mode rational surfaces at 3 ~ 5%
as shown in Fig. 3a. The Mercier criterion is marginally stable at midvolume and is more
restrictive than localised ballooning modes. A further increase in 3 could be realised
because there is room to increase the pressure gradient in the outer 1/3 fraction of the
plasma volume and still remain stable to local modes. The large global magnetic shear
generated with peaked current profiles constitutes an important stabilising mechanism
for local MHD modes for 3 < 6%. External m/n = 1/1 and internal m/n = 1/3 limit
the toroidal plasma current to about —60 to — 70L4. It must be noted that this limit
is extrapola.ted from unstable configurations with higher current and that we have been
unable to converge an equilibrium state when the current is smaller than —90/e.4. This
could possibly indicate an equilibrium limit at low toroidal current, but- has yet to be
confirmed because we have calculated equilibria with broader current profiles at —oOkA
and lower 3. The configuration is clearly three dimensional for the parameters we have
chosen. For the broader current profile cases we have investigated, the main effect of
reducing the toroidal current to — 50k A (keeping the vertical field fixed) is to shift the
plasma inwards away from the helical coils. The helical modulation becomes very weak
and the system becomes practically axisymmetric. This configuration retains its strong
paramagnetic character with the mod-B contours closely aligned with the flux surfaces
near the central region. The plasma volume and cross section become smaller and the
rotational transform increases.
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F?'(/. i«. f/e/'/j The coil system of the Sphellamak configuration. There are 10 helical coils,
an inner pair of vertical coils and an outer pair of vertical coils. Fig. 1b. (right) The
differential volume (xlOj. normalised pressure and inverse rotational transform q profiles
for a case with — 200A\4 toroidal current and 3 = 5.24%.

Fig. 2. The mod-B distribution in the Sphellamak at the beginning of the period (left) and
at half period (right) for a case with —200 ,̂4 toroidal current and ,8 = 5.24%.
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Fig. 3a. (left) The Mercier criterion (circles) and the ballooning eigenvalue (squares)
profiles for a case with — 200fc.4 peaked toroidal current and 3 = 5.24%. Fig. 3b. (right)
The eigenvalues of global modes dominated by the mjn = 1/1 (circles), the m/n = 1/2
(diamonds) and the m/n = 1/3 (squares) components as a function of the toroidal cur-
rent for a sequence of Sphellarnak equilibria with peaked current profiles and :3 ~ 5%.
The marginal points have been obtained, by extrapolation. Negative eigenvalues indicate
stable (unstable) conditions for local (global) MHD modes with the normalisation we have
adopted.
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The structure of the magnetic field implies that particles can be trapped only towards

the plasma edge which localises any bootstrap current drive to that region. To model a
bootstrap current, we prescribe a hollow current profile. The configuration under these
conditions becomes quasiaxisymmetric. It is stable to Mercier and ballooning modes at
3 ~ 10% when the pressure profile is modified to have very weak gradients in the regions of
vanishing global magnetic shear. However, it requires a tightly fitting conducting wall to
stabilise external m/n = 1/1 kink modes with a toroidal current of —400kA. We have also
considered a case with a mildly hollow current profile where we have changed the direction
of the current in the helical coils so that the contribution of these coils to the rotational
transform is opposite that of the plasma current. With a toroidal current of —loOkA
and a tailored pressure profile to guarantee local MHD mode stability at 3 ~ 5%. a close
fitting conducting wall is also required to satisfy stability. This case is quasiaxisymmetric.

3. DISCUSSION AND CONCLUSIONS

The Sphellamak concept that relies on the toroidal plasma current to generate the
toroidal magnetic field displays an extremely strong paramagnetic effect without requir-
ing dynamo action. This results in a system that is nearly isodynamic. at least near the
centre of the plasma. The resulting transport properties could approach classical levels
making it a potentially very attractive system. A large fraction of the confining magnetic
fields are produced from the force-free currents rather from external coils. Consequently,
the values of 3 we have reported are significantly larger with other more conventional
definitions of this parameter. If we replace the volume averaged magnetic energy density
in the definition we adopt for 3 with the magnetic energy density from the vacuum fields
only at the centre of last close flux surface, the value of 0 would exceed 500%. Global
kink modes limit the maximum toroidal current that can be achieved in these configura-
tions. A close fitting conducting wall is required with hollow toroidal currents that model
the bootstrap effect. With peaked toroidal current, marginal stability with respect to
kink modes with a conducting wall far from the plasma is satisfied for values of current
(—60A;,4) where the computation of equilibria, with the VMEC code has had difficulty to
yield a converged solution so far.

Acknowledgement
We are greatly indebted to Dr. S. P. Hirshman for providing us the 3D VMEC equilib-

rium code to perform part of this work. This work was supported by the Fonds National
Suisse pour la Recherche Scientifique and by Euratom.

References

[1] TODD, T.N. Proc. Spherical Tbkamak Workshop. St. Petersburg, Russia (1997).

[2] FURTH, H.P., HARTMAN. C.W., Phys. Fluids 11 (1968) 408.

[?>] HARTMAN, C.W.. US-Japan Joint Symp. on Compact. Torus and Energetic Particle Injection.
PPPL. (1979)

[4] MOROZ. P.E., Phys. Lett A236 (1997) 79.

[5] HIRSHMAN. S.P.. BETANCOURT, O., J. Comput. Physics 96 (1991) 99.

[6] COOPER. W.A., Plasma Phys. Contr. Fusion 34 (1992) 1011.

[7] PALUMBO. D.. Nuovo Cimento B53 (1968) 507.

[8] NUEHRENBERG. J.. ZILLE R., in Theory of Fusion Plasmas. Editrice Compositori, Bologna
(1997).

[9] SHAFRANOV. V.D., MIKHAILOV, M.I.. SKOVORODA, A.A., SUBBOTIN. A.A., "Pseudosym-
metric Magnetic Confinement Systems", Int. Symp. on Plasma Dynamics in Complex EM Fields.
Kvoto. 1997.



1155
i inn mm

XA0054032

Physics Issues in the Design of a High (3 Quasi-Axisymmetric Stellarator
A. Reiman, L. Ku, D. Monticello, H. Mynick, A. Brooks, G. Fu, R. Goldston, L. Grisham, T. S. Hahm,

Z. Lin, D. Mikkelsen, R. Nazikian, G. Neilson, N. Pomphrey, M. Redi, W. Reiersen, J. Schmidt, R.
White, M. Zarnstorff, I. Zatz

Princeton Plasma Physics Laboratory, Princeton NJ 08543, USA

W. A. Cooper
CRPP-PPB, CH-1015 Lausanne, Switzerland

M. Drevlak, P. Merkel and C. Niihrenberg
IPP-Euratom Association, D-l 7491 Greifswald, Germany

D. Batchelor, S. Hirshman, J.F. Lyon, R. Sanchez, D. Spong
Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831-8070, USA

M. Hughes
Advanced Energy Systems, 155 Thoreau Drive, Plainsboro, NJ 08536, USA

A. Boozer
Dept. of Applied Physics, Columbia University, New York, NY 10027, USA

W. Miner and P. Valanju
University of Texas at Austin, Austin, TX 78712-1081, USA

K. Y. Watanabe, N. Nakajima and M. Okamoto
National Institute for Fusion Science, Nagoya, Japan

B. Blackwell and J. Harris
Plasma Research Laboratory, Australian National University, Canberra, Australia

M. Isaev, A. Subbotin and M. Mikhailov
Kurchatov Institute, Moscow, Russia

1. Introduction

Present day stellarators have aspect ratios large compared to those of tokamaks. The transport
optimized stellarators under construction, W7X and HSX, have aspect ratios R/(a) = 11 and 8 re-
spectively. We have been pursuing the design of compact stellarator configurations with aspect ratios
comparable to those of tokamaks (R/(a) — 2.1 - 3.5 ) and good transport and stability properties. To
provide good drift trajectories, we focus on configurations that are close to quasi-axisymmetric (QA)
[1, 2], an approach that is well suited to lower aspect ratios. The plasma can rotate freely in the direction
of quasi-axisymmetry, allowing us to apply the same techniques for transport barrier formation that work
in tokamaks.

Our near quasi-axisymmetric configurations have drift trajectories similar to those of tokamaks,
aspect ratios comparable to those of tokamaks, and bootstrap current as well as average ellipticity and
triangularity comparable to that of advanced tokamaks. They therefore tend to look like hybrids between
stellarators and advanced tokamaks. Relative to unoptimized stellarators, they have improved neoclas-
sical confinement. They have a much smaller aspect ratio than the drift-optimized stellarators under
construction. The bootstrap current, large relative to that of other drift-optimized stellarators, is used to
advantage in ameliorating coil design issues and in suppressing magnetic islands. Although the bootstrap
current can potentially be used to great benefit, it also brings with it some potential issues. Bootstrap cur-
rents may drive instabilities and may reintroduce disruptions into the stellarator. We attempt to minimize
this risk by using the results of extensive stability calculations to guide the design, but experimental stud-
ies will be needed for a definitive determination of the conditions under which disruptions are avoided.
An experimental study of the potential benefits and dangers of bootstrap currents would be a key focus
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Figure 1: Plasma cross-sections of a 3-period

quasi-axisymmetric stellarator at <j> = 0, n/6, n/3,

and 71-/2.

Figure 2: Rotational transform profile of the configu-
ration shown in Fig. 1.

of a proposed QA stellarator experiment.
Relative to advanced tokamaks the QA configurations we have studied have the potential advan-

tages that the externally generated transform reduces or eliminates the need for rf current drive, and
provides control over MHD stability properties. Unlike the tokamak, it is possible to have a monotoni-
cally increasing i profile. (The reversed-shear tokamak has a shear reversal layer at which ideal stability
is problematic, and outside of which neoclassical tearing modes are unstable.) A combination of ex-
ternally generated shear and nonaxisymmetric corrugation of the plasma boundary provides stability to
external kink modes even in the absence of a conducting wall. Previous experiments on hybrid tokamak-
stellarator configurations on W7A and CLEO found that even a modest level of externally generated
transform was sufficient to suppress disruptions.[3,4].

Figures 1 and 2 show the plasma boundary and the corresponding rotational transform profile for a
3-period configuration with R/{a) « 3.4. (The radial variable s in Fig. 2 is the toroidal flux normalized
to its value at the plasma boundary.)

2. Physics Issues and Configuration Design

A key problem in designing an attractive QA configuration is the ballooning /? limit. Earlier
quasi-symmetric configurations display ballooning beta limits in the 1-2% range.[5, 6] We have found
that we can solve this problem by imposing a strong axisymmetric (n = 0) component of ellipticity and
triangularity on the shape of the outer boundary in our QA configurations. This is similar to the approach
used in tokamaks, where it is well known that appropriate shaping of the plasma cross-section can have
a strongly stabilizing effect on ballooning modes. This approach has allowed us to open up a previously
unexplored regime of low aspect ratio, quasi-axisymmetric configurations with good ballooning stability
properties. We have explored the properties of a range of configurations in this regime, with the fraction
of the transform generated externally ranging from 20% to about 50%, and with a variety of t profiles
and a range of aspect ratios.

Our initial studies of QA configurations focused on R/ (a) « 2, an aspect ratio that was regarded
as relevant for evaluating the potential attractiveness of the QA stellarator as a reactor concept. More
recently we have refocused our studies on somewhat larger aspect ratios, motivated by an interest in
converting the PBX tokamak to a stellarator. For R/ (a) « 2, our configurations typically have ballooning
(3 limits in the 6% to 7% range, with one configuration found to be ballooning stable at /? = 11%. The
ballooning /3 limits are found to be somewhat lower at higher aspect ratio, scaling roughly like {a)/R.
The configuration corresponding to Figs. 1 and 2 is ballooning stable at a (3 of 4%.
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Global ideal MHD stability codes [7] are used to monitor the global MHD stability properties of

our configurations and help guide the design. We have found that we can stabilize the external kink mode
in our configurations either by imposing adequate externally generated shear or by an appropriate three-
dimensional corrugation of the plasma boundary. [8] We have obtained configurations that are stable to
external kink modes at a /3 of 7.5%, with the wall at twice the minor radius, where we believe it has
little stabilizing effect on the mode. The configuration of Fig. 1 is stable to external kinks at ft = 4%.
This is to be contrasted with the situation in reverse-shear tokamaks, which, because of the broadness
of the current profile associated with bootstrap driven currents, require a close fitting conducting shell to
stabilize the external kink mode. To maintain stability on the L/R time scale of the wall, these devices
will either need to rapidly rotate the plasma, raising issues of recirculating power, or they must provide
multi-mode feedback stabilization.

The bootstrap current is determined by the Fourier spectrum of mod(B) in Boozer coordinates. In
quasi-axisymmetry, the n ^ 0 Fourier coefficients vanish, and the bootstrap current looks like that in a
tokamak. In particular, the bootstrap current is comparable in magnitude to that in a tokamak, and is in a
direction that reinforces the externally generated rotational transform. The bootstrap current can be used
to advantage. To the extent that it provides a significant fraction of the rotational transform, it eases coil
design. Also, if the shear is designed to have the appropriate sign relative to the direction of the plasma
current, the perturbed bootstrap currents suppress magnetic islands. This is the inverse of the neoclassical
tearing instability that has been seen in tokamak experiments. An estimate of this effect finds that, for a
configuration in which 50% of the rotational transform is supported by the bootstrap current, an island
whose width would otherwise be 10% of the minor radius is suppressed by a factor of 20, to about 0.5%
of the minor radius.

Our design procedure for quasi-axisymmetric stellarators adopts, as a starting point, advanced
tokamak pressure and current profiles in which the current profile is well aligned with the bootstrap
current drive. Because the bootstrap current is determined by the n = 0 Fourier components of mod(B),
we retain rough consistency of the current with the bootstrap drive. Adjustments are made in the profiles
using a three-dimensional bootstrap code[9]. We have verified that adequate external transform entirely
eliminates the need for a driven seed current.

To handle the bootstrap currents properly, it is necessary to deal with the issue of resonances.
Expressions for the bootstrap current in stellarators commonly given in the literature possess resonances
at the rational surfaces, arising from large excursions of toroidally trapped particles in the low collision
frequency regime. These resonances are due to a neglect of particle drifts and collisions. A simple
detuning function has been derived to broaden the resonances. A Monte-Carlo delta-f technique, used
to simulate the bootstrap current, has shown that the detuning function is a good fit to the current near
the resonances. Without this resonance broadening term, calculation of equilibria with self-consistent
bootstrap current was impossible for most QAS configurations.

The neoclassical transport in our configurations is monitored with Monte-Carlo codes [10] to con-
firm that the degree of quasi-axisymmetry is adequate. We have verified that the neoclassical transport is
dominated by the axisymmetric contribution for the configuration of Fig. 1.

In contrast to conventional stellarators, it is possible to sustain toroidal rotation in a quasi-axisymmetric
configuration. For suppression of turbulence, the E x B shearing rate which contains the relevant geo-
metric dependence has been analytically derived: [11]

d ( 1 d
dtp [i — Ndip (1)

Here, (t - N)-§^\ TTJV^S'OW') [ is a function of the toroidal flux (ip) only, |V^ | |Bx Vip\/B2 is the

angle (a) dependent form factor, and the first factor describes dependence on the eddy shape, k^ and kx
are the components of the k vector of fluctuation in the radial (e^) and nonradial perpendicular (b x e ,̂)
directions. With the assumption of h±/k$ ~ 1 which is supported by fluctuation measurements on
TFTR, U>E can be expressed in terms of the equilibrium quantities only.
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We have been investigating several possible coil configurations capable of producing our design
fields.[12] One option would convert the PBX tokamak to a QA stellarator, retaining the present vac-
uum vessel and toroidal field coils, adding auxiliary coils (possibly saddle coils) and associated support
structure inside the vacuum vessel to produce the desired magnetic field. Another option would use
modular coils, supplemented by vertical field coils to adjust the field as the pressure and current vary.
The experiment would provide information on transport, MHD /3 limits, and disruptions in the compact
QA stellarator regime, complementing the information that will be received from the W7X and LHD
experiments.

This work was supported in part by U. S. DOE Contract No. DE-AC02-76-CH03073.
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Abstract

Significant progress has been made in the development of new modest-size compact stellarator
devices that could test optimization principles for the design of a more attractive reactor. These are
3 and 4 field period low-aspect-ratio quasi-omnigenous (QO) stellarators based on an optimization
method that targets improved confinement, stability, ease of coil design, low-aspect-ratio, and low
bootstrap current.

1. CONFIGURATION OPTIMIZATION

Development of increasingly sophisticated optimization methods in recent years [1,2,3]
allows the design of stellarators that could lead to an attractive fusion power plant. Improved plasma
confinement is achieved either through targeting symmetries (e.g., either helical [4] or toroidal [5])
of |B| in Boozer magnetic coordinates [6] or by directly attempting to reduce the deviation of
particle guiding-center orbits away from flux surfaces [7]. Our stellarator optimization technique
follows the latter approach through targeting the alignment of second adiabatic invariant J* [8]
contours for the trapped particle population with magnetic flux surfaces (known as QO or quasi-
omnigeneity). As this optimization method has evolved, additional physics and engineering targets
have been included, such as Mercier stability, rotational transform -i(r) = 1/q in the range of 0.5 to
0.8 with < 30% from plasma current, good coil realizability, low ripple, and ballooning and kink
stability.

(a) (b)

( g )

' " • • - ' •v- \V-

FIG. 1 (a) - Outer flux surface and modular coils for an N^ = 3 QO device, (b), (c), (d) - VMEC flux
surfaces for this configuration at toroidal angles C,/N^ = 0°, 90°, and 180°, (e), (f), (g) -Flux surfaces
reconstructed from following field lines based on the modular coil configuration at /̂N ,̂ = 0°, 90°,
and 180°.
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2 University of Wisconsin, Madison, Wisconsin
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5 Universidad Carlos HI de Madrid, Madrid, Spain.
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V.

X V

FIG. 2 (a) - Bmn profiles for an N^ = 3, R0/a = 3.6 device, (b) - J* contours for trapped particles
(e/jx « LOT) for the same device.

Our optimization is comprised of: (a) an adjustment of the outer magnetic surface shape and
plasma current profile to achieve the desired physics goals, followed by (b) a synthesis of the
modular magnetic coil geometry which produces that outer surface shape. Our earlier studies [1,2]
produced low-aspect-ratio stellarator configurations that had promising features for a reactor (stable
at <(3> >7%, low bootstrap current, and reasonable confinement), but they were not self-consistent

or optimized for an experimental test at modest scale. With development of a modest experiment in
mind, our recent QO optimizations have focused on Nfp = 3 ,4 devices (N^ = field periods) because
they seem to provide a good compromise between the achievement of desired physics properties and
simple coil configurations with adequate plasma/coil spacing. In this paper we analyze both N^ = 3
(Ro/a = 3.6) and N^, = 4 (Ro/a = 4.2) devices for the parameters of Ro = 1 m, Bo = 1 T. The 4, profile

for N^ = 3 varies from 0.55 to 0.64 while that for N^ = 4 varies from 0.68 to 0.78. The flux
surfaces for the N^ = 3 device are shown in Fig. 1 while the Bmn spectrum is shown in Fig. 2(a). The
helical m = 1, n = 1 component is dominant, but not to the same degree as in a quasi-helical device.
There is a residual mirror field (m = 0, n = 1), which is the dominant component in W7-X [3]. The
present configurations arose from a large R0/a (>5), nearly quasi-helical state, by reducing R0/a while
trying to retain J* = J*(\|/). Trapped particle orbits approximately follow the J* contours [Fig. 2(b)]
in their bounce precessional motion; our optimization attempts to make the J* contours over a
range of e/|i values as nearly circular and closed as possible.

2. NEOCLASSICAL TRANSPORT

The QO optimization technique is expected to lead directly to reductions in neoclassical transport
because cross-field drifts scale with <vD»V\|J> °c 3J*/38. While empirical transport scalings such as
ISS95 [9] may be expected for a QO experiment, it is desirable to minimize neoclassical transport
well below this level in order that any enhanced confinement regimes will lead to a measurable
improvement. In Fig. 3(a) we plot the density dependence of the Monte Carlo particle diffusion
coefficient for Nfj, = 3 and 4 devices. These have been calculated using 2000 particles at zero
ambipolar electric field and a constant plasma temperature of 1 keV (the test particles are
monoenergetic at 2 keV). The diffusivities show a drop-off with decreasing collisionality without
evidence of a ripple-induced (i.e., 1/v) scaling. By calculating a sequence of such monoenergetic

diffusivities over a range of energies we integrate to obtain the transport coefficients for a
Maxwellian distribution. This has been carried out for the Njp = 4 device at a density of 5 x 10l3 cm"3

and as a function of the ambipolar electric field. Using this sequence, we obtain the heat conductivity
by taking the energy moment [Fig. 3(b)]. The 0-D energy confinement time tE = a2/4K is plotted

based on this heat conductivity. For comparison, the empirical ISS95 lifetime TE,ISS95 =11-4 msec
(based on an enhancement factor H = 2) for these parameters (B = IT, <a> = 0.23m,
n = 5 x 10!3cm"3, P = 2MW) roughly equals the neoclassical confinement time in the absence of an
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electric field. Ambipolar electric fields in the range e(|)/kTion(r = a) ~ 2 to 3 are expected where,

from Fig.3(b), %,neo = (2 - 3)xEJSS95.

o
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FIG. 3 (a) - Density scaling of neoclassical diffusion coefficient based on monoenergetic Monte
Carlo calculation, (b) - Electric field scaling of neoclassical diffusion, heat conductivity and 0-D
energy lifetimes (xE) for a Maxwellian distribution.

3. ENERGETIC PARTICLE CONFINEMENT AND HEATING

The ability to heat toroidal plasmas depends critically on the confinement of energetic tail
populations, which is a major motivation for our confinement optimization. We have particularly
focused on the confinement of trapped energetic ions as would be produced by ICRF heating. We
have examined the confinement of this population by following an ensemble of collisionless
particles and recording their loss rates vs. time. All particles are launched at a specified energy at
resonant locations where B = Bresonant with e/ju. = Bresonan, [i.e., the particles have their turning points

(v|| = 0) at the resonant field]. Orbit losses occur both from open J* contours and from deviations of
the guiding center orbits away from the J* surfaces. These orbit deviations are proportional to the
particle's drift per bounce which scales as p/a, the ratio of the gyroradius to the minor radius. In

Fig. 4(a) we show results from following about 500 collisionless ions at 20 keV for flux surfaces in
the inner 50% of the minor radius in our N^ = 4 configuration. We vary the resonant field Bresonant

from 0.9 T up to 1.15 T. This selects different starting locations for the ions as well as different
values of e/\i (and thus different J* contours). Confinement depends sensitively on the value of

Bresonant. This dependence arises from the variation of the J* contours as s/(x is changed. For e/jx < 1

T the J* contours are relatively well closed, whereas for 1.05 T < e/|X < 1.15 T there begin to be
open contours which cause prompt particle losses. The dashed line in Fig. 4(a) indicates the rate at
which a 20 keV ion collisionally slows down in a Te = 1 keV background plasma; for the better
confined cases, the particle loss approximately parallels the slowing-down rate, implying effective
ICRF heating at these resonances. The other parameter which influences ion confinement is p/a; this
determines the degree to which the particle orbit deviates from constant J* contours. Increasing the
magnetic field from 1 to 2 T uniformly improves energetic particle confinement for both Njj, = 3
and 4 devices. We have applied this calculation to the CHS configuration (N ,̂ = 8) in which ICRF
heating has been used. We find that the confinement in our configurations generally exceeds that
calculated for CHS, leading us to conclude that trapped ion confinement should be adequate for ICRF
heating.
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FIG 4 (a) - Fraction of 20-keV ICRF resonant ions confined vs. time for an Njp = 4 device
(Bo = 1 T), for different values of 8/|a = Bres, (b) - Fraction of 3.5-Mev a-particles lost vs. time for
reactor scale versions of the N^ = 3 and 4 devices, starting particles at r/a = 0.25.

We have also scaled these configurations to reactor sizes (Bo = 5 T, Ro = 10 m) to check
oc-particle confinement [Fig. 4(b)]. These calculations are based on following a group of about 500
collisionless a-particles (Eo = 3.5 MeV) born at r/a = 0.25. The impact of these levels of a-particle
losses is not expected to be a major issue for the power balance, but will need further analysis with
respect to localization of power loading on the first wall.

4. STABILITY

Our optimization procedure checks for the existence of a magnetic well, in addition to
favorable Mercier and ballooning stability over the whole plasma radius. Ballooning p thresholds for
the NQ, = 3 and 4 configurations discussed above are approximately 2% and 2.5%, respectively,
which is adequate for a test in a modest experiment. Typically, for broad pressure profiles, a region
near the edge goes unstable first. Several methods have been successfully used in our previous
configurations to extend the stable window into the <|5>= 5 to 6% range, including profile flattening,
increased shear in the *. profile, and boundary shaping. A fast hybrid finite difference/variational
version of the ballooning calculation has recently been developed which should facilitate improved
optimization of the ballooning stability limit. In addition, low-n pressure-driven instabilities have
been analyzed with a 3D initial value MHD model [10]. The low-n radial mode structure shows
similar structure as the radial dependence of the high-n ballooning growth rate.

5. CONCLUSIONS

We have studied a range of attractive low field period (N ,̂ = 3 - 4 ) devices for testing the QO
optimization technique. Our method targets improvements in energetic particle confinement, core
transport, stability, ease of coil design, and low aspect ratio. Modular coil sets exist which produce
our optimized systems and these both preserve the original flux surfaces as well as the optimized
physics properties. This optimization effort is ongoing and we expect to further address such issues
as ballooning stability optimization, self-consistent bootstrap current equilibria (recent calculations
have indicated that the helically dominant nature of these configurations can reverse the direction
of the bootstrap current from that assumed here), and a more comprehensive modeling of transport
and ICRF heating.
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Abstract

A dipole fusion confinement device is stable to MHD interchange and ballooning modes
when the pressure profile is sufficiently gentle. The plasma can be confined at high beta, is steady
state and disruption free. Theory indicates that when the pressure gradient is sufficiently gentle to
satisfy MHD requirements drift waves will also be stable. The dipole approach is particularly
applicable for advanced fuels. A new experimental facility is presently being built to test the
stability and transport properties of a dipole-confined plasma.

1. INTRODUCTION

The dipole fusion concept was first proposed by Hasegawa [1,2] who was motivated by
observations of high /?, energetic plasma within planetary magnetospheres. Active magneto-
spheres, such as that surrounding Jupiter, can have plasma pressures exceeding the magnetic
pressure, j8 > 1. A dipole fusion confinement device takes advantage of these properties by
operating with plasma profiles that have sufficiently gentle gradients to be stable to interchange
and ballooning modes at high beta. This stability derives from plasma compressibility. The dipole
confinement concept is fundamentally different from other fusion concepts since the diamagnetic
frequency, ft)*, proportional to the radial gradient of plasma pressure, is small relative to the
magnetic drift frequency, eoj, proportional to the radial gradient of the magnetic field. The
condition (Oj(Od < 2 characterizes a unique regime in magnetic plasma confinement. It
corresponds to MHD stability and the possible elimination of drift wave instabilities [3].

In this paper, we will present (1) the theoretical basis for the dipole approach to plasma
confinement, (2) the design and research goals of a new experimental facility that is presently
being built as a joint project of Columbia University and MIT, and (3) the potential of dipole
confinement for magnetic fusion energy. The dipole approach is particularly applicable for
advanced fuels, i.e. DD and D^He, since good confinement and stability at high-/3 might eliminate
the need for a tritium breeding blanket and since convection cells may purge fusion-product ash
without energy confinement degradation.

2. THEORETICAL BASIS FOR DIPOLE CONFINEMENT

For a plasma confined in the field of a levitated dipole, MHD interchange stability is
determined by the requirement that compressibility balance the energy of expansion. As a result,
the plasma pressure must fall-off gently on flux surfaces of increasing separation from the internal
ring. Ideal MHD determines marginal stability to occur when the pressure profile, p, satisfies the
condition, 8(pVY) = 0, where V is the flux tube volume (V=§dl/B) and y= 5/3. This requirement
leads to the result that the peak pressure within a dipole is related to the edge pressure and the
flux-tube geometry, PmajJPedge ^ i^edgel^max) • Dipole plasma confinement requires a large
expansion of magnetic flux, and a dipole confinement device would consist of a relatively small
ring levitated within a large vacuum chamber. Since the peak plasma pressure depends on the edge
pressure, dipole energy and particle balance is governed, in part, by the physics of plasma flowing
along open field lines into a limiter.

Work supported by DOE Grants DE-FG02-98ER54458 and DE-FG02-98ER54459.
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The ignition of a fusion power source burning advanced fuel requires extremely good energy
confinement. (For example the ignition of D3He requires 10 times the confinement required for
DT ignition). Since the magnetic field of a dipole is poloidal, there are no charged-particle drifts
off of magnetic flux surfaces and, therefore, no "neo-classical" degradation of confinement as seen
in a tokamak. It has been shown that a plasma that satisfies the MHD interchange stability
requirement 8(pVr) > 0 may be intrinsically stable to drift frequency modes [3]. Stability of low
frequency modes can be evaluated using kinetic theory and a Nyquist analysis permits an
evaluation of stability boundaries with a minimum of simplifying assumptions [4]. It can be shown
that when r\ = d lnJ / d Inn = 2/3 the interchange stability requirement (for small Larmor radius)
becomes, in the low (3 limit, ft)* < 2 ay. This result is consistent with MHD. Physically, plasmas
stabilized by compressibility have a pressure gradient scale length which exceeds approximately
one-half the radius of curvature. This physical property distinguishes dipole confinement from
other confinement approaches to magnetic fusion. Importantly, when <w* < 2 co^, drift-type modes
such as the 77/-mode can be shown to be stable. For example [4], the instability of the 77(-.-mode
requires a>* > 3 a>d (for r\i = 2) and therefore the fy-mode is expected to be stable when the plasma
is MHD stable. This behavior is typical of dipole confined plasmas and indicates when the
pressure gradient is sufficiently gentle for interchange stability, then drift-type modes are also
stable.

When a small vertical field is added to the dipole field a magnetic separatrix will form (Fig
2). The separatrix will contain a field null and depending on the direction of the vertical field the
null can occur at the outside of the plasma (Fig 2a) or on the magnetic axis (Fig 2b). The presence
of the separatrix may change the stability properties of the scrape-off layer plasma. Additionally
the presence of a magnetic field null on the flux tube that bounds the plasma is expected to effect
the core plasma stability. Lane and co-workers [5] have studied the stability of interchange modes
in a low j3 unstable mirror plasma bounded by a magnetic separatrix. They show that, whereas in
the core plasma where both ions and electrons are magnetized and the plasma can be interchange
unstable, in the vicinity of the separatrix one species can be unmagnetized and this leads to a local
drift-wave response. The azimuthal electric fields of the interchange mode are effectively short-
circuited in the vicinity of the field null and the interchange modes driven by the core plasma are
forced to form a node at the separatrix flux tube. Therefore a core interchange mode would (1)
have an increased FLR stabilization due to the requirement that the eigenfunction have a node at
the separatrix and (2) could only transport energy up to a Larmor radius of the separatrix (since the
eigenfunction amplitude is zero at this location). Experiments performed in the Tara tandem
mirror confirmed that the bounding of an interchange unstable plasma by a magnetic separatrix
produced a significant stabilizing effect [6]. The unstable drift waves that may be present near the
separatrix could, in principle, transport energy. However it is believed that drift waves can be
stabilized by the flow shear that tends to develop at the plasma edge due to such processes as
preferential scrape-off of the large gyro radius ions and this leads us to conjecture that we may
observe an H-mode-like phenomenon in a separatrix-limited levitated dipole. Since the peak
pressure is directly related to the edge pressure, an edge pedestal would be extremely useful in
permitting a reduction in the required flux expansion and therefore in the required vacuum
chamber size.

When the interchange stability criterion is violated convective cells are expected to become
unstable. For plasmas that are marginally stable 8(pV) = 0 and furthermore when r\ = 2/3 an
interchange of flux tubes does not transport net energy and leaves the temperature and density
profiles unchanged. The convective cells transport cool fuel ions inward from the edge and
transport thermalized fusion products outward from the hot plasma core. The fuel ions heat
adiabatically as they convect inwards, and the core plasma cools at the same rate as it convects
outward. Thus this process would provide an ideal mechanism for the steady fueling and ash
removal of a burning plasma [7].

3. THE LEVITATED DIPOLE EXPERIMENT (LDX)

We are in the process of constructing a small laboratory levitated dipole, called LDX to
investigate the possibility of steady-state, high-beta dipole confinement with near classical energy
confinement. The experiment will utilize a persistent Nb3Sn superconducting ring of
approximately 0.8 m diameter and levitated within a 2.5 m radius vacuum chamber as shown in
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LDX - Base Case Parameters

Levitated Mass 452 kg
Net Ring Current 1.28 MA
Compression Ratio: 512
Adiabatic Pressure Ratio: 32,768
Minimum B at Ring: 0.24 T
Maximum B at Ring: 3.95 T

Linear Ring Stability:
Axial Growth Rate: 5 1/s
Horizontal Wobble: 0.5 Hz
Tilt Wobble: 1 -6 Hz

300 cm

Hot Electron Parameters:
Hot Electron Temp: 250 keV
Peak Density: 1-5E11 cm"d

Core Field Strength: 1 -7 kG
Hot Electron Beta: > 20%

Plasma Parameters:
Peak Density:
Plasma Beta:

>1E12crrT3

FIG. 1. The configuration and basic parameters of the proposed LDX experiment.

Fig. 1. The experiment is designed to maximize the flux expansion and we expect Pmax/Pedge =
(YedgelVmax) > 104- A pair of Helmholtz coils will enable the experiment to form a magnetic
separatrix as seen in Fig. 2. As the magnetic separatrix moves inwards (toward the floating coil)
the flux expansion decreases and this capability should permit a direct test of MHD stabilization
due to compressibility. Since, in a dipole, the peak-to-edge pressure ratio depends sensitively on
the flux expansion, the variation of flux expansion should lead to a strong variation of the core
plasma pressure. In addition the separatrix-limited dipole plasma should provide a test of dipole h-
mode as discussed above. The Helmholtz pair also permits the formation of a second limited
magnetic configuration in which the "x-points" fall on the symmetry axis (Fig. 2b). This
configuration may exhibit improved plasma properties due to a reduced penetration of neutrals
into the vicinity of the core plasma.

In LDX the floating coil is unstable and a feedback-control system is being designed to
stabilize of the floating coil. The floating coil can either "hang" from a coil located above the

FIG. 2. The outer boundary of the levitated dipole plasma can be adjusted
with low-field coils: (a) Outside diverted, (b) Inside diverted.
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vacuum chamber or be held up by a coil located below the vacuum chamber. In the former case
the ring is stable to tilt and horizontal translation and only unstable to vertical perturbations. As a
result the control system will utilize only axisymmetric fields and is a particularly simple system.
The latter arrangement is necessary to form the on-axis x-point configuration shown in Fig 2b.

The LDX experiments will investigate (1) high beta plasma stabilized by compressibility,
(2) the relationship between drift-stationary profiles having absolute interchange stability and the
elimination of drift-wave turbulence, and (3) the coupling between the scrape-off-layer and the
confinement and stability of a high-temperature core plasma. High-/3 plasma will be formed by
multiple-frequency ECRH since this heating technique has proven effective in magnetic mirrors
and in a mechanically-supported dipole [7]. In the initial electron heating experiments, we expect
to form hot electron plasmas with Te~ 200-300 keV, ne~ l - 5 x l 0 n cm"3. Higher density
thermalized plasmas will be studied by using fast gas puffing and Li-pellet injection into the hot
electron annulus. The thermalized plasma is expected to have Te~ Tt> 100-400 eV, ne > 1012 cm"3.

4. POTENTIAL OF DIPOLE CONFINEMENT FOR MAGNETIC FUSION ENERGY

Concepts for dipole based fusion power sources are being developed, both for electricity
production as well as for non-electrical applications such as space propulsion. The dipole power
source is characterized by a sophisticated coil, easy to replace, inside a large vacuum vessel. In
order to increase the power density at the first wall, several concepts are being studied. They
include the following: (1) Use of a higher order field, i.e. a quadrupole created by combining the
floating dipole coil with a supported (opposing) dipole coil, (2) High temperature first wall
operation (Twall~ 1100 K) to radiate the power back into the vacuum chamber cavity from a large
fraction of the first wall surface in combination with a small area heat exchanger that will then
operate at a relatively high power density, and (3) H-mode like plasma pressure pedestal to
increase the allowed edge plasma pressure and therefore decrease the size of the vacuum chamber.

The dipole plasma is steady state and high beta with no current-drive requirements. In order
to operate in steady state, the surface thermal loads (x-rays, particle convection [9]) and the
volume thermal loads (neutrons and gamma rays) need to be radiated away to cooler vacuum
vessel walls. The ring needs to be suspended without electrical leads, mechanical support or pipes,
to avoid loss cones and the creation of asymmetries. The energy dissipated in the cryogenic region
of the coil needs to be transferred to the surface of the ring to be radiated at the high surface
temperature. To do this, internal refrigerators, coupled with internal generators, are needed.
Concepts for thermo-ionic generators are being developed, operating across a temperature gradient
that is expected to develop at the ring surface. Typically at the outer midplane, the ring will be
1800-2000 K and at the inner midplane it will be 1200-1500 K. Multiple refrigerators, driven with
homopolar motors and spanning several (three) temperatures ranges, are envisioned.

In addition to high beta, good confinement and unique fueling, a levitated dipole may have
other advantages as compared to tokamak confinement devices. These include simplification of
the divertor problem due to the large flux expansion, elimination of current driven instabilities and
disruptions, elimination of interlocking coils and intrinsic steady state operation.

ACKNOWLEDGMENTS. The authors gratefully acknowledge the efforts of the engineering
design team including J. Minervini, P. Michael, S. Pourrahimi, A. Radovinsky, J. Schultz, B.
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Abstract
Recent results on dense plasma heating by 200 kJ-electron beam at GOL-3-II facility are presented. The

efficiency of collective electron beam deceleration up to 40% is achieved in 1015 cm"3 plasma. The characteristic
electron temperature of ~ 2 keV at plasma density (1-2) xlO15 cm"3 is obtained. At the two-stage heating of a
dense (~1016 cm"3) plasma the electron temperature of 300-500 eV and the ion temperature of 100-200 eV are
reached. Prospects of experiments on "wall" and multimirror plasma confinement at GOL-3-II facility are dis-
cussed.

1. INTRODUCTION

One of possible approaches to a fusion problem is a concept of a pulsed multi-mirror reactor
[1,2], The proposed pulsed fusion reactor with dense (n ~ 1017cm"3) high-p-plasma is based on a long
(L ~ 200 m) solenoid with strong (B ~ 15 T) magnetic field. Plasma confinement along the magnetic
field is provided by a large number of magnetic mirrors (multi-mirror trap). The radial equilibrium is
maintained by the chamber walls (non-magnetic, «wall» confinement), while the only role of the
magnetic field is to suppress the plasma heat conductivity. The crucial problem for the development
of the multimirror reactor concept is producing of hot dense (~ 1017 cm"3) plasma.

The fast heating of the plasma with 1015 •*• 1017cm"3 density during its collective interaction
with a microsecond electron beam with an energy content over 100 kJ is being investigated at the
GOL-3-II facility [3]. Production of ~ 1 keV plasma in the facility gives the possibility to study the
multimirror and «wall» confinement of such a plasma [4]. The plasma that is already obtained and can
in principle be obtained in this facility is of interest for a broad spectrum of applications, not only for
controlled fusion, but for pulsed neutron source, X-ray flash sources, UV laser, plasma-wall interac-
tion simulation etc. In this paper recent results performed at the GOL-3-II facility are presented.

2. GOL-3-II FACILITY

The layout of this facility is given in Fig.l (detailed description is in [3]). The U-2 generator
produces the electron beam with the energy content of ~ 200 kJ (1 MeV, 30 kA, 8 fxs). The longitudi-
nal magnetic field is up to 4.5 T in the uniform part of the solenoid and 9 T in its end mirrors. The
plasma has a diameter 6 cm and 12 m length. Plasma density can be varied in 1014-5-1017 cm"3 range and
can be as of fixed density distribution along the device length and varied one.

l ! « m H S H U » ! H t « J 5 I « « « t l t l i » « ! M H ! H J «

Exit
unit

FIG. 1. Layout of GOL-3-II facility.
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3. FEATURES OF BEAM-PLASMA INTERACTION

At the beam injection into a plasma the two-stream instability is developed resulting in beam
energy losses and heating plasma electrons. The energy distribution of beam electrons changes due to
their collective deceleration [3]. In new experiments, the collective plasma heating was optimized.
The beam energy distribution is shown in Fig.2 for plasma density (l-^2)xlO15 cm"3.
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FIG. 2. Beam energy spectrum after interaction with the plasma
(measured by magnetic analyzer in 4 \xs after start, initial beam energy is 1.00 MeV)

The characteristic feature of beam relaxation in this experiment is that an output beam spectrum
is quite unique for the beam-plasma systems. In contrast to the earlier experiments [5] substantially
broader beam spectrum is observed. One can see in Fig.2 that after beam-plasma collective interaction
there is no beam in the system output but there is a flux of electrons with a spectrum which decreases
to high energies. The total energy losses of a beam passed through a 12 m long plasma column calcu-
lated by the observed spectra reaches 40%.

4. HEATING OF UNIFORM DISTRIBUTED PLASMA

Two effects are important for plasma heating by an electron beam. The first effect is a trans-
formation of the beam energy into heating of plasma electrons. The second one is very essential in-
creasing of the effective collision rate because of excitation of microturbulence in the plasma. At the
GOL-3-II the last effect leads to suppression of longitudinal thermal conductivity by factor of 100-
1000 [6] (detailed discussion of this effect and its influence on plasma heating is given in [4]). As a
result, the electron temperature can reach 1.5-2 keV at optimal conditions.

The distribution of electron temperature over length of the plasma column calculated from dia-
magnetic measurements is presented on Fig.3. There are also points of Tc measured by Thomson
scattering (0,53 (am, 15 J).

Finding the electron distribution function corresponding to energies 0.5-5-5 keV was made by
the analysis of spectrum of light scattered at an angle 8° simultaneously in three fixed directions:
along the beam propagation, in opposite direction, and perpendicular to the beam axis. The low en-
ergy fraction (in range up to ~500 eV) was detected by a 90° scattering system. In the cases where the
detected spectra do not correspond to the Maxwellian distribution, the terms "transverse" Tj_ and
"longitudinal" Tp temperatures mean the double value of the average energy of electron motion in the
selected direction.

At a plasma density of 1 1015 cm"3 the measured transverse temperature Tj_ was (0.9+0.2) keV,
at the longitudinal temperature of plasma electrons following the beam propagation was found to be
(2.9±0.6) keV and for electrons moving in the opposite direction it was (1.7+0.4) keV. With the in-
crease in plasma density the longitudinal temperature drops rapidly but the transverse temperature
changes insignificantly. As a result, at n=2.5xlO15 cm"3 they become equal approximately to 0.5 keV
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and the electrons become Maxwellian. With a further increase in density up to 6x1015 cm"3 the elec-
trons remain Maxwellian and the electron temperature drops with the density.

Plasma density (0.8-1) id5 cm

Thomson scattering
X -average temperature

X -transverse temperature

3 H
a.

2
1 -

W

0

I

scaling~const/(1 +xlff2

0 10 122 4 6 8
Distance from input mirror, m

FIG. 3. Distribution of electron temperature over length of plasma column.

At n=2.5xl015 cm'3 the free path length of the plasma electrons becomes comparable with the
longitudinal size of the magnetic trap and at n=1.5xlO cm" it is already much larger than the device
length due to simultaneous decrease of density and growth of temperature. In this case, the electron
distribution function is formed by turbulent fields arising as a result of beam-plasma interaction and it
is non-Maxwellian. Value of electron temperature and its nonuniform distribution along the plasma
column can be only as a result of the very low heat conductivity of a beam-heated turbulent plasma.

5. TWO-STAGE DENSE PLASMA HEATING

Under the conditions described above (uniform plasma density along the device) quite strong
heating of plasma electrons is observed, but the ion temperature achieves only 20^-30 eV. For a sub-
stantial increase in the ion temperature and probably for obtaining plasma with |3>1 a method of two-
stage heating of a dense plasma is being developed on the device [7,8]. In this case, in the background
"rare" plasma which is heated directly by an electron beam due to collective interactions, a dense
bunch is formed. As a result, hot electrons of the "rare" plasma transfer their energy to electrons and
ions of the dense bunch by binary collisions.
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12
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0 4 8
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FIG. 4. Plasma pressure distribution over length, t=5.4 \xs.

New experiments in this direction are also started on the GOL-3-II device. In the beginning of
the device the deuterium cloud of a few meters in length is formed (see Fig. 4). The primary beam
energy deposition occurs in the part of the device with plasma density of ~1015 cm"3. Then the energy
redistribution occurs and as a result the dense plasma is heated. The distribution of plasma pressure
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over the device length, for the end of electron beam injection, is shown on Fig.4. Peak of pressure is
on 4 m distance at density of ~1016 cm"3 and the electron temperature of 300+500 eV. Ion temperature
measured by spectroscopy increases more slowly and at 15 (0.s reaches of 100+200 eV. So, in these
experiments higher parameters of the dense plasma were obtained on comparison with previous ones.

6. PROSPECTS OF GOL-3-II EXPERIMENTS

In order to improve the parameters of a dense plasma it is planned not only to optimize the con-
ditions of its heating but also to improve confinement of the dense plasma bunch. Further growth of
parameters of the dense plasma is limited by its fast expansion along the magnetic field and longitudi-
nal heat losses from the plasma. Next steps of our experiments will be focused on improvement of
confinement of the dense plasma.

Following the initial multimirror concept, we started the experiments with the corrugated mag-
netic field. As a first step a 4.5 m-long section of the solenoid is reconfigured into multimirror system
(cell length 22 cm, 20 cells, Hmax=4.5 T, Hmax/Hmin=1.5). First experiments in this configuration are
performed. The conditions for macroscopic stable propagation of an electron beam through the device
in this geometry have been found. The change of magnetic configuration from uniform to multimirror
one leads to some restrictions in operating regimes of GOL-3-II facility (mainly due to more delicate
operation of the preliminary plasma creation system). Our further plans include an activity on de-
creasing of longitudinal heat losses and next experiments with multimirror configuration. For |3~1
experiments it is planned to mount at the device the short (~1 m) section with lower magnetic field
(«magnetic pit») where a dense plasma will be confined similarly as in a «gasdynamic» trap. Besides
it, it is planned to surround the dense plasma bunch from the both sides along the device by sections
of corrugated magnetic field. In the case of success of these experiments this will enable one to start
experiments on the multimirror and "wall" confinement of plasma.

7. CONCLUSION

(1) High level (up to 30+40%) of collisionless energy losses of 200 kJ-relativistic electron beam in
the plasma of 1015 cm"3 density has been achieved.

(2) Effective heating of a plasma with this density up to Te~2 keV due to collective beam-plasma
interaction has been obtained.

(3) Plasma with density ~51015 cm"3 is heated up to 0.5 keV electron temperature and up to
0.1+0.2 keV ion temperature by a two-stage scheme.

(4) There are good prospects for performance at GOL-3-II facility of experiments on multimirror
and «wall» confinement of hot dense plasma.
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Abstract

AN ACCELERATED BEAM-PLASMA NEUTRON/PROTON SOURCE AND EARLY APPLICATION
OF A FUSION PLASMA

We measured the number of the neutrons and protons produced by D-D reactions in an accelerated
beam-plasma fusion and curried out the numerical simulations. The linear dependence of the neutron
yield on a discharge current indicates that the fusion reactions occur between the background gas and the
fast particles, i.e. charge exchanged neutrals and accelerated ions. The neutron yield divided by (fusion
cross section x ion current x neutral gas pressure) still possesses the dependence of the 1.2 power of
discharge voltage, which shows the fusion reactions are affected by the electrostatic potential built-up in the
center. The measured proton birth profiles suggest the existence of a double potential well, which is
supported by the numerical simulations.

1. INTRODUCTION

An accelerated beam-plasma neutron/proton source is based upon the device of spherically
conversing ion focus (SCIF)[ 1,2,4]. The principle can be realized by a relatively simple device,
where the ions are produced by a glow discharge between the spherical anode (serving as the vacuum
chamber) and the concentric sphere hollow cathode. The ions are accelerated towards the cathode
and go through to focus the center, where the fusion reactions occur. Some ions hit the cathode to
produce the secondary electrons, which are also accelerated towards the center by the electric field
produced by the ions. The electrons neutralize the space charge of ions and increase the ion density
in the center. Under proper conditions, the ion and electron flows create a space-charge induced
""double potential" well that is a negative potential well nested inside a positive potential well. This
structure traps high-energy ions within the virtual anode created by the double potential, providing a
very high fusion rate in this trap region.

An SCIF offers a unique approach to a fusion, since it develops a possibility of the use of
advanced fuels such as D-3He, and yields intermediate products along the path to fusion power. A
SCIF is used as a portable, low-cost fusion neutron source with applications expected as follo\vs[2]:
(1) well-logging, (2) therapeutic treatment of cancers. (3) sulfur qualification in coal, (4) testing drugs
and explosive materials for safeguards, (5) neutron source for benchmark testing.

In this paper, w-e demonstrated the neutron generation by an SCIF device, and study the scaling
of neutron yield vs. discharge current and voltage. A special experiment was designed to verify
double potential well formation and ion trapping by the measurement of the radial birth (source)
profile of energetic (3-MeV) protons produced by D-D fusion reactions in a deuterium discharge [3].
The numerical simulations were carried out in order to give a physical interpretation of the
experimental results.
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2. EXPERIMENTS

2.1. Experimental facilities

The vacuum chamber is made of stainless steel of an inner diameter of 350 mm. It has ten ports
for a high-voltage feed-through, an ionization vacuum gauge, a vacuum pump system consists of a 50
liter/sec turbo molecular pump for He gas with a back-up rotary pump. The D2 gas is fed from a gas
bomb through the mass flow controller. The hollow cathode of a diameter of 57 mm is made of the
lmm diameter tantalum wire. Its geometrical transparency is evaluated to be approximately 91%.
The ions hit the insulator, which covers the feed-through inside the vacuum chamber, resulting in
eventually breakdown. The surface shape of an insulator is so designed as to avoid the ion
bombardment normal to the surface, and subsequently breakdown through the pinhole formation is
reduced.

2.2. Neutron measurement

The neutron measurement was done by a JHe proportional counter surrounded with
polyethylene blocks of a thickness of 175 mm to moderate the fast neutrons produced by D-D fusion
events. Typical plots of measured neutron yield versus discharge current are shown in Fig. 1 for
different discharge voltages. The neutron yield increases linearly to the discharge current similarly to
the previous studies [2,4], and reaches SxlO'*1 n/s at 35 mA of discharge current and 25kV of discharge
voltage. The dependence does not show that the neutrons come from a beam-beam colliding fusion.
Figure 2 depicts the neutron yield divided by the fusion cross section evaluated by an applied voltage,
the ion current and the neutral gas pressure. The normalized neutron yield is proportional to the 1.2
power of V, which suggests that the electrostatic potential should affect the fusion reactions.

2.3. Proton measurement

This experiment was designed to operate at high perveance where formation of a double well is
predicted [1]. Thus measurements were made at relatively low voltages (15 kV) in order to achieve
maximum perveances (0.2 to 1.4 mA/kV32) over the available range of ion currents ( 10-80 mA).
Additional steps taken to aid well formation included: (1) use of the unique Star mode of operation
[2] to obtain ion beam focusing down to ~1.6x the ballistic limit, and, (2) the incorporation of a
second electrically "floating" grid (in addition to the focusing/accelerating cathode grid) to reduce the
ion radial energy spread to <10%. Also, a unique capillary proton collimator which was developed to
provide a fine (mm scale) resolution of the spatial profile of escaping protons. The data was taken by
pivoting the collimator-detector across the core plasma and then unfolding the data to obtain the radial
(cf. spherical geometry) proton source-rate profile.
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FIG.3. Measured radial profiles of the proton source rate at Is kV and
currents of 10-SOmA (perveances of 0.17 to 1.37mA/kV3', respectively).

As shown in Fig.3, a two-peak proton-rate density profile is observed at higher perveances.
uniqueh' demonstrating the evolution of a double potential well for perveances >0.34 mA/kV i : (~ 20
mA). As the perveance is increased above this threshold, as expected, the depth of the double well
also increases. At the maximum perveance studied, 1.38 mA/kV3'2 (corresponding to 80 mA and 15
kV). the negative potential well depth, corresponding to the measured proton-rate density, calculated
from this data is -22-27% of the applied cathode voltage, i.e. about 4 kV. The uncertainty limits listed
are mainly due to assumptions in the calculation associated with ion recirculation and charge-
exchange.

3. NUMERICAL SIMULATIONS

We developed the computational code to simulate the core of a SCIF device in order to clarify
(1) the effects of neutral gas on the neutron yield and the electro-static potential built-up in the core
and (2) the energy distributions of electrons, ions, and neutrals.

3.1. Numerical model

We solved the motion equations of the charged particles as well as the fast neutrals and
simultaneously the Poisson equation in the radial direction of the spherical coordinates. The
densities of ions and electrons were evaluated by a particle-in-cell model. The species of particles
dealt within the code were the electrons, ions (D~, D:

+, D3
+) and fast neutrals (D°, D;°). The effects of

atomic collisions included ionization, dissociation and charge exchange with both molecular and

15
10
Radius

FIG. 4. Time behavior of potential profile
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atomic deuterium. The production and extinction of the particles were evaluated every time step by
the number of the collisions per a particle during the period dt; i.e. N = <yvnodt where a the cross
section, v the relative velocity and n0 the density of the background neutral gas. The computational
domain was a whole region within the vacuum chamber. The mass ratio of electron and ion were
assumed to be one hundredth to save the computational time. We took into account the selective loss
of ions with a low energy as the result of the neutralization of the ions hitting the cathode, which may
bring about the steady state.

3.2. Electrostatic potential and neutron generation

Fig.4 shows the time evolution of electrostatic potential profile, when the applied voltage is 30
kV and the current is 10 mA. The potential is minimized at the cathode and gradually increases
towards the center. The potential well structure is formed in the center and unstable. The space
profiles of neutrons exhibit conspicuous double peaked profiles coinciding with the potential profiles.
The reactivity between charge exchanged fast neutrals and background deuterium molecular was
approximately twice larger than that of fast ions and background deuterium. The total number of
neutrons was roughly consistent with the experimental results.

4. SUMMARY AND CONCLUSIONS

The dependencies of neutron generation on the discharge current as wrell as the voltage were
studied experimentally. The numerical simulations were carried out in order to clarify- the
distributions of fast particles, i.e. neutral particles and ions as well as the electrostatic potential build-
up. The linear dependence of neutron rate indicates that the main fusion events occur between the
fast particles and background neutral gas. The numerical studies verified the fact, e.g. showed that
one third of the neutrons are born in the fusion events between the fast ions and the background
neutral, and the rest comes from the fusion events between the fast neutral and the background gas.
The reactivity profile numerically obtained is doubly peaked, which comes from the fact that the
double well potential profile exists in the center of core in an SCIF device. The collimated proton
measurements represent the first conclusive experimental demonstration of double well formation in
an SCIF since prior measurements by other researchers typically yielded marginal or negative results
[4], The demonstration of well formation is a key step in physics understanding since ion trapping by
such wells could provide the enhanced confinement needed to scale the SCIF up to much higher
neutron rates and ultimately to fusion power production. To accomplish this, however, deeper wells
with larger volumes must be established using yet higher ion currents and a controlled ion angular
momentum profile as studies by Tzonev et al.,[6]. The direct measurements of electric field through
the Stark effect in a core are in progress.
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Abstract

The paper reports on the progress made by the European Home Team in strong interaction with the
ITER JCT and JAERI regarding several key aspects of the beam source for the ITER injectors:
- integration of the SINGAP accelerator into the ITER injector design. This is a substantially simpler

concept than the MAMuG accelerator of the ITER NBI 'reference design', which has potential for
significant cost savings, and which avoids some of the weaknesses of the reference design such as the
need for intermediate high voltage potentials from the HV power supply and pressurised gas
insulation.

- high energy negative ion acceleration using a SINGAP accelerator
- long pulse (i.e. >1000 s) negative ion source operration in deuterium
- RF source development, which could reduce the scheduled maintenance of the ITER injectors (as it

uses no filaments), and simplify the transmission line and the auxiliary power supplies for the ion
source

1. INTRODUCTION

The overall design of the ITER Neutral Beam Injection (NBI) system [1] has advanced to a
level which gives confidence that such a system can be feasible. Naturally, there have been and will
be adaptations to the design and the R&D will and should continue, until the design is frozen for
construction, in order to demonstrate / improve reliability and to reduce the system costs. The
adaptation of the reference design [1] using a gas insulated beam source (GIBS) to High Voltage
(HV) insulation by vacuum has been provoked by recent measurements indicating the ionising effect
of the neutron and gamma radiation on the insulating, pressurised gas which is likely to cause power
losses between 0 . 1 - 1 MW [2]. Like the GIBS design, the reference design of the vaccum insulated
beam source (VIBS) [3] uses Multi-Aperture Multi-Grid (MAMuG) acceleration to 1 MV in 5 steps
of 200 kV. The SINGAP (SINgle GAP - SINGle APerture) beam source (SIBS) [4] is well suited to
vacuum insulation, hence this concept may be seen as a compatible alternative to the VIBS design
with promising potential for simplification and possible cost reduction.

In the first part of this paper we report on the progress made in the integration of the SIBS
concept into the ITER NBI system. Subsequently some of the relevant R&D issues are addressed. We
report on the latest activities regarding the 1 MV SINGAP acceleration and the demonstration of
reliable and stable long pulse D" source operation, the latter being a collaborative effort between
JAERI and CEA. The development of an RF driven negative ion source undertaken in a collaboration
between IPP Garching and CEA is aimed at the longer term as it offers the possibility of reduced
maintenance and increased simplicity of the ion source, its power supplies and the HV transmission
line. The progress regarding this development will be reviewed in the last part of this paper.
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•0 FIG. 1
Isometric View of the SINGAP
Beam Source (SIBS)

(1) HV Source (-1 MV)
(2) Pre-Acceleration Grid
(3) Movable SINGAP Electrode
(4) High Transparency Screen
(5) Vacuum Vessel
(6) Insulating Pressurised Gas
(7) Filament Busbars
(8) Coolant Lines
(9) High Current Bus Bars
(10) Gas Lines
(ll)HV Bushing
(12) Vacuum
(13)ITER Coordinates
(14)SIMION Coordinates

©
b ©

2. BEAM SOURCE DESIGN

2.1. Concept

The acceleration to 1 MV in one single gap is expected to yield a considerable simplification
and cost reduction of the HV components, i.e. the transmission line, the bushing and the power
supplies since the HV power supply does not need to provide intermediate potentials. To benefit fully
from this accelerator concept it is proposed to suspend the source and pre-accelerator assembly from
the high voltage bushing and attach the post-acceleration SINGAP electrode independently inside the
beamline vessel. It is also expected that adequate steering of the SINGAP 'hyper beamlets' may be
obtained by offsetting the SINGAP apertures [4] rather than with electrostatic beam steering plates as
foreseen in the reference design. The design allows also for controlled displacement of the SINGAP
electrode, which results in a horizontal steering of the whole beam, and which can be used to
compensate for errors in horizontal alignment.

2.2. The SINGAP Beam Source (SIBS)

2.2.1. HV Bushing

An isometric view of the SINGAP beam source is shown in Fig. 1 and an assembly of the five
stage SINGAP bushing in Fig. 2. The auxiliary supplies for the ion source, extractor (10 kV) and pre-
accelerator (100 kV) are to be provided by power supplies on the HV deck and the leads fed through
the centre conductor of the HV transmission line together with the other service lines (water and gas).

To minimise the risk of HV breakdowns the guidelines of Table 1, which have been
established in detail in [5], have been adopted. Special attention has been paid to the electric field at
the cathode triple points of the insulator rings where the shape of the electrostatic screen ensures field
strengths < 1 kV/cm. To avoid secondary electron generation the bombardment of the insulator by
primary electrons is prevented by an overlap of the cathode and anode side of the screens. At the
pressurised gas side acceptably low field concentrations are achieved by the median screens which are
made up of two halves and which can be clipped onto clamps holding together and centring the
ceramic rings with respect to the intermediate metal flanges.
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TABLE I. GUIDLINES FOR BUSHING AND ELECTROSTATIC SCREEN DESIGN

Issue Target Value Remedy

insulator electron bombardment
stress at negative triple points
stress at cathode areas, vacuum

insulator surface stress, vacuum
pressure * distance, vacuum

negligible
< 1 kV/cm
< 50 kV/cm (bushing)
< 30 kV/cm (ion source)
< 15 kV/cm
p*d < 3 10"3 Pa

stress at cathode areas, gas side < 60 - 100 kV/cm

metal screen overlap
metal screen shape
maximise curvature radius

optimise curvature and distance
optimise pumping
optimise curvature, gas type, pressure

In order to combine low degassing, low secondary electron emission, radiation resistance and
small differential thermal expansion a combination of IEC C221 porcelain and titanium is proposed.
As seals between the insulator stages spring energised metal O-rings may be used directly between
ceramic and metal as envisaged by the Japanese Home Team.

It is important to note that the metal sealed ceramic structure forms a part of the primary
tritium boundary, and this must be qualified for this purpose. The insulating gas, which also acts as
the secondary confinement boundary for the T2, and a guard gas, must exhibit adequate radiation
properties and, in case of a leak, must be acceptable to the tritium handling system. Dry N2 appears to
be a good candidate [6].

A preliminary optimisation of the bushing design has been carried out with the SIMION 6
electrostatic field and particle code [7]. Although this code does not treat dielectrics (and space
charge) it has proven a very useful tool as it allows rapid changes of geometry. The resulting design
was then studied with the 3D 'Opera' code from Vector Fields [8]. Due to dielectric refraction the
'Opera' code calculates slightly higher fields near the triple points, but which are still within the
design guidlines. The screening of the cathode triple point induces field concentrations on the ceramic
surface which are higher than generally found in accelerators of present day injectors. This may be
reduced by some fine tuning of the screen and insulator shape or by a slight increase of the insulator
height.

100 150 200 250 300
Grid Temperature (C)

FIG. 2
The SINGAP Bushing
(1) IEC C221 Porcelain, (2) Titanium Flange
(3) Electrostatic Screen, (4) Median Screen
(5) Clamp, (6) Gas Compartment (N2)
(7) Centre Conductor (-1 MV)

FIG. 3
Effects of Plasma Grid Temperature and
Caesium Quantity
Note that the temperature varies together
with time
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2.2.2. Electrostatic Field Distribution in the Beam Source Vessel

The SIBS concept requires only one electrostatic screen around the ion source to reduce field
stresses. The SINGAP fields are typically weak and long ranged. Therefore, the source screen has to
be shaped in such a way that the beam trajectories in the post-acceleration gap are not adversely
effected. Consistent with the configuration for the 'proof of principle' calculations [4] the screen side
facing the SINGAP electrode forms an extension of the plane defined by the pre-accelerator grid
support flange. Downstream the 0 V potential plane of the SINGAP electrode is extended towards the
tank walls. To retain optimum pumping a screen structure made of high transparency wire mesh is
proposed.

The electrostatic field in the source vessel (100 m3) has been modelled with the 3D SIMION 6
code. The analysis shows a constant field of 27 kV/cm across the whole of the post-acceleration area.
Furthermore, the highest field stresses found are only 27 kV/cm, below the guidlines.

2.2.3. Stripped Electron Deposition

To assess the nature of the electron losses an analysis has been carried out with the Vector
Fields code of the transport of stripped electrons in the SINGAP accelerator [9]. The geometric input
data are taken from [10] (Table II), the distribution of stripping losses along the accelerator (40 A
beam, source pressure 0.3 Pa) from [11].

TABLE II. GEOMETRIC GRID PARAMETERS

Item Aperture Diameter [mm] Thickness [mm]

6
10
20
20

Gap Length [mm]

-
5
35
350

plasma grid
extractor
pre-accelerator
post-accelerator

14
10
14
115 (hor) x 324 (vert)

The loss distribution along the electrode stack resulting from stripped electrons has been
determined for two cases: (1) no electron suppression in the pre-accelerator, in which case 80% of the
electrons stripped in the pre-acceleration gap enter the post-accelerator and (2) with electron
suppression (permanent magnets in the pre-accelerator), in which case none of the electrons stripped
in the pre-accelerator enter the post-accelerator. The results are listed in Table III.

TABLE III. STRIPPING LOSS POWER DISTRIBUTION ALONG THE ACCELERATOR

Component Losses - Assumption (1) Losses - Assumption (2)

Power Fraction Power Loading Power Fraction Power Loading
[%] [MW] [%] [MW]

extraction grid
pre-acceleration grid
past pre-acceleration grid
TOTAL

0.03
0.06
8.58
8.65

0.012
0.025
3.42
3.46

0.03
0.32
2.7
3.05

0.012
0.129
1.08
1.2

Losses - Assumption (2a) Losses - Assumption (2b)

SINGAP electrode 12
neutraliser (and / or RID) 73
tank 15

0.13
0.79
0.16

9 8 - 9 9
0.01
1.06
0.01

Retaining assumption (2), the trajectories of a sample of electrons launched at various positions
along the post-acceleration gap have then been calculated yielding the electron loss deposition
downstream of the pre-accelerator for two cases of magnetic plasma grid filter field (Table HI):
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(2a) reference design with a current of 6 kA through the plasma grid giving a spatial field extension
along the beam of ~ 38 to 7 G which causes a stripped electron deflection of up to 20° and (2b) the
magnetic filter is produced locally (e.g. by permanent magnets in the plasma grid), in which case the
only magnetic field in the accelerator is the stray field from the tokamak (~ 4 G along and ~1 G
transverse to the beam).

The results of the analysis indicate that by applying an efficient electron suppression in the pre-
accelerator the loss power due to stripped electrons may be reduced by nearly a factor 3. The effect of
a localised plasma grid filter created by permanent magnets instead of a large current through the grid
would be beneficial for the electron deposition as nearly all the electron losses will be dumped safely
on components (neutraliser and / or RID) which are designed to handle these powers. Moreover, the
experiments at Cadarache suggest that the long extension of the filter field also deflects the
ions [4, 12]. It is therefore proposed to re-design the plasma grid filter using water cooled permanent
magnets immersed on, or inside, the plasma electrode.

3. BEAM SOURCE R&D

3.1. Activities on the Cadarache 1 MV Experiment

3.1.1 Beam Acceleration

Results regarding beam acceleration have been reported recently [12]. The highest beam
energy obtained is 860 keV (45 mA H") and the highest current 106 mA D" (630 keV). The amount of
co-accelerated electrons is negligible and the overall beam divergences range between 8 and 12 mrad.
Raising the energy has been hampered by the failure of two (out of nine) insulator rings in the 1 MV
bushing. The faulty rings made of fibre glass reinforced epoxy have now been replaced using quartz
powder charged epoxy moulded in vacuum. Both have been tested succesfully for HV holding up to
150 kV leaving a good safety margin above the nominally required 111 kV.

In parallel, an insulator ring (442 mm ID, 718 mm OD, 94 mm height) made of extruded,
commercial E C C120 porcelain with epoxy glued titanium inserts has been fabricated, using a design
largely identical to that of the epoxy rings. The porcelain module has been HV tested successfully up
to 200 kV. It is found that HV breakdowns in vacuum are scarce. The actual conditioning work
consists, at each voltage, of reducing the continuous dark current between the metal electrostatic
screens, typically 5 to 10 mA initially, to < 1 mA before increasing the applied voltage, and so on.
Practically dark current free HV holding at 130 kV was achieved after about 130 5 s pulses.

3.1.2 Source Development

For future applications and to comply with the ITER injector specifications a new prototype
negative ion source module (22 cmH x 13 cmw x 18 cmD) has been built. Permanent magnets are used
in a novel design to provide both confinement and magnetic filter in this 'Drift Source', which is
designed to allow horizontal or vertical stacking to produce larger size sources. First results are very
promising yielding pre-accelerated 50 kV beams of 20 mA/cm2 D" at source pressures of 0.15 Pa. The
details of this development have been presented in [13].

3.2. Long Pulse Source Experiments

In a JAERI / CEA collaboration a small scale 'Kamaboko HI' ITER concept source is being
tested in long pulse operation on the Cadarache MANTIS (Multi-Ampere NegaTive Ion Source) test
bed. Results regarding this activity are presented elsewhere at this conference [14].

To comply with the ITER specifications this source has to deliver > 20 mA/cm2 D" at < 0.3 Pa
with a ratio of co-extracted electrons < 1. The stability of the extracted ion beam must be assured for
>1000 s. Reaching the specifications requires Cs admixture of the plasma discharge and a plasma
electrode temperature of 200 - 300 °C. Fig. 3 shows the relation between plasma grid temperature,
source on time, caesium quantity and negative ion yield. This is an important confirmation of results
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found earlier [15]. Apparently, a minimum quantity of Cs is required in this type of source to reach
optimum and stable performance. Once this has been established it can be maintained for long pulses,
but after a conditioning period of several days.

Two different designs of plasma grids have been produced by the Japanese Home Team
which allow continuous operation at the required temperatures with conventional (low pressure) water
cooling. The two designs differ in the way the thermal barriers are introduced between the exposed
grid body and the water channels. The 'frame cooled' design uses a corrugated thermal bridge
connecting the edge of the CuCrZr grid to a water cooled frame. In the 'actively cooled' design the Mo
grid is traversed by Cu water channels and the thermal barriers are established by stainless steel inlays
between the grid and the cooling channels.

It has been found that both grids are able to sustain stable temperatures of 200 - 300 °C. With
the 'frame cooled' grid 1000 s arc pulses at 0.2 Pa with intermittent 10 s D" ion beam (< 30 kV) pulses
have been demonstrated successfully. Full 1000 s D" pulses will be attempted in silent hours (to limit
radiation exposure) once the remote control system [16] is fully implemented.

3.3. RF Negative Ion Source

The aim of the IPP Garching / CEA collaboration is to develop an RF driven negative ion
source which meets the ITER beam source specifications (see above) and simultaneously fulfils the
demand for low maintenance due to the absence of filaments. The experimental work is being carried
out with support from Cadarache on the Garching BATMAN (BAvarian Test MAchine for Negative
Ions) test stand. Recent results regarding this development have been reported in [17, 18, 19].

To gather results quickly the experiments started with a readily available ASDEX Upgrade
type II source [20] which was modified for negative ions by adding a Cs feed and a magnetic filter in
front of the plasma grid [17]. Because of its external antenna this source has no provisions for
magnetic confinement on the side walls and permanent magnets are only on the back plate. The
highest negative ion yields are about 8.5 mA/cm2 H" at elevated pressures around 2.4 Pa with an
admixture of both Cs and Ar. The dependence of the yield on gas pressure for various conditions is
shown in Fig. 4. The enhancement in yield (up to a factor 8 compared to no admixture) with the two
additives is strongest at low filling pressures. It is suspected that the enhancement with Cs is due to a
decrease of the work function on the plasma electrode whereas the additional boost with argon is
caused by a measured increase of the electron density and a likely change in the electron energy

• ; 3

—y— pure H
—A— with Ar
- • - w i t h Cs
—• — with Cs+Ar

0.0 0.5 1.0 1.5 2.0 2.5

pressure (Pa)

3.0 0,1 0,2 03 0,4
Source pressure, Fa

0,5

Fig. 4 IPP RF Source Type II - Extracted
IT Current Density vs Source Pressure
(PRF = 100 kW)

Fig. 5 IPP RF Sources Types II and V -
Extracted Positive Ion Current vs Pressure
(PRF = 60kW)
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Co-Sm Magnets

Cooling Channel

Electron Dump

Fig. 6

Negative Ion RF Source (IPP - CEA
Collaboration) - Cut-away of Large Area /
High Transparency Extraction Grid

In spite of the additional electron traps
and suppression magnets the original
37% transparency of the JET PINI grids
which formed the elements for this
negative ion extraction and acceleration
system could be maintained •

distribution. Despite of this enhancement the highest yields at the lowest pressures around 0.5 Pa are
still an order of magnitude below the ITER NBI requirements which are ~ 30 mA/cm2 at < 0.3 Pa in
hydrogen.

Not unexpectedly the plasma confinement has to be improved and, probably, the electron
temperature in the source reduced. Therefore an RF type V source with permanent magnets around
the metal side walls and an internal 3 turn antenna has been prepared and, for the moment, run in
positive ion mode to compare with the standard type II source [20]. The positive ion beam currents
from the two types are compared in Fig. 5. It can be seen that the plasma confinement has indeed
improved as the same ion current can be extracted at half the pressure (< 0.2 Pa) for the same input
power. Experiments should now continue with adding a suitable magnetic filter field to favour
negative ion production.

The experiments with the RF type II negative ion source have been done with a medium size
plasma grid (69 cm2, 45 apertures) to allow direct comparison with the filamented source used at
Cadarache. However, to progress towards higher currents and to qualify the negative ion distribution
of the RF source a large area negative ion extraction and acceleration system has been designed and is
presently under manufacture [19]. This was achieved by modifying an existing PINI extraction system
(390 cm2, 774 apertures), adding a magnetic filter in front of the plasma grid and replacing the
deceleration grid by a new negative ion extraction grid. A drawing of this is shown in Fig. 6.

4. SUMMARY AND CONCLUSIONS

4.1. Design

Progress has been made integrating the SINGAP concept into the ITER injector design.
Although some 'fine tuning' is still necessary the design of the 1 MV SINGAP bushing, possibly the
most challenging component of the accelerator, gives confidence that the HV holding and mechanical
requirements can be met. A detailed design should now follow.

With the proposed screens around the ion source and at the SINGAP electrode the global
electric field distribution in the beam source vessel seems satisfactory. The 3D modelling shows
'comfortable' stress concentrations below 30 kV/cm. In the post-acceleration area the global field is
constant so that the SINGAP optics will be determined (as intended) by the pre- and post- accelerator.

A horizontally adjustable SINGAP electrode has been proposed for alignment correction.
This seems necessary from experience with present day injectors, and a design using no bellows is
proposed.

The calculations of the particle trajectories in the accelerator show that electrons stripped in
the pre-accelerator should be suppressed locally.

The application of a local plasma grid filter produced by water cooled permanent magnets
will be beneficial for all designs as it reduces the undue deflection of electrons and ions in the
accelerator.
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4.2. R&D

The Cadarache porcelain insulator has demonstrated breakdown free voltage holding up to
200 kV, far above the nominal voltage. It is thus possible to hold off 200 kV in vacuum across a
distance of only 94 mm, less than half that used in the ITER bushing design.

The prototype 'drift source' module has successfully demonstrated its potentials which should
now allow acceleration of a D" ion beam of ITER relevant current densities up to 1 MV.

On the MANTIS test stand 1000 s deuterium source pulses have been demonstrated. Both
JAERI long pulse grid designs can operate at optimum negative ion production conditions. Beam
extraction in deuterium at ITER relevant parameters has been limited to intermittent operation
because of induced neutron radiation, but long deuterium beam pulses are expected shortly using a
remote control system operated via the Internet.

Overall, steady progress has been made in the development of the RF negative ion source.
Almost all the 'ingredients' for running a large area RF negative ion source have now been gathered
which could allow substantial progress in the near future.
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Chairman: R.W. Conn (United States of America)

FUSION TECHNOLOGY 1

Paper IAEA-CN-69/FT1/1 (presented by G.S. Lee)

DISCUSSION

K. HANADA: Current drive is very important in the steady-state condition. What is
the current drive scenario in KSTAR?

G.S. LEE: The main current drive of the central plasma will use tangential NBI and
FWCD. LHCD will be used for tailoring the edge current profile. ECCD may also be
utilized, provided there is experimental demonstration of current drive efficiency on existing
tokamaks.

K.N. SATO: One of the key issues for the superconducting tokamak approach will be
the choice of the aspect ratio. I understand that the aspect ratio chosen for KSTAR is 3.6. Is
this definite or might it still be subject to change?

G.S. LEE: The design parameters are now fixed for fabrication. While the importance
of the aspect ratio in tokamak design needs to be acknowledged, it is not the most important
parameter. KSTAR represents the most compact design possible using superconducting
solenoids.
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Papers IAEA-CN-69/FTP/04-06 (rapporteured by Y.K.M. Peng)

DISCUSSION

B. COPPI: What are the main unknowns when devising an ignition experiment based
on the ST concept?

Y.K.M PENG: Despite the very encouraging results from START, and attractive
projections based on tokamak understanding to future ST devices, much awaits experimental
verification by the upcoming generation of ST experiments (NSTX, MAST, Pegasus,
Globus-M, ETE - Experimento Tokamak Esferico) and upgrades (CDX-U, HIT-II). These
cover the entire range of physics topics identified in the paper. On the technology side,
uncertainties exist regarding the centre leg of the TF coils and, to a significant degree, also for
plasma and power fluxes on the divertor/limiter, unless large dispersion of these fluxes can be
effected.

M. KATSURAI: The beta values referred to are values defined by the plasma pressure
divided by the magnetic pressure, where the magnetic field corresponds to Bt0, namely the
toroidal field at the magnetic axis produced by the external toroidal field coil. However,
since STs have strong paramagnetism, the net toroidal field at the magnetic axis is much
larger than Bt0, and the actual beta value defined by the plasma pressure divided by the net
toroidal field pressure might be much smaller. How small are the net beta values for the
conceptual ST reactors?

Y.K.M. PENG: It is quite correct to point out that the externally applied toroidal field
can be significantly below the net toroidal field in an ST plasma; and that the average toroidal
beta and average beta (defined by Troyon in his paper on "Troyon" scaling) can be
significantly different. For A ~ 1.4, K ~ 2, the former can be about twice that of the latter
(when the average magnetic field in plasma also has to include the relatively comparable
poloidal field in ST plasmas). Note here that the average toroidal beta (pt) is defined relative
to the applied toroidal field at the plasma major radius (Ro), not the major radius for the
magnetic axis (Raxis); Raxis > Ro by a significant amount.

The use of average toroidal beta is convenient for determining plasma pressure, an
important parameter for estimating ST plasma performance. The average magnetic field in a
ST is subject to many variations in plasma conditions, rendering the average beta less
convenient for this purpose. Nevertheless, average beta is important in physics discussion.
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Papers IAEA-CN-69/FTP/01-03 (rapporteured by H. Wobig)

DISCUSSION

B. COPPI: What is the value of the auxiliary heating system and what is the
corresponding energy confinement time?

H. WOBIG: The effective heating power (a-particle heating minus bremsstrahlung) is
about 600 MeV. The corresponding confinement time is about 1.7 s.

R.J. GOLDSTON: The United States stellarator power plant study concluded very
firmly that the closest distance between the plasma edge and the centre of the coils must
exceed 1.98 m. How do the designs reported here compare with that criterion, and how valid
do you consider that criterion to be?

H. WOBIG: In the Helias reactor, this distance is about 1.8 m, which should be
sufficient to accommodate blanket and shield. In the case of FFHR-2, this distance is much
smaller. Calculations are in progress to optimize blanket and shield and to make maximum
use of this geometry.
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Papers IAEA-CN-69/FTP/23-24 (rapporteured by K. Sakamato)

There was no discussion.
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Paper IAEA-CN-69/FT1/5 (presented by P. Massmann)

There was no discussion.
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DEVELOPMENT OF KEY FUSION TECHNOLOGIES AT JET XA0054038

The JET Team1

(presented by M Pick)

JET Joint Undertaking,
Abingdon, Oxfordshire,
United Kingdom.

Abstract

The recent operational phase in JET in which Deuterium-Tritium fuel was used (DTE1) resulted in record
breaking fusion performance. In addition to important contributions in plasma physics, the JET Team has also made
major advances in demonstrating the viability of some of the key technologies required for the realisation of future
fusion power. Two of the most important technological areas which have been successfully demonstrated in JET are
the ITER scale tritium processing plant and the exchange of the divertor and maintenance of the interior of JET by
totally remote means. The experiment also provided the first data on tritium retention and co-deposition in a
diverted tokamak. Of the 35g of tritium injected into the JET torus, about 6g remained in the tokamak. The amount
resides mainly on cool surfaces at the inboard divertor side. The precise, safe and timely execution of the remote
handling shutdown proved that the design, function, performance and operational methodology of the RH equip-
ment prepared over the years at JET are appropriate for the successful and rapid replacement of components in an
activated tokamak environment.

1. INTRODUCTION

The clear long term objective of the European Fusion Programme is to develop a fusion power
source based on magnetic confinement. This objective, formulated for the first time 25 years ago, has
recently been reconfirmed [1]. The European fusion programme, in a concerted effort of the European
Fusion Associations, European industry and JET, the flagship of European fusion research, has consist-
ently followed the path of fusion reactor relevant plasma physics research and the development of the
technologies aimed at a demonstration reactor.

JET, the world's largest Tokamak, is closest in scale and operating conditions to ITER, the design
for the Next Step, and has both the plasma and divertor configuration foreseen for the Next Step. From
the very beginning, and in recognition of the long term objectives of the fusion programme, JET included
the development of reactor relevant technical capabilities required to study fusion physics and power
production using deuterium-tritium fuel and to perform maintenance and repair work through the use of
remote handling techniques [2].

The recent operational phase of JET, DTE1, in which deuterium-tritium fuel was used, resulted in
record breaking fusion performance and a set of definitive experiments enabling the threshold for H-
mode transitions and the confinement in ELMy H-mode discharges to be scaled to ITER using direct
evidence from D-T plasmas [3]. In addition to these important contributions in the area of plasma phys-
ics, the JET Team has also made major advances in demonstrating the viability of some of the key
technologies required for the realisation of future safe fusion power reactors. Two of the key technolo-
gies successfully demonstrated are the ITER scale tritium processing plant and the totally remote ex-
change of the divertor and maintenance of the interior of JET.

2. THE JET ACTIVE GAS HANDLING SYSTEM (AGHS)

The JET Active Gas Handling System (AGHS) demonstrated the first safe, reliable and routine
operation of a closed loop tritium-deuterium fusion fuel supply and re-processing plant. The site inven-
tory of 20g of tritium was circulated and reprocessed five times by the AGHS to provide over 64g of
tritium for neutral beam injection and 35g of tritium for gas introduction into the JET machine. The

1 See Appendix to IAEA-CN-69/OV1/2, The JET Team (presented by ML Watkins)
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AGHS has been used continuously during torus operation since May 1997 to pump the exhaust stream
from the torus and to handle batches of mixed gases from the regeneration of the torus and neutral beam
injection cryopumps, separating these gases into hydrogen isotopes, helium, and impurities. Over 13 m3

of mixed gas at atmospheric pressure has been processed.

The AGHS was designed to [4]:

• pump gases from the torus and to separate these gases into helium, hydrogen and impurities,
• isotopically separate the hydrogen into tritium, deuterium and protium and to re-inject purified

tritium and deuterium into the torus,
• de-tritiate impurity gases to recover the tritium for re-use,
• remove and purify air from, and provide ventilation to, enclosures where tritiated air is likely to arise.

a) Pumping of the exhaust gas from the torus and during regeneration of the neutral beam injection cryo
pumps is carried out by the use of a JET designed cryogenic forevacuum system. The cryogenic
forevacuum system consists of a set of units containing an Accumulation Panel (ACP), a Cryo-
Transfer Pump (CTP) and a gas reservoir. The ACP is an advanced cryopump able to pump hydrogen
isotopes and impurity gases and a section with helium cooled activated carbon to pump helium. By
heating the activated carbon section separately the helium can be released and conducted to the Impu-
rity Processing System (IP). Hydrogen is separated from impurity gases by the CTP and transferred to
uranium beds which absorb hydrogen at room temperature and release it at higher temperatures. The
impurity gases are also conducted to IP. The re-cycling time of the pump for the removal of hydrogen
and helium is in the order of several minutes.

b) Two isotope separation systems, a gas chromatography and a cryo-distillation system, are used in
combination. The typical tritium purity achieved is 99.88%, well above that required for neutral
injection and better than the purity of the original tritium supplied to the JET site. Deuterium and
impurities are de-tritiated in order to recover the tritium for re-use and to permit excess deuterium to
be discharged to the atmosphere.

c) The Impurity Processing system consists of a mechanical pump section where all the impurity gases
from the torus and within the AGHS are collected and compressed. This is followed by either one of
two systems; a system of chemical modules in which the impurity gases are cracked on hot U-beds
followed by cold U-beds to absorb the hydrogen isotopes; or a recombiner in which the impurity
gases are oxidised to water and carbon-oxides. The water is trapped on a cold trap and then cracked on
a hot U-bed followed by a cold U-bed to absorb the liberated hydrogen isotopes. Work is underway to
eliminate the U-beds and to use catalysts instead.

d) The Exhaust Detritiation System (EDS) was designed to de-tritiate gas contaminated with low levels
of tritium prior to discharge into the atmosphere and to provide ventilation to the torus and other
major components in the event of a breach of the vacuum containment, either unplanned or for main-
tenance and repair purposes. The system is a conventional tritium removal system based on catalytic
oxidation of hydrogen and hydrocarbons to water and the subsequent trapping of the water vapour on
molecular sieve.

Valuable experience was gained during the experiment in the practical aspects of safely operating,
maintaining and repairing a tritium contaminated fusion device. In particular, an intervention to repair a
small water leak in the tritium neutral beam injector featured manned access inside the injector in full
pressurised suits [5]. The EDS was used throughout the 56 day intervention to ventilate the injector box
and detritiate the exhaust stream. The ventilation kept the tritium concentration at levels where pressu-
rised suits are able to provide the protection factor necessary to keep workers' accumulated dose well
below routine exposure limits. The de-tritiation factor of > 1000 available from the EDS kept environ-
mental discharges to around 1% of JET's authorised limits. The EDS ventilated the torus and other
enclosures during the subsequent remote handling shutdown phase [6].
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A sophisticated system of tritium accounting was developed at JET which indicated the following
distribution of tritium at this point in time [4]:

Total amount of tritium (corrected for radioactive decay to August 1998) 19.10 g
Tritium in water stored at JET 2.13 g
Tritium in U-beds 13.11 g
Tritium in torus, co-deposited layers, flakes, and tiles (partly removed from the 3.86 g
vessel during the remote handling shutdown)

The exhaust of tritium from the torus is now about 10 mg /week.

3. THE FULLY REMOTE EXCHANGE OF THE JET DIVERTOR

The limited operation using D-T fuel in JET resulted in an activation level in the machine of the
order of 4 mSv/h at the end of the operation period. 1998 saw the successful completion of the first fully
remote shutdown at JET directly after the tritium operations [7,8]. Manned intervention in the machine,
prevented after the D-T operations phase, will become progressively possible only after about one year.
During the remote handling shutdown the complete Mark IIA divertor (144 modules) was removed and
replaced with the Gas Box Divertor (192 modules). All the planned tasks as well as a number of un-
planned tasks were accomplished successfully. These included: the detailed visual inspection and video
recording of the inside of the vessel; the remote vacuum cleaning of in-vessel components including the
collection of co-deposited flakes of carbon and hydrogen isotopes; the removal and installation of a
number of diagnostic systems including the disconnection and reconnection of numerous RH electrical
connectors; the remote removal and replacement of a number of limiter and first wall protection tiles; the
remote removal of an oxide layer and cleaning of four beryllium evaporators; the first ever fully remote
dimensional survey using videogrammetry techniques, to confirm the position, shape and integrity of the
divertor structure with a point precision of < ±0.1 mm (targeted) or ±0.3 mm (targetless) [9]; and the
inspection, removal and precise dimensional survey, repair and re-installation of a damaged diagnostic
system.

The work was based upon the implementation of the remote handling philosophy and the use of
tools developed from the start of the JET project. The work was executed by means of the force-reflect-
ing Mascot servo-manipulator [10], transported into the vessel on the 10m long JET articulated boom

The boom, housed within a contamination control enclosure sealed from the torus, entered the
torus at octant 5 main horizontal port. The in-vessel work was executed by the operator of the servo-
manipulator from the Remote Handling Control Room located at a distance from the torus,^/g.2. The
sensation of touch transmitted by the manipulator, combined with the view provided by the video cam-
eras, and the audio signal, give the operator a distinct sense of presence within the vessel [8].

Fig.l. Overall remote handling operation scenario
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Fig. 2. Mascot operator and in-vessel slave

The components of the Mark IIA divertor were removed and transported by the boom to octant 1
where they were transferred to an end effector attached to a second shorter boom (of otherwise identical
design to the main boom) which removed the components from the vessel and manoeuvred them, with-
out manual intervention, onto trolleys for storage in a removable ISO container attached to the Tile
Carrier Transfer Facility (TCTF), a contamination control enclosure located at octant 1 which housed the
short boom [12]. The same techniques, in opposite sequence, were then used to install the 192 modules
of the Mark II Gas Box divertor, Fig.3. The contamination control enclosures, the JET vessel, as well as
the ISO containers were kept at a depression relative to the surrounding Torus Hall and ventilated at a
rate of 10-20 air changes per hour. The enclosures were ventilated either directly to an external exhaust
stack or by the Exhaust De-tritiation System of the AGHS [6].

4. EXAMPLES OF TECHNICAL EXPERIENCE

The decision to apply systems and technologies which had never yet been tried and tested on
fusion devices, or which were totally new developments, has provided JET with invaluable experience
and knowledge in many areas essential for the design of any next step device. The solution of numerous
very detailed engineering and design problems are themselves just as important as the solution of overall
concepts and strategies. This knowledge and experience, whilst solving many outstanding questions,
also points towards the areas where further work is needed. The following is a short list, by no means
comprehensive, of items associated with tritium and remote handling, which exemplify the breadth of
essential experience and knowledge gained and residing at JET.

Fig.3. The tile carrier transfer facility



1195 FT2/2

4.1 Tritium Technology

4.1.1 Tritium Handling and Ventilation

Although it was expected that, after the D/T experiments, the torus and the enclosures attached to
it would require to be ventilated through a tritium removal system such as the EDS, it is only the JET
experiments which have provided the information on the extent of the tritium out-gassing from the ex-
posed vessel and components. This information is essential when considering the radiation protection
and ventilation systems and other facilities required for future projects. At the end of deuterium tritium
operations and after the completion of the tritium clean-up exercise the amount of tritium remaining in
the vessel amounted to approximately 6g or 17% of the tritium introduced into the vessel during the
campaign [14]. Most of this tritium was bound up in co-deposited layers of carbon and hydrogen iso-
topes. These layers were found mainly adhering to the cooler surfaces on the inner side of the divertor or
had become detached in the form of 40-50 urn thick flakes. During the shutdown much of the co-depos-
ited tritium was removed from the vessel either by the brushing and vacuum cleaning exercise or with the
carriers themselves as they were transferred out of the vessel. The co-deposited layers and flakes de-gas
in the presence of humid air being drawn through the enclosures (off-gassing rates on the order of 0.6
GBq/hr were measured for one divertor module after removal from the vessel [12]).

4.1.2 Tritium Contamination

The boom, Mascot and tools which were used in the vessel during the shutdown were found to
have absorbed tritium into their surfaces from where it subsequently emanated at a relatively constant
rate. This required that all tools and components used in the vessel during the shutdown had to subse-
quently be stored in radiation controlled and ventilated areas. The In-Vessel Training Facility, in which
all the trials for in-vessel procedures and the training of staff for both manual and remote shutdowns is
performed was required to be enclosed and ventilated. The introduction of the boom into the training
facility will require that this enclosure be classified as a Radiation Controlled Area with all the resulting
consequences. Removal of tritium is only possible through prolonged heating in vacuum; a procedure
which can only be applied in a minimum of cases. Surface cleaning is able to temporarily reduce the level
of radiation from the surface of components but this returns after a short interval due to tritium diffusing
back towards the surface.

4.1.3 Tritiated Water

The EDS system, used to extract tritium from gases and air, produces relatively large amounts of
tritiated water. It is clear that this method of tritium extraction needs to be supplemented by a reliable and
inexpensive method of tritium extraction from water. Such a system does not, at present, exist at JET.

4.1.4 Pumping, Purification and Separation of Isotopes

The new methods developed at JET to integrate the pumping of the exhaust gases and the separa-
tion of the pumped gases into hydrogen isotopes, helium and impurity gases have been shown to be both
effective and efficient. The AGHS, the first integrated system developed to perform the required func-
tions, worked safely, reliably and efficiently. It certainly forms the basis for a future closed cycle fusion
fuel re-processing plant [15].

4.1.5 Uranium Beds for Storage of Hydrogen Isotopes

The storage of hydrogen in the form of metal hydrides and in particular the storage of tritium in
Uranium has long been known to be a very safe and compact method. The uranium beds developed at
JET and used successfully in the recent campaign, permit the storage of up to 100 g of tritium and the
precise in-situ measurement of the tritium inventory using calorimetry with an accuracy of+ 0.6 g [16].
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4.2 Remote Handling

4.2.1 The Remote Handling Philosophy

The remote handling philosophy developed at JET to facilitate the maintenance, repair and up-
grading of the JET machine by remote techniques has been shown to be a full success. Based on the man-
in-the-loop it allows the operators to perform work in the vessel as if they themselves were in the vessel.
This method obviously relies heavily on the ability to "see" in the radiation environment using radiation
proof cameras or otherwise. These technologies, which include the remote surveying methods developed
at JET, are considered to be essential for remote handling in future fusion devices with higher radiation
levels and must be developed further [7, 8].

4.2.2 Fasteners for Remote Handling

The design of a bolt connection for the divertor can serve as a good example of the approach taken
at JET to address the detailed design problems associated with the use of remote handling technology in
the environment of a fusion device. The bolt is designed to join, using remote handling tools for connec-
tion and disconnection, two components in the vessel, in this case the divertor modules to the water
cooled divertor support structure, and conform to the following requirements:

The bolt connection must withstand the mechanical forces. This requires a good understanding of
the electrical currents ("halo" currents) and forces that flow in the individual parts and components of the
device. The direction (into the plasma or onto the vessel) and amplitude of these forces are strongly
dependent upon the shape, detailed design and alignment of the in-vessel components and the location of
their points of attachment to the vessel. A general design criterium is also to separate, as far as possible,
mechanical connections and current paths.

The bolt connection must not seize during installation, operation or removal. It must resist high
vacuum, high temperatures, differential temperatures, ionised hydrogen impingement, forces both radial
and transversal (large transverse forces on bolts must be eliminated in the design), and electric currents.
The influence of the various parameters on the un-bolting torque is not known and could benefit from
further study. The JET experience has led to design criteria including specially selected, different mate-
rials to be used for the bolt and female thread insert; specified dimensional tolerances, hardness and
manufacturing methods; close quality control; guided bolt insertion for remote handling and bolt assem-
blies which "float" to allow for thermal expansion. Location is provided separately by dowels.

The bolt connection must not open during operation. During installation the bolt must be correctly
pre-loaded by the applied torque (the design must ensure that torque is transferred to the pre-load) and
any locking mechanism must be remote handling compatible. The un-bolting torque must be within
specified limits.

The bolt must be "trapped" for remote handling, i.e. must not drop out. The design must hold the
bolt captive.

The bolt must fully retract so that, un-bolted, it does not impede the relative movement of the two
components. The JET design features a "pop-up" mechanism using a spring which retracts the bolt once
undone.

If seized or damaged, both bolt and female thread inserts must be removable and replaceable. The
design features a pilot hole in each bolt which facilitates the remote drilling of the bolt (using vector
movement constraints of the manipulator). The female threaded insert can also be removed and replaced
and fixed in position by remote handling [17].

Figure 4 shows the implemented design solutions for the remote handling bolt assembly. Figure 5
shows the un-fastening torque of the bolts after extended plasma operations. The 1996 data were taken
before the tritium campaign when the bolts were undone and re-torqued. The 1998 data were taken
during the remote divertor exchange. The results show that the steps taken were successful in maintain-
ing the torque within the design limits. During the remote removal and installation of the JET divertors
not one of the ~ 1000 bolts seized or cross threaded. It was therefore not necessary to implement any of
the procedures or tools available to recover failed bolting connections [17].
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The design solutions, although effective in JET, would still benefit from additional studies before
they can be safely implemented in the Next Step device.

5. CONCLUSIONS

Remote handling and tritium processing are two of the key technologies which need to be well
established before routine operation, repair and maintenance of fusion power reactors can be envisaged.
JET is the only fusion device world-wide which was devised with remote handling and tritium operation
in mind. JET has successfully carried out a campaign with deuterium-tritium fuel and has subsequently
carried out major in-vessel work using the remote handling equipment developed over the years. The
experience gained at JET is invaluable for the conceptual design and realisation of the next step. It
extends from the basic design philosophy through to the detailed design requirements of each and every
component. It extends to the important areas of the organisation and management of a project to success-
fully integrate the engineering aspects, including the remote handling requirements, into the physics and
operational requirements of the machine. These include not only the hardware but also the operational
procedures; the standardisation and documentation, the software and the mock-up requirements and
facilities required for the training of personnel; the methodology for failure recovery; the control of
hardware and software reliability; the spares policy; the planning and management of shutdowns; the
facilities and procedures to ensure safety, the control of radiation exposure and contamination; etc.

It is clear that the most efficient way to continue on the path to fusion reactors is through the
continued research into reactor relevant technologies whilst making the most use of the presently
available experience, expertise and facilties.
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Abstract

Plasma irradiation experiments have been carried out in TRIAM-1M. Thin foil specimens were
exposed to a high ion temperature plasma (hydrogen plasma, limiter configuration) and the
microstructural evolution was examined by means of transmission electron microscopy. The
anisotropic radiation damage due to charge exchange (CX) hydrogen neutrals was clearly shown. This
anisotropy could be explained as the effect of gradient B drift. By the comparison with the areal
density obtained from hydrogen beam irradiation experiments, the angular dependence of the CX
neutrals fluence was estimated quantitatively. The localized formation of energetic CX neutrals at the
lower half of the plasma indicates stronger sputtering and radiation damage at the bottom of the torus.

1. INTRODUCTION

Increasing the stored energy in the core plasma, the interaction between out-flow particles from
plasma and plasma facing materials, so called plasma materials interaction, is being a critical issue for
thermonuclear fusion devices. The major plasma material interaction takes place at limiters and
divertor plates, which are hit directly by the particles and energy flux through the scrape off layer
(SOL) plasma [1]. With the introduction of divertors the influx of impurities released at the target
plates into the core plasma is largely reduced, especially if a low temperature and high density plasma
can be achieved in front of the divertor plates [2,3]. With the reduction of the influence of divertor and
limiter, the plasma material interaction at plasma facing walls of blankets and vacuum vessel becomes
dominant [4,5].

The plasma facing vessel walls of fusion devices are bombarded with energetic neutral
hydrogen atoms, CX neutrals, created in charge exchange collisions [6]. In addition that the
bombardment causes the erosion of the vessel walls and the introduction of impurity atoms into
plasma, the bombardment causes the radiation damage and the degradation of material properties such
as the mechanical property [4,7].

As regards CX neutrals, microstructural evolution of the thin foil specimens that exposed to a
tokamak plasma has been carried out in TRIAM-1M [4,8,9] and studies focusing on CX neutrals have
been also performed in JET [5]. These studies suggested that the CX neutrals would significantly
contribute to the radiation damage and the erosion at vessel walls.

CX neutrals bombard from various directions and the angular distribution of the incident CX
neutrals at vessel walls have not been clearly understood. Therefore the angular distribution of the
incident CX neutrals must be investigated to estimate the erosion due to sputtering and radiation
damage precisely, because it is well recognized that sputtering yield and radiation damage depend on
the incident angle [10].

In the present work, behaviour of CX neutrals has been investigated with thin foil specimens
mounted on the surface probe system in TRIAM-1M. By observing microstructure in these specimens,
the fluence of the CX neutrals bombarding from different directions was estimated quantitatively.

2. EXPERIMENTAL PROCEDURE

TRIAM-1M is an ultra-long discharge tokamak with poloidal limiters and an open divertor
made of molybdenum. By installing a water-cooled surface probe system, plasma irradiation
experiment was carried out.

The probe head with various probe specimens was inserted in the scrape off layer through a



1200 FT2/3

horizontal port; 6mm outside a poloidal limiter surface as schematically shown in Fig. 1. In order to
collimate the incident angles, the probe specimens were mounted in holes at the plasma facing side (P-
side) as shown in Fig. 2 and covered by slits at the electron drift side (E-side). As shown in Fig. l(b),
the specimen holes at the P-side directed to the five different directions with semi-angle of 14 degrees.
The slits at the E-side directed to the plasma edge. Molybdenum and tungsten disks were used as
probe specimens. They were annealed in vacuum and shaped to thin foil specimens by electro-
polishing before the plasma irradiation. They were exposed to successive high ion temperature
plasmas (hydrogen plasma, limiter configuration) sustained by lower hybrid current drive (2.45
GHz)[ll]. Typical plasma parameters were as follows; Tpl.5 - 2.5 keV, nc= ~2x 1018 m"3, IP=20 - 25
kA. The duration time of each discharge was about 1 minute and the total reached 31.5 minutes. The
temperature of the probe head during exposing was constant at about 23 .

After the irradiation, the microstructure of those specimens was observed by means of
transmission electron microscope (TEM).

Using the same series of molybdenum specimens, irradiation experiments with several keV (1.5,
2, 4, 6, 8 keV) hydrogen beams were carried out as simulation experiments.

3. RESULTS AND DISCUSSION

Figure 3 shows microstructure observed in the molybdenum specimens at the P-side. Sharp
white dot images indicate radiation induced defects, so called, dislocation loops. These defects are
formed in the following processes; first, incident particles create Frenkel pairs (pairs of an interstitial
and a vacancy) if the particles have high enough energy to make atomic displacements, then a part of
the interstitials aggregate and form the dislocation loops.

Because the specimens were placed in the holes perpendicular to the magnetic field lines, only
the CX neutrals can hit the specimens and result in the radiation damage. Speaking of impurities, the
influence could be negligible because of the quite small charge exchange cross section. As a result, the
incident particles were CX hydrogen neutrals.

Anisotropic radiation damage was clearly shown in Fig. 3. Namely, a considerable amount of
damage was observed in the specimens directing to the lower side (-45, -30 degrees) and to the plasma
centre (0 degree), while almost no damage for those directing to the upper side (30, 45 degrees). These
results indicate that the CX neutrals with high energy enough to cause radiation damage were mainly
formed in the lower half of the plasma. The most convincing explanation is the effect of the ions
trapped in a toroidal ripple [11]. High energy ions have lower collision frequency, therefore the
energetic ions trapped in a toroidal ripple can easily drift toward the grad-B direction without strong
scattering due to collision, the direction in the present experiment is toward the lower side of the torus.
In addition to the asymmetry in the poloidal cross section (upper and lower), as discussed above, the
asymmetry in the toroidal cross section (ion drift side and electron drift side) could exist in a tokamak
plasma. The angular distribution in the toroidal cross section will also be investigated in the future.
The localized formation of the energetic CX neutrals at the lower side of the plasma indicates stronger
sputtering and radiation damage at the bottom of the torus. The present results are important for
understanding and assessment of erosion and damage of plasma facing components and also for
impurity behaviour.

The comparison between the depth distribution of the dislocation loops and damage estimated
by TRIM code [12] is shown in Fig. 4. Suppose the ion temperature is Tj, the depth distribution of
damage fTi can be calculated as following,

10

fT.= X /£.xexp(-JB./r i)
' j = l,1.5,2,... '

where the damage distribution of each incident energy (lkeV to lOkeV) fEj was calculated as a function
of depth and then fTi was obtained by the convolution of these fEj taking the existence probability into
account. For the existence probability at each energy, Maxwellian distribution like exp(-Ej/Ti) was
assumed and the charge exchange cross section of hydrogen is supposed to be constant in this energy
range. Figure 4(a) shows the depth distribution of the dislocation loops formed in the molybdenum
specimen directing to the plasma centre, and Fig. 4(b) shows that of damage distribution at the ion
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temperature 0.5keV, 1.5keV and 2.5keV(high T; plasma). As can be seen in Fig. 4, the distribution of
dislocation loops corresponds well with the calculated damage distribution at ion temperature 2.5keV.
This fact means that a large number of CX neutrals have energy of several keV, and is not
contradictory to the result of energy spectrum measurement with a neutral particle energy analyzer.
Dislocation loops were also observed in tungsten specimen in which dislocation loops were not
created unless the incident energy of hydrogen exceeded 2keV[13]. This fact also supports the
existence of the high energy component in CX neutrals.

Figure 5 shows the areal density of the dislocation loops in specimens at the P-side. The strong
anisotropic radiation damage due to energetic CX neutrals can be estimated quantitatively as areal
densities, 4.1xl015m'2 at the direction to the lower side, gradually decreased to 3xl0I5m"2 at the
direction to the plasma centre and fell down to almost zero at the direction to the upper. In order to
estimate the fluence of the energetic hydrogen neutrals responsible for the damage formation, the data
of the TRIAM-1M experiment were compared with those of simulation experiments with hydrogen ion
beam. Because of wide energy spectrum for tokamak plasma it is very difficult to estimate the fluence.
But we can roughly estimated the fluence of the neutrals causing radiation damage by the comparison
with the data obtained from several keV hydrogen beam irradiation experiments shown in Fig. 6(a). To
compare with the areal densities of dislocation loops in the specimens irradiated to the plasma, a
convoluted areal density (Fig. 6(c)) was calculated by the convolution of areal densities of hydrogen
beam irradiation experiments at each energy with a weighting function shown in Fig. 6(b) into
consideration. As a result, the fluence of CX neutrals in the each cone directing to the lower side with
the semi-angle 14 degrees, is estimated about lxl020m"2. In the case of the direction to the upper with
the same semi-angle, the fluence would be less than 5xl019m2 where dislocation loops could not be
observed by means of TEM owing to the resolution. The total fluence of the CX neutrals bombarded at
the vessel wall will be one-order in magnitude higher than that in the cone because the volume of the
cone is about 6 % of the total.

Present results indicate that CX energetic hydrogen neutrals ejected from the plasma cause
knock-on damage in the sub-surface region of plasma facing wall and heavy damage is accumulated in
a short experimental period. These radiation induced dislocation loops act as good traps for implanted
hydrogen. In addition to the dislocation loops, cavities which could be formed at room temperature
due to heavy damage (>lxlO22 m"2) will also act as trap sites for implanted hydrogen. These facts mean
that radiation damage at sub-surface region increase hydrogen retention and influence on hydrogen
recycling [14-16]. Besides the influence on hydrogen recycling, the dislocation loops cause irradiation
induced hardening, concretely, the relative hardness (H^. / Hunirr) increased a factor 1.8 by lOkeV D+

irradiation with 2xlO21 m"2[7]. Accordingly plasma facing wall will easily embrittle due to irradiation
because the hardening generally corresponds to the embrittlement. Actually the thin edge of tungsten
specimen exposed to the plasma in TRIAM-1M was cracked along grain boundaries [4].

These radiation induced effects are not avoidable in any tokamaks because the CX neutrals can
not be confined by the magnetic field. However, it would be possible to reduce the effects if the
plasma facing components were arranged carefully as taking the less likely incident direction of CX
neutrals into account.

4. SUMMARY

Plasma irradiation experiments have been carried out using by thin foil specimens in TRIAM-
1M. Anisotropic radiation damage due to CX hydrogen neutrals was shown clearly. Namely,
considerable amount of damage was observed only in the specimens directing to the lower side and to
the plasma centre. This result indicates that CX neutrals with high enough energy to cause radiation
damage were mainly formed in the lower half of the plasma. This result could be explained by
gradient B drift of the ions trapped in a toroidal ripple.

The distribution of the dislocation loops corresponds well with the damage distribution at
Ti=2.5keV. This fact means that some parts of CX neutrals have energy of several keV and that
corresponds well with the result of energy spectrum measurement with the neutral particle energy
analyzer

Using the energy spectrum and the data obtained from hydrogen beam irradiation experiments,
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the fluence of the CX neutrals that bombarded from the cone directing to the lower side and that
caused radiation damage, was estimated about lxlO2Om~2. The fluence of the CX neutrals from the
upper was estimated less than 5xl019m"2. The total fluence of the CX neutrals bombarded at the vessel
wall will be one-order in magnitude higher than that estimated.

CX neutrals can cause not only erosion but also radiation damage. And it is discussed that
radiation damage can influence on hydrogen recycling and degradation of plasma facing materials.
These radiation induced effects are not avoidable in any tokamaks because the CX neutrals can not be
confined by the magnetic field. However, it would be possible to reduce the effects if the plasma
facing components were arranged carefully as taking the less likely incident direction of CX neutrals
into account.
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FIG. 1, Schematic views of the experimental set-up in TRIAM-1M. (a) The top view of the torus. The
specimens at the P-side direct to the centre, while the specimens at the E-side direct to the plasma
edge, (b) The poloidal cross section of the torus. The specimens were irradiated with particles in the
cones directing to the five different angles in the poloidal cross section.
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Abstract

There is a global consensus among materials scientists and engineers that the qualification of materials in
an appropriate test environment is inevitable for design, construction and safe operation of DEMOnstration
fusion reactors as well as for calibration of data generated from fission reactor and accelerators irradiations. In an
evaluation process based on a series of technical workshops it was concluded that an accelerator driven D-Li
stripping source would be the best choice to fulfill the requirements within a realistic time frame. In response to
this need, an international design team with members from Europe, Japan, USA and Russia has developed under
the auspices of the IE A during a Conceptual Design Activity Phase (1994-96) a suitable and feasible concept for
an accelerator driven D-Li stripping source. This IFMIF reference design is based on conservative linac
technology and two parallel operating 125-mA, 40-MeV deuteron beams that are focused onto a common liquid
lithium target with a beam footprint of 50 mm by 200 mm. The materials testing volume downstream the Li-
target is subdivided into different flux regions: The high flux test region (0.5 liter, 20-55 dpa/full power year), the
medium flux test region (6 liter, 1-20 dpa/fpy), and low flux test regions (>100 liter, < 1 dpa/fpy). The developed
design was the basis fore the present Conceptual Design Evaluation Phase (1997-98) and for subsequent
engineering oriented activities. Based on comprehensive neutron transport calculations, an evaluation of the
irradiation parameters and the available test volumes has shown that the users requirements can be fulfilled.
Major engineering efforts have been undertaken to establish an IFMIF design that is based on available and
already proven technologies. The developed design includes extensive reliability, availability, maintainability as
well as safety studies and is conceived for long-term operation with a total annual facility availability of at least
70%.

1. INTRODUCTION AND MISSION

The need to develop materials that can withstand the high-energy neutron flux environment
expected for the first wall and blanket regions of deuterium-tritium (D-T) fusion reactors is
recognized as one of the key challenges remaining in the program aimed at producing commercial
fusion power. Structural alloys for first wall and blanket components, surface-protecting materials,
and tritium- breeding ceramics belong to the category of materials, which are intensively exposed to
high-energetic 14 MeV neutrons. At present an appropriate materials test facility which could
adequately simulate this neutron environment is not available though it has been demanded at several
occasions by the Fusion Materials Community and by high-ranking advisory boards like the Cottrell
Blue Ribbon Panel and the Amelincks Senior Advisory Committee [1,2]. During the last ten years
under the auspices of the International Energy Agency (Implementing Agreement for a Program of
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Research and Development on Fusion Materials) a new step towards a suitable source was initiated to
determine the test requirements, select suitable source concepts and assess their technical feasibility.
In a series of workshops, starting with the San Diego Meeting in February 1989, the consensus was
reached that the concept of an accelerator based source which utilizes the deuterium-lithium stripping
reaction (D-Li-source) for neutron production was the only choice with the potential to fulfill the
demanded requirements within a realistic time scale [3,4]. In a conjoint effort with the participation of
the European Union, Japan and the United States and Russia as an associated member, an IEA-IFMIF-
Conceptual Design Activity (CDA phase) was implemented end of 1994 for the International Fusion
Materials Irradiation Facility (IFMIF). This design study was punctually finished end of 1996 and
provided a reference conceptual design [5] as well as a detailed cost estimate [6]. The developed
design was the basis for the current Conceptual Design Evaluation Phase CDE (1997-98). A
subsequent engineering oriented phase with prototype development and testing of specific
components should be started soon. Because the development of novel materials under the very harsh
conditions of fusion environment needs a long lead time, an early decision for an EFMIF is urgent.

The mission of an intense neutron source like IFMIF is to produce high-energetic neutrons at
sufficient intensity with an appropriate neutron spectrum in a reasonably large irradiation and testing
volume. A facility of this type is primarily important and essential for an accelerated development and
qualification of materials to be used in the first wall and breeding-blanket area. It should, however,
also supply a test bed for other materials with a lower neutron exposure. With such a facility the most
relevant part of an engineering database for irradiated materials should be generated up to the
anticipated life-time. Since a large irradiation data base has been accumulated for many materials by
experiments in fission reactors and accelerator-driven facilities, IFMIF could also provide calibration
and validation of such data for fusion and identify possibly new phenomena which might occur due to
the high-energy neutrons exposure.

2. BASIC IFMIF DESIGN

The basic design concept for this facility has been guided during the CDA-phase by two
considerations: i) the user's requirements have to be fulfilled and ii) all components should be based
on proven technologies in order to minimize the developmental efforts and any technological risk.

Typical Reactions:
Deuterons:

7Li(d,2n)7Be
32, 36, 40 MeV

Liquid Li Jet

6Li(d,n)7Be
2x 125 mA

High fiux
(>20 cfpa, 0.5 L)

6Li(n,T)4He
Beam footprint 5x20 cm2

Medium fiux Low flux
(20-1 dpa, 6 L) (<1 dpa, >8 L)

Deuteron Accelerator Region Test Cell

Fig. 1: Schematic layout of the D-Li stripping-type neutron source.

In Fig. 1 the principle of this design concept is given. IFMIF is a high intensity neutron source
driven by two 40 MeV deuteron cw linear accelerators with 125 mA beam current each striking a
single thick flowing lithium target under 20° impinging angle producing neutrons by several nuclear
reactions with a broad maximum peaked at 14.6 MeV The neutrons are mainly collided in forward
direction. Alternatively 30 and 35 MeV deuterons can be produced. Parameter analyses of the fluid
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flow and the nuclear response of the target and the test assembly have led to the selection of a beam
footprint of 20 cm wide by 5 cm high. This relatively large area reduces the heat and particle flux
density in the liquid lithium and gives favorable volumes and dimensions with regard to the test cell
and it's accessibility for different flux regions. The test cell itself can be divided in zones with
different flux levels. The achievable volumes for the different zones are indicated in Fig. 1 together
with the minimum annual displacement levels.

3. SUITABILITY CRITERIA

The requirements for testing in IFMIF are primarily governed by structural materials demands
and have been formulated for the first time at the workshop in San Diego in 1989 [3]. They are
summarized in Tab.l. These initial requirements consist mainly of a definition of the minimum
volume necessary to perform manifold experiments for a mean neutron wall loading of 2 MW/m2 up
to lifetime fluence levels. In addition the neutron energy spectrum should meet that of a fusion reactor
as near as possible and the allowable neutron flux gradients should not be large compared to the
critical dimension of specific specimen geometries. Finally the machine availability and the time
structure of the neutron source have to be adequate. These suitability criteria have been elaborated
further by the users group and were recently discussed in more detail in ref [7]. During the past few
years besides technical improvements significant progress has been achieved in the characterization of
the neutron response and with regard to a comprehensive evaluation of relevant damage parameters.

Table 1: Requirements for an Intense Neutron Source (TEA-Workshop in San Diego 1989).

1. Neutron flux/volume relation: Equivalent to 2MW/m2 in 10 liter volume

2. Neutron spectrum: Should meet first wall neutron spectrum as near as possible; criteria are:
- Displacements damage (DPA),
- Primary recoil spectrum (PKA), and
- Important transmutation reactions (He, H)

3. Neutron fluence accumulation: Demo-relevant fluence of 150 dpaNRT in few years

4. Neutron flux gradient: <10%/cm based on minimum dimensions of CT- and Charpy-V specimen
5. Machine availability: 70%
6. Time structure: Quasi continuous operation

Neutrons of a D-Li source show an energy distribution around a peak flux position that can be
adapted to the 14 MeV neutron peak of a typical D-T fusion spectrum by an appropriate choice of the
deuteron energy. Using the reference design with 40 MeV, the peak flux of uncollided EFMIF
neutrons is between 14 and 15 MeV. The question, whether the "high energetic tail" beyond 14 MeV
is a matter of concern with respect to the suitability of IFMIF, was subject of continuous discussions
and needed a critical evaluation with regard to several physically relevant irradiation parameters. The
parameters evaluated so far rely on Fe as major constituent of steels and include (i) displacement
cross sections and derived quantities like displacement damage rates or time integrated damage doses,
(ii) production cross sections for important transmutants like He and hydrogen isotope generation
rates, (iii) flux gradients for neutrons and irradiation parameters, and (iv) engineering responses like
nuclear heating rates. For all these parameters detailed spatial distributions have been calculated for
the high (table 2), medium and low flux test modules using the MCNP Monte Carlo Code with newly
developed neutron source models, extended data libraries and detailed three-dimensional geometrical
models. An important outcome of these and other calculations is that in spite of the high energy tail of
IFMIF neutrons all reactor-relevant irradiation parameters like He/dpa rate, H/dpa rate or recoil
energy distribution are closely represented by IFMIF. E.g., within the high flux volume of IFMIF, the
dpa and transmutation rates can be higher by a factor of 2-3 compared to DEMO conditions, but the
important ratios of gas production to dpa are nearly identical. This gives the possibility for accelerated



1206 FT2/4

testing and therefore allows a much faster material development, because an anticipated life-time dose
of 150-200 dpa can be achieved for selected key parameters within a few years.

Table 2: Comparison of the IFMIF high flux test module (HFTM) with outboard blankets of ITER
and DEMO. All calculations are performed with MCNP code and extended nuclear data
libraries for collided neutrons in iron [8].

Irradiation parameter

Total neutron flux [n/(s cm2)]
Hydrogen production [appm/FPY]
Helium production [appm/FPY]
Displacement production [DPA/FPY]
H/DPA ratio [appm/DPA]
He/DPA ratio [appm/DPA]
Nuclear heating [W/cm3]
Wall load [MW/m2]

IFMIF HFTM*

4x l0 1 4 -10 1 5

1000-2500
250 - 600
20-55
35-50
9.5-12.5
30-55
3 - 8

ITER

4 x l 0 1 4

445
114
10
44.5
11.4
10
1.0

DEMO

7.1 xlO14

780
198
19
41
10.4
22
2.2

* dependent on the exact position inside the HFTM

For a more quantitative evaluation of the effects of displacements on different radiation damage
phenomena, the energy transferred to a target atom, that is the recoil spectrum of the primary-
knocked-on atom (PKA), was analyzed further [7,9]. Within that context it has been shown that the
probability function W(T) which describes the fraction of displacement damage energy produced by
PKA-atoms as a function of their kinetic energy, is similar for IFMIF and DEMO. This is a direct
indication that IFMIF closely reflects both, the single defect and the cascade production rates of D-T
fusion neutrons.

— Z[cm]

Fig. 2: Volume to DPA/FPY relation for Fe [8,9]. The iso-surfaces envelop a volume of 590 cm2 for
>20 DPA/FPY, 264 cm3 for >30 DPA/FPY and 110 cm3 for >40 DPA/FPY.

During the optimization procedure of IFMIF the criterion of reasonable volume/flux relations
with minimum flux gradients had highest priority. After a series of optimization calculations it was
clear that a beam footprint of 5x20 cm2 would satisfy properly these requirements, hi order to evaluate
whether the limited high flux test volume of 0.5 liter is adequate to obtain the necessary materials
property data, based on a set of seven types of specimens with ,,baseline" geometries, detailed test
matrices have been elaborated for the high flux test region of IFMIF. The evaluations have shown that
with such miniaturized specimens the relatively small volume of the high-flux region can be equipped
with instrumented rigs accommodating many hundreds of specimens and therefore is adequate to
obtain within a 15-20 years program for various first wall and blanket structural materials up to about
150 dpa major parameters of an engineering database. That is, using vertical supported test modules
and on the basis of small specimen test technologies, IFMIF is suitable of providing sufficient volume
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and appropriate irradiation environments to meet the requirements defined by the users community.
Fig. 2 shows flux/volume contours and total available irradiation volumes within the high flux test
zone calculated with the reference design [8,9]. The development of standardized small specimens
does not only greatly reduce the minimum irradiation volume, but also reduces the flux gradients
inside the specimens to less than 10% and thus guarantees a quasi-homogeneous irradiation at any
position in the test module.

4. FACILITY DESCRIPTION

The IFMIF project is organized into the five subsystems (1) accelerator facilities to produce
and transport accelerated deuterons, (2) target facilities which provide a flowing lithium jet to convert
the deuterons into neutrons, (3) test facilities to irradiate, handle and examine specimens, (4)
conventional facilities, and (5) central control system and common Instrumentation (fig. 3). The two
parallel accelerators, each approximately 50 m long, produce a beam which is turned through
approximately 90 degrees where it is directed to one of the liquid lithium targets where the two beams
overlap. The totally overlapping beam footprint on the Li-target has significant advantages during off-
normal operation of either beam, because it is unlikely that both accelerators shows flux perturbations
or will go down by the same time. If only one accelerator system fails for a shorter period, the test
modules continues being irradiated. The IFMIF reference design provides two independent test cells;
that is, the beams can be directed to either one of the Li-targets. The accelerator systems along with
the Li-loop (which feeds the targets) and the test cells are located below ground level, whereas major
power systems and hot cell facilities are located at ground level. Because of the level of uncertainty in
the amount of testing and development needed to characterize the damage effect of 14 MeV neutrons,
the IFMIF facility has been designed from the outset to accommodate two additional accelerators, so
that both test cells could be served simultaneously. Major engineering efforts have been undertaken to
establish for all subsystems a design that is based on available and already proven technologies. The
developed reference design includes extensive reliability, availability, maintainability as well as
safety studies and is conceived for long-term operation with a total annual facility availability of at
least 70%.

Conventional
Hot Laboratory

RF Power
System

Office
Building

Access Cell

Accelerator
System

Test Cell with
Target

Fig. 3: 3-dimensional view of IFMIF

4.1 Test Facilities

As shown in figure 4, the two D-beams are focused in the Test Cell on the liquid lithium target
with a 20 degree angle, producing neutrons that are mainly collided in forward direction. The IFMIF
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Test Cell contains (1) two vertically oriented test assemblies, referred to as Vertical Test Assemblies
(VTAs) 1 and 2, which support the test modules used for long-term irradiation of specimens in the
high and medium flux regions, (2) an array of tubes, referred to as Vertical Irradiation Tubes (VITs),
used for inserting test capsules in the low and very low flux regions, (3) a vacuum liner that encloses
the test modules and also accommodates the lithium target, (4) a heat shield surrounding the liner to
protect the concrete neutron shielding from overheating, (5) the Test Cell Removable Cover, which
can be lifted with an overhead crane to gain access to the entire Test Cell, and (6) a seal plate for
providing a vacuum seal between the removable vertical test assemblies and the Removable Cover.

The three Vertical Test Assemblies considered in the present design are sufficient for the four
flux regimes. The test module of the VTA1 is devoted essentially to the development and
qualification of structural materials by irradiating simultaneously hundreds of miniaturized
specimens. At present in IEA-coordinated, collaborative materials programs the three leading
candidates for structural materials are considered to be ferritic/martensitic steels, vanadium alloys,
and eventually SiC/SiC composites. In addition, some space of the high flux test region is reserved for
a limited number of unspecified alternative materials. Most of the structural materials will be
irradiated in the high flux region followed by post irradiation examinations in hot cells. More
sophisticated in-situ experiments are in some cases mandatory for measuring the materials properly.
Therefore, simultaneous in-situ push-pull creep fatigue tests and in-situ tritium release tests on
various breeder materials are foreseen in the medium flux region. Complete test module designs have
been elaborated meanwhile also for such type of experiments. In the present IFMIF reference design
the high and medium flux test modules are cooled by low pressure helium gas. The low and very low
flux regions are equipped with the VIT system that allows the irradiation of special purpose materials
down to cryogenic temperatures.

The Access Cell is located directly above the Test Cells and contains beside the helium gas
coolant loops for VTAs various remote handling equipment like telescopic master/slave manipulators
and a universal robotic system. The present design concept implies that after disassembling all
irradiated specimens and materials of interest will be investigated in suitable Post-Irradiation
Examination (PEE) Facilities at EFMEF site. The PEE Facilities dedicated to the users for qualified
analyses include (i) the PEE Laboratory, for mechanical testing of conventional, nontritiated high level
radioactive specimens, (ii) Shielded Glove Box Laboratory for microstructural analyses as well as (iii)
the Tritium Laboratory for the investigation of tritium contaminated or tritium containing specimens
and components.
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Central Shielding Plug
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VIT

Beam
Pipe

Quench
Tank

Shielding
body

Two-Part
Test Cell
Cover
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Fig. 4: Elevation view of the Test Cell (left) and section view of the high flux test module (right) with
several hundreds of specimens accommodated in instrumented capsules and rigs.
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4.2 Lithium Target System

The lithium target system consists of two main components: the target assembly and the lithium
loop. The former provides a stable lithium jet in order to produce the neutrons, while the latter
circulates the lithium and removes the heat deposited by the deuteron beams. The main requirements
of the target system are as follows: (i) Removal of about 10 MW of deuteron beam power by using a
high velocity lithium jet. The jet should have a stable free surface and boiling must be prevented
within the beam foot print in order to provide a firm neutron field, (ii) Control of the impurity level
(T; 7Be for the radiological safety; C, O, N for the materials compatibility) in the lithium loop system,
(iii) provide safety margins with respect to lithium hazard and tritium release from the lithium loop
system, and (iv) achievement of a system availability of more than 95% during the lifetime of the
plant. This loop also contains systems for maintaining the high purity of the loop required for
radiological safety and for minimizing corrosion of the loop structure by the hot flowing lithium. The
total lithium inventory is 21 m3. Based upon a thorough assessment of various target designs, a
modified FMIT-type target with a replaceable backwall has been selected for the baseline design. The
replaceable backwall is bolted to the back site of the target assembly. Seals around the edges are
foreseen to maintain different vacuum conditions in the target chamber (10~3 Pa) and in the test cell
(MO"1 Pa). The target assembly, with the exception of the replaceable backwall, is designed to
withstand long-term neutron exposure.

During the CDE phase significant improvements [8,10,11] of the conceptual design have been
made that include (i) an optimization of the overall system design, (ii) extended thermo-hydraulic
calculations to assess the Li jet stability under different conditions, (iii) a probabilistic evaluation of
accident sequences showing very low values for potential accident probabilities, and (iv) a detailed
outline of lithium purification and on-line monitor systems.

4.3 Accelerator Facilities

The IFMIF requirement for 250 mA of deuteron beam current delivered to the target will be
met by two 125-mA, 40-MeV accelerator modules operating in parallel. This technological approach
is conservative with respect to the current capabilities of rf linac technology and provides operational
redundancy by allowing operation to continue at 125 mA when one or the other of the two
accelerators is temporarily removed from service for repair. The IFMIF deuteron comprises a
sequence of acceleration and beam transport stages. The ion source generates a cw 140-mA deuteron
beam at 100 keV followed by Low Energy Beam Transport (LEBT) that guides the deuteron beam
from the operating source to a Radio Frequency Quadrupole (RFQ) Accelerator. The RFQ bunches
the beam and accelerates 125 mA to 8 MeV. The 8 MeV RFQ beam is injected directly into a room-
temperature, Drift-Tube-Linac (DTL) of the conventional Alvarez type with post couplers, where it is
accelerated to 32, 36, or 40 MeV. The rf power system for the IFMIF accelerator is based on a tetrode
amplifier operated at a power level of 1.0 MW and a frequency of 175 MHz. Operation of both the
RFQ and the DTL at the same relatively low frequency is a conservative approach for delivering the
high current deuteron beam with low beam loss in the accelerator. The use of only one rf frequency
also provides some operational simplification. Although beam transport calculations have shown
fairly low deuteron beam losses, thus allowing "hands-on" maintenance, the accelerator facility will
be designed in such a way that remote maintenance is not precluded.

With respect to high current cw accelerator experience, the IFMIF project presently gains also
from relevant results in other accelerator projects. E.g. at the University of Frankfurt a 200 mA cw
94% proton beam (corresponds by scaling to 140 mA deuterons) was extracted in July 1998 through a
8 mm aperture, and also at CEA-Sacley a 126 mA cw proton beam was transported recently through a
10 mm aperture for a long operation time with 96% availability. Finally, within a US program, a 100
mA cw proton linac prototype to about 10 MeV is under construction. For the IFMIF project these
results and improvements are highly significant, because the experimental data strongly validate the
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predictions from the codes, greatly increasing confidence that the reference IFMIF design objectives
are realistic and can be met largely with available technology [8,12-14].

5. SUMMARY

Significant progress has been achieved during the past few years in establishing for the fusion
materials community a suitable and feasible concept for an accelerator-based intense D-Li neutron
source that produces neutrons with a suitable energy spectrum at high intensity and sufficient
irradiation volume to perform all necessary kinds of tests. IFMIF essentially fulfills all requirements
for the users. That is, it adapts the physically based damage parameters like dpa, PKA-spectra and
transmutations reasonably well to D-T-fusion neutrons, and also has sufficient capacity to perform all
necessary types of experiments for the development and qualification of structural, breeding and other
materials. This can be achieved by using well proven miniaturized specimen test technologies. An
attractive feature of IFMIF is the capability to perform in a limited volume accelerated irradiations up
to about 55 dpa/FPY. Major engineering efforts have been undertaken to establish a test cell design
that allows safe and completely remote controlled handling of vertical test assemblies and test
modules. The developed IFMIF reference design includes detailed reliability, availability,
maintainability as well as safety studies and is conceived from the early beginning for long-term
operation with a total annual facility availability of at least 70%. Compared to many other proposals,
this facility is based on available and largely proven technologies. From a technical viewpoint IFMIF
could be built at low technological risk within half a decade after a short EDA phase, presupposed
that approval would come soon. There are many reasons to discuss now within the Fusion Community
the priority for such a facility.
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Abstract

It has long been recognized that attainment of the safety and environmental potential of fusion
energy requires the successful development of low-activation materials for the first wall, blanket and
other high heat flux structural components. Only a limited number of materials potentially possess the
physical, mechanical and low-activation characteristics required for this application. The current U.S.
structural materials research effort is focused on three candidate materials: advanced ferritic steels,
vanadium alloys, and silicon carbide composites. Recent progress has been made in understanding the
response of these materials to neutron irradiation.

1. INTRODUCTION

For fusion to be a viable energy source of the future it must offer safety and environmental
advantages not found in current energy production options. One key advantage is the fact that the
fusion reaction does not produce long-lived radionuclides or reactive chemical wastes. The structural
components of a fusion power plant can become radioactive, however as the result of nuclear
transmutations caused by exposure to neutron irradiation. The level of induced radioactivity in these
structures is the predominant factor controlling the environmental impact of a fusion power plant. As
a consequence, structural materials with low-activation characteristics are necessary to fully exploit
the environmental potential of fusion. The U.S. Advanced Materials Program (AMP) is engaged in a
science-based effort of theory, modeling and experiment to develop structural materials that will
permit fusion to attain its safety, environmental and economic competitiveness goals. The objectives
of the AMP are to 1) understand the behavior of candidate material systems in the fusion environment,
2) identify limiting properties and approaches to improve performance, 3) develop materials with
acceptable properties through control of composition and microstructure, and 4) provide the materials
technology required for production, fabrication and power system design. Currently, three materials
systems are being investigated: advanced ferritic steels, vanadium alloys, and silicon carbide
composites. Significant progress has been made toward understanding the performance of these
materials under fusion relevant conditions.
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Advanced ferritic steels possess several characteristics which make them attractive candidates
as fusion structural materials. They have high thermal stress resistance due to low thermal expansion
coefficients and higher thermal conductivities than austenitic steels. They exhibit good corrosion
resistance in water and liquid metals, and oxidation resistance at ~550°C. Processing and fabrication
techniques are at a mature state for these materials because of extensive industrial experience, and
because of substantial research conducted to develop these steels for use as cladding and duct
materials in liquid metal reactors. Finally, these steels have demonstrated excellent swelling resistance
under fission reactor irradiation conditions.

The advanced ferritic steels being considered for fusion are a modified composition of
conventional Fe - 9-12% Cr steels [1]. Low-activation characteristics are obtained by removing
elements such as Mo, Nb, Ni and specific impurities. In the low-activation steel Mo is replaced by W
or V and Nb by Ta. The major technological challenges facing successful application of these steels
include; 1) potential interaction of a ferromagnetic material with the high magnetic field of a fusion
plant, 2) the effect of irradiation on fracture behavior, 3) the effect of transmutation generated He on
mechanical properties and 4) relatively low high-temperature creep strength. The U.S. effort on
advanced ferritic steels is part of an International Energy Agency cooperative program in which the
U.S. role is to characterize the fracture behavior of these alloys.

Development of fusion structural materials requires detailed information on the fracture
behavior of candidate structural materials to avoid unexpected catastrophic failure by unstable
propagation of cracks. A material's effective toughness is a measure of its resistance to fracture.
Fracture toughness always depends on the microstructure and properties of a particular material, but it
will also depend on other variables such as loading rate, specimen geometry and size. Fracture
toughness values, determined by standard test methods, yield an intrinsic material property only under
very restricted conditions that are seldom met in practice. Standard fracture toughness measurement
methods are not adequate for fusion power systems because the underlying principles of elastic-plastic
fracture mechanics are violated for small specimens or in thin-walled structures with shallow cracks.
Any fracture property database developed for nuclear systems must be created with relatively small
specimens compatible with available irradiation volumes. Further, fusion first-wall structures will, by
necessity, be thin-wall due to thermal stress limits. Thus, new approaches to characterize the effective
fracture toughness as a function of temperature, Ke(T), are required.

A goal of the U.S. program is to develop physically-based, micro-mechanical models of
fracture to define the transition from quasi-cleavage to microvoid coalescence fracture modes. This is
a general approach that seeks to determine the effective toughness by direct measurement of the
sequence of events involved in the fracture process. Confocal microscopy (CM) and fracture
reconstruction (FR) techniques are being developed [2] to examine crack blunting, tearing and damage
development ahead of the crack tip. Confocal microscopy is used to obtain digital topographic maps
of conjugate fracture surfaces from a test specimen. Fracture reconstruction is begun by
computationally aligning the digital topographs so that the flat pre-crack surfaces are matched and
overlapped until the position of the pre-crack front is accurately depicted. The surfaces are then
computationally separated by an amount corresponding to the crack tip opening displacement, 8. A
critical crack tip opening is reached when crack propagation is observed. This critical crack tip
opening is related to the effective fracture toughness. To validate the CM/FR method a series of
experiments was carried out using a variety of alloys, specimen configurations, loading rates and test
temperatures to determine the effective toughness by both conventional methods and by CM/FR. A
comparison of Kg values determined from CM/FR with values of Kic determined from mechanical
testing is plotted in Figure 1. Note this methodology provides a robust means to evaluate the effects of
strain rate, irradiation, specimen size and constraint on Ke (=K5).

The information obtained from CM/FR when coupled with finite element calculations of local
crack tip stress fields can be used to determine the critical conditions for cleavage fracture. Critical
stress-critical area (a*/A*) models have been developed to predict the cleavage transition in small
specimens for a variety of alloys, test types and specimen configurations [2]. These models can be
used to predict Ke(T) as a function of size and to directly adjust Ke(T) data to a common test geometry.
The power of this approach is illustrated in Figures 2 and 3 which compare uncorrected Ke(T) data
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(Figure 2) for an advanced ferritic steel against constraint corrected data (Figure 3). The curve in
Figure 3 is the "Master Curve" for reactor pressure vessel (RPV) steels referenced at an effective
toughness of 100 MPaVm and -75°C. The master curve is an alternative, perhaps simpler, approach
that is also being developed to account for the effects of irradiation, strain rate, and specimen
geometry and size. This method assumes that a master Ke(T) curve exists that can be indexed to an
absolute temperature scale by a reference temperature at a reference toughness. Changes from the
reference state are reflected by adjusting the position of the master curve by an appropriate set of
temperature shifts [2]. This approach has gained wide acceptance in fracture assessments of light-
water RPVs.

Recent headway has been made in evaluating the effect of helium on fracture behavior. To
achieve helium production rates prototypic of fusion in a mixed-spectrum reactor requires simulation
techniques. One approach is to add isotopes of Ni to the steel. About 2% Ni is sufficient to give a He
to dpa ratio representative of a fusion neutron spectrum. One-third scale Charpy impact specimens
irradiated at 400°C to 40 dpa in the High Flux Isotope Reactor at ORNL suggest that He levels from
30 to 110 appm may act synergistically with hardening caused by displacement damage and
precipitation to cause an increase in the ductile-to-brittle transition (DBTT) [3]. The change produced
by He may be larger than that attributable to displacement damage or precipitation alone.
Investigators in Japan and Europe, using different techniques such as B doping and cyclotron
irradiations have observed similar effects. It should be noted that these results are not unequivocal,
however, due to uncertainties associated with the Ni doping technique. Segregation of Ni to grain
boundaries could cause atypical He accumulation that could lead to reduced fracture strength. This is
an area requiring further research to determine the efficacy of the Ni doping method for He simulation.

3. VANADIUM ALLOYS

Vanadium alloys containing 4-5% Cr and Ti exhibit physical, thermal, and mechanical
properties that are favorable for fusion applications [4]. These alloys are particularly attractive in
combination with lithium-cooled blanket designs. Favorable characteristics include low long-term
radioactivity, high heat load capacity and resistance to void swelling. The unirradiated tensile
properties and limited thermal creep data suggest an upper temperature limit between 650 and 750°C.
The industrial experience and manufacturing capacity of vanadium alloys is very limited in
comparison with advanced ferritic steels, however scale-up from laboratory heats to commercial
production of 500 and 1200 kg ingots has been successfully accomplished.

Early research in the U.S. on vanadium alloys indicates that Ti is effective for suppressing
irradiation-induced swelling. Titanium also increases the tensile strength and improves the fabrication
characteristics, but degrades creep strength. The addition of Cr to the alloy tends to increase the
tensile and creep strength, and improves corrosion resistance in some cases. Irradiation-induced
transmutations of V, Cr and Ti largely decay to the same three elements and all exhibit low long-term
radioactivity. Thus, an alloy based on these three elements will exhibit minimal composition changes
with high dose.

The presence of non-metallic impurities such as O, N, C and H can significantly effect the
mechanical properties. These impurities can be introduced to the alloy during melting, fabrication
processes, joining operations, service in partial vacuum or gaseous environments, and by mass transfer
in liquid metal cooled systems. The effect of these impurities includes increased yield strength, loss of
tensile ductility and decreased fracture toughness. The magnitude of the effect strongly depends on
the distribution of the impurity element(s) in the microstructure. Evaluation of the performance of V-
Cr-Ti alloys after exposure to environments containing O and H has been an active area of research
within the U.S. program. The oxidation kinetics of V-(4-5)Cr-(4-5)Ti as a function of temperature in
air and various oxygen partial pressures has been determined [5,6]. The data indicates that the
oxidation process follows parabolic kinetics in all of the environments investigated. The temperature
dependence of the parabolic rate constants is described by an Arrhenius relationship. The activation
energy for oxidation in oxygen partial pressures ranging from 10'6 to 10"1 torr was fairly constant, but
was significantly lower in air and substantially higher in pure oxygen. Tensile tests performed after
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pre-oxidation at 500°C showed that changes in mechanical properties were predominantly effected by
the pre-exposure time and largely unaffected by oxygen partial pressure [6].

A major focus of the U.S. research and development effort for vanadium alloys is to explore
the effects of irradiation on constitutive behavior and fracture properties at low-temperatures. A series
of experiments has recently been completed at temperatures ranging from -100 to ~500°C and doses
between 0.1 and 18 dpa. Post irradiation examinations have not been completed, but preliminary
results indicate significant changes in mechanical properties at temperatures below about 400°C [7].
Figures 4 and 5 [8-17] show the effect of irradiation temperature and dose on yield strength and
uniform elongation for results obtained from the recently completed experiments together with data
collected at higher irradiation temperatures and doses. Results for irradiation temperatures up to
600°C and doses to 49 dpa are included in Figures 4 and 5 to illustrate the transition in behavior above
~400°C. It is evident from the data that V-4Cr-4Ti exhibits rapid hardening and loss of strain
hardening capacity following neutron irradiation at temperatures up to ~400°C. Large increases in
yield strength are observed with concomitant decreases in uniform elongation. These changes in
tensile properties are generally accompanied by large increases in the DBTT [7]. Microstructural
analysis revealed that these property changes are related to a high density of small defect clusters
which can be easily sheared by dislocations during deformation. Such a microstructure leads to flow
localization or dislocation channeling which is responsible for the reduced uniform elongation [7].
These experiments have contributed substantial new information toward understanding radiation
damage effects which govern the low-temperature operating limit for V-4Cr-4Ti. Further work is
needed at temperatures between 300 to 500°C and in the low dose regime to accurately determine the
minimum acceptable operating temperature for vanadium alloys in a fusion power system.

At high temperatures (> 650°C) the primary concern is the effect of neutron damage and
helium transmutation on creep rupture properties. As with advanced ferritic steels the combined
effects of neutron damage and helium generation can cause loss of tensile and creep ductility by
growth and coalescence of helium bubbles at grain boundaries. Considerable experience has been
obtained on V-4Cr-4Ti irradiated in the range of 420 to 600°C to neutron doses of 24 to 32 dpa, and
with helium generation rates in the range of 0.4 to 4.2 appm/dpa. In this environment the material
shows promising resistance to radiation-induced embrittlement and swelling. The DBTT did not
increase above -100°C and density changes did not exceed 0.5% [18]. However, considerable work
remains to be conducted at higher He and dpa levels, as well as at higher temperatures. To support
future irradiation experiments at higher temperatures work has been initiated to explore the thermal
creep properties of V-4Cr-4Ti from 600 to 800°C in vacuo and liquid Li. Tests performed in liquid Li
will also investigate the influence of He on creep properties by tritium doping.

4. SILICON CARBIDE COMPOSITES

Silicon carbide (SiC) composites are attractive for structural applications in fusion energy
systems because of their low-activation and afterheat characteristics, excellent high-temperature
properties, corrosion resistance and reasonable dimensional stability. A helium-cooled SiC ceramic
breeder blanket design is proposed in the ARIES concept [19]. With this concept upper use
temperatures of 900 to 1000°C may be possible with the attendant benefit of high thermodynamic
efficiency.

High-strength, continuous fibers with near stoichiometric SiC composition reinforce the
composite and impart improved fracture toughness compared to monolithic SiC. The fibers are
embedded in a SiC matrix produced by chemical vapor infiltration or infiltration and pyrolysis of a
preceramic polymer. An interphase layer is deposited on the fibers prior to forming the matrix to
permit debonding of the fiber-to-matrix interface as the composite is loaded. The matrix is generally
of lower strength than the fibers and its primary function is to transfer load to the fibers while the
debond layer prevents catastrophic failure.

Utilization of these new materials for fusion applications will require optimization of their
radiation stability, thermal conductivity, gas permeability, chemical compatibility with fusion relevant
environments, and joining methodology. Very little is known about the radiation performance of these
materials, so the recent focus of the U.S. research program has been to explore the effects of
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irradiation on composite dimensional stability, strength and thermal conductivity. The primary issue is
the development of a radiation tolerant SiC fiber and the integration of that fiber into an acceptable
composite architecture.

It is well known that crystalline beta SiC exhibits good radiation stability. Linear swelling
saturates at a relatively low dose and decreases with irradiation temperature from about 0.8% at 200°C
to almost zero at 1000°C. In contrast, fibers irradiated in this temperature regime shrink with
increasing radiation dose as shown by the data in Figure 6 [20]. The exception is Sylramic™ which
swells like crystalline SiC. Fiber shrinkage has been attributed to crystal growth and loss of oxygen
[21,22]. Fibers fabricated from polymer techniques are not fully crystallized, but are composed of
nano-scale crystallites embedded in a matrix of SiCO. Nicalon-CG and Tyranno™ fibers both
exhibited considerable radiation-induced shrinkage and contained high levels of oxygen relative to Hi-
Nicalon and Sylramic fibers. Further, the crystallite size of the fibers displaying shrinkage was almost
two orders of magnitude smaller than Sylramic (1.3 to 4 nm versus 85 nm).

Irradiation experiments on standard, commercially available SiC composites have
demonstrated that a significant reduction in strength occurs at radiation doses as low as one dpa [23].
Irradiation experiments to higher doses have shown that the strength reduction tends to saturate at
relatively low doses [24]. Strength reductions have been attributed to the poor irradiation performance
of the Nicalon-CG fibers comprising the standard composite. As noted above, these fibers shrink and
densify under irradiation. In addition, their strengths also decrease. As a result, the bend strength of
composites made from these fibers is degraded by both fiber strength loss and de-coupling from the
matrix. Recent high fluence (up to 80 dpa) results [25] confirm the trends observed at lower doses in
that the strength of SiC composites decrease rapidly with increasing fluence initially, but attains a
plateau of about 300 MPa at 800°C.

The thermal conductivity of SiC or SiC composites is significantly reduced by irradiation-
induced point defect generation. For exposures to about 26 dpa the thermal conductivity of the
standard composite was reduced by 60% from 7 to 3 W/m-K at 800°C. Monolithic SiC shows similar
behavior under irradiation decreasing from about 36 W/m-K to around 26 W/m-K at 800°C. Recent
advances in fiber and composite manufacturing techniques have demonstrated the capability to
produce material with much improved thermal conductivity of 35 W/m-K at 1000°C [26].

Newly developed, advanced SiC fibers such as Hi-Nicalon, Nicalon-S and Sylramic as well as
composites made from these fibers, are being produced and evaluated for fusion applications. These
composites offer the potential for improved performance under neutron irradiation through increased
radiation stability. The new fibers also display better thermal stability and creep strengths relative to
Nicalon-CG [27]. New fiber/matrix interphase layers are also under development since the standard
interphase material, carbon, lacks radiation and chemical stability. Composites with advanced
interphases such as a defective or quasi-porous SiC layer, and a multi-layer interphase consisting of
thin alternating layers of SiC/C/SiC are being developed. The multi-layer approach does not
completely eliminate carbon from the system but reduces the quantity substantially relative to the
conventional composite.
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Abstract

A Japan-USA Program of irradiation experiments for fusion research, 'JUPITER', has been
established as a 6 year program from 1995 to 2000. The goal is to study the dynamic behavior of
fusion reactor materials and their response to variable and complex irradiation environment using
fission reactors. The irradiation experiments in this program include low activation structural materi-
als, functional ceramics and other innovative materials. The experimental data are analyzed by theo-
retical modeling and computer simulation to integrate the above effects. The irradiation capsules for
in-situ measurement and varying temperature were developed successfully. It was found that insulat-
ing ceramics were worked up to 3 dpa. The property changes and related issues in low activation
structural materials were summarized.

1. Introduction

Component materials of fusion reactors are exposed to high energy neutrons of 14 MeV with its
high wall loading of the level of 2 MW/m2. It will cause severe radiation damage in the materials due
to high amount of atom-displacement and also of transmutation including helium.

Neutron irradiation condition in the reactor is characterized with dynamic effect and varying
environment effect. Dynamic effect is caused only during irradiation and different from cumulative
property change by irradiation. Varying environment effect is due to the change of irradiation condi-
tions and different from those by steady state irradiation.

A Japan-USA Program of irradiation experiments for fusion research, 'JUPITER', has been
established as a 6 year program from 1995 to 2000. The goal is to understand the above dynamic
behavior and variable effect in fusion reactor materials [1]. This paper describes the development of
irradiation experiment and the related results.

2. Objectives and Research Matrix

The objective of the JUPITER Program is the characterization of damage process during reactor
operation for structural and functional fusion materials. Dynamic phenomena under irradiation and
the material property changes under irradiation conditions, which are varied correspondingly to the
steady and unsteady operation of the reactor and complex condition including the nuclear transmuta-
tions are being studied. The research matrix is summarized in Table 1.

2.1. Neutron Irradiation Effects under Fusion Relevant Condition

Typical dynamic effect in ceramic materials is the changes of transport properties such as
electrical resistivity and thermal conductivity during irradiation, which must be measured by in-situ
type experiment. Important dynamic effect in structural materials is irradiation creep, which can be
measured directly by in-situ type experiment or can be estimated by measuring diameter change in
pressurized tube.
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Varying environment effect is caused by the change in irradiation parameters such as tempera-
ture, neutron flux, stress and so on. The most important parameter is irradiation temperature as illus-
trated later. Therefore, the irradiation temperature is controlled periodically during reactor irradiation.
Experiments at relatively low fluence levels were done successfully using JMTR and relatively high-
fluence experiment was prepared at HFIR. Transmutation effect is associated with production of
gaseous elements according to (n, a) and (n, p) reaction, and also solid element production like Re
from W. Varying and transmutation effects will have severe influence on microstructural evolution,
and therefore on mechanical property change.

2.2. Specimen Matrix

The matrix focuses on low activation structural materials. Reduced activation ferritics include
reference alloys such as JLF-1 and F82H. Vanadium alloys include reference alloy of V-4Ti-4Cr and
modified alloy of V-4Ti-4Cr-Si,A1,Y. These two metals were irradiated together with their model
alloys in order to study the effect of alloying elements.

Small specimens were made from these materials to utilize effectively the irradiation space and
to minimize the radioactivity of specimens. Therefore, small specimen test technology including
specimen size effect and finite element analysis is useful. It is important to study the correlation
between mechanical properties and microstructure, and the mechanism of microstructure development
based on modeling and computer simulation.

3. Irradiation Experiment

Irradiation experiments are carried out in RB* irradiation vehicle of HFIR at ORNL and ATR-
Al hole of ATR at INEEL. Irradiation technology was also developed using JMTR as for in-situ type
experiment and varying temperature experiment. Post-irradiation experiments have been performed at
hot laboratories at PNNL, ORNL and ANL, and also at hot cells of Oarai Branch of IMR, Tohoku
University. Fig. 1 illustrates the irradiation experiment performed or planned at US reactors in the
program [1].

3.1. Development of Varying Temperature Capsule

Fig. 2 shows schematically the variation of neutron flux and material temperature caused by
periodic operation of fusion energy system. The operation temperature is supposed to be between the
temperatures where the nucleation and growth of defects are dominant. The temperature is changed
periodically between the nucleation and growth dominant temperatures. In such condition, micro-
structural evolution is influenced markedly as observed at low fluence experiment [2]. Irradiation
capsule for high fluence experiment at HFIR with four kinds of temperature zones is illustrated to-
gether with planned temperature history in Fig. 3 [3]. In this capsule, thermal neutrons were shielded
effectively using europium oxide.

3.2. Development of TRIST capsule

Temperature Regulated In-Situ Test (TRIST) facility was used to measure the electrical conduc-
tivity of insulating ceramics. Fig. 4 shows the cross-sectional view of the subcapsule with a sample,
leads and thermocouples, which was survived successfully during high flux irradiation [4].

4. Results and Related Issues

4. 1. Electrical Property Changes of Ceramics during Irradiation

Twelve different types of polycrystal aluminas and single crystal sapphires were irradiated for 3
reactor cycles at a temperature of 720-760 K up to a maximum dose of 3 dpa. Fig. 5 shows the change
of current under a DC field of 200 V/mm. These results showed that RIED (Radiation Induced Elec-
trical Degradation) was not confirmed up to 3 dpa. It is important that alumina ceramics can be used
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as an insulator up to the neutron fluence comparable to fusion experimental reactor [4, 5].

4. 2. Microstructural Change due to Varying Temperature Irradiation

Several results showed that temperature history had strong influence on microstructures of
metals and alloys, such as in the case of austenitic steels, ferritic steels and vanadium alloys irradiated
in JMTR up to 0.13 dpa [6-8]. Since the change in microstructure caused appreciable change in
hardening even at low fluence, it is very important to study the varying temperature effect up to high
fluence and to predict the degree of such effect in the fusion reactor conditions.

4. 3. Irradiation Behavior of Low Activation Structural Materials

In reduced activation ferritics, the important property change is DBTT shift by neutron irradia-
tion [9, 10]. Up to now, JLF-1 steel showed the smallest increase in DBTT after 35-60 dpa. And also
this steel showed relatively small creep strain below 520 °C. The influence of He on the DBTT shift
and on irradiation creep is the issue to be solved.

As for vanadium, pressurized creep measurement was done successfully after lithium filled
capsule irradiated at ATR, where creep strain was not so large below 300 °C [11]. The creep experi-
ment at higher temperatures including He effect is the next issue. It was reported that the uniform
elongation of vanadium alloy was reduced severely after relatively low-temperature (< 400 °C) irradia-
tion. However, V-4Ti-4Cr-Si,Al,Y alloy showed relatively large uniform elongation after being
irradiated at about 400 °C [12]. It is important to improve such radiation embrittlement by means of
impurity control by alloying with Y and Al [13]. The next issue is the influence of He at relatively
low-temperature range.

In the case of SiC/SiC composite, it is important to develop the materials with high density and
high thermal conductivity. Various fabrication methods using high purity materials are now in
progress. Very high amount of He production is assumed in fusion conditions. Helium implantation
experiment showed that bubbles distributed much differently among fiber, coating and matrix [14].
The future issue is the thermal conductivity change caused by neutron irradiation coupled with He
production.

5. Summary

To characterize damage process during reactor operation for structural and functional materials
of fusion reactor, dynamic effect only in irradiation and the material property changes in the irradiation
conditions, which are varied corresponding to the steady and unsteady operation and complex condi-
tion including nuclear transmutation are being studied. The irradiation capsules for in-situ measure-
ment and varying temperature were developed successfully. It was found that insulating ceramics
retained their properties up to 3 dpa. The property changes and related issues in low activation struc-
tural materials were summarized.
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Table 1. Research matrix of fusion reactor materials through JUPITER program

I. Neutron Irradiation Effects under Fusion Relevant Condition

(1) Dynamic Effect on Transport and Mechanical Properties
- in-situ measurement of electrical resistivity, thermal conductivity
- pressurized creep tube experiment

(2) Varying Environment Effect on Mechanical Properties
- varying temperature with thermal shield at high fluences (HFIR)
- varying temperature experiment at low fluences (JMTR)

(3) Transmutation Effect on Mechanical Properties
- gaseous element (He and H)
- solid element

II. Specimen Matrix

Low Activation Structural Materials High Heat Flux Materials/Functional Materials

(1) Reduced Activation Ferritics
-JLF-1
-F82H
- Fe-9Cr model alloy etc.

(1) Refractory Alloys and Cu
- W, W-Re, W-TiC
- Mo, Mo-Re, Mo-TiC
- Cu alloy

(2) Vanadium Alloys
. V-4Ti-4Cr
. V-4Ti-4Cr-Si,Al,Y
- V-Fe-Ti model alloy etc.

(2) Ceramics
-A12O3

- MgO, MgAl2O4

-A1N

(3) SiC/SiC Composite
- SiCf/SiC (CVI)
- SiCf/SiC (PIP)
- SiCf/SiC (RS)

HI. Integrated Analysis and Evaluation Method

(1) Modeling and Computer Simulation
- correlation between mechanical properties and microstructure
- mechanism of microstructural development
- molecular dynamics of defect structure

(2) Small Specimen Test Technology
- tensile test, Charpy, PCT, DCT etc.
- specimen size effect
- TEM observation of tested specimen
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FUSION TECHNOLOGY 2

Paper IAEA-CN-69/FT2/1 (presented by O. Motojima)

DISCUSSION

G.H. NEILSON: Congratulations on the successful construction and rapid
commissioning of LHD! Regarding the rapid change of trim coil currents for coil protection
tests, do you have a capability for varying these currents in normal operation for dynamic
control of plasma configuration, and on what timescale?

O. MOTOJIMA: Thank you very much for your warm encouragement. LHD is
operated essentially in a steady field. However, poloidal coil currents can be changed for
physics experiments at a rate of about 0.1 ~ 0.2 T/s, and this corresponds to a 20% maximum
change of coil currents in 5 s.

H. ZUSHI: My question concerns the safety procedure for the SC coil quench system.
LHD has many high power heating systems which create noises that could lead to false
triggering of the quench system. What technique do you foresee to avoid these noises?

O. MOTOJIMA: The quench detector can produce two kinds of signal: 1Q and 2Q.
2Q is initiated immediately after the signal is detected and works to stop the heating systems.
If, after 3 ~ 5 s the quench detector still recognizes the signal for unbalanced coil voltage,
then the 1Q signal, for current ramp down in 20 s, is initiated. The coils have sufficient
capability to withstand this process. For example, the noise from the heating systems can be
filtered for a short time following initiation of the 2Q signal.
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Paper IAEA-CN-69/FT2/2 (presented by M.A. Pick)

DISCUSSION

N. NODA: What is the major gaseous component with tritium in the exhaust and what
is the fraction of tritiated hydrocarbon? Do you apply tritium reprocessing to tritiated
hydrocarbons, such as tritiated methane?

M.A. PICK: I cannot give you an exact percentage but the hydrocarbon fraction is
certainly very small. Tritium reprocessing is applied to the hydrocarbon component.
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Paper IAEA-CN-69/FT2/3 (presented by T. Hirai)

DISCUSSION

N. NODA: You discuss the depth distribution of damage on the molybdenum surface
in relation to the energy spectrum of CX neutrals - but only for the high temperature mode.
Have you tried applying the same method to the low temperature mode? Is the distribution
different from that in the high temperature case?

T. HIRAI: We have carried out the specimen-probe experiments in the low ion
temperature plasma in TRIAM-1M. However, the specimens were mounted on an athermal
system and the temperature was not measured. It is difficult to make a direct comparison of
the depth distribution of defects in low and high ion temperature plasma experiments because
of the thermal diffusion of defects. It was, however, observed that the depth distribution in
the low ion temperature plasma irradiation was shallower than in the high ion temperature
plasma irradiation.
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Paper IAEA-CN-69/FT2/4 (presented by A. Moslang)

DISCUSSION

E.P. KRUGLYAKOV: It is known that the IFMIF does not have an adequate
spectrum in comparison with 14 MeV fusion neutrons (there is an energetic tail of neutron
energies above 14 MeV). Right in the vicinity of 14 MeV, there is dramatic growth of the
activation cross-sections of many materials. Are you sure that you will be able to explain all
the test results?

A. MOSLANG: Indeed, the IFMIF neutron spectrum is peaked at 14.6 MeV with a
higher energy tail with a rapidly reducing density. Based on extended (0-50 MeV) data
libraries, extensive neutron transport calculations (MCNP code) and nuclear inventory
calculations (benchmarked ALARA code) have shown that, with respect to the most
important transmutations H and He, IFMIF exactly meets the related production rates of
DEMO blankets. With respect to mechanical properties, isotopes with a threshold just above
14 MeV do not play a significant role in all the relevant material classes currently under
investigation (reduced activation ferritic/martensitic (RAFM) steels, vanadium alloys,
SiC/SiC). In RAFM steels, for example, the dose rate (Sv/h) of IFMIF irradiated specimens
is less than 30% above that of DT-neutron irradiated specimens (P. Wilson, Ph.D. thesis,
1998, FZK Karlsruhe).

E.P. KRUGLYAKOV: Why do you not examine the H+T -> n reaction where there is
no energetic tail in the neutron spectrum?

A. MOSLANG: The T+H reaction does indeed give a favourable neutron spectrum.
For example, S. Cierjacks et al., have made a detailed investigation of such a source (tritium
beam on H2O jet) and proposed it as an alternative to the D-Li reaction. Despite the ideal
neutron spectrum of the latter, a D-Li based source has been preferred, mainly because of the
technological risk and safety arguments.

R.J. GOLDSTON: Some of the important issues for fusion systems are concerned
with joining technologies and also with interactions between different materials. Can these
issues be addressed adequately in IFMIF?

A. MOSLANG: The basic thrust of IFMIF at present is to qualify materials (including
small welds, for example) rather than components. Mock-ups could follow at a later stage.
Large components based on the materials database, however, will have to be tested in another
timescale in volumetric neutron sources.

H. MATSUI: Firstly, I would like to congratulate the international IFMIF team on its
tremendous achievements during the CDA and CDE phases. IFMIF's primary task is, of
course, to qualify material for DEMO. I think it is also very important to perform tests to
validate the idea that, for instance, reduced activation ferritic steel, F82H, will be suitable for
DEMO. On the basis of the current data, we know that He effects are probably not too
serious to limit the performance of F82H in a fusion environment. However, in the absence
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of a fusion-relevant irradiation environment, this may be just wishful thinking. I think it is
necessary to validate this "wishful thinking" before starting time-consuming material
qualification tests.

Another issue that I consider important is the effect of non-steady irradiation
conditions, which are anticipated in DEMO and commercial reactors. This may have a
tremendous impact on material performance. These issues are apparently to be addressed in
the initial phase of IFMIF operation, where the beam current may not necessarily be 250 mA.
Can you comment on this?

A. MOSLANG: Thank you for those important comments. The present reference test
matrices, which already include 11 different types of alloys, are indeed only proposals and
subject to modification, depending on knowledge and progress. In addition, a materials
database would also include low and medium dose irradiated specimens that could be used
for mechanistic investigations or to study, for example, transient effects.

Even from a technical point of view, IFMIF would not start right away with 250 mA.
The user community will certainly be welcome during the start-up phase to qualify test
modules, instrumentation, etc., or to perform lower dose rate experiments. If a "staged
approach" towards full performance of IFMIF became part of the official IFMIF schedule, the
users would have even more opportunity to perform experiments for a limited period, e.g. at a
beam current of 50 mA for beam cycling tests. At a later stage, lower or medium dose
experiments will be possible at any time, e.g. using the medium flux test modules, hi this
flux region the test modules could be modified to allow for "non-steady" irradiation
conditions.

D.D. RYUTOV: You indicate that the accelerator will be a hands-on maintenance
facility. This implies that the halo current will be very small. Do there exist prototypes with
the required current and energy to satisfy this constraint?

A. MOSLANG: With regard to the accelerator and beam lines (0-40 MeV) system,
hands-on maintenance is presently based on beam transport calculations and experience from
52 MeV deuteron beams at FZK, Karlsruhe, Germany. However, experimental verification of
the IFMIF accelerator system has not yet been carried out. I should add that the IFMIF design
does not exclude remote handling in the event that hands-on maintenance fails.
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Paper IAEA-CN-69/FT2/5 (presented by R.J. Kurtz)

DISCUSSION

J. SHEFFIELD: You indicate that swelling at 200 dpa in a ferritic steel was < 2%. Is
2% swelling of first wall/blanket elements acceptable in a power plant? A limit of < 0.2%,
i.e. 2 mm per metre, would seem more reasonable as a design goal.

R.J. KURTZ: I cannot say what level of swelling is acceptable for the first
wall/blanket components, as this is primarily a design issue. Certainly, lower swelling is
preferable, and it may be possible to define a design window that avoids unfavourable
swelling regimes.
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Paper IAEA-CN-69/FT2/6 (presented by K. Abe)

There was no discussion.
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EURATOM-Ass.

Abstract:

The Helias stellarator reactor is an upgrade version of the Wendelstein 7-X device taking into account the
design criteria of a power reactor. The dimensions of a Helias reactor are: Major radius 22 m, average plasma
radius 1.8 m, magnetic field on axis 4.75 T, fusion power about 3000 MW. Neoclassical transport sets a lower
limit on plasma confinement, and extensive numerical calculations have been done to clarify this issue.
Extrapolating empirical scaling laws to a Helias reactor shows that anomalous confinement determines the
ignition conditions. The effect of parameter variations on ignition is studied. The result of these zero dimensional
calculations is also compared with start-up scenarios obtained with the ASTRA code.

1. INTRODUCTION

The Helias reactor is an upgraded version of the Wendelstein 7-X experiment under construction in
Greifswald. The dimensions of a Helias reactor are determined by the following requirements.

There must be sufficient space for blanket and shield
The magnetic field is small enough to allow for NbTi-superconducting coils
Plasma confinement must be sufficiently good to provide ignition.

The main data of the Helias reactor are listed in the following table
Table 1: Basic data of Helias reactors

Device
Major Radius
Minor Radius
Plasma Volume
Magnetic Field
Rot. Transform
Equiv. Current

R [m]
a [m]

V [m3]
B [T]

i

I [MA]

HSR22A
22
1.8

1407
5

0.95
3.68

HSR22B
22
1.8

1407
4.75
0.95
3.50

HSR22C
22
1.8

1407
5.5

0.95
3.85

The various options in Table 1 differ by the magnetic field strength, the reference case is
HSR22B. In the following paper the issues of confinement, power balance and ignition are
investigated. One of the main features of a Helias configuration is the reduced radial drift of charged
particles, which leads to a reduced neoclassical transport of the thermal plasma. However, this also
affects the a-particle confinement, where prompt losses of highly energetic a-particles can be reduced
to a tolerable level and the reduction of a-particle heating can be kept below 5%. As shown by Lotz et
al.[l] confinement of trapped a-particles depends on plasma beta, since with rising plasma pressure
the poloidal drift of these particles is increased leading to their better confinement. Without this finite
beta effect nearly all trapped a-particles would be lost to the wall before transmitting their energy to
the background plasma. Ripple-trapped a-particles have been investigated in [2], where it was found
that 10 coils per field period is the lower limit in order to avoid a large fraction of prompt losses by
particles trapped in the modular coil ripple.

The accumulation of helium ash in HSR has not yet been considered in detail, although some
qualitative statements are possible. On the positive side, neoclassical losses of trapped a-particles are
predicted to be considerably larger in a Helias reactor than in an axisymmetric device and to have a
much more favourable energy dependence (i.e. the loss rate increases rapidly as the a-particles give
up energy to the bulk plasma). On the other hand, the large negative (ion-root) electric fields expected
from the ambipolarity condition on the bulk plasma would favour accumulation of slow a-particles.
For present purposes the amount of helium ash is considered to be a free parameter, allowing one to
determine the maximum level tolerable under a given set of assumptions. The fraction of thermal a-
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particles is expected to be 5 - 10%; in the following example fa = 5% is assumed, however the effect
of higher ct-particle content is also analysed.

Anomalous transport in the Helias reactor is difficult to predict, since present scaling laws are
obtained in magnetic fields with topologies different from that in a Helias reactor. Recently, based on
experimental results from various stellarators and torsatrons, new stellarator scaling laws have been
derived from the international stellarator data base (ISS) [3]. These results are listed in the following
table 2 (ISS95 and ISSW7)- The scaling law ISSW7 is derived from Wendelstein 7-AS and Wendelstein
7-A data only. The general form the energy confinement time is a power law

xE = Const. Ralaa2Ba3<n>_La4Pa5Ka6La7Aa8

with major radius R, minor plasma radius a, magnetic field B, heating power P, elongation of magnetic
surfaces K (unity in stellarators), effective atomic mass A, line averaged density <n>_L, rotational
transform i. The Scaling with isotope factor A has not yet been confirmed in stellarators; here this
factor may be used in order to test the sensitivity to parameter changes.

2. NEOCLASSICAL CONFINEMENT

Neoclassical transport in Helias has been investigated using Monte Carlo simulations [4], a
numerical solution of the drift kinetic equation [5], and a combination of analytical and numerical
solutions of the ripple-averaged kinetic equation [6]. All of these approaches have confirmed the
significant reduction of neoclassical transport coefficients made possible by the Helias concept. These
investigations have also confirmed the expected scalings of the mono-energetic transport coefficients
with collision frequency and radial electric field, allowing a very efficient description of the results by
a relatively simple analytic fit [7]. This fit has been incorporated into a stellarator-specific version of
the 1-D transport code ASTRA [8], which has been used to simulate the start-up phase of the Helias
reactor [9]; results indicate that neoclassical transport is sufficiently small to pose no barrier to
ignition.

In all these calculations the radial electric field, determined from the ambipolarity condition on
the particle fluxes, plays an important role in reducing the ion transport but has very little effect on
electrons, which are predominantly in the "1/v regime" (where transport coefficients are inversely
proportional to collision frequency and independent of the radial electric field). This "ion root" mode
of operation is only possible due to the strong reduction of 1/v losses inherent in the Helias concept.
Thermal stability of the reactor is assured due to the strong scaling of the 1/v transport coefficients
with plasma temperature %e~T7/2. The effects of finite plasma pressure, although critical to the
effective confinement of highly energetic particles (Ref. [1]), are of relatively minor importance for
the thermal transport coefficients of the the plasma in Helias reactors.

3. ANOMALOUS CONFINEMENT AND IGNITION CONDITIONS

In the following, plasma parameters in a Helias reactor will be calculated on the basis of
empirical scaling laws. Several scaling laws of energy confinement time have been proposed. These
are: Lackner-Gottardi scaling (LGS)[10], the gyro-Bohm (GRB) scaling and the LHD scaling (LHD).

Table 2: Exponents of empirical scaling laws

Const

P a5
R al
a a2
B a3
i a7
<n> a4

LGS

0.175
-0.6

1
2

0.8
0.4
0.6

ISS95

0.256

-0.59
0.65
2.21
0.83
0.4
0.51

ISSw7

0.36
-0.54
0.74
2.21
0.73
0.43
0.5

LHD

0.17
-0.58
0.75
2.0
0.84
0.0
0.69

GRB

0.25

-0.68
0.6
2.4
0.8
0.0
0.6
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LHD-scaling and Gyro-Bohm scaling do not depend on the rotational transform, however the
experimental data of Wendelstein 7-AS indicate an i-dependence and therefore support the Lackner-
Gottardi scaling law in this respect.

In extrapolating these scaling laws to a stellarator reactor the proper choice of the scaling law is
of great importance. The ISS95 is based on data of all stellarators, its database is the largest, however
it does not distinguish between low shear and high shear devices. The experimental results, however,
show that there is a difference between these two categories. The experimentally obtained confinement
times in Wendelstein 7-AS are larger than those predicted by the International Stellarator Scaling.

The energy confinement times in W 7-AS and W 7-A are roughly 25% larger than predicted by
the ISS95 law. Since the major radius in these two devices is the same, scaling with major radius is
undetermined. The choice here is to use the same exponent as in LHD scaling, however it has been
analysed how the results of the extrapolation depend on this coefficient.

The Helias reactor is more closely related to low shear-configurations such as Wendelstein 7-A
and Wendelstein 7-AS than to high-shear devices. Therefore extrapolating confinement times on the
basis of LGS or ISSW7 scaling may be more appropriate than using those from the ISS95 scaling. The
expected confinement times in the Helias reactor are about 1 -f 2 s, the highest confinement times are
given by LGS and W7-scaling. Scaling laws like ISS95 predict a confinement time of 1 s, LG scaling
and ISSw7 confinement times around 2 s. As will be shown in the following analysis a confinement
time of 1 s is too short to reach ignition. The required value is around 1.8 s. The effective heating
power is the alpha-particle power minus the Bremsstrahlung losses. Under reactor conditions the
effective heating power is in the range from 300 to 700 MW.

The scaling laws described above have been used to test ignition scenarios in the Helias reactor.
The procedure is as follows: After modelling the density and temperature profiles of a reactor grade
plasma all relevant parameters are computed to test the power balance. The required confinement time
to sustain the ignited plasma is compared with the confinement time computed from scaling laws. The
following table displays the main plasma parameters of the reference reactor HSR22B

Table 3 Device data and plasma data of HSR22B
Major Radius
Minor Radius
Elongation
Iota(O)
Equiv.Current
Toroidal. Current
Equiv. Iota
Plasma Volume
Magnetic Field
Plasma Surface
El. Density n(0)
El. Density <n>_L
El. Density <n>
Number of Electrons
El. Temperature T(0)
Av. El. Temperature
H-Temperature T(0)
H-Density nH(0)
D-Density nD(0)
Number of Deuterons
T-Density nT(0)
Number of Tritons
He-Density n(0)
Number of He atoms
a-Fraction nHe/ne

22
1.8
1.0
1
3.5
0
0
1407
4.75
1563
3.43xlO20

2.4 xlO20

1.77xlO20

2.5 xlO23

14
4.63
14
lxlO18

1.4xlO20

1.02xl023

1.4xlO20

1.02xl023

3xlO19

1.18xlO22

8.75

[m]
[m]
[]
[]
[MA]
[MA]

[J
[m3]
[T]
[m2]
[m-3]
[m"3]
[m-3]

[]
[keV]
[keV]
[keV]
[m-3]
[m"3]

[]
[m"3]

[]
[rn3]

[]
[%]

Zeff
DT-Power Dens.(O)
DT-Power
Neutron Power
Neutron Yield
Tritium Rate
Deuterium Rate
N-Power to F.W.
Bremsstr. (0)
Bremsstrahlung
Fusion Power
Net Heating Power
Conf. Time xE

a-Conf. Time
TE (LHD)
TE (LGS)

TE (ISSwv)
TE (ISS)
TE (EH92y)

N D T E

N D T ( 0 ) T E

Beta(0)
Av. Beta
Plasma Energy
<Temperature>

1.181
2.66
608
2434
l.lxlO21

476
311
1.04
0.28
123
3044
487
1.72
20.2
1.02
1.79
2.24
1.03
2.11
4.8xlO20

6.75xlO21

16.4
4.43
839
5.18

[]
[MW m"3]
[MW]
[MW]

[g/d]
[g/d]
[MWm"2]
[MW m"3]
[MW]
[MW]
[MW]

[s]
[s]
[s]
[s]
[s]
[s]
[s]
[sm"3]
[m-3keVs]
[%]
[%]
[MJ]
[keV]
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4. SUMMARY

Evaluating empirical scaling laws of stellarator experiments allows one to investigate ignition
conditions of a Helias reactor. It is assumed that all a- particle power is available for plasma heating.
This is justified by numerical calculations of particle orbits in the finite-B magnetic field. In case of 10
coils per field period the modular ripple losses of alpha particles is negligibly small. The scaling law
ISS95 predicts a confinement time which is too short to reach ignition; an improvement factor of two
is needed. However, following LG scaling or ISSW7 (which is derived from the Wendelstein 7-A and
Wendelstein 7-AS experiments only) ignition can be reached. These scaling laws do not invoke an
isotope factor as has been found in tokamak experiments. Although LGS is derived for L-mode
confinement in tokamaks it is sufficient for ignition in the Helias reactor. The reason is mainly the
dependence on density (xE ~ n0'6 ) and the dependence on the rotational transform (tE ~ i0'4). High
rotational transform in the Helias reactor improves the confinement and since there is no disruptive
density limit in stellarators the scaling with density leads to an increase of confinement times.
Furthermore, the tokamak scaling laws applied to the Helias reactor also yield ignition (Elmy-H and
H-mode scaling). Table 3 includes the Elmy-H-mode scaling where the toroidal current is replaced by
the equivalent current of 3.5 MA, which corresponds to the rotational transform i = 1. The operational
regime envisaged is below the expected stability limit of <(3> = 5%; the fusion power output is about
3500 MW. The present analysis shows that the empirical scaling laws of the Wendelstein stellarators
are compatible with the requirements of a stellarator reactor. However, the distance in parameter space
between present stellarator experiments and the Helias reactor is rather large. Therefore, one might
argue that error bars of the predicted confinement times are too big to allow for reliable extrapolations
towards the reactor. In the paper of Stroth et al. (ref. [3]) L-mode data of tokamaks and stellarator data
are plotted against the ISS95 which also shows the strong similarity of stellarator confinement and
tokamak L-mode confinement. Therefore one may expect that the error bars in predicting confinement
times is a Helias reactor are smaller than those based on stellarator experiments only.

Extrapolation towards the reactor regime necessarily means going beyond the limits of the
parameter regime where the scaling laws have been established. In particular this affects the scaling
with density. In the reactor, the assumed density is roughly a factor of two larger than in the ISS95
data set; the line averaged density in the Helias reactor is 2.4xlO20 m"3. However, the density limit in
stellarators is mainly caused by impurity radiation and therefore depends on wall conditioning and
impurity control, which indicates the uncertainty in density scaling of TE. Ignition at lower densities
than envisaged in the standard case is still possible if confinement is determined by the scaling law
ISSW7 or the tokamak Elmy-H-mode scaling. The plasma parameters are T(0) =19 keV and <n>_L =
1.5 xlO20 m"3, which are close to those envisaged for ITER. Furthermore the dependence on rotational
transform goes beyond the present parameter regime. In the regime i s 0.5 the positive scaling of xE

with i is established experimentally, however in the Helias reactor i is equal to unity which is a factor
of two larger than in Wendelstein 7-AS. In future large-scale experiments (Wendelstein 7-X and LHD)
will appreciably improve the experimental data base of stellarator confinement and will lead to a better
prediction of the reactor confinement times.
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Abstract

XA0054044

The magnetic fields of Advanced Stellarator configurations can be generated by 3D-shaped mod-
ular coils. The shapes of these coils are calculated for a given Helias field configuration. This method
allows one to optimize the field according to criteria of optimum plasma performance in a preceding
step. The coil system of the Helias reactor considered here, is roughly four times as large as the Wen-
deist ehi 7-X device and produces about the same field configuration. The maximum field strength of
10T at the coils is small enough to use NbTi superconductors at i.8K. The 'cable-in-conduit' conductor
is designed for a nominal current of 37.5 kA and has an aluminium alloy jacket. In order to reduce the
maximum field on the conductor, the winding pack of each coil is split into two rectangular parts with
9x1(5 turns each. These two sub-winding packs are in a common enclosing coil housing with a central
web for mechanical stiffening. The coils are mutually connected by support elements forming a toroidal
vault. Finite-element calculations show that the coils tend to become more circular and planar under
the magnetic force load and require local reinforcements of the coil housings.

1. I N T R O D U C T I O N

In a stellarator all magnetic field components which are necessary to confine the plasma
are produced by the external coil system. In the past many systems have been proposed and
realized: they were optimized according to various criteria such as simplicity, flexibility and
reactor relevance. The combination of helical windings, planar toroidal field (TF) coils and
vertical field coils, installed in most of the sellarator devices, is of advantage for experiments
since it provides a large amount of flexibility. However, helical windings have only a limited
potential regarding field optimization with respect to plasma confinement und stability und
pose severe technical difficulties due to the interlinked TF coils. The concept of modular coils
as used in the Helias Reactor, see Ref. [1]. overcomes these difficulties by needing only one coil
system. Furthermore it offers a wide range for field optimization and thereby provides access to
the realization of an Advanced Stellarator. The optimization procedure concerning the design
of a Helias power reactor which ensure ignition, sufficient space for blanket and shield, a field
strength at the conductor small enough to apply NbTi superconductors, and a fusion output
of about 3 GW. have resulted in a device roughly four times as large as the Wendelstein 7-X
device. Concerning the development of a commercial fusion reactor a burn experiment might
be required as an intermediate step to demonstrate the physical and technical viability of the
concept. A Helias burn experiment can have a somewhat diminished size, if the condition of
self-sustaining tritium breeding is dropped. Table I summerizes the main data of the Helias
power reactor HSR and the burn experiment HSB.

TABLE I. MAIN DATA OF HSR AND HSB

Av. major radius
Av. plasma radius
Plasma volume
Rotational transf.
Num. of field periods
Mag. field on axis
Max. field on coil

M
M
[m3]

m
[T]

HSR
22.0

1.8
1400

.84-rl
5

4,75
10.0

HSB
18.0

1.5
770

.84-4-1
5

4.75
10.0

HSR HSB
Av. coil radius [in] 5.-J 4.4
Number of coils 50 50
Viria.1 stress [MPa] 158 130
Stored mag. enery [GJ] 100 54
Average beta [%] 4.5 4.4
Tot, mass of core [t] 40000 26500
Fusion power [MW] 3000 1600

'Forschungszentrum Karlsruhe FZK. Inst. fur techn. Physik, D-76021 Karlsruhe
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2. THE MAGNETIC FIELD AND COIL OPTIMIZATION

The magnetic field configuration of the Helias Reactor is close to the standard configuration
of the Wendelstein 7-X (\V T-X) experiment and is accessible in the broad range of possible
configurations of W 7-X. In contrast to W 7-X. there is no superimposed extra planar coil
set which allows the experiment the variation of magnetic field parameters e.g. the rotational
transform and the magnetic mirror ratio. The reactor configuration has a rotational transform
/., = O.Ko and the mirror ratio on the magnetic axis is about 9% for which good confinement of
the highly energetic n-partide is predicted. The shapes of central filaments of the coils, located
on a toroidal surface enclosing the last closed flux surface (se Fig. 1), are calculated using the
XESC'OIL-code ['!]. The code solves the problem by satisfying the requirement that the fields
produced by the filaments be tangential to a given flux surface. This method of calculating
the coil geometry after the magnetic field has been specified offers the chance to optimize the
field according to criteria of optimum plasma performance as a, first step. The geometry of the
last closed flux surface completely determines the properties of the confinement region and is
the result of the optimization procedure of the magnetic field. The Advanced Stellarator lias
been developed along this line. Then, in a second step, the geometry of modular coils can be
optimized by the variation of the shape of the enclosing surface on which the current filaments
lie. The main goal is to provide sufficient space for blanket and shield, to maximize the minimum
distance between this surface and the flux surface under the constraints of minimum filament
curvature und maximum filament to filament distance: simultaneously the properties of the
magnetic field must be maintained. The direct way from the central filaments to finite size coils
is to arrange a rectangular cross-section tangential to the enclosing surface. The total field is
generated by 50 superconducting modular coils arranged in a five-period toroidal setup. Each
period consists of 10 coils and exhibits the stellarator symmetry such that there are only five
different coil types. The results of the optimization are shown in Fig. 2. the total coil set from
the top. and Fig. 3. the arrangement of the five different coil types in a half field period.

Fi.g.l Cross-section oftin: given flux surface and the enclosing surface (solid curves) on which the
current filaments are calculated at toroidal angle ip=0. 18 and 36°. The points are a Poinceire"
plot of the magnetic field calculated from the filaments.

3. THE CONDUCTOR
The first choice is a KbTi superconductor as used in W 7-X. The main advantages of this

material are the well-established industrial technology and the good workability. Because of
the increased field strength of 10T on the conductor, compared to 6T in \V 7-X. the operating
temperature must be lowered from 4K to 1.8K. and helium in the superfluid state is used as
coolant. Special attention is given to the requirements of non-planar coils by using a cable
jacket of soft annealed aluminium alloy. During the winding process the jacket is in a soft
stage. Then, after the winding pack is completed, the aluminium jacket is hardend by a heat
treatment at moderate temperatures of about 160° C. Internal forced-flow cooling is preferred
because this allows the uniform wetting of the strands dose to the superconducting filaments
and the fabrication of a monolithic and stiff winding pack. The proposed "cable-in-conduit"
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Fig.2 Top view of the coil set (single winding
pack) of HSR

TABLE II. DATA OF NbTi CONDUCTOR

Co//.s 1 to 5 (left to right). Shown
are the coil housings from the outside of
the device.

Overall dimensions
Bore diameter
Void fraction
Operational current
Critical current
Overall current density
Number of strands
Diameter of strand
Twisting structure
Diameter of filaments
Num. offil. per strand
Fraction Cu/SC

[mm2]
[mm]

m
[kA]
[kA]

[A/mm2]

[mm]

[mm]

32x32
22
40

37.5
71
39

192
1.20

3x4x4x4
0.05
192

2 Fig.J( Cross-section of NbTi conductor

conductor with a nominal current of 37.5 kA has a quadratic cross-section of 32x32 mm" and a
bore of 22 mm diameter. The superconducting cable consists of 192 strands of pure copper with
NbTi filaments of 0.05 mm diameter. The data of the conductor are summerized in Table II:
the cross-section of the conductor is shown in Fig. 4.

An increase of the magnetic field offers the chance to use configurations with lower critical
i values and simpler shape of the modular coils. In this case Nb3Sn or Nb.sAl superconductor
with its technical constraints and the wind and react technique as forseen in ITER must be used.
For both materials R.fcD work is necessary. Because of the lower degradation, resulting from
stress and strain. NbsAl is the better material, however its stage of technological development
is lower.

4. COIL CROSS-SECTION AND WINDING PACK
In order to reduce the maximum magnetic field at the coils, various methods were inves-

tigated. Current layering and splitting the winding pack were considered. The latter led to
a maximum field of 10T at the conductor (field on axis of 4.75T) and allows the use of NbTi
superconductors. Furthermore the cooling-length is reduced by a factor of two and the coils
are properly aligned to the toroidal geometry. Each coil has two separated rectangular winding
packs with 144 turns each and is enclosed in a heavy steel case. This case has a box-type profile
with a central web for mechanical stiffening. The main data of winding packs and coils are
summerized in Table III; the coil cross-section with split winding pack is shown in Fig. 5.
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5. COIL SUPPORT
Due to the different local coil curvatures and the slightly helical arrangement of the coils,

the force distribution in HSR is inhomogeneous and has radial and lateral components of about
the same maximum value on the order of 100 MN/m3. The virial stress characterizes the specific
magnetic force load of the coil system and is 158 MPa. The inhomogeneity of the electromagnetic-
forces on the coils and the high value of the virial stress requires an elaborate support structure.
The two winding packs of each coil are surrounded by a stiff stainless steel housing with a
thickness of 15 to 32 cm (inner and outer side, respectively). The coils are mutually connected
by support elements and form together a toroidal vault. The results of extensive finite-element
calculation show a complex stress and strain distribution in the coil and support structure,
detailed information is given in Ref. [3]. The coils tend to become more cicular and planar
under the magnetic load. This causes bending stresses and related shear stresses in the coils
which can be reduced to a tolerable value by local reinforcement of the coil housing at positions
with large curvature. An iterative optimization procedure is applied to minimize the amount of
structural material and to equalize the stress distribution.

TABLE III. MAIN DATA OF COIL SYSTEM

Winding pack
Current density
Total current
Radial height
Length of cable/coil
Volume
Mass of winding pack
Coil casing
Radial height
Av. width
Volume
Mass of casing
Mass of support sys.
Tot.mass of coil sys.

[MA/m2]
[MA-turns]

[m]
[m]
[m3]

W

[m]
[m]
[m3]
[t]
[t]
W

HSB

29.6
8.85
0.60
8980
8-40
28.5

1.05
0.74
13.3
105

3462
10082

HSR

29.6
10.8
0.60
9980
12.6
42.6

1.05
0.90
19.9
157

6320
16210 Fig.5 Split winding pack and coil casing

6. CONCLUSIONS
The coil system of the Helias Reactor consists of 50 modular coils with, because of the

symmetry, only five different coil shapes. The coil geometry is calculated after the preceding
optimization of the magnetic field configuration. The shape of the coils depends on the field
geometry and the distance between the coils and the outermost magnetic surface. The minimum
distance is mainly given by the thickness of blanket and shield and is an essential parameter
for the size of the device. Because of the low maximum field of 10T at the conductor it is
possible to use XbTi superconductor at 1.8K and profit from its well-established industrial
technology and good workability. The split winding pack reduces not only the maximum field
strength, it allows also a shorter cooling length and a better alignement of the coil housing to the
toroidal geometry. The 3D-geometry of the coil system leads to an inhomogeneous distribution
of electromagnetic forces and a complex stress and strain distribution occurs. A stiff coil housing
with local reinforcements and a system of mutual support elements between the coils keeps the
values for stress and strain within technical limits.
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Abstract

The scientific parameters and the technology issues for a modest-size Spherical Torus (ST) at 10 MA in
plasma current are discussed. This class of devices include a D-T-capable ST experiments (DTST, RQ = 1.2 m)
for Proof of Performance for limited pulse lengths and neutron fluences, and a steady-state volume neutron
source (VNS, Ro = 1.1 m) for testing Fusion Energy Components to high neutron fluences. The scientific
issues of interest to the DTST include noninductive ramp up of plasma current in a limited time scale (~40 s),
confinement needed for high-Q burn, behavior of energetic particles, physics and techniques to handle intense
plasma exhaust, and the possibility of high performance plasma regimes free of disruptions or large disruption
impact. Also of interest to the VNS would be steady state operation using large external current drive possibly
at a modest Q (~ 1-2) achieving significant neutron wall loading (~1 MW/m2) and a configuration relatively
amenable for remote maintenance. A much longer time scale would be permitted for noninductive current
ramp up. The center leg of the TF coils, possibly multi-turn for DTST and necessarily single-turn for VNS
without significant nuclear shielding, is a technical and material issue of unique importance to the ST.
Positive-ion Neutral Beam Injection (NBI) and HHFW (~80 MHz) heating and current drive systems already
available to date are likely adequate for the DTST following pulse length extension to ~50 s. For the high
densities needed for enhancing the neutron wall loading (to ~ a few MW/m2) in a VNS, a negative-ion NBI
system may become desired. Given an adequate physics database, the remaining enabling technologies needed
by the VNS appear largely similar in nature to those of the ITER EDA design.

1. INTRODUCTION

The Spherical Torus (ST) configuration has recently emerged as an example of confinement
concept innovation that could enable attractive steps [1] in the development of fusion energy. The
scientific potential for the ST has been indicated by recent encouraging results from START [2],
CDX-U [3], HIT-II [4], etc. The scientific principles for the D-fueled ST will soon be tested by
NSTX (National Spherical Torus Experiment [5]) in the U.S. and MAST (Mega-Amp Spherical
Tokamak [6]) in the U.K. at the level of 1-2 MA in plasma current.
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More recently, interest has grown in the U.S. in the possibility of near-term ST fusion burn

devices at the level of 10 MA in plasma current. The missions for these devices would be to test
burning plasma performance in a D-T-fueled ST (i.e., DTST) and to develop fusion energy
technologies in a steady state ST-based Volume Neutron Source (VNS [7]), both of modest size.
This paper reports the results of analysis of the key science and technology issues for these devices.

2. REPRESENTATIVE PARAMETERS

The parameters for the 10-MA ST devices have been estimated using a ST version of the
SUPERCODE [8]. The results are given below, in comparison with NSTX and MAST. The two
columns for each concept indicate major anticipated modes of operation.

Near-Term ST Devices
Mission:
To test or develop
Mode of
operation
Major radius (m)
Aspect ratio
Toroidal field (T) at major radius
Plasma current (MA)
Edge safety factor
Plasma cross section elongation
Normal beta (%Tm/MA)
Average toroidal beta (%)
Bootstrap current fraction (%)
Plasma drive power (MW)
NBI energy (keV)
Fusion power (MW)
H(ITERH-PB98y,l) [9]
Plasma flattop (burn) time (s)
Neutron wall load (MW/m2)
Neutron fluence/year (MW/m2)

NSTX/MAST
Physics

Principle
First Adv.

Regime Regime

-0.80
>1.25

0.3-0.6
1-2
10-5
2-2.5

5 8
25 45
50 80

6-11
70-80

—
1-2
5-1
—
-

DTST
Physics

Performance
Sustained Transient
Current Current

10
10

7
50
80
40

80
2.5
-20
1.1

-1.2
1.4
1.7

18
5

3
3.3
40
25
10

110
200
1.2
-10
2.6

-0.003

VNS
Energy

Technology
First Adv.

Regime Regime

-1.1
1.4
2.1
-10

9
3

4 7.6
25 45
50 90
40 70
110 400
66 260
1 2

-1000
1.0 4.0

-0.3 -1.2

We find that the D-T-fueled ST plasmas at the 10-MA level would be characterized by modest
major radius (-1.2 m) and moderate toroidal field (-1.7 T). This device size would allow only a
modest central solenoid (~1-Wb capability) to provide a target plasma of - 1 MA in plasma current
for subsequent ramp up to full current via noninductive techniques. As a result the time needed for
this ramp up, tentatively assumed to be -30 s, would largely determine the total device pulse length
(-50 s). The DTST would require an NBI energy up to 110 kV, a flattop burn time -20 s, and a
minimal neutron fluence per year (-0.003 MW-yr/m2) to prove fusion plasma performance at the
level of Q-2 and fusion power -80 MW. A high toroidal beta (-50%) and a significant enhancement
of confinement (H-2.5) relative to ITERH-PB98 [9] would be required for this purpose. However,
this case would have a nearly noninductively sustained plasma current for the duration of burn (-20
s), suggesting that the plasma would be approaching the "advanced physics" regime.

For DTST operation at -18 MA, a transient burn for -10 s, which is long compared to the
energy confinement time but short compared to the resistive decay of the plasma current, would be
assumed. However, a longer time scale for ramp up to full current should be anticipated, suggesting
a significant increase in pulse length and current drive capabilities from the nearly sustained mode of
operation at 10 MA. Our estimate suggests that Q-10 could be obtained with a modest confinement
enhancement (H - 1.2), as is already measured in START [2]. Because of the lowered safety factor
and bootstrap current, the plasma would be in the First Stability regime at 40% average toroidal beta.
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For the technology-intensive, steady state VNS, the initial operation could rely on the burning

plasma data from the DTST and provide -1.0 MW/m2 in neutron wall loading, ~ 70 MW in fusion
power, and -0.3 MW-yr/m2 in neutron fluence per year. NBI energies of -110 kV could be adequate
for accessing the First Stability regime characterized by modest beta (-25%) and moderate bootstrap
current fraction (-50%). A relatively conservative confinement enhancement of H-l is assumed for
this case. Assuming the success of the "advanced physics" regime (PN~ 8, H - 2), the performance
for the VNS plasma could be improved by about a factor of 4 in fusion power, if negative-ion NBI
system could be utilized to access the high density (about twice the previous case).

III. KEY SCIENTIFIC PARAMETERS OF INTEREST

TheseKey scientific principles to be tested by NSTX/MAST for the DTST are identified,
include

1) Noninductive current formation and ramp-up to eliminate the solenoid, via CHI and RF-only
techniques [10], taking advantage of bootstrap current overdrive [11];
Plasma heating and current drive via HHFW [12] and NBI [13] for steady-state operation;
High plasma beta [14] with well-aligned bootstrap current to permit high fusion power
density and ease current drive;
Confinement in the presence of transport barriers [15] and improved neoclassical ion
transport [16]; and
Limited power and particle flux densities at the limiters and divertors via SOL with large
mirror ratio and flux expansion [17].

These characteristics are expected to expand the scientific domain of toroidal plasma parameters and
may dominate aspects of the physics of ST plasmas, as summarized in the table below:

2)
3)

4)

5)

Physics Parameters of Interest 10-MA ST

Stability

H-Mode

Confinement - Inverse aspect ratio
- Edge safety factor
- Magnetic well depth
- Average normalized ion gyroradius (p^*)
- Diamagnetic flow shear rate ((OD*)

- Stable average toroidal beta (Pt)
- Ideal wall stabilization ( P M . ^ Waii/pVwitbout waii)
- Flow speed for stabilizing wall mode (-0.1 vA)
- Neoclassical tearing mode (PNcr/PN-with wan)
- Edge T, pedestal (large edge heat flux, pj, magnetic shear)
- L-H transition power threshold (°= nB at edge)
- H-mode for inner-wall limited operation

Edge-Divertor: (Outboard SOL for inboard limited "natural divertor" plasma)
- SOL inboard-to-outboard magnetic mirror ratio
- SOL flux tube expansion
- Connection length compared to double-null plasma
- Plasma helicity per Ip (-1.6 4iKa2ITF, H-Wb)
- Plasma poloidal flux per Ip (~|1<A R> H)
- MHD stable bootstrap current overdrive at high q
- NBI and a: guiding center orbit containment
- Energetic particle driven instabilities
- RF: plasma dielectric constant ~((Op/coce)

2

- Alignment of stable pressure-driven current for q > 10

0.7-0.8
-10
-0.3

-0.015
-106

-0.4
—2
» c s

—1

large
low

likely

-4

Noninductive
Ramp up

Current
Maintenance

-2 times
9

0.4x10"6

yes
~100kVD+

va»vNB>vA

-10
-100 %

Although the ST plasmas are similar to the standard aspect ratio tokamaks in many aspects, the
range of physics parameters indicated above can lead to interesting new or different plasma
behaviors of importance. NSTX, MAST, and other upcoming ST experiments will shed light on the
significance of these differences. Possible examples are discussed below.
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Key issues of fusion plasma performance to be tested in the DTST for the ST-based VNS
should stem primarily from the presence of significant heating by the fusion alpha-particles for
operations at Q~2. In these ST plasmas the Alfven speed is expected to be significantly below the
energetic alpha and NBI ion speeds in the outboard region, leading to a new regime for possible
Alfven mode instabilities. For high safety factors q~10 at edge and >2 at the axis, an increased
vulnerability to orbit losses enhanced by magnetic ripples is expected. Orbit compression due to
strong magnetic well [14] and sheared flow [15] may reduce such orbit losses. The interaction of the
energetic alpha particles with the HHFW heating and current drive is expected to be an important
new issue of interest. Issues relating to dominating alpha heating would become important if Q—10
or higher could be reached, assuming strong transport barrier [18] in the "advanced physics" regime.

Our analysis also indicates that the enabling technologies in plasma heating, current drive,
fueling, plasma-surface interaction, and power and particle removal required by DTST and VNS (at
~1 MW/m2 in neutron wall loading) are generally available at present in fusion research. These
include NBI at energies up to 120 keV, ICRF at frequencies up to 80 MHz, and dispersed heat fluxes
(<10 MW/m2) for the inboard-limited plasmas with naturally diverted outboard SOL. Energy
technology issues unique to the compact VNS stem primarily from the single-turn water-cooled
copper center leg [19] of the toroidal field coil. This center leg is expected to endure intense neutron
bombardment, radiation hardening, significant activation [20], and entail special safety issues of
copper disposal and related to possible liquid-metal coolant of the test blankets. At ~1 MW/m2 in
neutron wall loading, designs for fusion core components of the ITER EDA could be adopted.

The database for the "advanced regime" physics will be tested in NSTX/MAST and could be
tested in DTST; that for the energy technologies at high neutron wall loads (~4 MW/m2) could be
developed in VNS, assuming the "advanced regime" physics. Successful outcome of these efforts
could eventually justify the economic viability for small Pilot Plants [21] and attractive Power Plants
[22] in the future.
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Abstract
Fusion technology applications of the spherical tokamak are presented, exploiting its high p capability, normal
conducting TF coils, compact core, high natural elongation, disruption resilience and low capital cost. We
concentrate here on two particular applications: a volume neutron source (VNS) for component testing and a
power plant, addressing engineering and physics issues for steady state operation. The prospect of nearer term
burning plasma ST devices are discussed in the conclusions.

1. VOLUME NEUTRON SOURCE
The high-p\ compact nature of the spherical tokamak (ST) makes it an attractive volume neutron source
for materials testing, for example. A range of candidate ST devices with aspect ratio of ~1.6, plasma
elongation of 2.3, ratio of plasma current to toroidal field (TF) rod current Ip/Irod~l and constant rod
current density of 50MAnV2 have been considered; examples are shown in Table 1. The main physics
parameters have all been demonstrated on START (eg the record (3=40% is more than twice that
required; up to ~100% is possible theoretically[l]). The plasma is initiated by an
induction/compression scheme (as on START) because there is no solenoid; this is followed by a
current ramp using NBI. The main poloidal field coils are the vertical field and divertor coils, having
Amp-turns of 60% and 50% of the plasma current, respectively. The central TF conductor is single turn
and fabricated from dispersion strengthened copper, which resists radiation swelling, and there are 12
TF return limbs. Due to the large relative radius of these coils the peak TF ripple in the compressed
plasma is negligible (<0.06%). The TF column is water cooled, with steel liners inserted into the
cooling channels to prevent leaks. Sliding joints are used between the centre column and the TF return
limbs to reduce the axial loads. Detailed thermohydraulic calculations show 29MW of resistive power
is dissipated in the centre column and the peak temperature is relatively low ~130°C, which helps to
improve resistance to radiation swelling.

In order to calculate the fluence an assessment of availability has been made. The main scheduled
maintenance items are based on a conservative assumption of annual replacement of neutron damaged
items (eg centre post and divertor targets) giving a total estimated scheduled annual maintenance time of
0.19 years. The total availability arising from unscheduled events is calculated to be 0.54 (using
information from a NET study). This gives an overall availability of 0.44, which results in an
acceptable fluence of 6.6MWam"2 over 10 years and a modest annual tritium consumption of ~0.9kg.

2. POWER PLANT DESIGN
A lGWe steady state spherical tokamak power plant design is being developed based on conservative
physics assumptions. The layout of one half of the machine cross section, which is not yet fully
optimised, is shown in Fig 1, together with some of the system parameters in the adjacent table. This
section describes how the physics and engineering designs are being integrated.

Table 1. Examples of
neutron sources with a
wall load of l.SMWm2

Major Radius (m)

Plasma Current(MA)

Normalised Pressure, pn

Current drive power (MW)

Required energy confinement time (s)

IPB98(y,1) scaling law confinement time (s)

0.7

10.3

2.6

46

0.13

0.11

0.8

13.4

1.9

69

0.12

0.14

1 Reaction Engines Ltd; 2Taegu University, Republic of Korea; 3Keldysh Institute, Moscow, Russia; 4NNC Limited,
Knutsford, UK; 5JET Joint Undertaking, Abingdon, Oxon, OX14 3EA, UK

1



1248 FTP/05

Centre rod
/ Divcrtor coil

System parameters

^Vertical

I JEicId coils

BiiSffl

,1

TFcoil
powt̂ r supplies

Plasma major radius
Plasma aspect ratio
Plasma elongation
Plasma triangularity
Plasma current
TF Current
Pn
Vol avge density
Vol avge temperature
Centre safety factor
Pressure-driven current
NBI current-drive
NBI system

Number of return limbs
Fusion power
Net output power
Gross thermal efficiency
Average wall load

3.42m
1.4
3.0

0.45
31.0 MA
31.0 MA

8.2
l.lxl020m-3

19.2keV
3.1

88%
3.7MA

42keV, 12MW
340keV, 29MW
500keV, 33MW

16
3GW
1GW

41.5%
3.7MWm"2

Figure 1 Section through ST load assembly

Physics design: The steady state capability relies on a large fraction of the plasma current being
provided by the 'bootstrap' current (including diamagnetic current). The high bootstrap current fraction
(-88%) is obtained by exploiting the high normalised pressure ((3n=8.2) and high elongation (K=3)
capability of the ST (Pn~6 has already been achieved on START). Calculations demonstrate that this
design is stable to both «=°° ballooning modes (accessing the second stable regime) and w=l,2 modes
with a conducting wall positioned at 1.25a, where a is the plasma minor radius. The physics of the
resistive wall mode remains uncertain. However, both theory and experiment suggest the mode is
stabilised by plasma flow, as would be provided by the substantial neutral beam power allowed for in
this design. The good curvature of the ST is expected to help stabilise neoclassical tearing modes; the
risk is further reduced by maintaining qo>3, which eliminates the (most dangerous) low order rational
surfaces and sawtooth/fishbone trigger mechanisms.
The centre rod current is equal to the plasma current (Iroa ^ Ip has already been demonstrated on
START), to reduce the dissipation to an acceptable level (see below). The edge safety factor, and
therefore bootstrap current fraction, is controlled by adjusting the elongation, K, and at tight aspect ratio
this can be high; for the class of equilibria considered here elongation K=2.6 is naturally stable without
the need for vertical feedback stabilisation. Here we have exploited feedback stabilisation to achieve
K=3, providing a bootstrap current fraction of 88%. Should control of the plasma be lost, results from
START for similar equilibria indicate that the consequences of a vertical displacement event would be
much less severe than at conventional aspect ratio: halo currents on the centre column were less than
~ 3 % of the plasma current.
The steady state current drive requirements can be provided by a neutral beam injection (NBI) system.
Calculations show that a system of three beam-lines can provide the required current profile: a 42keV,
12MW system for the edge current drive, a 340keV, 29MW system for the mid-radius current drive,
and a 500keV, 33MW system for the core current drive. The density at which the power plant is
operated (n« = 1.1 x 1020m"3, ne/nGreenwaid=0.7) represents a trade-off between current drive efficiency and
the fusion reaction cross-section. The challenging current drive is the central current density, which
needs to be relatively peaked to 'fill in' the missing bootstrap current there: a broader central current
drive leads to a non-monotonic q profile close to the magnetic axis, which proves to be unstable to an
internal «=1 mode (ie unaffected by wall position). Note that we have adopted the conservative view
that no bootstrap current is driven on axis: if recent calculations of on-axis bootstrap current due to
'potato' orbits can be confirmed then this would reduce the neutral beam power required. We are also
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investigating the use of RF systems (eg ECRH and fast wave) to provide the central current drive: this
would avoid the need for the negative ion high energy NBI systems.
The confinement scaling laws derived from the conventional aspect ratio tokamak database provide a
range of predictions for the ST power plant design: HrrER97ELMy=1.6, //ITER93H=1.82, and i?iPB98(y,i)=l-24
(H is the factor by which the confinement must be improved). For comparison, START data gives
HITER97ELM>'=1-6, HITER93H=1-9 and //n>B98(y,i)= 1 -2. An important role for the next generation of STs (eg
MAST and NSTX) will be to refine confinement scaling laws at tight aspect ratio.
Calculations of direct orbit loss of fusion cc-particles show it to be small (less than ~2%) primarily
because the banana orbits of trapped fast ions are squeezed on the outboard midplane due to the non-
monotonic dependence of the magnetic field on major radius. The TF ripple is negligible, less than ~ 1 % .
There is limited information from modelling fast particle instabilities in STs as yet, but there is much
experimental evidence from START of instabilities driven by the fast ions from the NBI. Nevertheless
there is no evidence to suggest that these modes have a detrimental effect on the confinement of the fast
particles. Significantly, there were no Alfvenic instabilities observed in the highest p START
discharges, possibly as a result of strong Landau damping, which provides further optimism that the a-
particle confinement will be good in high P power plants.

Engineering design: The low aspect ratio and high TF coil current combined with the effects of neutron
irradiation on the structures lead to compromises in the centre column dimensions and choice of
materials. The baseline design of the centre column consists of a dispersion strengthened copper
conductor material which was selected based on its resistance to swelling and ability to maintain its
electrical and mechanical properties under irradiation. The conductor is flared at both ends and water
cooled with a 15% cooling fraction at its mid-plane and an inlet water temperature of 30°C in order to
minimise the resistive power losses. The copper conductor is partially protected by a water cooled
martensitic steel inboard shield. This shield operates at a higher temperature than the copper conductor
and removes a significant fraction of the nuclear heating which would otherwise be absorbed by the
centre conductor, raising its operating temperature and hence its electrical power dissipation. The
thermal gradients and hence thermal stresses produced in the embrittled outer regions of the conductor
are also reduced by the shield. In addition, this shield reduces the nuclear damage to the conductor,
which would raise the resistance due to the production of nickel, zinc and cobalt transmutants from the
copper base.

The electro-magnetic loads induced on the water-cooled copper return limbs are reacted by the main
vessel which has steel webs welded to its external and internal surfaces. Strain isolation between the
limbs and the vessel and between the limbs and the centre conductor, is achieved by using sliding
electrical joints. These sliding joints are based on the use of Feltmetal™ which has been developed for a
similar application for MAST [2] and ALCATOR C-MOD. These joints prevent axial loads from being
transmitted to the centre rod from the TF limbs and allow axial and radial relative movements as well as
in-plane rotation between the sections of the TF coils. The Feltmetal material, about lmm in thickness,
has a large number of contact points on one face and can be soldered or brazed to copper conductors on
the other face. A tongue and groove geometry is adopted in which the contact pads are brazed to the
outer surfaces of two tongues at the end of the TF limbs. These tongues locate into grooves in the centre
rod and operate at an average current density of less than 1 kA/cm2. Steel spring plates are inserted
axially to provide the required contact pressure and are easily removed and replaced remotely during
maintenance.
The design of the TF coils has considerable influence on the design and performance of the entire plant,
due mainly to its electrical power requirements which are dominated by the centre rod conductor. Since
the electrical conductivity of metals increases with falling temperature, this offers a route for reducing
the resistive power dissipation in the coils. However the coils now need refrigerating which also
consumes power, adding to the total dissipation. A centre column and TF coil design based on cryogenic
temperature operation has been developed as an alternative system. This uses pure aluminium as the
conductor and offers advantages in terms of power consumption, activated waste and long lifetime (~
plant life), but requires a thick water cooled tungsten carbide shield and more complex structural
supports.
The divertor consists of a deep outboard leg since a large proportion of the power is deposited here
(data from START indicate outboard power flow is ~ 6 times the inboard flow). This deep slot forms
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a closed unattached gas target with sufficient surface area to reduce the heat flux to acceptable levels.
The inboard leg is much shorter to avoid intercepting the centre column and alternative systems are
being investigated to reduce the heat flux in this attached divertor slot to acceptable values e.g. applying
an AC field to sweep the strike point over the surfaces. Alternative approaches, dispersing the power
using ~100% radiating edge plasmas seeded with impurities, are also being studied.
The divertor coils and structures are integrated into the centre column assembly which can be quickly
removed from the machine by lowering it vertically downwards into a basement for refurbishment. The
48 breeder blanket modules can be removed internally and lowered through the hole left by the removal
of the centre column into the basement before new blanket modules are lowered through the top hole and
fitted into position from within the plasma chamber. A complete new centre column assembly is then
lifted into position from the basement. This system provides a simple and effective maintenance
strategy, allowing on-site refurbishment and re-use of the activated structures. Separate routes for new
components and activated materials minimises the potential for contamination.
The power conversion cycles are shown schematically in Fig 2. The steam cycle conditions are based on
AGR power stations and gives a gross thermal efficiency of 41.5%. The cycle has been modified to
utilise the low grade heat produced by the water cooling systems that cool the centre conductor, TF
limbs, inboard shield and divertor to pre-heat the feedwater to over 200°C. The steam is re-heated back
to 570°C after the high pressure turbine which maintains the dryness at the low pressure turbine exit at
about 93%, which is necessary to limit blade erosion.

3. CONCLUSION
The recent progress in understanding ST physics and technology through the pioneering experiments on
START, inventive engineering and theoretical modelling, provide a persuasive argument for taking the
ST concept forward, not only to improve our understanding of the tokamak, but to develop it both for
burning plasmas and technological applications, such as a VNS and a power plant. Recent calculations
suggest that the physics of burning plasmas could be studied in a modest-sized ST device; 1-D transport
modelling indicates an attractive device with: R=1.32m, a=0.94m, K=2.6, 5=0.4, Btotai=4T, IP=14.5MA,
Hn>B98(y,i)

=1.2 so that high Q or even ignition can be achieved with 40MW of auxiliary heating.
Furthermore, H-mode power threshold scalings suggest that such a device would easily access H-mode.
There remain key issues to address with the next generation of MA-level STs, MAST and NSTX,
supported by theoretical modelling and engineering studies: an extended ST confinement data-base,
confirmation of the steady state potential, energetic particle physics, possible halo currents in large
devices, centre post engineering, start-up and methods of dealing with exhaust.

Acknowledgement This work is funded by UK Department of Trade and Industry and EURATOM.
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Abstract

A low aspect ratio tokamak energy system has been proposed, which aims at the near time
application of the fusion energy. This system include a low aspect ratio tokamak as fusion
neutron driver, a Radioactivity Clean Nuclear power System as blanket and a novel concept of
liquid metal conductor as center conductor post. On the conceptual design 100MW driver
under lMW/m2 neutron wall loading can transmute High Level Waste(include minor nuclides
and fission products) produced by 10 GW PWR, self-sustain tritium and output a great mount
of energy. After the operation of 30 years, the BHP level of whole system will decreased 2
orders of magnitude.

1.Introduction
The principal obstacle to the development of magnetic fusion energy as a commercial

electric power is the cost of the first device. The potential impact of various ,,advanced
tokamak" operating modes on power plant prospects has been compared in Ref.[l]. Several
different classes of tokamak reactor are considered, and design are optimized in term of cost of
electricity (COE) via a coupled physics/engineering/costing code, is 130-70 mill/kwh, higher
than coal and APWR: 50-60 mill/kwh beyond the year 2000.
The spherical tokamak (ST) approach appears to provide the indicated way of initiating a
fusion development path. The physics key to the attractiveness of the ST approach is in the
order unity beta values promised by the combination of high elongation and low aspect ratio.
The high beta values (3t~6O% mean high power density in small device and low cost and
simultaneously -90% bootstrap current fraction.. The high beta capability means the fusion
power density can be so high that neutron wall loading at the blanket, Rather than plasma
physics, becomes the critical restriction in Ref.[2] for power plant neutron wall loading has
been assumed 8Mw/m2.
After many year work on fusion-fission hybrid reactor in China option is that fusion energy as
commercial energy source is still decades away. The near term usage of fusion power for
transmutation of nuclear HLW( High Level Waste) or RCNPS (Radioactivity Clean Nuclear
Power System) in which the core plasma parameters and fusion technology requirements as far
less stringent, would be advantageous to the eventual development of fusion power as well.
Similarly option can found out by Ref.[3]

2.A low aspect ratio tokamak as fusion neutron driver
Tablel gives the features that can influence the low A Transmutation Reactor Core

Tablel 1 Possible core design parameters of Transmutation reactor
Major radius R[m]
Minor radius a[m]
Plasma current Ip[MA]
Toroidal field Bt[T]
Plasma edge q
Average density <ne>[1020m"3]
Average temperature <T>[kev]
Plasma volume [m3]
Bootstrap current fraction
Fusion power Pfu[MW]
Drive power Pd[MW]
Neutron wall loading Pw[MWm"2] 1.02
Poloidal |3P [ % ]

1.4
1
9.2
2.5
5.5
1.6

10
50
0.72

100
28
] 1.02

0.95

1.4
1
7.0
2.5
7.5
1.1
9.5

50
0.81

50
19

0.5
1.09
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3. The multi-functional blanket as a novel RCNPS concept151

Table 2 gives a blanket configuration. In this kind of blanket, the object is to achieve
multi-function: Energy amplifying, HLW transmutation, tritium self-sustaining and fissile
material breeding. The operation time is 30 years. Once the certain amount of HLW as spent
fuel from PWR are loaded into the blanket initially, the HLW was remained in the blanket and
no further HLW added. In order to remain the neutron flux at a certain level, the neutron
multiplier(233U) should be added into the blanket after a certain operation time which can be
easily fulfilled by adding 233U pebbles and taking out the burned 233U fuel pebbles. At the end
of each operation year, the enrichment of 233U is checked so that once the enrichment is over
3%, the Th pebbles are all unloaded and the zone replenished with fresh 232Th(the concentration
is the same as the initial loaded one).

Table 2 The 1-D configuration and material composition of multi-functional blanket
with Pu as neutron multiplier

Zone
No.
1
2
3

4
5
6
7

8
9

10

Zone Function •

Fusion core
First wall
Minor actinide
transmutation
Wall

Tritium breeding
wall
Fissile material
breeding
Wall
Fission product
transmutation
Reflector

width
(cm)
100
0.5
40

0.5
5
0.5
10

0.5
20

40

material

Vacuum
ss-316(70%)
ss-316(5%), NpAmCm(4.9%), 233U(1.6%),
Zr(l%)
ss-316(80%)
ss-316(5%), natural Li2O(5%)
ss-316(80%)
ss-316(5%), natural 232Th(55%)

ss-316(80%)
ss-316(5%), 135Cs(3%), 129I(3%), 99Tc(4%)

C(75%), Be(15%)

The neutron wall loading is assumed as 1 Mw/m2. Table 3 shows us the calculation results.
After 30 Year operation the HLW can be almost burned completely, 2.49x1029 233U nuclides
are produced, and meanwhile high M are met and tritium is self-sustained.

Table 3 The
produced(1024)

Initial
After 30

operation

HLW

years

in the

241 A

Am
11080
3

initial and

243Am

1959
23.8

after

Cm
353
25.7

30 year

237Np

9825
3.67

burning and

235Cs

4886
57.6

129j

13494
18.7

the total

233U

249000

233U

"Tc
54541
0.007

Fig. 1 shows us the power density and the critical factor in the blanket. We can conclude
that the critical factor are sustained around 0.95 very well. However, the power density levels
of the different blanket zone and in the different operation period are varied very much. The
concept shown here is just to show the possibilities of the blanket to reach multi-function. The
detailed design should consider more about the fuel cycle for the flattening the power density
distribution.

Fig. 2 and Fig 3 show the Biological Hazard Potential( BHP) level of the blanket. The BHP
level will raised in the beginning. This is because 238Pu concentration is enriched and the
radioactivity 238Pu is much serious that the nuclides evolved to it. But from Fig. 2, even though
the BHP is raised much after 10 years burning, initial BHP will decrease very much after
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decaying for several hundreds of year. After transmutation for 30 years, the BHP can be
decreased to less than thirtieth of the initial one.

From the calculation, we can conclude that the blanket have the feasibility to transmute
HLW, breeding fissile material both for self-sustaining and other use, breeding tritium for self-
sustaining and produce high level power output meanwhile in the relative low fusion neutron
wall loading( 1 Mw/m2). The blanket and it's driver can be designed as a Radioactivity Clean
Nuclear Power System( RCNPS).

1.4:
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S 0 . 4 ••
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Fig.l Critical factor, power density
vs. operation time.
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Fig. 2 The BHP vs. decaying time

5 10 15 20 25

Transmutation time (year)

30

Fig. 3 The BHP vs. operation time.

4. Liquid metal center post[4]

The TF coil center post will have to be periodically replaced at an interval determined by
the most restrictive of three considerations:
1. The activation level that is environmentally acceptable for waste disposal
2. Neutron induced structural damage
3. Increase in resistivity from neutron-induced transmutation

Compared with the conventional concept using copper which inevitably meets the above
restriction, we suggest that flowing liquid metal Li( or PbLi alloy) inside the replaceable
tube(Al, SS) coated by SiC, as the center conductor post.(CCP) Li ( or PbLi alloy) has many
advantages compared with the copper such as:

1) Less increasement of resistivity under the neutron induced transmutation except the thin
layer of the tube. The values of the average DPA-per-full-power-year in the CCP and
the FW (first wall) are summarized in Table 4. We found that only 9% of fusion
neutrons reach CCP( in the inner FW) and part of those neutrons go through the CCP
and the FW into the outer blanket, so displacement per atom (DPA) is much lower,
than others.

2) The enhancement of the tritium breeding ratio(TBR). Lithium occupies 80% volume of
CCP. The TBR will increase about 5%.
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3) Excellent behavior of heat transfer.
The CCP is cooled by coolant flowing vertically through channels (H2O, He) or tube

(Li,PbLi)7) uniformly distributed in the CCP. In the calculation, four kind of fluids
(pressured water, helium gas, liquid lithium and liquid lead-lithium( PbLi17) have been
took as alternative coolants( Table 5).

Table 4 Comparison of DPA for Pw of 1 MW/m2 for various reference reactors
Ref.
Reactor
Component
s
Materials
DPA/year

Spherical Tokamak

CCP

Cu
3.0

Li
0.7

Inner
FW
Cu
12.1

Outer
FW
Cu
15.0

Regular
Tokamak
Inner
FW
Cu
14.0

Outer
FW
Cu
17.1

UWMAK-I

FW

316ss
18

ITER

FW

316ss
9.3

Cu
10.1

Table 5 Calculation thermal-hydraulic
Coolant
Diameter of the post (m)
Diameter of the cooling channels (cm)
Plasma current (A)
Current through the post (MA)
Resistive heat dissipation (MW)
Nuclear heat deposition (MW)
Pressure drop of the coolant (Bar)
Coolant fraction
Coolant system pressure (Bar)
Inlet temperature of the coolant (K)
Outlet temperature of the coolant (K)
Flowing velocity of the coolant (m/s)
Peak temperature in the post

parameters for the CCP
Water
0.8
1.5
9.5
13.8
76.6
7.1
0.06
26%
10
300
318
8.6
358

Helium
0.8
1.5
9.5
13.8
77.3
7.1
0.009
26%
100
300
440
56
516

Li
0.8
1.5
9.5
13.8
53.5
7.1
0.1
80%
10
460
564
2.1
613

PbLi17

0.8
1.5
9.5
13.8
54.5
7.1
0.02
80%
10
510
540
5.8
565

5. Summary
1. Low aspect ratio tokamak as fusion neutron driver is very attractive in plasma physics

and fusion technology, which can be reached in the near future.
2. One Radioactivity Clean Nuclear Power System (RCNPS) is also reliable, If necessary

we can realize no partitioning in the burning process of HLW.
3. Liquid metal center conductor post can save one of key issue of technology for

development of the Spherical Tokamak
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Abstract

The incineration of LLFPs, all of which can not be incinerated with only the fast reactor
without isotope separation is studied by employing the DT and DD fusion reactors. The
requirement of production of tritium for the DT reactor is severe and the thickness of the
blanket should be decreased considerably to incinerate the considerable amount of LLFPs. On
the other hand the DD fusion reactor is free from the neutron economy constraint and can
incinerate all LLFPs. The pure DD reactor can also show the excellent performance to reduce
the first wall loading less than 1 MW/m2 even for total LLFP incineration. By raising the wall
loading to the design limit, the D-D reactor can incinerate the LLFPs from several fast reactors.
When the fusion reactor is utilized as an energy producer, plasma confinement is very difficult
problem, especially for the D-D reactor compared to the D-T reactor. However, when it is
utilized as an incinerator of LLFP, this problem becomes considerably easier. Therefore, the
incineration of LLFP is considered as an attractive subject for the D-D reactor.

1. INTRODUCTION

We may accept a long period for using the fission energy before the fusion energy will be
put to practical use. When we use the fission energy, the problem of radioactive waste is an
inevitable problem. If we try to incinerate them, long-life radioactive materials should be
transmuted to stable ones though nuclear reactions, though for short-life fission products we will
simply wait until they will decay out. These long-life radioactive materials consist of actinides
and LLFPs (long-life fission products). The actinides are fissionable materials and can be
incinerated in a fast reactor through fission process[l]. However, the LLFPs are pure neutron
absorbers and their incineration will make the criticality of reactor difficult. Incidentally, the
fission energy system does not only produce radiotoxic materials but incinerates radiotoxic
materials by burning uranium and its daughters [2]. In the present paper we evaluate the toxicity
with the unit of incinerated uranium (and its daughters) toxicity.

In the present paper we consider 7 LLFPs: ™Se, ^Zr, 99Tc, iO7pd, i26Sn, 1291 and i35Cs.
Though the total toxicity of these nuclides is about a half of the incinerated uranium toxicity
[2], the incineration is desirable since their chemical characteristics are different from the
uranium and its daughters. If we employ isotope separation and only LLFPs are inserted in the
fast reactor, it is possible to incinerate them without violating criticality constraint[3,4].
However, the isotope separation is a very difficult technique, and only chemical separation is
desired. In the latter case, many stable isotopes are contaminated in the materials to be inserted
in the reactor. The conventional sodium-cooled oxide-fuel fast reactor can incinerate only 4
LLFPs: 79Se, 99Tc, 126Sn and 129I. There remains the normalized toxicity of about 0.1 [4].
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In the present paper we try to incinerate the LLFPs born in the fast reactor by employing
a fusion reactor. For the D-T reactor, tritium is produced in the fast reactor blanket. The
produced tritium is transferred to the fusion reactor with the LLFP produced at the same time.
The neutrons produced from tritium in the fusion reactor core incinerate the LLFPs in the
blanket. The neutron balance of the system is studied and the feasibility of this synergic system
is evaluated. For the D-D reactor, the neutron economy is not required. Then, the total 7 LLFPs
can be incinerated.

2. REACTOR DESIGNS AND FUEL CYCLE SCHEME

The studied fast reactor is a sodium-cooled oxide-fuel fast reactor whose thermal power
output is 3000 MW. The design of fusion reactor is made by considering ITER [5]. The
standard value of first wall loading is set to be 1 MW/m2 for each reactor.

The fuel cycle scheme for the system of only fast reactor is shown in Fig. 1. The
complicated steps of separation and storage are simplified in this figure. The fission core
includes all regions where the neutrons are available. The natural uranium is inserted to the core.
In the present study Zr, Tc and Pd are treated as simple metal, and Se, Sn, I and Cs are charged
in the blanket as compounds, SeSn, SnO, Csl and CS2O. Every material is a stable solid and easier
to be treated, but the melting point of Csl is 894K and heat removal becomes important. The
removal rate of LLFP from the core is chosen to be 1/2 y 1 in the present study.

REPOSITORY J

FIG. 1. Fuel cycle scheme of only fast reactor. SFP and LLFP stand for stable and long life FP,
respectively. The fission core includes all regions where the neutrons are available.

SFP

FIG. 2. Fuel cycle scheme using DT fusion reactor. SFP and LLFP stand for stable and long
life FP, respectively. The fission blanket is a tritium production region and the fission core is
other region where the neutrons are available.
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When the DT fusion reactor is employed, the LLFPs are incinerated in the fusion blanket
and the tritium used as fuel of the fusion reactor is produced in the fission blanket as shown in
Fig. 2. The core and blanket of fast reactor are different from the conventional definitions.
The fission blanket is a tritium production region and the fission core is the other region where
the neutrons are available. The physical conditions of LLFP are the same as the previous case,
and the lithium is oxide. The removal rates of LLFP and tritium are chosen to be same and 1/2
y-i.

When the DD fusion reactor is employed, the fuel for the fusion reactor does not need to
be produced by using nuclear reaction. The neutron economy is not a problem for this case.
The fuel cycle scheme for this case is shown in Fig. 3. Both catalyzed and pure DD reactor
satisfy the similar scheme.

SFP

FUSION REACTOR

FUSION CORE J

FUSION BLANKET
>

(
REPOSITORY J

SFP

FIG. 3. Fuel cycle scheme using DD fusion reactor. SFP and LLFP stand for stable and long
life FP, respectively. The fission core includes all regions where the neutrons are available.

3. CALCULATION METHOD

The neutron transport calculations for fusion reactor blanket and fission reactor blanket
are performed with ANISN code[6] for one-dimensional cylindrical geometry. Employed nuclear
data are JENDL-3.2 and ENDF/B6, and processed with NJOY code[7]. In the present study 1238
nuclides are treated. One-group constants are generated from obtained neutron spectrum and
used for nuclear equilibrium calculation. The calculation of fast reactor core is performed with
ECICS code system[8].

4. CALCULATION RESULTS AND CONCLUSIONS

The extensive calculation results are obtained for many calacteristic values associating to
safety and neutron economical aspects for the presented calculaton cases. However the spece of
the proceedings is not enough and ony some concluding results are presented here.

The incineration of LLFPs, all of which can not be incinerated with only the fast reactor
without isotope separation is studied by employing the DT and DD fusion reactors. The
incinerated LLFPs for different reactors are shown in Table V. And the required first wall loading
for the standard fusion blanket (ITER) volume is shown in Table VI.



1258 FTP/07

TABLE V. INCINERATED LLFPS FOR DIFFERENT REACTORS

Fast

DT

DD

reactor

reactor

reactor

Standard blanket width

1/2

1/4

blanket

blanket

width

width

Incinerated LLFP

79Se, 99 T c , i 26 S n ,

^^Se 9^Tc I263n

79Se, 99Tc, i26Sn,

79Se, 93Zr, 99Xc,

79Se, 93Zr, 99Tc,

1291

1291,

1291,

26Sn

07pd

135CS

135CS

, 1291, 135CS

, 126Sn, 1291, 135CS

TABLE VI. REQUIRED FIRST WALL LOADING FOR STANDARD FUSION BLANKET
VOLUME

DT reactor Standard blanket width

1/2 blanket width

1/4 blanket width

Catalyzed DD reactor

Pure DD reactor

Req. 1st wall loading (MW/m2)

5

3

2

3

0.8

The requirement of production of tritium for the DT reactor is severe and the thickness
of the blanket should be decreased considerably to incinerate the considerable amount of LLFPs.
On the other hand the DD fusion reactor is free from the neutron economy constraint and can
incinerate all LLFPs. The pure DD reactor can also show the excellent performance to reduce
the first wall loading less than 1 MW/m2 even for total LLFP incineration. By raising the wall
loading to the design limit, the D-D reactor can incinerate the LLFPs from several number of
fast reactors. When the fusion reactor is utilized as an energy producer, plasma confinement is
very difficult problem, especially for the D-D reactor compared to the D-T reactor. However,
when it is utilized as an incinerator of LLFP, this problem becomes considerably easier.
Therefore, the incineration of LLFP is considered as an attractive subject for the D-D reactor.
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Abstract
This paper presents a design of tokamak plasma in light of how the small igniicd
tokamak is possible with use of the HTSC eoils as plasma stabilizer. The same
data base and formulas as ITER are here used and any innovative technology
other than the HTSC stabilizing coils is not assumed.

1 Introduction

High Tc superconducting (HTSC) coils have an ability to improve plasma positional instability
if they arc placed in plasma vicinity. This stabilization method is superior to the conventional
one. i.e.. active feedback control with PF coils, in two points: (1) faster response to plasma
change owing to their quite low resistivity. (2) no need of power supply. This implies highly
elongated plasma with HTSC coils becomes a candidate to improve plasma performance, leading
1O realization of compact, ignited reactors.

In order to demonstrate the effect of HTSC coils on the tokamak plasmas, an example of
designs with use of them was introduced in light of how the design of smaller ignited tokamak
is possible. Assumptions adopted here arc to use the same data base and formulas as ITER in
principle and not to use any innovative technology other than HTSC stabilizing coils.

2 Determination of major design parameters

Major design parameters arc decided with O-dimcnsional plasma analysis employing the I-A-
Hi.f-K analysis methodology which was introduced in the ITER Conceptual Design Activity[l].

Firstly, we determined apriori the basic parameters, the elongation K = 2 . 3 . the maximum
magnetic held in TF coils Bi.f = l'2.o(T). the safety factor </,. > 3.0 and the thickness needed
for shielding neutrons £sliiekl = 1-05 m with intention of a smaller tokamak of reasonable fu-
sion power. Here, the elongation was chosen as the maximum value in the range that plasma
positional stability is secured with HTSC coils after some iterations of plasma stability analysis.

The Jp — A space of HTSC tokamak (K = 2.3) is shown in Fig. l(a) with parameters of major
radius determined together with that of ITER (Fig. l(b)). The hatched region in the figure
corresponds to the possible design window which is bounded by consideration of the confincmcni.
the beta limit and the radial build needed to provide the necessary magnetic flux for flat top
duration of 1000 sec. It can be easily recognized that major radii in the possible region of HTSC
tokamak are much smaller than that of ITER. We determine Jp = 18(MA) for .4 = 3.5 and
B = 5.34(m) as the design point. This is very small compared with the size of the present
ITER.

Then, we have to determine plasma parameters so as to secure an ignited condition. For
this purpose, a POPCON(Plasma OPcration CONtour) is shown in Fig.2 together with the beta
limit based on the Troyon scaling. The scaling law of energy confinement in ITER (ITER-89P.
H = 2.0) [2] was used to estimate the energy balance of the plasma.

"Work partially supported by a grant-in-aid for scientific research from the Japanese Ministry of Education.
Science. Sports and Culture.
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The digits on the curves in the figure arc 1he additional healing power. /',„..,•. so thai domain
hounded by two curve*, g = 2.2 and Puux = 0. gives possible O'-T) sets of ignited operation. If
we lake a fusion power of 500 MYY. contour line of 500 MYV gives < n >= 0.9 X l()2Of/in' ' and
< T > = 13 ke\ as the cross point with ihe curve of Paa:l = 0.

radial build limit
(Btf=12.5T, Bcs=13T, Tfus=1000 sec

g=2.2, ITER89P(HFAC=2)

10 15 20 25 30,5 10 15 20 25

Plasma current, I (MA) Plasma current, I (MA)

(a) HTSC Tokamak (K =2.3) (b) ITER /EDA (K =1.6)

FIG.l: I,, - A space of HTSC tokamak and ITER/EDA.

0.5

5 10 15 20

Temperature (keV)

FIG.2: POPCON diagram of the operation, point.

3 Analysis of plasma positional stability

The 2-D plasma equilibrium code. SYSTEQ [3]. was used to find the location of PF coils with
magnitudes of the coil currents. Results are shown in the upper part of Fig.3. Total stored
energy(2.7lGJ) in the PF coil system is smaller than ITER(47.0GJ). Here, a double null system
of magnetic separatrix is adopted to reduce heat flux on the divert or. In the ITER design, a
heat flux on the divertor is 5MW/m2 during a normal operation and proportional evaluation of
a heat flux shows about 2 AfYV/m2 on the HTSC tokamak divertor.

An elongation of the HTSC' tokamak is set a priori as higher than ITER. so that the plasma
positional stability should be examined rigorously. The plasma response against the disturbances-
was computed via Ihe TOFU code, which is based on non-rigid. MHD consistent displacement
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model [4]. In order 10 take the consideration of the cfl'eel of HTSC coils. TOFU code was
eoupled by a newly developed code i.e. the HTSC circuit code [5]. Xon-linear behavior of HTSC
material (Bi-2223) is considered in the form of flux flow and creep model[ti]. Stability analyses
were conducied for the equilibrium arrangement obtained by SYSTEQ. Electrical resistances are
ti7.9. 5.(>3 and 9.41 (/.dl) for the first wall, the back plate and the vacuum vessel, respectively,
using the data base of the I T E R design. In order 1O improve the plasma positional instability,
four pairs of HTSC" coils are installed ai the back plate of Fig.3 after iteration for optimization
of the location and the number of the coils. Here, we estimated the plasma response againsi
the disturbance of 6 'ip = —0.2. Plasmas move to the in-board side by Hi cm and recover to the
original position according to ihe change of ip as shown in Fig-4. Ii does not touch the first
wall because an original gap is sufficient. 25 cm. The above result imply that high elongated
tokamaks are feasible if HTSC stabilizing coils are applied.

6.44 (MA)

CS coil

-4.41 (MA)

-3.15 (MAf

Tp c0ji 6.44 (MA) HTSC coils -0.2
3 4 5 6

time (sec)
9 10

FIG.3: Two kinds of cross section of mag-
netic flux contour lines and system, compo-
nents.

FIG.4-' Motion of separatrix during plasma distur-
bances.

4 Conclusion

To demonstrate how possible small HTSC tokamak is. cross-sections of the two designs are
compared in Fig.5 together with primary design parameters. The following remarks are drawn
from the figure:

1. Smaller tokamak can be designed with parameters of lower fusion power of 500 MYV.
reduced stored magnetic energy of coil system, easy handling of heat deposition ai the
divert or. etc..

2. Additional heating power required for L/H transition can be reduced significantly due to
the smaller major radius.

3. Fabrication can be facilitated and remote handling can be accommodated easily.

4. Amount of low level radioactive waste can be reduced due to small scaled structure.

5. Volume of the nuclear island of the HTSC tokamak is roughly one-third of ITER.
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FIG.5: Dimensional comparisons of ITER/EDA and HTSC tokamak.
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Abstract

FEASIBILITY STUDY FOR VERY HIGH ASPECT RATIO TOKAMAK FUSION REACTOR

Very high aspect ratio (A) tokamak reactor is proposed as a future power plant. Plasma size and

operation performance are surveyed over a wide range of A. To reduce the plasma minor radius,

relatively high toroidal magnetic field of 18T is adopted. When the plasma major and minor radii are

12m and 1.5 m (A=8), steady-state operation with 3 GW of fusion power and large fusion gain (>40)

is possible. 90% of bootstrap current fraction is achieved by optimizing the density profile for the

given MHD equilibrium. Toroidal field (TF) coil size is estimated by considering the field ripple, NBI

beam line and coil case stress. Although overall TF-coil height and width are smaller than those of

ITER, cross-sectional area of the TF-coil leg becomes 4 times larger than that of ITER to

compensate the vertical force.

1. INTRODUCTION

Aspect ratio A (ratio of plasma major radius Rp to minor radius aP ) is a key parameter to

determine the size of a tokamak fusion reactor. A relatively high-A (~4.5) DEMO class reactor was

designed from the viewpoint of steady-state operation [1]. On the other hand, an ultra low-A (-1.5)

compact reactor was proposed [2]. Recently, a very high-A (=8) reactor with SiC core structure has

been proposed and shown to have an advantage from the viewpoint of maintenance feasibility [3].

Very high-A reactor was originally investigated as a core plasma of the second stability tokamak [4].

In this study, however, we concentrate on the first stability plasma (normalized beta PN~3) and

investigate the feasibility of very high-A reactor according to ITER physics guideline [5] and design

constraints similar to those of SSTR[1].
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2. ASPECT RATIO AND PLASMA PERFORMANCE

To realize a very high-A reactor, the plasma minor radius aP should be minimized while keeping

the major radius RP sufficiently small. Therefore, high toroidal field BT at the plasma center is

required. In this paper, we assume the maximum toroidal field 6 ^ ^ = 1 8 T. The fusion power (PFL.^3

GW), MHD safety factor (q^-3), plasma elongation (K~1 .4 ) and inboard shield thickness (= 1.4 m)

are fixed to compare the plasma performance. Figure 1 shows the plasma size and performance in

steady-state operation for various aspect ratio. Since the plasma current becomes small and bootstrap

current fraction increases in a very high-A (>8) plasma, the required current drive power (1.3 MeV

NBI is used) decreases rapidly and large fusion gain Q is achieved. If an advanced divertor concept is

not considered, the divertor peak heat load is simply estimated by WD1V = PDIV sin 0DIV I (27tRDIVAp),

where PDIV is the power to the divertor, 6DIV is the plate inclination angle, RDIV is the striking point

radius and AP is the heat flux half width, respectively. A plasma with large major radius RP has a

substantial advantage to reduce the peak heat load since the target radius RDIV is approximately

proportional to Rp. Furthermore, large RP is favorable also for the heat diffusion across the field line

because of long connection length between plasma and target plates. By using simplified scaling

models [6] for AP, the peak heat load is estimated. Figure 1-d) shows the peak heat load as a function

of A. The absolute value of the heat load is normalized to 10 MW/m2 for the parameters same as

ITER. In this figure, the current drive power is not included in PDIV. It is seen that the divertor heat

load is reduced greatly in a very high-A reactor due to the large plasma surface area, large major radius

and strong synchrotron radiation. Adopting radiative divertor (by seeding 0.2% of argon), acceptable

divertor condition with low plasma temperature can also be achieved. Finally, we select the plasma

with A=8 for the reference reactor design where the minor radius is close to the minimum and the

fusion gain is large enough. (If the confinement enhancement factor H<2 is assumed, the maximum A

is also about 8).

3. TOROIDAL COIL SIZE AND REACTOR CONCEPT

In a very high-A reactor, TF-coil design is one of the most important issues since the hoop

force of TF-coil becomes very large. Furthermore, outboard space A m between TF-coil leg and

plasma surface should be increased to keep the field ripple sufficiently small. Figure 2 shows the field

ripple as a function of ATP2. Here, NTPC is the number of TF-coils. The required ATF2 is about 3.4 m

when field ripple is 1% and NTFC=20. In this case, vertical force of TF-coil is about 2.7 times larger

than that for SSTR [1]. Critical current density for 18 T magnet is assumed to be 3/4 of that for

16.5T magnet [1]. Therefore, the cross-sectional area of TF-coil case is estimated to be about 5 m2.

Figure 3 shows the plan view of the very high-A reactor. Tangential injection of neutral beam of

diameter lm is possible. Large TF-coil case also increases the distance between the plasma surface and

poloidal field (PF) coils. This implies the large PF-coil stored energy and large coil current. Figure 4

shows the results of equilibrium calculation for the very high-A reactor. Stored energy at high |3P

(-3.3) operation is about 30 GJ and the maximum coil current is 35 MA (at the divertor coil). Figures

4-b) and 4-c) show the current profiles and MHD safety factor profile corresponding to a). Here, we

2
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optimize the bootstrap current profile by calculating the density (n) and temperature (T) profiles

which are consistent with the equilibrium pressure P. When the flux average bootstrap current required

for the equilibrium is written by <jBSB>=-1.46A"°5I(vf)P(lF)(cNn1/n+CpPVP)=f(^/), the optimized density
f 1 rf \ A f(¥) P'} 1

profile is given by »CP) = "(^)exp^—J^^ 4 6 / (y ) P (V) + c " y p ^ j - Here> l i s t h e toroidal flux
function and s denotes the plasma surface. Figure 4-d) shows the calculated density and temperature

profiles. In this case, the bootstrap current fraction is about 90%.

4. DISCUSSIONS

Optimization of the maximum toroidal field B™^ and TF-coil design is a critical issue in a very

high-A reactor. If a plasma with J3N=5 in reversed shear mode can be achieved, the required B ^ ^ is

reduced from 18 T to 14.5 T for the same fusion power and the design requirements for the TF-coil

are mitigated. Increasing the plasma elongation also reduces B-J-MAX. In this case, however, the

bootstrap current decreases while the plasma current increases. Therefore, the steady-state operation

capability degrades. Although the confinement margin of very high-A plasma is same level as ITER,

there is a large uncertainty in the confinement scaling of a high-A plasma. In a high-A plasma, there

is a possibility that the ripple loss of alpha particle is enhanced. In this case, the number of TF-coil

should be increased. Relative construction cost considering the amount of structural material with the

same design constraints on coil case stress is estimated. Preliminary estimate shows that the total cost

is 30% higher than that for ITER. Size reduction of in-vessel components and decrease of

replacement frequency of the first wall material could contribute the cost reduction.

ACKNOWLEDGEMENT

The authors would like to express their gratitude to Prof. Y.Ogawa of University of Tokyo and

Dr. K. Okano of CRIEPI for their useful discussions. The authors also would like to thank Drs. Y.Seki

and S.Ueda of JAERI, and Drs. Y.Itoh and T.Ishiduka of Toshiba for their continuous encouragement.

REFERENCES

[1] KIKUCHI, M. et.al, Fusion Eng. Des. 16 (1991) 253.

[2] STAMBAUGH, R.D. et.al., in Proc. 16h IAEA Fusion Energy Conference, Montreal, 1996

(IAEA, Vienna, 1997) Vol.3, p395.

[3] NISHIO, S. et.al., in Proc.l6h IAEA Fusion Energy Conference, Montreal, 1996 (IAEA,

Vienna, 1997) Vol.3, p693.

[4] NAVRATIL, G. et.al., in Proc. 1 lth Int. Conf. on Plasma Physics and Controlled Nuclear

Fusion Research, Kyoto 1986 (IAEA, Vienna, 1987) Vol.1, p299.

[5] UCKAN, N. A. et. ah, Fusion Technology 30 (1996) 579.

[6] MURAKAMI, Y. and SUGIHARA, M., Fusion Technology 24 (1993) 375.



1266 FTP/10

4 6 8

Aspect Ratio A
10

FIG. 1. Aspect ratio A and steady-state operation performance. Here, the fusion power (=3 GW),
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Abstract

A new reduced size ITER-RC superconducting tokamak concept is proposed with the goals of
studying burn physics either in an inductively driven standard tokamak (ST) mode of operation, or in
a quasi-steady state advanced tokamak (AT) mode sustained by non-inductive means. This is achieved
by reducing the radiation shield thickness protecting the superconducting magnet by 0.34 m relative
to ITER and limiting the burn mode of operation to pulse lengths as allowed by the TF coil warming
up to the current sharing temperature. High gain (Q ~ 10) burn physics studies in a reversed shear
equilibrium, sustained by RF and NBI current drive techniques, may be obtained.

1. I N T R O D U C T I O N A N D OVERVIEW

We have examined the concept of a long pulse, optimized burning plasma experiment in a
steady state tokamak facility operating with superconducting magnets. Based on physics and
engineering scoping studies, we have found an attractive machine concept, with major radius of
5.60 m, magnetic fields above 6.0 T, and currents in the range of 12 -15 MA with pulse lengths up
to 300 sec. The engineering design and ohmic performance of such a device has been presented
recently [1]. Such a device would achieve Q > 10 with conventional ITER confinement scaling
as well as with advanced tokamak (AT) physics rules in the driven mode. An ATBX class device
should cost no more than 50% of ITER. The substantial size reduction in ATBX is achieved
by reducing the shielding on the inner wall of the vessel as compared to the canonical 1.2 m
thickness required in a steady state burning plasma device, such as ITER or ITER-RC. The
increased neutron flux associated with the reduced shielding results in an adiabatic temperature
rise of the toroidal field winding. The pulse duration is limited so that the superconductor
remains below the quench temperature to give adequate margin against plasma disruptions.
Taking advantage of the steady state nature of the superconducting coils, the machine can be
operated for long pulse (300 sec) or steady state with ITER-sized refrigeration unit.

To assure AT operation with high-bootstrap fraction (pa 70%), adequate /3( ^ 3%) and
high plasma current, we have kept the aspect ratio, R/a in the range of 3.0-3.2. It has been
shown recently [2] that at such aspect ratios and sufficiently high elongation (K95 = 1.8) and
triangularity (£95 > 0.4), a /3/v of order 3 is achievable in a stable manner with reversed shear,
even without a conducting "smart" wall. We shall present results of modeling here by the
ACCOME and PEST II-codes demonstrating that such an operating regime is achievable in
ATBX with off-axis lower hybrid current drive and central negative ion beam or fast wave current
drive. A neutron wall-loading of lMW/m2 is attained with the above parameters. Higher (3N

(and therefore higher bootstrap fraction) operation is feasible by adding a conducting wall.

2. ILLUSTRATIVE DESIGN POINT IN ATBX

A spreadsheet was developed for sizing tokamak performance using the above approach
for reducing the shielding thickness. A number of design points were studied and trends were
plotted. The spreadsheet uses the 1990 ITER information document, updated to present ITER
confinement scaling rules. The spreadsheet was benchmarked using the current ITER design.
The concept takes advantage of the heat capacity of the coil and helium in determining the time
for the coil to warm up to the current sharing temperature, the actual critical temperature of
the superconductor being a key parameter. It is expected that a substantial fusion power can be
tolerated and that even full-power steady-state operation is possible with increased refrigeration.
Assuming inductive current drive and central auxilliary heating, engineering studies have been
carried out recently [1], and burn times of order of 300 seconds have been obtained. Table I
exhibits an operating point at a density well below (by ~30%) the Greenwald limit (at n ~

)
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ATBX

Major radius (m):
Minor radius (m)
Total flux capability (Vs)
Aspect ratio(A)
K95

£95
B(T)
Plasma current (MA)

TABLE I.
PARAMETERS WITH OHMIC OPERATION

5.60
1.75
291
3.2
1.8
0.4
6.25
14.7

Q95

Fusion power (MW)
rB{s) (0.81 x ITER93H-ELM-free)
Paux (MW)
Warm shield thickness (m)
Flat top flux capability (Vs)
QDT

Neutron wall load (MW/m2)

3.5
690
2.2
74
0.58
28.9
9.3
1.0

3. PARAMETRIC STUDY OF MHD STABILITY LIMITS IN
THE ADVANCED TOKAMAK REGIME

To determine the "optimal" parameters for an AT tokamak, first we have undertaken a
systematic MHD stability analysis of different reversed shear (or negative central shear, NCS)
equilibria, with the aim of identifying the dependence of the stability limits on parameters that
have a significant impact on the machine design. Specifically we have considered the effects of
the aspect ratio (A = R/a) , the triangularity (5) and the plasma current (/p). The advanced
tokamak regime of interest corresponds to high values of the poloidal beta, and minimum values
of the safety factor qmin above 2, so that it is possible to access the ballooning second stability
region and to generate a large fraction of bootstrap current. For the geometry of the plasma
boundary we adopt a conventional up-down symmetric D-shape of constant elongation K = 1.8,
while the aspect ratio and the triangularity are varied. Based on past theoretical studies, a nearly
optimum equilibrium is achieved for central and minimum values of the safety factor, qo = 3.5,
<Wn = 2.2, respectively, with the position of such minimum being at r/a=0.7. The stability
limits are very sensitive to qmjn and the threshold for the n=l mode drops significantly (~20%)
if Qmin approaches an integer from below. The choice qmin = 2.2 was found previously to be
near optimal [2]. For the pressure profile we keep a constant functional form, p^/po = (1 — tp)2,
where I/J is the normalized poloidal flux and po is varied to scan different plasma betas. This
profile results in values of the ratio of the peak to the volume averaged pressure between 2.6
and 2.8. Finally, for the purpose of comparing the bootstrap current figure of merit in the
different equilibria, the bootstrap fraction ft,s is computed for fixed temperature and density
profiles T(^)/T(0)=(l-V')1-5, n(^)/n(0)=(l - V)0'5- The above described equilibria are always
ballooning stable, with access to the second stability region. Their ideal MHD stability limit
is set by the n=l external mode in the absence of a conducting wall. These stability limits,
obtained numerically with the J-SOLVER and PEST-II codes, are summarized in Tables II and
III.

Table II shows the marginal stability parameters at a constant triangularity 5 = 0.4, and
two different values of the aspect ratio, A=4.0 and 3.0. Shown are different values of the
normalized current I/aB, AI/aB and the edge safety factor qa. Note that significantly higher
values of (3 are obtained at A=3.0 for nearly the same bootstrap current fraction as at A=4.0.
We see that for reasonably high values of the bootstrap fraction, j3 increases from 2.0% to 3.1%
for qa = 6.1, and from 2.4% to 3.9% for qa—4.0, respectively, as the aspect ratio is lowered
from 4.0 to 3.0. Table III shows the marginal stability parameters for a constant aspect ratio
A=3.0, and three values of the triangularity, 8. Notice that we have carried out comparisons at
constant AI/aB and constant qa independently, since these two parameters are not equivalent in
toroidal geometry. The bootstrap fractions accompanied by a * correspond to equilibria where
the bootstrap current profile equals the total equilibrium current profile at some radial location.
When ** appears in the bootstrap fraction field, the bootstrap current exceeds the equilibrium
current somewhere and a negative external current drive would be necessary (such as provided
by a realistic lower-hybrid wave launching spectrum).
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TABLE II
ASPECT RATIO (A=R/a) SCALING OF p LIMITS AT 5 = 0.4

A=4.0 A=4.0 A=3.0 A=4.0 A=4.0 A=3.0

A I(MA)/a(m) B(T)
I/aB
Qa

PN
P
fbS

4.0
1.0
3.5
1.75

1.75%
0.36

3.72
0.93
4.0
2.6

2.4%
0.54

4.0
1.33
4.0
2.9

3.9%
0.50

3.0
0.75
5.5
2.7

2.0%
0.61*

2.83
0.71
6.1
2.8

2.0%
**

3.0
1.0
6.1
3.1

3.1%
0.60*

A further optimization of the bootstrap fraction can be achieved by modifying the tem-
perature and density profiles while keeping their product, i.e. the pressure profile, invariant so
that the above MHD stability results do not change. After this, and for the optimal geometrical
parameters A=3.0, 5 = 0.5, we find stable equilibria with /3# = 3.0, /3 = 2.8% and fbS = 0.75 at
I/aB=0.94 MA/mT and qa = 7.4, or (3N = 3.1, /? = 3.4% and fbs = 0.70 at I/aB=1.09 MA/mT
and qa = 6.1. This last case represents the "optimized" geometry we will use in our design
of ATBX. Extensive studies such as presented above indicate the following: (i) increasing the
edge qa would increase PN and the bootstrap fraction (but would reduce confinement through
its dependence on Ip)\ (ii) lowering 5g5 below 0.35, or peaking the pressure profile above 3,
deteriorates stability (lowers the stable range of PN) without a conducting wall; (iii) increasing
the aspect ratio, A will lower beta (for PN being near the stability limit); (iv) a conducting wall
is necessary for /3JV ^ 3.5, ft,s ^ 0.75, qg5 < 5.

AI/aB
I/aB

Qa

PN
P

fbs

5-0.3

2.82
0.94
6.1
2.95

2.80%
**

TABLE III
COMPARISON OF /3 LIMITS

5 = 0.3

3.0
1.0
5.5
2.85

2.85%
0.56

5 = 0.

3.0
1.0
6.1
3.1

3.1%
0.60*

4 5 = 0.5

3.27
1.09
6.1
3.1

3.4%
0.57

AT A = 3.0

5 = 0.5

3.0
1.0
7.0
3.2

3.2%
0.61*

5-0.5

2.65
0.88
8.7
3.2

2.8%
#*

4. REVERSED SHEAR ADVANCED TOKAMAK REGIME IN ATBX
Self-consistent equilibria in ATBX was developed with the ACCOME code [2] and stability

analysis was carried out with the PEST-II code. The target plasma was maintained by means
of off-axis lower-hybrid current drive, central neutral beam current drive and/or fast wave cur-
rent drive. The MHD equilibria and current density profiles from ACCOME were coupled to
the JSOLVER/PEST [2] equilibrium and stability package. Thus the current profile control
results from ACCOME could be tested for stability to the n = oo ballooning mode and the low
n =(1,2,3) external kink modes. The results of the ACCOME Code simulation are show in Table
IV. The equilibrium is obtained with 60 MW of lower-hybrid power at a frequency of 5.5 GHz
and 20 MW of NBI at 500 keV peak energy. The launched LH spectrum peaks at IVy = 1.90.
The negative part of the spectrum is included, and it drives negative edge currents which tends
to cancel the edge bootstrap current and improves stability. The bootstrap fraction is 71% at
a stable equilibrium with /3?v = 2.8. The total plasma current is 12 MA. The stability analysis
show that the plasma is stable to n =1,2,3 kink modes and ballooning modes. The a particle
pressure is included in these calculations. Adding a conducting wall at r/a = 1.3 provides stabil-
ity up to /?jv ~ 5 and fbs ~ 90% (approaching the ARIES-RS plasma parameters). The current
and g-profiles are shown in Figs. 1,2. The EXCEL spreadsheet predicts that the fusion power
output is 845 MW, or QDT — 10.5, with a confinement of TE — 2.0 sec and TE/TITBR9SH = 1.3
(corresponding to H=2.5 relative to ITER89-L mode scaling). This value is quite conservative
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for an AT scenario where one would expect #89-P > 3. The wall loading is 1.2 MW/m2 , and
the total power {Paux + Pa = 212 MW) exceeds the required H-mode threshold power (180
MW) at full operating density. We note that at the operating point we remain well below the
Greenwald density limit.

TABLE IV
ACCOME RESULTS OF ATBX REVERSED SHEAR EQUILIBRIUM

PROFILES:
p(i>) = n{ib)T(ip) = po(l - ^ ) 2 ; T(ip) = T0/[0.70(l - ^ ) L 5 + 0.30(1 - -04)]

ne0 = 2.00 x 1020m-3 K95 = 1.85 /3t = 2.91%
<ne> = 0.983 x 1020m-3 595 = 0.44 (3P = 1.64
Te0 = 22.0 keV q0 = 4.0 /?JV = 2.79
<Te)n = 16.07 keV qmin = 2.5 INBI = 0.96 MA
Td0 = 22.0 keV q9-o = 5.0 ILH = 2.49 MA
{Td)n = 16.07 keV £z = 0.58 Ibs = 8.53 MA
Po/{p) = 2.8 / p = 11.98 MA / 6 s = Ibs/Ip = 0.71

SUMMARY

In conclusion, a new superconducting tokamak concept has been proposed which would
have the twin goals of studying steady state AT physics, while allowing burn physics studies,
including the impact of helium ash accumulation. This is achieved by reducing the radiation
shield thickness by 0.34 m and limiting the burn mode of operation to pulse lengths as allowed
by the TF coil warming up to the current sharing temperature. Marrying the AT and ST modes
of operation would allow optimized high gain burn physics studies in ATBX.

* Work supported by US DOE Contract DE-FC02-93ER54186.
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FIGURES

Figure 1: Current density profiles
Figure 2: q profile
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RECENT RESULTS RELEVANT TO IGNITION PHYSICS AND
MACHINE DESIGN ISSUES

Abstract

The plasma regimes under which ignition can be achieved involve a characteristic range of pa-
rameters and issues on which information has been provided by recent experiments. In particular,
these results have motivated a new, in-depth analysis of the expected performance of the Ignitor ma-
chine as well as of the plasma processes that it can investigate. The main results and recent advances
in the design of key systems of the machine are reported.

1. INTRODUCTION

The purpose of the Ignitor experiment is to produce deuterium-tritium plasma regimes where
ignition can take place. At ignition all thermal energy losses from the plasma are compensated by the
oc-particle heating produced by D-T reactions. The main components of the machine are shown in Fig.
1. The reference design parameters of the machine [1], given in Table I, could allow it to reach igni-
tion by ohmic heating alone, but in order to expand the range of experiments that can be performed
and to gain more control over the radial profiles of the current density and plasma temperature, an
ICRH system has been included. In the present design, this system can deliver a similar power (around
20 MW) as the cx-particle heating under projected ignition conditions. Since ignition can occur for low
values of /3-poloidal, typically /3p < 0.25, a considerable paramagnetic poloidal current can be pro-
duced. We consider the m = 1, n = 1 mode involving collisional magnetic reconnection to be of par-
ticular concern, given the fact that in these regimes [2] the electron collision frequency, on the q = 1
surface, exceeds the ion diamagnetic frequency by a factor 3-4.

Two scenarios of operation, at the design value of the toroidal field on axis, Br = 13 T, are
quoted in Table I, one corresponding to a plasma current pulse that has a 4 s ramp + 4 s plateau at 11
MA followed by an appropriate ramp-down, and another one in which the plasma current can be raised
to 12 MA, with a short plateau followed by a longer ramp-down. The peak plasma pressure at which
ignition is expected to be achieved is at least 4 MPa (e.g., n0 ~ 1021 m"3 and re0 ~ Ti0 ~ 12.5 -15 keV).
At lower toroidal magnetic fields the plasma current pulse can be considerably longer.

2. THE INTERNAL MODE AND TRANSPORT ISSUES

In the high current, high field scenarios the onset of internal modes with n° = 1 and a prevalent
m° = 1 component is of concern. A comprehensive analysis has been undertaken, given the importance
that large scale sawtooth oscillations be avoided as they may prevent ignition. Different kinds of p(\f/)
and q(\f/) profiles have been considered, including those used to evaluate the typical equilibrium con-
figurations produced by the Alcator C-Mod machine with values of /3p and qv close to those envisioned
for Ignitor. In this case, the analysis carried out with the PEST code [3] indicates that the plasma is
stable to ideal MHD modes. The sawtooth activity observed in Alcator C-Mod is associated with re-
connecting modes. At 11 MA the considered equilibrium configuration for Ignitor has a volume of the
q < 1 region that does not exceed l/10th of the total plasma volume. Thus, the excitation of sawteeth
with similar characteristics of those observed in Alcator C-Mod, that is limited amplitude and a mod-
est region from which thermal energy is periodically expelled, should not prevent achieving or main-
taining ignition. In fact, this configuration is shown to be ideal MHD stable [4] or close to marginal
stability for pressure profiles considerably more peaked than those representative of Alcator C-Mod.
At 12 MA, a class of pressure profiles can be identified, with realistic gradients, for which these
modes cannot be excited. Moreover, when ideal MHD unstable modes are found, these feature a tran-
sition layer where the radial profile of the plasma displacement undergoes a sharp variation, which is
so narrow that consideration of reconnection and finite ion gyroradius effects, along the lines de-
scribed below, becomes necessary.
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FIG. 1. Main components of the Ignitor-Ult machine. The electromagnetic press system, enlarged in
the inset, involves two concentric coils surrounded by a bracing ring.

In order to include all relevant physical effects, a parallel analytical effort has been developed
where the MHD stability parameter /!«,«« = ^H,MHD(A>I.C + p\\,a)+ AK,a(0) is computed for general equi-
librium profiles [5, 6]. The effects due to the shaping of the plasma cross section and to the presence of
oc-paiticles are thus considered. High-energy cx-particles have both a stabilizing effect, through the ki-
netic term A âCO) [7] (evaluated here in the small frequency limit) and a destabilizing one, due to their
contribution p\Ua to the poloidal-(3 parameter [5] p\x. The quantity Xam is then used as a boundary
value for the equations describing the plasma dynamics inside the transition layer. Model equations
including finite resistivity, finite diamagnetic frequencies and the full finite gyroradius ion response
have been formulated, adapting those discussed in [8] for the collisionless regime, to the electron colli-
sional regime that is appropriate for ignition experiments. The resulting eigenvalue problem has been
solved numerically. We find that, when AH,tot < 0 or close to zero, the relevant reconnecting modes are
typically stabilized by finite ion diamagnetic frequencies effects. Fulfilling this condition depends on
the shape of the ^-profile (and, through p\u on the steepness of the pressure profile), and we note that
^-profiles with a "shoulder" between the q = 1 and q = 2 resonant surfaces have optimal stability prop-
erties. We have considered plasma pressure profiles p{p) = po(l- p2)v?, where p is a normalized ra-
dius, with vp = vn + vT = 1 + 1.5 so that/?(/</?> = 3.5, a peak density n0 = 1.1 x 1021 m"3, and different
values of the peak temperature To (12 and 15 keV). This analysis shows that, for a standard parabolic
^-profile, AH,tot > 0 (indicating ideal instability) even for small values of px. On the other hand, when
considering a ^-profile with a "shoulder", stability improves dramatically, and AH,tot < 0 even for rela-
tively large values of px. While the conditions under which such "optimal" ^-profiles can be generated
need to be more thoroughly investigated, it is interesting to note that, in the Ignitor simulations re-
ported in [9], ^-profiles of this type can be obtained by properly programming the current ramp and
the application of RF heating.

The evolution of the plasma configuration and parameters from startup to ignition has been
simulated recently by the JETTO code [10, 11]. The reference operation scenarios considered have
plasma current up to 11—12 MA. Many parameters, such as density, impurity content, plasma shaping,
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and current density profile, are shown to play an important role on the path to ignition. In addition,
detailed studies of the approach to ignition have underlined the importance of the choice of the tem-
perature at the boundary [9, 11].

Among the recent experimental results of interest we note that a series of experiments [12] car-
ried out by the FTU machine has employed central electron cyclotron heating (ECH), whose energy
deposition, like that of a-particles, is localized near the axis of the plasma column. In discharges with
low/negative magnetic shear the effective electron thermal diffusivity was observed to decrease when
the MHD fluctuations were transiently reduced, confirming that MHD activity made a significant
contribution to transport. These plasmas regimes, characterized by high electron temperatures, low
densities, low ion temperatures and high Zeff, cannot be extrapolated to ignited conditions. However,
they indicate that it may be too pessimistic to assume, as we have done in our numerical simulations,
that a-particle heating, which in addition is axisymmetric, introduces a deterioration in the confine-
ment properties of the same kind as that observed when externally injected heating is present.

3. MACHINE DESIGN ISSUES

The observation of significant, non-axisymmetric halo currents produced during typical Vertical
Displacement Events [13] has motivated a full analysis of the stresses generated in the Ignitor plasma
chamber, the first wall tiles, and the tile carriers during a reference event of this kind. Structural integ-
rity has been verified by means of a dynamic elasto-plastic analysis [14], modelling the entire plasma
chamber. The maximum vertical load on the PC is consistent with a plasma disruption model where
the current quench starts when the q = 1.6 surface makes contact with the first wall. It has been dem-
onstrated that, according to the ASME III code rules, the Ignitor plasma chamber can withstand in its
weakest part, the weld regions, 40000 cycles of disruptions involving an average halo current of 3 MA
(25 - 27% of the plasma current) with a peaking factor of 2 in the toroidal direction, at nominal
plasma current (11 -12 MA) and magnetic field (13 T at R - 1.32 m). These values of the halo current
fraction and peaking factor are rather conservative and represent the worse experimental results ob-
served so far. We point out that obtaining good confinement configurations in a machine that incorpo-
rates a thick plasma chamber (the Ignitor design was the first one to adopt this solution) has been well
demonstrated by the successful operation of the Alcator C-Mod machine.

Significant progress has been made in devising an optimal configuration for the horizontal elec-
trical press, acting on the "flags" of the C-clamps [1], which is employed to relieve the stresses from
the inner leg of the toroidal magnet at the maximum field values. The principal feature of the electrical
press (see inset in Fig. 1) is that it operates in parallel with a mechanical press (whose main element is
a set of two bracing rings) and it makes it possible to perform adjustments on the latter with relative
ease. At the same time, the construction, installation and removal of the central solenoids and of the
central post system are considerably simplified. In particular, tightening of the bracing ring rams,
when the machine is cold, can be avoided. The adoption of a horizontal press relative to a vertical one
also allows a greater freedom in the programming of the currents in the central solenoid coils, as the
central post can now take up repulsive forces between these coils. In this way, a significant increase in
flexibility for the control of the plasma shaping can be gained. In particular, by carefully adjusting the
distance between the poloidal field null points and the plasma edge, a good matching of the plasma
shape to the first wall can be obtained, thus reducing the possibility of localized heat loads.

Because of the importance of the ion cyclotron resonance heating for high density plasmas an
ICRH system in the 70-140 MHz frequency range has been incorporated in the original Ignitor design.
A comprehensive analysis of the antenna system performance has been undertaken, in which consid-
erations on the tuning and matching system have been included. The coupling properties of the an-
tenna have been evaluated employing pre-existing codes, as well as a newly developed, self-consistent
code [15]. Globally, the analysis demonstrates the feasibility of an ICRH system that fulfills the re-
quirements of the Ignitor experiment, fits within the allocated space and is compatible with the electri-
cal constraints of the machine.

Each of the 6 antennas on the horizontal ports has 4 straps forming a 2x2 poloidal and toroidal
phased array; each strap is fed by a radiofrequency power generator via a coaxial cable and a tuning
and matching system. The predicted radiation resistance is sufficient to withstand, within the overall
mechanical design constraints, 4 MW per port of injected power, so that a total of up to 24 MW can be
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delivered to the plasma. We notice that the range 18-24 MW is that of the a-particle heating corre-
sponding to the expected ignition conditions. Thus, a-particle heating can be simulated at the same
power level in non-reacting plasmas, taking into account that it is radially more localized than the IC
heating.

TABLE I. REFERENCE PARAMETERS OF THE IGNITOR MACHINE

Major radius Ro (m)
Minor radii axb (m2)
Aspect ratio Ro/a
Elongation K—bla
Triangularity 5
Vacuum toroidal field BT (T)
Toroidal current 1P (MA)
Poloidal current Ie (MA)
Paramagnetic field (T) produced by Ie

Mean poloidal field B~p = Ip /{5^Jab) (T)

Confinement strength Sc= BPIP (MN/m)

Av. toroidal current density <J&> (MA/m2)
Maximum poloidal field BPM (T) (R<Ro)
Magnetic flux swing (Vs)
Edge magnetic safety factor qv

Plasma volume Vo (m
3)

Plasma surface So (m2) =3
Additional heating power PICRF (MW) 18

1.32
0.47
2.8
1.83
0.43
13
11 -
<8 .
< 1.

3.4-

3 8 -
8.5-
5.9-
36
3.6 i

=10

xO.86

•12

25-9
4-1.5

-3.75

•45
-9.3
-6.5

@ 11 MA
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Abstract

In this paper it is shown that the Tokamak-Based Demonstration Reactor - DEMO with large aspect ratio (LAR)
has more available parameters than tokamaks with intermediate (ITER) and small (ST) aspect ratios.

1. INTRODUCTION

The major goal of the Tokamak Physics Programs is to obtain the necessary information for
the design of a Tokamak-Based Demonstration Reactor - DEMO.

During DEMO designing the problems, connected with the cost of installation and with the
high availability of operation will arise. From this point of view it is interesting to analyze the
possibilities of tokamak-reactor with low (A<1.5) and with high (A>4), in comparison to ITER, aspect
ratios [1-4].

In this paper for obtaining the dependencies of the main plasma parameters for DEMO on
aspect ratio and plasma elongation we used method, described in [5].

2. CALCULATION METHOD AND RESULTS.

The status of a facility (facility with ignition, burn ets.) is determined by the so-called triple
product, F

Fp=mT, (1)

where n and T are the density and the temperature of a plasma, T is the energy confinement time.
The thermal/magnetic energy ratio (f$) is limited by the possibility of developing of

ballooning instability in the plasma :

P = 1 O - 2 P ' , (2 )
aB

where / is the plasma current, a is the minor plasma column radius, B is the magnetic field value.
For the plasma energy confinement time the ITER-scaling law [6] for H-mode has been

chosen:

T = OmSI^B^P^n^M^R^S0-19^-91. (3)

Here, M is the mass-number of plasma ions, Pa is the plasma heating power (for reactor with self-
sustaining reactions it is the power confined in the a -particles), £ = A~ = a IR is the inverse
aspect ratio A, R is the major plasma column radius, k is the plasma column elongation. For the
further analyses let us assume that T = 0 .5r / r £ / {.

For density limit we used the Greenwald value
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IA2

For plasma current we used

2qA'

(4)

(5)

where q = qyf(A-l)/A [3].

The value of magnetic field in the toroidal center is equal

where Bc is the maximal permissible magnetic field value and Aa is the distance from the plasma

internal boundary to the points, where the magnetic field is maximal.
In the analyses we will take into account the specific energy flux transferred by neutrons

through the plasma column edge, Pn .
From expressions (l)-(6) one can obtain formulas for the dependencies of main plasma

parameters on the aspect ratio and plasma elongations. For example we have:
a) R, m

£0.83 0.17fi2.89M 0 . 1 7 f i 2}1.9 [ A _ ( 1 + A ) ] U 9 < >

b) / , MA

c) P, GW

P

0.75

From the relations (7)-(9) one can see that all parameters can be represents as a product of the
constant coefficient determined by chosen physical quantities, function of plasma column elongation,
and function of the aspect ratio, / „ (A) , where J is R,I,P, ets.

The ratio of bootstrap current to full plasma current for circular tokamaks may be found from
formula [7]

1*2!*- = 1.17)3 _A-°-61
(10)

where /3 is the ratio of thermal energy to the energy of poloidal magnetic field, q0 and qa are the

safety factor values at the center and near the periphery of plasma column.
The dependencies of fr for /, R, and P on A are given in Fig.l (A=0.3). In Fig.2 one can see

the dependencies of full plasma and bootstrap currents on A. We can see that the functions fR and

fP have minimum at some optimal value of Aopt. In Ref. [5] it was been shown that Aopt ~ 1 + A .

The plasma current decrease with increasing the aspect ratio.
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In Fig.3. one can see the dependencies of plasma current, tokamak major radius and plasma
reactor power on plasma elongation when the another parameters are const.
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Fig.3. Dependencies of plasma current, tokamak major radius
and reactor power on plasma elongation.
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One can see that as the ellipticity increases the tokamak radius, plasma current and reactor
power decrease.

Let us consider for example the dependencies of some tokamak -reactor parameters on aspect
ratio when the major tokamak radius is const. Another parameters were taken the same as in ITER.
The results of such calculations are presented in the Table.

TABLE

' " ' 1 ^
A
A
R, m
I, MA
P, GW
Pn, MW/m2

1.3
0
8

128
19.4
6.3

2.9
0.3
8

22
1.5
1

6
0.3
8
5.6
0.15
0.2

2.5
0.3
6
19.6
0.6
0.6

3.5
0.3
6
11.5
0.3
0.4

4.5
0.3
6
7.3
0.14
0.26

6
0.3
6

4.1
0.05
0.12

From the Table one can see that when the aspect ratio increases such plasma parameters as
current, full reactor power and wall loading decrease.

3. Conclusion.

So from our point of view the reactor DEMO must be based on the tokamak with high aspect
ratio:
- The plasma current which is necessary for reactor operation drops when the aspect ratio rise, and so
the problem of plasma current maintaining is simpler.
- The bootstrap current is rise when the aspect ratio rises. In this case the design of the steady-state
tokamak-reactor is simpler.
- The neutron wall loading is less in LAR than in ST.
- The aspect ratio rise gives us the possibility to rise the magnetic field value at the plasma center,
with the same value of the critical magnetic field at the inner toroidal field coil leg. The conditions for
obtaining the high plasma parameters are better for higher magnetic field.
- The installation with high aspect ratio has high availability of operation.

The rise of the plasma elongation results in the better reactor parameters obtaining. For
example, the change of the plasma elongation from 1 up to 3 results in the major plasma radius
reduction about one order of value.
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Abstract

The fusion reactor design studies in China are under the support of a fusion-fission hybrid reactor
research Program. The purpose of this program is to explore the potential near-term application of fusion
energy to support the long-term fusion energy on the one hand and the fission energy development on the other.
During 1992-3-996 a detailed consistent and integral conceptual design of a Fusion Experimental Breeder, FEB
was completed. Beginning from 1996, a further design study towards an Engineering Outline Design of the
FEB, FEB-E, has started. The design activities are briefly given.

1. INTRODUCTION

Fusion energy is the long-term goal in China. However, it seems unlikely that commercial fusion
plants will be available in China before 2050, mainly due to the fact that fusion energy based on the
typical tokamak is not economically competitive with other energy sources. It is of vital importance that
an essential intermediate application of fusion energy is implemented at an earlier time. Fission energy is
practical. The fusion-fission hybrid reactor has the potential to provide plenty of commercial fissile fuel
and also to provide a valuable means of long-lived high level radioactive waste disposal through
transmutation, both benefit the development of fission energy, and thus becomes an essential
intermediate application of fusion energy. This potential is worth studying, and a fusion-fission hybrid
reactor program was proposed and approved. An important milestone in the course of fusion breeder
development is a Fusion Experimental Breeder, FEB.

2. DETAILED CONCEPTUAL DESIGN OF THE FUSION EXPERIMENTAL BREEDERfl]

The fusion reactor design studies in China are mainly carried out at the Southwestern Institute of
Physics, SWIP, and the Academia Sinica Institute of Plasma Physics, ASIPP, under the support of a
fusion-fission hybrid reactor research Program. Based on two conceptual designs separately performed
by SWIP and ASIPP during 1988-1991, in order to be ready for the engineering design that follows, a
detailed consistent and integral conceptual design was completed by a joint effort in 1993-4996.

2.1. The basic device

The FEB is He-cooled with a major radius of 4 m, minor radius of 1 m, magnetic field on axis 5
T, plasma current 5.7 MA, and a neutron wall loading of 0.42 MW / m2. Liquid lithium is adopted as
tritium breeder in the blanket to improve the heat conduction in the pebble bed. The perspective drawing
of the FEB is given in Fig.l. Effort has been made to give a consistent design of the FEB: the blanket
inlet/outlet channels were arranged carefully for blanket maintenance purpose, the fitness of various
components was checked using computer animation software, and comprehensive analyses were carried
out focused on common objects, e.g., blanket or TFC.

*Work performed within the framework of a Fusion-fission Hybrid Reactor Program supported by the State
Scientific and Technological Commission of China.
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Fig.l. The perspective drawing of the Fusion Experimental Breeder, FEB.

2.2. Blanket / shield

The pebble bed structure is adopted for the complex tokamak geometry. To minimize the size of
the reactor and to enhance reliability, a thin inboard blanket is chosen and the fuel breeding is limited
only in the outboard blanket. Sixteen blanket sectors correspond to 16 TFC. Each sector consists of 2
inboard and 3 outboard blanket modules. 3-D neutronics calculation was carried out using FENDL/MG
[2]plus data library for fission fuels based on ENDF/B-VI. The helium pressure is 5 MPa. The pumping
power is calculated to be 5.9 MW giving a He circulation power fraction of 2.7% of the total thermal
power. Following 3-D neutronics analyses, some local shield layers are added to attenuate the streaming
neutrons at the lower port of the vacuum vessel.

2.3. Environment analysis

The radioactivity related parameters of the FEB were calculated. Furthermore, people are
concerned about concentrations of some actinides: 237Np for its decay daughters with high toxicity and
long lives, and 232U for being high toxic and long-lived a-decay emitter. The calculation gives the
concentration of 237Np and 232U in uranium after one-year operation and two years after shutdown is
8.2-10"5 and 4.4-10"10, respectively, which is quite acceptable in fuel reprocessing.

Besides, a safety analysis of LOCA/LOFA in the outboard blanket was made and the capital cost
of the FEB assessed. A PRA was carried out to assess the failure probability of a series of sequences.
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The peak temperature evolution was obtained assuming that the reactor is shutdown immediately after a
primary cooling system failure. Combining this with results of the PRA, a first level PRA was
completed resulting in the probability and consequence for a series of sequences. The total capital cost
of FEB was calculated to be BS2.1 (1989 US $), assuming the construction time is 8 years.

3. ENGINEERING OUTLINE DESIGN OF THE FEB, FEB-E

After this, an engineering outline design of the FEB has been started from 1996. This design
study will form a transition from conceptual to engineering design in our research. The task is to
improve the FEB design, to add safety margins with respect to core plasma and reactor operations, and
to enhance the safety and reliability of the fusion experimental breeder. It is also required to perform the
engineering outline design of the key components. The design study should deal with engineering and
technological issues as far as possible. The design should be feasible from the engineering point of view
with regard to materials, structure, fabrication, maintenance etc. In-depth analyses should be performed
to support the design.

blanket design and analyses

The attachment lock of blanket in the vacuum vessel should be strong enough to withstand the
tremendous E-M load generated during transient events of plasma current, while flexible enough to
minimize the thermal stress and to ease the replacement during maintenance. The concept of belt-bar [3]
is accepted. Strong bars above 15 cm in diameter are connected ends to end to form a belt. Four belts
are firmly fixed on the inner wall of the vacuum vessel. Blanket modules are attached to the belts along
an inclined direction. In-depth therrno-mechanics analyses will be made to examine and improve this
design scheme. Three-dimensional thermal analysis was performed. The helium pressure is enhanced
from 5 MPa to 10 MPa for the FEB-E. Compared with the FEB design, the peak temperatures are
lowered by about 150 °C. Then, a stress analysis was made which included the He pressure and thermal
loads. The peak stress is 185 MPa, located in the strengthened ribs in the fuel zones.

Divertor design and analyses

A close type gas box divertor is adopted in the FEB-E design. Joint operation of gas puffing and
impurity injection is proposed for the purpose of plasma temperature and density control. For the
purpose of impurity retention and retaining the beneficial effect of redeposition of the impurity, boron is
injected near the target plate. The position of gas puffing is optimized using a plasma transport code. A
divertor module was designed. The fabrication and maintenance of the divertor have been considered.
Thermo-mechanics analyses were made for the target plate. With finned cooling channels (extended
surface concept[4]) the effective heat transfer coefficient is calculated to be 1.0-104W/m2-K. For a peak
heat flux of 4.5 MW/m2, the peak and lowest temperatures of the Be are 452°C and 254°C, respectively,
and the peak temperature of copper is 317°C. Stress calculation was performed with the loading of
temperature difference and helium pressure. The calculated peak stress is 203 MPa.

3.1. Eddy current analysis

The in-vessel components must be capable of withstanding the impacts from current quench
during a plasma disruption without being damaged. A 2-D axisymmetric model was set up to simulate
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the whole arrangement of the in-vessel components. The induced eddy currents during a centered plasma
disruption are calculated. A current quench time of 10 ms is taken. The time-space distributions of
toroidal eddy current in various components were obtained, as well as the E-M load generated, which
will be loaded to the modules of blanket and divertor for mechanics analyses.

3.2. Tritium inventory

A SWITRIM code has been developed to simulate the whole circulation process of tritium
through various subsystems, including burning, breeding, isotope separation, tritium extraction, and
storage processes to assess the tritium inventory in these sub-systems. The coupled equations of tritium
inventory variations in all sub-systems are established. Discrete transfer of tritium from blanket to
tritium extraction system is considered. Using the SWITRIM code, the tritium inventory and its
distribution were obtained. Under full power operation of the FEB-E, 0.5 kg initial tritium inventory
will meet the requirement of circulation.

3.3. TFC shield

In accordance with the close-type divertor design, the TFC shielding has been recalculated. Since
the streaming neutrons are effectively reduced, this configuration is beneficial. Satisfactory shielding is
provided. The total nuclear heating power in the TFC is calculated to be 4.2 kW.

3.6. High power density test blanket module

For fusion-based transmutation reactors and commercial fusion reactors as well, the power
density of the blanket should be high enough to meet the economic requirement. A high power density
blanket is being designed as a test module of the FEB. The concept of LiPb eutectic/ minor actinide
oxide suspension is adopted to reach an aiming power density of 50-400 MW/m3. The structure of the
module is similar to that of the FEB but with much more cooling panels to account for the much higher
power density. This structure is suitable for power density flattening by arranging different proportion
of fissile fuel along the radial direction. The one-dimensional neutron transport calculation gives a keff of
0.82, an energy multiplication of 40. The power densities appear to be quite uniform ranging from 40 -
70 MW/m3. The inlet/outlet temperatures of the 10 MPa helium are chosen to be 250/400 °C. A 3-D
temperature distribution is calculated, giving a peak temperature of 1210 °C in LiPb and 570 °C in
structural material. Further design measures should be taken to lower the temperature..
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Abstract

An analysis of the design space available to laser fusion power plants has been carried out, in
terms of design key parameters such as target gain, laser energy and laser repetition rate, the number
of fusion reaction chambers, and plant size. The design windows of economically attractive laser
fusion plants is identified with the constraints of key design parameters and the cost conditions.
Especially, for achieving high repetition rate lasers, we have proposed and designed a diode-pumped
solid-state laser driver which consists of water-cooled zig-zag path slab amplifiers.

1. INTRODUCTION

A conceptual design and economic analysis of laser fusion power plants has been carried out in
the KOYO design study [1]. Through this design study, we examined the key issues which may affect
the technical and economical feasibility of laser fusion power plants.

Following the KOYO design study, we developed a system design and economic evaluation
code of laser fusion power plants, which can be used for parametric study on key design parameters.
Based on discussing the constraints of key design parameters such as reactor pulse repetition rate
(rep-rate) and laser pulse rep-rate, the design windows of laser fusion power plants, which use laser
diode pumped solid state lasers are analyzed, and the requirements of key technologies are identified.

To realize economically attractive laser fusion plants, it is necessary to develop the high
rep-rate and low cost lasers. For achieving high laser rep-rate, removing the heat from the laser gain
medium is essentially important. One of the effective approach is a zig-zag path slab, which can be
cooled on both sides with flowing water. Then we are designing a laser-diode pumped slab laser, and
studying the capability and constraints to achieve high repetition laser.

2. PRINCIPAL DESIGN PARAMETERS AND DESIGN CONSTRAINTS

2.1 Principal Design Parameters and Basic Relationships

System designs of laser fusion power plants are mainly depend on key design parameters
related to power balance and pulse rep-rate. In the laser fusion modular power plants, reactor module
(chamber) thermal power Pet and total plant thermal power Pt are, Pet = rc EL GM, Pt = n Pet.

Then the power balance of laser fusion power plants is expressed as follows,
Pn= " T P t - P L - P a = n r c "TEf GM - Pa - r L E L / ~D ( r L = n r c )

where the notations of parameters are shown as follows; G: target gain, Pt: total plant thermal
power, M: blancket power gain, Pe: gross electric power, rc: reactor pulse rep-rate, Pn: net electric
power, rL: laser rep-rate, PL: driver input power, ~D: laser efficiency , Pa : other recircurating power,

~T: thermal efficiency, Pet: reactor module thermal power, EL: laser energy, n: reactor module
number.

2.2 Target Gain Curves
The target gain G can be given by simple functions of EL in high gain areas as first ordered

approximation : G= 100 ( EL / Eo )
1/3 ; G= 100 at EL = Eo MJ
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This scaling rule depends on simple physics that maximum burning fusion power is
proportional to radius of pellet, while fuel heating energy (EL) is proportional to volume of pellet.

For the central spark concept we selected rather optimistic case, G= 150 (EL /4 ) , in KOYO
design study. In this study we selected for more conservative case: G= 100 ( EL/ 4 )1/3.

For the fast ignitor concept as an advanced heating concept, we considered two gain curves,
the upper bound and the lower bound logically: G= 300 ( EL/0.5 )1/3 and G= 100 ( EL/0.5 )1/3 .

2.3. Constraints of Key Design Parameters
The design space available to laser fusion power plants is obtained by the relationships and the

constraints of the principal design parameters logically, although there are many uncertainties on
the key physics and technologies. Table 1. shows the key design parameters and the constraints.

TAB LEI. PRINCIPAL DESIGN PARAMETERS AND CONSTRAINTS

Key design parameters Design space Design constraints

Target gain @
G

central spark concept
100-150 at 1-6 MJ
fast ignitor concept
100-500 at 0.5-2 MJ

-beam number -100
-irradiation nonuniformity - 0.5%
-physics uncertainties
-short pulse laser energy

Reactor fusion pulse energy
Ef =G EL

reactor pulse rep-rate

central spark concept
100-1000 MJ
fast ignitor concept
50-1000 MJ

liquid wall concept
rc 1-10 Hz

dry wall concept
5-30 Hz

reactor chamber thermal power
Pet = rc Ef M 500-5000 Mwth

-first wall ablation and evacuation
time

-evacuation condition(laser beam
propagation and pellet injection)
-chamber radius R=5~10
-beam propagation in high Z gass
-adequate reactor power size
-neutron wall loading , chamber radius
-final optics damage and maintenance

Laser energy EL

laser efficiency "D

laser pulse rep-rate rL

1-6 MJ

8-12 % (DPSSL)

3-30 Hz

-laser cost (LD cost and laser diode
pumping power)

-product of efficiency of many
components

-cooling medium and compensation
of thermal effect

-life time of key laser components

Reactor module number n 1-10 -beam switching
-layout of laser beam and final optics

3. COST ESTIMATION AND DESIGN WINDOW ANALYSIS

The economic modeling for laser fusion power plants has been developed in KOYO design
study, which is aimed to compare the economic characteristic of various type of power plants with
the common calculation methodology and cost data base. In this model the cost of equipments are
estimated by calculating the mass of components and unit costs, and using cost scaling relationships,
which are based on the COST MODEL developed by the IFTEC and SEA, for SPWR(modulartype
PWR, 1988) and for TOKAMAK reactor( 1991 ).[1]

The cost scaling relationships on major facilities are described by using principal design
parameters such as in TAB LEI.
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Fig. 1 shows the total direct capital cost and the laser cost versus laser energy for n numbers
750MWe module plants. The laser cost contribution to total plant cost can be highly reduced in
modular power plants, becouseof usingalaseras common facility for multi reactors. Fig. 2 shows the
cost of electricity (COE) versus laser energy for one reactor module plants and 4 reactor module
plants with the constraints of reactor pulse rep-rate rc.

400

>— Laser(ir= 1)

>—TotalDirect(n=l )

K— Laser (n= 2)

irect(n=2 )

Laser(n= 4)

To talDirec t(n=4 )

ID 15 2D 2.5 30 3.5 4.0 4 5 5.0 5.5 6.0

EL (MJ)

Fig. 1 Total direct capital cost and laser cost versus laser energy for 750MWe ~n Mwe
modular power plants (reactor module number n-1, 2, 4)
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Fig. 3 Design windows with the constraints of laser pulse rep-rate rL for 4 target gain curves
( COE versus laser energy for lOOOMWe -4 and 750MWe ~4 MWe modular power plants)

The design windows are shown for the four cases of pellet gain curve, and the two cases of the
combination of net electric power and reactor module number in FIG.3. COE is shown as a function
of EL with the limitting condition of rc andrL . The gain curves for the conventional central spark
model and the fast ignitor model are given as a function of EL.

The major limitting factor of design windows is rc in the case of n=l, and rL in the case of n=4.
It is noticed that in the case of small laser energy and small fusion pulse output, the design windows
are strongly restricted by laser pulse rep-rate or reactor pulse rep-rate. For the small fusion pulse
output and high reactor rep-rate, dry wall concept is suggested as a powerful candidate .

4. CONCEPUTUAL DESIGN OF LASER-DIODE PUMPED SLAB LASER

For the high laser rep-rate, a crucial point is to remove the heat in the laser gain medium.
Zig-zag path slab has an advantage that the laser beam does not pass through the cooling medium as
it propagates by means of total internal reflections. Using this advantage, the slab is cooled on both
sides with flowing water having high cooling capability.

Fig. 4 shows the schematic design of a driver module for power plants. This module consists of
15 beamlets and each beamlet has a double 4-pass system as it plays the role of both pre-amplifier
(4-pass system) and main amplifier (4-pass system), which results in a compact system.

Each beamlet is amplified from 10 fi J input energy to 700 J of blue output energy. The
module has, therefore, 10 kJ total blue output energy, and operates at 12 Hz with 10.4 % overall
efficiency. Thermal effects such as focusing and birefringence are compensated by using a SBS
(Stimulated Brillouin Scattering) phase conjugation mirror and a 45 degree Faraday rotator,
respectively. It is favorable that there is no large scale Pockels cell in the module.
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FIG. 4 Schematic design of the module of laser-diode pumped zig-zag slab laser,
which has WkJ total blue laser output at 12Hz rep-rate.

5. CONCLUSION

We can design attractive laser fusion power plants, through the flexibility of key design
parameters, especially in modular power plants. The design windows are strongly restricted by the
reactor pulse rep-rate in single reactor module plants, and by the laser rep-rate in modular plants.
Then the key technolpgies related to high rep-rate lasers, and high rep-rate chamber concepts should
be developed.
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ABSTRACT

Construction of the LHD has been completed and it went into the experimental phase in early
April 1998. The first plasma was obtained with ECH with a power level of 300 kW. Three heating
schemes, ECH, ICRF, and NBI, are adopted and join the heating experiment in the second
experimental campaign.

Since the LHD has superconducting coils, one of the missions of plasma heating in the LHD is
demonstration of a steady state plasma. Intensive technology development for steady state plasma
heating has been carried out at NIFS since 1992. The paper summarizes the achievements of these
developmental activities in the past several years. The knowledge obtained may be applicable to
ITER, where steady state plasma heating is essential.

I. ICRF STEADY STATE TECHNOLOGY DEVELOPMENT

R&D experiments have been conducted using a test assembly which consists of a transmitter, a
dummy load, transmission lines, a coaxial switch, a DC-break, an impedance matching circuit, a
pre-matching stub tuner, a ceramic feedthrough and a test loop antenna installed in a vacuum
chamber.

The transmitter was newly designed and constructed. A unique double coaxial output cavity was
employed to facilitate wide band frequency tunability from 25 to 100 MHz. An Eimac tetrode
4CM2500KG was used. With forced air cooling of the cavity, an RF power of 1.6 MW was obtained
for 5000 sec, a long pulse record for this range of frequency and powerfl].

New standardized designs for water cooled coaxial lines and junctions were developed and tested;
the diameters of outer and inner coaxes are 240 mm and 104 mm. The original idea of a liquid stub
tuner has been employed in the impedance matching circuit. It utilizes the difference of the RF wave
length between the gas and liquid in order to eliminate the sliding contactors used in conventional stub
tuners. The latter had been causing difficulties in making reliable stub tuners for high power long pulse
ICRF systems. Another key component where the R&D work is extended is the vacuum
feedthrough; the inner and outer conductors are water cooled and the ceramics are gas cooled.
Various shapes of the ceramics were tested and Si3N4 was examined as a new feed through
material[2].

To summarize the steady state component development, all the components listed above finally
cleared the stand off voltage of 40 kV for 30 min as tabulated in table-1. It should be noted that the
stand off voltage is higher by about 20 % for pulses shorter than 10 sec. The liquid stub tuner was
demonstrated to be a reliable component by standing off 50 kV[l]. Tunability was also demonstrated

1



1294 FTP/21

by varying the liquid surface height with 46 kV of RF voltage. Here, 40 kV of operating voltage
corresponds to 1.6 MW injection to the plasma in the LHD, assuming a plasma loading resistance of
5 W.

For LHD ICRF experiments, two kinds of antennas have been designed and fabricated. One is
a conventional loop antenna (Fig. 1) for fast wave heating[3] and the other is a folded wave guide
antenna (Fig.2) for ion Bernstein wave heating[4]. The steady state technology obtained in the
R&D was fully incorporated in the design of these antennas.

high power ampl i f i e r
feed through
liquid stub t u n e r
coax ia l l ine
water cooled a n t e n n a

1 .6 MW, 5 0 0 0 sec ( s t e a d y s t a t e )
4 0 kV 30 m i n
50 kV 30 min
50 kV 30 m i n
4 0 kV 3 0 m i n u

Table-1. The stand off voltages of ICRF components as tested with a pulse of 30 min.

Fig.l.
LHD.

Water cooled antenna installed in the Fig.2. Folded wave guide antenna.

II. ECH STEADY STATE TECHNOLOGY DEVELOPMENT

The most important issue of steadystate ECH is development of CW (continuous wave)
gyrotrons. ECH for the LHD requires two frequencies ,84 GHz and 168 GHz, corresponding to
fundamental and second harmonic heating. CPI and Toshiba companies have been the partners in the
development of 84 GHz and 168 GHz high power CW gyrotrons, respectively.

By means of strong water cooling of the tube, the 84 GHz gyrotron achieved 500 kW for 2 sec,
400 kW for 10.5 sec, 200 kW for 30 sec and 100 kW for 30 min[5-6]. Figure 3 shows the time
evolution of the peak temperature of the gyrotron output window disk. Long pulse operation at high
power levels (500 kW) was limited within 2 sec by the temperature rise of the output sapphire
double-disk window, which can be replaced by better material currently available. The records with
lower power (<400 kW) and longer pulse are limited by the degradation of the vacuum condition, an
important understanding gained in these experiments. A new 84 GHz gyrotron was fabricated with
improved pumping. The idea of Collector Potential Depression (CPD) is adopted to reduce thermal
load, which allows compact design of a collector in a C W gyrotron. The basic CPD performance of
the gyrotron was confirmed for the following short pulses: 250 kW/ 0.2 sec and 150 kW/ 0.5 sec
pulses, and 130 kW 0.1 sec 710% duty. The operational conditions are: collector voltage 65 kV, body
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voltage 80 kV, and anode voltage 25 kV. The other merit of a CPD gyrotron is that rigorous stability
of the collector voltage is not required. Aging of the tube is being conducted in order to achieve longer
pulse and CW operation .

High power CW vacuum barrier windows are another important issue. We propose a low loss
silicon nitride composite disk(Si3N4) [7] with surface gascooling as a new type of window. This
material has low tangent and excellent mechanical strength and enables uses at high temperature.
Tests of a gas-cooled window with a diameter of 88.9 mm demonstrated transmission of 130 kW CW
power in H E n mode with a small rise of the peak temperature of the disk. The power flux density

exceeded 8 kW/cm^ on the center of the window. It is demonstrated in Fig. 4 that the window with
gas cooling has a shorter thermal time constant leading to a much smaller window temperature rise.

The Toshiba 168 GHz gyrotrons are loaded with the proposed gas-cooled silicon nitride window.
The pulse length achieved so far is 500 kW/lsec output. The maximum temperature increment of
the window reached only 160 °C at the end of a 1 sec pulse. The pulse length is rather limited by the
tube itself. The gas cooled windows of the same idea are also adopted for the LHD device CW window.

130 WV, 30 sec
pulse injection

323

g 250.5

&f178
| 105.5

33

without gas cooling

• ! / \ \ with gas cooling of 465 L/min.

4 6 8 10 12
Time (sec)

0 30 60 90 120 150

Time (sec)

Fig. 3. Variation of peak window temperature
during RF pulses of various output power. The

Fig. 4. Time evolution of the peak
temperature on the disk during 130 kW, 30sec

maximum rating of the sapahire window is 120 injection without gascooling and with
*C. gascooling of 465L/min.

III. NBI STEADY STATE TECHNOLOGY DEVELOPMENT

The NBI system of the LHD is designed for high energy (180 keV), high power (15 MW) and pulsed
operation (10 sec), using hydrogen [8]. The decision to use negative ion sources has provided a
substantial challenge. The developmental work in the past several years has concentrated on
extracting 30A-40A of negative ion beam and that goal has almost been reached.

Aside from this original thought of pulsed high power injection, there is another interesting path
of steadystate operation (~30 min) with lower power (1-3 MW) [9]. Here, development of a long-
pulse negative ion source is important. The key is in the suppression of the accelerated electrons,
which causes heat load on the downstream grids. Recently, the shape of the extraction grid hole was
optimized so that the generated secondary electrons would not leak into the acceleration gap [10], and
the operational gas pressure was lowered in order to eliminate the neutralization of the negative ions
during the acceleration, one of the processes which produces electrons. As a result, the heat load of the
grounded grid was reduced and production of a long pulse high-power negative ion beam was achieved
(330 kW for 10 sec by use of 1/5 of the grid area of the LHD-NBI source [11]).

Based on this result, a prototype negative ion source has been designed and fabricated which has a
three-grid single-stage accelerator with grid area of 25 cm x 125 cm. A negative ion current of 25 A has
been obtained with an acceleration energy of 104 keV for 1.0 sec. In a long pulse test, as shown in Fig.
5, injection of 1.3 MW for 10 sec was achieved as confirmed on the beam dump located 13 m
downstream. The cooling water temperatures of extraction and grounded grids rise to saturated levels
suggesting that it is steady state in effect, as shown in Fig. 6. As for the components of the injector,
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the residual ion beam dumps are made of swirl tube with fins, which can remove more than 2 kW/cm2

of heat load continuously. A cryosorption pump with a pumping speed of 1360 m3/s works
continuously for 30 min.

An experiment on NBI heating in the LHD began in September 1998 with 80 keV-1 MW injection.
The injection power gradually increased as the aging proceeds. A long-pulse NBI experiment in the
LHD is planned in parallel with the high-power short-pulse injection, prior to the steadystate neutral
beam injection into the LHD. The injection energy and power are 80 keV and 500 kW, respectively,
and the pulse length will be prolonged to 1 min. True steady state operation, 1 MW - 30 min injection
into the LHD, will be done after upgrading the NBI power supplies.

• Heat Load

O H'Current

4 6 8 10
Pulse Duration (sec)

25

20

15

10

Fig. 5. Heat load measured at the dummy load
for 10 sec long pulse NBI injection.
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Abstract

Advanced physics scenarios need radiofrequency (rf) systems to heat either ions or
electrons, to drive current at the center of high density discharges, to control plasma conditions
by manipulation of the heating and current profiles, and possibly to establish rf-driven transport
barriers. Operationally, the systems must deliver high power into rapidly varying plasma loads,
with good performance over a wide range of plasma density and magnetic field strengths, and both
high reliability and efficient use of installed power capability. Other important features are high
power density to decrease port space, long-pulse or steady state operation, and compatibility with
a reactor environment. Two programs in which ORNL is helping to advance the level of rf
system development are the ICRF antenna design for ITER and the high harmonic fast wave
(HHFW) antenna array for NSTX. The ITER antenna array is designed to heat both ions and
electrons and to drive current over a frequency range of 40-70 MHz. An ITER prototype antenna
(Fig. 1) has been fabricated and is undergoing vacuum testing at ORNL. Initial test results are
presented. The NSTX HHFW 12-strap array has been designed to launch a highly directional wave
spectrum for non-inductive current drive. We report on the antenna and feed system design,
measurements on a mockup antenna, and physics modeling used in the design process.

1. HIGH POWER DENSITY ITER PROTOTYPE ANTENNA

1.1 Description
A high power density research and development (R&D) antenna with ITER relevant

dimensions and voltage handling capability has been designed, built, and undergone initial
testing [1]. The antenna is a resonant double loop (RDL) design (Fig. 1) with internal matching
elements. This configuration provides a match to the characteristic impedance of the feed line at
the antenna feed point, which minimizes the voltage and current on the transmission line and
vacuum feedthrough [2]. The current strap is 1.18 m long and 0.22 m wide. The distance from the
current strap to the cavity box sidewalls is 0.04 m, and the distance between the leads feeding the
strap and the top and bottom of the cavity is adjustable, and is typically 0.02m. The current strap
is made of OFHC copper, and the cavity box is Ni-plated 304 stainless steel. There are 12 equally
spaced Cu Faraday shield elements that are each 0.05m in height. There is an adjustable gap
between the current strap front surface and Faraday shield element rear surfaces, which is fixed at
0.015 m for the tests reported here. The antenna is matched using two manually adjustable
shorted stubs which consist of Ni-plated 304 SS inner and outer conductors, and Cu annular
shorting rings with Multilam type LA contactors on the inner and outer surfaces. The stub inner
conductors are water-cooled up to the current strap leads, and there are trace water cooling lines
on the cavity top, bottom, and sidewalls. The stubs are designed to be replaced by an advanced
short-stroke design developed by the EU as an ITER development taskfl], which will be tested
when available. Finally, there are several diagnostic ports in the antenna port cover and matching
stubs. Capacitive probes are mounted in the stub ports immediately behind the port cover plate
(Fig. 1) in order to measure voltages during high power operation.

* Oak Ridge National Laboratory, P. O. Box 2009, Oak Ridge, TN 37831-8071 USA. Research performed by
ORNL, managed by Lockheed Martin Energy Research Corp., for the U. S. Department of Energy under
Contract DE-AC05-96OR22464.
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FIG. 1. The ITER prototype R&D
antenna

1.2 Low power measurements
A set of measurements was made with the R&D antenna in air, including rf magnetic field

profiles and swept frequency measurements of the quality factor (Q). RF magnetic field profiles
were made using loop probes mounted on a computer controlled measurement frame.
Measurements of the toroidal rf magnetic field component were compared with 2D and 3D
magnetostatic models. It was found that accurate profile modeling in the vicinity of the antenna
sidewalls required use of the 3D code [1]. This is likely due to currents flowing through the
Faraday shield elements, which cannot be directly represented in the 2D code.

An interesting result is shown in Fig. 2, which is a graph of reflection coefficient magnitude
vs. frequency, which is used to determine Q. This measurement was made in order to estimate the
intrinsic losses in the antenna and tuning stub. The solid line resulted from a measurement made
with the antenna mounted on the Radio Frequency Test Facility (RFTF) vacuum chamber, and the
dashed line was obtained with the antenna located in an open room with no metallic objects closer
than 3m from the front surface. The two conditions gave very different results, with £?=98 for
the antenna in air, and g=336 for the antenna mounted on the chamber, a factor of ~3 reduction
in apparent losses. It is believed that radiation resistance is partially responsible for the low Q in
the former case, and that the latter case more accurately reflects the launcher internal dissipation.
Approximately the same Q value was obtained as in the latter case when the Faraday shield was
covered with metal foil.

1.3 High Power tests
Initial high power tests have been run with the antenna operating in vacuum on the RFTF

test stand. Before high power was applied, several steps were taken to condition the antenna. The
matching stubs and feedthrough were first baked to approximately 150 °C for 8 hours using
heating tapes wrapped around the outer conductors. Then a multipactor discharge was initiated by
running 2 kW of continuous power, and maintained until it self-extinguished. The power was then
reduced slightly until multipactoring was re-established, and again was maintained until the
discharge extinguished. This process was repeated until the power level was reduced to ~ 50 W.
Next, rf power levels up to ~ 5 kW were applied continuously for several hours with the heating
tapes turned on in order to bake as many regions of the antenna structure as possible.

Following the conditioning process, it was possible run pulses of 0.1 s duration at voltages
greater than 50 kV with essentially no arcing. After ~2 hours of high power conditioning, a
maximum voltage of 72 kV was achieved for 0.1s pulses (corresponding to 2 kA peak current at
the current maximum on the strap), 65-70 kV for 1.0 s pulses (fig. 3), and 62 kV for 2 s pulses.
For operation in plasma, assuming moderate plasma loading of 4 Q/m, the highest voltage
achieved corresponds to a power density of ~ 15 MW/m2. During long pulse operation, it
appeared that the decrease in voltage limit was due to heating of internal surfaces accompanied by
outgassing, with chamber pressure increasing more than an order of magnitude during a 2 s pulse to
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a maximum of ~7X 10~3 Pa. The pressure was not measured in the stubs, but was likely to be
significantly higher in these regions due to their low conductance.

Future tests will include an attempt to identify breakdown locations using optical sensors
in the antenna and stub diagnostic ports, and an investigation of the dependence of voltage limits
on the current strap to Faraday shield separation distance, the characteristic impedance of the
antenna leads, and presence of a static magnetic field. Improvements in performance could likely
be obtained by silver plating the stub regions to reduce rf dissipation, and actively cooling the
current strap and increasing cooling of the antenna box. Active pumping of the stub regions may
also be beneficial.

2. NSTX HIGH HARMONIC FAST WAVE SYSTEM

2.1 Description
The NSTX HHFW system consists of a 12 element phased antenna array (Fig. 4) and the

associated feed network. The system is designed to deliver 6 MW of rf power at 30 MHz (during
initial operation, some power will be injected at 41 MHz) in a high |3, low toroidal B field (0.3T)
device. Waves in the HHFW frequency range[3], in which the system will operate, are expected
to damp primarily on electrons under these conditions, although the low value of B may also
allow ion damping [4]. The system will be used to heat and drive current during the startup and
steady-state phases of operation, and will be required to deliver full power over a large range of
edge densities, electron temperatures, plasma p, and resistive loading (4-8 Q/m). Given these
requirements, it was decided to design an array that is conservative in terms of the specified power
flux (3.5 MW/m2). In addition, the feed network design allows real-time variation in current
phasing on all 12 straps, permitting control of the toroidal wave spectrum in order to maximize
single-pass damping and possibly provide some profile control [4].

The 12 straps are connected together in pairs by resonant coaxial transmission line loops
that are 2X in total length in such a way to provide n phasing between antennas in a pair. The

FIG. 4. 12-strap HHFW antenna array for NSTX.
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first and sixth strap are connected together, as are the second and seventh, and so on for the
remaining straps. Each pair is driven by a separate transmitter to allow rapid phase variation
between pairs, and stub decouplers[5] are connected between the six feed lines so that the input
impedance of each is independent of phasing. A more complete description of the somewhat
complex feed network is given in reference [6].

2.2 System modeling results
A 3-D magnetostatic code was used to determine the antenna characteristic impedance

(-52 Q average) and phase velocity (0.6c). These calculated values compare well with
measurements made on a full-scale mockup of a 2-strap section of the array of ~55 Q. and 0.62c
respectively. Using the calculated antenna transmission line parameters, a model of the entire
network was created using the FDAC[7] code. Loading predictions for a variety of operating
conditions were obtained using The RANT3D[8], and GLOSI[9] codes (Fig 5.), allowing maximum
voltages in the network to be calculated with FDAC (Fig. 6). Even at the lowest value of predicted
loading (4 H/m), the maximum voltage for 6 MW total input power is predicted not to exceed
-32 kV. It can be seen from Fig. 5 that the loading always increases inversely with antenna
phasing, as would be expected from the well understood dependence on the parallel wavenumber
k,. However, the faster toroidal phase velocity produced at low relative phasing also results in
reduced single pass absorption at low T e . making it important to retain spectral control
capability. Another important modeling result is that although the magnetic field lines near the
antenna array can be angled as much as 45° from the toroidal direction for large plasma current,
higher loading is obtained with vertical current straps than with straps tilted 24°, the largest tilt
allowed by the vacuum chamber ports, for all but the highest values of plasma P[4]. For this
reason, it was decided not to tilt the current straps in the final design.
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Abstract

The paper presents the approach and results of development of the 170 GHz/1 MW ITER gyrotron in
Russia. The main problems of elaborating powerful gyrotrons are discussed. Results of 170 GHz gyrotron
tests are analyzed and compared with the theory. ITER related 110 GHz and 140 GHz gyrotrons are also
investigated. The possibility to create a 170 GHz/1 MW gyrotron for ITER is proved by calculations and
experiments.

1. INTRODUCTION

Gyrotrons are the most advanced powerful sources of millimetre wavelength radiation. They are
widely used in electron-cyclotron-wave (ECW) systems of fusion installations. The ITER ECW system
requires about 60 gyrotron units operating at the frequency of 170GHz with power 1MW/CW per unit.
In the framework of ITER activity the 170GHz/IMW/CW gyrotron is developed at the Institute of
Applied Physics in cooperation with the industrial company Gycom Ltd.

Main problems of a elaborating gyrotrons for ITER are associated with attainment of the
megawatt RF power level [1,2]. A modern millimetre wave gyrotron consists of an electron gun, which
forms an electron beam with helical trajectories of particles (typical gun voltage is 70...90 kV, current
20...40 A, pitch factor 1.2...1.4), electron beam tunnel, oversized cavity operating at a high-order mode,
quasi-optical mode converter, output window and collector. At the megawatt power level many of the
gyrotron subassemblies (cathode, cavity, window, collector) have to operate at thermal loads close to
their limits.

Development of the 170 GHz gyrotron is based on the experience of successful elaboration of
long-pulse 110 and 140 GHz GYCOM gyrotrons [3-4], In particular, a 110 GHz high power
experimental gyrotron model was tested with a single-stage depressed collector (CPD). At the megawatt
power level gyrotron efficiency without CPD is 40% and the enhanced efficiency with single-stage
depressed collector is 65%. The industrial version of the HOGHz/lMW gyrotron produces microwaves
in pulses up to 2 seconds. 140 GHz industrial gyrotrons [4] with output power about 1 MW in 1.5 s
pulses (or 650 kW in 2.5 s, 270 kW in 5 s, 150 kW in 9.3 s) were developed. The gyrotron efficiency is
about 40 %. Also an industrial 140 GHz gyrotron with CPD has been tested with a single-stage
depressed collector and it showed efficiency over 50% at operating regime 800kW/lsec.

2. 170 GHZ GYROTRON

2.1 Main features of the 170 GHz gyrotron
The magnetron injection gun designed for the 170 GHz gyrotron forms a quasi-laminar electron

beam with a high current (80 kV, 40 A), which passes through the tunnel to the cavity without
instabilities. This resulted from thorough optimization of the shape of the gun electrodes and technology
of the emitter fabrication.

Stable single-mode high-efficient generation in an oversized cavity at the megawatt level of output
power becomes an extremely complicated problem at high frequencies, especially because this problem
has to be solved within a number of limitations. The most difficult one is limitation of the density of
Ohmic losses in cavity walls since energy removal in the most efficient cooling systems practically does
not exceed 2 - 3 kW/cm2. The mode TE25.10 was chosen as the operating one. Gyrotron operation at
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such a high mode in a cavity with novel cooling system provides operation at the megawatt power level.
The converter separating RF radiation and the worked-out electron beam transforms a

complicated cavity mode into a paraxial wave beam. The converter includes a specially shaped
waveguide cut and several mirrors. The mirrors are profiled to provide: low diffraction losses inside the
tube, the optimal RF power distribution over an output window, matching of the output wave beam to
the transmission line after the window.

The problem of the output window is the main difficulty that hinders creation of 1 MW/CW
gyrotrons. Different materials and window designs are under investigation. The most promising
approaches for elaboration of a CW window for high-frequency ECW gyrotrons are associated now
with new materials having low RF losses and high thermal conductivity such as Au-doped silicon and
artificial CVD-diamond.

The collector with dynamic scanning of electron beam by means of additional coils generating
magnetic field of the saw-teeth form is used. The collector is compatible with the CPD regime allowing
high gyrotron efficiency, over 50%.

2.2. Experimental study of the 170GHz gyrotron
Experiments with the 170 GHz gyrotron are carried out typically along two main lines. New

principal solutions in the gyrotron scheme are tested in short pulse prototypes.
Such preliminary short-pulse (50jls) experiments with 170 GHz/1 MW gyrotrons were performed on
the automation set-up and dependencies of gyrotron parameters on the beam current, accelerating
voltage and magnetic field were analyzed. Results of measurements of the output power Pout, and
efficiency r\ depending on the electron beam current / are presented in Fig. 1. The output power level 1
MW was achieved at the TE25.10 operating mode in design regime with efficiency of 34%. The maximum
output power near 1.3 MW with efficiency 32% was reached.

The same TE25.10 gyrotron was tested also with a single-stage depressed collector. Fig. 2 shows
results of measurements of output power Pout and efficiency r\ in dependence on the retarding collector
voltage for the short pulse experimental gyrotron. Output power of 1MW/50 |as is obtained at the beam
parameters of (80-40) kV/40 A. The improved efficiency with the use of a single-stage depressed
collector is near 60% and in agreement with calculation.

After these tests of the short-pulse prototypes, a long-pulse industrial gyrotron was designed and
first experiments were performed.
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A gyrotron version with a BN window and without a depressed collector showed stable operation
with parameters 1MW/1 sec, 0.5MW/5sec, 0.27MW/10sec. In all regimes gyrotron efficiency
corresponds to the calculated values.
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The gyrotron tests were carried out on a special stand at "Kurchatov Institute". Experimental
dependencies of gyrotron output power and efficiency versus beam current are shown in Fig. 3. The
maximum output power of 1MW at 1.0 s pulse length was achieved and it was limited by the collector
(because no CPD used). Maximal efficiency 34.8 % (Pout = 870kW, U = 76 kV, I = 34 A) is in good
agreement with simulating data and results of short-pulse tests.
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Maximal energy in microwave pulses (2.5 MJ) was limited by the BN window. During tests the
temperature distribution over window surface was measured by means of an infrared camera with
computer data processing. Maximal temperature on the window surface versus pulse output energy is
shown in Fig. 4. RF pulse energy of 2.5 MJ (500 kW/ 5 s 270 kW/ 10 s etc.) corresponds to the window
temperature around 1200°C.

The tests also confirmed reliable operation of gyrotron cooling systems (for cavity, collector,
mirrors, body...).

3. WINDOW DEVELOPMENT

Recent investigations revealed very attractive features of using CVD diamonds for window
development. In last years rather big (up to 120mm diameter, 2mm thickness) diamond disks with low-
loss tangent were demonstrated. Windows based on such disks may have water edge cooling and very
high transmission capability (up to 2MW/CW). Developing this very promising idea of a diamond
window the following steps were made in Russia:

- measurements of loss tangent and thermal conductivity for several diamond disks in the
temperature range of 2O...45O°C for various frequencies (Fig.5). In particular, properties of
disks produced in Russia were measured. The Russian disks have diameter up to 70 mm and
thickness up 1.5 mm;

- thorough study was performed for diamond window transmission capacity and stresses in it.
The calculations show reliable transmission capacity over 1MW;

- a high power test was performed. In the test the microwave radiation 110 GHz/0.5MW/2sec
passed through a model of a diamond window with mechanical tight (Fig. 6). Disc parameters
such as thermal conductivity (2000 W/m2/degree±10%), relative losses in the window
(2.4x10"4 ±10%) and time constant (0.25 sec), were in good agreement with calculations and
lower power measurement results.

tgs[i<T]
35 —,

Refractive index

Refractive inde

Loss tanger.
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Fig. 5 Measured characteristics of Russian CVD Fig. 6 High power test of the diamond
diamond disk. Diameter 66mm, thickness 1.11 mm, window. Window temperature, growth
rate 0.0025 mm/h.

These studies show that there are no doubts in feasibility of diamond window.

4. CONCLUSION

The possibility of development of the 170 GHz /1MW/CW gyrotron has been proved in recent
theoretical and experimental studies. Principal steps have been made in solving the most acute gyrotron
problems such as: stable and efficient gyrotron operation at a very high operating mode; gyrotron
efficiency enhancement by means of a depressed collector; output window development. Stable
operation of the gyrotron with TE25.10 was demonstrated. The output power of 1 MW with efficiency of
32 % (without CPD) at pulse length of 1.0 s was reached. The maximum pulse energy about of 2.5 MJ
was limited by temporary used single-disc NB window. Experimental and industrial prototypes of the
170GHz/lMW/CW gyrotron operate at design parameters. These points make a reliable basis for
elaboration of a tube operating in the full-scale regime. An advanced 170GHz gyrotron with a new
diamond window, one-stage depressed collector and CW cooling of all elements is planned to be tested
in December 1998. It is expected to reach 1MW/10-20 s with efficiency over 50%.
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Abstract

A pebble drop divertor concept is proposed for future fusion reactor. The marked feature of this system is the use of
multi-layer pebbles that consists of a central kernel and some coating layers, as a divertor surface component. By using
multi-layer pebbles, pebble drop divertor have the advantages such as steady state wall pumping with low bulk tritium
retention. The performance of whole divertor system depends on the characteristics of the multi-layer pebble. Particularly
the maximum heat load of the system is determined by the dimensions, the layer structure and the material of a kernel. A
kernel also has an important role to determine surface temperature, which affects the wall pumping efficiency. This paper
presents the numerical results of the maximum allowable heat load and the surface temperature of the divertor pebble. From
the numerical estimation of thermal stress and surface temperature, it is found that the radius of divertor pebble with ceramic
kernel should be 0.5 - 1 mm.

1. INTRODUCTION

Future commercial fusion reactors need to accommodate themselves to higher power density
core plasma than those of ITER EDA design [1 ]. Divertor plates of such high power density tokamaks
will be irradiated by very high heat and particle load. Therefore, the removal of high heat load and the
reduction of surface erosion of divertor plates become major issues of fusion engineering.

Several concepts of moving divertor are proposed for high heat load application using liquid
metal thin film flow [2], droplet [3] and carbon fiber belt [4,5]. A pebble drop divertor is a new
concept applicable to the environment of very high heat load (> 20 MW/m2) and particle loading
(> 1024 atoms/m2s)-. In the pebble drop divertor, a large number of small refractory pebbles (divertor
pebbles) are used as divertor surface. These divertor pebbles are dropped in the divertor space to form
a curtain as shielding the striking zone of divertor [6].

Although there was a simple movable limiter concept study by using graphite spheres (10 -
20 mm in diameter) [7], a marked feature of our pebble drop divertor system is the use of multi-layer
pebble. The multi-layer pebble consist of a kernel, a Plasma Facing Layer (PFL) and an intermediate
Tritium Prmeation Barrier (TPB). Each layer has different functions that are necessary for divertor
materials.

At the first phase of conceptual design, we estimated the operation limits of pebble divertor
obtained from induced thermal stress in the kernel. The rise of surface temperature, which affects the
wall pumping performance were also estimated.

2. OVERVIEW OF PEBBLE DROP DIVERTOR SYSTEM

The pebbles are the essential components of the pebble drop divertor system. The multi layer
pebbles consists of at least three layers to satisfy the requirements for plasma facing material (Fig.la).
A kernel is made from graphite or low-Z refractory ceramic like SiC, BeO or AljOj. The mechanical
strength, the thermal stress and the heat capacity of a pebble depend on the kernel. PFL is selected for
the compatibility to core plasma. And the continuous wall pumping concept is realized by the
hydrogen getter PFL and the regeneration process outside divertor like a carbon sheet pump [8] for the
fusion device. The low erosion character is not critical issue for the PFL, because the irradiation
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FIG. 1. The pebble drop divertor concepts and the components, (a) multi-layer coating pebble, (b)
schematic drawing of pebble cycle

period of falling pebble is very short. Moreover, eroded pebbles can be removed at the outside the
divertor. Therefore, conventional low-Z materials and coating techniques can be used for PFL. By
using plasma surface interaction characteristics of PFL material, the pebble drop divertor can control
divertor plasma; for example, wall pumping and impurity gettering. An intermediate TPB layer
prevents tritium diffusing from PFL to the kernel. The TPB realizes both wall pumping function of
PFL and low bulk tritium retention in the pebble. The candidate materials of TPB are AljOj, TiC, TiN
[8] or SiC [10]. Additional new layer such as an intermediate high-Z layer can introduce some
functions. The layer will quickly cool down plasma when PFL is evaporated in disruption events.

The pebble drop divertor system consists of (1) a drop controller array, (2) pebble processing
systems including a regeneration stage, a heat exchanger and the separation stage of eroded pebbles,
(3) a conveying system (Fig. lb). The drop controller array operates to form the seamless pebble
curtain at the striking zone of divertor. In the case of typical operational condition, the divertor
pebbles of 1 - 2 mm in diameter is dropped from 0.5 - 1.0 m above from striking zone. Each drop
controller operates at 50 - 70 Hz and at least 35 - 70 rows of the drop unit in single segment.

After the exposure of pebbles to the divertor plasma, the PFL is saturated by deuterium, tritium
and impurities. In the regeneration stage, divertor pebbles are heated and release retained gas to
recover the pumping capacity. After that, the divertor pebbles are cooled in heat exchanger. When
wall pumping function of pebble divertor is needed, divertor pebble must be cooled to about 500 K. In
the separation stage, eroded pebbles are removed and new ones are supplied to the cycle

By using multi-layer pebbles as divertor surface components and the external pebble processing
systems, pebble drop divertor system has the following features, (1) pebble conveying without MHD
problem, (2) simultaneous removal of incident heat flux and particle flux, (3) both pumping function
and low bulk tritium are realized by TPB, (4) the feasibility of divertor plasma control by mixing
various pebbles with different PFL, (5) continuous replacement of eroded divertor surface. Furthermore,
the fabrication technology of multi-layer coated ceramic pebbles has been developed for High
Temperature Gas-Cooled Fission Reactor (HTGCR). The fuel particle of HTGCR consists of UO2

kernel, carbon layers and SiC layers. Therefore the divertor pebble with carbon and SiC layer can be
developed with present technology.

3. MAXIMUM HEAT LOAD OF DIVERTOR PEBBLE

The thermal stress of the pebble induced by incident heat flux limits the maximum heat load.
And the rise of surface temperature during irradiation strongly affects the wall pumping performance.
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FIG. 2. The maximum heat flux and the surface temperature rise of divertor pebble in typical
operation of the pebble drop divertor. (a) Maximum heat flux as a function of pebble radius (irradiation
time: 30ms). (b) Surface temperature rise during irradiation at incident heat flux of 30MW/m2.

The retained hydrogen in PFL is decrease with the rise of surface temperature. Therefore, allowable
maximum surface temperature is determined by the pumping requirement. In the multi-layer pebbles,
these thermoelastic characteristics are dominated by kernel material.

When the incident heat flux is distributed uniformly on the surface of pebble, the thermal stress
of a solid sphere only depends on its radius. And the radial stress shows the maximum tensile stress at
the center of pebble and the angular stress shows the maximum tensile stress at the center and the
maximum compressive stress at the surface. The maximum allowable surface heat flux is estimated
such that the surface stress does not exceed the compressive strength of kernel material. The surface
stress shows the maximum just after the pebbles go out of the striking zone. Therefore, the stress at
the point was used in the estimation of the maximum heat flux. In this estimation, the width of
striking zone was assumed to be 0.12 m. And the divertor pebbles were assumed to be dropped from
1 m above the striking zone. In this case the irradiation period was about 30 ms.

Figure 2a shows the maximum heat flux on the surface of pebble as a function of the radius of
the kernel. Although the smaller pebble has higher heat load resistance, the divertor pebble of 0.5 -
1 mm in radius are safe in 30 MW/m2 heat load. In the candidate materials, SiC and graphite allow
higher heat load. In fact, BeO has the highest heat capacity and shows the lowest temperature rise.
However, it's high induced stress prevents high heat load application.

Figure 2b is the rise of surface temperature at the divertor heat flux of 30 MW/m2. The results
shows the lower limit of pebble size is determined by the allowable surface temperature. From both
thermal stress and surface temperature estimation, The optimum size of divertor pebbles is 0.5 - 1 mm
in radius.

4. IRRADIATION CONDITION IN TOKAMAK

In previous chapter, the uniform heat load is assumed for the thermal stress estimation, The
pebble irradiated in tokamak needs to consider the incident angle of heat flux due to the strong troidal
field. If almost all the particles come along magnetic field, the incident angle of these load will be
very small. As shown in Fig. 3a, small incident angle irradiation cause to make shadow area on the
surface of pebble. To estimate the effect of non-uniform heat load, the 3D stress evaluations were
carried out. Figure 3b shows the stress distribution of SiC kernel of 0.5 mm in radius. The incident
angle, the distance between pebbles and heat flux on irradiated area were assumed to be 5 degree,
2 mm and 30 MW/m2 respectively. The irradiation period was 30 ms.

The thermal stress on the surface is only compressive one. This result shows that the
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FIG. 3 Thermal stress of divertor pebbles in tokamak irradiation, (a) irradiation condition in strong
troidal field, (b) stress distribution of SiC kernel, 1mm in diameter and heat load is 30MW/m in
irradiated area

compressive strength of kernel material can be used for the evaluation of maximum heat load
in the non-uniform load condition. The maximum surface stress is 230 MPa and it is lower than
377 MPa obtained from the result of uniform 30MW/m2 of heat flux. Therefore the maximum heat
load estimated by the induced thermal stress of uniform heat load (Fig. 2a) is considered to be useful
value for the base of conceptual design.

REFERENCES

[1] Sharafat, S. et al., "ARIES-I Fusion-Power-COre Engineering", Fusion Eng. Des. 18 (1991)
215-222.

[2] MORLEY, N.B., et al., "Initial liquid metal magnetihydrodynamic thin film flow experiments
in the MeGA-loop facility at UCLA", Fusion Eng. Des. 27 (1995) 725-730.

[3] MIRNOV, S.V., et al., "Liquid-metal tokamak divertors", J. Nucl. Mater. 196-198 (1992)
45-49.

[4] SNEAD, L.L., VESEY, R.A., "A MOVING BELT DIVERTOR CONCEPT", Fusion
Technol.24 (1993) 83-96.

[5] HIROOKA, Y., et al., "Steady-State Impurity Control, Heat Removal and Tritium Recovery
by Moving-Belt Plasma-Facing Components", Proc. 17th IEEE/NPSS SOFE, San Diego, USA
(1997)

[6] NISHIKAWA, M., ISOBE, M., ""Conceptual Design of Functional Divertor using Multi-Layer
Coated Particle", US/Jpn WS, Q182, San Diego, USA (1994).

[7] MIRNOV S.V., "Movable limiters in large tokamaks and fusion reactors", Sov. J. Plasma

Phys.6(1980) 127-129

[8] SAGARA, A., et al., "Design of carbon sheet pump for LHD and demonstration of hydrogen
pumping", J. Nucl. Mater. 220-222 (1995) 627-630.

[9] HOLLENBERG, G.W., et al., "Tritium/hydrogen barrier development", Fusion Eng. Des. 28
(1995) 190-208.

[10] CAUSEY, R.A., WAMPLER, W.R., "The use of silicon carbide as a tritium permeation
barrier" J. Nucl. Mater. 220-222 (1995) 826-826.



1309 FTP/27

Illlllllllllllill
XA0054060

DESIGN, CALCULATION AND EXPERIMENTAL STUDIES FOR LIQUID METAL
SYSTEM MAIN PARAMETERS IN SUPPORT OF THE LIQUID LITHIUM FUSION
REACTOR

V.A. EVTIKHIN, I.E. LYUBLINSKI, A.V. VERTKOV, V.N. SHPOLYANSKI,
N.I. YEZHOV, N.M. AFANASIEV, A.N. CHUMANOV
SE "Red Star" - "Prana-Center" Co,Elektrolitny Pr. 1A,11523O Moscow, Russian Federation

B.I. KHRIPUNOV, V.B. PETROV, V.V.SHAPKIN, D.Yu. PROKHOROV, V.E. ZHOGOLEV
NFIRRC "Kurchatov Institute", Moscow, Russian Federation

V.G. BELAN, IK. KONKASHBAEV, S.V. MIRNOV, L.B. NIKANDROV
SSC TRINITI, Troitsk, Moscow Region, Russian Federation

A.V. LOPATKIN, V.G. MURATOV
RDIPE, Moscow, Russian Federation

Yu.A. SOKOLOV, V.M. KORZHAVIN, L.G. GOLUBCHIKOV
RF Ministry for Atomic Energy, Moscow

Abstract

A new concept of a Liquid Lithium Fusion Reactor and the first experimental results were presented at the
16th IAEA Conference on Fusion Energy. During the past two years theoretical estimations have been made, and
calculated and experimental results have been obtained in confirmation of this concept and supporting its progress.
The main results of this work are given in the paper.

1. INTRODUCTION

A Liquid Lithium Fusion Reactor (LLFR) concept [1] was successfully developed by the authors
on the basis of an integrated approach to the problems of divertor plates and first wall protection together
with tritium breeding and blanket cooling that consists in the use of Li and of capillary porous structures
(CPS) [2, 3, 4]. Development of the concept was continued along the following main lines: Li blanket
and divertor design on the basis of 3-D calculations of neutronics and of analysis of energy transfer in the
divertor region, design study and performance assessment of reactor Li systems, study of Li CPS interaction
with tokamak plasma, study of CPS resistance to plasma disruption effects, study of CPS erosion
mechanisms and protective properties, study of Li flow features in CPS in magnetic fields, study of V-
Cr-Ti alloy compatibility with Li, design and development of experimental facilities for technological
studies, and study of Li CPS materials and characteristics. The main outcomes of this work are reported
here.

2. LITHIUM CPS STUDY UNDER STEADY-STATE AND PULSED POWER LOADS

Experiments in TFTR reported recently [5] demonstrated high efficiency of tokamak plasma
performance improvement by introduction of Li into the plasma edge. It was shown that controlled
injection of Li into the plasma significantly improves the discharge parameters, increasing TE, lowering
plasma density at the edge etc. Li pellet injection was also proposed recently for mitigation of disruption
consequences[6]. A series of experiments has been started in the T-l 1M tokamak (R = 0.7 m, a = 20 cm,
BT=1.3 T) with He plasma. The graphite rail-limiter was replaced by a movable Li CPS limiter with
possible preheating up to 600°C for investigations of tokamak plasma interaction with Li CPS (with Mo
as the CPS material), probable erosion mechanisms of Li CPS, and integral effect evaluation (ion sputtering,
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unipolar arcs, instabilities characteristics of the plasma - liquid metal boundary, MHD effects). Li optical
line intensity, plasma density, total radiation losses and main plasma parameters were simultaneously
measured in two plasma cross-sections (shifted by 90° in the toroidal direction) where Li and graphite
movable limiters were placed entering the plasma column up to 5 cm. The preliminary conclusions of
these tests are: physical sputtering of Li in liquid and solid phases by He ions is not very important in
tokamak boundary conditions; arc erosion effects on the Li limiter are negligible; there is not a significant
difference with respect to common plasma contamination effects for Li and graphite limiters.

The first experiments with Li CPS at high power loads in the linear plasma facility SPRUT-4
under a steady-state electron beam showed [2, 3, 4] that the studied mock-up of a capillary system could
operate at 20 MW/m2 in a quasi-stationary regime, and the part of the power removed by evaporation of
Li varied from 50 to 70% in the 1-25 MW/m2 power range. The use of an electron beam for these tests
was found advantageous, namely, because of wide power range available - from 1 MW/m2 to 200 MW/
m2. Therefore, a liquid Li circuit has been designed, fabricated and mounted in the SPRUT-4 facility for
investigations of the behavior of CPS under specific power loads up to 100 MW/m2. The designed system
provides for steady-state operation regimes of the capillary structure by forced cooling of the loaded
elements, and this makes it possible to evaluate the main characteristics of CPS function - Li evaporation
rate, evaporation temperature etc. - as functions of the applied power load and to study the features of Li
evaporation from the porous surface. The circuit design is meant for the study of Li CPS of different
types under the SPRUT-4 electron beam load.

Stability of the Li CPS to disruptions, ELMs and transients is determined by the erosion of the
CPS material. A theoretical study of solid homogeneous materials and an experimental study of physical
processes of hydrogen plasma interaction (nc= 1022 m3, 1 = 500 |ls, q = 5 MJ/m2) with Li CPS in the
Quasi Stationary Plasma Accelerator have been carried out. It was found that a Li plasma cloud is formed
which absorbs the largest part of the energy and re-radiates it, so that only a small part, -1-3 %, reaches
the surface as radiation and convective heat flow. Li evaporation in the first 5-10 |!s with formation of a
shielding plasma layer and during the further stages of interaction makes up only a small part of the total
amount (-5-10 |U.m). The main part of the Li erosion might be due to splashing by the generation of "wind
waves", hydrodynamical instabilities and volume bubble boiling. The measured erosion yield attributed
to ablation in the form of Li drops reached -1-3 mm per pulse for free surfaces at 3 GW/m2 and
corresponded well to numerical estimations. It was then found to be essentially suppressed for porous
structures (from 100 to 5 Jim for pore radii from 200 to 15 |lm) by capillary forces so that it became not
dangerous as the layer of Li which is splashed away is immediately restored after disruption. However,
drying of CPS material by ablation may disturb the heat removal from the surface by Li evaporation and
by thermal conductivity to the internal layers thus causing melting and erosion of the CPS material.
Studies of ablation processes using a laser dispersion technique have allowed it to be established that the
fraction of large splashed Li drops (0.5-1 mm) strictly depends on the CPS material parameters (increases
with pore radius) and on the orientation of the surface with respect to the plasma flow direction (it
increases with deviation of the flow direction from normal). The greater part of the particle stream is
concentrated in the plane of the surface though a normal component of the particle velocity also exists.
The velocity of the drops was 0.1-10 m/s. A remarkable experimental finding was the increase of the
erosion rate of initially solid Li (T<Tme|t) in the CPS with increasing irradiation pulse number. This was
not observed for CPS with initially liquid Li (T>Tmdt). This effect may be related to the observed wave
generation and to the characteristic relief formation of stiffened Li with initial T<Tmclt that results in the
increase of ablation in the subsequent irradiation shots compared with the case of an initially smooth
surface. There was no wave and relief formation on the surfaces with T>T , because Li was absorbed by

melt **

CPS and the roughness was smoothed away by capillary forces. This effect is one of the advantages of
liquid metal CPS in comparison with solid materials considered for divertor plates application. Thus,
theoretical analysis and experimental results show that for the optimal choice of CPS performance (with
pore radius 10-100 \lm) an acceptable value of Li erosion may be attained owing to suppression of
Kelvin-Helmholtz hydrodynamical instability and of volumetric bubble boiling.
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3. LITHIUM DIVERTOR AND BLANKET DESIGN OPTIONS

One of the critical issues of reactor development is divertor conceptual design and its technical
realization. The proposed LLFR divertor concept taking Li CPS as a plasma facing material provides for
a continuous self-sustaining and self-regulating liquid Li surface formed on facing elements of complex
geometry and spatial orientation [1]. Furthermore, energy removal from the plasma to the divertor is
carried out through two highly efficient channels - by evaporation of Li from the surfaces in contact with
the plasma followed by its condensation on elements of much (an order) larger area and by radiation of
Li atoms and ions. The fraction of the energy removed by each of these channels depends on the particular
divertor design. Both of these channels are able to provide minimal values (-0.1-0.5 MW/m2) for
homogeneous energy flux distribution in the divertor region realized through thermal conductivity to the
cooling systems. Li evaporation from the zone of plasma contact with the divertor plates may give
hundreds of megawatts per square metre of heat removal. Radiation of Li neutrals and ions (the Li atom
ionization expense being 57 eV) should enable energy removal from the divertor plasma layer to be
homogeneous in length and controlled in value. These steady-state divertor operation conditions
corresponding to high energy density might be realized as stable regimes for CPS surface heat load
matching Li influx into the plasma. This is ensured by having the necessary area ratio of Li CPS elements
and the plasma surface. Fora 10:1 ratio at 700°C, power removal 15 MW/m2 is possible in these regimes.
For minimal dimensions of the divertor zone, high values of this ratio may be obtained by a particular
spatial arrangement of the Li CPS elements (Fig.l). Minimal influx of Li into the divertor volume may
be obtained in this case.

The design, main performance characteristics and structural composition of the self-cooled Li-Li
blanket for the LLFR concept are realized in an alternative design of the ITER blanket test module [7]. A
blanket with poloidal slot cooling has a breeding zone with Be of required porosity as a breeding material
and a WC-based shielding zone. This minimizes the quantity of Li in the blanket for K ^ l and it ensures
the necessary radiation shielding for minimal blanket thickness. The Li flow velocity is 0.2-0.5 m/s for
heating to 200-300°C. Low hydraulic loss in the Li circuits would be ensured by formation of insulating
coatings based on A1N. For the module with the achieved coating performance [8] the hydraulic loss in
the Li circuits would be not higher than 0.4 MPa. The blanket structural materials V-4Ti-4Cr and V-
10Ti-5Cr alloys can operate at temperatures up to 650°C.

* \ Lithium cooling system channels

FIG.l. Toroidal section of lithium divertor CPS receiving elements.

Liquid metal systems have been developed for a reactor thermonuclear power of 3 GW, different
schemes of heat conversion into electricity and a tritium removal system based on non-equilibrium
molecular distillation method have been analyzed. The optimal energy conversion scheme provides 30-
35% net efficiency. The safety of the LLFR is ensured by using NaK in the intermediate heat exchange
circuits and to provide cooling for the reactor vessel.
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4. EXPERIMENTAL STUDY OF TECHNOLOGY

A special facility has been established for investigation of Li flow in a homogeneous magnetic
field up to 1.6 T. Comparative experiments have been carried out in a smooth cylinder channel and in a
CPS mock-up. Preliminary analysis has shown that: Li flow resistance in CPS is determined by the
relative effect of suppression of oscillations and of the Hartmann effect, the same as for a cylindrical
channel, resulting in an insignificant increase of the CPS hydraulic coefficient at low magnetic fields
(Ng<10), and in the studied range of Hartmann and Reynolds numbers there are no MHD anomalies
which would lower the potential of CPS applications in magnetic fields.

Corrosion tests of the vanadium alloys V-4Ti-4Cr, V-10Ti-5Cr and V-15Ti-7Cr at 700°C in
homogeneous (V alloy-Li) and heterogeneous (V alloy-Li-SS) systems simulating reactor liquid metal
system operating conditions have been performed and they have shown the high resistance of these
alloys to a Li environment. Negative aspects of different materials combinations are neutralized by
generation of particular conditions encouraging the formation of AIN-type self-healing coatings in a Li
system [8,9].

A project for an in-pile V/Li loop facility, including external service systems and heat and tritium
removal systems and based on the main principles of reactor Li systems has been designed for an integrated
study of the materials and technology of development and exploitation [10].
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Abstract

On a disruption with vertical displacement events (VDE), the three-dimensional (3-D)
electromagnetic transient characteristics of in-vessel components in tokamak reactor have been
studied numerically by using the finite element method. In this study, the in-vessel components are
treated as the 3-D structure and the plasma halo region is modeled as the helical path of halo
current can be treated. As a result, it is shown that there is difference in the electromagnetic stress
of the divertor cassette between the current with helical path and the current with only the poloidal
path. This difference is caused by the electromagnetic response of 3-D in-vessel components due to
the helical path of halo current. It is essentially important for the design of tokamak reactors to
treat the in-vessel components as the 3-D structure and to consider the helical path of halo current.

1. INTRODUCTION

A tokamak plasma with non-circular cross section basically becomes unstable for vertical
motion, and the changes of pressure and current profiles cause losses of the plasma position and of
the shape control. When the loss of the plasma position occurs (for example, a vertical
displacement event (VDE) disruption), the plasma will come in contact with the in-vessel
components. Consequently, the helical current with the poloidal component (so-called halo
current) enters the in-vessel components. Then, the halo current interacts with the strong toroidal
field and induces the electromagnetic forces in the tokamak machine. The electromagnetic forces
induced by halo current during VDE may destroy the in-vessel components. For example, it is
expected that the magnitude of the total forces is about 100MN in the case of the International
Thermonuclear Experimental Reactor (ITER). Therefore, the evaluation of the electromagnetic
forces due to plasma disruptions is one of the main subjects in the design of the tokamak reactors.
Furthermore, the induced eddy currents and the halo currents transferred from the plasma halo
region to the in-vessel components during the VDE are the most dangerous sources of the
electromagnetic forces on the tokamak machine. Therefore, we should pay attention to the halo
current phenomenon on the electromagnetic transient characteristics of in-vessel components and
it is necessary for the design of future tokamak reactors to analyze the phenomenon sufficiently.

In general, the modeling for the analysis of the electromagnetic transient on the halo current
phenomenon consists of three parts: a) the core plasma, b) the in-vessel components and c) the
plasma halo region. One of the essential parts for this analysis is the modeling of the in-vessel
components with high accuracy. The characteristics of halo current significantly depend on the
structure of the in-vessel components since the halo current enters the part of the in-vessel
components and the halo current pattern is helical. Therefore, it is important to consider the 3-D
structure of in-vessel components. Furthermore, it is also important to treat the plasma halo
region as the halo current has the helical current path.

In previous studies, there are some models for the analysis of the electromagnetic forces in
the tokamak machine. For example, in the case of Tokamak Simulation Code (TSC, [1]), all parts
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are represented by an axisymmetric model. However, the 3-D in-vessel components are not taken
into account. In the analysis by the finite element method [2-4], the 3-D model and the 2-D
equilibrium model or the simple filament model are adopted for the in-vessel components and the
plasma, respectively. However, the plasma halo region is not modeled and only the value of halo
current in poloidal direction is given as input parameter.

In this paper, the eddy current analysis has been carried out by using the 3-D structure of the
in-vessel components and by modeling the plasma halo region simultaneously, although the core
plasma model is the multi-filament model. Especially, the electromagnetic responses of the 3-D in-
vessel components by the helical current path of the halo current have been investigated.

This paper is arranged as follows: The numerical model and method are described in Section 2.
Section 3 presents numerical results and discussions. Conclusions are given in the last section.

2. NUMERICAL MODEL

In this study, the model of the core plasma used is the multi-filament currents model, which
can reconstruct the result on 2-D equilibrium analysis. The time evolution of the filament currents
is given by the results of the 2-D transport analysis. The model used on the in-vessel components
was the 3-D thin shell approximation and the tool used was the EDDYCAL code by the finite
element method [5]. For the motion of plasma halo region, it is very difficult to solve the multi-
dimensional equation of the motion, directly. In this paper, instead of solving the equation of
motion, the plasma halo region is modeled by the thin shell approximation in the same manner as
the in-vessel components and the time evolution is represented by giving the shape and the electric
resistivity of the plasma halo region at each period. However, it should be noted that the halo
region is essentially the 2-D mesh model because the toroidal symmetry is assumed. The helical
current path of the halo current is modeled by considering the inhomogeneity of the electric
resistivity in the plasma halo region. That is, it is assumed that the electric resistivity of the
direction along the magnetic field line is different from the electric resistivity of the perpendicular
direction with respect to the magnetic field line.

To evaluate this process at first, we consider the ITER design parameters [6]. Figure 1 shows
the single thin shell mesh models for the plasma halo region and the in-vessel components used in
this study. In Fig.l, the model represents an 18-degree sector of torus and includes the vacuum
vessel, the back plate, a part of the blanket modules, the gas seal, the divertor cassette and the
plasma halo region.

Vacuum vessel

Plasma halo region by
single thin shell model

Back plate

Blanket module
"' ^ ' ^^

Divertor cassette

FIG.l. Single thin shell mesh model used in this study.

It is assumed that the plasma configuration is the end of burn (EOB) of the ITER and the
plasma current decays to zero in 50 ms, linearly. The direction of the magnetic field line
{\BTj B,BpjB), that is, the halo current path) in the plasma halo region is determined as
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q = (aX BT)/(Rx Bp) , where BT, BP, B, q, a and R are the toroidal, poloidal and total fields, the
safety factor, the plasma minor radius and the plasma major radius, respectively. Here, a and q are
given as the input parameters and R is given by the shape of plasma halo region. The electric
resistivity in the plasma halo region is defined as the maximum poloidal current takes 30% of the
plasma current. On the other hand, the time evolution of the electric resistivity in the plasma halo
region is defined as the poloidal component of the halo current becomes the maximum (~6.3MA)
at 30ms and it decays to zero at 50ms, linearly. The linkage flux induced by the motion of the
plasma halo region in the toroidal field is also considered and it decays to zero in 50ms, linearly.
The initial value is estimated at 18.75Wb in this case and is given as the input parameter.

3. NUMERICAL RESULTS

Figure 2 shows the time evolution of halo and eddy currents in some components in the case
of q = 1.5. In Fig 2(a) and 2(b), the toroidal and poloidal components of the currents are shown,
respectively. As shown in Fig.2(a), the peak toroidal current in the halo region is 40% of the total
current at 30ms and can not be neglected. In addition, the largest peak toroidal current is found in
the back plate and the largest peak poloidal current except the halo region is found in the divertor
cassette, respectively.

-10.0 .0.40

0.0
0.00 0.02 0.04 0.06 0.08 0.10

Time (s)
0.00 0.02 0.04 0.06 0.08 0.10

Time (s)

FIG.2. Time evolution of halo and eddy currents, (a) Toroidal and (b) poloidal components.

We checked the validity of the single thin shell model by comparing with the double thin
shell model since there is a possibility that the multi-thin shell model is better approximation
regarding the motion of plasma halo region. Figure 3 shows the comparison of the single thin shell
model with the double thin shell model. As shown at right hand side in Fig.3, the plasma halo region
is modeled by the double shell in the case of the double thin shell model. In the figure, the time
evolution of the total electromagnetic forces is shown and the maximum electromagnetic force per
divertor cassette is 1.6 MN at t = 30ms in the case of q =1.5 using the single thin model. The
difference between the maximum forces of both models is expected to be around 12 %, so that it is
effective concern to apply the double shell model if the force induced by the halo current is crucial.

2.0

8 1.5
o

LL

.9. 1.0
CD

| 0.5

"Single thin shelf-

\
Plasma halo region
by double thin shell
model

8 0-0
jj] 0.00 0.01 0.02 0.03 0.04 0.05

Time (s)

FIG.3 Comparison of single thin shell model with double thin shell model(right hand side).
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Figure 4 shows the effect by the helical path of halo current on the 3-D in-vessel
components as the objective described in Section 1. The safety factor q represents the direction of
the halo current in the halo region as described in previous section. The case of q = 0 corresponds
to the case of the halo current path without toroidal component (only poloidal current path) and
the calculation conditions is close to the conditions of the previous studies [1-4]. From this figure,
it is shown that the maximum force per unit area (stress by the electromagnetic force) decreases by
changing the path of the halo current. The maximum force per unit area in the case of q = 1.5 is
equivalent to 72% of the one in the case of q = 0, although the maximum electromagnetic force
per divertor cassette in both cases are almost the same results within 3%. The eddy current pattern
in the case of q = 0 is different from the one in the case of q = 2 and the magnitude of the eddy
current decreases with increasing q value. For example, the eddy current patterns on the outboard
of divertor cassette change as shown in Figure.5. Obviously, this change appears by considering the
3-D in-vessel components and can not appear by using the 2-D structure.

Case of halo current with
only poloidal component f

t
1

•

I
I

1

0.0 0.5 1.0 1.5 2.0
Safety Factor q q=0 q=2

FIG.4 Effect by helical path of halo current. FIG.5 Typical change of eddy current pattern.

For a candidate of this cause, it is considered that the magnetic flux by the toroidal
component of halo current partially cancels the magnetic flux by the toroidal current of core
plasma in the initial period (f=0~30ms).

4. CONCLUSIONS

The 3-D in-vessel components and the 2-D plasma halo region have been modeled by the
thin shell approximation and the eddy current analysis during the VDE has been carried out.
Especially, it is shown that there is difference in the electromagnetic response of the 3-D in-vessel
components by considering the helical path of the halo current. As a conclusion, it is essentially
important for the design of tokamak reactors to treat the in-vessel components three-
dimensionally and to model the plasma halo region, simultaneously. In addition, the 3-D effects on
the blanket modules are also important since the blanket modules have the 3-D structure essentially.
Furthermore, although only the 18-degree sector is considered in this study, it is necessary to carry
out the calculations for the whole circumference concerning the toroidal direction (full model)
since the halo current has the toroidal distribution. In the case of the full model, there is a
possibility that the effect of helical current path becomes even stronger and the stress by the
electromagnetic force decreases. Future works will address these problems.
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Abstract

Deuterium inventories have been measured in plasma facing components of ASDEX Upgrade. Nearly 60%
of the total D-inventory was observed in the lower inner divertor target plate in redeposited layers of low-Z mate-
rial. The outer divertor, however, was found to be dominated by erosion processes and correspondingly retained
a much lower amount of deuterium. The D-inventory at the main chamber plasma facing components can be ex-
plained by a model employing implantation of charge-exchange neutrals, which yields very good agreement with
the experimental findings for all surfaces not exposed to direct ion fluxes.

1. INTRODUCTION

Hydrogen isotope inventories in fusion devices are built up by various processes, in particular im-
plantation due to bombardment of plasma facing surfaces by energetic charge-exchange (CX) neutrals
and by codeposition with eroded and subsequently redeposited carbon ions. They may be released by
transient high power loads to the respective plasma facing components thus providing an additional un-
wanted particle source, which might hamper density control. Furthermore, the formation of significant
tritium inventories will lead to severe radiological problems.

Therefore, the formation of hydrogen isotope inventories in plasma facing components and the un-
derlying mechanisms of hydrogen retention in the respective materials have been extensively studied in
ASDEX Upgrade. In this paper, results are presented for deuterium inventories in the graphite compo-
nents of the main chamber and in graphite and tungsten divertor target plates, respectively.

2. EXPERIMENTAL

Total deuterium inventories were determined by means of thermo-controlled desorption spec-
troscopy (TDS) [1]. Samples are heated up to 2100 K and the released deuterium molecules, hydro-
carbon molecules and radicals are detected by mass spectroscopy. Deuterium inventories in near sur-
face layers (thickness 1 — 2 jam) were determined by nuclear reaction analysis (NRA) using the reaction
790 keV 3He + D -» 4He + p. Depth profiles of deuterium and hydrogen concentration, respectively,
were measured by elastic recoil detection analysis (ERDA) using a micro beam (diameter « 3 jam) along
an ion beam slope cut (IBSC) sample [2]. Tungsten depth profiles were determined by Rutherford back-
scattering (RBS) using 2 MeV protons and also by particle induced X-ray emission (PIXE) on the IBSC-
samples.

3. RESULTS AND DISCUSSION

After the tungsten divertor campaign, the deuterium inventory of a complete poloidal set of wall
components was measured using the NRA technique. The results are plotted in Fig. 1 along the poloidal
circumference. In the main chamber, the deuterium inventory shows only weak variations. In contrast,
the inventory at the divertor plates varies significantly with much higher values at the inner divertor. This
corresponds to the different plasma conditions in inner and outer divertor, respectively. While the outer
divertor is dominated by erosion of target plate material, in the inner divertor deposition prevails due
to the lower plasma temperature. This was verified by the results of the RBS analysis [3]. In the inner
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O Graphite
• Tungsten

Figure 1: Poloidal distribution of the near surface deuterium inventory in the plasma facing components
ofASDEX Upgrade.
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Figure 2: Depth profiles of W measured by PIXE (a) and H and D measured by ERDA (b) as a function
of depth. Depth information was obtained by scanning along an ion beam slope cut of the sample [2].
Significant hydrogen isotope concentrations are only found in the deposited low-Z layer near the surface
(region of low W-concentration).
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divertor the tungsten surface was found to be completely covered by low-Z material eroded at graphite first
wall components, while in the outer divertor the tungsten tile surface composition was almost unaltered
compared to the virgin tiles. The total deuterium inventory in these samples (TDS-results) agrees with the
NRA-results, which represent the near surface amount. The observation of deposition of low-Z material
in the inner divertor as well as the agreement of NRA and TDS results suggest co-deposition [4] as the
dominant retention mechanism. This was directly confirmed by the IBSC results shown in Fig. 2. There
is a clear anti-correlation between the tungsten and deuterium concentrations, showing that deuterium is
trapped in the deposited layer on top of the tungsten bulk. In the erosion dominated outer divertor, low-
Z material is only implanted in small amounts and consequently deuterium inventories are smaller by a
factor of 10 compared with the inner divertor.

Divertor D-inventories were also determined for graphite target tiles which had been installed in
previous experimental campaigns. No substantial difference was observed between the two materials con-
cerning the near surface deuterium content. The total deuterium inventory of the graphite target tiles, how-
ever, as measured by TDS, turned out to be one to two orders of magnitude larger than the near surface
inventories [5]. For the significantly higher bulk inventory, two different mechanisms might contribute.
On the one hand deuterium can diffuse into the bulk material along the grain boundaries of the graphite
[6]. On the other hand, increased inventories can also be formed by co-deposition into the porous graphite
surface [7].

In the main chamber, implantation by charge exchange (CX) neutrals was examined as the basic
mechanism for the inventory formation. The total amount of implanted deuterium depends on the satu-
ration level and the deposition depth of the incident particles, which is a function of the particle energy.
Energy spectra of the CX neutrals were calculated by the B2/EIRENE code and validated by experimental
data [8]. From the simulated spectra, the implanted amount of deuterium integrated over the experimen-
tal period was calculated as a function of the poloidal circumference. As shown in Fig. 3, the simulated
results agree well with measured inventories at the inner heat shield, the upper divertor plates and on long
term deposition samples exposed at the outer main chamber wall, confirming implantation of CX-neutrals
as the main mechanism for the formation of hydrogen inventories in main chamber plasma facing sur-
faces. The large deviation between model and experimental results at the ICRH antenna limiters results
from the direct exposure of the limiter surfaces to the ion flux in the plasma scrape-off layer.

Upper Antenna
Heat shield divertor PSL limiter PSL 253 cm

100 200 300 400
Poloidal position (cm)

500
cm

Figure 3: D-inventories in the main chamber graphite plasma facing surfaces ofASDEX Upgrade.The
histogram denotes the experimental data obtained from first wall components, while the squares denote
results from long term graphite samples mounted at the outer vessel wall. Except for the ICRH antenna
limiters, which were primarily subject to impact of direct ion fluxes, the theoretical model (solid line) of
implanted CX-neutrals agrees very well with the measurements.



1320

FTP/34
With the results presented in this section the total D-inventories for each of the plasma facing com-

ponents of ASDEX Upgrade as designated in Fig. 1 can be obtained. Assuming toroidal symmetry the
respective inventories were weighted with the total surface area of the corresponding first wall compo-
nents. It turned out that almost 60 % of the total D-inventory present in ASDEX Upgrade after the tungsten
divertor campaign was retained in the co-deposited layers in the lower inner divertor, which accounts for
~ 5 % of the total plasma facing surface, while the whole main chamber graphite components (including
the upper divertor) contained only about 35 % of the total inventory.

Finally, the estimate of the total D-inventory present in ASDEX Upgrade after the tungsten divertor
campaign can be compared with the integrated D-input by gas valves and neutral beam injection. It turns
out that only 2 % of the deuterium supplied into the vessel during the campaign was retained in the vessel's
graphite components.

4. SUMMARY

Deuterium inventories in ASDEX Upgrade are dominated by co-deposition with low-Z material in
the inner divertor. Implantation of CX-neutrals in the main-chamber plasma facing surfaces account only
for one third of the total inventory despite the much larger total area.

It should be noted that retention of hydrogen isotopes in tungsten bulk material was found to be
negligible compared to the results for graphite. Therefore, hydrogen inventories might be greatly reduced
by using tungsten as plasma facing material. This benefit, however, will be partially lost by simultaneous
use of low-Z material for other plasma facing components because of co-deposition. If co-deposition
cannot be avoided, appropriate techniques need to be developed for efficient removal of such layers from
deposition dominated surfaces.

The authors would like to thank R. Behrisch, M. Mayer and J. Roth for valuable support an helpful
discussions.
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Abstract

Global warming problem is one of the most serious problems which human beings are currently face.

Carbon Dioxide (CO2) from power plants is considered one of the major causes of the global warming.

In this study, CO2 emission from Tokamak fusion power plants are compared with those from

conventional present power generating technologies. Plasma parameters are calculated by a systems

code couples the ITER physics, TF coil shape, and cost calculation. CO2 emission from construction

and operation is evaluated from summing up component volume times CO2 emission intensities of the

composing materials. The uncountable components on such as reactor building, balance of plants, etc.,

are scaled from the ITER referenced power reactor (ITER-like) by use of Generomak model. Two

important findings are revealed. Most important finding is that CO, emissions from fusion reactors are

less than that from PV, and less than double of that from fission reactor. The other findings are that (i)

most CO2 emissions from fusion reactors are from materials, (ii) CO, emissions from reactor

construction becomes almost 60 % to 70 %, rest from reactor operation, and (iii) the RS reactor can

reduce CO, emission half compared with the ITER-like reactor. In conclusion, tokamak fusion

reactors are excellent because of their small CO2 emission intensity, and they can be one of effective

energy supply technologies to solve global warming.
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1. INTRODUCTION

Global warming problem is one of the most

serious environmental problems that human

being currently face. The mechanism of global

warming is not clearly understood, however,

global warming is considered inevitable if

emission trend of anthropogenic greenhouse gas

such like CO2, methane CH4 will continue in 21s'

century. Various countermeasures such as

technological developments, economical

mechanism abatement policies, international

negotiations etc, are proposed and carried out.

CO2 emission is related to all human activities

that are supported by energy consumption via

mainly fossil fuels. CO2 emission from electric

power plants is one of the major emission

sources. In order to evaluate energy

consumption and associated CO2 emission due

to human activities or energy supply

technologies; such studies of Ref. 1 for

industrial/economic activities or Ref. 2 for

electric power plants have been investigated.

Although we can find reactor studies [3-8],

reactor system studies for reducing COE (Cost

Of Electricity) [9-12], and reactor cost

comparison studies with other power plants

[13,14], no study could be found to evaluate CO2

emission from nuclear fusion power plants. In

this study, CO2 emissions from tokamak fusion

power reactors due to their construction and

operation during their plant lifetime are

evaluated on the basis of tokamak reactor system

studies and compared with other energy

technologies.

2. POWER PLANT PROPERTIES

Two types of fusion power reactors are

evaluated whose reactor parameters are listed in

Table 1. One is a power reactor ITER-like that is

powered up from the ITER device, and the other

is a reversed shear operating mode reactor.

Plasma parameters of the ITER-like reactor

[11,12] are obtained by minimum modification

from those of the ITER device using our systems

code [15,16]. The parameters of the RS reactor

are also obtained in Ref. [11,12], which are

similar to those of the CREST (Compact

REversed Shear Tokamak) reactor [8]. 1000

MW of electric power at bus bar Pe, 75% of

plant availability, 30 years of plant life, are

characteristics of the fusion power reactors. The

fusion power range is from about 3 to 4 GW

with thermal to electricity conversion efficiency

of the 34.5 % using water as a coolant. Ferrite

steel is assumed for the structural material. A

shield blanket for the ITER-like, and a breeding

blanket for the RS reactor is assumed,

respectively. Weight fractions of structural

materials, Tritium breeder Li,O, and neutron

multiplier Be in the breeding blanket are set

which are referred from the SSTR (Steady State

Tokamak Reactor) [17]. Weight calculation of

PF (Poloidal Field) coils, miscellaneous, and

support structures is set which are referred from

the ITER-TAC4 report [18],

Other power plant properties, which are

referred from Ref. 2, are shown in Table 2. All

these power plants are based upon Japanese

conventional power plants. No plutonium

recycle (once-through), gas-diffusion type

uranium condensation are applied for a fission

reactor. A house-use type photo voltaic (PV) is

considered. Total electric output of other power

plants are all 1000MW. Therefore, bus bar

electric power is slightly smaller by re-

circulation power, however, these plants bus bar

are almost the same as those of the fusion

reactors.
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TABLE I. REACTOR PARAMETERS USED IN THIS STUDY

Structural material

Coolant

Conversion efficiency (%)

Plasma major radius (m)

Aspect ratio :

Elongation

Triangularity

Toroidal field on TF coil (T)

Toroyon coefficient

H-factor (ITER89P)

Plasma temperature (keV) !

Safety factor on 95% :

Plasma current (MA)

Bootstrap current fraction i ;

Current drive power (MW)

"Neutron wall load (MW/m2) •

Fusion power (MW)

Total thermal power (MW)

Electric output power (MW)
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TABLE II. POWER PLANTS PROPERTIES

Total output electric

power (MW)

Re-circulation power

fraction (%)

Electric power

at bus bar (MW)

Plant availability (%)

Plant lifetime (years)

Fusion

ITER-like

1621

38.3

1000

75

30

1117

10.5

1000

75

30

Fission

(once-through,: gas- ••

diffusion type)

1000

3.4

966

75

30

Coal

fired

1000

7.4

926

75

30

Water

powered

10

0.25

9.975

45

30

Photo-Voltaic

(for a house use)

0.003

0

0.003

15

30
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3. CO2 EMISSION EVALUATION

3.1 Applied method

As shown in Fig. 1. there are two streams,

fuel and material, which compose input energy

for plants. In these two streams, processes

consist of mining, refining, manufacturing,

disposal, and the transportation connecting these

four processes. All the materials and energy

have to be considered each process. We used the

bottom up method which sums up all the

energies used for fuel and materials.

In this study, reactor construction,

replacement within plant lifetime, and fuel

consumption are considered, which is shown in

Table 3. Only manufacturing energy for fuel is

considered, i.e., no consideration is given to

mining. Energy for fuel refinement and

transportation, because of the difficulty of

evaluating this energy, is assumed to be 20 % of

fuel refinement energy, as in Ref. [2]. Self-

sufficient initial tritium and deuterium

consumption (about 0.3kg/day for a 1 GWe

reactor) are assumed. CO2 emission intensity for

deuterium is based upon Ref. [19], and that of

tritium is assumed to be the same as that of

deuterium.

Regarding material flow, energy for raw

mineral mining and refining cannot be

considered because of a lack of existing data.

Required energy for manufacturing materials

(material energy) from raw material, via

intermediate material, to final material is

calculated by multiplying weight and energy

intensity together. Manufacturing energy, which

is required in manufacturing components from

final material to component, is evaluated by

manufacturing cost [18]. Cost data of the ITER

cost estimation are used as much as possible

because of their reliability. Construction and

transportation energy is assumed to be 20 % of

the sum of material energy and manufacturing

energy.

<material flow> mineral

I
materials

components

<fuel flow>

mining f*\ refining f*\ power plant

FIG.l There are two flows for life cycle analysis (LCA) of power plants; one is for material, the other is

for fuel.



1325 FTP/40

TABLE III. INCLUSION AND METHOD OF INPUT ENERGY FOR FUEL AND

MATERIALS
Fuel

Process

Mining

Manufacturing

Refining

Transport

Consumption

Inclusion

no

yes

yes

yes

Method

CO2 Emission Intensity
X

Fuel consumption

20% of manufacturing

Deuterium :
0.3 kg/day

Tritium :
self-sufficient is

assumed

Materials
Process

Mining and
Refining of

minerals

Material

Manufacturing

Construction
Transportation

Replacement

Inclusion

no

yes

yes

yes

yes

Method

CO2 Emission Intensity
X

weight or cost
Cost

20% of material and
manufacturing

Blanket/Current Drive:
Neutron wall load and
neutron fiuence
Divertor : every year
replacement

All the others :
One time of whole
replace-ment within
plant life time

3.2 Applied data

CO2 emission intensity data, which is listed

in Table 4, are derived from energies consumed

during processes like the manufacturing. Energy

consumption data of NbTi strands, SUS alloy,

Ferrite alloy, and Copper alloy are referred from

Ref. [20] which describes the energy analysis of

a Super-GM (a motor-generator using

superconductor). Data of deuterium is derived

from Ref. [19]. Deuterium is assumed to be

obtained from nitrogen and hydrogen by an

ammonia-hydrogen dual temperature exchange

process in ammonia plants. Other

materials/components such as concrete, blister

steel, are referred from Ref. [1] that were

derived from present input-output table (I/O

table). Weight of a neutral beam injector (NBI)

device is derived from that of SSTR and that of

JT-60LJ. Since CO, emission intensity data of

NBI device do not exist, the second highest

energy consumption per unit weight data

described in Ref. [1] for the NBI in order to

make a severe assessment.

Energy consumption data for Li2O used for

the blanket is evaluated using the latest data of

Li extraction from seawater (10000 kWh for

Li2CO3 1 ton) [21]. Energy consumption data

for special materials such as, Vanadium-alloy,

Be and SiC are soused from Refs. [19,22]. Titan

in Ref. [22] is applied for Vanadium-alloy. For

R.B. (Reactor Building), unalloyed steel used in

the reactor plant equipment in Ref. [23] (2086

ton) is included in the reactor building. For the

B.O.P. (Balance of Plant), both unalloyed steels

and high alloyed steels for "structure + site

facilities", turbine plant equipment, and misc.
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plant equipment (total amount = 43656 ton (Ref.

[23])) are considered. In addition to the steel,

concrete (Japanese fission experience = 983390

ton (Ref. [2])) is counted as a part of the B.O.P.

Electric equipment used in a power plant is also

included for heat transportation, current drive

system, R.B., and B.O.P. by use of cost.

Cost of current drive is a product of heating

power and unit heating cost. Cost of Heat Trans,

R.B. and B.O.P. is a product of standard cost

and scaling factor. The unit cost of heating

power is set 4.6 $/W [24] referred from the

SSTR. The standard costs of Heat Trans, R.B.,

and B.O.P. are decided by re-categorizing the

ITER-IDR [25] cost items following the

Generomak model [26].

TABLE IV. ENERGY INTENSITY AND CO2 EMISSION INTENSITY OF EACH

COMPONENT

l\l U -liitespMJff |fj

1

<; jDiveriom; t

|;lfiuildin(gi|:i|

.:Hfeat:;Tr9nsni

I 111 \ \ B. :JWalte.ria:lslfoi-i;rfea<it(>iFs; j \ i I • \ r •
| Nb-,Sn strand

i: SUS316
1 (Fe66, Ni22. Crl 8. Mn2. Mo2)

; Structural

* Materials

SUS316
Ferrite (HT-9)

(Fe87, Cr8, Wl)
Vanadium (V-5Cr-5Ti)

(V90, Cr5. Ti5)
SiC (Si50, C50)

1 Cu-alloy
1 Li,0
:l Be
;i Unalloyed steels (2086 ton)
;l Electrical equipment

3 High alloyed steels (43656 ton)
y Concrete (983390 ton)

11 EIe ctrical equipment

t SUS etc.

NbTi strands'0'

SUS alloy(c)

(Fe31.2,Ni33, Cr30.7)
SUS alloy

Fe-Ni-Cr alloy(cl

(Fe86.5, Ni9. Cr3)
Ti64ld)

SiC(e)

Cu99. Crl(c)

Li2, Ol(f)

Be(c)

Blister steel(g)

Electrical equipment^1

Blister steel
Concrete'55'

Electrical equipment

electric computer(s)

30.7

7.5

7.5
8.7

83.7

14.0
3.2

9.68
240.8
1.41

344.3 <b»

1.41
0.11

344.3 (b)

21.3

Unit: (a) t-CO2/t-material, (b); t-CO,/M$

References: (c) Ref.[20], (d) Ref.[22]. (e) Ref.[19], (f) Ref.[21], (g) Ref.[l]

4. RESULTS

4.1 Comparison with other energy sources

CO2 emission intensity results of these

fusion reactors are compared with other energy

sources in Figure 2. Results of other energy

technologies are referred from Ref. [2].

Evaluation methods and premises of other

energy technologies are the same as those of

fusion reactors. Both once-through method for

nuclear fuel usage and gas diffusion method for

fuel condensation are assumed for a fission

rector. A conventional house-use photo voltaic
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(PV) installed on house-roof is considered.

Manufacturing energy, which is required in

manufacturing components, is not included in

the fusion energy gain results because this

manufacturing energy is not included in all the

other energy sources.

CO2 emission from the ITER-like is much

less than those from fired power plant, slightly

better than that from PV, and two times as much

as that from the fission reactor. However, the

enhanced physics RS reactor can reduce the CO,

emission to the half of that of the ITER-like,

which result in closer to those of fission or

hydro-powered generation. Hence, CO2 emission

per unit electricity from the RS reactor is small,

compared among present electric power sources.

Either the fission reactor (by plutonium

recycling and centrifugal technique) or PV (by

increment of electricity and cell effect,

decrement of cell thickness) has possibility to

reduce CO2 emission by half. Therefore. CO2

emissions from fusion reactors are slightly less

than that of PV, and about double of that of

fission reactor if advanced physics or

technologies are assumed for fusion, fission, and

PV. CO2 emissions from these three energy

technologies are in anyway, concluded little

compared with energy technologies using fossil

fuel.

1 .OE+03 (

v>
o

1.0E+02

5 - c
• 2 5
52 ^

.52 \
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l5 O

o
o

ra
O

43.9

1.0E+01

m

990.0

1.0E+00
ITER-like

22.5

-11

.i
LJ
RS Fission

17.6

Hydro- Photo
powered Voltaics

Coal
Fired

FIG. 2. Power plants comparison of CO2 emission per unit electricity. CO2 emission from the ITER-like,

the RS reactor is comparable to that from a PV system (for a house use) and a fission reactor (once-through,

gas diffusion type), respectively.

7
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4.2 CO2 emission breakdowns

The breakdowns of CO, emission from the

fusion reactors are indicated in Figure 3.

Breakdowns of the bar graphs are from the

bottom (I) coils and their support structure, (2)

blanket/shield/divertor. (3) current drive (CD),

(4) heat transportation (Heat Trans), (5) reactor

building (R.B.), (6) balance of plant (B.O.P.),

(7) replacement (blanket, divertor, current drive,

and center post for ST from the bottom) and (8)

fuel.

The result characteristics of CCs emission

of tokamak fusion reactors are follows. (1) Most

CO : emissions from fusion reactors are from

materials, CO2 emission from fuel consumption

is negligible. (2) CO2 emission from reactor

construction, corresponding to those of all the

breakdowns except fuel and replacement,

becomes almost 60 to 70 %, while CO2 emission

due to operation equals 30 to 40 %. (3) The RS

reactor, compared with the ITER-like reactor,

can reduce CO2 emission half through

compacting reactor size by physics performance

enhancement.

10000

Nil

fuel

Replacement. CD

Reolacement. D

Reolacement. B

Balance of Plant

Reactor Buildina

Heat Trans

Current Drive

B/S/D

Coils/Structure

ITER-like

FIG. 3. Comparison of the CO2 emission in the life cycle of the ITER-like and the RS reactors.

Following two points can be pointed out. (1) CO2 emission from fuel consumption can be neglected.

(2) CO2 emission due to replacement increase up to 20 to 30 %.

5. CONCLUSION

In this paper, CO2 emissions in the life

cycle of tokamak power plants are evaluated.

Evaluation methods and premises of fusion

reactors are the same as that of other energy

technologies that are referred from Ref. [2].

Through this study, we reveal following two

things.
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Most important finding is that CO,

emissions from fusion reactors are less than that

from PV. and less than double of that from

fission reactor. The other findings are that (i)

most CO, emissions from fusion reactors are

from materials, (ii) CO, emissions from reactor

construction becomes almost 60 % to 70 %, rest

from reactor operation, and (iii) the RS reactor

can reduce CO, emission half compared with the

ITER-like reactor.

In conclusion, tokamak fusion reactors are

excellent because of their small CO, emission

intensity, and they can be one of effective energy

supply technologies to solve global warming.
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A SURVEY ON PUBLICATIONS IN FUSION RESEARCH AND TECHNOLOGY
SCIENCE AND TECHNOLOGY INDICATORS IN FUSION R&T

C.-D. Hillebrand, Division of Scientific and Technical Information, IAEA, Vienna

Abstract
Scientific publications disseminate research results and are therefore an interesting subject for
science and technology analysis. Bibliographic databases contain scientific publications which are
indexed and structured. The paper considers Fusion Research and Technology records*) which are
stored in the International Nuclear Information System (INIS) bibliographic database. For the first
time, all scientometric and bibliometric information specific to a selected field of science and
technology contained in a bibliographic database, using INIS records, is analysed and quantified. A
variety of new science and technology indicators which can be used for assessing research and
development activities are also presented.

Introduction

Fusion Research and Technology (R&T) publications are stored in bibliographic
databases such as the International Nuclear Information System (INIS). The objective of this
study is to quantify and analyse bibliographic records on Fusion R&T in INIS*) to offer an
overview of the developments in this research field. For the first time a scientometric study
has been performed to investigate a selected field of science and technology and the INIS
database has been used as a source of data. A variety of science and technology indicators
are retrieved. Possible applications of this study are outlined.

Fusion R&T is within the INIS scope and represents about 7% of the whole INIS
database (more than 130 000 Fusion R&T relevant records were entered in the period from
1970 to mid-1998). In this field, there is an input of 5500-7000 records every year (Fig.l). The
number of records per publication year is kept constant, approximately 6000 records in the
last 10 years. The input for the last 2-3 years is still continuing as the input preparation of
each publication represents an extra step. The projection of input for the last years is
indicated by the dashed lines. Fourteen Member States provide about 95% of the INIS input
in Fusion R&T. More than 86% of the input comes from the ITER Parties (including Canada
and Kazakhstan, participating in the ITER EDA through the European Union and the
Russian Federation, respectively, and Switzerland) and from the IAEA. Fusion R&T records
come from 64 different input centres, Fig. 2. The number of countries and international
organizations with Fusion activities is 49 and the number of institutions is 309, according to
the World Survey of the Journal ^Nuclear Fusion", IAEA, Vienna, 1997. It is to be noted that
the number of publications per country reflects the concentration of scientific publishing
houses in those countries rather than research activities.

Language

About 80% of all documents related to fusion are published in English (Fig.3). This
includes translated publications. These are mainly published in the United States of America
and, the records of them are therefore provided by the INIS centre in the USA. Translated
records represent almost one tenth of the input from the USA. Out of all authors listed in the
Fusion R&T records, roughly 66% are from non-English-speaking countries. Altogether
there are Fusion R&T records in 32 different languages.
*) This paper is a summary of the "Science and Technology Indicators in Fusion R&T" part of a

study entitled: ^Fusion Research and Technology in the INIS Bibliographic Database". A survey
on publications in Fusion Research and Technology. Science and Technology Indicators in
Fusion R&T. by Claus-D. Hillebrand, Division of Scientific and Technical Information, IAEA,
Vienna, 1998.
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Categories

INIS records are categorized according to the INIS subject categories and scope
descriptions arranged in conformity with the International Classification System for Physics
developed by the International Council for Scientific and Technical Information (Table I).
The main subject categories of interest are Fusion Research and Fusion Technology with
their subfields such as (shortened names) plasma (-confinement; -diagnostics; -transport and
-impurities;
-waves,-oscillations and -instabilities; -production, -heating; -reactions; -fluid and MHD
properties); elementary processes in plasma for Fusion Research and specific fusion devices;
inertial confinement; magnetic confinement; plasma-facing components; magnet coils and
fields; power supplies; blankets and cooling systems; heating and fueling systems; power
conversion systems; component development and materials studies for Fusion Technology.

The subject fields with the highest number of records are plasma waves, oscillations
and instabilities; plasma (-production, -heating, -transport, -diagnostics) under Fusion
Research; and components (-development, -materials, -study), inertial confinement and
plasma-facing components under Fusion Technology (Fig.4).

The time development of records within the subfields shows in general a smaller
fluctuation in yearly number of records in Fusion Research than in Fusion Technology
within the time period considered (1991-1996). The number of records within the inertial
confinement fusion subfield is steadily increasing. The number of records within the
materials studies and magnetic confinement fusion subfields varies from year to year but
has increased over the time period considered and the number of records correlates with the
number of records in the three subfields components development, materials study and
plasma-facing components. This probably reflects the number of biennial conferences on
Fusion Research and Technology. The increase in the number of records in the materials
studies, components development and plasma-facing components indicates a shift in recent
research activities.

The multidisciplinary nature of the INIS database allows the study of the correlation
between scientific disciplines. For each record, up to three categories can be assigned, if the
record covers more than one subject field. The Fusion R&T records with second and third
categories have the following subject fields assigned (listed in order of importance):
materials science, other physics fields, and instrument and reactor engineering and
technology, Fig.5.

Publication types

The record type (e.g. journal articles, reports, books, miscellaneous, patents) and
literary type (e.g. short communications, conferences, numerical data, progress reports) of
each record entry is indicated in the database. This allows the publishing format to be
characterized.

Journal articles represent about 50% of all records, reports 31%, books 13%,
miscellaneous 5% and patents 1%, Fig.6. The percentage of report records seems high when
compared with other physics disciplines. This may be due to the location of fusion devices
in research centres in which many device specific reports are published, as the readership of
these reports is small and the reports are not suitable for publication in journals because of
their length, technical content, etc. The "report" type is often used for progress reports,
listing of numerical data and dissertations. The high number of book records results from
the publication format of some conference proceedings, in which each contribution counts as
a book record. Also, under journal articles one can find a high number of conference
contributions, numerical data and short communications. The input of patents has been
somewhat erratic over the years covered by INIS database. This has to do with the change of
patent records copyright in some countries and the difficulty of converting records from
patent to bibliographic databases. The number of patent records has increased in recent
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years. This can probably be linked to the increased effort to commercialize research and
technological results.

The number of journal records is higher in the field of Fusion Research than in the
field of Fusion Technology, whereas in the latter field the number of report and patent
records is higher.

The time development of publication types gives an indication of research activities.
The number of journal articles varies about 10-15% from year to year. The number of journal
records per publication year entered in the IMS database averages around 3000. The
number of records has fluctuated around this level over the last 20 years. The number of
report records has decreased since 1989. It has to be noted that the number of reports made
available on the Internet has increased and some research centres have changed their
research programme. The frequency of book records over the publication years is very
irregular, the reason probably being the irregular choice of formats in publishing conference
proceedings.

The literary indicator contains additional information. The numerical data contained
in the records increased tremendously between 1983 and 1992, but thereafter decreased
steadily. No logical explanation for this has yet been found. Dissertations have two
prominent peaks, in 1972 and 1986, both numbering 140 each as compared with an average
80 records per year in the other years. An analysis of the records, e.g. title and keywords in
the first year, does not point to any specific explanation. In 1972, the topics of the theses
submitted covered all fields of the Fusion R&T categories. In 1986, about one third of the
theses contained the keyword or free text (see the explanation below) Alcator Tokamak.

The publication type, sorted by input country, gives some additional information on
the publishing activities in these countries and, with further analysis, also gives some
indications on research activities. Eight countries (all participating in the ITER EDA) and the
IAEA constitute the largest input centres with about 93% of all journal records. About 94%
of the report records are derived from 10 countries and about 98% of all books on fusion
R&T are published in 9 countries; again all participants to the ITER EDA.

Authors

The country tag in the author field indicates, better than the country in which the
document has been published, the actual national research activities. More than 86% of the
authors come from the "ITER countries" (Fig.7, considered period: 1970-mid-1998). The
distribution of authors according to country somewhat resembles the distribution of the
world gross national product (GNP) and is different from the distribution of input countries
because in some of these there is a high concentration of science publishing houses.

Journal statistics

Journal articles are published in more than 1500 different journals and represent
about 50% of all Fusion R&T records in IMS. Whereas the 15 journals (1%) with the highest
number of fusion relevant journal article records (more than 1000 records per journal)
represent 57% of all journal records, a further 63 journals (4.2%) with more than 100 and less
than 1000 records represent about 29% of all journal records. Journals with more than 10 but
less than 100 records represent about 10% of all journal records. Journal articles with 4 pages
are the most frequent, although the average is 7.3 pages.

The survey study entitled ^Fusion Research and Technology in the IMS
bibliographic database" contains a list of journal profiles in which for larger journals the
number of records are plotted against the Fusion R&T subfields. The profiles allow
comparison of the scope of each journal. The list of fusion journals in the survey contains a
ranking of journals by the number of records (which is a function of publication years, input
years, articles published per year and scope) and is compared with the list of the Science
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Citation Index (SCI) of the Institute of Scientific Information in Philadelphia, USA. The
comparison shows that, for instance, the scope of the SCI list in Fluids and Plasmas (not
controlled fusion itself) is broad but does not cover certain fields such as material studies,
etc. Furthermore, the Fusion Technology journals are not separated from fusion Research
Journals in the SCI list.

Keywords and Free Text

A common feature of a bibliographic database is the subject indexing of records by
assignment of keywords. As the subject index is used in books, each database record is
complemented by a list of "controlled terms" (keywords, or in INIS terminology -
descriptors) which are chosen to describe better the content, concepts, methods and models.
These controlled terms are scientific and technical words listed in the INIS Thesaurus which
also defines relationships (e.g. hierarchical or affinitive) to other controlled terms. The
descriptors are used for the retrieval of documents. Descriptors are assigned to each input
record by indexers working in each INIS centre. About 8000 different descriptors are
relevant to Fusion R&T and, on average 9-10, descriptors per record are used. The most
frequently used descriptors are plasma, tokamak devices, magnetic fields, plasma
diagnostics and thermonuclear reactors. These descriptors indicate that the main emphasis
in Fusion R&T of the INIS database is on fusion reactors and on controlled fusion
experiments.

An alternative retrieval tool is the search by "free text" (that is, natural language
words and phrases occurring in all textual fields, including titles and abstracts). The free text
can be a scientific term which appears in the title or abstract and is not necessarily a
descriptor, but, nevertheless can be used for retrieval. In addition to the use of descriptors,
"non-standard keywords" (in INIS terminology - free text terms) are permitted to be input
in another indexing field and allow flexibility of indexing and searching. Newly proposed
descriptors are usually accepted with a delay of several months. The free text "ITER" has
been in use since March 1987, when it was agreed by the four ITER Parties, in the light of
the international nature of the proposed design activity, to use the name ITER for
international thermonuclear experimental reactor, instead of ETR, which was in use until
then (Fig.8). The usage of this term has increased steadily, year by year, since that time, with
the exception of 1993. This may be due to the termination of the ITER Conceptional Design
Activities in December 1990, and the ITER Engineering Design Activities actually starting in
late 1992.

Outlook

The survey study "Fusion Research and Technology in the INIS bibliographic
database" contains many tables and graphs, which form the basis of this summary, and
provides more detailed information. A basic analysis was performed aimed at different
interest groups, such as the scientific and technology community, science publishers and
editors, librarians and science managers.
In the study, additional information on science and technology indicators and trends is also
shown, as well as information on Fusion R&T related publications and their formats. The
study will be published by the IAEA.

Further, more advanced and focused analyses and evaluation of the data for some of
these interest groups are also possible. The survey opens the possibility of further studies,
e.g. the co-operation between different institutions and countries, mapping publication
patterns, highlighting scientific co-operation, development of human resources, etc.

Scientometric studies can assist in analysis and formulation of science and techno-
logy policy by mapping changes in research activities, providing thematic and strategic
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analysis of the relative position of research communities, sketching profiles of activities, and
the performance of countries and institutions.

Annex

Table I

Nuclear Physics Subject Categories in INIS

--G5000 PLASMA-PHYSICS-AND-FUSION
—G5100 Plasma-Physics-and-Fusion-Research
— G5110 Plasma-confinement
— G5120 Plasma-diagnostic-techniques-and-instrumentation
— G5130 Plasma-kinetics,-transport,-and-impurities
— G5140 Plasma-waves,-oscillations,-and-instabilities

— G5150 Plasma-production,-heating,-current~drive,-and-interactions
— G5160 Fusion-reactions
— G5170 Plasma-fluid-and-MHD-properties
— G5180 Elementary-and-classical-processes-in-plasmas
— G5190 Other-plasma-physics-studies
— G5200 Fusion-Technology
— G5210 Specific-fusion-devices-and-experiments
— G5211 Inertial-confinement-devices
— G5212 Magnetic-confinement-devices
— G5220 Plasma-facing-components

-- G5230 Magnet-coils-and-fields
— G5240 Power-supplies,-energy-storage
— G5250 Blankets-and-cooling-systems
— G5260 Heating-and-fueling-systems;-fuels
— G5270 Power-conversion-systems
— G5280 Component-development;-materials-studies
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ANNEX

About INIS Database

The decentralized multidisciplinary bibliographic database of the IAEA is a part of
INIS which was created in 1970 and is administered by the INIS Section of the IAEA
with the purpose of collecting and disseminating information on science and
technology through its Member States.

INIS has 120 Members including 18 International Organizations which provide
records on science and technology documents published in the states where the 120
INIS members are located. Records of documents are provided to INIS in English,
along with the titles in the language of origin. All countries and international
organizations participating in the Nuclear Reaction Data Centre network are also
INIS Members. (United States of America, Japan, Russia, China, Germany, Hungary,
Ukraine, NEA/DB - OECD, NDS-IAEA

The main INIS fields of scope are: (i) chemistry, materials and earth sciences; (ii) life
and environmental sciences; (iii) isotopes, isotope and radiation applications; (iv)
engineering and technology; (v) other aspects of nuclear and non-nuclear energy; (vi)
physics.

The largest subject category is physics with about one third of all records, followed
by engineering and technology with one fourth. Chemistry, material and earth
sciences as well as life and environmental sciences represent about one fifth each.

ANNEX

Definition of Scientometrics and Bibliometrics

The terms bibliometrics and scientometrics were introduced almost simultaneously
by Pritchard and by Nalimov and Mulchenko in 1969. While Pritchard explained the
term bibliometrics as "the application of mathematical and statistical methods to
books and other media of communication, Nalimov and Mulchenko defined
scientometrics as "the application of those quantitative methods which deal with the
analysis of science viewed as an information process. According to these
interpretations, scientometrics is restricted to the measurement of science
communication, whereas bibliometrics is designed to deal with more general
information processes. The at best fuzzy distinction between the two has virtually
disappeared over the course of the last three decades and, today, the terms are more
or less synonymous. Meanwhile, the term infometrics has come to replace the
originally broader specialty of bibliometrics.

(Source: 2nd European Report on Science and Technology Indicators, Dec. 1997, page 111,
EC-Luxembourg, EUR17639)
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Table II Publication Types

Records Types:

J Journals
R Reports
B Books
I Miscellaneous
P Patents

Literary Types

E Short Communication
N Numerical Data
V Computer Program Description
X Nonconventional Literature
Y Progress Reports
U Dissertations
K Conference
Z Bibliography
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Number of Records (Log. Scale) per Language (Fig.3)
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SIMULATION OF ION-TEMPERATURE-GRADIENT
TURBULENCE IN TOKAMAKS1
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D.E. SHUMAKER XA0054065
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Abstract

Results are presented from nonlinear gyrokinetic simulations of toroidal ion temperature gradient
(ITG) turbulence and transport. The ion thermal fluxes are found to have an offset linear dependence
on the temperature gradient and are significantly lower than gyrofluicl or IFS-PPPL-model predictions.
A new phenomenon of nonlinear effective critical gradients larger than the linear instability threshold
gradients is observed, and is associated with undamped flux-surface-averaged shear flows. The nonlinear
gyrokinetic codes have passed extensive tests which include comparison against independent linear cal-
culations, a series of nonlinear convergence tests, and a comparison between two independent nonlinear
gyrokinetic codes. Our most realistic simulations to date used actual reconstructed equilibria from exper-
iments and a model for dilution by impurity and beam ions. These simulations highlight the importance
of both self-generated and "external E X B flow shear as well as the need for still more physics to be
included.

1. INTRODUCTION

The results of nonlinear <5/-particle gyrokinetic simulations of toroidal ion-temperature-
gradient (ITG) turbulence are reported here. This work is motivated by the need to develop
models of anomalous transport of heat, particles, and momentum in tokamaks and other mag-
netic plasma confinement devices [1]. Toroidal ITG turbulence is considered to be a likely
mechanism to explain momentum and ion thermal transport, however the quantitative picture
is still incomplete.

Tremendous advances in simulation algorithms and computer power, as well as targeted
investments in code development have made made nonlinear 6f gyrokinetic simulation a practi-
cal tool for studying ITG and other (e.g.. trapped-electron) microturbulence for realistic plasma
parameter values. This provides opportunities for better characterization of the turbulent trans-
port and for the discovery of qualitatively new behavior, both because of the very large (> 7-
dimensional) parameter space and because of the limitations of the various reduced treatments
of the kinetic processes on which much of the present understanding is based.

The IFS-PPPL model [2] has attracted attention because of its success in interpreting some
plasmas. This model combines nonlinear gyrofluid and quasilinear gyrokinetic calculations into
a single transport mode]. The nonlinear gyrofluid models are supposed to be approximations
to the gyrokinetic equations. However, we find that for some relevant experimental conditions,
gyrokinetic simulations give a value of the thermal diffusivity \j roughly a factor of 3 lower
than that given by gyrofluid simulations and the IFS-PPPL model. Such differences may have
a significant impact on predictions of tokamak (e.g., ITER) plasma performance. It is therefore

'This work was performed by LLNL for USDoE under contract W-7405-ENG-48, and is part of the US XTTP
and Cyclone projects.
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of great importance and interest to establish the validity of the gyrokinetic results.

2. GYROKINETIC SIMULATION CODES AND NUMERICAL PARAMETERS

This paper discusses results from two independent nonlinear gyrokinetic codes (LLNL [3] and
U. Colorado. Boulder [4]) which incorporate the advances mentioned above, including bf algo-
rithms [5. 6]. field aligned numerical representation [7]. and flux-tube simulation domains [8. 9].
The codes are toroidal, nonlinear, and electrostatic, and have fully toroidal nonlinear gyroki-
netic ions [10] with equilibrium temperature and density gradients. The gyrokinetic Vlasov
equation is solved using the partially linearized bf particle method [5. 6]. The electron response
is taken to be adiabatic. with a zero response to the flux-surface-averaged potential {o)e.o [H]-
Self-generated turbulent-Reynolds'-stress-driven flows are included fully. The simulation domain
used is a flux tube which spans one or more poloidal circuits in the parallel direction. Profile re-
laxation is prevented by making the simulation volume seamlessly periodic, with a "twist-shift"
radial periodicity condition [6] and parallel periodicity consistent with the mode physics.

Typical values of the timestep di. grid sizes respectively in the radial, toroidal (perpendicu-
lar), and parallel directions, A r . A?/ and A.-, and the respective numbers of grid cells A".,., Ny.
and A- are given by dt cs/Lj = 0.2. where cs = ^/Te//??;, I e is the electron temperature. •»?.;
is the ion mass. Lj is the ion temperature gradient scale length. Ai3.//5S = Av /p s = 0.8-1.0.
where ps = cs/fi;. and Q; is the ion gyrofrequency. Az = 2irqR/Nz. where q = rBi/RBp is the
magnetic "safety factor." R and v are respectively the major and minor radii, and Bt and Bp

are the toroidal and poloidal magnetic field components. Nx = Ny = 128. and N~ = 32-64. At
least 16 particles per grid cell were used in the LLNL gyrokinetic code, except in the case of the
particle number scan results shown in Sect. 4 where the particle numbers are given explicitly,
and 8 particles per cell in the U. Col. Boulder runs shown in Sect. 3.

The thermal diffusivity is defined formally as

v; = i.5ZT(r,.f-i}/ri. (i)

where I"r and Tj are the fluctuating components of the radial ion velocity and temperature and
T[ is the equilibrium ion temperature. In practice. \j is calculated as a suitable weighted sum
over the simulation particles. For sufficiently large box sizes \ ; / \ G B - where \<;B = p^cs/Lj.
is finite and independent of the box size, irrespective of the magnetic shear [3]. The transport
therefore has a clear gyroBohm scaling.

3. TEMPERATURE GRADIENT SCANS

Figure 1 shows the predictions for \ ; vs. R/Lj. for a scan about the "Cyclone DIII-D
base case" parameters. This parameter set represents local parameters from an ITER-relevant
DIII-D plasma [12], shot #81499. at time / = 4000ms., and r/a = 0.5. where a is the minor
radius of the separatrix. The parameter values, in dimensionless form are ?/; = Ln/Lj = 3.114.
where Ln is the the density gradient scale length, q = 1.4. s = {r/q)dq/dr = 0.78, R/Lj — 6.92.
and (B = >'/R = 0.18. These simulations used circular cross-section model equilibria and a
single dynamical (bulk) ion species, as did the nonlinear gyrofluid simulations that underly the
IFS-PPPL model.

Shown are the results from our (LLNL and U. Col. Boulder) gyrokinetic simulations and
from the IFS-PPPL model, as well as a similar (LLNL-gyrokinetic-code) scan with es — 0. A
remarkably good fit to the dependence of the thermal flux from the LLNL gyrokinetic simulations
on the temperature gradient for this scan can be obtained by an offset linear dependence on
RfLj. In terms of \ j . this fit can be expressed as

t
2 i )~15.4[1.0-6.0(IT / i2)] , (2)

and is shown as the dot-dashed line on Fig. 1. The simplicity and quality of such a fit are

2
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Figure 1: Normalized \j iv R/Lji from gyrokinetic simulations, and '9Jf IFS-PPPL model.

highly suggestive, and it would be of great interest to explore whether such a fit works for other
temperature-gradient scans.

For the base parameter value R/Lj = 6.92. the gyrokinetic \; is about a factor of 3 lower
than that give by the IFS-PPPL-model. which is a somewhat larger difference than was observed
for the TFTR "NTP test case" [3]. The relative disagreement between the gyrokinetic results
and the IFS-PPPL formula is largest for small values of R./Lj* and generally decreases as
R/L-j increases. The disagreement can be characterized roughly as a shift in Rf Lj_ of the \;
vs. R/Lj curves, and not as a simple multiplicative factor in \\. Beer [13] has verified that for
this parameter scan, nonlinear gyrofluid simulations agree reasonably well with the IFS-PPPL
model (within 27% for R/Lj = 4.0-9.0).

4. LINEAR TESTS

In order to establish confidence in the gyrokinetic simulation results, both linear benchmarks
and and nonlinear tests have been undertaken.

The linear ITG-mode frequencies and growth rates and critical temperature gradients ob-
tained from the LLNL gyrokinetic code have been compared found to agree very well with
independent linear codes [13], both for the Cyclone base case and for a case with the same local
parameters, except f# = 0.

A second linear test is is against a theory due to Rosenbluth and Hinton [14] for the residual
levels of purely "radial" modes of the electrostatic potential (i.e.. modes which have no variation
within a flux surface and which represents a near poloidal E X B flows) in the collisionless limit.
Here, the gyrokinetic code is initialized with zero bf particle weights. A radially sinusoidal
potential with no variation within the flux surfaces is imposed. The particle weights evolve,
resulting in geodesic acoustic oscillations, which damp through linear processes, and a nonzero
undamped residual. In the large aspect-ratio limit, the theoretical prediction for the ratio of the
la.te-time residual potential to the initial potential is given as a function 0.6/i/( 1.0 + 0.6/i) of the
single parameter /; = \Jl~BJq2 [14],
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Figure 2 shows the fractional residual E X B flows for two scans (varying q and es respec-
tively) using the LLNL gyrokinetic code, along with the prediction of Ref. [14]. Very good
agreement is observed, giving confidence to both the RH theory and the simulation.

o. EFFECTIVE NONLINEAR CRITICAL GRADIENT

A new result from the gyrokinetic simulations, evident in Fig. 1. is that there is a range
of values of the normalized temperature gradient R/Lj. between the linear critical gradient
R/^Tcrit aiid an effective nonlinear critical gradient R/Ljeff in which the simulations are linearly
unstable, but for which the thermal transport at late time becomes essentially zero. This
phenomenon appears to be associated with undamped E X B flows predicted by Rosenbluth
and Hinton [14]. A large, very steady flux-surface-averaged potential (6)0.0 is observed in the
cases with R/ Ljcr-n < R/ij < -fl/̂ Teff- In contrast, for cases with R/Lj > it'/ijeff- the profiles
of {o)e.,:> move as time evolves. The peak shearing rates associated with (o)e,<p are of order three
times the growth rate of the fastest growing ITG modes.

In the e# = 0 gyrokinetic simulation scan shown in Fig. 1. there is no discernible separation
between i?/Zxeff and R/Ljcv-Sl. This is to be expected if the undamped Rosenbluth-Hinton flows
play a key role in the departure of R/Lje^ from R/Ljcr-n, since the residual flow fraction goes
to zero as e% goes to zero.

6. NUMERICAL CONVERGENCE

Next, we examine whether the gyrokinetic simulations are converged with respect to particle
number. Fig. 3 shows \ ; vs. time from a particle number scan. The simulations are for different"
numbers of particles ranging from 5 x 10° to 1.34 x 10s. For 106 or more particles (2 particles per
cell). \; at late time does not appear change with increasing particle number. Thus. \; appears
to be well converged wrt. particle number for more than 2-4 particles per cell.

There is some random variation in the late time-averaged \; for the different cases, but this is
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Figure 3: Normalized \; vs. tx\\j Li from gyrokinetic simulations with particle numbers ranging
from 5 x 105 to 1.34 x 108.

small, and has no systematic dependence on particle number. There is also some increase in the
level of the initial peak with particle number, which persists even if the scan is done increasing
the initial weights (as the square root of the particle number) so as to keep the initial mean
noise level fixed. The 5 x 10°-particle case shows secular growth in \j beyond tvt:s/Lj = 700.
This is due to a noise-driven runaway process in which the detailed <!>/-particle entropy, most of
which is due to noise, increases with the time integral of \;. The noise causes thermal transport
(\i) . both of which increase together.

In order to further assess the impact of particle discreteness, the following "scrambling
test" [15] of the noise level was performed. The gyrokinetic code was run using Cyclone base
case parameters, for 8 x 106 and 1.6 X 10' particles, and restart files were saved at selected
times. New restart files were formed from these by scrambling the particle bf weight list [5. 6].
The gyrokinetic code was restarted from these scrambled restart files. The scrambled restart
eliminates the physical signal but leaves fluctuations whose level is a measure of the noise in the
simulation due to particle discreteness. After the restart, the temperature gradient was reduced
to slightly below the linear marginally sta.ble value in order to eliminate unstable ITG modes,
but to still allow measurement of (noise-driven) diffusion through a transport flux. Shown in
Fig. 4 is the time histories of \ j . both in the absence of scrambling and when the scrambling and
gradient reduction is done at three times during the run. \; is reduced after the scrambling. The
relative reduction is less the later the scrambling is done, indicating a gradual buildup of noise.
However, even at the latest time, the post scrambling values are down by an order of magnitude.
Thus, the relative impact of noise is small, supporting the conclusion that the simulations are
converged with respect to particle number.

An exception has been observed for cases with R/Licr\{ < R/ Li < R/Lieft (see Sect. 4). It
is found that R,/Ljeft increases slowly with particle number, so that for the Cyclone base case
RI Li scan, for example, R/Ljefl > 6.0, but at least ~ 64 particles per cell are needed for an
RI Li — 6.0 case to yield zero \ j .

We have also completed simulations in which the parallel and perpendicular system sizes
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were increased by a factor of 2 over the nominal values given in Sect. 2 (keeping the grid sizes
and number of particles per grid cell fixed), as well as simulations in which the grid sizes were
reduced by a factor of 2 (keeping system size and the number of particles per grid cell, and grid
filter size divided by grid size fixed). In all cases, \; was unaltered from the corresponding case
using the nominal numerical parameter values, which demonstrates that these nominal system
and grid sizes are adequate.

7. SIMULATIONS USING REALISTIC EXPERIMENTAL EQUILIBRIA

The LLNL gyrokinetic code has been extended to use realistic equilibra. obtained by direct
reconstruction from experimental data, as well as a dilution model for the effects of impurity and
beam ion species. Figure 5 shows the \j vs. normalized minor radius p from such simulations
for DIII-D shot #84736 at t=1200ms. This shot is a high-performance negative-central-shear
("NC'S") L-mode plasma with an internal transport barrier. The simulations show order-of-
magnitude agreement with the experiment, but the wrong trend with minor radius. Several
additional physics effects are expected to produce order-one changes in \ j . including nonadiabatic
electrons, active impurity dynamics, collisions, velocity shear, and radial profile variation.

Shown in Fig. 5 is a simulation result, at p = 0.3. in which the equilibrium scale perpendicular
and parallel velocity shear components inferred from the experimental data were included. This
reduced the turbulent \i to zero, in agreement with the observation that at p = 0.3. the transport
is neoclassical.

8. EQUILIBRIUM-PROFILE-SCALE EFFECTS

Radial variations in the equilibrium temperature gradient have been implemented in the
LLNL gyrokinetic code and their effects examined. Studies using global gyrokinetic codes suggest
that this is potentially the most important profile-scale effect. Simulation runs were completed
using the Cyclone base case parameters, but with temperature gradient profiles of the form
L~l = Ljl[l + Scos2Ti(r - ro)/Ax}< with Aa- = 125pi, and b = 1/3. For R/LT0 = 5.19. so
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that the peak temperature gradient, is as for the Cyclone base case (roughly characteristic of the
experimental profile). \ ; is greatly reduced and approaches zero at late time. For RfLjo = 6.92
and f2.0 respectively, the reduction in \; compared to the corresponding 6 = 0 cases are of order
40% and 10%.

A new way to obtain more detailed information is by examination of scatter (or correlation)
plots of the time-averaged local thermal flux vs. the time-averaged net temperature gradient
using data from the nonlinearly saturated phase of the simulations. We observe that in such
scatter plots from a single simulation run. there is considerable scatter both in gradient and
flux, and no tendency for the points to cluster along the curve obtained from the uniform-initial-
gradient simulations (shown in Fig. 1). There are points with gradients significantly higher than
the average and fluxes lower, and vice versa. Thus the sub regions of these simulations do not
behave locally.

9. SUMMARY AND CONCLUSIONS

In this work, the temperature-gradient dependence of ITG turbulent transport was studied.
The gyrokinetic simulations are found to yield ion thermal fluxes which have an offset linear
dependence on the temperature gradient and which are significantly lower than gyrofluid or IFS-
PPPL-model predictions. The existence of an effective critical temperature gradient greater than
the linear critical value has been observed, and correlates well with the presence of undamped
flux-surface-averaged E X B flows predicted in Ref. [14]. Several linear and nonlinear tests and
comparisons have been completed which strongly support the validity and viability of gyrokinetic
simulations. Profile-scale velocity shear and temperature-gradient variation over realistic spatial
scales were shown to be important.

Some simulation results using realistic equilibria were presented. While there has been
much progress on including many important physical effects in the gyrokinetic codes, more
is needed. Nonadiabatic electrons, collision models, and dynamically active impurity species
are all important and need to be included as self-consistently as possible. Having established
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considerable confidence in the nonlinear gyrokinetk codes, attention is being devoted to these
important physics enhancements.
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Abstract

This work deals with tokamak plasma turbulence in the case where fluxes are fixed and

profiles are allowed to fluctuate. These systems are intermittent. In particular, radially propagating

fronts, are usually observed over a broad range of time and spatial scales. The existence of these

fronts provide a way to understand the fast transport events sometimes observed in tokamaks. It is

also shown that the confinement scaling law can still be of the gyroBohm type in spite of these

large scale transport events. Some departure from the gyroBohm prediction is observed at low

flux, i.e. when the gradients are close to the instability threshold. Finally, it is found that the

diffusivity is not the same for a turbulence calculated at fixed flux than at fixed temperature

gradient, with the same time averaged profile.

1 INTRODUCTION

Turbulence simulations have received much attention during the recent years because they

have impacted the formulation of transport models. Also simulations help to clarify some issues

such as dimensionless scaling laws or fast transport events in fusion devices. Most turbulence

simulations are done with fixed profiles, in order to provide predictive expressions for the

transport coefficients as function of the gradients. However in any fusion device, fluxes are fixed

and profiles fluctuate around their time average value. It was emphasized recently that instabilities

governed by a threshold may lead to a "Self-Organized Critical" system by producing transport

events at all scales, called avalanches [1,2]. These avalanches are due to local accumulation of

energy (or particles), leading to an increasing gradient. Once the gradient exceeds the threshold, a

burst of turbulence occurs, which radially expels the accumulated energy (or particles). This

process can be renewed, much like a domino effect, leading to a large scale transport event. An

avalanche as described above propagates down the gradient. It can be easily verified that a

depletion of energy (or particles) propagates upward. These transport events may explain the fast

transients which are sometimes observed in fusion devices. It was proposed [1] that they may

cause the correlation lengths to scale as the machine size, thus leading to a Bohm-like transport

instead of the expected gyroBohm scaling law. To investigate these issues, the results of four

codes have been compared. This flux driven turbulence is investigated with specific codes in three

1
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regions. At the very edge, a 2D spectral code computes an interchange turbulence in the Scrape-

Off-Layer of a tokamak. The drive is a particle source and the threshold a critical density gradient

length [3]. In the standard "gradient" region, an Ion Temperature Gradient (ITG) turbulence is

computed with a 2D [4] and a 3D [5] global code. The analysis of these two regions is bridged with

a 3D global code to compute Resistive Ballooning Modes (RBM), which involve a critical pressure

gradient length [6]. These codes yield a consistent description of transport processes from the

small scale fluctuations to the equilibrium profiles. Several issues are investigated here: the

existence of propagating fronts, similar to avalanches in SOC systems, the question of transport

transients and scaling laws, and the consequences for turbulent transport.

2 AVALANCHES AND STATISTICAL PROPERTIES

The difference between simulations at fixed gradient and fixed flux is illustrated in the fig.l

for a 2D interchange turbulence in a tokamak scrape-off layer [3]. Here "fixed gradient" means

that the equilibrium profile is not allowed to fluctuate, i.e. all density (or temperature) radial

modes are removed except the equilibrium profile. The simulation at fixed flux clearly exhibits a

bursty character, where each burst corresponds to a large scale transport event. The timescale of

these radially propagating fronts is slower than the lifetime of vortices at fixed gradient. These

fronts are observed as soon as radial modes are included in the simulation. Still this does not prove

that fronts are poloidally and toroidally symmetric. The analysis of 2D interchange simulations

shows that there are in fact spatially localized.

Time

2 -

0 50

0

50 x = (r-a)/ps

Fig. 1 : Contour plots of the particle flux in the fixed gradient case (left) and fixed flux case
(right) in the 2D interchange model.
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Radially propagating fronts are observed in most simulations. Only with the 3D ITG code,

they were observed to be of rather modest intensity, propagating over a few radial correlation

lengths. What causes the difference is at present not yet understood. Here we point out that the

main differences between 2D and 3D ITG models is the presence in the latter of a Landau-fluid

damping term in the temperature equation and of an additional equation for the parallel velocity.

In the following, we focus our attention on the cases where avalanches are observed. Examples for

2D ITG and 3D RBM turbulences are shown in fig.2.

300-r

1950

CD

E

1650

xq=20.3 r/a 0.9 xq=2

Fig.2: Contour plots of the pressure for a 2D ITG (left) and 3D resistive ballooning (right)

turbulences. The pressure is an average over the poloidal and toroidal directions.

The propagation time of a front is typically of the order of 10 to 30 a/cs, where

cs=(To/mi) is the acoustic speed and To is a reference temperature. For realistic plasma

parameters, this time ranges between 10 to 1 OOjas, and is much smaller than a confinement time.
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Fig. 3:Frequency spectrum of heat flux for a 2D ITG turbulence at fixed flux.
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At a given time, the radial profiles exhibit a sequence of steep and plateau regions. Plateau

regions are locally stable whereas steep gradients are above the threshold. A linear stability

analysis indicates that the time average profiles are supercritical, i.e. their gradient exceeds the

threshold value everywhere. This behavior is different from sandpile automatons and previous

fluid simulations of interchange modes in a cylinder [2], which are found to be subcritical. For low

viscous dissipation and broad sources, part of the profile is subcritical (see [7], fig.2a corresponds

to such a case).
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Fig. 4: Probability Distribution Function of the temperature gradient for 2D ITG simulations close

and far to the source (left). The solid line is a gaussianfit. The skewness (normalised third

momentum) and flatness (normalised fourth moment) are respectively equal to -1.1 and 4.0 at

r/a=0.25 and -0.3 and 3.3 at r/a=0.5 (values for a gaussian distribution are 0 and 3). Right:

PDF of the density gradient length for a 2D interchange turbulence.

The experimental evidence of radially propagating fronts is a delicate issue. It has not

been possible up to now to define a univoque signature of these fronts. Two tests, which are not

definite proofs, can be suggested for an experimental investigation. First, the frequency power

spectrum of the flux usually exhibits a shape with 3 slopes, typically i , f and f , where p is of

order 1 and 6>2 (fig.3). This type of spectrum is close to those observed in SOC systems [2]. The

actual values of the slopes depend on the source and damping terms and also on the radial distance

between the source and the position where the analysis is done. Note also that other situations

than SOC systems exhibit a 1/f feature. Thus a power spectrum with a 1/f shape is an indication

but not a proof of critical self-organization.

A second test consists in investigating the probability distribution function (PDF) of

gradients and fluxes. These distributions are usually not gaussian in 2D interchange simulations.

This is consistent with the intermittent character of the turbulence. For 2D ITG simulations, the

departure from gaussianity is weaker (fig.4). A detailed analysis shows a near gaussian PDF far

from the source (fig.4a), and a significant deviation from gaussianity close to the source (fig.4b).
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Thus the distance of the measurement probes from the source is an important parameter in this

case.

3 TURBULENT TRANSPORT AT FIXED FLUX

3.1 Fast transport events

Density or pressure perturbations are observed to propagate downward and upward the

gradient. Events moving upward are usually less frequent than fronts moving downward. Note also

that all of them correspond to positive perturbations of heat or particle flux. As already

mentioned, these ballistic events propagate within a time of the order of 10 to 30 a/cs, for an ion

gyroradius normalised to the minor radius p*=0.01. This behavior can be investigated by

computing trajectories of test particles in a 2D interchange turbulence. Some of these trajectories

are characterised by a ballistic radial motion (fig.5). A statistical study involving a larger number

of particles remains to be done, in particular for ITG simulations where the plasma size is much

larger than a radial correlation length. Such a behavior potentially explains the fast propagation

of impurities which has been observed in Tore Supra for instance [8]. Also, starting a simulation

with an equilibrium profile far from the relaxed one exhibits a fast relaxation over a time much

smaller than a diffusion time. The relaxation time is again of the order of 30 a/cs. However, it has

not been possible up to now to simulate a core heating following an edge cooling such as those

observed in Tore Supra [9].

Particle A
Particle B
Particle C

50 100 = ( r - a ) / p s

Fig.5 : Three individual test particles trajectories in the 2D interchange model. The initial poloidal

distance between particle A and particle B is equal to ps.

3.2 Dimensionless scaling laws

It is interesting to investigate the dependence of the confinement on the ion gyroradius

normalised to the minor radius p*. A traditional way to quantify this dependence is to express the
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heat diffusivity as %T= To/eB[p*] , where a characterises the scaling law (oc=l corresponds to the

gyroBohm law and in the following %gB is defined as p*To/eB). 2D ITG simulations have been

done for various values of p*. The control parameter S for the heat source is defined by the

relation Pa(jd=3noToV(cs/a)p*S, where Padd is the additional power, no a reference density (in

ITG simulations, the density profile is flat) and V the volume. The source S has to be adjusted to

maintain the same temperature profile when changing p*. Since the confinement time varies as

a /%T> the source S must scale as [p*] .
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Fig. 6: Heat diffusivities normalised to the gyroBohm value calculated with the 2D ITG code for

two values ofp*. a) The heat source is large, the scaling law is close to the gyroBohm

expectation. b)For lower heat flux, a departure from the gyroBohm expectation is observed.

To find the value of a, the case (p*=2.510~ ,S=5.10~ ) has been compared to the case

(p*=5.10 ,S=10 ). These two simulations exhibit the same temperature profile and are therefore

characterised by a gyroBohm scaling law <x=l. This is also verified by comparing the diffusivities

normalised to the gyroBohm value which are the same for both cases (fig.6a). An interesting

result is therefore that the presence of large scale transport events do not imply a breaking of the

gyroBohm scale invariance. At lower fluxes, i.e. for a temperature gradient closer to the

threshold, some departure from the gyroBohm expectation is observed (fig.6b). To maintain the

temperature profile when doubling p*, the source is multiplied by 1.5 (from S=10 , p*=2.510 ,

to S=l .510 , p*=5.010 ). This corresponds to a value oc=0.6 (close to the so-called "weak

gyroBohm" scaling law oc=0.5). This value of a is recovered by comparing the normalised

diffusivities (fig.6b).

This result is compatible with recent simulations for 3D global ITG simulations [5], which

indicate a scaling close to gyroBohm well above and close to the threshold. Also a weak

gyroBohm scaling is found for 2D interchange simulations. It has to be stressed here that the

departure from the gyroBohm prediction is weaker here than in previous simulations at fixed

temperature gradient [6]. In the later simulations, the departure from gyroBohm was attributed to
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the stabilising effect of diamagnetic rotational shear, which depends on p*. However, the shear

flow was externally controlled and larger than in the present calculations where the radial electric

field balances the ion pressure gradient. Note that the ion pressure gradient tends to be smaller

than actual values since the ITG fluid threshold is lower than the exact kinetic critical gradient.

Thus the rotational shear is underestimated. This difference of rotational shear may explain the

difference between simulations at fixed gradient or flux.

3.2 Consequences for transport predictions

An analysis of edge simulations show that the e-folding length of the Scrape-Off Layer

exhibits parametric dependences which agree with some experimental observations, in particular

there is weak dependence on the magnitude of the driving particle flux. Accounting for the

convection associated to avalanches, an expression for the e-folding length is

ASOL = 3.9 Te°-
36 R0°-28 Bo"0'72 (10-3m)

where Te is the edge temperature.

Also, 2D interchange and ITG simulations indicate that the local diffusion coefficient with

avalanches differs somewhat from the one calculated by freezing the equilibrium profile, thus

forbidding radially propagating fronts. In practice, the diffusivity at fixed flux is found to be larger

than at fixed gradient in the inner region, closer to the source, and smaller in the outer region

(fig.7). This effect is attributed to a redistribution of the particle or heat source by avalanches.

This has implications when comparing simulations at fixed gradient with those at fixed flux.

XT

r/a

Deff[

1.0

FD interchange model
GD interchange model

= ( r - a ) / p s

Fig. 7 : Radial profiles of the turbulent diffusion coefficient in the 2D ITG model (left), and the 2D

interchange turbulence (right). Results are given at fixed flux (bold line) and at fixed gradient

(dashed line), with the same average gradient.
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4. CONCLUSION

This work shows that a tokamak plasma turbulence does not behave necessarily in the same

way depending whether fluxes or profiles are fixed. At fixed flux, many simulations exhibit some

features of Self-Organized Criticality. In particular, radially propagating fronts are observed,

similar to avalanches in SOC systems, moving upward and downward the gradient. The turbulent

transport is found to be intermittent when these fronts are present. An exception is provided by 3D

global ITG simulations, where avalanches are less pronounced and propagate only over a few

radial correlation lengths. In all these simulations, the time average gradient exceeds the linear

instability threshold, i.e. these systems are supercritical, in contrast with sandpile automatons and

some previous fluid simulations, which were found to be subcritical at low fluxes. These

propagating fronts provide a way to understand the fast transport events which are sometimes

observed in tokamaks, for instance the fast penetration of impurities. It is also shown that the

confinement scaling law can still be of the gyroBohm type in spite of these large scale transport

events. Some departure from the gyroBohm expectation is observed at low flux, i.e. when the

gradients are close to the instability threshold. Finally, it is found that the turbulent diffusivity is

not the same for a turbulence calculated at fixed flux than at fixed temperature gradient, with the

same time averaged profile. For predictive purposes, it is therefore preferable to perform

simulations driven by sources.
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Abstract

SELF-CONSISTENT COMPUTATION OF TRANSPORT BARRIER F ORMA TION
BY FLUID DRIFT TURBULENCE IN TOKAMAK GEOMETRY
(1) Computations of turbulence from the electromagnetic gyrofiuid model are per-
formed in a flux surface geometry represen ting the actual MHD equilibrium of the
ASDEX Lpgrade edge flux surfaces. The transition to ideal ballooning seen in simple
geometries as the plasma beta rises is suppressed, lea ving the transport at quantita-
tively realistic levels. Computations for core parameters at half-radius geometry sho w
significant contribution due to the finite beta electron dynamics, possibly remo ving
the standard ITG threshold. (2) Strong inward vorticity transport in edge turbulence,
resulting from ion diamagnetic flo ws, ma y lead to a build up of mean ExB v orticity
fast enough to cause an H-mode transition. (3) Friction of mean ion flows against
neutrals involves both toroidal and poloidal flow componen ts. leading to a finite radial
current due to a given ExB profile even with zero poloidal rotation.

1. Electromagnetic Gyrofluid Model, T okamak Geometry

W e report on numerical studies of tokamak edge turbulence, transport, and bi-
furcation phenomena which form part of the developmeii towards a comprehensive,
self-consistent description of the transport barrier formation process from first princi-
ples.

A necessary ingredient of any such model is a model for lo w frequency magnetised
plasma drift dynamics whic h is as complete as possible. The curren t state of the art is the
gyrofluid model, whic h in principle can incorporate all three of the principal ingredients
of drift turbulence: ion temperature gradien t (ITG) dynamics [1,2]. drift Alfv en (DALF)
dynamics of the passing electrons [3]. and trapped electrons [4]. No model as y et has
all three; we report the first results from a gyrofluid model con taining DALF dynamics,
showing its importance not only in the plasma edge but also to predominan tly ITG
turbulence in the core.

The form ulation of an electromagnetic gyrofluid model is a straigh tforward exten-
sion of the standard one, dropping the requiremen t that the electrons behave adiabat-
ically and allowing the parallel electric field to have an inductive part [5]. This adds
kinetic Alfv en effects to the parallel dynamics of the electrons, following their evolution
self consistently. The underlying dynamics is the same as in the fluid model [3,6], with
the additions that dissipation is more properly handled and that finite Larmor radius
effects (notably, polarisation) are treated to arbitrary order.

Flux surface geometry ma y be accurately treated with a flux tube model in an y
axisymmetric system pro vided separatrices are avoided [7]; here we add global consis-
tency with the procedure and definitions in [8]. An equilibrium is computed using the
HELENA code [9], the desired radius is pic ked out. the local metric is computed: and
then the metric, curvature operator, magnetic field strength, and unit vector divergence
are stored as functions of the parallel coordinate for use by the turbulence code. The
ASDEX Upgrade model and parameter regime are shown in Fig. 1.
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The results of using an accurate geometry can be striking. The more traditional
ballooning coordinate model [7]. basically a sheared slab model with curvature terms
added, yields the ideal ballooning instability at values of the plasma beta below the
experimentally observed L-to-H transition. One proposal to remedy this is to invoke
diainagnetic stabilisation, but in the absence of a pedestal in the pre-transition L-
mode this is not available. We find that the use of the ASDEX Upgrade equilibrium
leads to a partial suppression of ideal ballooning, due to the increased shear but also
to the shaping effects, a strong function of ellipticity. The transport is at realistic
levels - total power through the .$95 surface slightly above 3 MW for a typical pre-
transition L-Mode situation. Finally, the dependence on collisionality is weak at ASDEX
Upgrade parameters, with the local v* at the boundary below which Braginskii thermal
conduction breaks down and Landau damping takes over the dissipation. These results
are summarised in Fig. 2. The parameter 3 — (csqR/'2i\\Lp)2 reflects the strength
of drift wave dynamics relative to Alfven. transients (it is important to note that these
couple to the electron pressure [3]). where Lp is the pressure scale length. In these terms
the MHD parameter a_\[ = —q2RS78 is 1 at 3 % 8 and the experimental transition is
at 3 % 20 The sharp transition at 3 ft; 5 is identified as the onset of ideal ballooning
by means of mode structure diagnostics, especially the probability distribution of pase
shifts of the component waves [5]. This is shown in Fig. 3.

Core parameters differ from the edge situation principally through the much smaller
value of the scale ratio qRjLp. Due to the higher beta, we still have 3 ~ 1 although
the electron thermal speed is much faster than the drift wave phase velocities. This
makes Vn rather than Vpf important to the electron dynamics. We find that the
combination of finite ?/~ = f/log ??/<:/log Tj and finite 3 ~ 1 brings very strong Alf'ven
dynamics into the ITG mode system, due to the ability of the inductive electric field to
oppose the static force imbalance given by the parallel gradients of the electron density
and electrostatic potential. The passing electrons are therefore nonacliabatic. possibly
able to completely remove the ITG threshold. Exploratory computations are shown in
Fig. 4. This situation is almost completely collisionless. Interpretations concerning the
transition from edge to core turbulence [10] will be strongly affected.

2. Vorticity Transport and Rotation Damping

As Fig 1 shows, we do not find a parameter transition one could apply to the L-
to-H transition observed in tokamak edges, in contrast to other work [11]. The reasons
for the discrepancy are yet unknown, but many possible causes (periodic boundary
conditions. Braginskii thermal conduction, flux tube domain aspect ratio, and global
consistency) have been ruled out. The present results have been obtained with several
different numerical treatments of the Alfven dynamics (upwinding, a predictor/corrector
scheme), and with both the fluid [6] and gyrofluid [5] models. The likelihood that they
are accurate is large.

We turn therefore to profile effects, particularly the self consistent interaction be-
tween turbulence, ExB rotation, and the density and temperature profiles. There is
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much circumstantial evidence that the L-to-H transition involves all of these in con-
cert [12]. One very promising result from the above computations is the existence of
a significant inward transport of total ion vorticity. This has an obvious origin: gy-
roviscosity. The total vorticity is made up of ExB and diamagnetic components (in a
gyrofiuid model, n( — ??,-. where /?; is the gyrofluid ion density, not the total ion density
which is equal to nc), but due to gyroviscosity it is adverted by the ExB velocity alone.
This breaks the symmetry which keeps the purely ExB Reynolds stress small on average
at small scales. It is a necessary result that if pj is isotropic at small scales, then the
turbulent ExB transport of p; radially outward implies the inward transport of V^p,-.
Then, since the profile of pi responds according to its own equation, if these diamag-
netic vorticity fluctuations build up a mean vorticity profile the latter will result in the
form of an ExB rotation profile, which due to the accumulating mean vorticity will be
sheared. This is basically a modification of the standard predator/prey scenario within
the same paradigm [13]. Investigation of the self-consistent profile reaction to this vor-
ticity transport by means of a nonlocal extension to the electromagnetic gyrofiuid code
is in progress.

Consideration of the ExB rotation profile will have to include the presence of neutral
friction. Since this acts on both the toroidal and poloidal rotation components, one
cannot consider solely poloidal rotation (the only component clamped by neoclassical
viscosity). We have attempted a. detailed calculation of these effects in ASDEX Upgrade,
taking the sheared rotation profile as given and applying Monte Carlo techniques to
compute the net radial current induced by both neoclassical and neutral dissipation
[14]. For solely poloidal flow the neutrals produce a small addition to the radial friction
current [15]. With both toroidal and poloidal flow considered, the end state is zero
poloidal flow and a balance between neutral friction and toroidal flow for the given ExB
profile. However, the corresponding damping rate of the ExB vorticity is comparable
to or smaller than the ion collision frequency, smaller than what one finds in the more
collisional fluid regime in which one can use standard bulk viscosity [17]. It is therefore
important to use expressions for clamping that are well behaved in the weakly collisional
regime [2], in which the edge as well as core regions of modern tokamaks find themselves.

3. Scrape Off Layer and Kinetic Effects

Earlier investigations of coupling between closed and open field line regions showed
the transition between the two to be gradual, with a radial width of about 2 to 3 cm [18].
On open field lines in the scrape off layer (SOL) region, the turbulence character is much
more interchange like due to the lack of field line connection - the driven range is at
longer wavelength and the coupling between density and potential is much weaker due
to the sheath conditions at the end of the field lines. This is not yet fully incorporated
into the gyrofluid codes (but see [19], but our earlier experience with simplified models
(zero fluctuations or zero parallel gradient at field line ends) shows much the same
character as in [18]: without closed field line connection there is a V|| = 0 component
which behaves largely electrostatically.
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A companion model to the fluid suite is our phase space drift kinetic electron code
[20]. It has also been extended to include the kinetic Alfveii parallel dynamics that lie
at the heart of the DALF system. Gyrokinetic ions for this code lie in the near future,
but in the meantime several benchmarks with the Landau fluid DALF code have been
carried out in the simple ballooning geometry. Transport at zero collisionality as a
function of i agrees well with the fluid code, with the largest discrepancy at 0.4 versus
0.25 for the range 1 < :i < 10. The kinetic model also produces the ideal ballooning
transition The validity of the fluid models incorporating the simple Landau damping
closures of [1.2] is helped by the fact that magnetic shear reduces the role played by
wave/particle trapping of electrons moving along magnetic field lines [20]. Investigation
of the validity of the ion Landau closure in the presence of the strong DALF dynamics
at core parameters discussed above is urgently needed; this will be treated in the near
future.

4. Further Directions

Among the most critical things to do next is to build the gyrokinetic phase space
code mentioned above. Techniques developed in gyrokinetic particle codes in current
use will be applied to the gyrokinetic ion distribution function, which is tied to the
electron function through the gyrokinetic polarisation equation [21]. Besides buttressing
the gyrofluid model in the electromagnetic regime, this will provide a useful check on
discreteness effects in the particle codes, especially in the representation of the higher-
order moments appearing in the gyrofluid model. Electron trapping will be incorporated
self consistently as well.

Another need is a nonlocal version of the gyrofluid model to treat self consistent
pedestal physics, an electromagnetic gyrofluid version of [22]. Radial variations of the
flux surface geometry in the edge are expected to have a significant effect on the spatial
variation of the turbulence drive, transfer, and dissipation.

Interaction of the turbulent transport with the profiles and vice versa is another
avenue gaining increasing attention. At the moment the DALF model results are being
used as one of several components in a numerical function to give the transport in
terms of background quantities, in the Multi Mode Model transport code [23]. It is
also importat to consider the self consistent dynamical evolution of the turbulence and
transport, especially if the profiles change rapidly; it is also interesting to use coupled
models to arrive at a global description, without paying penalties for machine size or
the separation of time scales [24]. We plan to do this with the B2/EIRENE edge code
[25] in the near term: self-consistent mean field treatment of the transport, as in [14]
for the flow dynamics, will be necessary to include several anomalous thermal transfer
effects as well as the basic transport of the profiles
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which the edge fluxtube metric is calculated. The reference scale is 50 cm.
(right) Edge parameter diagram, showing some of the 3 values used, and the
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Abstract

A theoretical model of internal transport barrier (ITB) is developed. The transport model based
on the self-sustained turbulence theory of the current-diffusive ballooning mode is extended to include
the effects of E x B rotation shear. Delayed formation of ITB is observed in transport simulations. The
influence of finite gyroradius is also discussed. Simulation of the current ramp-up experiment successfully
described the radial profile of density, temperature and safety factor. A model of ITB collapse due to
magnetic braiding is proposed. Sudden enhancement of transport triggered by overlaping of magnetic
islands terminates ITB. The possibility of destabilizing global low-n modes is also discussed.

1. INTRODUCTION

The formation of internal transport barrier (ITB) has been observed in various operation
conditions on large tokamaks. The significance on improved core plasma confinement is stimulat-
ing the effort to resolve the mechanism of formation and termination of ITB. The theory-based
transport model [1] derived from the self-sustained turbulence of the current-diffusive balloon-
ing mode (CDBM) successfully describes the formation of ITB in high 0p plasmas, in negative
magnetic shear configurations as well as with off-axis current drive [2]. This model predicts
the reduction of thermal diffusivity XCDBM when the magnetic shear s is weak or negative and
when the normalized pressure gradient a becomes large. The short wavelength fluctuations with
k ~ Wpe/c, which are predicted by the CDBM model, were detected recently by microwave scat-
tering in TFTR plasmas with reversed magnetic shear [3]. We study here the effects of E x B
rotation shear and finite gyroradius on ITB formation and a model of ITB collapse.

2. EFFECT OF ExB ROTATION SHEAR

In the presence of large ion pressure gradient and/or large toroidal rotation of plasma,
radial electric field Er is enhanced owing to the radial force balance on ions. The radial shear
of the E x B poloidal rotation suppresses the fluctuations and leads to additional reduction of
transport. This effect on the CDBM transport model was included in the analysis of surface
transport barrier in H-mode plasmas[4]. It becomes prominent also near ITB and introduces
another time scale of the phenomena.
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We have carried out tokamak transport simulation using the thermal diffusivity derived
from the CDBM transport model[2]

n F(s.a,K) 3

XCDBM = C ., , ~ , , ... «
c2 vA

(1)

where the normalized pressure gradient, a = —qR(dj3/dr). magnetic shear. ,s = {r/q) (dq/dr).
magnetic curvature, K = — (r//?,)(l — l/q1) and E x B rotation shear, LOEI = (T_\pr/s) (d/dr)
(Er/rB), and r.\p = qR/v.\. The factor F(.s, a, K) represents the reduction due to weak or
negative magnetic shear and large Shafranov shift, while the factor 1/(1 + GLJEI) comes from
the effect of E x B rotation shear. Explicit expressions of F and G are given in [2] and [4].

We solve the one-dimensional transport equations for a tokamak with circular cross section

•7r.ns = —-rz-r • > + SH. ir,^nsTs = — — r qs + Ps,dt, r or at 2 r dr

8 _ t

dt dr'hSK LMO r or

where the radial fluxes are given by

£1 r* o £i

. s = 7isVs - D—ns, qs = -nsTsVs - -nsxs-^-Tsor 2 2 dr

(2)

(3)

(4)

and the subscript s denotes the particle species. The transport coefficients are expressed as a
sum of neoclassical contribution and XCDBM;

- 0.05 XCDBM r/a~ I , D = DNC + 0.1 xcVs = n,

Xe = XNC,e + XCDBM- Xi = XXCJ + XCDBM

and fitting parameter C in Eq.(l) was chosen to be 8.

DBM (5)

(6)

Figure l(a) indicates typical time evolution of Te(0) for tokamak plasma with R, = 3 m,
a = 1.2m, B = 3T, 7p = IMA and ne(0) = 0.5 x 1020m"3. In the case of heating power
5.5 MW. Te(0) starts to increase about 0.9 s after the onset of heating. Without the effect of the
rotation shear, such a delay of the transition was not observed. The delay time becomes shorter
with the increase of the heating power. The reduction factor \/{l + GurEl) rapidly decreases near
r — 0.4 m just before the transition as shown in Fig. l(b). Figure 2 illustrates the modification of
the pressure profile and the thermal diffusivity before and after the transition. The ion thermal
diffusivity at ITB is reduced to the level of neoclassical transport (Fig. 2(d)). It should be noted
that, though the transition is triggered by the enhancement of the rotation shear, the thermal
diffusivity is already lowered before the transition due to the factor F(s,a,n). Lower plasma
current and intense central heating make the transition easier.

(a) 6

5
> 4

6.5 MW

"5.5 MW

4.5 MW

(b)

0 . 0 0 . 4 0 . 8 1 . 2 1 . 6 2 . 0
t [ s i

0 .0
t = 2.0 s

t = 1.0 s

0 . 0 0 . 2 0 . 4 0 . B 0 . 8 1 . 0 1 . 2

r [m]

FIG. 1. Time evolution of the central temperature and the radial profile of the reduction factor
due to the rotation shear.
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FIG. 2. Radial profile of the pressure and the ion thermal diffusivity before and after the
transition
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FIG. 3. Time evolution of plasma current (a), heating power (h). density (c) and temperature
(d) in the negative shear configuration

We also simulated the confinement improvement in the negative magnetic shear configura-
tion produced by current ramp-up. In order to simulate the evolution of the density profile, we
have included the particle transport. Figure 3 shows time evolution of the plasma for R, = 3.15 m.
a - 0.74 m and B = 4.28 T. The plasma current was increased from 0.6 MA to 2 MA and NBI
heating of 12 MW was switched on at t = 1 s. After the NBI heating started, the central and
volume-averaged electron densities start to grow. The temperatures as well as the bootstrap
current /BS also start to increase but decline for t > 1.8 s. Radial profiles at. t — 1.8 s are shown
in Figure 4. The density^ temperature and safety factor profiles are close to the experimental
observation on JT-60U [5]. In order to reproduce long sustainment of ITB without current drive,
however, further improvement of the transport model is required.

3. MODIFICATION DUE TO FINITE GYRORADIUS EFFECT

The present CDBM model does not distinguish the thermal diffusivities of electrons and
ions. Since typical wave length of CDBM is comparable to or shorter than the ion gyroradius p\.
the finite gyroradius effect separates Xe and %i- The finiteness of gyroradius also introduces the
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FIG. 4. Radial profile of density (a), temperature (b). safety factor (c) and current density (d)
at t = 1.8 s in the negative shear configuration

coupling with diamagnetic drift of electrons and ions, which leads to real part of wave frequency
and imaginary part of transfer rate x^±-

The ballooning mode equation including the effect of ion gyroradius p\ and the ion drift
frequency u;*j is written as

/
— \u> + Xn4q4

cte

— \L0

(1L0 — = 0 (7)

where A. Xe: Xi a n d Mi a r e the current diffusivity, electron thermal diffusivity. ion thermal
diffusivitj' and ion viscosity induced by the turbulence, respectively, n is the toroidal mode
number, Ao(b) = Io(b)e~b and b = n2q2p2/r2. The functions of the ballooning coordinates r/ are
given by H{rf) — K + cos 77 + (sr) — asinr/) sin77 and / — 1 + (srj — asinr/)2.

Preliminary analysis indicates the enhancement of Xe over x\ by a factor of 1/Ao- The
mode frequency is in the direction of ion drift motion and the absolute value is much smaller than
|w*i|. Comprehensive analysis of CDBM including finite gyroradius effect and E'r suppression
will be reported soon.

4. MODEL OF COLLAPSE

With the increase of the pressure gradient at ITB, the amplitude of turbulent fluctuation
grows. When the amplitude of perturbation magnetic field exceeds a threshold value, the struc-
ture of the field lines becomes stochastic owing to the overlap of magnetic islands. In this state
(M-mode)[6], strong enhancement of the thermal diffusivity leads to the collapse of ITB.

4.1. Catastrophe of transport coefficients

The nonlinear turbulence, which provides the formula Eq.(l) in the electrostatic limit, is
subject to the turbulence-turbulence transition at a certain critical pressure gradient [7]. At this

4
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threshold pressure gradient.

a = a,- (8)

the associated magnetic fluctuation exceeds the threshold level that allows the overlapping of the
microscopic magnetic island. If this microscopic island overlap takes place, the electron viscosity
is selectively enhanced, in comparison with the ion viscosity, and the self-sustained turbulence
becomes much more violent. As is schematically shown in Fig. the turbulent transport
coefficients, i.e., the thermal conductivity, current diffusivity, and ion viscosity increase. This
strongly turbulent, state has been called as "M-mode" [6,7]. The critical pressure gradient for
the M-mode transition is illustrated in Fig. 5(b). It is approximately given by

ac
(high shear limit) (9)

The M-mode transition does not occur in the weak shear region

s < 0.8

The thermal transport coefficient in the M-mode is expressed as

1 pm\ ~ 2 c2 vte
Xe,M ~ " ~

(10)

(11)

(12)

where rn\/me is the ion-to-electron mass ratio, (5\ = fJ,Qn\T\/B2. vt(, is the electron thermal
velocity, and the suffix M indicates the M-mode turbulence. Compared to Eq.(l), Xe hi the
M-mode is enhanced by a factor of af3\m\/rnB. which is a few tens or so for usual parameters [7].
If the M-mode transition takes place, the enhanced thermal conductivity causes the reduction
of the pressure gradient. It should be noticed that the turbulent transport has the nature of a
hysteresis with respect to the pressure gradient, which is shown in Fig. 5(a). Once the state
jumps to the M-branch, the turbulence level stays at the strongly turbulent state even if the
pressure gradient becomes lower than the critical pressure, a < ac. The M-state continues until
the pressure gradient reaches the lower critical value

a — a.\
1 1

(13)

As a result of this hysteresis nature, the pressure gradient drops from the critical value ac to
the lower value a\ .

(a)
l°g%7 M-mode

Otj

ITB

(b)

ac log a

2.5

2

1.5

1

0.5

0

L-mode

ITB

0.5 1.5 2

a

FIG. 5. Conceptual drawing of the thermal diffusivity as a function of the pressure gradient
(a) and the critical gradient ac on the (a,s) plane (b).
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FIG. 6. Time evolution of the radial profile: (a) electron temperature Te, (b) pressure gradient
a. (c) magnetic shear s and (d) ion thermal diffusivity XD-

2 . 0

0 . 0
0 . 0

FIG. 7. Contour of the pressure gradient and the magnetic, shear on the (a. s) plane.

The turbulence-turbulence transition, from the electrostatic one to the violent electromag-
netic one, occurs within a very short time scale at a = ac. The transition time from L-state/ITB
to the M-state is given as

rtransiton
U

It should be noted that the time scale 7\yp/\/a is the typical time scale for the ideal MHD
processes. The change of the state occurs within the so-called MHD time scale.

4.2. Comparison with simulation results

In order to illustrate the behavior of the pressure gradient, we present simulation results
of ITB formation in the high (3V mode. Parameters are R = 3m. a = 1.2m, Ip = IMA.
ne(0) = 5 x 1019 m~3 and the total heating power of Pheat = 10 MW for the deuterium plasma.
About 100 ms after the start of the additional heating, the internal transport barrier starts to
be formed. After 400 ms, the profile with internal transport barrier reaches the stationary state.
Figure 6 shows the time evolution of the radial profiles. The temperature (a), pressure gradient
profile (b), magnetic shear profile (c) and the turbulent transport coefficients (d) are shown for
the Ohmic plasma (dotted line) and in the presence of the internal transport barrier. Arrow A
indicates the ridge of the transport barrier (i.e., the interface between the regions of the improved
confinement and the L-mode), arrow B for the peak of the pressure gradient. Within the surface
r ~ 0.6a. the internal transport barrier is formed. The arrow C indicates the location where the
crash starts to occur (as explained in Fig.8). In Fig. 7, radial profile of the pressure gradient

6
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FIG. 8. Comparison of the simulation profile of (a(r). s(r)) with the critical condition of the
M-mode.

and magnetic shear, (a(r), s(r)). are drawn on the (a, s) plane at the same time slices of Fig. 6.
Arrows A and B indicate to the radial locations with arrows A and B in Fig. 6.

Figure 8 compares the critical condition with the typical profile in (a. s) plane obtained
from transport simulation with ITB and threshold pressure ac(s). The locations indicated by
A and B are the outer edge of ITB and the steepest gradient, respectively. When the profile
(a(r).s(r)) touches the critical line ac(s). transition to the M-mode occurs. The crash starts
to occur at the location that is denoted by the thick arrow C. This radius is very close to the
interface between the internal transport barrier and the L-mode region, denoted by arrow A.
It is also sliown that the contact with the critical curve takes place at the location of the large
da/ds value. The slope is negative, i.e.,

ds
(15)

This location is just inside the interface between the L-mode region and the transport barrier.
The catastrophe of the internal transport barrier takes place at the outer region of the internal
transport barrier.

4.3. Excitation of global mode

The enhanced electron viscosity in the M-mode is found to excite the global low-n mode,
if the mode rational surface is close to ITB. Sudden jump of the growth rate in the time scale
of TAp/\/a is predicted. If the M-mode transition takes place, the enhanced current diffusivity
is given by

, 1 /m\ 2 C4 Vte n r .
AM ~ 7;—9— \ — a p \ a /J,Q —7 ——. (loj

1 + G w^-j V me wp 9-K

This large current diffusivity may enhance the growth rate of various fluctuation modes. Con-
sider the case that there exists a global mode, the mode rational surface of which is in the
M-mode region. This global mode is selectively destabilized by this large current diffusivity.
The current-diffusive mode has a growth rate, which is in proportion to JT_\P [8.9]. The formula
of the growth rate has been given for the ballooning mode as [8]

/ \ \ V5

I A \ 4/5 3/5 -2/5 i-in\
T ^ P = ( —ZI ) m1 a' s 1 (17)

where rs is the mode rational surface and m is the poloidal mode number. The current diffusivity
in the M-mode is given by Eq.(16), and gives the estimate

(18)
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Substituting this relation and m = nq(rs) into Eq.(17), one has

For the parameters of the experimental interest, e.g., m = 3, a ~ 2. .s ~ 3 and c/toprs ~ 10~3,
Eq.(19) provides the order of magnitude estimate as

7TAp ~ 0.03 (20)

This indicates that the growth rate of the order of (3 x 104 ~ 10°) s~] is expected, if the M-
mode transition occurs, and the mode rational surface is located within the M-mode region. The
change of the current diffusivity occurs within the time scale of (14). As a result, the change of
the growth rate also takes place within the time scale of Eq.(14). In other words, the abrupt
increase of the growth rate of the global mode onsets within the very short time, in the absence
of the major variation of the global plasma parameters. The value of Eq.(20) is much larger
than the linear resistive instability in the MHD-stable regions of parameters.

4.4. Irreversibility after the collapse

The M-mode is subject to a back-transition to the L-mode when the pressure gradient
decreases below the lower critical pressure gradient. An avalanche of the back transitions in
the radial direction is possible to occur [7,10]. After the end of avalanche in the plasma, the
transport coefficient returns to the original one. Eq.(l), in the whole plasma column. In the lower
branch of the transport coefficient, the thermal conductivity is low and the pressure gradient can
start to grow again. The process can be repeated as a limit cycle, as is considered for the giant
ELMs[7]. However, this is not always the case for the internal transport barrier. The density
profile becomes much flatter, as a result of the collapse event. The flattened density profile
usually leads to the broader heating profile. When the heating profile is broader, T'HW > a/2.
the internal transport barrier is difficult to be formed[2]. This sensitivity to the heating profile
is the key for the reversibility of the barrier formation after the crash. This explains the
observations that the collapse is often a terminating event for the improved confinement.

This work is partly supported by the Grant-in-Aid for Scientific Research of the Ministry of Ed-
ucation, Science, Sports and Culture Japan, by the collaboration programme of the Advanced Fusion
Research Centre of Kyushu University, and by the Collaboration programme of National Institute for
Fusion Science.
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Paper IAEA-CN-69/TH1/1 (presented by A.M. Dimits)

DISCUSSION

K. LACKNER: It has been argued that the effects of self-generated flows should be
smaller in ITER than in present-day devices due to the smaller p . Do you see an effect of
p/LT on the critical R/Lj for non-linear suppression of turbulence by flows?

A.M. DIMITS: Most of the simulations shown are formally in the p = 0 limit. These
runs do show the non-linear suppression effect. For the simulations where CO*T was a function
of radius, the effective p/Lx was around 1/60, and in these cases the stabilization is probably
stronger, because the profile variation "channels" the flux-surface-averaged flows and makes
the radial transport barriers less penetrable.

M. KOTSCHENREUTHER: The IFS-PPPL model was computed for a different
magnetic geometry than the (s,a) model you use. This shifts the critical gradient. If the same
geometry were used, the IFS-PPPL model would look less discrepant.

A.M. DIMITS: My understanding is that the non-linear gyrofluid simulations that
form part of the basis of the IFS-PPPL model, and with which the '94 IFS-PPPL model
agrees quite well, were done with the same (s,oc) model equilibrium as used in our gyrokinetic
simulations. I agree that the linear gyrokinetic code used for the quasilinear calculations that
form the other component of the IFS-PPPL model used a different equilibrium.

M. YAGI: Did you check the error bars for %; and the convergence of the average
value of %i statistically, changing the sampling data?

A.M. DIMITS: The error bars have not been checked very quantitatively. It is evident
from time averaging the plots shown in the particle-number convergence sequence that the
statistical variation in the inferred thermal diffusivities is in the range of 5% or less. These
time histories have no secular trend and have good time averages.
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Paper IAEA-CN-69/TH1/2 (presented by Y. Kishimoto)

DISCUSSION

B. SCOTT: In this computation, were the electrons adiabatic? Further, what were the
boundary conditions at the outermost radius and where was that radius - the outermost radius
in the computations - relative to the last closed flux surface?

Y. KISHIMOTO: The simulation is done for the typical ITG mode and adiabatic
electrons are used. This is a particle code and the outermost radius is the conducting wall
where the particles are reflected. With regard to the waves, the mode rational surfaces are
removed from the edge region so that the edge region becomes a heat bath.
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Paper IAEA-CN-69/TH1/3 (presented by X. Garbet)

DISCUSSION

E.B. HOOPER: Heat pulse experiments often show higher thermal conductivity than
steady-state experiments. Is this predicted by your avalanche theory?

X. GARBET: In simulations at fixed flux, heat pulses are indeed observed to
propagate faster than you would expect from the equilibrium thermal diffusivity. So the
overall picture is consistent.

V.V. PARAIL: I would expect strong avalanches when the entire system is close to
linear stability. In experiment, however, this is often not the case. How can you explain fast
heat pulse propagation here?

X. GARBET: Even when the temperature gradient time average is well above the
threshold, the temperature profile exhibits transiently steep and flat regions which propagate
radially. In other words, avalanches exist even at large heat or particle fluxes.

W.M. NEVINS: In fixed temperature gradient simulations, have you really fixed the
temperature gradient, or have you fixed the temperature difference between the left and right
boundary? We have used the latter boundary condition and do see avalanches and
intermittency.

X. GARBET: In fixed temperature gradient simulations, the whole temperature profile
is frozen; all radial modes are removed except the profile itself. It is true that avalanches are
observed if radial modes are included with fixed boundary conditions. However, in our
experience these avalanches are weaker than when the system is driven by a source.
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Paper IAEA-CN-69/TH1/4 (presented by M. Kotschenreuther)

DISCUSSION

B. COPPI: To confirm your suppositions about the favourable effects of reversed
current density profiles, I should mention that P. Detragiache (see our paper
IAEA-CN-69/FTP/14) has shown that the stability of ideal MHD m = 1, n = 1 modes is
greatly improved when "shoulder" q-profiles are considered. On the other hand, I do not
think that the ignition machine you propose is technically feasible when all the material and
engineering constraints are considered.

M. KOTSCHENREUTHER: I would prefer not to give an opinion on the engineering
problems at this stage.

K. LACKNER: Have you checked the classical confinement of alpha particles in the
proposed low aspect ratio ignition device?

M. KOTSCHENREUTHER: I have not done a detailed calculation.

R.D. STAMBAUGH: Should we have already seen this favourable transport physics
in START?

M. KOTSCHENREUTHER: START is very resistive, so it could have resistive
MHD turbulence (which has not been addressed here). Otherwise, I would expect we should.

G.M. STAEBLER: Were the electrons assumed to be neoclassical in the edge barrier
region?

M. KOTSCHENREUTHER: Yes, on the basis that microtearing modes and electron
temperature gradient driven modes appear velocity shear stabilized. I should also point out
that, within the extreme limit of the ideas presented here, the magnetic shear is very negative
where the pressure gradient occurs, which has been correlated experimentally with electron
temperature barriers.
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Paper IAEA-CN-69/TH1/5 (presented by B. Scott)

DISCUSSION

I.H. HUTCHINSON: It is interesting to see the importance of realistic shaping. Can
you explain further what are the main physical effects of shaping on turbulence; for example,
is the local magnetic shear reversed at the outboard in the ASDEX-U cases you analysed?

B. SCOTT: In a flux tube computation like this, the magnetic geometry enters through
local and global shear, flux expansion, and the form of normal and geodesic curvature as a
function of poloidal position. All of these are affected by finite aspect ratio and shaping. For
the ASDEX Upgrade 95% flux surface geometry, global shear is strong enough to keep local
shear positive at all poloidal positions. The strongest finite aspect ratio effects are to make
the local drift scale, ps, larger on the outside, and to reduce the normalized normal curvature
on the outside. Elongation affects both global and local shear; for the same MHD q, the
global shear is stronger in an elongated plasma. All of these effects together lead to weaker
turbulence for stronger elongation.

V.V. PARAIL: You conclude that electron dynamics influence ITG turbulence even
deep in the core. Can you quantify the effect? Do you think that electrostatic approximation
is still appropriate?

B. SCOTT: The electrostatic approximation is not appropriate, since the drift Alfven

parameter, p , is of order unity or larger at all radii in the plasma. The only way to avoid

strong electron effects at finite B is apparently to go to flat density (zero gradient). Particle

transport is most sensitive, electron heat somewhat less, and ion heat less still. However, as a

result of the non-linear synergy, all are enhanced by finite B and Vn. To date, the only result

is the scan in Vn at constant n, Te, Tj, VTe, VT; reported in the paper. The numbers are given
in Fig. 4.

T.R. JARBOE: Have you studied the effects of drift Alfven waves on the current
profile?

B. SCOTT: Not really. There is a self-consistent profile modification in the poloidal
field in the model, but we can tell from the lack of any noticeable effect on the limiting time
step that it is not significant. Ultimately, one would have to update the magnetic flux surface
geometry in response to changes in the pressure and poloidal field profiles. Up to now, this
has not been attempted in a turbulence code.
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Paper IAEA-CN-69/TH1/6 (presented by A. Fukuyama)

DISCUSSION

K. LACKNER: Your model is based on the current diffusive ballooning turbulence
paradigm. To what extent has this model been compared with the results of 3-D turbulence
codes, like those by Scott or by Drake, Rogers and Zeiler?

A. FUKUYAMA: Since CDBM usually has a short wave length - typically of the
order of, or less than, the ion gyroradius -1 think it is difficult to study CDBM in the present
3-D turbulence codes.
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Papers IAEA-CN-69/THP2/01 and 02 (rapporteured by B.N. Rogers)

DISCUSSION

A.L. ROGISTER: In your model (paper IAEA-CN-69/THP2/01), and also in the
models of Fukuyama (paper IAEA-CN-69/TH1/6) and Scott (paper IAEA-CN-69/TH1/5), the
turbulence and the profiles must evolve simultaneously. How do you reconcile 'this
requirement with the observations of Moyer et al. (Physics of Plasmas, 1995) regarding the
formation of the characteristic negative shear Er profile before turbulence suppression and any
change in the n and T profiles?

B.N. ROGERS: Consistent with the result you mention, we do observe that the
steepening of the profiles is triggered by a prior burst of ExB flow.

G.M. STAEBLER: What is the impact of an equilibrium electric field shear on the
turbulence in your simulations?

B.N. ROGERS: Local, turbulence-generated ExB flows, rather than equilibrium
flows, trigger the transition in our simulations. Once the gradients begin to steepen, however,
an equilibrium ExB flow is spontaneously generated that reinforces the transition.

V.V. PARAIL: Can your model predict the radial position and the width of the region
with reduced transport? Are you sure that it should be localized near the separatrix?

B.N. ROGERS: In the simulations run so far, the pedestal steepens following the
transition until, far above the ideal stability limit, it is destroyed by a rapidly growing global
mode. The onset of this mode is the only thing we have (thus far) identified that constrains
the pedestal structure.

J.W. CONNOR: Both you in your first paper and Dr. Scott in his paper,
IAEA-CN-69/TH1/5, employ similar equations and similar geometry, yet the results seem
very different. Can you comment on this disparity?

B.N. ROGERS: The results do appear to be different but the sources of the disparity
are not yet understood.

J. WEILAND: In the work described in the first paper, I would expect electron
thermal conductivity along B to be important.

B.N. ROGERS: It is indeed important in the higher ad (diamagnetic) regime.

NEXT PAGE(S)
left BLANK
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Abstract

ECRH-driven transport of suprathermal electrons is studied in non-axisymmetric plasmas using a new Monte
Carlo simulation technique in 5D phase space. Two different phases of the ECRH-driven transport of suprathermal
electrons can be seen; one is a rapid convective phase due to the direct radial motion of trapped electrons and the
other is a slower phase due to the collisional transport. The important role of the radial transport of suprathermal
electrons in the broadening of the ECRH deposition profile is clarified in W7-AS. The ECRH driven flux is also
evaluated and put in relation with the "electron root" feature recently observed in W7-AS. It is found that, at low
collisionalities, the ECRH driven flux due to the suprathermal electrons can play a dominant role in the condition of
ambipolarity and, thus, the observed "electron root" feature in W7-AS is thought to be driven by the radial (convec-
tive) flux of ECRH generated suprathermal electrons. The possible scenario of this "ECRH-driven electron root" is
considered in the LHD plasma.

1. INTRODUCTION

In non-axisymmetric devices the particles trapped in the helical ripple tend to drift away from the
starting magnetic surface. Thus, at low collisionalities, the suprathermal electrons generated by the elec-
tron cyclotron resonance heating (ECRH) can drift radially before being collisionally thermalized. These
fast radial motions would enhance the convective transport of suprathermal electrons. The ECRH exper-
imental results in CHS, H-E, and W7-AS have suggested the important role of the suprathermal electrons
transport in the broadening of ECRH power deposition profiles[l] and in the flattening of density pro-
files [2]. Also the ECRH driven suprathermal electron flux is considered to play a dominant role in the
recently found "electron root" feature at W7-AS[3, 4], where a strongly positive radial electric field, Er

(> 40kV/m), and a reduction of thermal diffusivity have been measured. These facts have put a consider-
able interest in a quantitative analysis of the ECRH driven transport due to the drift motion of suprathermal
electrons. However, because of the non-local nature of the suprathermal electron transport, conventional
local approaches can not be utilized for this analysis.

In this paper we study the ECRH driven transport of suprathermal electrons in non-axisymmetric
plasmas solving the drift kinetic equation as a (time-dependent) initial value problem based on the Monte
Carlo technique (in 5D phase space) [5, 6]. A technique similar to the adjoint equation for dynamic lin-
earized problems is used and the linearized drift kinetic equation for the deviation from the Maxwellian
background, 8f, is solved. In the linearized kinetic equation, the wave-induced flux in velocity space
(quasi-linear diffusion term) is obtained from 3D ray-tracing calculations and the steady-state distribution
function is evaluated through a convolution with a characteristic time dependent "Green's function".

* Present address: INFM and Dipartimento di Fisica, Universita degli Studi di Milano, Milano, Italy
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In the following we explain the simulation model and our new Monte Carlo simulation code in
Sec. 2. In Sec. 3 the behaviour of the ECRH generated suprathermal electrons is analyzed and the effect
of ECRH-driven transport on the ECRH power deposition profile are investigated in the W7-AS plasma.
In Sec. 4 the relation between the ECRH-driven electron flux and the experimentally observed "electron
root" feature in W7-AS is studied and the possible scenario of similar "electron root" feature experiment
is considered in the LHD plasma. The conclusions are given in Sec. 5.

2. SIMULATION MODEL

Because of the non-local nature of the ECRH-driven transport in stellarators we must consider the
electron distribution function at least in five dimensional phase space. We solve the drift kinetic equation
as a (time-dependent) initial value problem based on the Monte Carlo technique.

Writing the gyrophase averaged electron distribution function as

f(X. V\\,VL,t) = fMax(r, V2) + 6f(X.. V\\.VL.t),

where /^/a i.v. v1) represents the Maxwellian only depending on the effective radius, r, via ne{r) and
Te(r) the drift kinetic equation can be reformulated with the initial condition 6f(x,v^.v±. t = 0) = 0:

at " ox dv

where Vj is the drift velocity and t)||(= v\\ b) is the parallel velocity, respectively. The acceleration term
* - (*||: *_L) is given by the conservation of magnetic moment d^/dt - 0 and total energy dEj'd t - 0
(i'll = -(qfrnB ) B -V® - (v\/2B2) B -V B + (vl{/B

3) (B x VO)-VB andt-j. = {vLv\\/2B2) B VB +
(7'x/2J53) {B x VO) • VB), and Cc d knd Sql are the collision operator and the quasi-linear diffusion
operator for the absorption of the ECRH power, respectively. Here the quasi-linear effects, Sg!(Sf), is not
included in the quasi-linear source term and the linear collision operator is assumed for simplicity.

It is convenient to introduce the Green function Q(x. vn,vj_.t\ x', v',,, v'j) which is defined by the
homogeneous Fokker-Planck equation corresponding to eq. (1).

f Hvd + vl{)^ + vf -C<d& = 0 (2)
at " dx dv

with the initial condition

= 6(x -x')6(v - v'). (3)

The Green function, Q, has a straight-forward physical interpretation[7,8]. An electron starting at the time
t = 0 at the position x' with the velocity v' will be found with the probability Q{x. v\\, v± ,t\x'. v',,, v'±) dx dv
at the time t in the phase space volume element dx dv centered at a;, v. Then, the solution of the inho-
mogeneous problem of eq. (1), 6f, is given by the convolution with Q:

6.f{x. v. t) = I dt' I dx' I dv' Sql (fMa ir', v'2)) G(x,v,t - t' | x', v'). (4)

In the quasi-linear source term Sql{-{fMa ^[= ~-^{Dql • ^ " a ; ) ] , the quasi-linear diffusion operator is
defined with respect to Dql(x'. v', t'). For stationary conditions, this explicit time-dependence in Dql

disappears, and the integration is performed in the limit t —> oc. In this approach, only the Green function
G has to be determined by the Monte Carlo technique.

The Green function approach has been implemented in the Monte Carlo simulation code[9,10].
The code allows for the calculation of the drift orbits with high accuracy in a complex magnetic field
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configuration solving the equation of motions in the Boozer magnetic coordinates[ll] based on a three
dimensional MHD equilibrium. The collisional effects (both pitch angle and energy scattering) are taken
into account using the linear Monte Carlo collision operator[12].

The presented solution refers to the linear ECRH problem, where the effect of the quasi-linear
deformation of the distribution function on the absorption processes itself is disregarded. In this approx-
imation, the obtained Sf is therefore proportional to the injected power. Also for simplicity, the densities
and temperatures of background plasma were assumed to be radially constant.

The quasi-linear diffusion term is evaluated by means of a 3D Hamiltonian ray-tracing code. This
code makes use of the quasi-linear expression in the limit of a homogeneous magnetic field[13], and
D 9

±] is evaluated by overlapping the contributions from several discrete rays. Whereas the r,

dependence of DQ
L± is very sensitive to the absorption mechanism, the dependence on both the toroidal

and poloidal angle mainly reflects the ECRH beam width.

3. SUPRATHERMAL ELECTRON BEHAVIOR AND ECRH DEPOSITION PROFILE

We first study the behavior of suprathermal electrons and the effect on the broadening of ECRH
deposition profile in W7-AS plasma (standard configuration). The quasi-linear source term for ECRH
in the W7-AS configuration is evaluated by a 3D ray-tracing code and, then, the linearized drift kinet-
ic equation is solved. Figure l-(a) shows the time development of radial profile of A{6f+}/At(r, t) =
{/ dv' j dx'G • Sql+) (Sgl+ is the positive part of Sql and (} means the flux surface average) which shows
the radial diffusion of suprathermal electrons generated by ECRH (X-mode 2nd harmonic). In this plot
the time means the past time from the generation of the suprathermal electrons by ECRH. We set the
plasma parameters as n0 = 1.0 x 1019cm"3, Te = 2.6 keV, Tj = 0.5keV, Zeff = 2 and Bo = 2.5T, re-
spectively. We can see that the radial profile rapidly extends to outside during the first 0.1msec and, then,
gradually broadens. It is also found that the lower distribution ofA{6f+)/At moves faster than higher one.

In order to see more clearly the diffusion of the suprathermal electrons we define the quantity w({
which is the radial width of A(Sf+)/At with a specified value. In Fig. l-(b) we show the time history of
ma for two values of A(6f+)/At; A{6f+)/At = 1 and 3 x 1014cm~3sec-1. It is found that the broadening
in the radial direction can be separated into two different phases, namely, a first rapid phase (till 0.1msec)
and a second slower phase (after 0.1msec). The first period of the phase is shorter than the slowing down
time of the typical suprathermal electrons (~ lOkeV). The broadening speed of the first phase is about
3 x 105 cm/sec in the case of A{6f+)/At = 1 x 1014cm~3sec~1. This value is of the same order as the
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FIG. 1. Time development of the radial distribution of suprathermal electrons generated by ECRH; (a)
radial profile of A(6 f+) / At and (b) time history ofwd (the radial width ofA(Sf+)/At).
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FIG. 2. Time history of the pitch angle and averaged radial position of a test suprathermal electron
with a initial energy of 10 keV. The collisional time for this electron is about 0.36msec. [To — 2 keV,
no = 2.0 x 1013cm-37.

FIG. 3. Isosurface plots of the distribution 6f (the deviation from the Maxwellian driven by ECRH).

radial drift velocity of typical suprathermal electrons. So we can say that the first phase is related to the
direct convective transport of the radial drift of trapped electrons. On the other hand, the broadening speed
of second phase in the same case is about 2.4 x 103cm/sec and the second phase would be related to the
collisional transport.

To study the two time scale of the suprathermal electron transport we analyze the (collisional) orbit
of a test suprathermal electron in W7-AS (standard magnetic field configuration) and study the radial
motion of suprathermal electrons. Figure 2 shows the time history of the pitch angle and averaged radial
position of a typical suprathermal electron born in the ECRH launching plane with an initial energy of
10 keV. As time passes, the electron energy is slowed down and the pitch angle scattered by Coulomb
collisions. The fast oscillations of the pitch angle across the zero line indicate that the test electron has
become trapped. One can see that the test electron directly drift radially during first 0.05msec as trapped
particle. Then, after this time, the radial drift occurs when trapped due to the pitch angle scattering.
Therefore it is found that the first rapid phase of radial extension is due to the convective transport of
trapped suprathermal electrons and the second slow phase is due to the collisional transport.

We can also see the difference of these two phases in the distribution of 6f. Figure 3 shows the
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FIG. 4. Comparisons of the simulation results ofECRH deposition profile (•) with the ray-tracing (dashed
line) and experimental onesfl] (solid line) for two different plasma parameters; (a) no = 2.0 x 1019cm~3

and Te = 2.2 keV, and (b) n0 = 1.0 x 1019cm-3 and Te = 2.6 keV.

isosurface plots of (magnetic surface averaged) 6f in the three dimensional space (v±, v//, r) at the t-
wo different times, t = 0.06 and 0.64msec. In the figure the lower (upper) surfaces show the negative
(positive) regions of 6f, respectively. ECRH tends to push resonant electrons towards higher energies,
consequently a depletion (with respect to the Maxwellian) tends to appear at lower energies and a tail
at higher energies. We can see a "nose-like structure" at the upper surface which is related to the radial
convective transport of the energetic trapped particles at t = 0.06msec. Then, the suprathermal electrons
start to slow-down and the radial diffusion occurs uniformly in the velocity space (we can not see a clear
"nose-like structure").

Using the obtained distribution 6f, we can evaluate the ECRH deposition profile. Figure 4 shows
the comparison of the simulation results of ECRH deposition profile (•) with the ray-tracing (dashed line)
and experimental ones (solid line) for X-mode 2nd-harmonic ECRH in the standard configuration [1].
The plasma parameters are (a) no - 2.0 x 1019cm~3 and Te - 2.2 keV, and (b) no = 1.0 x 1019cm~3

and Te = 2.6 keV. The other parameters are fixed to Bo = 2.5T, T; = 0.5keV, and Zeff = 2. It is found
that the broader deposition profile from the ray-tracing prediction is obtained in both cases and the larger
broadening can be seen in the lower collision frequency case (b). We can see a relatively good agreement
between the experimental and numerical results for both cases. This tends to confirm the important role
of radial convective transport of suprathermal electrons in the broadening of ECRH deposition profile in
W7-AS.

4. ECRH-DRIVEN "ELECTRON ROOT"

The neoclassical "electron root" feature has been observed in W7-AS. A strongly positive radial
electric field, Er, (> 40kV/m) has been measured in the central plasma region in W7-AS and the ex-
perimental heat diffusivity becomes much lower than the neoclassical one for Er ~ 0, leading to highly
peaked central electron temperatures (up to 6 keV). These results agree to the "electron root" features of the
neoclassical theory. However, there are also disagreement points with the neoclassical predictions. One
thing is the smaller reduction of heat diffusivity than that estimated by neoclassical theory and the other is
the strong relation to ECRH (injection mode and configuration at launching plane). These disagreement
points and experimental ECE measurements strongly suggest a connection between the "electron root"
feature and the ECRH-driven flux. We consider here the effect of ECRH-driven flux on the ambipolar
conditions in relation with the "electron root" experiments at W7-AS.
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F/G. 5. ECRH driven electron flux, (a) comparison of the radial profile for X- and O-mode cases, and
(b) Er dependencies of the maximum value of the driven flux.

The "electron root" feature was only observed in low density discharges with high power (> 400k-
W) X-mode 2nrf-harmonic ECRH and, up to now, could not be driven by O-mode lst-harmonic. We,
first, evaluate the ECRH-driven flux by suprathermal electrons to show the difference between these t-
wo polarizations. Figure 5-(a) shows the simulations of the radial profile of the ECRH driven electron
flux for the two polarizations. It is found that the large ECRH-driven fluxes are obtained for both cas-
es in the central plasma region (r/a ~ 0.2) where the "electron root" feature has been observed, and
that the flux for the X-mode case (~ 7 x lO^sec"1 • cm"2) is about 2 times higher than that for O-mode
(~ 4 x lO^sec"1 • cm"2) at maximum points. This is related to the different absorption mechanism for the
two polarizations. The X-mode is mainly absorbed by deeply trapped particles (maximum of absorption
by resonant electrons with vu ~ 0), while the absorption for perpendicularly injected O-mode, requiring
finite values of ty/, is shifted towards the passing particle region [1].

Also we evaluated the ECRH-driven flux under a strongly positive Er assuming a similar Er profile
as the experimentally observed one. The Er dependency of the maximum value of the ECRH driven flux is
shown in Fig. 5-(b) for the standard configuration (two polarizations) and for a "low mirror" configuration
without trapped electrons in the ECRH launching plane (X-mode). The largest electron flux is found in
the case of X-mode for the standard configuration which is the case the "electron root" feature is only
observed with the 400kW of ECRH heating power. Interestingly, the Er dependency seems to be weaker
than that of the neoclassical flux which is proportional to Er . This is because the radial transport of
suprathermal electron mainly caused by the direct convective motion of trapped electrons. These results
suggests the important role of ECRH-driven flux in the "electron root" feature.

Figure 6 shows the comparison of the ECRH driven flux and the ambipolar neoclassical fluxes
obtained by the DKES code. The solid lines show the X-mode ECRH driven flux without Er evaluated
by our simulation code. The full and dashed lines show the X-mode ECRH driven flux for the case without
and with a strong positive Er(~ 400V/cm), respectively. The circles refers to the DKES results. We can
see that the ECRH driven flux is comparable to the ambipolar neoclassical thermal one with the ion root
(Er ~ 0) and much larger than the ambipolar neoclassical thermal one with strongly positive Er region.
These suggest that the ECRH-driven flux plays dominant role to drive strongly positive Er and, therefore,
we can conclude that the experimentally observed "electron root" in W7-AS is driven by the radial flux
of ECRH generated suprathermal electrons.

We, next, consider the possible scenario of this "ECRH-driven electron root" in the LHD plasma.
As shown in Fig. 6, the "ECRH-driven electron root" could be expected when the ECRH driven flux,
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FIG. 7. Comparisons of the simulation result-
s of the ECRH driven flux with the total back-
ground plasma flux in LHD.

YECRH, is comparable with background neoclassical flux, TNC'. In order to obtain such a large rECRH

we need a sufficiently big fraction of trapped suprathermal electrons. So we assume the LHD magnetic
configurations with Aax = Ocm (0cm shift of magnetic axis from the coil center). And the heating point is
selected as r/a ~ 0.2. Also we assume 1MW of heating power and the plasma parameters are as follows;
no = 4 x 1018rn~3, Te0 = 2.5keV, Zejj = 2 and Bo = 1.5T. The background neoclassical flux can be
simply written, assuming Er ~ 0 ( "ion root") and no density gradient, as

where qe and Te are the electron heat flux and temperature, respectively, and 8Q is the ratio between D\2

and Df2 with Z)f • the thermal transport matrix for electrons. Then, the total background neoclassical flux
is evaluated as FNC = fTA'cdS ~ 4 x lO^sec""1, where the value of 6D is assumed to be 6D ~ 1/6[14].
We evaluate the ECRH-driven flux in the LHD plasma assuming these parameters. Figure 7 shows the
comparison of the ECRH-driven flux (solid line) with background neoclassical flux (dashed line) in the
LHD plasma. We can see that the large ECRH-driven flux is obtained in the central plasma region and
that the value of ECRH-driven flux is comparable with the ion root flux near r/a ~ 0.2. So we can expect
that the ECRH-driven "electron root" would be observed near the central region in the LHD.

Finally we discuss the possibility of the "ECRH-driven electron root" with higher density. If we
assume that the ECRH-driven flux is mainly generated by the convective flux of trapped surathermal
electrons, then, the total ECRH-driven flux at the maximum point, F^RH(r)(= jTECRHdS), can be
simply written as

(6)

where ft „ e.s e and Aab sare the fraction of the trapped suprathermal electrons, the characteristic energy
of suprathermal electrons and the width of ECRH absorption region, respectively. And pr(l) is the the
probability that a suprathermal electron move radially from the generated point to the distance / and we
here assume pr(l) = exp(—al/l. s

r
 e), where I* eis the mean free path of suprathermal electrons in the radial

direction and a is a constant. Then the necessary condition for the ECRH-driven electron root can be
written as

pECRH
max It r l*e

{l -exp( -a ,A a ( , / ?
s e >} > (7)

where 7 , e = €se/Te and C(~ 1) is the constant. This relation shows that only l\estrongly depend on
the plasma density and temperature and the other parameters mainly depends on the configurations and

7
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ECRH conditions. Thus, l^e is a key factor which is approximately as

Ke ~ vr/vUf oc n-^seTp, (8)

where vr and //|;/^ are the radial drift velocity and the effective collision frequency of trapped particles,
respectively. Assuming ese oc Te and the LHD scaling for energy confinement time of background plasma
we obtain lse oc n ~ 1 - 7 8 P u . Then we can obtain the relation between the density and the threshold heating
power for the "ECRH-driven electron root", PC

EDER, as

PC
EDER oc nh 6 . (9)

This relation show that we need a much higher heating power to obtain the "ECRH-driven electron root"
with higher density.

5. CONCLUSIONS

The non-local transport of ECRH generated suprathermal electrons have been studied in W7-AS
using a new Monte Carlo code in 5D phase space. The time development of the suprathermal electron ra-
dial profile and the orbit analysis clearly show two different phases in the ECRH-driven transport. One is
a rapid convective phase due to the direct radial motion of trapped electrons and the other is a slower phase
due to the collisional transport. The distribution 6f also shows the important role of trapped suprather-
mal electrons in the radial (convective) transport driven by the ECRH. The simulated broadening of the
ECRH deposition profile is found to be in relatively good agreement with the experimentally inferred one.

The code was also applied to evaluate the ECRH driven flux in the "electron root" experiments
at W7-AS. Simulation results show that in the central plasma region X-mode 2nrf-harmonic ECRH is
more "efficient" than O-mode lml-harmonic in driving radial electron fluxes. This could explain why
the "electron root" (and the related improvement of confinement) was experimentally found only for X-
mode. Comparisons with neoclassical predictions (DKES code) have shown the dominant role played by
the ECRH driven flux in the ambipolarity condition for the central region where the strongly positive Er

is experimentally observed. Thus the experimentally observed "electron root" in W7-AS thought to be
driven by the radial flux of ECRH generated suprathermal electrons.

The possible experimental condition for the ECRH-driven electron root has been studied in the LHD
plasma. It is found that the ECRH-driven flux becomes comparable to the neoclassical background flux
with ion root and the ECRH-driven electron root could be expected when we assume the outward shifted
configuration of LHD (Aax = 0cm) with relatively a low density. Also we derive the relation between the
threshold power for ECRH-driven electron root and the plasma density as pEDER oc n 1 6 , which indi-
cate that much higher heating power is necessary to obtain ECRH-driven electron root with higher density.
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We present a,n analysis of the typical features of shear Alfven wa,ves in tokamak plasmas
in a frequency domain ranging from the "high" frequencies (a? = ?;,4/2g/?0; v^ being the Alfven
speed and qRo the t.okamak connection length) of the toroidal ga,p to the "low" frequencies,
comparable with the thermal ion dia.ma.gnetic frequency, u!^pt and/or the thermal ion transit
frequency uu = va/qR^ {vti being the ion thermal speed).

1. IDEAL MHD TAE SPECTRUM IN ITER

In the recent years, the shear Alfven wave spectrum in laboratory plasmas has been extensively
analyzed due to the possible excitations of these wa.ves by resonant, interactions with energetic
particles such a,s charged fusion products a.nd ions accelerated by plasma, heating or current-drive
systems. In particular, great attention has been devoted to the plasma, eigenmodes near - or
close to - the frequency ga.p [1] in the shear Alfven continuous spectrum, i.e., Toroidal Alfven
Eigenmodes [2] (TAE) and Kinetic TAE [3] (KTAE), respectively.

Although a. mimcrica.l approach to TAE and KTAE linear sta.bility in a, realistic plasma,
equilibrium is necessary, there still remain some concerns about the actual solution of this
problem. In fact, in a tokamak rea.ct.or of major radius 7?o and minor radius a, the most unsta.-
ble Alfven modes will be characterized by toroidal mode numbers n in the range a/'PLE<1 n ~
£&/PLE ̂  1) with f = a//?o and p^E the energetic particle Larmor radius. The large mode num-
ber is what creates serious resolution problems for conventional numerical simulations of these
instabilities. Thus, significant insights can still be obtained with studies based on analytical-
theoretical methods. Previous analyses - using a. 2D-WKB code [4] - have studied this problem
either for (s,n) [5] (s being the magnetic shear and n = —q2Ro.d') model equilibria, or for more
genera] (but still model) equilibria, including possible sha.ping of magnetic flux surfaces [6]. In
the former case, the fairly simple model equilibrium allowed us to focus on the deta.ils of the
energetic particle dynamics and, thus, on the desta.bilization mechanism due to wave particle
interactions. Tn the latter case, instead, a more precise description of the wave spectra, in re-
alistic geometries was obtained at the price of neglecting the energetic particle drive and a.ll
wa.ve-part.icle resonant, interactions; i.e., the result, consist of calculations of a. marginally sta.ble
set. of global eigenmodes.

These investigations ha.ve confirmed that, under certain plasma conditions, TAE's can be
shifted downward in frequency and out. of the toroida.l frequency ga.p in the Alfven continuum.
As a consequence, there is a, great increase of mode damping due to finite coupling to the
continuous spectrum. For high-??, and the (s,n) model equilibrium [5], this has been shown to
occur for n > o:c(.s) [7, 8, 9], i.e., above a critical threshold in the thermal plasma, pressure
gradient. In the present work, we further extend the approach of Ref. [6] and investigate the

1
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FIG. 1. Constant v and constant poloidal angle contours for the considered IYER equilibrium,
indicated as ITER reference scenario #2 for TAE stability studies.

ideal MHD spectrum of high-??. TAE modes in TTER, in order to explore tho possibility of having
plasma, equilibria, free of TAE modes. Tho idea] MHD assumption clearly prevents us from the
computation of excitation thresholds, but. a.llows us to analyze the conditions for enhanced TAE
continuum damping in a, realistic and completely general TTER equilibrium with shaped flux
surfaces.

The plasma, equilibrium wo consider here is shown in Eig. 1 and is characterized by /?Q =
8.14 m, a. = 2.90 m, magnetic a,xis position (R, Z) = (8.44 m, 0.66 m), elongation K = 1.73,
J50 = 5.68 T, plasma, current. / = 20.9 MA, volume a,vora.go < 0 >= 0.027, poloidal 8p =
0.69, q(Q) = 0.84 and q{a) = 4.47. Meanwhile, Eig. 2 shows tho corresponding boundaries of the
toroidal gap in the shear Alfven continuous spectrum (i.e., tho geometric loci of its accumulation
points in the high-??, limit). Here, and in the following of this section, frequencies are normalized
to the Alfven frequency on axis UJA = Bo/ R^y/Anpo-

The frequency spectrum of TAE modos is found by solving the global disporsion relation [9]

j>0k{r;u>)d{nq{r)) = (2p+w) , (1)

whore 0^ = hr/nq' is the WKB oikonal entering in the expression of tho radial envelope of the
mode [9], p is tho radial mode number and w is an integer defined in the following. The WKB
oikonal 9k is a function of the radial position, as it. may be obtained from the solution of the
local TAE dispersion relation

F(r,l9A;w) = 0 , (2)

which is parameterized by the mode frequency ix>. Furthermore, the integration in Eq. (1) is
extended to a complete periodic orbit (at. fixed OJ) in the. (r, 0k) phase-spa.ee, and re is either
tr = 0 for pha.se-spa.ee rotations or w = 1 for phase-spa.ee oscillations. Tncidontally, wo note that,
in the up-down asymmetric equilibrium of Eig. 1, 6^ = 0 and 0/. = TT a.re not. WKB turning points
- as in the general symmetric case. - and that turning point positions need to be determined
numerically from Eq. (2).
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2. Radial profile of boundaries of the toroidal Alfven gap in the continuous spectrum.

Numerical solutions of the global mode dispersion relation a.re shown in Fig. 3 for the
toroidal mode number n — 20. Ea.ch global mode is represented by a,n horizontal segment
delimited by the WKR turning point positions, which give a.n estimate of the corresponding
radial mode width. Different eigenmodes are labeled by the radial mode number p.

2. ENERGETIC PARTICLE MODES DYNAMICS

Besides the existence of eigenmodes of the tlierma.1 plasma,, like TAE and KTAE, it ha.s been
shown that, other instabilities may be spontaneously excited, by a. sufficiently strong energetic
pa.rticle drive [10, 11]. These Energetic Pa.rticle Modes [10] (EPM), due to the non-perturbat.ive
contribution of particle dynamics in determining mode structures and frequencies, have linear
a,nd nonlinear behaviors which a.re different, from those of TAE and KTAE. In particular, it has
been demonstrated that, when the particle drive is large enough to exceed the EPM threshold,
a. strong redistribution in the energetic particle source can take place, yielding potentially la.rge
particle losses a.nd, eventually, mode saturation [6]. Previous results from numerical simula-
tions [6, 12] indicated that the EPM excitation threshold can be fa.irly high at low toroida.1
mode numbers n, although the tendency of the threshold to decrea.se for inc.rea.sing n was a,lso
emphasized, in accordance with theoretical expectations [13], which predicted a. minimum in the
excitation threshold for ??,> (a./pr..E-

Recalling that, the linear excitation threshold of EPM corresponds also to the level above
which a. strong redistribution in the energetic particle source ca.n take place, it. becomes a. crucial
issue to investigate whether, for higher mode numbers ??., the EPM excitation threshold can
become comparable with the values which are relevant for an ignited plasma. In the present
section, we present, new results on this problem with the help of self-consistent numerical sim-
ulations (moderate-r?.; n < 16) using a, grid less finito-size-pa.rt.icle modified version [14] of the
original t.hree-dimensiona,! PTC hybrid MHD-gyrokinetic code [12].

Figure 4 shows the typical dependence of the EPM growth rate (normalized to u,1 )̂ on
the energetic particle fi^ on a,xis, ^FA), for different n's. Here, fixed parameters a,re e = 0.1.

3
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FIG. 3. Ideal MHO global TAE mode frequency spectrum for n. = 20. The toroidal gap boundaries
are also shown.

<7(0) = 1.1, ?(a) = 1.9, PLE/R = 0.01 a,nd LPE/RO = e(a/r)3 /16, with 7,j£ = \VpR\/pK- The
existence of an excitation threshold, /^'0, is apparent, above which the EPM growth rate rapidly
increases with BED-

The dependence of ,6^J
0 on the toroida.l mode number n is shown in Fig. 5 and it. clearly

indicates that a minimum of [3f£u = 7.5 x 10~3 in the excitation threshold is reached for n = 8,
for the present simulation parameters.

3. EXCITATION OF ALFVENTC TTC4 MODES

When the EPM frequenc}7 — because of either thermal plasma, or energetic particle compression
effects [6, 11, 15] - becomes so low to be comparable with the ion diamagnetic frequency a)xp;
and/or the thermal ion transit, frequency LOH = vu/qRo, the Energetic Particle Mode acquires
all the characteristics of the so called Beta Induced Alfven Eigcnmode [16] (BAR) and it may be
considered a.s a good candidate to explain some experimental observations [17]. Actually, it has
been demonstrated that, for Lu\pj « u)ti, BAE/EPM modes cannot be considered separately from
modes of the Kinetic Ballooning Mode [18] bra.nch resonantly excited by energetic particles, since
they are two (generally coupled) branches of the shear Alfven wa.ve in this frequency range [19].

The BAE/EPM and KBM/EPM dispersion relation generally reads

iA {—) = SWf 6WF, (3)

where <S 14/ is the ideal MHD potential energy a,nd 8Wjr, is the contribution of energetic parti-
cles [19, 20]. Here, A(u/u>ti) is the renormalized plasma inertia, in the presence of finite OJ*P, and
u;/;; i.e. [19]

A(x) =f3)
U!

q2x
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FIG. 4- Normalized EPM growth rates vs. /foe), for different toroidal mode numbers; ri = 1(O).
n = 4(o), n = 8(n), n = 12(A) onrf n = 16(x).

with

F(.r) = x(x2 + 3/2)

G{x) = .T(.r4 + .T2 +

x4 1/2)Z^r)

[x (1/4

1 + + 1 -

Z(x) — IT ll2 JfX. e y"/(y-x)dy being the plasma, dispersion function. In Eq. (3), the excitation
condition for EP'M'R of either the BAR or the KBM branch is IR.etSH K < SWj.

Another interesting feature of Eq. (3) is that it. predicts that modes of the shear Alfven
branch may be excited even in the absence of a.n energetic particle drive. In fact, for SWK = 0,
it may be shown that the shear Alfven continuous spectrum ca.n have a.n unstable accumulation
point {SWj = 0) in the presence of a sufficiently strong thermal ion temperature gradient. [19,
21, 22]. This fact, which stretches Eq. (3) beyond its applicability limit, is the clea.r indication
that, a discrete Alfvenic mode must exist below the marginal stability threshold for idea.l MHD
modes [19, 23]. In fact, the existence of a solution of A(LJ/U)^-) = 0 with Hmu; > 0, demonstrates
that, at the ideal MHD marginal stability boundary (SWj = 0), there still exists a free energy
source to be ta.pped by instabilities, provided that V7',; is sufficiently strong.

Since, at SWf = 0, the mode structure tends to become highly localized in the ra.dia,l
direction (singular within idea.l MHD), finite ion Larmor radius (FLR.) and finite drift-orbit
width (FOW) effects become crucial to demonstrate that unstable discrete modes ca.n actually
exist for SWf > 0. In fa.ct, it. is possible to show that these instabilities may be interpreted
a.s a. discretization of the unstable continuum due to PLR. a.nd FOW effects [23]. Since they
are characterized by a. shear Alfven polarization and require VT; to exceed a threshold va.lue,
the}' may be called shear Alfven VT, eigenmodes [23] (ATTG), in analogy to their electrostatic
counterpart. Using the (s,a) [5] model equilibrium for tokamak plasmas with shifted circular
magnetic flux surfaces, we studied the problem of ATTG excitation for SWf > 0, using a. set of
integral eigenmode equations (qua,si-neutra.lity a.nd vorticity), which allow us to handle arbitrary
k±pi (FT,R) and kLpd (FOW).

5
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FIG. o. Dependence of the EPM excitation threshold iVj~Q on the toroidal mode number n.

Numerica.l solutions of the coupled integral equations for the two fields I So, SAu) indicate
that the growth rate of AH'G is maximum for k$pj,i « 0.3 [24], with kg the poloida.1 wa.ve vector
and pj,t the thermal ion Larmor radius. Figures 6 a.nd 7 show [24], respectively, the real a,nd
imaginary parts of the ATTG mode frequency, normalized to £j*p,:, vs. a for three different values
of 7]j = 0.5,1.0,2.5. Fixed parameters a.re .s = 1, q = 1.5, kepjA — 0.3, TeJTi — 1, i]e:/i]t = 1 and
^pi/fto = 0.057, with L~l = |Vp,|/p,. For reference, also the "'electrostatic" TTG is shown for
i]i = 2.5.

It is apparent that the ATTG instability can exist well below n'.crit ~ 0.62 the stability
threshold for idea,] ballooning modes [5] and that it is actually stronger than the usual electro-
static ITG for 0.4 -^0.5< a/aCrit~ !• This fact can be explained with the stabilizing influence of
magnetic field line bending. In fact, approaching MFD marginal stability, line bending stabiliza-
tion is nearly balanced by the ballooning dostabilization and the ATTG mode is unstable because
of the free energy available at the unstable continuum accumulation point. For a < O'cri*, i-e-
SWj > 0, line bending stabilization becomes more and more effective, and the ATTG mode is
eventually completely stabilized.

Line bending, as it is well known, can also explain the finite-/? stabilization of the e.s. TTG
mode. In fa.ct, for increasing a (/?), the coupling to the e.m. shea.r Alfven branch a.lso increases
while, at the same time, the stabilizing influence of line bending diminishes (since the ideal
marginal stability is approached). As a. consequence, the stabilizing influence on the e.s. TTG
branch is expected to be strongest somewhere in between a. = 0 and a = acr,;t, as it appears to
be the case from Fig. 7. It could be argued that this should a.lso be the point around which the
most unstable mode should become that with an e.m. shear Alfven polarization, although the
e.s. TTG cannot, be generally expected to be completely stabilized.

As a. concluding remark, it. is worth to emphasize that low frequency (u; « oj*p; s
shear Alfven instabilities may have significant implications to both energetic and thermal particle
transports. In the former case, a.s RPM's of either the BAE or the KBM branch, they may be
candidates to expla.in the experimental observation [17] of la.rge energetic, ion losses due to
Alfven wa.ves with frequencies lower than that of T.AE's. Tn the latter ca.se, the ATTG modes
described in this section can be expected to affect, particularly, electron transports, since they
a.re characterized by magnetic fluctuations and, contrary to electrostatic ITG, arc not stabilized
by finite-/? effects.
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FIG. 6. Real mode frequencies of the AITG are shown vs. n for three different values of
rjj — 0.5(o), 1.0(n), 2.5(o). Fixed parameters are s = 1, q = 1.5, k$pr,i = 0.3, Tft/7',; = 1.
j]f../i]i = 1 and Lpi/RD = 0.057. The e.s. ITG (•) is also shown for i], = 2.5.

[1] KTERAS, C.E., and TATARONTS, J.A., J. Plasma Physics 28 (1982) 395.
[2] CHENG, C.Z., CHEN, T.,, and CHANCE, M.S., Ann. Vhys. 161 (19S5) 21.
[3] METT, R.R., and MAHAJAN, S.M., Phys. Fluids R 4 (1992) 2885.
[4] VLAD, G., at a/., Nuc. Fusion 35 (1995), 1651.
[5] CONNOR, J.W., HASTTE, R.J., and TAYLOR, J.B., Phys. Rov. Lett. 40 (1978) 396.
[6] RR1GUGLTO, S., CHEN, L., ROMANELLL F., SANTORO, R.A., VLAD, G., ZONCA,

F. , in the Proceeding of the 1.996 IAEA Conference, Montreal (CAN), F1-CN-64/DP-5
(1996).

[7] CHEN, L., in Theory of Fusion Plasmas, edited by J. Vada.vik, F. Troyon, and E. Sindoni,
(Editrice Compositori, Bologna), (1989) 327.

[8] FU, G.Y., and CHENG, C.Z., Phys. Fluids B 2 (1990) 985.
[9] ZONCA P., and CHEN, L., Phys. Fluids B 5 (1993) 3668.

[10] CHEN, L., Phys. Plasmas 1 (1994) 1519.
[11] CHENG, C.Z., GORELENKOY, N.N., and HSU, C.T., Nucl. Fusion 35 (1995) 1639.
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0.5(o), 1.0(n),2.5(o) for the same parameters of Fig. 6. The e.s. ITG (•) is also shown for
Vi = 2.5.



1399

TH2/4

lUIIlll
XA0054071

COLLECTIVE PHENOMENA WITH ENERGETIC PARTICLES IN FUSION
PLASMAS *

B.N. BREIZMAN, H.L. BERK, J. CANDY, M.S. PEKKER, N.V. PETVIASHVILI, J.W. VAN
DAM, H.V. WONG
Institute for Fusion Studies, The University of Texas at Austin, Austin, TX 78712, USA

Z.Y. CHANG, E. FREDRICKSON, G.Y. FU, K.L. WONG
Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543, USA

A. FASOLI
Plasma Science and Fusion Center, Massachusetts Institute of Technology, Cambridge, MA
02139, USA

D. BORBA, R.F. HEETER, S.E. SHARAPOV
JET Joint Undertaking, Abingdon 0X14 3EA, United Kingdom

F. PORCELLI
Departamento di Energetica, Politechnico di Torino, Torino 10129, Italy

V.P. PASTUKHOV
Russian Research Center "Kurchatov Institute," Moscow 123182, Russia

Abstract

Recent progress in the theory of collective modes driven by energetic particles, as well as interpretations
of fast particle effects observed in fusion-related experiments, are described. New developments in linear theory
include: (a) Alfven-mode frequency gap widening due to energetic trapped ions, (b) interpretation of JET results
for plasma pressure effect on TAE modes, and (c) "counter" propagation of TAE modes due to trapped fast ion
anisotropy. The new nonlinear results are: (a) theoretical explanation for the pitchfork splitting effect observed in
TAE experiments on JET, (b) existence of coherent structures with strong frequency chirping due to kinetic
instability, (c) self-consistent nonlinear theory for fishbone instabilities, and (d) intermittent quasilinear diffusion
model for anomalous fast particle losses.

1. ALFVEN FREQUENCY GAP WIDENING

High-frequency Alfven modes, apparently excited by fast ions, were observed during H-
minority ion cyclotron heating experiments on TFTR [1]. The mode frequency, which scales as
ne(0y1/2, consistent with Alfvenic fluctuations, is approximately twice the TAE frequency, as
shown in Fig. 1. The high-frequency modes, seen with and also without accompanying TAE
activity, were observed when the H-minority ICRF resonance was slightly off axis on the high field
side (/?res

J?F=2.35 m, whereas 7^=2.62 m). The experimental parameters were Ip=l.3 MA,
£tor=2.5 T, and ap=0.97 m. With 4 MW of RF power at fci

RF=43 MHz, 90% of the plasmas
exhibited these modes.

The high-frequency modes are in good agreement with the predicted frequency and radial
location for an Alfven eigenmode in the "second" spectral gap, which is opened by ellipticity.
However, this result is surprising, since the TFTR cross section is circular, so that the second
spectral gap is very narrow, with width of order ( r / RQ)2. These high-frequency modes had not
been observed previously in hundreds of on-axis H-minority ICRH experiments. A proposed
explanation is based on a theory showing that the presence of an energetic trapped-ion population
in a tokamak plasma can broaden the width of the frequency gaps in the shear Alfven spectrum
[2]. This new effect is in addition to the usual geometrical effects such as toroidicity or
noncircularity and sometimes exceeds them in magnitude.

* Work at IFS performed under U.S. DOE Contract No. DE-FG03-96ER54346 and at PPPL under U.S. DOE
Contract No. DE-AC02-76-CHO-3073.
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The best experimental fits to the 7-coil toroidal array of Mirnov coils give the mode number

n = 4 and also indicate that these modes propagate opposite to the plasma ion diamagnetic
frequency, contrary to usual TAE modes and the related Fast Ion Modes. Initial calculations of the
fast ion pressure profile show that it is hollow at the mode location ( r / a = 0.3,), hence consistent
with "backwards" mode propagation. Instability requires that the magnetic precessional drift
frequency also be reversed in direction, which is predicted to occur for barely-trapped fast ions,
with poloidal turning points Gt >3TC/4, consistent with the off-axis heating on the high-field side
in the experiments. Detailed calculations of the damping and driving terms remain to be done.

2. FINITE-BETA SUPPRESSION OF TAE MODES

In high-performance JET hot-ion H-mode deuterium discharges, the measured amplitudes
of TAEs excited by ICRF-heated fast ions gradually decrease in time and disappear completely at
the peak fusion performance [3]. Both ICRH and NBI heating powers remain constant during the
observation period. Analysis with the PION code indicates that the total energy content of ICRF-
heated protons does not decrease, nor does the energy content of the part necessary for TAE
excitation (i.e., the proton tail with E > 500 keV).

In order to understand the evolution of the ICRH-driven TAEs, the JET plasma equilibria
were reconstructed with the EFIT and HELENA codes at different time slices. Accuracy of the
reconstructed safety factor profile q{r) was checked at the TAE values q = (m + ~-)/ n through a
comparison of the TAE Doppler shift measurements with the profile of the differential toroidal
plasma rotation measured by charge-exchange diagnostic. Subsequently, the MISHKA code was
used for normal-mode analysis of the reconstructed equilibria.

Core-localized TAE modes computed by the ideal-MHD version of MISHKA agree well, to
within 10-17% accuracy, with the measured TAE frequencies. The computed radial width of the
TAE modes shrinks in time with increasing plasma pressure gradient, and no core-localized TAEs
are found when the normalized plasma pressure gradient a = -RQq2{d{51dr) exceeds the critical
value [4, 5] acrit = e + 2A'±S2 ~3s±2S2. Here, S = (r Iq){dqIdr) is the magnetic shear, (5 the
toroidal plasma beta, A' the Shafranov shift, and e = r IR^.

The finite-beta suppression of TAE modes was also analyzed from the perspective of non-
ideal MHD by use of the MISHKA code that includes complex resistivity, which can model first-
order ion finite Larmor radius effects at the TAE gap location. The computed time evolution of
the TAE modes exhibits increasing radiative damping, from ( 7 / 0i)rad =0.72% at the beginning
of TAE observation to (7/(o) rad =2.6% at the end. Hence the explicit reason why core-localized
TAE modes cannot exist is their large radiative damping. The MISHKA modeling shows that
nonideal kinetic-TAEs are the only Alfven eigenmodes that persist at the time of highest plasma
performance; however, kinetic-TAEs have anti-ballooning mode structure and hence do not
interact with ICRH-generated trapped ions.

3. TAE "COUNTER" PROPAGATION DUE TO FAST-ION ANISOTROPY

Occasionally, TAE modes excited by ICRF-heated tail ions are observed to "counter"
propagate, i.e., with phase velocity opposite to the direction of the thermal ion diamagnetic
velocity. A natural explanation—if instability arises primarily from the universal drive (spatial
gradient of the fast particle distribution)—would be that the resonant particles have a hollow radial
profile. However, here we offer another possible explanation, associated with the strong anisotropy
produced in ICRH plasmas.

With ICRH, particles whose turning points are in the neighborhood of the cyclotron
resonance surface are preferentially heated. Hence the distribution function is sharply peaked in
pitch angle, resulting in an inverted energy population (at constant magnetic moment) for many
of the heated particles. Particle anisotropy thus provides another source of free energy in addition
to the universal instability drive, and under certain conditions, it is more effective in destabilizing
counter-propagating TAE modes than co-propagating TAE modes.

Wave-particle resonance requires that the mode frequency be equal to the sum of an integer
multiple of the toroidal drift frequency (proportional to the square of the particle velocity) and an
integer multiple of the trapped particle bounce frequency (proportional to the particle velocity).
Thus, for a given bounce harmonic number, there can be up to two physical solutions for the
resonant particle velocity. However, in the case of co-propagation, there is only one relevant
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solution at each bounce harmonic resonance, and the effect of particle anisotropy is to enhance, in
an expected way, the usual universal instability drive and significantly reduce the threshold for the
onset of instability. On the other hand, in the case of counter-propagation, for a given bounce
harmonic there are either two or zero physical solutions possible for the resonant velocity,
depending on the frequency of the wave. At a critical frequency, the two roots coalesce, and one
finds that if Alfven waves can be excited near this frequency, then, surprisingly, the growth rates
for counter-propagation are considerably larger than those found for co-propagation (Fig. 2).

4. PITCHFORK SPLITTING

In a number of JET discharges, Alfven eigenmodes are excited by a small population of
ICRF-heated fast hydrogen ions. These experiments have revealed an intricate nonlinear
phenomenon: the excited mode exhibits a sequence of bifurcations, the first being a transition
from a single spectral line to several closely spaced spectral components, as shown in Fig. 3
("pitchfork" splitting effect) [6].

Our interpretation of this phenomenon is based on a first-principles theoretical model for
near-threshold kinetic instabilities [7]. The key idea of the model is that the system cannot go far
beyond the instability threshold because the source of energetic particles is relatively weak, so that
the population of fast ions builds up on a much longer time scale than the characteristic growth
time of the instability. The evolution of the unstable mode in this regime is governed by the
resonant wave-particle interaction and the collision-like relaxation process for resonant particles
that can be characterized by an effective collision frequency ve«-. Near the instability threshold,
the mode linear growth rate y (the difference between the energetic particle drive yL and the
background damping rate yd) is small compared with both yL and yd . Even a relatively small
nonlinear correction to yL can then compete with this small difference. This feature allows us to
treat the nonlinearity perturbatively by expanding the energetic particle response in powers of the
mode amplitude A and retaining only the lowest order nonlinear contribution. The resulting
nonlinear equation for the mode amplitude A has the form [7]:

dA v v *'2 t-2t
exp(-i0)— = —*— A — ^ f T2dT J^T1exp[-vLT2(2T/3+T1)]

dt cos0 2 O o , (1)
xA(f- x)A{t- x- T^)A*{t-2%- Tj)

where the parameter 0, whose value is on the order of yLj(O, characterizes the fast particle
contribution to the real part of the mode frequency a>. Apart from a numerical factor, \A\ is equal
to the square of the nonlinear bounce frequency, co\, for a typical resonant particle trapped in the
wave. The neglect of higher order terms in Eq. (1) is valid since the mode saturates before the
resonant particles complete a bounce period in the perturbed field. The structure of Eq. (1)
indicates that the saturated amplitude must scale as yl 2. The corresponding value of O3b in the
saturated state turns out to be smaller than veg, i. e., particles decorrelate from the resonance
before their motion becomes strongly nonlinear. It follows from the solution of Eq. (1) that the
mode converges dynamically to a steady saturated state when y is sufficiently small. However, this
saturated state becomes unstable and bifurcates when y exceeds a critical value ycr, equal to
0.486vej^ f o r 0 « l . Above this threshold, the solution is a periodic limit-cycle: A =
A0exp(iSa)t)[l + a1exp(iAcot) + f3iexp(-iAcot) + a2exp(i2Acot) +Plexp(-2iAcot)+...], where AQ
and 5co are the amplitude and nonlinear frequency shift of the main spectral component, Aco is
the sideband frequency, and cm, and /?, are the relative amplitudes of the sidebands. Equation (1)
leads to the following relationship between ycr , veg, and Aco at the bifurcation point:
A<a = 1.18ycr = 0.575 v ^ . As y/veff increases past the first bifurcation, the limit cycle solution
exhibits further bifurcations leading to period doublings. This is illustrated by Fig. 4, which shows
the power spectra of the function A(t) for three values of 7/ve«-.

The nonlinear saturated states described by Eq. (1) match the experimental spectra shown in
Fig. 5, in which the splitting of the initial spectral line and the subsequent period-doubling
bifurcation are both clearly seen. In the experiment, the time between the beginning of the TAE
signal and the first bifurcation is short compared to the total duration of the instability and the fast
particle slowing-down time. Hence, in this initial interval, the evolution of the growth rate y can be
approximated as a linear function of time and veg treated as a constant. With this assumption, the
evolution of the mode amplitude was computed from Eq. (1) over a time interval including the
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first bifurcation. To provide a seed for instability and to simulate the observed noise level, a small
random source term was added to the right-hand side of Eq. (1). Figure 6 shows that the
experimental data (JET discharge #40328) for the time evolution of the central line and the up-
and down-shifted sidebands for the n=7 TAE mode is well reproduced by the simulation results
with <j) = 3?r/64 over this time interval.

In our theory, the frequencies and amplitudes of the nonlinear sidebands are determined by
the values of the growth rate ycr and the effective collision frequency vejf—which relationship
may provide a very accurate way to obtain these values. Indeed, the inferred value of the growth
rate is consistent with previous measurements of the ICRH drive for low-n TAE modes [8]. The
inferred value of veg is several times larger than the effective collision frequency as calculated
from pitch angle scattering due to Coulomb interactions. However, the enhanced collisionality can
be attributed to velocity space diffusion induced by the ICRH wave fields, which dominates over
that due to Coulomb collisions in high-temperature plasmas. Thus, in principle, from the value of
veff one could then infer the fast particle diffusion coefficient due to ICRH and obtain

information about the intensity of the ICRH wave field.

5. COHERENT STRUCTURES WITH STRONG FREQUENCY CHIRPING

The steady state and limit cycle regimes of mode saturation described in Sec. 4 require the
growth rate y to be smaller than or comparable to the relaxation rate ve^. When y is larger than
veff, the solution of the truncated cubic nonlinear equation, Eq. (1), does not saturate. Instead, the
amplitude A grows to infinity in a finite time, with simultaneous oscillations at increasing
frequency. Equation (1) fails when A approaches y\. Hence, to determine how the solution
evolves beyond the explosive phase, the Vlasov equation with a Fokker-Planck diffusion term was
solved simultaneously with the wave evolution equation [9]. The specific example discussed in
Ref. [9] is for the simplified case of the bump-on-tail instability, but similar results arise when the
TAE mode is simulated with a particle code [10].

We find that the mode saturation level is determined by the condition that the trapping
frequency of particles in the wave is comparable to yL. We also discover the surprising result that
the explosive phase is followed by an adiabatic phase in which the saturated state persists for times
long compared to the inverse linear damping rate, and that the sideband frequencies continue to
shift upward and downward by an amount substantially larger than yL after saturation is reached.
The numerical simulation shows that a hole and a clump are formed in the particle distribution
function [9]. The hole and clump support a pair of BGK nonlinear waves, which persist for a long
time because the background dissipation is balanced by the frequency sweeping process that
extracts energy from the fast particles skimming past the moving phase space structures. The self-
consistent BGK solution [9] has a>b comparable to yL and an arbitrary time-dependent frequency
shift. As the frequency shift Sco changes in time, the phase space hole moves upward in energy
and the clump moves downward. The motion of the phase space structures releases power,
proportional to yL(Ob8(od{8co)jdt, which should be set equal to the dissipated power y^cob. This
power balance, together with the condition G)b ~ yL, determines the time dependence of the
frequency shift as 8(0 ~ y^y^f)112. Figure 7 shows the spatially averaged distribution function as
a function of velocity and time and the power spectrum as a function of frequency and time. Note
that the peaks of the spectral power coincide with the depression (phase space hole) and the hill
(phase space clump) on the averaged distribution function. The mode persists until diffusion
destroys the phase space structures on a time scale y\l vjL-. Interestingly, the hole-clump pair
does not spontaneously arise when the system is far above the instability threshold. In this case
there is no explosive phase to initiate chirping and separate the hole and clump; instead, the
distribution function merely flattens in the resonance region, after which the wave damps away at
the background damping rate.

Hole-clump pairs were also observed in particle simulations of TAE modes destabilized by
toroidally trapped fast ions. This instability involves many simultaneous wave-particle resonances
at different energies. Figure 8, which is a contour plot of the power spectrum of the perturbations
after saturation of linear growth, displays the time variation of the hole and clump frequency shifts
of the dominant modes. These frequency shifts agree with the theoretical prediction
Aco/ yL = ±0.43(yLt)in (dotted curves in Fig. 8).
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6. NONLINEAR FISHBONE DYNAMICS

The fishbone instability has long been recognized to result from fast particle interaction
with the m = « = l internal kink perturbation. Characteristic features of this instability are its
explosive growth and the frequency sweeping effect, both of which are clearly nonlinear
phenomena. Motivated to simulate this behavior, we have developed a physical model of the
fishbone instability that self-consistently treats the wave-particle nonlinearity together with the
linear q~\ layer response [11]. This model has been coupled to a Sf particle code to allow a
precise calculation of the nonlinear energetic particle current in general geometry. The resulting
code has been applied to the simulation of fishbone oscillations in a JET-like plasma, as well as in
larger reactor-grade plasmas.

Since the kink displacement is rigid away from the q — \ surface, a reduced dynamical
equation for the on-axis radial displacement %0(t) can be constructed [11]. The result takes the
symbolic form Fbua,[^0(t)] = AK[^0(t)]. The temporally nonlocal operator Fb u l k , computed
analytically, describes all the linear physics of the bulk plasma. The term Afc which represents the
response of the fast particles, is a functional of their perturbed distribution function / f a s t , which in
turn is a nonlinear functional of %0(t). To compute /fast, the exact nonlinear guiding-center
trajectories are followed in the presence of a fixed-shape (top-hat-like) perturbation with self-
consistently evolving amplitude %0(t). Our simulation results reproduce the explosive (i.e., faster
than exponential) scaling %0(t) «= (t0 -1) during the onset of the instability in a reactor-size
plasma [12]. The explosive behavior was verified near marginal stability in both the lower-
frequency (<o<<o*i) regime of diamagnetic fishbone modes and the higher-frequency (<o>co*,)
regime of precessional fishbone modes.

The code was also applied to a JET-like plasma with parameters characteristic to auxiliary-
heated discharges: ft)*, =104 rad/s, Tfast = 80 keV (with fast ions assumed to be fully isotropic),
and )3fast =0.5%. The result, shown in Fig. 9, was a burst about 10 ms in duration, with significant
frequency chirping, both features being typical of JET discharges [13].

In order to bring the fishbone simulations closer to reality, our model needs to be
generalized to incorporate fluid nonlinearities of the resonant layer near the q = 1 surface. This
work is now in progress. As a first step in this direction we have evaluated the role of fluid
nonlinearities analytically in the near-threshold limit where they can be treated perturbatively.
These calculations lead to an equation similar to Eq. (1) but now with two cubic nonlinear terms,
one of which describes the kinetic nonlinearity and the other the ideal-MHD nonlinearity. The
ratio of the ideal-MHD contribution to the kinetic contribution is roughly on the order of
(sVA/ coR) (/fagf/fi) , where s is the magnetic shear at the q = \ surface, VA is the Alfven
velocity, R is the major radius, (O is the mode frequency, rfast is the radial scale length of the hot
particle distribution and r2 is the radius of the q = 1 surface. It follows from the weakly nonlinear
analysis that the ideal-MHD nonlinearity rather than the energetic particle nonlinearity controls
the explosive growth of the mode at the onset of the fishbone pulse. The relative role of the two
nonlinearities during the saturation and during the decay of the pulse still must be assessed.
However, it is conceivable that, with sufficient viscosity, the ideal-MHD nonlinearity becomes less
significant or even negligible because of resonance layer broadening. The value of viscosity that is
required to suppress the ideal-MHD nonlinearity appears to be moderate if one takes into account
that the kinetic effects alone, as described by the code, eventually lead to mode saturation at a level
as surprisingly low as that indicated in Fig. 9.

7. INTERMITTENT MODEL FOR ANOMALOUS FAST PARTICLE LOSSES

A single weakly unstable mode rarely causes strong losses of fast particles since it only
affects a relatively small near-resonant area of phase space. Anomalous losses are usually
associated with multiple modes that lead to global quasilinear diffusion. However, quasilinear
diffusion requires the mode amplitudes to be sufficiently large to satisfy the resonance overlap
condition. In the presence of background damping, a weak source of energetic particles may not
be able to continuously maintain this critical level of turbulence. On the other hand, given enough
time without anomalous transport, the same weak source may create an inverted population of
particles with sufficient free energy to trigger the overlap. This situation leads to an interesting
regime of intermittent quasilinear diffusion when turbulent bursts and losses are followed by
quiescent periods during which the system accumulates free energy needed for the next burst. It is
essential that each burst releases much more energy than what would be released by a set of
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isolated resonances. Once triggered, the burst forces the mean gradient of the particle distribution
to fall somewhat below the threshold of linear instability, which explains the decay of turbulence
at the end of the burst.

In this vein we consider a simple model with the following set of quasilinear equations,

f £ f ?&
in the domain 0 < O < £2max, with boundary conditions / n = 0 = 0 and Ddf I dQ. n=n = 0. If we
take fo=Q.yL, then in the absence of waves, a distribution function will build up" to / = /o.
However, if yL > y^ and waves are present, a steady solution is found where / = Qyd, and D is
given by D = vyLQ / yd. This solution indicates that diffusion in the unstable spectrum limits the
build-up of the energetic population, but it does not explain pulsations that generally accompany
experiments. Pulsations arise in the theory if we assume that there are a discrete number, N, of
active modes, and that these modes are roughly evenly spaced in Q. Then it is readily shown that
mode overlap requires D>(Q.IN)3. Hence if vyLl(Q.yd)<\lN3 the steady state quasilinear
equation cannot be satisfied. Then the weak source, yf0 > can drive the distribution function above
the marginal stability level, because only benign single mode excitations arise, which do not limit
the further build-up of the distribution. If yL<Q/N3, the distribution / can approach its
maximum value / 0 . If yL>£llN >yd, the distribution will build up well above marginal
stability, but it is subject to a catastrophic collapse, with loss of nearly all particles since the
quasilinear equations now allow a solution with D> (Q./ N)3, where total particle loss occurs in a
time less than y^1. It will take a relatively long time, Trecovery =Q./(yLN3v), for the distribution to
build up until the next pulse takes place. However, if vyL I yd

2 <Q./(ydN
3)<l, the quasilinear

equation with the constraint D>(Q./N)3 predicts wave evolution with short pulses and small loss
fractions for each pulse. In this case, the energetic particles build up to slightly above the marginal
stability level and fall somewhat below this level with each pulsation. A fraction E = [Q/(ydN )]
of particles are lost during a short turbulent pulse interval, rpulse ~ N3/2 /(Qyd)

1'2, and a longer
recovery time, Recovery ~ (^/rf/N3)1 '2 / V7L X D1'2, is needed before the instability is re-triggered.

Recovery
This discrete mode modification of the solution of the quasilinear equations has pulsation

characteristics similar to those of the heuristic predator-prey model [15]. However, in the
quasilinear model with discrete modes, basic physics principles govern the dynamics.

Our picture of intermittent global diffusion has features that are characteristic of beam
losses produced by toroidal Alfven eigenmodes in TFTR [16] and DIII-D [17]. This avalanche-
type scenario is not limited to the problem of fast particle transport, but should be applicable as
well to the more general problem of turbulent transport.

REFERENCES

[1] FREDRICKSON, E., CHANG, Z., FU, G.Y., "Observation of Modes at Frequencies Near the 2nd Alfven
Gap in TFTR," Proc. IEA Tripartite Workshop on TAE Modes and Energetic Particle Physics: W36,
Naka, 25-27 February 1997 (Japan Atomic Energy Research Institute, Naka, Japan, May 1997), p. 327.

[2] ROSENBLUTH, M.N., VAN DAM, J.W., unpublished notes.
[3] SHARAPOV, S.E., BORBA, D., FASOLI, A., KERNER, W., ERIKSSON, L.-G., HEETER, R.F.,

HUYSMANS, G.T.A., MANTSINEN, M.J., "Stability of Alpha Particle Driven Alfven Eigenmodes in
High Performance JET DT Plasmas," submitted to Nucl. Fusion.

[4] FU, G.Y., Phys. Plasmas 2 (1995) 1029.
[5] BERK, H.L., VAN DAM, J.W., BORBA, D., CANDY, L, HUYSMANS, G.T.A., SHARAPOV, S.E.,

Phys. Plasmas 2 (1995) 3401.
[6] FASOLI, A., BREIZMAN, B.N., BORBA, D., HEETER, R.F., PEKKER, M.S., SHARAPOV, S.E.,

"Nonlinear Splitting of Fast Particle Driven Alfven Eigenmodes: Observation and Theory," submitted to
Phys. Rev. Lett. (1998).

[7] BERK, H L, BREIZMAN, B N., PEKKER, M.S., Plasma Phys. Reports 23 (1997) 778.
[8] FASOLI, A., BORBA, D., GORMEZANO, C , et al., Plasma Phys. Contr. Fusion 39 (1997) B287.
[9] BERK, H.L., BREIZMAN, B.N., PETVIASHVILI, N.V., Phys. Lett. A 234 (1997) 213 (1997); ibid.

238 (1998) 408.
[10] WONG, H.V., BERK, H.L., Phys. Plasmas 5 (1998) 2781.
[11] BREIZMAN, B.N., CANDY, J., PORCELLI, F., BERK. H.L., Phys. Plasmas 5 (1998) 2326.



1405

TH2/4
[12] CANDY. J., PORCELLI, R, BERK, H.L., BREIZMAN, B.N., "Nonlinear Theory of Internal Kink

Modes Destabilized by Fast Ions in Tokamak Plasmas," Proc. 25th European Physical Society
Conference, Prague, 1998.

[13] NAVE, M.RR, et al., Nucl. Fusion 31 (1991) 697.
[14] PASTUKHOV, V.P., BREIZMAN, B.N., PEKKER, M., "Weakly Nonlinear Regime of Fishbone

Instability," Bull. Am. Phys. Soc. (1998).
[15] HEIDBRINK, W.W., et al., Phys. Fluids B 5 (1993) 2176.
[16] WONG, K.L., et al., Phys. Rev. Letters 66 (1991) 1874.
[17] HEIDBRINK, W.W., et al., Nucl. Fusion 31 (1991) 1635.

4.1 time (sec)

0 100 200 300 400 500

Frequency (kHz)

FIG. 1. TAE and "second gap" Alfven modes
seen in TFTR H-minority ICRH experiments.

y/lcol

co-propagation

y/lcol

counter-propagation

0.5 1 1.S 2 2.S 0.5 1 1.5 2 2.5
V /v

0 A V V A

FIG. 2. TAE growth rate due to anisotropy drive, for co-
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FIG. 3. Pitchfork splitting of TAE modes in JET (experimental results from Mirnov coils).
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FIG. 5. Snapshots of the n=7 toroidal Alfven eigenmode magnetic activity in JET discharge #40238.
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FIG. 6. Time evolution of the n=8 mode spectral components (JET shot # 40328) showing bifurcation and
nonlinear splitting at t=52.67 sec. Left plot: experimental data. Right plot: simulation results with y=7.85
10 (t - 52.56) s , veff = 1.78 10 s , and $=3TC/64.
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FIG. 7. Formation of hole-clump structures with time-dependent frequencies in the near-threshold regime for
the bump-on-tail instability: (a) spatially-averaged particle distribution function, (b) wave power spectrum.
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FIG. 8. Hole-clump frequency chirping in time for TAE modes, compared with theory (dotted curves).
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Abstract

Some self-consistent effects pertaining to feedback control of neoclassical tearing modes in high tem-
perature large tokamaks are investigated. For the ECRH scheme of local electron heating; it is shown
that the self-consistent bootstrap currents created by the driven pressure gradients within the island are
comparable to those due to the usually considered resistivity change mechanism. Similar self-consistent
currents can also arise from pressure gradients created by density and energy deposition from neutral
beams, thereby offering a new possibility of neoclassical mode control. The stabilising current in such an
application of neutral beams is estimated. It is further shown that such a feedback scheme can be made
even more effective through appropriate modulation of the beam source to match the phase variation
arising from the island rotation.

I. INTRODUCTION:

R.ecent long pulse experiments for high beta tokamak discharges have demonstrated the
difficulty of attaining the ideal magnetohydrodynamic (MHD) limit of plasma pressure due to
the onset of low (m.n) resistive modes[l-5]. These instabilities which produce magnetic is-
lands at the low order rational surfaces appear to be well described by the neoclassical tearing
mechanismfl]. In this mechanism, a seed magnetic island at a low (m, n) rational surface flattens
the equilibrium pressure gradient locally, thereby switching off the bootstrap current; this re-
sults in a ^-dependent negative current perturbation on the given rational surface which drives
up the amplitude of the magnetic island by the Rutherford nonlinear growth mechanism. If
the island is allowed to grow and saturate at a large width, it can significantly degrade the
overall performance of the discharge. Neoclassical tearing modes are thus a major concern for
future steady state high beta devices like ITER and means of controlling them are a subject
of much current theoretical and experimental interest. At present two schemes are considered
particularly attractive for control of neoclassical tearing modes, namely, through the use of elec-
tron cyclotron current drive(ECCD)[6, 7] and through resonant heating by electron cyclotron
waves[8. 9]. In these methods, waves at the resonant electron cyclotron frequency are used to
drive a current (directly or indirectly by local electron heating) at the O-point of the magnetic
island, thereby suppressing the drive due to current density perturbation induced by the neoclas-
sical mechanism. The existing theories of feedback control of neoclassical tearing modes however
neglect the self-consistent bootstrap currents created by the driven pressure gradients within the
island[8, 9. 10]. This is justified on symmetry arguments since the model equilibrium magnetic
fields used in these theories retain the lowest order even term in the magnetic shear parameter.
In this paper we reexamine this issue by retaining asymmetric terms in the magnetic shear and
explicitly calculate the self-consistent bootstrap current perturbation at the O point due to the
pressure gradients within the island created by a heat source (such as ECRH). We find such a
contribution to be quite significant and comparable to the usual current perturbation calculated
from the resistivity change mechanism. Their combined contribution in the island evolution
equation helps to substantially reduce the saturation width of the island. The self-consistent
contribution turns out to be particularly significant for high beta plasmas.



1408 TH2/5

We next consider a new possible mechanism of neoclassical tearing mode control - specifically
through the application of neutral beams. We show that the beams can act as an effective density
and energy source which can also drive pressure gradients within the island and hence provide
an additional stabilizing self-consistent bootstrap current perturbation. The control mechanism
can be made even more effective through appropriate modulation of the neutral beam to match
the phase variation arising from the island rotation. We estimate the requirements of a neutral
beam source which may be used for such a stabilization scheme of neoclassical tearing modes in
a large device like ITER.

II. SELF-CONSISTENT BOOTSTRAP CURRENTS DURING LOCAL HEATING:

In the conventional Rutherford theoryfll], the nonlinear evolution equation for the island
width is derived from the asymptotic matching condition of the current in the inner layer to
the exterior parameter A' (the logarithmic jump in the vector potential across the magnetic
surface), namely.

1 f°° f da
- A ' ^ i = pL0R I dp j> —cos(ma)J^ (1)
2 J—OC •/ 2TT

where J\\ is the parallel current in the inner layer, ^i is the perturbed flux function. R is the
major radius, p is the radial coordinate and a = 0 — to£ is the helical resonant angle formed
from 6 the poloidal angle and £ the toroidal angle and to is the rotational transform at the
rational surface. The equilibrium magnetic field is represented as B = V$ x Va + V£ x V?/>
where V̂E> x Vo = IV^ is the toroidal magnetic field. In the presence of a magnetic island the
helical flux function is given by

<&(t — i0) — i/j]cos(ma) (2)

where ^i is the perturbation amplitude of the island. For m > 2 the constant if) approximation
holds so that ipi is a weak function of the toroidal flux. By Taylor expanding the expression in
the integral of (2) the flux function describing the magnetic surface close to the rational surface
can be written down as.

/ 2 " .3

where ^\= ipi/gsip's'''o
 = ^iQs/ip'sQs with ip's = ip'iPs) — {d'lP/dp)p=ps and x = p — ps is a measure

of the distance away from the rational surface. If ip\ is taken to have the same sign as i'o. then
the O-point of the island is located at ma=0 and the X-point at ma —±n. The full width of
the island is then approximately given by W = 4\^W\. Note that the term proportional to x3

in (3) is smaller than the x2 term and is generally neglected. We have retained it for its odd
parity which becomes important when contributions due to the symmetric term average to zero.
Finally the parallel current J\\ is assumed to satisfy B.VJ||=0 in the vicinity of the island and
hence is taken to be a function of the flux surface, Jj|=J||(\!/).

In applying the Rutherford prescription to the neoclassical regime, an appropriate modifica-
tion of the Ohnrs law is made to model the dynamics in the inner layer. As discussed in [12],
the current contributions in this region can be classified in terms of their origin as,

J\\{y) = Jind +-ks + Jaux (4)

where

^<E\\ >= \ Y ^ < C O ( ) ( )
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is the contribution from the inductive electric field and

is the neoclassical contribution giving rise to the perturbed bootstrap current. Here fj.c is the
electron viscous damping rate and ve is the electron collision frequency. Finally the last term
Jaux allows for an externally controlled driven current which we will discuss shortly. To calculate
the bootstrap current contribution (6) one needs to determine the appropriate pressure profile
in the inner region. For sufficiently large magnetic islands, the pressure profile in the vicinity of
the rational surface is also a perturbed flux function, p = p(ty). It can be obtained by solving
an appropriate diffusion equation which assumes a crossfield diffusion process with a pressure
source located away from the rational surface and is given by[12].

where, p'^—^ \eq is the equilibrium value of the pressure gradient in the absence of the magnetic
island and 6 is a step function. This model thus incorporates a flat spot inside the island
separatrix that shuts off the bootstrap current locally and thereby drives the island unstable.
The basic idea in most control schemes is therefore to drive an external current Jaux in this
region by direct or indirect means. The localized heating scheme using ECR.H is an indirect
scheme in which the heating induced self-consistent temperature variations cause variations in
the parallel current profile through the resistive Ohm's law. The magnitude of this perturbed
current can be easily estimated as,

SJ{1 5V 3 STe
T O rp \°l

J\\0 VO * -Leo

where J^o = E\\/T]Q is the externally driven Ohmic current. To estimate the temperature per-
turbations within the island one needs to calculate the temperature profile induced by the local
heating source. Solving a model diffusion equation.

V.[x±"VTe] = -ST (9)

where x± is the cross-field diffusivity and ST is the local heating source, the temperature profile
inside the island has the form.

_ f^dSlfda
dTe0 _ J~l J y/n+cos(ma) .
(ity § danx± y/£lf + cos (ma)

where SI = ^ r . is the normalized flux surface level and n is the density. For a simple step
function heating profile ST = STO®(£IC — ̂ ) with Oc > 1 and uniform x±-> the temperature
gradient inside the island is given by,

dTe ST±

Using the above estimate the temperature perturbation is seen to scale as W2STo/8nx±: so that
the corresponding perturbed current inside the island is,

Substituting the above discussed expressions for Jmd-JbsiJaux m (1) o n e c a n obtain an island
evolution equation in which it has been shown[9, 10, 12] that the Jaux contribution arising from
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the variation in the resistive Ohm's law has a stabilising influence on the island growth and
leads to a reduced saturated width. However these calculations ignore another contribution of
the driven temperature (pressure) gradient (10). namely, the self-consistent bootstrap current
arising from it. This contribution normally vanishes in the flux averaging process when the
equilibrium flux expression retains only the lowest term of the Taylor expansion. When the
asymmetric :r'J term is retained in ^ we obtain a finite contribution to the bootstrap current
from the driven pressure gradient term within the island. Specifically our pressure profile model
for the calculation of the neoclassical contribution has the form.

dP_ _ <N!_ dP_
dx dx dty

= <x + Y->[

Evaluation of (1) with this pressure model and the Jy contributions listed in (4) gives us the
following time evolution equation for the island width.

0 . 8 2 ^ = -(A'ps + ^ - wDheat - wDbs) (14)
dt Tr w

where w = W/ps is the island width normalized to the local minor radius and rr = \iop\jr]. The
various coefficients are given as.

16 Rf.i0J\\o qs l
nTeXl:

^ (17)
W Qs X± L'O

where e = ps/R is the local inverse aspect ratio. The term proportional to Dbs is the additional
self-consistent bootstrap contribution arising from the pressure gradient within the island in-
duced by the local heating source. Its functional form is similar to the usual resistivity modified
current contribution term proportional to Dfieat a n d its effect is also stabilising. The relative
magnitudes of the two contributions are also comparable as can be seen from a comparison of
the two coefficients.

4heat

Typically this ratio is of the order of j3p/y/c which can be of order unity or larger particularly
for high beta plasmas. From (14) the saturated island width is now given by,

•L-'nc ^

where Y= 4j^f^W(l + G) is a measure of the consolidated effect of localized heating. As
is clear the additional bootstrap current contribution helps to reduce the size of the saturated
island width by enhancing the effect of
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III. FEEDBACK CONTROL USING NEUTRAL BEAMS:

The beneficial aspects of the self-consistent bootstrap currents from driven pressure gradients
within the island layer have led us to examine other options of locally altering island pressure
profiles. Modulated neutral beams are an attractive possibility since they can deliver controlled
sources of density, momentum and energy into the plasma at appropriate phase and amplitude to
alter the local plasma properties. With the present available beam energies they can effectively
penetrate to the q = 2 to q = 1 surfaces in order to influence the evolution of the (1.1). (3.2)
and (2.1) tearing modes. Such a scheme has already been proposed for the control of kink and
kink-ballooning precursor modes of major disruption[13] and more recently for the control of
resistive drift tearing modes[14]. Based on our model calculations in the previous section we
sketch a possible scheme for application of neutral beams in the control of neoclassical tearing
modes.

The basic advantage of the neutral beam based scheme is that the contributions to Jaux now
result both from the local heating effect and the deposition of external density. The pressure
profile within the layer can be decomposed as,

f (nTe) = nf-+Te
df (20)

dp dp dp dp

The density gradient dn/dp can be calculated using a similar model calculation discussed in the
previous section i.e. by solving an appropriate particle diffusion equation,

V.(DVn) = -Sn (21)

For a uniform D and Sn = SnoQ(Clc — fi) with Qc > 1 the above equation is once again easily
solved. The total pressure gradient inside the island is now given as,

dp _ ST0

The corresponding island evolution equation has the same form as before but with enhanced
coefficients and is given by.

^ ^ ^ t{l + Gi)] (23)

where, G\ = G(l + 5° ' ^ ) incorporates the effect of both the density and heat injection
and can be used to compare the effectiveness of the neutral beam scheme to the conventional
ECRH scheme for the stabilisation of the neoclassical tearing modes. A rough measure of this
comparison can be obtained by equating the effective source contributions in both schemes,
namely,

ST.ECRH _ ST.NB Sn.NB -_.>

~^-~^T + ~^~ (24)

Since the source functions ST- Sn are proportional to the beam or rf power (24) leads to the
following relation between the respective power requirements,

PECRH =
VNBPNB

VECRH
,

C
£>T,NB

(25)

where the efficiency factors T]XB.ECRH have been introduced to account for the coupling ef-
ficiencies of the beam and RF waves to the neoclassical tearing mode. The efficiency of the
geometrical coupling of the neutral beam is proportional to the modal coefficient of the double
Fourier series expansion of the toroidal dimension Ly and poloidal dimension Lp of the beam
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footprint over the spatial periods 2nR and 2ira where a is the minor radius of the tokamak.
Assuming Lj- <C 27ri?, and Lp <C 2yra, the coupling coefficient TJ^B can be written as.

INB (20)

where IZxn is determined by the convolution of the beam deposition profile and the spatial
structure of the mode in that direction. An analogous expression holds for the geometric coupling
of the ECR.H waves. The ratio of the two coupling terms r/NB/VECRii is therefore proportional
to TI^B/T^ECRH- For a radial injection the coupling of the beam to the mode is relatively
weak[14] and the above ratio can be quite small. However for a poloidal injection of the beam the
convolution would be along a chord (beam line) in the poloidal plane and therefore comparable
to the convolution factor for the ECRH scheme. As to the other terms in (24), the ratio x±/D
can typically vary from unity to rather small values at, the tokamak plasma edge. For a large
device like ITER. we can approximately take this ratio to be of order unity near the q = 2
surface. Further, writing

ST.NB = EbSN,NB ( l + ^ £ = £ ) (27)

where aq-x and <7ion are the charge exchange and ionisation cross sections for the beam and
E[, is the energy of the beam, we see that the ratio TJECRHPECRH/VNBPNB is of the order
of 1 + (Te/Ei,)(l + Oq-xjoion)"1 thus making the two schemes comparable in terms of power
requirements. The beam energy required to penetrate to the q = 2 surface in ITER, which is a
distance of about 50 cm from the plasma edge[15], is approximately 100 kev[16] and well within
the present energy range of beams.

Our calculations so far have been restricted to a static island configuration where the oscil-
lating time variation of the tearing mode has been ignored. As is well known, the mode has a
real frequency which is of the order of the drift frequency and which causes the island to rotate in
time[17]. This poses a problem for any static control scheme and increases their overhead by the
fraction of time that the island is away from their influence. The neutral beam feedback scheme
can be made more effective by modulating the neutral beam source to match the phase variation
arising from the island rotation. To illustrate this scheme, we incorporate a real frequency term
in our model evolution equation (23) and rewrite it as follows.

= { 1 „ — V-OQ — r JWi l-^oj
dt w w

where LOQ is the drift tearing frequency and

qj = •q>1e~iu)t (29)

is represented in the complex notation with u = wjj+ry, C and D are real constants proportional
to the A' and Dnc terms and w is treated as a constant. The coefficient F is proportional to the
neutral beam source and is modelled as a complex term F = FQexp(i<f>) where 4> is the phase
factor. Eqn.(28) is in the standard form of a linear feedback scheme[13, 14], from which we can
easily get the following two conditions,

LUft = LUQ + FQCOS((J>) (30)

and
7 = 70 - Fosin(4>) (31)

where 7 = [C/w + D/w2). These two relations demonstrate the nature of control possible with
the help of the phase parameter <f> and the strength of the amplitude FQ. At saturation 7 = 0
and the size of the island is determined from (31). This fixes the quantity Fosm(</>) but allows

6
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some freedom in the choice of the independent parameters FQ and <fi. In particular (j> can be
chosen so as to reduce the net rotation frequency of the mode as defined by (30). This can
facilitate the tracking of the mode and improve the quality of the feedback control.

IV. DISCUSSION AND CONCLUSION:

Our principal result in this paper is the demonstration that driven pressure gradients within
the island region (due to ECR.H for example) can lead to finite self-consistent bootstrap currents
within the island that reduce the growth of a neoclassical tearing mode. This contribution that
has been neglected in earlier calculations from symmetry arguments, survives when the next
order magnetic shear terms are retained in the equilibrium magnetic field and its magnitude is
comparable to the tisual current perturbation calculated from the resistivity change mechanism.
Their combined contribution in the island evolution equation substantially reduces the satura-
tion width of the island. This enhances the effectiveness of the ECRH scheme for neoclassical
tearing mode control and also raises the possibility of other alternate schemes that can build on
this effect. We suggest the use of modulated neutral beams as one such scheme in which pressure
gradients within the island can be effectively altered by controlled delivery of both density and
energy at appropriate phase and amplitude. Our preliminary estimates show that such a scheme
is feasible and of comparable efficacy to the ECRH scheme in terms of power requirements and
other parameters and therefore warrants a more detailed study.

Finally we would like to remark that another consequence of neutral beam injection (par-
ticularly in the unbalanced parallel injection mode) is the production of large scale toroidal
rotation in the plasma. The concommitant change in the equilibrium pressure profiles can have
a significant influence on the neoclassical tearing mode evolution and have not been studied so
far. Large flows can change not only the magnitude of the A' parameter in the external region
but also bring about mode coupling between various resonant surfaces due to the centrifugal
force induced poloidal asymmetry in the equilibrium pressure profile. A detailed calculation of
this effect including the appropriate inner layer modifications in the dynamics of the neoclassical
tearing mode is presently in progress.

References

[1] CHANG, Z. et al, Phys. Rev. Lett. 74 (1994) 4663.

[2] WILSON, H.R. et al Plasma Phys. Control. Fusion 38 (1996) A149.

[3] LA HAYE. R.J. et al, in Fusion Energy 1996. Sixteenth Conference Proceedings (Interna-
tional Atomic Energy Agency. Vienna, 1997), paper AP1-21.

[4] SAUTER, O. et al, Phys. Plasmas 4 (1997) 1654.

[5] GATES, D.A. et al. in Fusion Energy 1996. Sixteenth Conference Proceedings (Interna-
tional Atomic Energy Agency. Vienna, 1997), paper AP1-17.

[6] HEGNA, C.C., CALLEN, J.D.. Phys. Plasmas 4 (1997) 2940.

[7] ZOHM, H., Phys. Plasmas 4 (1997) 3433.

[8] HEGNA, C.C., CALLEN, J.D., Phys. Fluids B 4 (1992) 4072.

[9] HEGNA, C.C., CALLEN, J.D.. Phys. Plasmas 4 (1997) 2940.

[10] HEGNA, C.C., CALLEN, J.D., Phys Fluids B 4 (1992) 4072.



1414 TH2/5

[11] RUTHERFORD. P.H.. Phys. Fluids 16 (1973) 1903.

[12] HEGNA. C.C.. Phys. Plasmas 5 (1998) 1767.

[13] SEN. A.K.. Phys. Rev. Lett. 76 (1996) 1252.

[14] SEN. A.K.. SINGH. R... SEN. A.. KAW, P.K.. Phys. Plasmas 4 (1997) 3217.

[15] ITER-JCT and the Home Teams. Plasma Phys. Control. Fusion 37 (1995) A19.

[16] SWEETMAN. D.R.. Nuclear Fusion 13 (1973) 157.

[17] MONTICELLO, D.A. et al, Phys. Fluids 23 (1980) 366.



1415 TH2/D

SESSION TH2

Thursday, 22 October 1998, at 10.55 a.m.

Chairman: P.K. Kaw (India)

THEORY 2

Paper IAEA-CN-69/TH2/1 (presented by S. Murakami)

DISCUSSION

J.D. CALLEN: You apparently use a quasilinear ECH operator which assumes a
random phasing of resonant interactions between a particle and the ECH wave. Is such an
approximation valid, or are the resonant trapped electrons in resonance over their complete
bounce motion?

S. MURAKAMI: We use a quasilinear term assuming a Maxwellian distribution, so
such effects are not included in our calculation.

C. ALEJALDRE: In the calculations of the power deposition profile using
ray-tracing, did you assume a Maxwellian or non-Maxwellian electron distribution function?

S. MURAKAMI: We assumed a Maxwellian distribution in the ray-tracing calculation
and do not think that the non-Maxwellian effect on the ray-tracing is very large in the results
presented here.
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Papers IAEA-CN-69/THP1/03 and 04 (rapporteured by M. Wakatani)
DISCUSSION

W.A. COOPER: In reversed shear tokamaks, the flux surface averaged parallel
current density < j • B /B2 > emerges as a strong stabilizing influence for ideal ballooning
modes. What influence does this parameter have on the resistive interchange criterion in
reversed shear tokamaks?

M. WAKATANI: When q(o> is increased for a fixed q(a), the current density decreases.
From this point of view, < J-1B/B2 > also has a stabilizing effect on the resistive interchange
mode. We have not, however, checked this quantitatively.

Y. NAGAYAMA: In your simulation of the sawtooth crash, cold plasmas merge at the
centre. What mechanism drives this merging? Is the kink flow like the cold bubble model
for tokamak sawteeth?

M. WAKATANI: For the merging of cold plasmas, the flow driven by the ideal
interchange mode is important. From this point of view, our model is similar to Wesson's
model for the sawtooth.

X. GARBET: With reference to internal disruptions in a stellarator, is the final state
identical to the initial state? Is the reconnection complete?

M. WAKATANI: Yes, the final state is almost identical to the initial state if we look
at the pressure gradient at the q = 2 surface. The point at which the post-cursor m = 2
oscillation remains is different from the tokamak sawtooth.



1417 TH2/D

Paper IAEA-CN-69/TH2/3 (presented by F. Zonca)

DISCUSSION

R.M. NAZIKIAN: Have you looked at a TAE stable ITER profile and concluded
whether it is unstable to the EPM?

F. ZONCA: We have done the analysis in the case of a "circular equivalent" of a real
ITER equilibrium and have concluded that the central energetic particle (3 is roughly a
factor of 2 below the EPM excitation threshold. The same analysis for "shaped" ITER
equilibria remains to be done.

M. YAGI: What is the essential difference between the kinetic Alfven wave (KAW)
and the AITG?

F. ZONCA: KAW and AITG are two different branches of the shear Alfven wave. In
the case of what is commonly meant by KAW, frequency is high with respect to both o P i and
C0ti- Thus, the destabilization mechanism - which is very efficient for AITG - is essentially
ineffective for KAW. A second, crucial difference is that KAWs usually do not form
eigenmodes (except near the plasma centre), whereas AITG are true plasma eigenmodes
destabilized by the free energy source of the thermal plasma.
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Paper IAEA-CN-69/TH2/4 (presented by B.N. Breizman)

DISCUSSION

A. JAUN: Concerning the splitting of Alfven eigenmodes, are you not surprised that a
phenomenon relying on the subtle balance between drive and damping can be observed
experimentally for several seconds?

B.N. BREIZMAN: There are two reasons why this is not very surprising. Firstly, the
drive and the damping do not have to be exactly balanced for the effect to be seen. We can
easily allow the system to be 20-30% above the threshold. Secondly, both the drive and the
effective collision frequency of the resonant particles are controlled by the same knob, which
is the ICRF power.

G.Y. FU: With regard to pitchfork splitting, what are the free parameters in getting
good agreement with experiments?

B.N. BREIZMAN: The parameters we use are the growth rate y and the collisionality
of the energetic particles. I would not call them free parameters, since they can be determined
independently. This can, in fact, be a good consistency check for the theory.

G.Y. FU: Can this theory explain why pitchfork splitting is not observed in many
cases?

B.N. BREIZMAN: The splitting is controlled by the ratio y/o)eff. The theory says that
there should be no splitting when y/i)eff is smaller than 0.5, which may well be the case in
many experiments.

N.N. GORELENKOV: Have you considered the possibility of explaining the
pitchfork effect by including the interaction of TAE and KTAE?

B.N. BREIZMAN: Yes, we considered such a scenario; it does not work.

Ya.I. KOLESNICHENKO: Your basic non-linear equation does not take into
account the spatial dependence of wave amplitudes. Does this mean that you believe that the
radial structure of TAE modes has no influence on the non-linear stage of the instability?

B.N. BREIZMAN: The non-linear equation does, in fact, take into account the spatial
structure of the mode, but we do indeed assume that the mode structure does not change in
time. This assumption can be easily justified in the near-threshold regime for both the linear
and the non-linear stages of the instability.



1419 TH2/D

Paper IAEA-CN-69/TH2/5 (presented by A. Sen)

DISCUSSION

E. LAZZARO: In your evaluation of the ECRH induced self-consistent bootstrap
term, you have effectively modified the shape of the island by inclusion of an x3 term. To
assess properly the relevance of the bootstrap stabilizing term in comparison with the usual
heating term, one should recalculate all the non-linear averages leading to the Rutherford type
equation for the island growth on the modified flux surfaces. Has this been done? Also, have
you considered that an unflattened pressure profile within the island would require
reassessment of the "seed island" width?

A. SEN: We have calculated the effect of asymmetry only on the new self-consistent
bootstrap current term, since the contribution from this term vanishes in the absence of
asymmetry. The effect of asymmetry on the conventional terms is likely to change the
numerical coefficients somewhat and has not been included in our present calculation.

H. ZOHM: One of the advantages of ECCD is that it is simple to change the radial
location of absorption. In your poloidally injected NBI scheme, how can you vary the radial
location in case the resonant surface moves or is at a different location (e.g. at different q)?

A. SEN: In principle, the radial location can be changed by altering the angle of
incidence of the neutral beam. However, the practical details and the need to do so would
have to be worked out for a given experimental situation.

NEXT PAGE(S)
left BLANK
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Abstract

We present a theory of zonal flow - drift wave dynamics. Zonal flows are generated by
modulational instability of a drift wave spectrum, and are damped by collisions. Drift waves undergo
random shearing-induced refraction, resulting in increased mean square radial wavenumber. Drift
waves and zonal flows together form a simple dynamical system, which has a single stable fixed
point. In this state, the fluctuation intensity and turbulent diffusivity are ultimately proportional to
the collisional zonal flow damping. The implications of these results for transport models is
discussed.

1. INTRODUCTION

Zonal flows[l] are poloidally and toroidally symmetric {kg = kz = 0), zero-frequency vortex

modes with finite radial scale [kr finite), and thus constitute a limiting case of the more general

*Work supported by U.S. DOE Grant No. FG03-88ER53275.
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notion of a "convective cell"[2]. Since zonal flows are azimuthally symmetric, they are unable to
directly tap expansion free energy stored in radial gradients and are thus excited exclusively via
nonlinear processes, such as "inverse cascade" of drift wave turbulence. Zonal flows are of great
significance to confinement physics, since they are, effectively, sheared ExB0 flow layers which

strain and distort the drift waves they co-exist with[3]. Zonal flows have been observed in fluid,
gyrofluid[4] and gyrokinetic[5] simulations of drift wave turbulence and in tokamak plasmas[6].

Noting that a spectrum of zonal flow shear layers are excited by the inverse cascade of drift
waves, it is reasonable to suggest that the zonal flows constitute an ensembie of random shears which
regulates the kQ^® component of the drift wave turbulence. This suggestion is confirmed by recent
simulation results, which indicate that zonal flow shearing is the principle saturation mechanism
operating in drift wave turbulence. Thus, generic drift (or drift-ITG) turbulence may be modeled as a
self-regulating, two component system, consisting of:

a.) drift waves (with &# ̂  0), which cause anomalous transport, and for which hjn ~ e<j>jT.

b.) zonal flows with kg = 0> for which hjn ~ lk±ps)
e4>/'^'» which share available gradient free

energy.

The confinement regime quality is thus characterized by the branching ratio of zonal flow and drift
wave energy. In particular, recent theoretical work has suggested that gyrofluid transport models
over-estimate the long-time (p^t > l) damping of zonal flows, and thus over-predict levels of ITG-
mode driven transport[7].

In this paper, we summarize recent developments in the theory of zonal flows and self-
regulating drift wave turbulence. Section 2 presents the linear theory of zonal flows and discusses
their damping by collisional processes. Section 3.1 addresses zonal flow generation. In particular, a
gas of drift waves is shown to be unstable to modulation by a seed shear flow, which is subsequently
amplified. Section 3.2 discusses the feedback of stochastic zonal flow shears on the drift wave
spectrum. In particular, zonal flow shearing induces random refraction of drift waves, thus enhancing
their coupling to small scale dissipation. Section 4 discusses the coupled system of equations for the
zonal flow and drift wave spectra as a dynamical system in order to elucidate the states (fixed points)
of self-regulating drift wave turbulence. Saturated fluctuation levels and transport coefficients are
estimated. Section 5 contains a discussion and conclusions.

2. LINEAR THEORY OF ZONAL FLOW DYNAMICS

We have previously considered the decay of poloidal rotation as induced by neo-classical
effects. We find that the rotation induced by a source at t — 0 can be given by 0(r) = (j)(O)k(t).
k(t) varies on two distinct time scales. For times less than the ion bounce time, ion Landau damping
induces a rapid decay (possibly damped oscillations due to the excitation of Geodesic Acoustic
Modes). However, this damping is incomplete and k(t) approaches a value .6e 1 / 2 /^ze0/7 which
can decay further only via collisions for times longer than the ion bounce time, [8].

We note that Hammett-Perkins type gyro-fluid models as used in IFS-PPPL "predictions "[9]
do not distinguish between time scales but are characterized by complete collisionless damping of
zonal flows, thus possibly leading to unrealistically small values of damping and thus too high a drift
wave level and predicted transport. Indeed more accurate GK codes are characterized by lower
transport, and the near threshold transport is proportional to collision frequency as predicted here.

Note that for zonal flows interacting with an incoherent source such as ITG turbulence </> is

of the form <j>=j k(t')S(t - t')dt' and the growth of |</>|2 is given by - ^ - = \ drk(0)k(-r)(S(0)S(z) ).
dt
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If the correlation time of S is long compared to an ion bounce time, as would be true not too far from
threshold, then it is the long time scale collisional behavior of K which is of importance. For our
purposes we will thus simply assume a simple collisional damping of the zonal flows.

3. NONLINEAR DYNAMICS OF ZONAL FLOWS

3.1 Generation

We seek an equation for the zonal flow intensity U = (p of the form:

— U + ydU = [Growth] U + [Noise].

Here y d refers to the collisional damping discussed in the previous section, [Growth] U refers to

amplification due to drift-wave coupling and [Noise] refers to incoherent emission of drift wave
energy into the zonal flow. This section is concerned with the calculation of [Growth] and [Noise].
Zonal flow growth may be elucidated by considering the question of whether or not an ensemble or
"gas" of drift waves is unstable to a shear perturbation. Since the drift wave gas must maintain a
divergence-free radial current (composed of polarization and transport-induced currents) and since
the zonal shear flows modulate the transport-induced current, it follows that zonal flow stability is
determined by:

= 0. (1)

Here <j> is the zonal flow potential, y ry is the transport-induced radial current and p is the
/ o,,\l/2

polarization screening length (i.e. p = ps for classical screening, p = ll.6e j PQ for neoclassical
screening). The transport-induced current is caused by the local non-ambipolarity of the underlying
instabilities (i.e. recall quasi-neutrality does not imply local ambipolarity)[10]. Since the radial
current is simply the difference of electron and ion radial flux, it follows that the frequency Qq of a

zonal flow mode with radial wavenumber q is

(2)

Here r _ is the relative flux. r _ is very detail-sensitive, since it involves the dissipative couplings of
the various species. However, the generalized quasi-linear wave energy theorem (Poynting theorem)
directly relates T- to the radial wave energy density flux at stationarity. Thus, the zonal flow
frequency can be written as:

= -iq

(Ok

(3)

Here k and s^.JT refer to drift waves (/fcg ^ 0j and e is the difference of the real part of the ion

and electron susceptibilities. For simple drift wave models, de/dkr—krp, so
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Q.~k$kre<f>lT ~(vrv0/, the Reynolds stress. Thus, zonal flows are seen to arise from modulations of

the drift wave Reynolds stress.
Further progress is facilitated by recognizing that the separation between the spatio-temporal

scales of the zonal flows and those of the drift waves suggests calculating the modulation using
methods from adiabatic theory. The appropriate adiabatic invariant for drift wave turbulence[l 1] in
azimuthally symmetric shear flows is

(4)

Note that TV is, in general, the (conserved) potential enstrophy Q. and is equal to the classical action
only for the special case of zonal flow-drift wave interaction, for which ke *s constant. Thus, the
zonal flow growth rate may be written as

k

SN
(5)

The quantity 8N/8(p may be straightforwardly computed via linearization of the wave kinetic
equation

d_
dt dx dk

(6)

Here v is the drift wave group velocity, V is the zonal flow, y(k) is the drift wave growth rate and

Aco(k)N2 represents a damping of drift wave quanta due to local nonlinear coupling to damped
scales. Linearizing Eqn. [6] finally yields the zonal flow growth rate

(k2
ep

2)(krd(N)/dkr)
(6a)

where R(k,q) is the resonance function

(6b)

and Vg refers to the radial component of the wave group velocity. Note that in practice, re

Qg ~ (e0/7") , so the zonal flow may be effectively regarded as a zero frequency mode.

Several features of this result merit discussion. First, note that 7 5 > 0 for d(N)/dkr<0 - no

population inversion is required for modulational instability, in contrast to the familiar case of
Langmuir turbulence. This is a symptom of the inverse cascade which occurs in a quasi-geostrophic
fluid. In this vein, it is interesting to observe that y ~q2D-q4fi, i.e. the growth
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rate can be written as the difference of a negative viscosity at larger scales and a positive hyper-
viscosity at smaller scales. Two rather similar length parameters control the zonal flow scale -
namely the polarization scale p and the wave mean free path V glj • Also, it should be noted that

for the relevant case of neoclassical polarization, 7 ~ BQ/ Bj - i.e. poloidal field scaling appears
explicitly through the zonal flow growth rate. Since zonal flows do not drive transport themselves
and regulate drift waves by random shearing, the scaling of y with Be is clearly favorable. Finally,
it is useful to note that an estimate for the zonal flow growth rate (for classical polarization) is

7q~^2P%cslLA)/8^{n) where (n) = (N)/ [p] /'I]). We have takenfcp^-1, 8 is the non-

adiabatic electron phase shift, and L± is the perpendicular scale length. A power-law wave number
spectrum is assumed.

The noise emitted into the zonal flow may be determined by calculating the incoherent mode
coupling into modes with qr finite and qg = qz = 0. For a simple plasma model (classical
polarization), the calculation is most efficiently done using two dimensional hydrodynamics. The
result is:

dt
_{

q
(N)2R(k,q)
-2

(k±)

(7)

Note that the noise resembles the square of the Reynolds stress, as it should. The zonal flow
spectrum equation thus finally is:

(8)

3.2 Feedback on Drift Waves

Zonal flows shear and distort the drift wave spectrum which drives them. Thus, the zonal flows
constitute a random strain field which randomly refracts drift waves, causing a diffusive increase in
kr which in turn enhances their coupling to small scale dissipation. The random shear by zonal
flows can be constructively contrasted to mean flow shear by the observation that in the former case,
{5kij~DT while for the latter 8kr ~ JkeV£T[12]. The fc-space diffusion coefficient may be

straightforwardly obtained by a quasi-linear analysis of the wave kinetic equation [Eqn. 6]. The
quasi-linear equation is:

(9a)

Here, the wave-vector diffusion coefficient is:

v2

{Pscsq) R{k, (9b)
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Anticipating the later need for estimates, a OD "toy model" of Eqns. [9] may be rigged up to be:

M 2 f { « ) ] ( n ) , (10)

where a=[(q2
 c

2)(q2 p2)/d Cs/L±] •

The physical process of work here is (random) shearing by a spectrum of zonal flows, which in

turn refract kr to higher values, where the drift wave packets are damped. The signature of this

kr\ is, of course, diffusion in kr, i.e.

18 k2) = Dt. The &r-diffusion coefficient can be recovered from a simple random walk argument,

i.e.

dt'

so that integration along unperturbed rays yields D. It should be noted that while random shearing

leads to a random walk in kr (i-e. dkr~ (DT) , in comparison to deterministic shearing where

8kr ~ T), it is also the case that ly'F2/» (VE) > o n account of the contributions from smaller

scale shear layers. Hence, it is not surprising that random shearing is a strong effect. Also, since the
sum of drift-wave energy and zonal flow energy is conserved, the zonal flow growth rate may be
calculated directly using the quasi-linear wave kinetic equation (Eqn. 9).

4. DYNAMICS OF DRIFT WAVE SELF-REGULATION

Equations [8] and [10], for the zonal flow and drift wave intensities, constitute the principal result
of this paper. Obviously, these are coupled integro-differential equations, which require numerical

2
solution. A tractable, zero-dimensional model for (j) =U and (n) may be constructed from Eqs. [8,

10] by taking k±Ps — 1 and q to be a typical zonal flow scale. The OD analogue is:

—+ydt/=or(n)t/+[Noise], (lla)
at

dt L_L

Here y^~V»/Ve, o~[qp\ cs/ L±S as defined at the end of Section (Ilia), ais defined at the end
of Section (Illb) and the noise is defined in Section (Ilia). Note that these equations have the
predator (£/) - prey ({«)) structure. In the absence of noise, Eqs. [lla, b] are isomorphic to a

heuristic model of the L—>H transition, proposed previously[15]. In the absence of noise, the OD
model given above has two fixed points, which are a no-flow state with U=0, and mean (drift wave)

2
fluctuation level e<j)/T ~ §[PS/L±) , as well as a finite flow state with
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~ <5(p5/Lj_) (7j/c5/Lj_)( ka q • Note this fluctuation level is set by the requirement

of zonal flow marginality. The main effect of noise is to destabilize the no-flow state and to slightly
shift the finite-flow fixed point. Hence, the only surviving stable fixed point is the finite flow state
with:

/) (12a)

which corresponds to a thermal diffusivity

X~DGB
(cs/L±)q .2

(12b)

Here DGB~PSCS/L±, the gyro-Bohm diffusion coefficient. A striking feature of these results is the
explicit proportionality of the fluctuation level and transport coefficient to the collisional flow
damping y^-v a- This is a consequence of the fact that the flow is both driven by, and also regulates
the strength of, the drift wave spectrum. Hence, increased collisional damping of the zonal flow
makes it more difficult to excite the flow and to saturate the drift waves, thus leading to increased
transport. It should be noted that the proportionality of % to J^ is consistent with results from
recent gyrokinetic simulations and was previously suggested (though not demonstrated) by Zakharov
and collaborators[14]. Finally, it should be clear that since the IFS-PPPL transport model over-
estimates the zonal flow damping, it thus over-predicts the resulting transport.

It is impossible to over-emphasize the fact that this analysis depends heavily on the methodology
of perturbation theory and thus will certainly lose its validity far from marginal stability. A symptom
of failure would be the onset of equality between non-local and local (i.e. strong turbulence)
interactions, thus vitiating the scale separation ordering fundamental to this work. Also, since the
zonal flows tend to hover near marginality, the next-higher-order interaction, must be calculated.
Since direct zonal flow - zonal flow interaction vanishes (&-&^x£=0!), the relevant coupling is
mediated by drift waves, and corresponds to a zonal flow - drift wave - zonal flow interaction (6th

order). These will be discussed in a future publication.

5. SUMMARY AND DISCUSSION

In this paper, we have demonstrated that a drift wave "gas" is modulationally unstable to "test-
shear" perturbations, resulting in the amplification of a spectrum of zonal flows. For CObit>\, linear
zonal flow damping is due to collisions, only. The zonal flows feed back on the wave spectrum by
random shearing of drift wave packets. Thus, the drift wave intensity (ft) and zonal flow intensity U
constitute a self-regulating, predator-prey system. When noise is included, this dynamical system has
a single, stable fixed point, at which the drift wave spectrum adjusts to keep the zonal flow at
(modulational) marginal stability. In this state, mean fluctuation levels and transport are ultimately
proportional to the (collisional) zonal flow damping. Thus, an over-estimate of flow damping will
result in an over-estimate of transport.

Further work on this model is clearly necessary. The coupled spectral equations require
numerical solution. Since zonal flows are quasi-marginal, 6th-order zonal flow - drift wave - zonal
flow interactions should be calculated, as well. Transport estimates should be reconsidered in order
to reflect the random Doppler shift produced by zonal flows, which will broaden the wave-particle
resonances.
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Other directions for further research in a related vein include, but are not limited to:

i.) studies of zonal flow and drift wave interaction with a mean electric field shear. Such a study
requires consideration of profile effects, and a separate evolution equation for the mean field.

ii.) investigation of drift wave "trapping" by zonal flows via examining the structure of BGK
solutions to the wave kinetic equation.

iii.) extension to electromagnetic drift wave regimes, where the mutual compensation of ExB
and magnetic stresses results in a reduction in the effectiveness of flow generation.

iv.) examination of the modulational stability of streamers. Streamers are flows with kr—>0 and
k$ finite, and thus are the natural counterpart of zonal flows. Streamers are a possible
plasma dynamic realization of the "avalanche" concept from self-organized criticality theory.

v.) renormalization group analyses of zonal flow - drift wave interaction. Such an approach
would vitiate the rather arbitrary scale separation imposed here.
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Abstract
A number of edge plasma physics phenomena are considered to determine tokamak performance: transport
barrier, edge magneto-hydrodynamic (MHD) instabilities, plasma flow. These phenomena are thought to be
causally related: a spontaneous increase in the plasma flow (actually, its radial variation) suppresses heat and
particle fluxes at the plasma edge, to form a transport barrier; the edge pressure gradient steepens until limited
by MHD instabilities, resulting in a temperature pedestal at the top of the steep gradient region; a number of
core transport models predict enhanced confinement for higher values of the temperature pedestal. This paper
examines these phenomena and their interaction.

1. INTRODUCTION
The H-mode is the most developed mode of high confinement tokamak operation. Fundamental
to its success is the transport barrier which is formed close to the plasma edge; this paper is
concerned with the physics of this barrier. We describe MHD instabilities associated with the
steep pressure gradient region: in particular the peeling mode, driven by current density, and the
ballooning mode, driven by pressure gradient. This suggests a model for edge localised instabilities
(ELMs) and an explanation for the difficulty experienced in achieving H-mode in low density
COMPASS-D discharges. We then apply the analytic ballooning theory techniques developed
for this MHD study to analyse edge drift mode structures, and show that these can, in principle,
drive a plasma flow over a region ~p.2/3a, where p» is the ion Larmor radius, normalised to the
plasma minor radius a. Combining this with the assumption that the flow suppresses the plasma
turbulence we obtain an expression for the transport barrier width which, together with the limit
set on the pressure gradient by the MHD instabilities, leads to a prediction for the temperature
pedestal. We close with a discussion of future work.

2. EDGE LOCALISED INSTABILITIES
Two edge-localised instabilities are discussed in the literature: the peeling mode, driven by edge
current density [1] and the ballooning mode driven by pressure gradient [2]. The peeling mode is
highly localised at the plasma surface, while the ballooning mode spans many rational surfaces
and, as we shall see, can be relatively extended. We first review each of these instabilities in turn.
The peeling mode has been addressed assuming a limiter geometry, when it is found to be most
dangerous when there is a rational surface just outside the plasma. In this case, the stabilising
influence of magnetic perturbations in the vacuum can be neglected and a necessary stability
criterion for the mode is [3]:

where DM is the Mercier coefficient; DM<\IA is the Mercier criterion for stability. We have
defined J^ as the current density parallel to the magnetic field B, Bp is the poloidal field, R is the
major radius, dl is the poloidal arc length element, q is the safety factor and a prime denotes
differentiation with respect to the poloidal flux, \\r; all quantities are evaluated at the plasma
surface. Recalling that DM is proportional to the pressure gradient, Eq (1) demonstrates that this
instability is driven by current density, and stabilised by pressure gradient.
The ballooning mode theory was originally developed for high toroidal mode number n, pressure-
driven instabilities in the core and, in the limit that the toroidal mode number «—>°°, stability is
determined by an ordinary differential equation along the magnetic field line: the ballooning
equation [2]. This provides a value for a 'local' mode frequency as an eigenvalue which is a
function of the poloidal flux, ie co2(\|/). Of course in practice n is not infinite, and then the mode
has a finite radial extent. A consistent ordering is developed making use of the different radial

1 General Atomics San Diego CA 92186-5608 USA



1430 TH3/2

length scales associated with the equilibrium variation, characterised by co2(\|/), and the distance
between mode rational surfaces, \lnq . In the region where V|/=\|/o, with 3co2/d\|/|v=v0=0 (ie the most
unstable region, and therefore the one of interest), the mode is localised, spanning ~«1/2 rational
surfaces. This permits the radial mode structure to be evaluated by developing an expansion in
powers of n'U2, resulting in a Gaussian radial mode structure and an expression for the true mode
frequency, 0*= co2(\|/0)+<9(«"1), where the finite n corrections are stabilising. Thus the ballooning
mode properties can be obtained from the leading order ballooning equation, without the need to
address the higher order theory. However, the applicability of the leading order equation relies on
the existence of the higher order theory.
Here we are interested in analysing ballooning mode stability at the plasma edge, in the vicinity
of the H-mode transport barrier. Indeed, this is often the most interesting place to investigate
ballooning modes because this region will have the steepest pressure gradient. In such situations
d(H2/d\\f will not be zero in general and the conventional higher order ballooning theory is invalid;
a new ballooning theory has been developed for this situation. In Section 4 we shall illustrate an
application of this theory to study edge drift-ballooning modes; the application to ideal MHD
ballooning modes is covered elsewhere in the literature [3], so here we simply state the results of
this modified theory. Following an expansion in n'm, the key results are:
• the leading order ballooning equation is identical to the conventional ballooning equation,

which can be used to derive 002(\|/,£), where k is the ballooning phase angle;
• as with conventional ballooning theory, k is chosen to maximise the instability;
• the radial mode structure is the tail of an Airy function, spanning ~nxn rational surfaces;
• the true mode frequency is related to the local value by £r= K>2(\|/O)+0(H

 2/3)
Thus, to leading order the conventional ballooning theory can be used to estimate ballooning
stability at the plasma edge, although the radial mode structure and finite n corrections are
different.
Ballooning stability is usually expressed in terms of the s -a diagram where, for a large aspect
ratio, circular cross section equilibrium

•2 J - r da ( Ju
a--

2\lQRqA dp

B2 dr q dr
(2)

Here r is the minor radius and/? is the plasma pressure. For this equilibrium, the shear is related to
the plasma current density, J^ as shown in Eq (2), where <Jj|> is the average current density (ie
plasma current divided by cross-section area). Using this relation we can combine the ballooning
and peeling mode stability criteria on a single diagram as shown schematically in Fig 1.
Figure 1 provides a picture of both the density threshold for the L-H transition observed in
COMPASS-D [4] and ELMs. Thus, in a large aspect ratio, shifted circle equilibrium, the peeling
mode criterion [Eq (1)] can be written in the form:

f ( 1 (

2r\ B 'edge

Here A' is the radial derivative of the Shafranov shift, and this contribution arises due to the
Pfirsch-Schluter part of the parallel current (note this is stabilising) a n d / is the trapped particle
fraction; the destabilising bootstrap current term is that proportional to ft, while the Mercier
coefficient reduces to the first term on the left-hand side. Only the driven current (eg Ohmic)
appears on the right-hand side of Eq (3). In the banana collisionality regime f,~ye and the
bootstrap current term dominates the left hand side so that the peeling mode is always unstable.

A t peeling

UNSTABLE

STABLE

Figure 1: Schematic stability
diagram for peeling and
ballooning modes

ballooning
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ac a ac a
Figure 2: Trajectory of parameters as pressure is increased for (a) current and thermal
diffusion time-scales comparable and (b) long current diffusion time-scales compared to
thermal diffusion.

At higher collisionaliryyj—>0 and then the peeling mode can be stabilised by raising oc, eg by
increasing the heating power. If one adopts the assumption that it is necessary to stabilise the
peeling mode in order to make a transition from L to H-mode, then this simple picture suggests
that it is not possible to enter the H-mode at low collisionality. This provides an explanation of
the density threshold observed on COMPASS-D: if the density is sufficiently low that the
collisionality v»<l, then the bootstrap current is large and the trajectory on the stability diagram
is as in Fig2a, so that the peeling mode cannot be stabilised. However, at higher density, the
bootstrap current contribution is weakened, and the peeling mode can be stabilised at sufficiently
high a (or heating power). Data on a versus v» from COMPASS-D is shown in Fig 3,
demonstrating that the H-mode does indeed correspond to the high a, high v* region, with
ELMs close to the 'stability' boundary, and L-mode at either low a or low v*. Note that the
region at high a, low v« cannot be accessed because the L-mode confinement is too low to
achieve significant edge pressure gradients with the heating power available. For larger tokamaks,
where the current diffusion time is long compared to the thermal diffusivity, one might expect a
trajectory more like that in Fig 2b. Thus, while oc may rise relatively fast up to the ballooning
limit, the current takes longer to reach its steady state value, consistent with the rise in a. One
would then expect the transport from the ballooning mode to prevent a from rising beyond occ,
while the current slowly increases to its steady state value. When the current rises so that the
plasma reaches the top corner of the stable 'triangle' it must enter the unstable region. The
resulting plasma turbulence would then be expected to reduce the pressure gradient, further
enhancing the instability and leading to a crash event; we interpret this as a Type I ELM.
The ability of this model to qualitatively explain some of the experimental observations
motivates the development of a more quantitative model, allowing for the coupling of the
ballooning and peeling modes. The coupled mode structure and stability must be derived by
solving the full 2-D system of equations; we describe this procedure in the following section.

1.55

1.0 h

Figure 3: Data from COMPASS-D
showing the distribution of L-mode
and H-mode discharges. The
measurements were taken with the
HELIOS diagnostic, which uses
optical spectroscopy from a thermal
helium beam [5].
Symbols represent:

• : L mode

A.' H-mode with no ELM occurring
during the measurement

0: H-mode with an ELM occurring
during the measurement
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3. COUPLED PEELING-BALLOONING MODES
To illustrate the essential features of the coupled peeling-ballooning mode structure and stability,
we restrict consideration to the large aspect ratio, circular cross section equilibrium model. At
high n the perturbed energy can be expressed in terms of the radial component of displacement,
X, which we Fourier transform in poloidal angle:

(4)-im,B imd

where x=mo-nq, m0 is the poloidal mode number associated with the vacuum rational surface
closest to the plasma and 0 is the poloidal angle. The Euler equations minimising the plasma
energy then become a set of ordinary, coupled differential equations to be solved for the um{x):

— Ax-m)
dx\_ dx\

-(x-m) um+adMum = (5)

where Amm. involves first order differential operators in x and a sum over m' is implied. A
magnetic well has been introduced through the parameter dM where Dyj=oAM/s2, and a decreases
linearly with radius from the edge. Boundary conditions on these equations are that each of the
«m—»0 as x—>o° and that at the plasma-vacuum interface (x=A) they must satisfy

(A -m)j-s(A -m)^- -[2- (A-m))um + | ( A - m){um+l -«„.,)} = a \ (6)

where Q2 is an eigenvalue such that Q2<0 corresponds to instability (we are interested in marginal
stability here), and m is a shifted poloidal mode number. The effect of the vacuum energy has
been included in Eq (6) and we have replaced the current density with magnetic shear, s.
From the system of Eqs (5) and (6) one can analytically derive the equations describing both
ballooning and peeling modes. First, employing a local expansion about the single vacuum
rational surface labelled m0 and taking A « l gives the peeling mode criterion:

2(2-5)
(7)oc>

-d M

for stability. Employing the 'ballooning approximation' for more radially extended modes,
um(x)=emku(x-m), we derive the familiar s-oc equation, modified for the effect of the magnetic
well [6], The stability diagram of the coupled peeling-ballooning mode (Fig 4) retains some of
the features of these stability boundaries, but depends on the value of A, (for A~l the stabilising
influence of the vacuum suppresses the peeling mode). We see that for small A the marginal
stability boundary approximately follows the peeling and ballooning mode boundaries, while for
larger A the peeling mode plays no role, and only the ballooning mode boundary matters.
It is interesting to consider how the s-a stability diagram is modified. In particular we are
interested in access to the second stability regime, which is usually gained at low magnetic shear.
However, the peeling mode is unstable at low magnetic shear (see Eq (7)) so it is necessary to
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Figure 4: Marginal stability
contours for the coupled peeling-
ballooning mode system for a
number of different A (dotted
curves) compared with the pure
ballooning mode (full curve) and
pure peeling mode (dashed
curve) stability boundaries.
Parameters are dM=-0.2, q=4,
n=10.
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Figure 5: Marginal stability contours in the s-tx plane for (a) ideal n=°° ballooning (dotted),
peeling (dashed) and coupled peeling-ballooning (full) modes (dM=-0.6) and (b) coupled
modes for dM=-0.6 (dashed), dM=-0.64 (dotted) and dM=-0.645 (full). HereA=0.1, q=4, n=20.

revisit second stability at the plasma edge. Choosing a high value for the magnetic well
parameter, d^-0.6, we show in Fig 5a the individual peeling (dashed) and ballooning (dotted)
stability boundaries which indicate that although the window to second stability is reduced in size,
it still remains. However, when one calculates the stability of the coupled mode for the same
parameters, one finds that the effect of the coupling is to remove the stable window and so
prevent second stability access (full curves). In order to regain access to second stability it is
necessary to increase the depth of the magnetic well still further, as shown in Fig 5b. Thus
increasing d^-0.64 one sees a 'necking' of the unstable region, which then breaks to give second
stability access at c^-0.645; further increases in the well depth leads to a separation of the
peeling and ballooning mode boundaries and improved second stability access.
We now consider the radial mode structure. Figure 6a shows a typical peeling mode structure,
which is dominated by the Fourier harmonic associated with the vacuum rational surface closest
to the plasma surface, but with several sideband harmonics which couple because of the toroidal
geometry. Figure 6b shows the ballooning mode structure. Two things are apparent from the
ballooning mode structure: there are many more harmonics involved than for the peeling mode,
and the amplitude is peaked away from the plasma edge. Indeed, the amplitude is fitted well by
taking the Airy function envelope which arises from the approximate analytic theory [3], as
shown by the dashed curve in Fig 6b. This ballooning mode penetrates a large distance ~0.05a
into the plasma, comparable to the H-mode barrier width.

4. EDGE DRIFT-BALLOONING MODES AND REYNOLDS STRESS
The drift mode equation provides an interesting application of the edge ballooning theory
mentioned in Section 2. This equation, which encompasses both the ion-temperature-gradient
(ITG) mode and electron drift wave, can be simplified in a large aspect ratio, circular flux surface
tokamak geometry [7]:

i -
1 a may

a( acos9
is . a d ~ ]

s m 9 — —A
nq' dy)

1
n

= 0 (8)
{nq'f By2

where <|) is the perturbed electrostatic potential, the radial coordinate y=ro-r where r is the minor

Figure 6: Radial mode
structure for (a) peeling
mode (A=0.01, n=10,
<X=1.0, s=1.945) and (b)
ballooning mode (A=0.9,
n=40, a=L41, s=2.0).

m=-l
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radius and r0 the reference rational surface, which we choose to be the last one in the plasma, G is
the poloidal angle and a prime denotes a radial derivative. Other parameters of the model are
a=2e/bs2, o=z/bqs, e=LJRx, v=TJTh b=(kep,)2/2, 0=00/00,,,, and

J
where Ln is the density gradient length scale, T|,- is the ratio of density to ion temperature length
scale, Tj is the temperature of the speciesj, ke is the poloidal wave number, p, is the ion Larmor
radius, CO is the complex mode frequency and co»e is the electron diamagnetic frequency. We first
use the ballooning transform to write <|) in the form:

(10)

and develop the solution to Eq (8) by defining an extended radial variable z=n2liy, anticipating
dF/dz=O(\) and expanding in n'y :

( o l 2 ( ) ) [ o l 2 ] = 0 (11)
where

, (12)
i dL, d 7 -_ ! i l

M ~ , - . , -, 2̂ ~ /2 -j 2

q ok dz q az
with k=dS/dy and we assume A-A.=c9(w~2/3), which will be confirmed later. Thus to leading order
F0=A(z)f0(T[) where

(L0+X)f0=0 (13)
determines the ballooning eigenfunction f0 and the 'local' eigenvalue X(r,k) (applying suitable
boundary conditions in the limit r|—>°o; ie outgoing wave or bounded). The solubility condition on
the O(n~m) equation determines k through the condition

i-°
which is the same condition as for a conventional drift-ballooning mode. As with the MHD
ballooning mode, the difference arises in the radial mode structure, where the envelope satisfies

2q'2 dk2 dz
Taylor expanding X about the edge, it has an essentially linear radial dependence, and therefore
Eq (15) is again an Airy equation for the envelope function A{z).
To illustrate the essential features of drift-ballooning modes we simplify the problem to consider
the slab branch of the T], mode in the limits o/Q«l, cx/Q«l and r), » 1 . This allows us to
expand the trignometric functions about TI=&, to deduce:

a2 =%\l+—{2s-l)cosk} c~(s-l)sink (17)
L 2Q J G

where

\l+—{2s-l)cosk}
a L 2Q J G

Using Eq (14), we choose k=0, and the dispersion relation h=*A determines Q, so that we have:

-\ / o=ex P j -
y —-+ bs—^ 1 1\ Tl2 | (18)

Having determined the radial mode structure we can now calculate the Reynolds stress [8]:
/ \



1435 TH3/2

where angled brackets denote an average over the poloidal angle and a star denotes complex
conjugate. It is convenient to calculate this in real space rather than ballooning space, and we
therefore write

<i>=S< e Amum(x) (20)

where mo=K^(ro), 4̂ffl is the Airy envelope solution to Eq (15) evaluated at the rational surface
labelled by shifted poloidal mode number m and um(z) is related to the solution of the ballooning
equation:

um(x) = C jdnfo(y\)e^x-m) =exp[-(l-*V(*-m)2] (21)

Here x=nq'(ro-r), Cis a normalisation factor and for the ITG branch \i2=(l/(4bs))^(2e/(sqr],)) (we
have taken s»q to simplify the expression for jx2; this could represent a feature of separatrix
geometry). The Reynolds stress can be reduced to the form

4
r m=0

(22)

which for the ITG mode branch becomes

Ry =—— mo£lAm I2 ^I2(jc-m)exp[-2|l2(x-m)2] (23)
r m=0

For the strong ballooning limit which we considered above, we have ( i « l so that the sum over m
can be replaced by an integral. This can be manipulated into the form

Ry = ̂ -mo)dm -f- \Am I2 exp[-2^L2(*- mf ] (24)
> r J

Q d m
Making use of the slow variation of A(m) relative to the exponential factor, and neglecting an
error function contribution (which is localised at the plasma edge where \A\2 is small), we derive

m o 2/3
n ( 2 5 )

This is our final result for the Reynolds stress. Note that we only include the contribution from a
single n, assumed to dominate the spectrum. We have also neglected the contributions from the
tails of 'core' drift modes, which are more stable (note A, is averaged over k for these modes,
rather than choosing k to maximise the growth rate as is done for the edge drift modes).
The Reynolds stress provides a poloidal torque which spins the plasma; the magnitude of the flow
depends on a balance between this torque and damping mechanisms such as neoclassical magnetic
pumping or the effect of neutral particles, for example. Clearly the Reynolds stress depends on
the amplitude \A\2, which can only be determined by considering a non-linear saturation
mechanism. This is beyond the scope of this work and therefore we do not address the magnitude
of the flow, but assume it is sufficiently large to suppress turbulent diffusion. Equation (25) then
suggests that a transport barrier will form over the radial extent of the linear mode,

,2^2 y / 3

(26)
V. 40 J

where i=(A,lt4/(^
/2A,J)1/3 is a typical equilibrium length scale, L~r. Combining this result with the

result from the previous section, that the pressure gradient is tied to a value a=a c by the MHD
ballooning mode, then we obtain an expression for the temperature pedestal, scaling as p,2'3:

c iyP .Y
T = i—lA:LJ-L-\ (27)

Of course the dependence of the temperature pedestal on the equilibrium parameters is model-
dependent, and the model we have described here is rather simplistic. However, a robust feature
of all edge drift-ballooning modes is the relation Arocp^V and therefore, assuming the pressure
gradient rises to the MHD ballooning limit, the temperature pedestal scaling as p,2'3 is also robust.
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5. EFFECT OF FLOW ON MHD
To complete the 'loop' and develop a fully self-consistent model of the transport barrier it is
necessary to address the effect of flow on the edge MHD instabilities discussed here. A number of
features associated with the effect of sheared toroidal flow on the ballooning mode have been
addressed. The introduction of plasma flow destroys the ballooning symmetry and the eigenmode
problem is two-dimensional. Two approaches have been adopted in the literature: a conventional
eigenmode approach, where the two dimensions are poloidal angle and radius, and a Floquet
approach, where the two dimensions are time and ballooning coordinate. These yield the same
long-time exponential growth, but the Floquet mode has an additional periodic time dependence
[9,10]. This periodic time dependence is arbitrary when the sheared flow has a purely linear
variation with radius; this arbitrariness is associated with the initial conditions. Introduction of a
small quadratic radial variation of the flow results in a damping of the oscillations, so that after a
time ~n Floquet periods the Floquet mode is identical to the eigenmode (note, the eigenmode can
be considered as a particular Floquet mode, whose periodic time dependence is simply constant).
Thus, the Floquet and eigenmode approaches are essentially equivalent. In the case with small
flow, where it is possible to reduce the eigenmode system to a 1-D problem and evaluate the
eigenvalue co2 as a function of the ballooning phase angle, k, one generally finds that part of the
region 0<k<2K is stable, and part is unstable. For small shear flow one finds that the growth rate
is obtained by averaging CO2 over the unstable region of k, and the stable region plays no role. For
larger flow, coupling to the stable continuum of ideal MHD results in an increased stabilisation
due to a form of 'continuum damping', such that the growth rate falls approximately linearly
with increasing flow shear; this surprising result has also been seen in numerical calculations [10].

6. DISCUSSION
We have provided an interpretation of ELMs in terms of well-known MHD instabilities, with an
improved formalism to calculate their stability at the plasma edge. The edge pressure gradient is
limited by the ideal MHD ballooning mode, and the ELMs are interpreted as a consequence of the
edge current density (ie the boostrap and Ohmic currents), which drives the peeling mode; this
could also explain the density threshold for L-H transitions in COMPASS-D. Future work will
quantify the results of this model by including realistic geometry in the stability analyses, and
development of a transport model to investigate the interactions between the different time-
scales. The formation of the transport barrier is assumed to be a consequence of flow shear
generation at the plasma edge, and a possible mechanism, arising from the Reynolds stress
associated with drift-ballooning modes whose structure is modified close to the plasma edge, has
been proposed. The result of this model is that the temperature pedestal scales as p»2 ; it is
interesting to note that this is consistent with measurements made on the JET tokamak [11].
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Abstract
Nonlinear MHD simulation results of pellet injection show that MHD forces can accelerate

large pellets, injected on the high field side of a tokamak, to the plasma center. Magnetic
reconnection can produce a reverse shear q profile. Ballooning instability caused by pellets is
also reduced by high field side injection. Studies are also reported of the current quench phase
of disruptions, which can cause 3D halo currents and runaway electrons.

1. MHD EFFECTS ON PELLET INJECTION
Nonlinear MHD simulations of pellet injection [1] are in qualitative agreement with recent

ASDEX results [2]. Pellets injected on the inboard, low major radius side tend to penetrate
into the plasma, while pellets injected on the outboard side tend to be expelled. Efficient pellet
penetration is important for very large size, long pulse tokamaks, such as ITER.

A scaling law is obtained for pellet displacement which agrees well with the simulations. The
MHD simulations were carried out with the new MH3D++ unstructured mesh finite element
version of the MH3D full MHD code [3].

The simulations are initialized with a two dimensional MHD equilibrium, to which a pellet
is added. The simulations assume that the pellet ionizes and ablates rapidly, compared to the
sound wave transit time scale. The pellet is the source of a plasma cloud, which has a non
uniform density and pressure distribution on magnetic surfaces. The pellet cloud contributes
no energy to the plasma; the flux surface averaged pressure profile is the same as without the
pellet. The three dimensional perturbed non equilibrium plasma relaxes by parallel streaming of
heat and density, and major radius displacement akin to the Shafranov shift. Driven magnetic
reconnection imparts some non reversibility to the effect.

When a pellet is injected into a plasma, the pellet rapidly heats, and ablates. The ablated gas
then ionizes and becomes a cloud of high density plasma, which is cooler than its surroundings.
The plasma cloud moves together with the background plasma, according to the dissipative
MHD equations.

_ = V x ( v x B - i ) V xB) (1)

p~ = (V x B) x B - Vp + //V2v (2)

where p — pT. rj is the resistivity and fi a scalar viscosity. The density satisfies the continu-
ity equation. A single temperature, the electron temperature, is assumed for simplicity. The
temperature transport parallel to the magnetic field, which tends to make the temperature ap-
proximately constant on magnetic field lines, is modeled with the "artificial sound" method
[1-4].

In principle, the injection process is adiabatic, imparting no energy to the plasma. The
temperature is constant on flux surfaces before and after the pellet injection. After injection,
the temperature is lower on flux surfaces that intersect the pellet cloud. To calculate the new
temperature, adiabaticity implies that the flux surface average < p > of the pressure p remains
the same, before and after the pellet injection. The pellet - perturbed density Sp is not constant

1
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on a flux surface. Hence p is far from constant on flux surfaces, and the plasma is out of MHD
equilibrium.

The subsequent motion of the plasma was studied in numerical simulations. The computa-
tions were done on a poloidal mesh of about 2000 grid points, and at least 9 toroidal Fourier
harmonics in addition to the n — 0 mode. The plasma is assumed bounded by a rigid conducting
wall. An initial equilibrium was prepared, starting with a prescribed initial, non equilibrium
state, and evolving in 2D. removing kinetic energy, until an equilibrium is approached. In the
following cases, the equilibrium has a rotational transform at the magnetic axis <jo = 1-7. ini-
tial peak ft = 0.06a/R, and the aspect ratio R/a = 5. In addition, the pressure is boosted an
additional constant amount with ft = O.'ia/R. This additional constant pressure enhances the
sound speed, while having no effect on the background magnetic equilibrium. This makes the
total peak ft = O.'S6a/R. The initial equilibrium density is constant.

den m a 0.98E+01 rain O.iOE+OI t= 0.00 dea max O.HE+01 min 0.77E+001= 96.43

so plot of d at time : 50.83.

Figure 1: (a) initial density contours showing the pellet in the poloidal plane <f) — 0, at the
outboard side of the equilibrium, (b) density contours at t = 96T,4 as the pellet moves outward
and spreads poloidally. (c) density isoplot at t = 51r.4 showing the pellet cloud spreading out
along the magnetic field.

The initial equilibrium was perturbed with a density blob representing the ionized pellet
ablation cloud. In the following, the blob's peak density is 15 times the background density.
The blob is cigar shaped, with a circular cross section in the poloidal plane, and a dependence
on toroidal angle <j> proportional to ~ cos4 (0/2). The density perturbation extends roughly
1/4 of the way around the torus. The model ablation cloud is considerably less localized than
in experiments. This was done because of constraints on numerical resolution, that should
be relaxed in future simulations. Similarly the density contrast is less than in experiments.
However, the total mass of the pellet, which is a few percent of the total background plasma, is
comparable to experimental cases. The effects demonstrated here are expected to be sufficiently
robust to qualitatively account for experimental observations.

Since the flux surface averaged pressure < p > is the same with and without the pellet,
there is a tendency to return to the initial equilibrium state after the pellet cloud spreads out
on magnetic field lines. However, when reconnection occurs, the plasma tends toward a new
equilibrium.

All other things being equal, the 3D evolution depends on the initial location of the pellet
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perturbation in the poloidal plane, as well as the pellet density. In the case of outboard injection,
the initial density p is shown in Fig.l(a), in the plane e/> = 0 where the density is a maximum.
The pellet is located at the outboard midplane. The density contours at t = 96TA ,0 = 0 are
shown in Fig.l(b). where TA = R/VA-, the toroidal Alfven transit time, B. is the major radius,
and VA is the Alfven speed. The density has moved both outwards in major radius, as well as
spreading out laterally. Part of the pellet also appears on the inboard side. This is caused by-
spreading along the magnetic field, as shown in an isoplot of the density at t = 51T._I, in Fig.l(c).

den mai 0.97E+01 min 0.I0E+0I 1= O.00 dea m a 0.15E+GI min 0.91E+00 t= 65.23

Figure 2: (a) initial density contours showing the pellet in the poloidal plane <fi — 0, at the
inboard side of the equilibrium, (b) density contours at t = 65r.4 as the pellet penetrates to the
plasma center.

In the case of inboard injection, the initial density blob is located at the inboard midplane,
shown in in Fig.2(a). The density at t = 65rA,0 = 0, is shown in Fig.2(b). The pellet has
reached the plasma center. To get to this state, the density blob had to cut magnetic field
lines, by the process of driven magnetic reconnection. Accordingly, the run was performed with
resistivity r/ = 2x IQ~ACL2VA/R. The effect requires that the parallel sound transit time is longer
than or comparable to the reconnection time. This seems to be the case in present day large
tokamaks, for which the reconnection rate is anomalous. The q(tp) profiles at the times shown
in Fig.2, are shown in Fig.3(a). The pellet has reconnected magnetic flux to produce a reversed
magnetic shear profile. The q(i[>) profile at t = 65T.4 was generated using the toroidally averaged
magnetic flux tp, but at this time the magnetic asymmetry is small. This process might be
used to maintain a reversed shear configuration, as well as for deep fueling of ITER like large
tokamaks, where pellets are expected to be ablated close to the surface.

The displacement of the pellet can be measured by calculating the change in flux surface
Sip/tp of the peak of the flux surface averaged density < p >. using the toroidally averaged
magnetic flux. An approximate expression for the maximum pellet displacement can be derived

[1]

^ - z t f - f - ) (i + ̂ r^coB* (3)
tp a \a J adcj) po

where Sp is the pellet pressure, 5a is the pellet radius, S(f> measures the extent of the pellet
cloud in the toroidal angle <j>. (3 = 2po/B

2. and po is the background pressure. Plugging in
PR/a = .30,8p/p0 = 10,8a = .2a. q = 2.0, and 5$ = ir/2. gives the dotted straight line in
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dpsi/psi( dp / p cos(theta))

-0.5

0 \

-15 -10 -5 0 5
dp / p cos(theta)

10 15
(b)

Figure 3: (a) q{ip) profile at times (l)t = 0, (2)t = 65r.4. Penetration of the pellet has reconnected
the magnetic field and produced a reversed shear q profile, (b) theory and simulation results of
maximum pellet displacement as a function of 5p/p cos 9. where 9 is the poloidal angle of the
pellet's initial position. Outboard is 9 = 0. inboard is 9 = TX.

Fig.2(c). The data is collected in Fig.3(b). which plots the maximum shift Sip/ip as a function
of (Sp/po) cos 9. Several cases, marked with unfilled circles, were initialized with a simple non
adiabatic model, in which the temperature was not modified to give an invariant pressure profile.
The maximum displacement (3) is proportional to 5p(6a)2, which is proportional to the pellet
mass [1]. The left most point in Fig.2(c), the inboard injection case, has the maximum possible
deviation Sijj/tj;. the pellet having penetrated to the center.
2. MHD DISRUPTIONS CAUSED BY PELLET INJECTION

Inboard pellet injection also confers advantages with regards to MHD stability of the back-
ground plus pellet system. Because of the high local (3 at the pellet cloud, the system may be
unstable to pressure driven modes, even though the background equilibrium is stable. Pellets
on the outboard side tend to be more destabilizing, because the pellet pressure gradient and the
equilibrium gradient add on the large R side of the equilibrium. With inboard injection, the
pressure gradients oppose one another. In addition, on the low field side, the velocity pertur-
bations resemble typical moderate wavelength ballooning modes. They produce disruptions in
nonlinear simulations. On the high field side, the velocity perturbations are much more localized.
They might simply cause the breakup and more rapid dispersion of the pellet cloud.

A high /3 equilibrium was produced, with peak /3 = .2ba/R. The equilibrium becomes
unstable if /3 is increased to .30a/R. The q profile varied from 1.7 on axis to 3.7 at the wall, and
R/a = 3. The D shaped boundary was the same as in the previous section.

This was modified by the presence of a pellet perturbation. The density perturbation had
localization similar to that of the previous section, but now varied as cos (p for improved nu-
merical resolution. The amplitude of the density perturbation was varied, with the temperature
and density perturbations initialized as before. This time, the low toroidal mode number part of
the MHD equations were not allowed to evolve, only modes with mode number n > 4. This was
done to try to separate the equilibrium evolution, described above, from higher mode number,
faster growing instabilities.

Inboard and outboard pellet perturbations were centered on approximately the same flux
surface, so that a given density perturbation produced the same amplitude pressure perturbation.
An outboard pellet is considered in Fig.4. The initial pressure profile as a function of major
radius. p{R), through the maximum of the pellet pressure perturbation, is shown in Fig.4(a).
The density perturbation is Sp/p = 15. The shape of the unstable modes is shown in Fig.4(b)
showing contours of electrostatic potential for an outboard pellet perturbation. This mode has
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upr t max O.HE-02 rain -Q.11E-02 t= 4.02

p max 0.25E+00 min -0.11E-06 t= 0.00

a 1.0 { \

(a)

Figure 4: (a) pressure as a function of major radius through the center of the pellet, (b) Contours
of electrostatic potential for outboard pellet.

a mixture of toroidal mode numbers, centered at. n = 5. The mode has a ballooning structure,
and is toroidally localized, but poloidally less localized than the following inboard injection case.
This is similar to nonlinear destabilization by n=l pressure perturbations during disruptions. [5]

In comparison, an inboard pellet is shown in Fig.5. The pressure profile is shown in Fig.5(a).
The density perturbation is twice as large, Sp/p = 30, and so is the pressure perturbation. A
perturbation of the same amplitude as in Fig.4(a) is marginally unstable for an inboard pellet.
The electrostatic potential contours of the unstable mode are shown in Fig.5(b). The mode is
more localized to the pellet, because outside the pellet, the pressure gradient is in the same
direction as the curvature, which is stabilizing. This difference appears to persist in nonlinear
runs, using the pellet and linear modes as perturbations of the background equilibrium. In this
case too, inboard injection is more favorable, because the instability threshold 5p/p is higher,
and because the unstable modes are more localized.
3. DISRUPTIONS, HALO CURRENTS, AND RUNAWAYS

Another category of work with MH3D++, which is relevant to ITER and other large toka-
maks, concerns halo currents and runaways generated during the current quench phase following
major disruptions. Halo currents caused by 3D kink modes in the latter phases of a disruption
could cause serious mechanical load problems. In addition, runaway electron currents could be
channeled to the wall by the 3D magnetic field perturbations, causing wall damage. Disruption
simulations are being carried out which have both a self consistent three dimensional resistivity
proportional to the temperature to the -3/2 power, as well as a thin resistive shell through
which the plasma magnetic field is coupled to an external vacuum field. Runaway generation
by avalanche is also modeled based on Ref. 6.

The plasma is bounded by an inner, thin, resistive shell of thickness 5 and resistivity 7)w.
Surrounding this is an outer vacuum region, enclosed by an outer, conducting wall. In the
vacuum region, the magnetic field is source free and determined by boundary conditions on the
outer and inner walls. The vacuum boundary condition on the inner wall is found by integrating
V • B across the thin shell, n • [[B]] = 0, where the double bracket indicates a jump across
the thin wall, and n is the unit normal (pointing outward from the plasma.) The boundary
conditions on the plasma side of the boundary are given by the tangential components of the
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ma* Q.34E-03 rain -0.34E-0J t= 8.04

p max 0.35E+00 min -0.12E-06 t* 4.02

Figure 5: (a) pressure as a function of major radius through the center of the pellet, (b) Contours
of electrostatic potential for inboard pellet.

electric field, E = r/J. In the wall. J = {l/S)h x [[B]], so the electric field at the plasma edge is
E = (r]w/8)h x [[B]].

The initial state is a resistive equilibrium with a current channel, having q = .8 on axis.
The conducting shell has an average radius about 1.5 times that of the thin resistive shell. The
equilibrium is unstable to an n = 1 kink. As the kink evolves nonlinearly, the radial component
of the poloidal current is measured. The radial component is typically only 10% of the tangential
component at the wall. The peak radial poloidal current is about 10% of the initial toroidal
current on axis.

When the runaways are included, the results are similar. The evolution time is somewhat
slowed, as the runaway parameter is increased. The model used is based on a local approximation
of equations given in [6], with the convection term and parallel propagation terms added;

dnR

dt t
E\\ = V{j\\ ~

- 0 ' < ! > -
(4)

+ cB - Vv/B

(6)

where 7/? = eEc/(mc In A) and f{x) = [1 - 1/x + cij{x2 + c3)]
 J/2. The constant Ec =

47re3nclnA/(mc2) is here normalized as Ec = ar]B/(cR), with a chosen such that the avalanche
time 1/7/j = 0.03T/?. The "artificial sound" terms, eq. 6 and the last term of eq. 5, represent
propagation along the field lines with speed of light c.[4]

In the following simulation, the resistive time is TR = 0.5 x 104r.4. The wall time TW = .002TK,

where ru, = Sa/rjw. with 6/a the ratio of wall thickness to plasma radius. The time scales are in
the order TR» 1/JR >> TW » r.4.

A test simulation is shown in Fig.6. The initial toroidal current density j ^ contours are
shown in Fig.6(a), in the poloidal plane </> = 0. At time t = 18.5r^. which is far into the
nonlinear evolution, the j<f, contours at </> = 0 appear as in Fig.6(b). The peak current is on
the wall, where the peak value of the normal component of poloidal current j n is also located.
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Figure 6: (a) Initial toroidal current contours in a kink unstable resistive equilibrium, (b)
Contours of current density in nonlinear phase of instability, (c) Time history of: peak n=0
component of radial current at the wall (short - dashed line), peak n=0 component of runaway
toroidal current (long - dashed line), average toroidal current density (solid line).

A time history of the peak n = 0 component of j n , JR = ecnR, and the poloidal average of the
n = 0 component of j ^ are shown in Fig.6(c), where n is toroidal mode number. The ratio
of peak n = 0 and n = 1 components of radial poloidal current at the wall is close to unity,
so that the peaking factor is about 2. Contours of the runaway part of the current are shown
in Fig.7(a). In this simulation, the parallel propagation terms have not been included. These
terms would equilibrate the runaway density on magnetic flux surfaces, and cause losses along
open field lines. The total runaway current fraction in this simulation is about 15%.
4. MH3D++ UNSTRUCTURED MESH CODE

The most efficient way to represent general geometric effects is to use an unstructured nu-
merical mesh. MH3D++ is the unstructured mesh finite element version of the MH3D code.
The MH3D++ code is a part of the larger M3D code package[3], so that non-MHD kinetic
effects can be included in the future simulations. The currently available physics models of the
M3D project are MHD, two-fluids, and gyrokinetic ion/fluid electron hybrid models.

MH3D++ replaces the original finite difference - spectral discretization, with an unstructured
mesh and finite element [7] - spectral discretization. The unstructured mesh is made with
triangular and quadrilateral cells, as shown in Fig.7(b). The MHD equations are discretized
with piecewise linear finite elements, The differential operators in the equations become sparse
matrices involving integrals of the basis functions and their derivatives. The finite element
unstructured mesh discretization has been incorporated into MH3D++ with an object oriented
approach. The unstructured mesh objects generate an unstructured mesh and produce the
sparse matrices which implement differential operators including gradient, curl, and divergence,
as well as various Poisson solvers based on an Incomplete Cholesky Conjugate Gradient solver.
Also included are mesh operations needed for line integration and contour plots. Routines
which perform differential operations and solve elliptic PDEs are encapsulated in C++ objects
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Figure 7: (a) Contours of runaway current in nonlinear phase of instability, (b) Poloidal un-
structured mesh with 1/4 of the mesh points used in the simulations.

to isolate the finite element operations from higher level routines. In this way, the code can be
run either in unstructured or in structured mesh versions, which still holds advantages for some
specific, problems.

An important feature of this approach is that most of the MH3D code is retained. This
allows direct benchmarking of the two versions against each other. Equilibrium and stability
calculations using the two versions have been compared, and the MH3D++ and MH3D results
converge to each other. With the object oriented approach, it is straightforward to make arrays
of mesh objects. Two mesh objects were used in the simulations of the previous section: one for
the plasma interior mesh, and one for the vacuum region.

The MH3D++ code has been given an option of a finite difference discretization in the
toroidal direction, replacing the spectral representation. This permits efficient parallelization.
The next step, using an array of mesh objects to build a three dimensional mesh, has been
carried out and is being tested for resistive, nonlinear stellarator simulations.
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Abstract

Ergodic divertor experiments on Tore Supra provide evidence of significant control of
plasma-wall interaction [1]. Theoretical investigation of the laminar region (i.e. governed by
parallel transport [2]) indicates that control of the plasma state at the target plate can be
achieved with plasma states similar to that observed with the axisymmetric divertor. Analysis of
the temperature field with a 2-D test particle code allows one to recover the observed spatial
modulation and shows that an intrinsic barrier appears to develop at the separatrix. Energy
deposition peaking, analysed with a 3-D code, is strongly reduced when moderate transverse
transport is considered. Possible control of upstream parameters can thus be achieved in the
ergodic region, for instance a lowering of the parallel energy flux by cross field transport.

1. INTRODUCTION

The axisymmetric divertor programme associated with the ITER project is facing
conflicting physics issues. On the one hand, it must comply with the heat exhaust capability
provided by the available technology. This has led to an extensive analysis of radiating plasmas in
this configuration. On the other hand, high confinement is required to reach ignition. A
programme focused on similar constraints is investigated experimentally on Tore Supra with the
ergodic divertor [3]. The present paper is devoted to the theoretical investigation of the ergodic
divertor operation. Let us first recall the main characteristics of the ergodic divertor. While the
axisymmetric divertor is achieved with a toroidal current which balances the plasma current to
generate an X-point, the ergodic divertor is based on the use of several helical magnetic
perturbations with resonances located in the boundary plasma, typically p > 0.8 [3]. These modes
are generated by multipolar windings. Consequences are a low perturbation current and a strong
radial decay of the perturbation. On Tore Supra 6 identical in-vessel octopolar coils are located on
the low field side of the torus. In standard operation, the main modes of the spectrum are n = 6
toroidally and 12 <m < 24 poloidally, maximum at m = 18. Above a given magnitude in the
perturbation current, non-linear interaction between these resonances lead to a destruction of the
closed magnetic surfaces. It is convenient to estimate the stochasticity level with the Chirikov
parameter aChir [3], namely the ratio of the resonant island width to the distance between
neighbouring resonances. Non-linear interaction and thus stochasticity will occur for aChir ^ 1-
The boundary safety factor, such that the Chirikov parameter is maximum at the radial location
of the front face of the coils factor, characterises the ergodic divertor resonance in terms of
stochasticity level, Fig. 1. The separatrix is defined as the last closed magnetic surface, hence
where oChir ~ 1 in the framework of the present definition. The optimum configuration is then
found for a boundary safety factor of the order 3. On Tore Supra the current bars of the in-vessel
coils are tilted with respect to the toroidal direction in order to increase the magnetic channelling
of energy and particles to dedicated high heat flux target plates. One finds that the best
configuration for target plate wetting is achieved for a boundary safety factor slightly smaller
than 3. Using these 2 criteria to define the optimum magnetic equilibrium, one finds that the
stochastic region then extends from the boundary at q ~ 3 ± 0.5 to the very vicinity of the q = 2
surface, see Fig. 1. As a consequence, some 35 % of the plasma volume is controlled by the
ergodic divertor. This volume is poloidaly and toroidaly symmetric.
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FIG. 1. Radial profile of the Chirikov parameter against p. In this configuration the radial
extent of the stochastic boundary is 18 % of the minor radius.

However, the major recycling areas and the target plates are localised on the divertor coils
on the low field of the torus. Radially, there is a significant variation from the outer radius, with
large Chirikov parameter but short connection lengths to the wall, to the separatrix with the
abrupt change from the stochastic region to the non stochastic region. Analysis of stochastic field
lines indicates that exponential separation of neighbouring field lines characterise transport on
parallel scales smaller than the Kolmogorov scale LK, LK ~ 2L;/ = 2?cqR, while diffusion governs
field line behaviour on the longer parallel scales. Properties of a given point in the divertor
volume will thus depend on the relative values of Kolmogorov scale and connection lengths,
either towards the wall Lwan or towards the separatrix. 1-D transport in the laminar regime and
control of the divertor plasma state is presented in Section 2. Test particle calculation of the
temperature field with a 2-D mapping are reported in Section 3. Finally, Section 4 is devoted to
the analysis of energy deposition peaking using the 3-D Mastoc field line tracing code.

2 PLASMA STATE IN REGIMES GOVERNED BY PARALLEL TRANSPORT

Analysis of plasma states with 1-D models underlines the common physics of both the
axisymmetric and ergodic divertors. The specific geometrical effects are mainly probed by the
neutral distribution which ignores the geometry of the magnetic field. Difference in geometry will
thus translate into a difference in neutral density and location of plasma-neutral interaction.
Another difference is the relationship between boundary plasma parameters and those parameters
used to control the core plasma. In particular between the boundary density and the line averaged
density which is a standard control parameter of discharges.

A 1-D model of the plasma state in the vicinity of the target plates is of interest insofar as
parallel transport is the dominant transport channel, transverse transport remaining small. This
introduces a restriction on the parallel extent which can be considered. Using a simple balance
criterion, one finds the parallel coherence scale L8 ~ (%/, / X±)!/2 8, where %/, and %L are respectively
the parallel and transverse heat conductivity and where 5 is the transverse scale considered to
bound the coherence of a given set of flux tubes. In the axisymmetric divertor, the strike point at
8 ~ Xq from the magnetic separatrix (A,q is the energy flux e-folding length), then appears as the
footprint of those field lines governed by parallel transport from midplane to target plate.
Parallel transport in a 1-D framework will then relate midplane plasma parameters to the target
plate plasma state. A more complex situation is found with the ergodic divertor since the radial
extent of the stochastic boundary, from the separatrix to the target plates is typically one order
of magnitude larger than Xr In practise, the parallel extent of the field line in 1-D model of the
ergodic divertor is bounded by LK, and 5 is comparable to an unperturbed island width. This parallel
extent defines the laminar region of transport [3]. Steady plasma state is investigated with
particle, momentum and energy balance equations for a single fluid plasma. The classical
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collisional transport heat diffusivity, K/y =K1 is used to relate the thermal flux q and the
parallel temperature gradient, q = -K//V//T. Among the 4 required boundary conditions, 3 are
standard, namely the upstream energy flux Qup, the Bohm conditions at the target plate for both
parallel particle flux Fdiv = ncsM with M = 1, and parallel energy flux, Qdiv = yTdivTdiv with y ~ 6.
M and cs are respectively the Mach number and sound velocity. The last boundary condition,
generally a particle control parameter, is related to the means used to control the plasma. In a
standard fashion the gas injection is used to feed-back control specific parameters [4], for instance
the line averaged density. Two critical temperatures describe the plasma state, TA characterises
the ionisation temperature threshold, T A ~10eV, and T/; characterises transport at constant
energy flux with no convection :

r ./ \l2n

0)

For standard ohmic shots on Tore Supra one finds T/7 ~ 40 eV. The plasma temperature Tdiv

at the target plate which is determined by a the combination of energy losses (Qdiv) and particle
flux build-up (Fdiv) will characterize the plasma state. Detachment corresponds to Tdiv < TA [5,6]
while TA > T// will lead to the so-called linear regime [7]. This regime is achieved at near constant
energy flux, when interaction with the neutral population is weak, hence plasma pressure is
constant and convective energy flux weak over most of the field line length. The transition from
linear to high recycling regimes will occur when T . drops below T . For most light impurities,

this transition also leads to radiative losses along the field line. Impurity line radiation will
determined here by a given impurity concentration c2 and the radiation rate Lz (t). Let us assume
that plasma pressure remains constant in this regime, FI =2nupTup = 2ndivTdiv(l + Mdjv), and that
the energy flux is mainly conductive. The temperature profile is then determined by :

T5/2dT

— — — " (2)

In the attached regime the pressure is related to the energy and particle flux at the sheath
boundary so that the plasma pressure is defined by Qup, the upstream energy flux and given T . .

-1/2

•1 -I J h HIV ~ f l lV . ~7. t-r r/•!-!-. -i /O\

While the plasma pressure in the linear regime is only determined by the sheath boundary
conditions, one observes a significant drop when radiation becomes significant. One can determine
a critical impurity concentration such that radiation rather than boundary conditions govern the
plasma pressure, typically a few percent of oxygen at Tdiv ~ 30 eV. This drop in pressure in the
attached case is not however a parallel drop along the field lines as would characterise detachment.

The complete calculation from a given Tdiv to the corresponding value of nup for a given
upstream energy flux and given impurity concentration indicates that the decrease in pressure due
to radiation does not lead to a decrease of the divertor plasma density. Rather in the high
recycling regime, peaked radiation rates yield bifurcation points such that a given nup allows for
three possible values of ndiv, one branch being unstable, Fig. 2. As a result one observes a much
stronger increase of the divertor plasma density than expected from the cubic dependence which
holds with no radiation [7]. The hysteresis induced by radiation is strongly linked to the peaking
of the radiation rate [8]. Furthermore, the temperature reached beyond the bifurcation point also
depends on the radiation rate. In the case shown for an oxygen like radiation, one finds that the
low temperature stable branch is reached around 8 eV. For carbon (or deuterium) in near coronal
conditions, the bifurcation will lead to a lower temperature in the 5 eV range.
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FIG. 2. Bifurcation in the high recycling regime, density regimes (left) in linear scale and
temperature regimes (right), logarithmic scale.

Comparing these results to the experiments indicates that the level of carbon and oxygen
impurity can decrease very significantly as the core and divertor density rise. This will tend to
smooth out the bifurcation aspect. Furthermore, density ramps are usually used experimentally.
The sequence of divertor states can then correspond to transients states which can depart
significantly from the steady state regimes, especially near the bifurcation points. As density is
increased, coupling of the temperature field to the density field becomes more important,
especially as soon as momentum loss plays a role. Coupling to the Bohm boundary constraint on
the Mach number and the Mach number profile is then important [9]. In order to analyse the
Mach number profile along the magnetic field (curvilinear abscissa s), let us introduce

M = (2|M|) / (1 + M2) such that:

M =
AM

M ds
M

(4)

The scales Lcx , 1̂  are the charge exchange and ionisation mean free path
Lcx = cs / (n T<cyv>cx), L = cs / (n <av> ). Two sets of terms govern the parallel variation of the
Mach number, the positive temperature gradient induces a reduction of the Mach number as one
approaches the target plates. Conversely, the parallel pressure drop towards the target plate and
the particle flux increase to the target plate generate the standard increase of the Mach number
towards the target plate. Strong temperature gradients thus allow for a non-monotonic behaviour
of M and thus of the Mach number. It is to be noted that this extremum in the Mach number also
allows for a transition to detachment of the Mach = 1 front. Using Eq. (4), one can define an
upper limit of the temperature at the Mach number extremum which depends on the parallel heat
flux q and neutral density nN.

)3.12510"3

10 eV
M +

2<GV>,

M <ov>.

1/3

(5)

In a regime with a significant heat flux q~ lOMWm"2 and moderate neutral density
nN ~ 1018 m"3, one can observe a decrease of the Mach number for a relatively high plasma
temperature of order 10 eV. The existence of an extremum of the Mach number upstream of the
target plate is then only possible if the available heat flux decreases to zero, allowing for a weak
temperature gradient. The Mach number extremum is thus located in the vicinity of the transition
from conductive to convective energy flow, Fig. 3.
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FIG. 3. Profiles of the Mach number and of the ratio of the conducted energy flux q over
the total energy flux Q against the curvilinear abscissa s normalised to the field line length L7/.

Since detachment is readily associated to the transition from conducted to convective
energy flow, it is possible to use the Mach number extremum to monitor the location of the
detachment front [9]. The 1 -D modelling thus provides a qualitative frame of understanding for
the radiative divertor experiments. Departure from standard observations in the axisymmetric
divertor configuration can be related to geometrical differences in neutral recirculation -with a
more symmetric and low density neutral population- as well as to the impact of the ergodic region
on the energy flux.

3 TEMPERATURE MODULATIONS AND SEPARATRIX TRANSPORT BARRIER

Transport in the ergodic divertor volume can be modelled by a succession of steps where
parallel transport dominates. The transition from a given parallel step to the following step is
governed by transverse transport. In order to investigate the structure of the temperature field
beyond the parallel scale LK, one has to consider the 3-D structure of the field lines. Of particular
importance are the combination of parallel and transverse steps which minimise the distance (as
measured by heat diffusion) from the source, say the separatrix, to the sinks, mainly the target
plates in-between the current bars of the divertor coils [10]. To tackle this issue, particle test
transport has been considered. The 3-D parallel motion of energy is simplified to a mapping.
Indeed, the small toroidal extent of the Tore Supra divertor coils allows one to generate a 2-D
mapping which follows the trajectory of the field lines in the poloidal plane. Cross field transport,
modelled by a random step of given magnitude, is superimposed to parallel transport. The test
particle source is located within the closed magnetic surfaces, while the perfectly absorbing wall is
the sink at p= 1. Magnitude of cross field transport particle parallel velocity are constant
throughout the divertor volume. Integration of the physics discussed in Section 2 is too
demanding to be addressed with the rather simple codes presently available. Unfolding the density
of test particles in terms of a temperature field would require to consistently compute the particle
density map. Furthermore, some kind of iteration procedure would be needed to adapt the ratio
between parallel and transverse transport to the computed temperature field. However, one can
expect many features of the test particle distribution to be representative of the temperature
field. This straightforward modelling of the energy transport in the divertor volume has allowed
one to tackle two issues. First, the radial and poloidal temperature modulations observed in the
experiments have been recovered [10]. One can show that the temperature maxima are located at
the radial and poloidal positions characterised by parallel connection properties to the test
particle source [1]. As a consequence, the 2-D structure of the test particle density is close to that
of the connection lengths in a poloidal section. One can show that the magnitude of the
modulations of the test particle density increases as one decreases the noise level, i.e. transverse
transport [10]. More interestingly, in the vicinity of the separatrix, one finds an increase of the
test particle density gradient so the test particle density profile recovers the profile one would
expect in a limiter configuration, Fig. 4. This is observed when the transverse diffusion coefficient
is smaller than the effective transverse diffusion due to field line stochasticity with oChir ~ 1.



1450 TH3/5

0.9 1.0
P (r/aEI>>

FIG. 4. Test particle profile : towards the core p ~ 0.7, standard gradient (extending to
p = 1 in the limiter configuration), boundary p ~ 1, flat and low density due to a strong

deconfinement, intermediate region, p ~ 0.8, increase of the density gradient.

It appears to extend in the region with oChir < 1 [10]. Although one can relate such a
behaviour to trapping mechanism in remnant island structures in a region of strongly varying
transport properties, further investigation is required to determine the proper driving mechanism.
It is to be noted that a similar behaviour has been observed in a Fermi map slightly modified in
order to properly represent the radial Chirikov profile in the vicinity of the divertor separatrix.

Along with this rough simulation of energy transport in the divertor volume, 3-D codes
have been developed. With a reduced number of poloidal modes, one has investigated the effect of
stochasticity on ballooning modes. This has shown that the ballooning modes coupled to the
perturbation (toroidal mode numbers multiple of 6) are characterised by a reduced level of pressure
fluctuations while the overall transport is not reduced due to the increase in the electric potential
gradients [11]. These results are in good qualitative agreement with experimental observation of a
reduced density fluctuations [12], especially at small k±, while transverse transport appears to
remain large. Another 3-D code with given cross field transport but large poloidal and toroidal
spectrum is being used to analyse the temperature field. First results indicate that one recover the
temperature modulations provided one fully accounts for all the non-linear features and especially
of the strong temperature dependence of parallel transport. It also appears that non linear
coupling between modes of small amplitude in the divertor spectrum and strong temperature
gradients can generate significant contributions. These calculations as well as the modelling effort
with the test particles demonstrate that the effective diffusion coefficients [13] do not allow one
to capture the complexity of the temperature field in a stochastic boundary. One can verify that
the mean temperature gradient, with a radial averaging over several resonances, is in agreement
with effective diffusion coefficients [13]. These studies cannot determine the properties on the
scale of the stochastic random step nor the effects related to the finite extent of the stochastic
boundary.

4 ENERGY DEPOSITION

Peaking of the energy flux onto the target plates is of particular importance for a safe
operation of the divertor in steady state conditions. As one can expect from the 3-D properties
of the temperature field, energy deposition must also be investigated on the basis of a 3-D
calculation. The close relationship between the pattern of energy deposition and the connection
properties of field lines over one poloidal rotation has led us to derive the energy flux deposition
capability of a given field line from its geometrical properties. Let consider a set of field lines
which act as a distribution of sinks in volume at various radial locations and characterized by
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various efficiencies depending on the parallel connexion length to the wall. In a ID
approximation the energy balance equation is simplified to :

dQ,

dr
Q/,

(6)

The parallel scale L (r) which is now introduced describes the efficiency of the sinks

located at r and which transfer an energy flux Q ~ - n % T / L . In a slab geometry and after

introducing the transverse heat diffusivity n JQ_ ones obtains a diffusion equation with a radially

varying sink term % l{% L ). In order to account for the exponential amplification of

transverse transport due to stochasticity which is not included in the left hand of Eq. (6), one
must consider L (r) = L (r) exp(L (r) / L ). Due to the exponentially increasing probability of
the energy to be transferred to a neighbouring flux line via transverse transport, the effective
connexion length appears to increase exponentially as the connexion length increases. Using a
WKB procedure as in Ref. [2], one can computes the parallel loss channel of transverse energy
fluxQ

'•wall

QwallW' (7)

The non monotonic behaviour of this loss function is a balance between the increasing
efficiency of the parallel loss channel to the wall as the radius increases
(A.q(r) = J(X±/X//) L eH(r) contribution) and the exponential decrease of the available transverse

energy flux. The transport balance which governs Qwa]1 defines the radially varying radial scale of

energy deposition, A.q(r) = V(%x/%//) L e«{r). The maximum of Qwal, then occurs at

£q = \](%±/%//) L eff(
a~ ^-q). The calculation of the transverse energy flux leaking to the wall via

transverse transport, Q , enables one to compute in principle the profile of the transverse
energy flux using a reference radius r near the separatrix of the stochastic boundary,
Q (r) = r Q (r ) /r - Q (r). The energy extraction capability of a given field line is then
characterised by the minimum radius r reached over the finite parallel excursion of L . In this

J min r II

framework, the parallel energy flux for a given field line Q is thus proportional to Q (r . ). For a
set of field lines initiated along a midplane target plate, one can then compute the radial
penetration r with the Mastoc code.
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A significant change in the heat deposition is then observed (as expected) when transverse
transport is changed. At given available total energy flux characterized by <Q>, the increase of
%j_ leads to a lowering of the available energy flux for field lines which exhibit a large penetration
and an increase of the available energy flux to the field lines with a small radial penetration. The
chosen procedure only provides a means to compute the peaking factor of energy deposition, the
average energy flux remaining to be determined. In a final step, the calculation of the impinging
angle of the field lines onto the target plate, 8. , allows one to calculate the relevant energy flux
O , Fig. 6. In this plot, the peaking factor Otargct /

 <^>
target> is nearly flat over all the wetted area

as soon as %± ~ 2 m s"2. At this level of cross field transport, the energy flux thus appears to be
totally redistributed on all the flux tubes impinging onto the target plates. Experimentally, the
reduction in the peaking factor is observed with core plasma heating [2]. Accordingly, the control
parameter Qup, namely the upstream energy flux, in the 1-D model of Section 2 will exhibit a
reduced dependence on the injected power than would be expected.

5 CONCLUSION

The theoretical analysis of transport in a stochastic boundary is shown to exhibit the
physics of the standard axisymmetric divertor on connection lengths of the order of one poloidal
rotation. This provides a powerful tool to interpret the observed states of the plasma at the
divertor target plate. The relationship between the upstream parameters and the control
parameters of the core plasma require a comprehensive analysis of the transport throughout the
divertor volume. Regarding, energy deposition, stochasticity and its mixing properties, provides a
statistical basis to compute the energy extraction capability of a given field line. This analysis
allows one to translate the geometrical feature of the field line, and in particular its radial
penetration, into an energy extraction capability at given transverse transport. For specific field
lines, the exact geometry of the field lines computed with the 3-D field line tracing code Mastoc
is then sufficient to calculate the peaking factor of the energy flux at the impinging point onto
the target plate. This calculation shows that cross field transport tends to rapidly smooth out the
deposition peaking reported for the low density ohmic shots. Investigation with 2-D test particle
calculation or with full 3-D codes is being used to determine the temperature field. Both method
allow us to recover the temperature modulations and again so associate them to low cross field
transport. In a similar regime, the density of test particles is shown to exhibit a marked increase
in gradient in the vicinity of the separatrix. This increase is sufficient to balance the loss in
confinement in the very outer divertor volume where parallel transport strongly deconfines
energy. Theoretical analysis of the ergodic divertor physics now permits a qualitative
understanding of the experiments. However, an integration effort of the various achievements is
still required to assess and quantify the results.
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Abstract

THEORY FOR ANGULAR MOMENTUM GENERATION AND THE PROBLEM OF POLOIDAL
ROTATION.

Results of the investigation of two basic problems involving the rotation of magnetically confined
plasmas are presented. In the toroidal direction, significant plasma rotation has been produced in plasmas
subject to ion cyclotron RF heating, in the absence of any evident direct angular momentum source. The
theoretical model proposes the excitation of two classes of intrinsic magnetosonic whistler-like modes. The
first, "contained" modes, has toroidal momentum in the same direction as that of the plasma current and
is radially localized in the outer region of the plasma column, r > 0.4a. The other class is nonlocal and
convects radially outwards, carrying the angular momentum in the counter-current direction to particles
near the edge of the plasma column that are then scattered out of the plasma. Thus, rotation of the
central part of the plasma column can be induced, with a velocity radial profile that is consistent with the
anomalous transport of angular momentum resulting from the additional excitation of velocity-gradient-
driven modes. The question of poloidal rotation and the evolution of poloidal flows in a torus is also
examined. Results from the numerical simulation of MHD and two-fluid plasmas shows that compressional
and other effects are important in the plasma, response to rotation and provide an effective mechanism
for damping poloidal flows in a torus on relatively fast time scales. The two-fluid response to rotation
can be different than in MHD, due to differences in the symmetries of the equations, but they experience
similar break-up of the poloidal rotation.

1. TOROIDAL ANGULAR MOMENTUM GENERATION

1.1. Symmetry breaking internal modes and generation of toroidal torque

We consider the process for the generation of torque on a plasma from balanced ICRF
inputs[l, 2] to be related to the existence of a special class of magnetosonic-whistler modes at
frequencies of the order of the ion cyclotron frequency and above, that can be excited by the
injected waves. This class of modes is characterized by a strong asymmetry in the direction of
poloidal propagation in that there are two types of modes, one convective and one standing. The
contained modes, which propagate around magnetic flux surfaces but form standing modes in
the radial direction, can be confined within a narrow radial layer located in the outer region of
the plasma column[3]. For a realistic range of plasma parameters, including those of the Alcator
C-Mod experiments, only modes with a poloidal phase velocity in the ion cyclotron direction
are radially confined. This fixes the sign of their poloidal mode number m.

Radially confined modes can deposit their angular momentum on the plasma background
as they damp against the plasma. In contrast, modes having the opposite phase velocity convect
outward toward the edge of the plasma column, scattering particles that have angular momentum
in the counter-current direction. In turn, these particles can lose their angular momentum to
the outer viscous layer of the plasma column. When the current is increased, these particles
are better confined and the rate of loss of angular momentum to the outer region decreases.

"Supported in part by the U.S. Department of Energj'.
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This is consistent with the experimental observation in the Alcator C-Mod experiment, that the
induced plasma rotation diminishes as the plasma current is increased.

It is difficult to find contained modes that propagate primarily along the magnetic field
(i.e.. with large fc||) in the range of parameters that characterize the experiments. For modes
propagating nearly perpendicular to field, the direction of the toroidal phase velocity is correlated
with that of the poloidal phase velocity due to the magnetic field geometry, through the condition
n° ~ rn/q. Here q is the inverse rotational transform, which in the limit of a cylindrical plasma
is given by q = TBQ/RQBQ. The resulting net torque applied to the plasma is in the direction
of the plasma current, consistent with experimental observations. Through the sign of q, the
toroidal mode number for these modes changes sign if the current is reversed. The anatysis
therefore focuses on modes with nearly perpendicular propagation, k?, oc (1 — n°q/m)2 -C 1.

To display the different features of contained modes from those of the unconfined magnetosonic-
whistler waves, we consider the form of the effective potential Ves for the two different types of
modes. The radial eigenfunction of the standing modes is given by the equation

d2Bn
- ^ - V k ( r ; u , ) £ | | ~ 0 (1)

where

VeR — dr

VA is the Alfven velocity, and DJJ = B//.ione. The wave vector components fey and k± can be
approximated as k±_ — kg = —m/r and k\\ ~ —(m/Rq)(l — noq/m), where m and n° are the
poloidal and toroidal mode numbers, respectively.

The contained mode frequency, if positive, is roughly u> ~ |A.-j_|w,4 = \m\vA/fo-- where r® is
the mode localization radius. For typical experimental parameters contained modes exist only
for rn positive; the poloidal phase velocity is in the ion cyclotron direction. If we consider the
"quasi-flute'1 limit where (1 — n°q/m)2 -C 1 and k?,D2

H <C v\, that is k?,df <g; 1 where dj = c/u>pj.
the modes are found to be clustered around a nearly unique radial surface r = TQ which is
determined by the density profile and the parameter d-i/a, a being the radius of the plasma
column.

For plasma parameters typical of the Alcator C-Mod machine[4], ro ~ 0.7a. In Fig. la
the effective potential is shown for the two cases m = 6, n° = 3 and m = —6, n° = —3. The
corresponding frequencies are 2.03 fi, and 1.66 fij, respectively.

Thus for quasi-flute modes n° ~ m/q(ro) and the propagation along ê  is correlated in sign
to that in the poloidal direction. There are also modes with n° jm > 0 that are not of the flute
type, in the sense that |1 - n°q/m\ Z 1, and modes with nP jm < 0 that are never of the flute
type. For sufficiently high frequencies, non-flute modes are excluded from only a relatively small
region close to the plasma core. In the low frequency regime, quasi-flute modes, which have a
distinctive dependence of their radial eigenmodes on the component of propagation parallel to
the equilibrium magnetic field, are easier to excite.

The origin of the asymmetry in poloidal propagation is the Hall term in the Ohm's law,
E + Ui x B = J x B/en. As shown in Ref. [3], significant propagation along the equilibrium
magnetic field tends to reduce the asymmetry between modes with opposite phase velocities
and reduces the importance of the Hall effect in shaping the mode solutions. As a result, the
asymmetry in the radial mode structure with respect to the direction of the poloidal phase
velocity is greatest for modes which propagate nearly perpendicular to the equilibrium magnetic
field.
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FIG. 1. a) Effective potential Ves for modes propagating in the ion cyclotron (m > 0, solid line) and
electron cyclotron directions (m < 0, dashed line), b) Radial profile of the toroidal velocity in the Alcator
C-Mod experiments, from [2].

1.2. Angular momentum generation and transport

Let £ be the RF energy acquired by the contained modes. Then we can argue that these
modes will have toroidal angular momentum

r ~ (3)

where n° is the toroidal mode number and the frequency is roughly to ~ |/c_|_|tu = \m\vA/ro.
with n° ~ m/q. For the plasma parameters of the Alcator C-Mod experiments, contained modes
exist only for m > 0, so that the poloidal phase velocity is in the ion cyclotron direction. The
toroidal phase velocity is in the same direction as the equilibrium toroidal current. For positive
q, BQ/BQ > 0. this is also the direction of the toroidal field.

For a given toroidal velocity profile v^{r), the plasma angular momentum is C? = VRomj
{n;vc), where { } denotes a volume average, RQ is the major radius, and V the plasma volume.
Characteristic parameters for the Alcator C-Mod experiments are a ~ 0.22 m, RQ ~ 0.67 m,
no ^ 1020 m~3, So ^ 5.3 T, and q(ro) ~ 2, where the radius of localization is ro ^ 0.7 a. The
ellipticity is K S 1.8. During ICRF heating, the core density increases up to 2.5 x 1020 m~3.
For a deuterium plasma, the Alfven velocity is v.\ ~ 8200 km/s. The peak plasma temperature
is about 2 keV and the deuterium thermal velocity is about 450 km/s. For a peak rotation
velocity of 100 km/s. excluding the diamagnetic velocity contribution, with a sharply peaked
velocity profile as shown in Fig. lb, the angular momentum is estimated to be £? ~ «£lO~3

J-s, where ac ~ 1.
The loss rate of angular momentum is then Cf /TC — «£l0^2(10~1/r^) J where TC is the

angular momentum loss time. On the other hand, the rate of supply of angular momentum to
contained modes can be estimated as e\\-Pw/{qvAJTo). where Pw is the total ICRF power and
e\y is a small parameter. Therefore for P\y ~ 2 MW, this quantity is about 2e\y J and we can
see that e\y can be adequately small.

The transport of angular momentum is observed to be anomalous. Furthermore, induced
rotation is seen only in regimes where the anomalous ion thermal energy transport is depressed.
Thus we argue that when ion temperature gradient driven modes are strongly excited, for
example before the H-mode regime is established, the flux of angular momentum is given by

dr dr v
(4)
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where J is the angular momentum density, Dfl the effective diffusion coefficient produced by ion
temperature gradient driven modes that also carry angular momentum outwards [5]. and vw is
a characteristic wave velocity. When the ion thermal transport is large, the angular momentum
that is deposited in the outer region of the plasma column does not induce significant plasma
rotation. In contrast, when a thermal transport barrier forms, as in the case of the H-mode
regime, a net radial influx of angular momentum is produced at the edge of the region that is
not affected by contained modes. In the absence of outward transport, unrealistically peaked
profiles of J would develop. It is therefore reasonable to assume that velocity gradient driven
modes are excited. If the gradient of J is limited by the effects of such modes, then

-JVJ-DJ^-0, (5)

where the term proportional to Dj indicates the transport of angular momentum resulting from
the velocity gradient driven modes. Here, vj vanishes at r = 0 and is finite at r = VQ, the edge
of the quiescent region that is unaffected by contained modes. Thus Eq. (5) can produce the
desired profiles.

1.3. Experimental observations

Toroidal rotation induced by balanced ICRF heating has been observed in experiments
carried out by the Alcator C-Mod machine [2]. There v^ for the deuteron species may be
estimated as

Er --VicBe - — — - er-^ ~ 0. (6)

where er <§C 1. recognizing that the component n-idTi/dr of the pressure gradient is nearly
compensated by a poloidal velocity, according to neoclassical transport theoiy. The impurity
(argon) poloidal velocity vj$ was found to be below the threshold of observation. Thus we
can argue that the bulk ion diamagnetic velocity contributed considerably less than half of the
toroidal flow velocity.

Similar experiments have been performed on the JET machine[l], and observations of
induced rotation in the direction of the plasma current were attributed to the diamagnetic
velocity. The radial profile of the velocities was not measured, but the line average of the
fluid flow at 20-30 cm below the magnetic axis indicated a toroidal velocity of up to 50 km/s.
During ICRH and while H-mode confinement was maintained, the toroidal flow of the plasma
accelerated at a uniform rate of 15 km/s2. The plasma parameters for these experiments were
a ~ 0.95 m, Ro - 2.95 m. Bo ~ 2.8 T, / ~ 3 MA and Zeff ~ 2.5.

Finally, we point out that direct experimental evidence for the existence of contained
modes produced by an injected population of high energy particles appears to have been provided
recently by the START machine[6].

2. POLOIDAL ROTATION

Radial electric fields are also associated with plasma rotation in the poloidal direction.
Due to the lack of symmetry in this direction, detailed theoretical understanding is difficult.
Nevertheless, both theory and experiment indicate that poloidal rotation is directly related to
fundamental questions of plasma confinement [7][8]. Analyses carried out so far. e.g., [9][10][ll].
have neglected the full effects of compressibility and toroidal geometry, by using aspect ratio
expansion and a local approximation in the radial coordinate. The present study considers the
behavior of fluid models, using the the 3D, toroidal initial value code, MH3D-T [12], and finds
that these factors are significant.

Only strict toroidal axisymmetry is considered here, as a first approximation. The time
scales of interest are shorter than the collisional ones on which damping is to be expected
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t = 1240r^ t = 2440rA

FIG. 2. Formation of a stationary poloidally asymmetric density perturbation in an MHD torus with
R/a = 20. a) Initial m = 1 density perturbation, Sn/n 5 0.1, with a small ve{xb) > 0 (counterclockwise)
motion applied to a stationary equilibrium. Equally spaced contours in a vertical cross section, with
positive values are solid lines, negative dashed. The axis of symmetry is to the left, b) Density and c)
temperature perturbations balance in the first steady state, as |v| -> 0. Apparent poloidal motion of the
density blob ceases by ~ MQTA, but vg continues to decay. After a thermal K\\ is applied to this state, the
d) density and temperature (similar contours, not shown) nearly return to the original symmetric state,
\8n/n\ < 0.004 relative to the initial equilibrium, \ST/T\ smaller.

(e.g.. ion viscosity and neoclassical effects). Some effects of resistivity are considered, since it is
intimately connected to fluid rotation [13].

2.1. Equilibrium

The basic picture of rotational equilibrium and stability in a torus is as follows. An ideal
MHD equilibrium exists with temperature T. I = RBQ. and electrostatic potential Q as functions
of flux tp, for special velocity profiles v = (K(?/>)/n)B + Rtt(ip)(, where K and Q, are arbitrary
functions of flux. Resistivity allows Pfirsch-Schluter convective cells with a flow toward the
outside of the torus along the midplane and an associated, enhanced density radial outflow.
Resistivity also causes an acceleration of existing poloidal plasma motion [13], up to a limiting
value related to the diamagnetic or sound speeds, depending on the plasma model used, unless
damped by viscosity or other dissipation. In practice, these processes are found to be strongly
affected by compressional and other effects, not usually included in the theoretical analysis.

When the plasma evolves from a poloidally rotating state, the plasma density and the (ion)
temperature can remain as poloidally asymmetric functions of space as the poloidal velocity
goes to zero, particularly at large aspect ratio. The asymmetries may then decay on longer,
collisional time scales. Steady state in MHD (without neoclassical effects) requires that the
pressure be a function of flux, which implies that the density and temperature perturbations
must balance. Poloidally asymmetric densities and ion temperatures can still occur when the
electron temperature is assumed to remain close to a flux function, due to the rapid electron
thermal equilibration along the magnetic field lines.

In a simple flux-averaged surface picture, which neglects most radial effects, poloidal
plasma flows are directly related to poloidally asymmetric variations of the plasma density, which
act as both response and drive [11]. The unstable density perturbations are basically m = 1
and unbalanced across the horizontal midplane. Figure 2 illustrates a poloidally asymmetric
steady state resulting from an initial m = 1 density perturbation and a small poloidal velocity,
for R/a = 20. Applying a large thermal Kn that rapidly equalizes the temperature on a flux
surface then causes the asymmetric stationary state to evolve to a second stationary state with
poloidal symmetry, close to the original state, after passing through a transient rotating phase.

In most cases of interest, only Te has a rapid isotropization along the magnetic field lines.
Considering the explicit thermal conductivity to represent the part that operates in addition to
the sound and Alfven wave effects that are always present in the fluid equations, the two-fluid
results show that nonzero electron K^e with ion K,^ = 0 is closer to the MHD case with total
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= 0 than to K^ ~ Kye. for time scales shorter than the ion-ion collision time. Thus the
MHD-consistent assumption that the total temperature T = p/n remain close to a flux function
gives an artificially strong constraint on the pressure.

A further equilibrium result is that the resistively driven radial density outflow in a torus,
the sum of the classical and Pfirsh-Schliiter flows, can reverse to a density inflow under para-
magnetic conditions, i.e.. when the induced poloidal Jg is positive so that its contribution to
the equilibrium radial pressure gradient, J x B = Vp is positive, Jg x BQ > 0 (the toroidal
current, whose contribution J^ x B# is always negative, is balanced by an applied toroidal elec-
tric field EQ — f]\\Jc. and does not contribute to radial flow). A large positive Jg, for example,
occurs in high field experiments. The neoclassical PS diffusion enhancement is proportional to
the pressure gradient contribution from Jg. A density inflow is readily demonstrated by MHD
and two-fluid simulation at low beta. It is accompanied by a similar temperature inflow. The
inflow is continuous and must be balanced by an anomalous outward diffusion in equilibrium.
In practice, the radial diffusion due to realistic collisional resistivities is small, except perhaps
near the plasma edge.

2.2. Toroidal equilibrium flows

Tests of the MHD steady state with applied toroidal or parallel flows show that impulses of
toroidal momentum are subject to compressional effects that require dissipation to suppress. In
general, oscillations in the perpendicular (_L () velocity are triggered, which rapidly degenerate
into fine scales unless they are damped by sufficiently strong dissipatiion (rj, KJ_, etc.) Applying
a velocity perturbation VQ or t>|| of the expected steady state functional form to a stationary
MHD equilibrium causes an outward (large R) shift of the plasma mass due to the centrifugal
effects of the VQ motion. The reaction and compressional forces produced by the encounter with
the fixed plasma boundary produces poloidal and radial velocity components, which begin to
oscillate radially. The oscillations propagate radially outward over the rotating region. The
orientation and convective cell structure are reminiscent of the m—\ Pfirsh-Schliiter convective
cells, but are more radially localized and oscillate in sign. (The oscillations of the poloidal vg are
oriented vertically and those in v^, related by vX( — Vit x C,, horizontally.) At small resistivity,
they rapidly degenerate into small scales in space and time, on an MHD time scale. Only in the
presence of sufficient dissipation, such as resistivity or perpendicular (thermal) diffusion, do the
velocity oscillations remain macroscopic in scale and damp, leaving steady state plasma flows
of the expected form. The oscillatory nature of transient poloidal and toroidal flows in a torus,
due to compressional effects, is a characteristic feature.

2.3. Poloidal acceleration

While spontaneous resistive, "Stringer spin-up" acceleration of the poloidal plasma velocity
exists [13] [14], due to the typically small values of resistivity it is usually limited to the plasma
edge and easily damped by viscosity and other dissipative processes. Simulation shows that
compressional effects are even more effective in limiting spin-up, on MHD time scales. Typically,
an unbalanced density perturbation rotates convectively around the outside of the torus until
the positive density approaches the inboard side of the torus, where it stalls on the inboard
midplane as the poloidal velocity reverses, and then gradually breaks up into smaller scales.
This occurs even at relatively large aspect ratio, R/a = 20. At the smaller aspect ratios typical
of experiments, the compressional component of the velocity can couple strongly to an rn =
2 harmonic. An acceleration of the initial convective motion of the density with increasing
resistivity can be demonstrated, but has little effect on the final result, since the motion of the
density soon ceases to be convective. A qualitatively similar scenario is shown in Fig. 3.

A previous MHD numerical simulation clearly demonstrated resistive Stringer spin-up to
near the sound speed [14]. In that case, however, the magnetic field was static, dT3/dt = 0.
The simulation also saw the oscillatory effects of the magnetostatic geodesic acoustic mode [15]

6



1459 TH3/7

FIG. 3. Break-up and decay of poloidal rotation driven by density in two-fluids and smaller aspect ratio.
Initial MHD equilibrium and density perturbation as in Fig. 2a, except R/a = 4 and initial Vj$ = 0.
a) Perturbed density and b) vto contours and profiles at t = 120TA, after initial transients disappear.
Earlr rotation velocities are on the order of c) and d) Same at t = 520T^, when coherentvi&\ ~ \t\
structure breaks up and rotation disappears. The lover frames show corresponding profiles, the right
half along 0 = 0, the outer (right) midplane, and the left half along 6 — n/2. the upper vertical axis.

due to the Er x BQ velocity. In the non-magnetostatic case, this mode is often overshadowed by
oscillations associated with the compressional term in the velocity.

2.4. Fluid equation symmetries

A two-fluid model includes the ion gyroviscous stress tensor, the Hall term and electron
pressure gradient in Ohm's law. Separate density and temperature evolution and different ion
and electron parallel thermal conductivities are allowed. For the poloidal rotation problem, some
differences from MHD depend solely on the magnitude of the diamagnetic drifts relative to the
applied rotation. Others depend on the breaking of the symmetry of the MHD equations in (6,
( ) , in a toroidal geometry. Simulation results generally confirm that the two-fluid steady state
has ion fluid velocity VIQ = 0, in agreement with [9].

In toroidal geometry, the MHD system of equations preserves certain symmetries in the
dependence of the fundamental MHD variables on the two natural angles, in the sense that each
scalar variable has a single well-defined sign, in the relation f(0, Q = ±f(—8. —£). A nonrotating
MHD equilibrium, and also typical MHD normal mode perturbations of that equilibrium, has
a specific set of signs that defines the symmetry of the system. For example, in equilibrium
and for a typical reconnecting mode, the poloidal magnetic flux \\> has a plus sign, while the
velcity stream function u has a negative sign. Toroidal rotation breaks this symmetry, since the
globally rotating part of VQ has positive symmetry, but typical perturbations from a stationary
MHD equilibrium would have negative symmetry. For a toroidally axisymmetric equilibrium
this symmetry breaking makes no difference, since d/dC, = 0. For poloidal rotation, however,
the opposite symmetry terms are significant.

The major two fluid terms all have opposite symmetry from the MHD terms to which
they add, so that the symmetry-preserving properties of the equations are broken. This makes
certain marginally stable MHD perturbations, which would be stationary in the absence of an
initial applied velocity "kick' in MHD, naturally rotating in two-fluids. An important potential
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example is a poloidally asymmetric density perturbation that is symmetric about the horizontal
midplane. which describes the results of pellet injection along the midplane. Such a density
accumulation has a natural poloidal rotation in two-fluids. In practice, the importance of the
rotation depends on the relative time scales for pellet ablation and parallel symmetrization,
compared to the local diamagnetic velocities.

As an example, the density perturbation case of Fig. 3. is repeated for two-fluids at
smaller aspect ratio. R./a = 4. Here the initial condition on the poloidal velocity is zero applied
rotation, V{$ = 0. The equilibrium Te = Tj. with a nonzero electron thermal conductivity K\\e.
but ion KM; = 0. A stationary nonrotating state is now approached by the breaking up of
the coherent density and poloidal rotation structure rather than by balancing Sn and 5Tj. In
two-fluids, the main density perturbation spontaneously moves off the midplane and. at smaller
aspect ratio, makes a primarily non-convective poloidal excursion around the magnetic axis, as a
compressional m = 2 mode is excited (not shown), before settling back near the starting point on
the inboard midplane. It gradually breaks up radially and the poloidal velocity develops radial
oscillations and decays in magnitude (Fig. 3d). This type of decay is typical when random initial
density perturbations or poloidal rotation profiles are applied, in two-fluids and MHD.
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Paper IAEA-CN-69/TH3/1 (presented by M.N. Rosenbluth)

DISCUSSION

B. COPPI: How do you deal with the fact that the modes excited in a torus are
standing along the magnetic field with certain well-defined symmetries?

M.N. ROSENBLUTH: Radial propagation is the critical issue for interaction with
zonal flows.
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Paper IAEA-CN-69/TH3/2 (presented by H.R. Wilson)

DISCUSSION

K. TOI: You consider the peeling mode in the condition where the rational surface is
just outside the last closed flux surface (LCFS). However, for the H-mode in divertor
configurations the rational surface is located just inside the LCFS. I have observed modes in
low m (m = 4, n = 1 in ASDEX [1998 Phys. Rev. Lett.] and m = 3, n = 1 in the JIPP T-II U
tokamak [IAEA Conference 1990] having edge tearing type modes in H-mode. How is your
conclusion modified if you also take into consideration an edge tearing mode?

H.R. WILSON: I agree that certain features of separatrix geometry require special
consideration. For example, in separatrix geometry with the rational surface inside the LCFS,
it is important to retain the rapid variation of the magnetic shear across the mode width when
deriving the peeling mode stability criterion; then one obtains the same criterion as the case
with the rational surface outside the LCFS in limiter geometry. Our existing model is based
on ideal MHD but the consideration of tearing modes would be an interesting extension.

W.M. NEVINS: Inductive effects will delay the appearance of the bootstrap current
for an (edge) skin time. This opens up the possibility that the discharge might be able to pass
through the peeling mode unstable region before the bootstrap current appears.

In any case, if we identify peeling modes with ELMs, we would expect to see a small
negative dip in the loop voltage preceding each ELM (and probably a positive spike
synchronous with each ELM). Is this signature observed on the loop voltage in the
experiment?

H.R. WILSON: I would indeed expect that it would be possible to access the second
stability regime by a fast ramp of pressure, passing through the potentially unstable region
before the bootstrap current has a chance to build up. Quantification of this requires
modelling by a transport code, which is being addressed. It would be instructive to explore
the signature associated with the loop voltage further, both theoretically and experimentally.

Plasma Physics and Controlled Nuclear Fusion Research 1990 (Proc. 13th Int. Conf. Washington,
D.C.,1990) Vol.1, IAEA, Vienna (1991) 301.
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Paper IAEA-CN-69/TH3/3 (presented by T. Hayashi)

DISCUSSION

R.J. BUTTERY: Does the model predict modes at low p as well?

T. HAYASHI: Yes. The model can predict both the pressure driven and current
driven modes.

R.J. BUTTERY: Does the code predict the stability or just how modes couple/evolve?

T. HAYASHI: It predicts linear and non-linear stability of plasmas.

R.J. BUTTERY: I would like to have details of the model - is it resistive MHD or
ideal? What profiles have you used, and do they match START? What boundaries does the
code predict and where are the stable and unstable regions in (p, q) space?

T. HAYASHI: The model is described in my response to Dr. Peng's question. The
paper focuses on the non-linear development of modes, which is not yet well understood, by
picking up several typical initial equilibria.

W. PARK: You have achieved a nice result. I should like to ask why phase-alignment
and phase-locking occur? Your result is similar to our earlier result on tokamak thermal
quench, where one can show that a pressure bulge tends to further steepen non-linearly
because it is energetically favourable. This would give phase-locking. You have used a case
where n = 1 and n = 2 mode linear growth are exactly the same; in general, though, they will
differ. Any such difference will result in a large difference in amplitude after many e-folding
times in the actual experiment, so the above argument would still apply.

T. HAYASHI: Thank you for your favourable evaluation of our result. In your
previous result, the ballooning modes are excited in a locally enhanced bad curvature region
which is formed by a helical distortion of the torus caused by the growth of the kink mode.
Thus, the process may be called the "mother-daughter" type, and the mechanism may be
understood in terms of energetically favourable deformation, as you suggest.

In our case, on the other hand, the phase-alignment occurs among the "sister" modes,
and the precise mechanism is still an open question. Our computational experience indicates
that such an alignment in phase often occurs after many e-folding times, even for cases where
the linear growth is slightly different. I should add that the linear growth time is usually very
similar among multiple dominant modes for the case of a pressure-driven mode.

Y.K.M. PENG: Could you explain the physics model used in the simulation and the
plasma conditions assumed?
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T. HAYASHI: We used the resistive, compressible, full non-linear MHD model in full
toroidal geometry. The boundary condition is put only on the surrounding wall which is
assumed to be a perfect conductor. The computation region includes the ambient external
magnetic field, and the deformation in the plasma boundary can be treated. So far, we have
studied several cases of the initial equilibrium, which have been chosen rather arbitrarily:
(3T= 2.9 ~ 33.7%, q0 = 0.91 ~ 1.05, A ~ 1.4, and % = 1.6 ~ 2.4.
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Paper IAEA-CN-69/TH3/4 (presented by W. Park)

DISCUSSION

R.D. GILL: Figure 3 shows the q-profile changes following pellet injection. Can you
say on what timescale the new q-profile is established?

W. PARK: The q-profile is measured by averaging on the original flux surfaces before
the system reaches a 2-D symmetric state, which generally occurs in the resistive timescale.

M.N. ROSENBLUTH: Are you planning to add pellet ablation to the code? Line
shorting may happen more quickly with gradual ablation.

W. PARK: I do not know whether this is something we should pursue in great detail at
present. It is extremely difficult to be quantitatively accurate in such a complex phenomenon.
What helps to keep our current model relevant is the fact that in a large tokamak, like ITER,
the ablation will be faster and more local. Even in ASDEX, where the pellet is ablated to
several droplets, each droplet contains a mass similar to that of our numerical pellet. Thus,
our simulation can be seen as modelling one such droplet.

P.R. THOMAS: One of the most interesting phenomena following pellet injection is
the formation of snakes. Does your model permit explanation of this?

W. PARK: Yes. In fact, we think that the reconnection process after a pellet injection
can produce such a snake. Even the outboard injection can produce a reconnection process
when the pellet cloud shifts outwards. This will produce a plasmoid which is surrounded by
its own separate flux surfaces which are not strongly connected toroidally. This could explain
the most puzzling phenomenon in snakes, namely that the snake is little affected when a
sawtooth crash process passes through it. We plan to study this in more detail.
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Paper IAEA-CN-69/TH3/5 (presented by P. Ghendrih)

DISCUSSION

M. TENDLER: How do you close currents in your model?

P. GHENDRIH: We have not addressed currents or electric potential in the present
model but these will undoubtedly play a major role in particle transport.
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Paper IAEA-CN-69/TH3/6 (presented by S.I. Krasheninnikov)

DISCUSSION

F. PERKINS: In modelling simulation at the ITER divertor, the upstream SOL density
is taken to be a fraction (-0.3) of the core plasma density. You emphasize the relation of
upstream plasma density to neutral pressure in the private flux region. Which process is more
fundamental in setting the upstream SOL plasma density?

S.I. KRASHENINNIKOV: The neutral pressure in the private region and the core
plasma density are not independent parameters. They are coupled through the plasma cross
field diffusion, neutral penetration and ionization processes. Therefore, they are equally
fundamental in setting the upstream SOL plasma density.
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Paper IAEA-CN-69/TH3/7 (presented by B. Coppi)

DISCUSSION

M.N. ROSENBLUTH: Have you looked at mode conversion?

B. COPPI: No, we have not solved the mode conversion problem yet. We believe that
the actual coupling is likely to be non-linear.

M.N. ROSENBLUTH: Why is poloidal damping different?

L.E. SUGIYAMA: The major differences with other analyses - numerical and
theoretical - that do not see this kind of poloidal damping, are that these results contain the
full effects of compressional motion and also the variation of the magnetic field. The analysis
is not complete, so this remains to be verified.
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Abstract

For tokamaks the zd!e ̂ localized interchange mode does not play a role for q (safety
factor) > 1 in the whole plasma region, while it becomes unstable in the edge region
with a magnetic hill in heliotron plasmas. However, for negative shear tokamaks, the
resistive localized interchange mode becomes unstable when qo is much larger than
Qmin-, where qo(qmin) is a central (minimum) q value. It is also shown that ideal and
resistive non-resonant global interchange modes appear easily in the central region of
heliotron and in the negative shear tokamak, which are similar to the infernal mode in
the low-shear tokamak.

1. INTRODUCTION

The interchange mode is easily destabilized for finite pressure plasmas when the
magnetic curvature is unfavorable. For a circular cross-section tokamak the ideal in-
terchange mode is unstable for q(r) < 1 [1], when q is a safety factor and r denotes a
radius. For stellarators, however, there is no such a universal condition. The stability
of ideal interchange mode is determined by competition between the destabilizing force
due to pressure gradient and the stabilizing effects due to magnetic shear and magnetic
well. The property of Mercier criterion for heliotron devices has been clarified from the
relation between low-n and high-ra modes [2], where re is a toroidal mode number. It is
known that the interchange mode becomes more unstable with finite resistivity, since
the stabilization of magnetic shear disappears. Although there are already many works
for the interchange modes in tokamaks and stellarators, we show new results related
to the interchange mode for both negative shear tokamaks [3], [4], [5] and currentless
heliotron plasmas [6].

2. MHD EQUILIBRIUM AND STABILITY ANALYSES

For calculating the MHD equilibrium of negative shear tokamak, we assume a safety
factor profile as shown in FIG. 1- The parameters for describing the noncircular cross-
section are the same as given by Freidberg [7]. The MHD equilibria are calculated with
VMEC code developed for three-dimensional MHD equilibria in stellarators [8]. The
local MHD stability was examined with the GGJ stability criteria [9],

DI = E + F + H-^<0 (1)

for the ideal MHD modes, and

DR = E + F + H2 < 0 (2)

*National Institute for Fusion Science, Oroshi, Toki, Japan 509-5292
1
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for the resistive MHD modes. Here E, F ana H are the same quantities given by GGJ.
It is noted that the criterion (1) can be written as

- ) > J < 0 . (3)
Therefore, the resistive MHD modes will be easily destabilized in configurations with
large values of \H — 1/21. The linear stability against global ideal and resistive inter-
change modes can be examined with RESORM code which has been also developed for
heliotrons [10]. Since this stability analysis is based on the averaged approach [2], it is
easy to apply the RESORM code to tokamaks, since a single toroidal mode number n
can be assigned even in heliotrons. Thus MHD equilibrium and stability are analyzed
with two numerical codes VMEC and RESORM in this paper.

3. RESONANT INTERCHANGE MODES IN NEGATIVE SHEAR TOKA-
MAKS

Stability criteria for both the local ideal and resistive interchange modes, (1) and
(2), are examined for negative shear tokamaks. The safety factor profile for MHD
equilibria are shown in FIG. 1. For these negative shear configurations the resistive
interchange modes becomes unstable [10], while the ideal interchange modes are stable,
since q(r) > 1 everywhere. However, it is found that the resistive interchange modes
have a significant stabilizing tendency by making the plasma cross-section elliptic.
When the ellipticity K becomes large, the beta limit /3C given by DR — 0 increases. For
highly elliptic tokamaks, the Troyon coefficient /3jy is shown in FIG. 2, which gives an
average beta limit by /3/v/p(MA)/(a(m).&r(T)), where Ip is a plasma current, a is a
minor radius and BT is a toroidal field. Although (3^ has a peak at K = 1.6 due to the
increase of Ip, /3c(0) increases monotonically; /3c(0) = 1.7% at K = 1 and /3c(0) = 4.9% at
K = 2. The triangularity also suppresses the resistive interchange instability. When the
local stability criterion predicts instability, low-n resistive interchange modes usually
become unstable as shown in FIG. 3 and FIG. 4- Figure S shows the growth rate
normalized with the poloidal Alfven transit time TA as a function of the toroidal mode
number n for (3(0) = 4%. For 3 < n < 6, the ideal mode is stable. In FIG. 4i the
radial mode structure of re = 3 resistive interchange mode is shown. It is localized
at the resonant surface q = 8/3. This kind of global instability may be dangerous
for the lowest rational value of q in the negative shear region. It is the hollow plasma
current to destabilize the resistive interchange modes through (iJ—1/2)2 in the criterion
(3). In heliotron plasmas, the resistive interchange modes become unstable due to the
magnetic hill in the outer negative shear region.

4. NON-RESONANT INTERCHANGE MODES IN HERIOTRON PLAS-
MAS WITH HIGHLY PEAKED PRESSURE PROFILES AND NEGA-
TIVE SHEAR TOKAMAKS

Here our interest is in the low shear region near the magnetic axis, since one way
to suppress the resistive interchange mode in the tokamak is to reduce the negative
magnetic shear or make qo close to qmin- It is noted that the magnetic shear is also
weak in the central region of heliotron configuration. It has been shown that the
non-resonant interchange modes are destabilized near the magnetic axis for a resistive
plasma with a highly peaked pressure profile in H-E [11]. The non-resonant mode
becomes more unstable, when q(0) is closer to the low-order resonant value. It has a
ballooning-like mode structure in the toroidal plasma.

Recently same non-resonant low-n interchange modes are found for Heliotron E
with the ideal MHD model, when q(0) < 2 [12]. Its characteristic is similar to the

2
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FIG. 1: Safety factor profile of negative FIG. 2: Dependence of/3^ on K at the beta
shear tokamak. limit for the q-profile in FIG. 1. Pressure

profile is assumed P — PQ(1 — $)2 , where
$ denotes a toroidal flux function.

infernal mode in the low shear tokamaks [13] as shown in FIG. 5, and this mode may
be involved in the internal disruption appeared in the central region of Heliotron E
[14]. For heliotron plasmas, the stability of interchange modes is crucial to eliminate
the disruptive behavior and obtain the higher beta plasmas. It is noted that the ideal
modes shown in FIG. 3 for the negative shear tokamak are classified as non-resonant
ones. The radial mode structure of n = 1 non-resonant ideal mode is shown in FIG. 6.
Thus one significant property of MHD stability in both negative shear tokamaks and
heliotron plasmas is appearance of non-resonant mode.

1 2 3 4 5 6 7 8

FIG. 3: Growth rates of low-n modes
for the circular negative shear tokamak
with q-profile shown in FIG. 1. Here
(3(0) = 4%. For n - 3 and n =
5, growth rates of resistive modes with
S (magnetic Reynolds number) = 107 are
also shown. All other cases belong to the
ideal modes.

d
c
E

FIG. 4 '• Radial mode structure of n = 3
mode with S = 107 and 0(0) = 4%.
The growth rate of this mode is shown in
FIG. 3.
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FIG. 5: Radial mode structure of n = 1
non-resonant ideal mode in Heliotron E
for(3(0) = 1% andP = P 0 ( l - * ) 1 0 , where
ty denotes a poloidal flux function. The
growth rate is -JT^ = 0.047.

FIG. 6: Radial mode structure of n = 1
non-resonant ideal mode for (3(0) = 4%.
The growth rate of this mode is shown in
FIG. 3.

5. DISCUSSION

It is pointed out that the resistive interchange modes becomes unstable in the
negative shear tokamaks when go is larger than qmin', however, they may be suppressed
by optimizing non-circularity of plasma cross-section and g-profile. The beta limit
due to the resistive interchange modes is lower than the ideal kink-ballooning beta
limit. Thus, it is expected a soft beta limit will be seen in experiments when the
resistive interchange modes become unstable. For both the negative shear tokamaks
and heliotron plasmas, it is shown that non-resonant ideal interchange modes become
unstable, which are similar to the infernal mode in the low shear tokamak.
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Abstract

Internal disruptions have been observed in different modes of stellarator operation. In
Heliotron E shifted-in vacuum magnetic field configuration, the ideal modes of the m/n — 2/1
helicity can be unstable. Their nonlinear evolution leads to a sudden crash of the pressure
within the rla = 0.3 radius (sawtooth oscillation). When beta is increased further, the q = 2
surface moves out of the plasma, and the ideal modes of the mln = 2/1 helicity are effectively
stabilized when q(0) < 1.85. As a result, the sawtooth oscillations are suppressed.

1. INTRODUCTION

Although zero-current stellators are free from major disruptions, they are not free from
internal disruptions and sawtooth oscillations. Experiments in Heliotron E [1] have shown the
possibility of internal disruptions near q = 1 and q = 2. The first ones were caused by resistive
pressure-gradient-driven instabilities. Sawtooth oscillations near q = 2 surfaces have been
triggered by shifting in the magnetic axis [2]. The observations indicate that these sawtooth
oscillations are possibly linked to an m = 2 instability. This instability is associated with the
q = 2 surface, which is very close to the magnetic axis (rla ~ 0.15) for the shifted-in vacuum
magnetic field configuration [3]. The application of electron cyclotron resonance heating
(ECRH) at the core suppresses the sawtooth oscillations, while increasing the pressure gradient
at the radial position of the q = 2 vacuum magnetic field resonance surface. Results of a
magnetohydrodynamic (MHD) analysis of these discharges show that the n = 1 ideal
interchange modes are linearly unstable for the sawtoothing discharges with m = 2 being the
dominant one. The increase in peak beta associated with the ECRH causes a stabilization
effect near the magnetic axis and finally even removes the q = 2 surface from the plasma. The
ideal m = 2 becomes stable when #(0) < 1.85. The suppression of the sawtooth oscillations is
probably caused by the stabilization of the ideal interchange modes.

When the ideal modes are linearly unstable, the nonlinear evolution leads to an m = 2
magnetic reconnection across the magnetic axis in the way suggested by Kadomtsev [4], This
causes a sudden reduction of the central pressure and a sawtooth oscillation. This nonlinear
behavior is similar to the experimental results for sawtoothing discharges. For equilibrium
stable to ideal interchange, the evolution of the resistive interchange leads to nonlinear
saturation of the instability to a relatively low fluctuation level. These results indicate that the
resistive interchange mode cannot be the cause of the sawtooth oscillations. Therefore, the
sudden triggering of the instability is the consequence of the local pressure gradient going
above the threshold value for the ideal interchange instability.

2. LINEAR STABILITY ANALYSIS OF HELIOTRON E DISCHARGES

To reconstruct a zero-current equilibrium, we need to know only the pressure profile.
The central region of the profiles in Fig. 1 can be fitted with a function of the form

p - P0(l-\\f)
a. We have found good fits with a = 4.5 for the discharge without ECRH and

a = 10.0 for the one with ECRH. Here \|/ is the poloidal flux function normalized to the
plasma edge value. Using the averaging method approach [5], equilibrium sequences with
varying beta have been calculated for each of the pressure profiles. The Shafranov shift
modifies the rotational transform and magnetic field curvature near the q = 2 vacuum

Research sponsored by the Office of Fusion Energy, U.S. Department of Energy, under contract DE-
AC05-96OR22464 with Lockheed Martin Energy Research Corporation.
** Research Institute for Applied Mechanics, Kyushu University, Kasuga 816, Japan
I National Institute for Fusion Science, Toki 509-5292, Japan
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magnetic surface even for relatively low values of beta. The change is such that the q = 2
leaves the plasma at about (3(0) « 0.9% for the a = 10 profile and at about (3(0) « 0.7% for the
one with a = 4.5.

We have used pressure profiles with a = 4.5 and a = 10.0 to reconstruct the equilibrium
with the VMEC code. To study the linear ideal stability properties, we have used the RESORM
code [6] based on the averaged method. The results of the calculations for the two sequences
of equilibria with fixed profile and varying (3(0) are shown in Fig. 1. There is a clear instability

threshold for (3(0) « 0.12% for the a = 4.5 profile and at about (3(0) « 0.08% for the one with
a = 10. The linear growth rates rise sharply to values of the order of
y ~ 0.01(l/c,Hp) ~ 3xlO4 s"1; that is, y 1 ~ 30(as. In Fig. 1, the open circles and open squares
indicate that the instability is a resonant m = 2 interchange mode. This is the dominant
instability above the ideal threshold and up to beta values of (3(0) ~ 0.5% for the a = 4.5

profile and (3(0) ~ 0.3% forthe a = 10.0 profile. Above these beta values, the dominant
instability becomes nonresonant. Similar nonresonant instabilities of resistive character that
are localized near the magnetic axis have already been identified for Heliotron E type
equilibria [7]. The nonresonant instabilities dominate even when the magnetic axis transform
decreases below 0.5. Finally, the equilibria are stable to n = 1 ideal modes for (3(0) > 1.1% for

the a = 4.5 profile and (3(0) > 1.5% for the oc = 10.0 profile. These results are not completely
consistent with the experimental results in the following sense. The discharge without ECRH
[a = 4.5; |3(0) > 0.8%] has clear MHD activity, consistent with the linear stability results, but

no activity is present for the one with ECRH [a = 10.0, (3(0) > 1.2%], which is also linearly

unstable. However, the value of (3(0) at which the nonresonant modes are stabilized is very
sensitive to q(0) and details of the pressure profile. Therefore, the lack of MHD activity for
the ECRH discharges is possibly due to the stabilization of this mode.

0.06
ORNL 98-1380 EFG

0.05

: q = 2 surface out of the
plasma

y
D-T(a=10.0)

2.0

FIG. 1. Linear growth rate for two sequences of equilibria with pressure profiles with a = 4.5
and a = 10.0, respectively. The open circles and open squares indicate that the instability is a
resonant m = 2 interchange mode. The full circles and full squares indicate that the instability
is a nonresonant m = 2 mode.

3. NONLINEAR EVOLUTION OF IDEAL INTERCHANGE MODES

Nonlinear calculations have been carried out using the reduced MHD equation for
stellarator configurations [8]. They have been done for equilibria corresponding to the two
profiles discussed in previous sections. The Lunquist number, S =xR/xHP, is S = 2.1 X 105 for

the ECRH on discharge and S = 0.9 x 106 for the ECRH off. Here, XR = a2[L0/r\(0) is the

resistive time, and 1HP = i^^/lJ.opm/Bo is the poloidal Alfven time. We have used diffusivity
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coefficients for the fluctuating quantities: Z)j_ = 0.1 <22/TR, and \i± - 0.1 <22/TR. They are
chosen to control the spectrum of modes used in the calculation. For the averaged pressure
evolution, DQ± =1.0 a2/iR = 0.4 m2/s. From the linear stability analysis in the parameter
range of the experiments, we have found three types of instabilities that are relevant:
resistive interchange, ideal interchange, and ideal nonresonant instabilities.

We consider an equilibrium with (3(0) = 0.4%, the a = 4.5 pressure profile, and
#(0) = 2.1. For this equilibrium, several modes in the 2/1 helicity are unstable, and they are
ideal interchange instabilities. The nonlinear evolution shows the fast increase of X-ray
emissivity (A///), on the time scale of the inverse linear growth rate (about 30 u,s). This is

followed by a fast crash (about 10 u.s) of A/// and the central pressure. The central hot spot
splits in two, and both move outward. To see the relaxation oscillations, we have redone the
calculation with a source term in the pressure evolution equation. After a transient phase, the
evolution leads to the sequence of sawtooth oscillation.

After the sawtooth collapse, the pressure gradient at the q = 2 surface first reverses,
then turns back to negative, and slowly builds up. During the whole evolution, the local
pressure gradient never reaches the value that it had initially, dpeq/dr = -1.4. Its most negative
value at the q = 2 surface, just before the ideal mode is triggered, is about dpeq/dr = -0.5. If we
look at the fluctuation level during this phase of the evolution, we see a nearly constant
steady-state level. This fluctuation level probably corresponds to the saturation level of the
resistive interchange mode below the ideal threshold. The onset of the ideal mode is very fast,
causing the next sawtooth crash. In looking at the individual components of the poloidal
magnetic flux at the resonance surface, we see that the steady-state phase is dominated by the
(m = 2; n = 1) component, while the fast growth seems to be caused by only the {m = 4; n = 2)
component. However, this is misleading because the m = 2 component, essentially being
driven by an ideal instability, is practically zero at r — rs, while the m = 4 component, being
dominantly a resistive interchange, is nonzero.

To better understand the detailed dynamics of the evolution, we have plotted contours
of the helical flux function at four different times in the evolution (Fig. 2). Before reaching
the threshold of the ideal instability, there is a set of four magnetic islands at the resonant
surface. They are really a combination of m = 2 and m = 4 magnetic components, with the
m = 2 being the dominant one. Just above the threshold, a strong m = 2 deformation of the
magnetic flux surface grows; it compresses the plasma core (from the top and bottom) until
the helical flux reconnects through the magnetic axis, expelling two flux tubes on the left and
right. This expulsion of flux causes the hot spots to move to rja ~ 0.26 outside the "old"
q = 2 surface r/a~ 0.195. A similar effect is observed in the experiment. After the
reconnection, the magnetic configuration relaxes to a state similar to the initial state. The
reconnection process is very similar to the one described by Kadomtsev [4]. The only
difference is the existence of the m = 4 islands being coupled to the process.

The last type of instability to consider is the nonresonant ideal mode. To investigate
the dynamics of the nonlinear evolution, we have considered two plasma equilibria with
q(0) = 1.923 and q(0) = 1.85, respectively. In either case, there is no q = 2 surface in the
plasma. The linear growth rate of the m = 2 mode is close to the value for the resonant mode.
The nonlinear evolution looks similar to the resonant case. However, for #(0) = 1.85, the
effect of the instability is rather weak. An important difference between the resonant and
nonresonant instability is in the magnetic reconnection process. In the present case there are
no magnetic islands in the initial growth phase because there is no resonant surface in the
plasma. The reconnection is a pure ideal m = 2 driven reconnection. The modification of the
q profile by the reconnection brings in the q = 2 surface. However, there is no process back to
axisymmetry. When a heating source has been introduced, no repetitive sawtoothing has been
produced in the case of the nonresonant instability. Therefore, although the linear growth
rates are similar between resonant and nonresonant instabilities, the nonlinear behavior is
different. For practical purposes, the sawtooth activity is suppressed when the q = 2 surface is
out of the plasma.
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FIG. 2. Contours of the helical flux function at four different times during a full sawtooth.

4. DISCUSSION AND CONCLUSIONS

An ideal instability seems to be a likely mechanism that explains the sawtooth
oscillations observed in Heliotron E plasmas with a shifted-in vacuum magnetic field axis.
Depending on the beta value, this instability is an ideal interchange mode or an ideal non
resonant instability near the magnetic axis. The nonlinear evolution of 2/1 helicity for either
instability reproduces the following features of the experiment:

(1) A sudden increase of the fluctuations in the precrash phase when the averaged pressure
gradient is only slowly evolving. This is caused by crossing the ideal instability threshold
of the interchange mode.

(2) The sawtooth crash through a magnetic reconnection across the magnetic axis.
(3) The outward expulsion of two flux tubes, which causes a double hot spot to move outside

the initial q = 2 surface.
(4) In the case of a resonant mode, a steady-state fluctuation is induced by the resistive

branch of the instability, which is responsible for the m=2 oscillations observed before
and after the sawtooth crash.

Furthermore, for zero-current equilibria when (3(0) > 1.5%, the q = 2 surface is out of
the plasma, and the equilibrium is stable to ideal modes. This finite beta effect may explain the
suppression of the sawtooth oscillations when ECRH is added to a Heliotron E sawtoothing
plasma.
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Abstract

Energy confinement in W7-AS has been analyzed in terms of dimensionally exact form
free functions employing Bayesian probability theory. The confinement function was set up as
a linear combination of dimensionally exact power law terms as already proposed very early by
Connor and Taylor. Generation of this expansion basis is dictated by the basic plasma model
which one assumes. Based upon data accumulated in W7-AS. which contains the energy con-
tent for a wide variety of variable settings, predictions for single variable scans are made. The
scaling functions for density and power scans, respectively, are in quantitative agreement with
data collected in W7-AS. The result of a single variable scan is therefore already hidden in the
data obtained for arbitrary variable choices and can be extracted from the latter by a proper
data analysis. Furthermore, the optimal model for the description of the global transport in
W7-AS is identified as the collisional low beta kinetic model.

1. INTRODUCTION

Fusion plasma behavior has been described for about twenty years by energy confine-
ment scaling functions [1]. Such confinement relations serve presently primarily two purposes:
first, they constitute a convenient summary of machine operation. This allows inter-machine
comparisons and the characterization of conditions for enhanced confinement regimes. Second,
energy confinement scaling provides the basis for the design of future experiments such as ITER
representing the tokamak line or W7-X and LHD in the stellarator branch.

Confinement scaling relations have been used to predict L-mode tokamak performance with
some success [2]. This is notable for several reasons. First, the popular power law functional
form of the confinement scaling function was originally assumed for reasons of convenience and
simplicity and lacks a physical foundation. This initial choice has subsequently been justified
by a surprisingly good characterization of data trends. There have also been, now and then,
attempts at improved data representation by more complicated functions as for example the
class of offset linear scalings [3]. Since they were not really superior to a single power law term,
the latter has accumulated considerable credit just by experience.

Another major shortcoming of the unconstrained power law scaling function is its dimen-
sional incorrectness. Connor and Taylor [4] tried to interpret experimental scaling functions,
established by Hugill and Sheffield [1], in terms of constraints derived from the requirement of
physical invariance under similarity transformations of the basic equations describing plasma
behavior. These attempts were accompanied by considerable frustration since they found that
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CT model xA x2 x3 p{Mj\WexP.aJ)

1. collisionless low-/?
2. collisional low-/?
3. collisionless high-/?
4. collisional high-/?

Table I: Parameter of the Connor Taylor kinetic plasma models

the experimental scaling was incompatible with any of their plasma models. Based on this ex-
perience they suggested that the theoretically derived dimensional constraints be incorporated
directly in the power law ansatz. This proposal has been followed subsequently on many occa-
sions [5]. It consists of expressing the energy content W of the toroidal magnetic confinement
device by [4]

= dg(n,B,P,a;-x) , (1)

where n is the average density, a and R minor and major radius of the torus, B the magnetic
field and P the deposited heating power. The particular values of x\. x?. x$ specify the plasma
kinetic model as shown in Table I. Since we concentrate in this paper on data from a single
machine parameters which are constant within the examined data set (e.g. R) are absorbed in
c!. The number of degrees of freedom in (1) varies - depending upon the model - between one
and three, whereas the unconstrained ansatz for a single device with R = const would have
four (n. B, P. a). Imposing physical constraints on the power law ansatz reduces the flexibility
and leads necessarily to an increased misfit. We will demonstrate in this paper, however, that a
dimensionally exact power law type of ansatz can be formulated which leads to a significantly
reduced misfit.

Interestingly enough, already Connor and Taylor [4] proposed to express a general form
free energy confinement scaling function as a series of terms of the form (1) for properly chosen
x/,. with expansion coefficients ck- In mathematical terms this is nothing but the expansion in a
basis which is dimensionally exact. In this paper we shall exploit this suggestion.

2. DIMENSIONALLY EXACT BASIS FUNCTION

Consider a set of measurements of the plasma energy content for iV different values of the
experimental input variables (n.B.P.a). We represent the theoretical prediction for the energy
content by an TV-dimensional vector Wtheo which may be described for all plasma models by

J2 (2)
k=l

The i-th component of the expansion vector / (x&) corresponds to the i-th measurement and
reads according to (1) /j(xfc) = g (n,;, Bi. Pi,af. x/J. In general, N such linearly independent
vectors form a complete basis in the iV-dimensional data space and would therefore allow a
pointwise reconstruction of the data. This is neither desirable, nor with respect to physics cor-
rect, since the corresponding vector of measured energy contents Wexp is corrupted by noise.
What we really want is an expansion, truncated at some appropriate upper limit E and describ-
ing the physics, while the residual N — E terms in the expansion (2) fit only noise. Further, we
would like to identify the plasma physics model which describes the data best. An important
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topic are single variable scans (e.g. the variation of the energy content as function of the density
with all other variables fixed) which constitute a very stringent test on any energy confinement
function. Such scans are not directly accessible from published databases. On the other hand,
single variable scans are experimentally cumbersome, and expensive experiments have to be per-
formed for each and every input variable of interest. It is therefore highly desirable to extract
single variable scans from existing databases by employing improved data analysis techniques.
A comprehensive answer to these and other questions is provided by Bayesian probability theory
[6]. While the explicit calculation is explained in greater detail in [7] we give here only a short
presentation of the results.

3. RESULTS

The data which we have used in our calculations are the 153 i « 1/3 W7-AS data from
the international stellarator energy confinement data base [8] {i: rotational transform). We have
selected the i ~ 1/3 data only since the single variable scans which we shall present have been
performed at this value of the rotational transform.

The calculated model probabilities are depicted in the last column of table I. We see that
the /, K, 1/3 W7-AS data are best described by the collisional low beta Connor Taylor model. The
high beta models follow in second and third place with much lower probability. The collisionless
low beta model is clearly inappropriate to describe the transport physics in W7-AS.

To obtain this result only up to three terms in the expansion (2) were used. Though the
inclusion of higher terms leads to a further decrease of the misfit between data and model pre-
diction the probability for a given E decreases rapidly, so that contributions of higher expansion
orders become very small. This is a demonstration of Occam's razor automatically included in
Bayesian theory. This principle dictates that a simpler model should be preferred unless a more
complicated one leads to a substantially better fit to the data. The present optimum three term
expansion reduces the misfit to about 65% of its initial value, where the initial value corresponds
to a simple one term least squares fit. The possibility for such an effect has previously been
pointed out by Kaye et al. [2].

Finally we show the result for density and power scans obtained on the one hand from
the present theory and on the other hand from experiments at W7-AS. Because these data are
not included in the stellarator confinement data base Wexp the analysis is based on, this test
shows the predictive power of our approach.

The full circles in Fig. la represent experimental results for the density scan. Representa-
tive error bars signify the precision level of these data. The continuous curve depicts the result, of
the present semi-empirical theory along with the confidence range indicated by the gray shaded
area. The stellarator energy confinement data base is represented by the open circles which are
spread all over since they were obtained for various settings of the variables (B. P. a). The
histogram at the base line indicates the number of shots at the respective density and gives an
impression about the range our result for the single variable scan is best supported by the data
base. Last but not least the dashed curve represents the density dependence as inferred from
an unrestricted single power law conventional least squares fit resting on the same data Wexp

as our Bayesian result. It hits the progression of the data at two points only, while staying out
of the data scatter (of the full circles) most of the time. Within the density range of the single
variable scan the prediction of the semi-empirical theory runs straight through the data and
exhibits clearly the previously supposed density saturation [8, 9], which can never be obtained
by a single power law term at all. Outside this range the data set Wexp is too sparse, which
is reflected in the rapidly widening error band. In contrast to the robust but erroneous power
law scaling the present theory indicates where the extrapolation becomes unreliable. It might
be an unfortunate but honest conclusion that an extrapolation beyond the parameter regime
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Fwy. 1: a) Experimental results of a single variable density scan (full circles) compared to the
predictions of the present semi-empirical theory (continuous line, shaded area represents the
error) for B — 2.5 T. P = 0A5MW, a = 0.176m. The input data (open circles) are shown
regardless of additional variations in B. P, a and are therefore spread all over. The histogram
accounts for their distribution over the density axis. A least squares fit (LSF) of the input data
•would yield W ~ 7i°'3fl (dashed line), b) Single variable power scan with n = 2.4 • 1019m~3,
B = 2.5 T. a — 0.176m. A least squares fit of the input data would yield W ~ P0-5 (dashed line).

supported by the data base is not possible. However, one has to consider that the seeming
predictability of the commonly used power law scaling performs even worse, producing an ever
increasing function which misses the saturation entirely. Note that the comparison between the
single variable scan and the prediction of our analysis holds on absolute scales! Neither in Fig.
la nor in the by-standing Fig. lb adjustable scale parameters are necessary. This means that
experiments in W7-AS have an impressive reproducibility.

Fig. lb displays a similar comparison for a power scan in W7-AS. Again the semi-empirical
theory shown as the continuous line predicts the measured energy content - on an absolute scale
- within experimental error and corroborates the experimentally observed power degradation.
The dashed curve is from a power law fit and is, as for the density scan, convex while the present
model shows concave dependence in both cases.
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Abstract

The results of our search for advanced helical (stellarator) systems with a small number of field periods
over the last five years are presented. The comparison of stellarator systems with toroidal (helical or axial) and
poloidal directions of the contours with B = constant on the magnetic surface as well as systems with Helias
and Heliac-like orientation of the magnetic surfaces cross-sections with respect to the principal normal to the
magnetic axis is undertaken. Particular attention is paid to some attractive features of the systems with constant
i?-lines in the poloidal direction.

1. INTRODUCTION

The approach to stellarator improvement based on the optimisation of the boundary
magnetic surface which was used in the W7-X project [1] has led to the understanding of
possibilities to control the lines B = constant on the magnetic surface (5-lines) [2] to avoid the
unfavourable trajectories of the charged particles and ensuing strong neoclassical transport. The
discovery by Nuhrenberg and Zille [2] of the possibility of hidden quasisymmetries (QS) in
stellarator systems has initiated a search for less restrictive criteria of optimization, e.g. local
omnigeneity (Refs. [3-5]) and pseudosymmetry (PS) (Refs. [6, 7]). It was shown also that Helias
and Heliac-like types of QS (or PS) configurations are possible which differ in the number of the
near axis elliptical magnetic surface cross-sections turns with respect to the 5-lines within one
system period (Refs. [8, 9]). There could be toroidal (helical or axial) and poloidal directions of
the constant 5-contours on the magnetic surface in the QS and in the PS systems. Unexpectedly
good properties of the poloidal QS (PS) systems were also discovered during computations (Refs.
[5,10,11]).

Here we present the survey of our results in the field on stellarator optimisation. We will
have in mind only the case of helical systems with rather smooth small shear where the
nonuniformity of the magnetic strength B = B0(s){l - k(s)x + } is determined mainly by the
magnetic axis curvature k(s) (for the toroidal direction of the constant 5-lines, where B0(s) =
constant) or by the magnetic field nonuniformity on the magnetic axis B0(s) (for the poloidal
direction of the constant 5-lines). We describe the characteristic features of the QS
configurations with the conditions and consequences of the quasisymmetry (Section 2). The less
restrictive case of the pseudosymmetry (PS) is considered in Section 3. Here a considerable body
of related results including computational ones are collected in a table.

2. THE CONDITION OF QUASISYMMETRY

As was shown by A. Boozer [12], for the guiding centre equations of motion to have an
additional conserved integral, the modulus of the magnetic field B should be independent of one of
the angular variables of the Boozer flux coordinates a, QB,, C& : B = B(a,QB) or B = B(a,C^). This
property is called quasisymmetry (QS) and the 3-D toroidal systems possessing such property are
referred to as QS systems. From the viewpoint of the guiding centre motion, the QS system is
equivalent to its fully symmetric counterpart:

(a) the lines B = constant do not form islands on the magnetic surfaces,
(b) there are no locally trapped and trapped-transition particles,
(c) the bounce averaged trajectories lie on magnetic surfaces,
(d) the "banana" width in terms of flux coordinates is not changed when the particles drift

along the direction of QS (i.e. along the line B = constant).

Centre de Recherches en Physique de Plasmas, Association Euratom-Confederation Suisse, Ecole
Polytechnique Federale de Lausanne, Lausanne, Switzerland
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The only difference between a QS system and the fully symmetric case is the "banana"
width change in real space of a particle when it drifts along the direction of QS. This difference,
however, does not lead to an increase in transport. Thus, one could believe that the QS condition
is the most stringent.

One should keep in mind that the QS-condition can be satisfied only in some region that is
near the magnetic axis or near a single magnetic surface (Ref. [13]). In reality, 3-D QS systems
are not truly realisable. Strictly speaking, the QS systems we consider constitute an
approximation to this ideal condition.

2.1. Toroidal QS

By analogy with fully axial and helical symmetry, the corresponding types of QS systems
could be envisaged too. In the smooth systems under consideration, the direction of QS is defined
by the magnetic axis behaviour. If the magnetic axis principal normal rotates from one cross-
section to another, quasihelical-symmetry (QHS) can be realised. If the principal normal
"oscillates" only, quasi-axisymmetry (QAS) is possible. These two types can be termed as
toroidally quasisymmetric systems, B= B(a,QB) with QB being the tokamak-like or helical-like
poloidal coordinate, respectively.

Quasihelical symmetry. The realisation of QHS means an elimination of all harmonics of
the magnetic field strength that violate the QS condition, including the "toroidal" inhomogeneity
of B which is responsible for the tokamak-like part of the Pfirsch-Schlueter current. This
increases the equilibrium limitation on the plasma pressure to a rather large value which is
inherent in the helically symmetric configurations. It is worth noting that the condition of the
elimination of only the toroidal inhomogeneity is less stringent than the condition of QHS.

Quasiaxial symmetry. In the QAS systems, the helical inhomogeneity of B is eliminated (in
Boozer coordinates). The equilibrium p-limit here is moderate like that in a tokamak.

Both the QHS and QAS configurations can have different number nx of elliptical cross-
sections turns in one system period with respect to the magnetic axis principal normal. One can
identify these types as Helias-like (n t ^ 0) or Heliac-like {nx = 0) configurations. The physical
difference between these types is as follows. The QS Helias-like configurations have some
difficulties with the creation of a magnetic well because of the change of the magnetic surface
cross-section orientation with respect to the magnetic axis principal normal as one follows the
system around. As was shown in Ref. [2], the QHS-like system with «, = — 1/ 2 has no magnetic
well, thus some deviation from QHS should be introduced to provide stability. From another
viewpoint, the Helias-like systems are smoother than the Heliac-like devices at fixed number of
field periods. As a result, Helias-like systems are more favourable from the viewpoint of the
stabilisation of very localised ballooning modes (in the extended poloidal representation) [14] (see
Table 1).

2.2. Poloidal QS

The systems with poloidal direction of constant 5-lines, like in a mirror device with
straight axis (quasimirror symmetry, QMS), theoretically exhibit even more attractive features.
At zero longitudinal net current, such systems have no secondary currents and there is no
neoclassical transport here (the guiding centre trajectories lie on magnetic surfaces). Note that the
QMS condition cannot be satisfied near the magnetic axis because of the curvature-induced
poloidal nonuniformity of the magnetic field. This condition could be satisfied only at some
distance from the magnetic axis when the mirror type nonuniformity of B surpasses the curvature
effect [13].
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3. LESS RESTRICTIVE CONDITIONS FOR ENHANCED PLASMA CONFINEMENT

Two approaches can be considered here that satisfy less restrictive condition for improved
plasma confinement

" Fulfillment of only a part of the above-mentioned QS conditions (a) - (c).
" Fulfillment of these conditions only for that fraction of the particle distribution that

follow the "most dangerous" guiding centre trajectories.

3.1. Pseudosymmetric systems

In the low-collisionality regime, the locally trapped particles constitute the most dangerous
fraction. Their elimination should considerably decrease the low-collisional transport. To
eliminate these particles, one should exclude the cases where the 5-contours intersect the
magnetic field line (B-line) at two rather closely spaced points. It means an absence of the 5-line
tangent to the B-line (otherwise the neighbouring jB-lines will intersect the magnetic field line
twice). This condition can be formulated as the independence of B on one of the angular variables
of an arbitrary (not necessarily Boozer) flux coordinate system, B=B(a,Q) or B=B(a,C) with

straight magnetic field lines. Such systems were termed in Ref. [6] as pseudosymmetric (PS). The
omission of criteria (c) and (d) required for QS opens an additional degree of freedom in the
system which can be exploited to explore the possibilities to satisfy the PS condition in the entire
plasma volume [6].

As in QS systems, the PS systems could have toroidal (axial and helical) and poloidal
directions of the contours B = constant. They could be of both Helias and Heliac type as well. In
contrast with the QS case, the condition of the poloidal PS can be fulfilled in the vicinity of the
magnetic axis if the positions of the magnetic field extrema on the axis coincide with its zero
curvature points.

The PS condition allows to eliminate the dipole secondary current in systems with helical
and poloidal directions of constant 5-lines and still permits to optimise the system towards
stability. The results of numerical calculations of local mode stability in a few systems with
poloidal direction of constant 5-contours are shown in the Table 1. One can see from this table
that the transition of the constant 5-lines from the helical to the poloidal direction increases the
plasma pressure limit significantly.

Thus, the systems with the poloidal direction of constant 5-lines demonstrate some
attractive features.

We see that the (3-limit increases with the number of periods. Another possibility to

increase the (5-limit could be the hybrid of two mirror systems with PS stellarator-type equilibrium
connectors [15]. With a low magnetic field in the mirror sections, such system could display
attractive properties. Our first near-axis investigations show the possibility to close the secondary
currents inside the connectors simultaneously with the fulfillment of the PS condition and with
creation of the magnetic well.

TABLE 1. THE LOCAL MODE BETA-LIMITS [11,16,171
Configuration Mercier <P>-limit Ballooning mode <(3>-limit

Helical direction of the 5-lines:
# = 4 , Heliac 3% 1%
N =4, Helias 1% 1%
Poloidal direction of the 5-lines:
7V= 4, Heliac 3% 3%
N=5, Heliac 6% 6%
N= 5, Helias 6% 5%
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3.2. Local omnigeneity

To improve the PS configurations, the condition of omnigeneity can be imposed in
addition. As was shown in Refs. [4, 6], the global omnigeneity (on the whole magnetic surface) is
equivalent to the QS condition. Instead, local omnigeneity (near the 5min-lines, i.e. for the deeply
trapped particles) can be used for confinement improvement [3]. The deeply trapped particles
being the most dangerous in general, appear to be the best confined in the locally omnigenous
systems [5],

The local omnigeneity could be useful as well without the PS condition. As was shown in
Ref. [5], the trapped-transition particles may not be so dangerous. Thus, the optimisation of the
system without the PS condition also represents a path towards improved stellarator systems.

4. CONCLUSION

The understanding of the features of corrugated stellarator systems with apoloidal direction
of the constant 5-lines constitutes the main result of the ways to improve stellarator-like devices
in the work that we have addressed in this paper. Starting from the concept of quasisymmetry
optimisation of the mod-B behaviour, our computational results identify unfamiliar systems with
nonuniform magnetic field that exhibit favourable properties (enhanced plasma confinement
compatible with high enough (3). The straight mirrors combined with such optimized PS-stellarator
connectors represent an attractive object for future research.
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Abstract

The MHD stability of quasi-axisymmetric compact stellarators is investigated. It is shown
that bootstrap current driven external kink modes can be stabilized by a combination of edge
magnetic shear and appropriate 3D plasma boundary shaping while maintaining good quasi-
axisymmetry. The results demonstrate that there exists a new class of stellarators with quasi-
axisymmetry. large bootstrap current, high MHD beta limit, and compact size.

1 Introduction

The design of quasi-axisymmetric stellarators[l](QAS) aims at combining the best features of
both tokamaks and stellarators to achieve reactor-relevant plasma performance: high beta, good
particle confinement, disruption-free steady state operation with little need for current drive,
and compact size. A key issue in the design of high-beta compact stellarators is the stability of
beta-limiting MHD modes, such as Merrier modes, ballooning modes and external kink modes.
In conventional stellarators, the external kink modes were thought to be unimportant because
the net toroidal current is zero or very small. However, in high-beta compact stellarators.
such as QAS. the amount of the pressure-driven bootstrap current can be substantial. A large
bootstrap current can help to generate rotational transform necessary for particle confinement,
but it can also drive external kink modes unstable. Early work had considered current-driven
external kink modes where the stabilizing role of magnetic shear was recognized[2. 3, 4]. More
recently, Mikhajlov and Shafranov[5] have shown analytically that a sufficient magnetic shear
generated by helical coils can stabilize the external kink modes. Most previous work has assumed
cylindrical geometry and zero beta.

In this work, extensive calculations have been carried out to evaluate stability limits imposed
by external kink modes and high-n ballooning modes for fully three dimensional equilibria at
finite beta. We find that the external kink modes in QAS with high edge shear are significantly
more stable than a corresponding tokamak without a conducting wall. It is shown that 3D
shaping also plays a significant role in the stability.

2 Stability of External Kink Modes and Ballooning Modes

The stability of external kink modes driven by large bootstrap current is studied by using a 3D
equilibrium code VMEC[6] and a 3D free boundary global MHD stability code TERPSICH0RE[7]
We have considered a large number of QAS configurations with aspect ratio A = /?/(«) = 2.1 ~
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Figure 1: Growth rate of the n = 1 external kink mode r.s. edge magnetic shear.
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Figure 2: The stability diagram of the n = 1 external kink mode as functions of edge shear and
transform. The solid dots/circles denote stable/unstable configurations.

3.5 and number of field periods Np = 2 — 4. These QAS configurations have been obtained
by adding appropriate 3D modifications to the plasma boundary of an optimized tokamak
equilibrium while maintaining quasi-axisymmetry[l]. The equivalent tokamak equilibrium at
A = R/{a) = 2.1 has reversed shear profile with 90% bootstrap current, ballooning-stable 7%
beta, and stable external kink modes with conducting wall at b/a = 1.3. However, the beta limit
of the tokamak due to the external kink modes drops to 2.5% without a conducting wall. We
show that, in QAS. the kink modes can be stabilized at beta up to 7.5% without a conducting
wall by choosing appropriate externally generated transform with sufficient stellarator-like shear
(di/dr > 0) near the plasma edge.

Systematic analysis of the effects of iota profile on kink stability has been carried out for
Xp = 4 and .4 = jR/(ei) = 2.1 by varying the 3D shaping. The current and pressure profiles are
fixed. The actual variation in rotational transform is entirely controlled by the specifications for
the external helical coils. It is found that the kink stability is strongly dependent on values of
iota and shear near the plasma edge. Figure 1 shows the calculated » = 1 external kink growth
rate as a function of edge shear defined by /(I) — ((0.75) at fixed value of edge transform /(I).
where the argument is the normalized toroidal flux. We see that the effects of edge shear are
strongly stabilizing. The critical shear needed for stabilization increases with edge transform.
Physically, the external kink modes are driven by current gradient and pressure gradient. The
magnetic shear is stabilizing because it enhances the positive field line bending energy in the
plasma.

We have also studied parameter dependence on plasma current, pressure, and the axisym-
inetric shaping. It is found that the plasma current is strongly destabilizing because it is a
driving source and it generates part of the transform. The current increases edge transform
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Figure 3: (a) Plasma cross-sections at o = 0 and TT/2 and (b) iota profile of an unstable QAS
before (solid lines) and after (dashed lines) stability optimization.

and reduces edge shear since the current-induced rotational transform has tokamak-like shear
near the edge which cancels part of externally generated shear. The plasma pressure can be
either destabilizing or stabilizing because of its two competing effects. On one hand, the plasma
pressure gradient is an instability driving source. On the other hand, the plasma pressure tends
to reduce edge iota and enhance the edge magnetic shear.

More recently, we have studied a series of QAS configurations with Np = 3 and a relatively
higher aspect ratio of R/(a) = 3.5. The results of such a study are shown in Fig. 2 which plots
the stability diagram of the » = 1 external kink mode in phase space of edge shear and edge
iota. The solid dots denote the stable equilibria while the circles denote the unstable cases.
The variation of transform in these cases are obtained by varying 3D shaping while maintaining
good quasi-axisymmetry. It is seen that the stable cases are separated from the unstable cases
and the stability boundary is marked approximately by the dashed line. It is also seen that the
critical shear for stability increases linearly with the edge iota.

The values of critical shear in Fig. 2 would result in iota profiles which are too low near the
magnetic axis for practical experiments. We have thus investigated ways to reduce the shear
requirement for the kink stability. It is found that the 3D shaping also plays a significant role
in kink stability besides the iota profile. We have found two methods of stabilization via shape
control. First, a poloidally localized (on the low-field side of the magnetic axis) low-order helical
boundary corrugation is shown to improve the kink stability. The corrugation can be produced
by tilted window-frame coils near the outboard midplane of the plasma, a coil topology similar
to that proposed by Furth and Hart man [8] for increasing the shear in stellarators. In our case
we choose a tilt that produces little change in the iota profile. As a test case for this method, we
consider the unstable equilibrium with /(I) = 0.39 and L(1) — I(Q.O) = 0.17 in Fig. 2.. The results
show that the n = 1 external kink mode is stabilized by a helical corrugation with approximate
mode numbers (in coordinate space) of n — 1 per period and m = 4 and a small amplitude on
order of lO'/c of the plasma minor radius. In the second method, which in principle includes
the boundary corrugation generated by the Furtli-Hartman coils, we maximize external kink
stability by adjusting the general 3D shaping while maintaining quasi-symmetry and the iota
profile. To this end. we have included the TERPSICHORE code in a configuration optimizer
which maximizes the kink stability together with ballooning stability and quasi-symmetry by
varying the 3D boundary shape while maintaining the iota profile. Numerical results obtained
using such an optimizer show that the critical shear needed for kink stability can be reduced
substantially from that of Fig. 2. As a successful example of this approach, we consider the same
test case mentioned above which is stabilized by the boundary corrugation method. Figure 3
shows (a) plasma cross-sections and (b) iota profiles of the test case before stability optimization
(solid lines) and the corresponding optimized configuration (dashed lines). The optimized case
is stable to both n = 1 external kink and ballooning modes at J = 3.9%. We note that the edge
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shear in the optimized case is similar to that of the unstable equilibrium before optimization.
It is emphasized here that the quasi-symmetry is preserved in the stability optimization. This
demonstrates that the external kink modes can be stabilized by both edge magnetic shear and
appropriate 3D shaping without sacrificing quasi-axisymmetry.

The ballooning modes are studied using a local ballooning code[9]. For a 4 period QAS with
R/(a) — 2.1. it is found that ballooning beta limit is about 7'/c. which is similar to that of the
equivalent tokamak. At a higher aspect ratio of .4 = 3.5. the ballooning beta limit is found to
be somewhat lower, at 3 ~ 4%. for optimized three field period QAS configurations. These beta
values are much higher than those of earlier quasi-axisymmetric configurations due to improved
strong axisymmetric shaping.

The 3D global MHD stability code CAS3D[10] is also being used to calculate the stability of
low-n MHD modes. The calculated mode structure and stability beta limits of fixed boundary
Mercier-type low-n modes in a two field period QAS agree well with those of the TERPSICHORE
code. Work is in progress to benchmark the codes for free boundary external kink modes in
stellarator equilibria. The CAS3D code is capable of calculating high-n ballooning modes and
vertical stability and is being used to investigates the stability of these modes in QAS.

3 Conclusions

We have investigated systematically the external kink stability and ballooning stability in quasi-
axisymmetric stellarators. Results show that magnetic shear as well as plasma boundary shape
are two key factors in determining the external kink stability. In tokamaks. the q profiles are
intrinsically coupled to the current profile and plasma boundary shape. In contrast, in QAS. the
iota profile and plasma boundary shape can be independently varied at fixed current and pressure
profile and thus can be used to control external kink modes as well as ballooning modes. The
results found here demonstrate that there exists a new class of stable high-beta, high-bootstrap
fraction toroidal equilibrium. While the advanced tokamak stabilizes the external kink with a
conducting wall and rotation or feedback, it is accomplished here with non-axisymmetric coils.

The authors thank Dr. Steve Hirshman for use of his 3D stellarator equilibrium code YMEC.
This work was supported in part by U. S. DOE Contract No. DE-AC02-76-CHO3073.
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Abstract
A number of issues associated with the interaction of plasma flows and currents with

plasma fluctuations in RFP plasmas are addressed. Self-consistency arguments on the structure of
turbulent mean field forces imply a relaxation behavior for both the current and plasma
momentum. Nonlinear tearing mode interaction affect flow profile evolution through the
production of localized electromagnetic torques. A model for shear flow generation is presented
that drives spontaneous enhanced confinement regimes. A calculation of the tearing mode
stability index is presented when a narrow flow shear layer is present in the exterior region. An
extensive parameter survey yields an optimization for RFP profile control using lower hybrid
waves. Alfven wave current drive prospects in RFPs are also addressed.

I. INTRODUCTION
The current profile is crucial to confinement in the reversed field pinch (RFP)

through its role in plasma relaxation, the dynamo and anomalous transport. A growing
body of recent experimental evidence suggests a similarly important role for flows. In
this work we describe a number of theoretical models that calculate the interaction
between plasma fluctuations and aspects of plasma flow and current profile evolution. In
particular, calculations are presented that: 1) demonstrate a nontrivial coupling between
parallel currents and momentum via turbulent mean field forces that suggests relaxation
processes for both current and flow profiles; 2) provide a theory for the nonlocal
interaction of tearing instabilities that affect flow profile evolution through localized
electromagnetic torques; 3) introduce a model for shear flow generation that drives
spontaneous enhanced confinement regimes; 4) calculate the presence of a narrow flow
shear region on tearing mode stability; 5) show an optimization of lower hydrid current
drive for current profile control; and 6) discuss the possibility of Alfven wave current
drive in RFPs.

H. SELF-CONSISTENT MEAN FIELD FORCES IN TURBULENT PLASMAS
The properties of turbulent plasmas are described using the two-fluid equations

[1]. Three global constraints for the fluctuation induced mean field forces that act on the
ion and electron fluids are derived that generalize previous calculations using the MHD
model [2]. The physical interpretation of the constraints is that plasma fluctuations
dissipate energy while preserving the generalized helicity integrals for each species.
These constraints imply functional forms for the parallel mean field forces in the Ohm's
law and the momentum balance equations given by
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(2)

2 2 2 2 2
where the anomalous transport coefficients satisfy Ke > 0, Kj > 0 and (Aj + Ae) < Ke k}
/4. The off-diagonal terms suggest a non-trivial relationship between current profile and
parallel momentum evolution. The mean field forces attempt to relax the plasma to the
state Jo = A,0B0, nu0 = X.iB0 to lowest order where A,o and X\ are constants. This work
suggests that the large flow profile changes observed following discrete dynamos in MST
[3] may be described as a relaxation phenomenon in analogy with current profile
relaxation.

m . NONLINEAR TEARING MODE INTERACTION
A novel aspect of nonlinear tearing mode interactions in RFP's is the production

of localized electromagnetic torques which can influence the plasma flow properties [4].
The physics of this interaction is similar to the interaction of a resonant static field error
and an isolated magnetic island. The nonlinear interaction of two tearing modes of
incommensurate helicity with mode numbers k' = (m',n') and k -k ' = (m-m',n-n') can
produce a magnetic signal resonant with a third mode with mode number k. If the third
mode has a rational surface in the plasma, a nonlinearly driven eddy current develops in
the vicinity of the q = m/n surface. The eddy current in combination with a resonant
magnetic perturbation produces a 8Jx 5B torque at the rational surfaces of the form Tint =
X C(k,k')VkVk-Vk_k- sin(AQ where Vk, Vk- and Vk_k- are the mode amplitudes that
satisfy a wave number resonance condition, C(k,k') is a geometric coupling coefficient
and A^ = jdt (cok - cok' - cok_k')is the time dependent phase difference accounting for
differential rotation, where the frequency cok = k-V(q = m/n) is taken to be due to bulk
plasma rotation at the rational surface.

When Tint dominates the torque balance equation, a nonlocal momentum
transport property ensues which forces the dominant three mode interaction to satisfy a
three wave phase velocity resonance condition with A^ = 0. For situations typical of the
RFP, the dominant nonlinear interaction involves two core resonant m =1 modes and the
m = 0 mode resonant at the reversal surface. While localized torques involving static
field errors attempt to cause the modes to cease rotating and lock to the phase of the field
error, the interior torques attempt to cause the plasma to rotate as a rigid rotor at the phase
velocity of the m = 0 mode. In the MST RFP, the internal torques are generally larger
than those associated with field errors, which suggests that the m = 0 mode plays an
important role in the observed flow deceleration associated with a discrete dynamo event.

IV. MODELING OF FLOW SHEAR GENERATION
In Spontaneous Enhanced Confinement (SEC) discharges in MST [5], there is a

transition in which ExB flow shear is generated after a sawtooth crash in a narrow layer
outside the reversal radius. The transition is favored by wall conditioning, deep reversal,
high plasma current, and low density. At the transition the pressure gradient contribution
to the radial force balance is weak relative to that of toroidal flow. Initial measurements
indicate that the magnetic Reynolds stress <BrB(|)>/(j,o can become larger during a
sawtooth crash relative to its value between sawtooth crashes. Preliminary measurements
indicate the fluid Reynolds stress po<uru())> is considerably smaller. The SEC transition
differs from the transitions that create other flow shear induced transport barriers in
tokamaks and stellarators [6] in at least three ways: 1) The magnetic Reynolds stress
drives ExB flow generation initially; 2) a sawtooth crash is required to create Reynolds
stress, not just provide heat to the edge; and 3) flow (toroidal) is damped by internal
nonlinear couplings and external coupling to field errors at the wall, not by the
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neoclassical poloidal flow damping important in tokamak transitions. The observed
change of the Reynolds stress cross-phase from approximately xc/2 between sawteeth to
near 0 during a sawtooth oscillation is modeled theoretically from the transient spectrum
of edge-resonant tearing modes excited by the sawtooth crash on rational surfaces near
the reversal radius. The modes make a nonzero contribution to the Reynolds stress due to
the diamagnetic frequency, which is large in the edge region where the pressure gradient
is large. Between sawtooth crashes, these modes have finite amplitude and their
contribution to the Reynolds stress is small. During a crash, the nonlinear coupling to
global modes excite the edge modes and their contribution to the Reynolds stress
becomes significant. This drives a toroidal flow, which in turn drives the radial electric
field. As fluctuation amplitudes decrease, the pressure gradient steepens. Once the edge
resonant spectrum has relaxed after the sawtooth crash, the steepened pressure gradient
maintains the radial electric field. The Reynolds stress of edge modes is balanced by
internal torques associated with the coupling to the core-resonant tearing modes and the
exterior torques due to field errors [4].

V. EFFECT OF LOCALIZED EXTERNAL FLOW SHEAR ON TEARING
MODES

In MST, tearing mode fluctuation amplitudes decrease over all frequencies when a
narrow layer of sheared ExB flow is generated in SEC discharges [5]. To determine if
global tearing mode growth is affected by a narrow shear layer in the external kink part of
the eigenmode, A', the tearing mode discontinuity parameter, is calculated where A' > 0 is
the instability criterion for linear and nonlinear tearing mode growth. The ExB flow
profile is modeled to be V = 0 for x < rg - LE/2 , V = [x - r£ + LE/2]VE/LE for TE - LE/2 <
x < TE + LE/2, and V = VE for x >r£ + LE/2 , where x = 0 is the position of the rational
surface, TE is the position of the ExB shear layer, LE is the layer width, and VE is the flow
shear strength. The flow shear is entirely outside the resistive layer, i.e., r£ - LE/2 > 8,
where 8 is the resistive layer width. For simplicity, a sheared slab geometry is chosen
and the current gradient scale length is treated as constant over the tearing mode, i.e., J ,̂
dJ0/dx = constant, where Jo is the equilibrium current. Matching external kink
eigenmodes modified by flow shear with eigenmodes on either side of the shear layer, it
is found that shear flow affects A' if S = V E L S / V A L E > 1, where VA is the Alfven
velocity, and Ls is the magnetic shear scale length. This criterion typifies prior work in
which shear flow extended over the entire eigemode [7]. The expression for A' is given
by

A' = -2kConh cot(nX) + 4%(S) T(l - X), (3)
where X = u,0IJ5 ILs/2Bok, k is the perpendicular wave number, Co is a constant of order
unity, F is the gamma function, and %(S) is a negative function of flow shear strength that
depends on the details of the matched eigenfunctions. The first term of (3) is the tearing
criterion in the absence of shear flow, indicating the onset of tearing instability at X = 0.5.
The second term is the flow shear stabilization. When ka s 1 and rE- X = a/3, where a is
the minor radius, %(S) decreases monotonically from -0.05 at S = \ 3 to -0.4 for S = 10.
For a current gradient scale length of order half the minor radius, the tearing mode is
completely stabilized for S s 10. For MST, estimates of S place its value as only slightly
larger than unity, in which case shear has a weak effect on A'. This suggests that the
observed decrease of tearing mode activity is due in part to indirect effects wherein flow
shear modifies edge conditions and lowers the resistivity. However, further increases in
flow shear strength are predicted to have a marked direct effect on tearing mode activity.

VI. OPTIMIZATION OF LOWER HYBRID CURRENT DRIVE
Lower hybrid current drive (LHCD) has been shown theoretically to be an

effective means of modifying the current profile in the outer region of the RFP and
thereby suppressing large amplitude tearing modes [8]. Experimentally, pulsed poloidal
current drive (PPCD) has led to a five-fold increase in the energy confinement time of the
MST RFP [9]. These results strongly motivate us to experimentally implement the
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LHCD scheme, which is not transient and potentially more controllable than PPCD. To
refine our earlier theoretical results and to optimize the design of the LHCD experiment
in MST, we have conducted an extensive parameter survey using a newly developed suite
of codes [10] including MSTEQ (Grad-Shafarnov solver), GENRAY (generalized ray-
tracing code), and CQL3D (3-D, relativistic, bounce-averaged, quasilinear, Fokker-
Planck code). These codes are written for or adapted to toroidal RFP geometry. The
parameter survey has confirmed our earlier theoretical results that in a typical MST
discharge a judicious choice of wave frequency, parallel refractive index, wave spectrum
and antenna location will produce an auxiliary parallel (~ poloidal) current which is well
localized to the targeted radius (r ~ 0.65a) and sufficiently high in efficiency (~ 0.5 MA/1
MW). The parameter survey also reveals that wave penetration to the RFP core can be
facilitated by high power RF-induced transparency, the process in which quasilinear
velocity space diffusion flattens the electron distribution and reduces the Landau
damping. This suggests a possible use of slow waves for core current drive and heating
in the RFP. To avoid ion Landau damping, mode conversions and excessive wave
scattering, it is desirable to use higher frequency slow waves. By using a slow wave at
800 MHz (~ 8 fLH at r = a) with a parallel refractive index of 7.5, an inboard launch in
MST is found to be optimal for efficiency and positioning over a range of RF power. For
core current drive and heating, an outboard launch is shown to be more effective
assuming sufficient RF-induced transparency.

VII. ALFVEN WAVE CURRENT DRIVE IN RFPs
A potentially attractive method of current generation in RFP's is Alfven wave

current drive. Driving current by resonantly pushing low parallel velocity electrons is
highly efficient although the effect of electron trapping on efficiency remains unresolved.
Nonresonant current drive, via the oc-dynamo effect of Alfven waves is inefficient in
weakly nonuniform magnetic fields (e. g. in tokamaks) but its efficiency is greatly
enhanced by magnetic stochasticity [11] (e. g. in RFP's) due to the increased dissipation
of Alfven waves [12]. The latter is reduced by FLR effects which are important for RFP
parameters. Nevertheless, the stochasticity-enhanced a-effect of Alfven waves is
significant; for parameters of present-day RFPs the resulting current drive efficiency
exceeds the Ohmic one while for RFP-based fusion reactors it is merely an order of
magnitude smaller than the Ohmic efficiency [11].

Work supported by U. S. Department of Energy under grant no. DE-FG02-53212.
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Abstract

A situation in tokamaks is analyzed in which the development of strong plasma current filamentation
leads to nonlinear magnetic islands formation near resonant magnetic surfaces. It is shown that, along with the
usual "negative" magnetic islands, in which the modulation of the perturbation currents is negative, "positive"
islands can form in local regions with the positive current modulation. The "positive" magnetic islands can be a
reason of the "hot spot" in plasma center during sawtooth crash. Also the "positive" islands, probably, plays the
important role in m=2 development during the major disruption and in the locked modes dynamics.

1. INTRODUCTION. THE "POSITIVE" MAGNETIC ISLANDS CONCEPTION IN
TOKAMAKS.

Usually, the sizes of magnetic islands are estimated by taking into account the perturbations of the
initial poloidal magnetic field of the plasma column. Figure la[l] shows the magnetic field lines of so-
called auxiliary magnetic field B" near a certain resonance magnetic surface q(rs) [2]:

B" = B e — e 0 = —BQ —— 8r . Here B e is the field of the plasma current in the vicinity of
Rq(r,) qdr

the rational magnetic surface q(rs)=m/n, where m and n are the integer numbers. e& is a unit vector in
the © direction, r is the minor radius, R is the major radius. BT is the toroidal magnetic field, q is the
safety factor, and 8r is the de\iation of the radial coordinate from rs. If q(rs) increases toward the plasma
edge ( as in most tokamak regimes), then the field B* coincides with the field Be of the plasma current
inside the magnetic surface q(r) and is oppositely directed outside this surface. If we introduce the
resonant helical perturbations of the current ±Jewith density je at the rational surface of radius rs (Fig.
la), the radial component br of the magnetic field of these perturbation causes the formation of magnetic

islands ( O-points) in regions in which the modulation of the current j© is negative (i.e., the perturbed

current is oppositely directed to the main plasma current JP) and the appearance of X-points in regions

with the positive modulation of j© (Fig. lb). In this case, the component be of the magnetic field of the

current perturbations enhances the field B Q near the O-points and weakens it near the X-points. When

this weakening is small, the increase in Jt) causes the width of the islands to grow in the radial direction,
without changing their geometric structure. This can be regarded as a linear stage. However, the

situation changes radically when the component be becomes larger than B@. In this case, the X-point

should be splitted into two X-points (Fig. lb), and. in the region between them, in which the current

density j© is positively modulated, a new island forms (Fig. lc). The displacement of X-point to the

plasma center should cause an intense cooling of the central plasma. What is the level of perturbations
Je corresponding to this process?

According to [2], we write the expression for the auxiliary field in cylindrical approximation:

BQ = 0.2Tt(j) 5r, where (j) is the mean ohmic current density inside the magnetic surface of

radius r. On the other hand, if we assume that, the perturbation current flows through the circular
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filament with radius 5r and current density j@ (Fig. la), then the magnetic-field component

corresponding to this current is b 0 = 0.27tje8r. The field B@ becomes equal to the perturbed field be

when jX = (j) . We can see that, in the case, till the plasma cooling is insignificant and the
r qdr

reduction in the magnetic shear near the resonant magnetic surface of radius rs is small (rdq/qdr=l), a

transition to the nonlinear stage can occur onh' if the perturbations j@ are relatively strong (comparable
to (j) ). For tokamaks operating in conventional modes with j,,(r) profiles peaked about the plasma

axis, this indicates that for q(rs)>2 the amplitude of the negative modulation of jg~-jg) should exceed

the local magnitude of jp(rs).

When j@ > ( J ) , the "positive" magnetic island is positioned along the radius r. unlike
' qdr

conventional negative islands, which are positioned in the © direction (Fig. lb) [1].
This feature of the "positive" magnetic islands can be used to identify them. It should manifest

itself, in particular, as an asymmetry in the perturbed magnetic field be(®) outside the plasma column,
which can be inferred from the magnetic probe measurements, because the positive perturbations be
should be stronger and highly localized than the negative ones (note that the integral of these
perturbations over the entire poloidal circumference © should be equal to zero).

When JQ becomes higher than (j) the local condition q(8r)<l should be satisfied on the surface

of the current tube that winds q times around the torus. This can lead to the onset of a conventional ideal
kink instability (analogous to the Shafranov-Kruskal instability with m=[ and n=\) and. ultimately, to
the decay of the current tube, i.e.. to the self-decay of the perturbations j 0 .

Hence, "positive" magnetic islands can exit in the range:
„ rdq W A .+ , . rdq
(1 + —-)( j ) > 1© > (j) - .

q d r A J / r JO w r q d r

II. THE POSSIBLE MANIFESTATIONS OF "POSITIVE" MAGNETIC ISLANDS.

Ob\iously, the "positive" magnetic islands could be develop in the region with minimum rdq/qdr.
Fig. 2 shows the distributions of rdq/qdr for two typical j(r) (solid curve - j(r) has maximum , and
dashed curve - j(r) has minimum in plasma center). Estimations show that in the discharge with
maximum current density in the center the appearance of the "positive" magnetic islands is most
probable near the plasma center during sawtooth crash [1], Fig. 3 [3] shows the reconstructed volume
distribution of the soft X-ray and Te(r) (ECE data) in TFTR during sawtooth crash. Both distributions
show elongated in r direction structure ("hot spot") which is typical for the "positive" magnetic islands.
So it is possible to explain the appearance of the "hot spot" in the plasma center during sawtooth which
was observed in [3].

Transition of the distribution 1 to distribution 2 (Fig. 2) probably takes place during the major
disruption in tokamaks. The potential possibility of the "positive" magnetic islands development appears
in disruption near integer q=2,3. The corresponding current perturbations have to be elongated in r
direction. In this case the external observer have to measure the \isible amplitude of n=2 harmonic
(m=2q). The development of the high m (particularly m=4 together with m=3 or before m=3) was
observed in earlier experiments in T-11M [4], Fig 4 shows the mode dynamics (m=2,3,4) during
disruption instability in T-11M. The m=4 perturbation appears during degradation of the perturbation
m=2 together with m=3. The analysis of the magnetic perturbations along the torus shows [5] that the
sufficient intensity of n=2 (probably m=4/n=2) exists in this moment. Probably that is result of the
"positive" magnetic islands appearance near q=2.

Finally the locked mode maybe gives an example of the non-linear development of the positive
magnetic islands. It is known that the magnetic (and current) perturbations are large in locked mode.
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The amplitude of the locked mode was measured in T-llM for same extremal case by 24 magnetic
probes. Fig. 4 shows the Be(t) for several probes and Be(0) before and after the typical disruption. The
maximum of the Be(©) amplitude relative to plasma current magnetic field was up to 25%. It means
that we have strongly non-linear development of the magnetic islands. Estimation of the island size
(according to linear formulas) gives the value -0.8 of the minor plasma radius. So. it is possible to
propose that in this case the "positive" magnetic islands can exist too.

III. CONCLUSIONS

The analysis of the experimental data gives the possibility' to propose that the "positive"' magnetic
islands are really take part in extremal situations in tokamaks.
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FIG. 1. (a) Geometry of the field B* and of the
perturbation currents J near the rational
surface q(rs)=m (br and be are the components
of the perturbing magnetic field) and (b)
linear and (c) nonlinear scenarios of the
formation of magnetic islands.

FIG. 2. The typical radial distributions of
current density j(r) and rdq qdr - parameters
in tokamaks. The solid line - .for conventional
(dqdr >0) case and dashed line -for negative
shear case.
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Abstract

In the HIST device, the external flux is generated by two kinds of currents: the current /. flowing along the
symmetry axis and the bias coil current 7D. The influence of the external flux on the MHD equilibrium and stability
of the low-aspect-ratio toroidal plasma in the HIST device is investigated numerically. Equilibrium configurations
of the low-aspect-ratio toroidal plasma in the HIST device are numerically determined by means of the combination
of FDM and BEM. The influence of /. and 7D on their stability is also investigated by using the Mercier criterion.
The results of computations show that the Mercier limit decreases to zero with increasing 7s and with decreasing
7D. Moreover, either a further increase in 7s or a further decrease in 7D raises the Mercier limit considerably.
Besides, the equilibrium configuration in the HIST device changes its state from spheromak through ultra-low q
to tokamak with increasing 7s and with decreasing 7D.

1. INTRODUCTION

Recently, the low-aspect-ratio toroidal plasma has attracted great attention as a new concept of
the fusion device. It has some advantages that is not found in the tokamak: large elongation, high beta
ratio, large plasma current and simplicity of the metallic vessel. However, it has not been clear whether
the scaling law of the general large-aspect-ratio tokamak is applicable to the low-aspect-ratio toroidal
plasma or not. For this reason, intensive studies on the low-aspect-ratio toroidal plasma have been
performed theoretically [1] and experimentally [2, 3]. At Himeji Institute of Technology, the low-aspect-
ratio toroidal plasma has been formed and sustained successfully in the HIST device [2, 3].

In the HIST device, the Marshall gun is used for the formation of the plasma. After formed in the
gun, the plasma is injected into the flux conserver (FC) and it forms an equilibrium configuration there.
In order to supply the plasma with the toroidal flux, the center conductor is inserted along the symmetry
axis and the electric current is applied along it. Furthermore, the DC helicity injection method is utilized
for driving the plasma current externally.

The purpose of the present study is to numerically determine realistic MHD equilibria in the
HIST device and to investigate the influence of the external flux on their Mercier limit.

2. MHD EQUILIBRIUM CONFIGURATION

In the HIST device, the spherical FC of radius 500mm is joined to the helicity injector. The bias
coil of rectangular cross section is placed in the helicity injector and is covered with the shielding wall
so that the plasma may not be in contact with the coil. Moreover, the center conductor of radius 57mm
is inserted along the symmetry axis in order to apply the current I along it. In Fig. 1, we show the model
of the FC and the helicity injector which is used in the present study. In the following, the region in



1498 THP1/15

F/G. ] The model of the FC and the helicity FIG. 2 The equilibrium configuration for the case

injector. with £ = 0.0, o= 0.1, 5= 0.03, I/In = 0.15 and
1/1=0.50.

S p

which equilibrium configurations are determined is divided into three subregions, Q,, £2, and Q3.
In the HIST experiment, the bias coil is turned on long before the plasma is ejected from the

Marshall gun. By taking this fact into account, we assume that the bias flux extends all over the space
when the equilibrium formation has been finished. Moreover, the life time of the plasma is enough long
as compared with the skin time of the shielding wall, whereas it is sufficiently shorter than that of the FC
wall and the center conductor. Therefore, we can assume that the magnetic flux generated by the plasma
current penetrates inside the shielding wall and that it does not penetrate outside the FC. In addition, if
the plasma moves on the field lines intersecting the shielding wall, it will be cooled due to the thermal
conduction along the lines. For this reason, we also assume that the plasma exists only on the field lines
which does not intersect to the shielding wall.

Let us use the cylindrical coordinate system (z, r, q>) and take the symmetry axis as z-axis. Since
the equilibrium configuration of the low-aspect-ratio toroidal plasma is axially symmetrical, we can
determine it by solving the Grad-Shafranov equation in (z, r) plane. Under the above assumptions, the
Grad-Shafranov equation can be written in the form,

(1)

Here y/and ^iQ denote a magnetic flux function and a magnetic permeability of vacuum, respectively.
Furthermore, L denotes the Grad-Shafranov operator and %£2 (;, r) represents the characteristic function
defined by

1;
0;

(z, r)
(:, r) (2)

Besides, p(y/) and /(y/) denote the plasma pressure and the toroidal magnetic field function, respectively.
In order to satisfy the above assumptions, we employ the following functions as 1(\]/) andp(y/):

+ V W2+ 62)-d+ 62o\og 6] + -^ ,

% = Tz7( v'™~Tz7

(3)

(4)

Here, A, o, 8 and e are constants and L represents a radius of the FC. The function S(x) in Eq. (4) is
defined by S(x) = x V d2 + x2 and 0Qt) denotes Heaviside's step function. Besides, y/^ and y/"s denote
the values of \jf on the magnetic axis and on the plasma surface, respectively, and f is defined by
«F == (\if-y/)/(y/ . -i//-). The plasma surface \(f= yt is determined so that the plasma may exist inside the
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with a=0.1 and 8 =0.03.

most outer closed magnetic surface. If the X point appears in Q]5 the value of iff on the separatrix is
chosen as y/\ On the other hand, the maximum of \ff on T is adopted as \jf if the X point does not exist
in Q r Now let us consider the boundary conditions to Eq. (1). Since the bias flux extends all over the
space, we set y/= y/D on F,, F2, F3 and FE. Here y/D denotes the bias flux produced by the bias coil current
/D. On the surface FD of the bias coil, i/ns an unknown constant and its normal derivative satisfies

i <5>

Equation (1) and the boundary conditions have six parameters, A, a, e, 8, IJI and IJI. Here, /
denotes a total plasma current. Once a set of <r, e, 8, IJI and IJI is given, Eq. (1) and its associated
boundary conditions constitute a nonlinear eigenvalue problem with an eigenvalue X. After the
linearization of Eq. (1), the problem is solved by use of the iterative method. However, the linearized
equation is composed of both the homogeneous and the inhomogeneous equation because of the
characteristic function in Eq. (1). Thus, it is difficult to express the interface condition precisely. In
order to overcome these difficulties, we solve the equation numerically by means of the combination of
FDM and BEM [4]. By using the above method, the equilibrium configuration in the HIST device can
be determined. A typical example is shown in Fig. 2.

3. MHD STABILITY

In Fig. 3, we show the dependence of the Mercier limit /?max on IJI and IJI. As the definition of
the beta ratio, its value on the magnetic axis is adopted. We see from this figure that /?max decreases to
zero with an increase in IJI and with a decrease in IJI, and that either a further increase in IJI or a
further decrease in 1II will raise B considerably. In order to explain such a behavior of 8 , let us

D p " m a x J " " m a x '

introduce the quantity S defined by

(6)

In case of 5 > 0, the equilibrium configuration with ^axis > gs and that with qmis < qs correspond to a
spheromak and a tokamak configuration, respectively. Here, qwi% and #s denote the values of the safety
factor on the magnetic axis and on the plasma surface, respectively. In case of S < 0, a pitch minimum
region exists between the plasma surface and the magnetic axis and, therefore, the equilibrium
configuration corresponds to an ultra-low-^ configuration in this case. In Fig. 4, we show the classification
of equilibrium configurations with the Mercier limit. Furthermore, the dependence of qni% and qs on IJI
and IJI is shown in Fig. 5. The values of qnis and #s increase monotonously with increasing IJI and
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with the Mercier limit for the case with a = 0.1 and 8 = 0.03.

with decreasing IJI. In addition, the increasing tendency of qs is more remarkable than that of qmis. This
fact indicates that the stabilization effect by the magnetic shear becomes weak near the plasma surface
until the pitch minimum region appears between the plasma surface and the magnetic axis. This is why
the equilibrium configuration changes its state from the spheromak to the ultra-low- q configuration with
increasing /_.// and with decreasing IJI. Incidentally, the ultra-low-^ configuration becomes unstable
against localized perturbations because of the existence of the pitch minimum region. Either a further
increase in IJI or a further decrease in IJI will remove the pitch minimum region and will enhance the
shear stabilization effect near the plasma surface. Consequently, the configuration changes its state from
the ultra-low-*? to the tokamak configuration. From these results, we can conclude that the appearance
and the disappearance of the pitch minimum region are closely related to the behavior of /3max.

As is well known, the plasma is stable against the n-\ internal kink mode if the mode rational
surface with q = 1 does not exist between the magnetic axis and the plasma surface. Since the inequality
^axis < 1 is fulfilled throughout the present analysis, we might conclude that the Mercier limit equals to
the beta limit for the case with qs< 1 [5,6].

4. CONCLUSIONS

We have determined equilibrium configurations of the low-aspect-ratio toroidal plasma in the
HIST device numerically and have investigated the influence of /. and ID on their stability. Conclusions
obtained in the present study are summarized as follows. 1) The values of <?axis and #s increase
monotonously with increasing IJI and with decreasing IJI. In addition, the increasing tendency of <js
is more remarkable than that of qah. This fact leads to the appearance and the disappearance of the pitch
minimum region. 2) The value of j8max decreases to zero with an increase in IJI and with a decrease in IJ
I, and either a further increase in IJI or a further decrease in IJI will raise /3max considerably. Such a
behavior of /3max can be explained from the standpoint of the shear stabilization near the plasma surface.
3) The low-aspect-ratio toroidal plasma in the HIST device is classified into three types of configurations:
spheromak, ultra-low q and tokamak.
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Abstract

In this paper we present two equilibrium solvers for axisymmetrical toroidal configurations, both
based on the expansion in poloidal angle method. The first one has been conceived as a two-point
boundary value solver in a system of coordinates with straight field lines, while the second one uses a
well-conditioned Cauchy formulation of the problem in a general curvilinear coordinate system. In order
to check the capability of our moment methods to describe equilibrium accurately, a comparison of the
moment solutions with analytical solutions obtained for a Solov'ev equilibrium has been performed.

1. INTRODUCTION

Since most MHD stability codes us a flux coordinate system, a mapping procedure is
required to map various quantities from the (r, z) space to the (ip, 6) space in the flux coordinate
system, with 8 a poloidal angle. This is the inverse equilibrium solution. Several types of inverse
equilibrium solvers (iterative metric methods, direct inverse solution methods and methods of
expansion in poloidal angle) were developed [1, 2].

Solving the elliptic equations as an initial value problem failed due to the ill-posed nature
of the Cauchy problem for elliptic equations. In Ref. [3] a very efficient "sweeping" technique to
solve the general problem of the evaluation of a "small" solution in presence of a "large" solution
is given. In our Cauchy formulation, the solving of the free boundary equilibrium problem is
well-conditioned.

Two equilibrium solvers for axisymmetrical toroidal configurations have been developed,
both based on the expansion in poloidal angle method. The first solver has been conceived for
a two-point boundary value problem, while the second one for a free boundary problem.

2. TWO-POINT BOUNDARY VALUE EQUILIBRIUM SOLVER

In a system of coordinates (a, 9, £), with straight field lines on the a —const surface (the
current lines remain " unrectified") [4], the contravariant and covariant components of the mag-
netic field and current density reads as

= {0, X/^VF), *7(2*VF)}, (1)

j
""Tart of this work has been performed during a stay of one of the authors (C.V. Atanasiu) at the Max-Planck-

Institut fur Plasmaphysik, Garching, Germany
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where x and & are the poloidal and the toroidal magnetic field fluxes, / and J are the poloidal and
toroidal currents, -Jlf is the Jacobian in the "rectified" coordinate system, v and <p are periodic
functions of 6 and £ characterizing the charge separation current and the scalar potential of the
irrotational part of the magnetic field, respectively [5, 6].

The equations for the determination of the 9 and £ coordinates are given by relating the
covariant components of the magnetic field to its contravariant components:

dip
— v -I L- =

9
- 1 - -I L- — 4-

_ 8<P
— / -I — =

9C
-I- 6i fi> (d)

Let us consider a general curvilinear coordinate system ("unrectified") (a,co,() with the
connection between the poloidal angles given by 6 = to + A(a, w), with A a periodic function of
u) to be determined. In a local coordinate system (x, y, Q, associated with the magnetic axis of
the equilibrium configuration, we consider the x axis directed along the normal and the y axis
directed along the binormal to the magnetic axis. A coordinate transformation through Fourier
series in u is given by [7] :

x = p(a,uj) coscu, y — p(a, to) sinw, p2(a,u>) = a2 + Re
m=—

(5)

where 5m(a) are the complex moments (<5m = $*-m)-> a n ^ W definition a2 = &(a)/-irBo, with BQ
the toroidal magnetic field at the magnetic axis (a = 0). The metric coefficients go- have been
separated in the form

** = *£>+ *£> + *£>, ^ = 0, ^ = 0, ^ V o , (6)
where()' \ () and ()' ' represent the averaged part, the linear periodic part, and the nonlinear
periodic part, respectively.

Eliminating <p from Eqs. (4), separating the different components: those with the super-
scripts (1) in the l.h.s. and those with the superscripts (2) in the r.h.s. of the equations and
identifying each moment m in the l.h.s. of the equations, we have obtained the following system
of complex differential equations

a2
fj,a2

(7)

where Ym = 5m/a, ju — 1/q is the rotational transform, Wm — Wm(a, fj,(a), gik{a, LO),p (a), Bo,
R> $l,lj=m) is a nonlinear functional and prime indicates differentiation with respect to a. By
solving this system as a Cauchy problem for m = 1: 5i(0) = ^(0) = 0, and as a two-point
boundary value problem for m > 1: Sm(0) = 0 and given <5m>m^i(l), one obtains the Sm(a)
dependence over the full plasma region and thus the full equilibrium description of the considered
plasma.

3. FREE-BOUNDARY EQUILIBRIUM SOLVER

For nested axisymmetrical flux surfaces, the Grad-Shafranov equation has the well-known
form

This equation can be put in the form

_*
r 2 P
r M0
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where

T, T = 2irR0B0, p = [xoP*/Bl H = r/R0,

r'y^-r^y'H = l + Kx, K = l/R0, x = r - Ro,

S = !//*'{HD-D/H) + jH/D, G = gl2/(HD), Q = g22/(HD). (10)

with Ro the radius of the magnetic axis and BQ the magnetic induction at the magnetic axis.
For sake of simplicity, flux surfaces possessing up-down symmetry will be presented only. For
this case it is possible to represent the coordinate transformations as a Fourier series in CJ

a2 °°
x = — COSCJ+ V^ xmcosmu, y = bsmco, b = X1'2a, (11)

ra=0, m^ l

where xo is the shift, A is the ellipticity, x2 is the triungularity, £3 the quadrangularity of the flux
surfaces, etc. By substituting these Fourier series for x into the Grad-Shafranov equation (9),
and retaining only a finite number M of amplitude functions, one obtains an approximate
solution for the flux surface geometry. To identify each moment, we follow the "classical" way
of averaging Eq. (9) multiplied by cos mto with respect to 10

The Grad-Shafranov equation has to be solved now in its Cauchy formulation: with given
ellipticity and initial conditions xm(0) = 0 at the magnetic axis. One can prove that near the
magnetic axis all the xm, m > 2, moments have a xm ~ Cmam dependence, with Cm a free
parameter, while the magnetic shift XQ has an a2 dependence.

For numerical calculations it is more convenient to introduce the following new functions

Therefore, the averaged Eq. (9) can be written in a matrix form

AW" = B, (13)

where the vector W has the form

W T = [¥ x0 b w2 ... wM], (14)

while the a -̂ and bj elements result by averaging. Thus, the Grad-Shafranov equation has been
put in the form of a system of differential equations, appropriate for numerical computation

W" = A ^ B = F(o, W, W') (15)

To solve the system of equations (15), the initial conditions for W and W at the magnetic
axis have been specified. For this Cauchy formulation, the problem is well-conditioned: for each
moment wm only the "large" solutions ~ am play a role. The "weak" solutions ~ a~m, which
could appear due to numerical errors, are "forced" to zero in the vicinity of the magnetic axis,
while, near the plasma boundary, vanish "naturally".

4. EXACT EQUILIBRIUM SOLUTIONS

To check the capability of our moment method to accurately describe equilibria, a com-
parison of the moment solutions with analytical solutions obtained for a quasiuniform current
density distribution (Solov'ev equilibrium) [8]

ld*_ 2 dp ldF2
ld*_ 2 dp B__l
rdr~ + ' dV> 2
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with A and B constants. A particular solution of Eq. (16) is

* = ̂ 4 + f -2- (17)
The general solution can be written in the form

... (18)

with Co, C\, C2, ••• some constants. By separating the variables, two groups of eigenfunctions
can be distinguished. The first group has the form

*2n = g ^ n - * ) ^ *2n+i = / E A r 2 ^ ^ , (19)
fc=O fc=O

with a finite number of terms in the sum for any n, while the ak and f3k coefficients are given
by recurrence formulas with ao = 1 and A) = 1- The second group has the form

lnr + bk)z
2(n~Vr2k, *2n+l = zJT(ck lnr + dfc)z

2(n-fcV2fc, (20)
fc=0 fc=0

with the afc, bk, Cfc and a^ coefficients determined by recurrence relations, with CLQ = 0, bo = 1,
Co = 0 and do = 1.

With these two groups of solutions, representing a generalized Solov'ev equilibrium, one
can describe a very large range of MHD equilibria.

5. CONCLUSIONS

Two equilibrium solvers for axisymmetrical toroidal configurations have been presented.
The first one has been conceived as a two-point boundary value problem to solve the fixed
boundary equilibrium problem, while the second one uses the Cauchy formulation to solve both
the free boundary problem and the fixed boundary one.

In our Cauchy formulation, the solving of the free boundary equilibrium problem is well-
conditioned: for each moment, only the "large" solutions play a role, while the "weak" solutions
are "forced" to zero or vanish "naturally". Thus, the integration of the system of differential
equations, resulting from this formulation, takes place in one "iteration" only.
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Abstract

Based on three-dimensional simulations of the Braginskii equations, we identify two main
parameters which control transport in the edge of tokamaks: the MHD ballooning parameter
and a diamagnetic parameter. The space defined by these parameters delineates regions
where typical L-mode levels of transport arise, where the transport is catastrophically large
(density limit) and where the plasma spontaneously forms a transport barrier (H-mode).
Ion diamagnetic effects allow the edge pedestal to steepen well beyond the first ideal MHD
stability boundary.

1 Introduction

The tokamak edge region vitally controls the plasma discharge through its role in the L-H
transitionfl, 2], the density limit [3], and the edge temperature pedestal. We suggest here,
based on three-dimensional simulations of the Braginskii equations, that these phenomena are
fundamentally linked to the dependence of the turbulent edge transport on two dimensionless
parameters: the MHD ballooning parameter a. = —Rq2dj3/dr and a diamagnetic parameter
aci (defined below). The space spanned by these parameters is shown in Fig. (1). In the
weak diamagnetic limit (small a^), the simulations show a dramatic rise in the transport with
increasing a that leads to high transport levels even at small a values well below the limit
of ideal ballooning instability[4, 5]. We associate this behavior with an effective density limit
beyond which stable tokamak operation is not possible [6]. At higher a^ ~ 1. on the other
hand, the a dependence of the turbulence is reversed, with small but finite values of a leading
to a strong suppression of transport. In this regime a local increase in the plasma pressure
gradient, above a threshold in a, causes a reduction of the transport [6]. Since such a reduction
would naturally lead to a further steepening of the edge pressure gradient, this region of higher
a and a^ is unstable to the spontaneous formation of a transport barrier. The boundary of
this unstable domain defines the onset condition for the L-H transition in our model. Finally,
the global stability of the edge pedestal and the relative roles of finite a and E x B shear are
explored in dynamical simulations of the barrier formation process. These simulations confirm
the E x B shear effect can stabilize turbulence during the formation of the barrier [7, 8]. We
also find, however, that for small a. E x B shear alone is not sufficient to trigger a transition
due to the strong positive dependence of transport on the plasma pressure gradient [6].

2 Model

The simulations are based on a shifted-circle magnetic geometry and are carried out in a
poloidally and radially localized, flux-tube domain that winds around the torus [9]. We evolve
six nonlinear equations, summarized in R.ef.[6], for the perturbations of the magnetic flux if).
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electric potential 4>, density h. electron and ion temperatures Te, Tj, and parallel flow v\\. For
later reference in the text, we show here only the isothermal limit of the full system {Te.Tj —> 0).
neglecting the (small) contributions of f;y and magnetic pumping:

(2TT)2« (dtj> + addvi>) - V|j (<£ - adfi) = J . (1)

V_L • A V ± ( 0 + radn) + Cn - Vj, J = 0. (2)

Dtn + dyj> - enC(]> - adh) - aden{\ + T)V,, J = 0. (3)

where Vy = 3, + {2n)2az x V ± ^ • V x , Dt = dt + z x V^ • V_i_. V]_ = (d* + A(z)0j,)2 + d2.
C = (COS(2TTZ) + A(z)sin(27rz) - e)3y + sin^Trz)^.. A(z) = 2TTSZ - a;sin(27rz): J = V ] > . The
time (£), parallel (2) and perpendicular (x.y) normalization scales are t,Q — (RLn/2)1/2 /cs.
L~ = 2irqaR and L$ = {^\c2L2

Z/{A-nV\to))1 /2. with an associated diffusion rate DQ = LQ/^O- The
diamagnetic and MHD parameters are

Unless noted otherwise, we consider the values § = 1, r = Tio/Teo = 1, en = 2LnjR = 0.02.
e = a/i? = 0.2, gfl = 3, ?7( = Ln/L,T; = 1. r]e = 1. irnjmv = 2.

3 L-H Transition and Density Limit

Fig. (2) shows the normalized, poloidally averaged ion energy flux , Pi ~ —{pi4>y} versus a for
various values of ad- For small a^ < 0.5 the transport increases strongly with increasing a, while
for larger ad ~ 1. the transport at higher a is suppressed. This reversal reflects the fact that
the turbulence in the small and large ad cases is driven by different mechanisms with contrary
dependences on electromagnetic effects.

In the small ad case, the turbulence results mainly from the nonlinear development of resistive
ballooning modes [9]. The enhancement of the transport at higher a in this case is due to the
dependence of the turbulence saturation level on magnetic field perturbations, which strengthen
as a is increased[4]. For very small ad < 0.3 the transport becomes extremely large even at small

a ~ 0.3. The evolution of the edge into this regime would lead to a large flux of plasma from
the core into the edge and a possible radiation collapse. Since a^ oc T'/'>/n while a oc nT. the
limit of small ad and finite a is consistent with larger n and smaller T, and we label in Fig. (1)
the rough boundary of this effectively forbidden zone as a "density limit". In agreement with
this, evaluating ad and a based on the edge discharge parameters at the density limit in AUG
[10] {R. = 165cm, a = 50cm, B = 2.5T, Te = 50ev, n ~ 3 x 1013/cm3 , Zeff = 2, q = 4).
we obtain ad ~ 0.3, a ~ 0.5. The energy diffusion rate predicted by the simulations for these
parameters is immense: D = . PJDQ with DQ ~ 60m2/s and (see Fig. (2)) , Pi ~ 1. This picture
is also consistent with observations on Alcator-C that confinement degrades as the density limit
is approached [3].

In the case ad ~ 1, resistive ballooning modes are weakened by diamagnetic effects [9], and
the turbulence is predominantly caused by a nonlinear electron drift wave instability [9, 12, 11].
This instability relys on the nonlinear production of poloidal pressure gradients, which (unlike
radial gradients) excite unstable drift waves even in the presence of the equilibrium magnetic
shear [12]. The drift waves then grow due to the convection of the electron pressure across
the magnetic field, which generates a parallel pressure gradient V||pe and an associated parallel
current through Ohm's law [12]. This process, however, is inhibited by electromagnetic effects at
very small a. This is because the electrons at higher a convect the magnetic field together with
the electron pressure, leading to a large reduction of V\\pe relative to the electrostatic, a = 0
limit. This effect can be illustrated by a linear analysis of a constant ambient density gradient
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in the y-direction n = n'oy [6]. The resulting drift wave growth rate is strongly suppressed with
increasing a. consistent with Fig. (2). A similar effect was also invoked in Ref. [13].

Returning to the issue of transport barrier formation, in a stable system an increased pres-
sure gradient leads to increased turbulence and enhanced flux, which in turn acts to flatten
the gradient. The gradient therefore evolves to a state in which the energy flux and the
sources balance. A transport barrier can form spontaneously if the flux decreases with in-
creasing gradient. In dimensional units the particle flux (comparable to . Pi) can be written as
. = ( Dono/Ln). n(ad.a.en,...). The dependence on the gradient enters explicitly through the
scale length Ln, which decreases as the profiles steepen, as well as implicitly through the In-
dependence of DQ. a(j. a, etc. Excluding the variation of, „. the flux has a strong positive power
dependence , ~ n'o

2. The dependence of . „ on n' must therefore reverse this for the system to
be unstable to the formation of a barrier. This dependence, neglecting the weak variation of
ay ~ r;/1/4, appears mainly through the parameters a ~ n' and en ~ n'~l. For small a^. . n is
insensitive to en and increases sharply with a (see Fig. (2)), which reinforces the stability of the
system. No barrier formation is therefore possible for small cy.

At higher a^ ~ 1, on the other hand, the a-dependence of , Pi (~ , „) shown in Fig. (2) is
reversed, allowing the possibility that d, n /^ |" ' l could change sign. The suppression associated
with increasing a in this case must compete with the contrary r?/2 dependence of the normaliza-
tion, as well as a strong destabilizing trend due to decreasing en = 2Ln/B. [9]. To determine the
net dependence on the scale length, simulations were carried out in the range en ~ 0.01 — 0.04 for
various values of a^, a. After steady transport levels were established, the profile scale lengths
were decreased and the parameters consistently adjusted. These simulations show d. n/d\n'
indeed changes sign, provided a > 0.4. The parametric boundary along which d. n /d |n ' | = 0

separates the L and H mode regimes in Fig. (1), and represents the L-H transition condition in
our model. This prediction is supported by a study of Alcator C-Mod [14] and AUG [15] edge
parameters at the L-H transition.

Poloidal E x B shear flows, generated locally by the turbulence, lead in part to the large
transport reduction with increasing aj seen in Fig. (2). The ordering on which our model is
based, however, excludes a contribution to the Er shear that can arise from profile variations
beyond the intrinsic turbulence scale. This possibly understates the importance of Er shear
since such profile shear will reinforce the stability of the system during the steepening process
[7, 8]. To address this issue, we carried out simulations of the edge pedestal in the context
of a simple model. The model includes a source and sink (radially periodic) in the density
equation (3), intended to represent neutral particle fueling in the edge. In response to the
source, a modulation of the density profile develops that steepens the gradient in the center of
the simulation domain. The strength of the source is chosen so that for a(/ ~ 1 and a « l the
source produces only a slight steepening of the profile before the system comes into equilibrium.
We then slowly increase a with time. With increasing a the transport drops and the source
causes the gradient to steepen, enhancing the turbulence until a new equilibrium is reached.
At a critical value of a the region of maximum pressure gradient exceeds the L-H threshold
condition and the profiles spontaneously begin to steepen. The subsequent evolution depends
on the parameter en: at en = 0.02 it is smooth and monotonic, while at en = 0.01 it is bursty.
Fig. (3a) shows the flux , Pi (t) from a simulation that includes the source in the latter case,
with a(j = 1 and (initially) a — 0.05. At t = 1550 the source is turned on and the value of a
is slowly increased at a rate da/dt = 2.5 x 10~3. This causes the transport to drop gradually
until t — 1630 (a ~ 0.25), when a burst of turbulence produces a large E x B poloidal sheared
flow. This can be seen in Fig. (3b), which shows the time evolution of the root mean square
poloidal Ex B velocity VEV = {{vEy)y,z)x (dotted line), ion diamagnetic velocity v^y (dashed),
and total ion rotation Viy = VEV + Vdiy (solid). This E x B flow sharply reduces the flux and
induces a localized transport barrier (much smaller than the box size), which in turn leads
to a steepening of the density profile that is reflected in a slow rise of the ion diamagnetic
flow from 1650 to 1750. At t — 1750 (a ~ 0.5) the barrier is disrupted by a large scale
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resistive ballooning mode which again produces strong E x B sheared flow and suppression of
the transport. A similar event at t ~ 1820 leads finally to the formation of a global transport
barrier at t — 1920. Beyond this, the diamagnetic velocity in Fig. (3b) increases monotonically
as the profiles continue to steepen, while the total ion flow slowly decays due to effect of magnetic
pumping. Since v-,y = VEy +Vdiy — 0- this forces VEy to increase in proportion to v(liy

 a s seen in
the figure. The growth of VEV reinforces the bifurcation of the system by suppressing turbulence
in the pedestal everywhere except in a small region surrounding the maximum pressure gradient
where E'r ~ 0.

4 Pedestal Stability

The steepening of the profiles following the transition in our simulations is not limited by the
ideal n —» oc stability boundary. This is shown in Fig. (4). which is a plot of the ion pressure
profile at an early time (dashed) and late time (solid, roughly 1000^0 after the transition) in a
simulation with tn = 0.02. ad = 1. The a-value at the center of the pedestal. a(x = 0) = 1.6.
is well beyond the first stability limit (a = 0.8 at s = 1). Shortly after the time of Fig. (4).
however, the onset of a rapidly growing global mode with ky = 0.4 (poloidal wavelength equal to
the box-size) in the E'r ~ 0 region leads finally to a complete disruption of the pedestal. Further
simulations show the onset of this mode occurs when a ~ 1.6 ~ 2cxCrit in the center of the
pedestal, irrespective of the radially averaged value of a at the time of the crash. Global mode
activity begins early in the simulation and appears at first in the form of two weakly growing
modes. These modes propagate in both the w*e and w*,- directions and closely resemble the two
dominant linear resistive ballooning modes in our system at ky = 0.4. One of these modes (the
UJ*J root) eventually transitions to the rapidly growing instability that destroys the pedestal.

The clear violation of the ideal n —> oc stability limit in our simulations is consistent with
MHD analyses of data from DIIID [16] and other tokamaks, which show the steep gradient
region of an H-mode edge pedestal may well exceed the first ideal stability boundary. We offer
here an explanation for this based on our analysis of a simple ramp-gradient model (discussed
below). That analysis shows long wavelength ideal modes with ky < 1/LP are stable because the
radial localization of the pedestal gradient greatly weakens the drive of such modes relative to
the stabilizing contribution of magnetic line-bending. Shorter wavelength modes with ky > 1/LP.

on the other hand, are stabilized by a combination of w*, and E x B shear effects.
To explore the behavior of ideal modes in the presence of a radially localized gradient, we

consider a simple isothermal system in which the background density gradient (normally n'Q = — 1
in our normalized units) is finite only in a localized region —5<x< 8. and vanishes elsewhere
(n'o = 0). To be consistent with the pedestal simulations discussed above, we assume the
equilibrium E x B and ion-diamagnetic flows balance: (f)'o = —ro^nd- As a further simplification
we eliminate the 2-dependence of the configuration by taking C = —n'od/dy (i. e. bad curvature
everywhere) and .s = 0. and in analogy to ballooning modes consider modes varying as exp(7t +
ikyij + ikzz) with kz = 2ir fixed. Finally, we exclude resistive modes by dropping the resistive
term (J term) in Ohm's law (1), and neglect the (small) terms proportional to en. With these
simplifications. Eqs. (1.2,3) may be combined to yield

dx [(77* + l/a)dj(x)] = kl(ry* + I/a + n'0)/(x) (5)

where 7* = 7 + iw*;, w*j = —ri^kyTa,!, f = </>/7*. The solution for f(x) that is asymptotically
well behaved at large x and continuous at x = ±8 is given by / = exp(—ky\x — S\) for |x| > 8
(n'Q = 0), and / = cos(kxx)/ cos(kx6) for |x| < 8 (n'o = —1) (even solutions turn out to be the
most unstable). Substituting this form into Eq. (5) for |aj| < 5 yields

- kv - I (^
77* kl + kl a W
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where kx is determined by integrating Eq. (5) across x = ±8 as

5) = ky l . ! 2 + 1 / " l • (7)

In the limit ky8 2> 1- the kx value of lowest order mode obtained from Eq. (7) is k3- « it/{28).
and so Eq. (6) reduces in this limit to the local result 77* ~ 7g = 1 — I / a with the usual
stability condition u ^ > A'J'Q. In the long wavelength limit, kv8 <C 1, on the other hand. Eq. (7)
reduces to A;j ~ ky/8 (the right side of Eq. (7) approaches unity for ky —» 0). and so Eq. (6)
gives 72 ~ ky8/{\ + ky8) — I/a ~ —I/a. That is, for a. ~ 1. ideal modes are always stable
for ky <C 1/8. independent of w*j. This stabilization is due physically to the contribution of
magnetic line-bending, which (unlike the ballooning drive term cc n'o) remains strong in the
exterior region out to large distances x ~ l/ky ^> 8.

We now turn to the case of arbitrary ky and the numerical solution of Eqs. (6), (7). These
equations depend only on the quantities kx8, ky8, 7, a, and the normalized ion-diamagnetic
velocity

1'2

Solving Eqs. (6), (7) numerically for fixed values of a, t)*j, and maximizing the growth rate over-
all ky8 yields a universal stability diagram shown in Fig. (5) (generalized to allow an arbitrary
ideal MHD first stability threshold at a = acru). At late times in the pedestal simulation
discussed earlier, the parameter v*i ~ 1. Similarly, evaluating f;*j in the H-mode pedestal based
on recent data in DIIID [16] (8 ~ 6/9/ ~ 0.0075i?.) we obtain w*j ~ 1. For such v^, Fig. (5) shows
diamagnetic effects lead to an up-shift in the stability boundary of the pedestal (solid line) by
more than a factor of two relative to the prediction of ideal n —> oc theory (dashed line). This
explains why the local maximum value of a in the simulations, and possibly also the experiments
[16], can exceed acru.. Further, the steepening of the pedestal gradient following the transition
in our simulations leads to a trajectory in the a - v*i space of Fig. (5) that eventually intersects
the unstable region near a ~ 2acra. Thus. Fig. (5) is also consistent with the apparent onset of
an ideal mode in the simulations at such a value of a.

5 Conclusion

We have argued the L-H transition and the density limit in tokamaks are fundamentally linked
to the dependence of the turbulent edge transport on the parameters a and a^ as shown in
Fig. (1). While the thresholds shown in the figure are likely to depend on important factors not
discussed here, in particular Ti/Te. non-circular geometry, and s. we expect the framework on
which they are based to be robust. We also find the steepening of the pedestal gradient following
the L-H transition in our simulations can substantially exceed the stability limit predicted by
ideal MHD for n —> oc ballooning modes. This breakdown of ideal MHD theory is due to the
radially localized nature of the pedestal gradient, as well as the contribution of ion diamagnetic
effects.
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FIGURES

FIG. 1. Edge plasma phase space

FIG. 2. . Pi{a) for a({ — 0.25 (square); o^ = 0.5 (triangle): a^ = 0.75 (ast); a({ = 1 (diam)

FIG. 3. (a) , Pt vs. t at en = 0.01; (b) Ion drifts vs. t: V{y (solid): v^iy (dash); VEV (dot)

FIG. 4. Early (dash), late (solid) ion pressure profiles.

FIG. 5. Stability boundary for ideal curvature driven modes



1511 THP2/01

1.0

0.8 -•

0.6 -

0.4 -

0.2 -

0.0

, 1 1 1 I 1

Ideal

y
y

i

MHD

• * - , '

•C^ /

\y /
^ /
/

L-

i

Instability

\ H-Mode

Mode

i , , , i

10.000

1.000

0.100

0.010

0.001

r ,-^y^

: % ^

i

>
i

ad=0.25

A ad=0.

i

5 i

0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.2 0.4 0.6 0.E

0.20

0.15 -

0.10

o.o5

0.00 -

1400 1600 1800 2000 2200
t

3b
2.5 I ' ' '

(IDEAL MHD STABLE)

n n f . . . , . . . ,

0.5

0.0 . , , i .

1400 1600 1800 2000 2200
t

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

NEXT PAGE(S)
left BLANK



1513 THP2 /02

XA0054088

Electromagnetic r\-} mode turbulence at the plasma edge
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Electromagnetic toroidal ;/; mode turbulence is investigated linearly and nonlinearly for parameters typical for
the plasma edge. The linear eigenmodes are shifted to longer wavelength while the growth rate remains unchanged,
thus a mixing length estimate would predict an increase of the transport rates. Nonlinear simulations, however,
exhibit a strong drop of the transport rates, when electromagnetic effects are taken into account. This reduction
of the transport rates is associated with a fundamental change in the dominant scale lengths and saturation of
the underlying turbulence. Specifically, magnetic recomiection plays a dominant role in the nonlinear evolution.
Therefore magnetic fluctuations should generally be included in simulations of ?;,- mode turbulence.

1 Introduction

During the last years large efforts have been taken to achieve a theory based understanding of the anoma-
lous transport in tokamaks. Plasma edge turbulence exerts vital control on the overall confinement by
determining the height of the edge pedestal which enters most core confinement scalings as the domi-
nant external parameter. Edge turbulence is typically characterized by three different regimes [1]: At
the outermost, low temperature edge resistive ballooning modes provide the dominant drive for the tur-
bulence. In the subsequent region of modestly higher temperature resistivity becomes smaller and the
ballooning mode is stabilized by diamagnetic effects. At these parameters the turbulence is maintained
by the nonlinear drift wave instability. Raising the temperatures further suppresses the nonlinear drive
and destabilizes the toroidal ??,• mode at increasingly large scales, in particular when the gradients flatten
out towards the top of the edge pedestal. Recently the investigations of the resistive ballooning and the
nonlinear drift wave turbulence have been extended to include magnetic fluctuations, and in both regimes
major changes compared to the electrostatic limit have been observed for different reasons [2. 3. 4]. Non-
linear simulations of r\\ mode turbulence typically still rely on the electrostatic approximation. Thus, it
appears to be important to proceed with a complete electromagnetic description, in particular regarding
the prominent role of rjj mode turbulence in core confinement physics [5].

2 Equations

Our investigations are based on the drift-Braginskii equations [6] including magnetic pumping but drop-
ping electron thermal effects.

(2w)2am [dtty + oiddytp] - V||(© - adn) = J, (1)

V i • d<VX(<P + rajPi) + C(p + G) - V,, J = 0, (2)

dtn + dvd> - [e,,(7(© - a(in) - f^V^'n + aden{\ + T ) V | | J J = 0. (3)

dtTi + rjidycp - (2/3) [enC(4> - adn + (5/2)rarf7}) - e.X^ + aden( l + T)V, | j]

||2) + {2n)2ttmr)idyv) = 0.. (4)

= - e , [V,| (p + 4G) + (27r)2am[l + WT/{1 + T)]dgip] , (5)

with J = V]_ii, pi — n+Tj, p = n+rT,- / ( l+r) , G = 2~/p \C(d> + Tadpj) — 4(el./e»)V|ji>j| . and the operators

V,| = 3- + {2n)2amz x V±ip • V±, dt = dt + z x V ± 0 • V ± ! ̂ \ = [0x + A(2)9y]2 + d2,, C = |cos(27rz) +
A(z) sin(27rz) - e]dtJ + sm(2-nz)dx with the shear function A(z) = 2nsz - am[l + J?f-r/(l + r)] sin(27rz). To
facilitate the comparison with previous work [2, 1,4], we use the normalization for resistive ballooning
turbulence £Q = {RLn/2)1/2/cs, Ly = 2-aqR., and L± = L\\j'(l.96uJCeTejjCjto)112. This yields the parameters
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Figure 1: Growth rate -. = —iu
and for (2TV)'2am/kj = 0.3 (b)

jj* versus en and kyps for r = 1, r\, = 2.5 in the electrostatic limit (a)
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Figure 2: (a) Growth rate versus ky for the complete set of equations. Parameters are r/; = 2.5. en = 0.1.
Qf/ = 1.25. Kj — 0.005. 7p = 0.075 and a• = 0 (stars), a = 0.675 (crosses). (b) Growth rate with
en = 0.3: other parameters as in (a). (c) Fluctuation amplitude of n (solid), Tj (dashed), VJ (dotted),
and 6 (dash-dotted) at e,, = 0.1, kyps — 0.18 versus z (outside of the torus at z = 0).

1 f.-y

Qci = v*to/L±_ with t1* the electron diamagnetic velocity, e,, = 2Ln/R, ev = en /(4nq), and the parallel
heat conduction K, and the magnetic pumping parameter yp. The parameter a,,, = q2R,3/Ln, finally, is
directly related to the usual MHD parameter a by am = a[l + T)JT/{1 + T ) ] " 1 .

3 Linear electromagnetic ?/, modes
To qualitatively understand the impact of electromagnetic fluctuations on the linear stability of the
toroidal 77; mode we neglect the parallel heat conduction K, = 0. the parallel sound wave ev = 0, magnetic
shear s = 0 and the resistivity [J term in Eq. (1)]. and evaluate the curvature operator C at the outside
of the torus 2 = 0 (with 6 = 0). In this limit the only coupling along the magnetic field arises from
the shear Alfven wave, the essential new element compared to the electrostatic regime. With the ansatz
v:<p.n,Ti oc exp{i(kyy + k\\z — u)t)} Eqs. (2), (3), and (4) combine to

—k-p; + en h
5
3

/:n + T
\

2
n> 3

(6)

LO Ul 0

where we have used the abbreviations p] = a~,en(l + r ) and u,\ = ajky. From Eqs. (1) and (3) we obtain
a second relation between n and 0

1 -
(27T)2Qin / U!

0= 1 -
(27r)2an,

adn.

Eq. (7) is the electromagnetic generalization of the usual adiabatic relation 0 = adn which is readily
obtained in the electrostatic limit a = am — 0. With <f> = a^n Eq. (6) reproduces the dispersion relation
of the electrostatic toroidal »/,• mode (compare Ref. [1] and citations therein). In Figure 1 we show the
result of a numerical evaluation of the dispersion relation obtained from Eqs. (6) and (7). Consistent
with earlier results [7] electromagnetic effects stabilize the mode over most of the parameter regime, in
particular at large en > 0.3. At intermediate en (~ 0.05 — 0.3), which is typical for the plasma edge near
the top of the pedestal, however, long wavelength modes are destabilized. This suggests an increase of
the transport rates in this region when electromagnetic effects are taken into account. At small en < 0.05.
typical of the outermost edge, the 77; mode remains weak even when a is finite.
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0.07
0.07
0.07
0.1
0.1

Q

0
0.225
0.675

0
0.675

(nvr)
0.06
0.053
0.034
0.083
0.039

(TiVr)
0.53
0.33
0.20
0.87
0.21

Table 1: E x B transport rates for
different values of e,, and a, ay/ =
1.25, i); = 2.5. For e,, — 0.07 «, =
0.0035, ~IP = 0.05, and for tn = 0.1
Kj = 0.005, j p = 0.075.

Figure 2>: E x B heat flux (T-,vr)
(solid line) and particle flux (nvr)
(dotted line) versus time for the
parameters en = 0.07, a = 0.675
and r)i = 2.5.

Figure 4: Structure of T; in the
direction perpendicular to the
magnetic field at the out side
of the torus (z - 0). The left
plot corresponds to a = 0, the
right plot to a = 0.675.

Figure 5: Magnetic reconnection at a late state of the simulation dis-
Figure 6: Ion heat flux (solid)

, . . . , . . and particle flux (dotted) at
cussed m Fig. 3 (marked by a little arrow in Fig. 3). The left plot shows , „ , , . . ,, . , ,. ,.
, ,.- ^ -I i n oo / • i /• r - « -,\ i = 244.0 in the simulation dis-

the magnetic held at z = —0.83 (outside of the torus at z = —1.0.1 , • ^- o , r, , „„, , . , , A x . „.„ y cussed m Figs. 3 and 5.
and i = 234. the right plot at t = 247. 6

The importance of electromagnetic effects is controlled by both a and fey [compare Eq. (7)]. If fcy is
sufficiently large, the Alfven wave is fast enough to establish the adiabatic relation 6 — a^n. even if Q
is large, and we obtain the electrostatic dispersion relation. In the complete set of equations Eqs. (I) -
(5) the parallel gradients are limited by ion heat conduction and the parallel sound wave. To realistically
include these effects we evaluate the growth rates with our three-dimensional initial value code [I], where
we choose all parameters including the numerical viscosities as in the nonlinear simulations which will be
discussed in the next section. Figure 2a confirms our basic result that for typical plasma edge gradients
e,, ~ 0.1 electromagnetic effects destabilize the r], mode at long perpendicular wavelength, whereas at
larger en electromagnetic effects strongly reduce the growth rate (Fig. 2b).

4 Nonlinear simulations

Based on our linear results the usual mixing length estimate for the anomalous diffusion coefficients
D = 7/fcj_ predicts a strong increase of the transport for en ~ 0.1, as the parameter a is increased.
To test this we performed a series of nonlinear simulations with our 3-d flux-tube code [I]. The box
dimensions are &QL± x 80Lj_ x 3Ly at a resolution of 192 x 192 x 90 collocation points. Surprisingly the
turbulent transport rates strongly contradict the mixing length estimate (Table I): raising a from zero
to 0.675 leads to a drop of the anomalous heat flux of roughly a factor of three. In the electromagnetic
regime the fluxes exhibit large fluctuations, and may even become negative (Fig. 3). The structure of the
turbulence in the electromagnetic regime also differs substantially from the electrostatic limit (Fig. 4):
whereas in the electrostatic limit the scale size of the fluctuations is several times the ion gyro radius, it
becomes very large in the electromagnetic regime. The electromagnetic state is characterized by highly
localized eddies in the magnetic field as well as in the E x B velocity, which have no counterpart, in the
electrostatic simulations. Within these eddies the plasma velocity considerably exceeds average levels.
These strong flows cause the large fluctuations in the fluxes, and can even result in negative values of
transport in spatially localized areas.

The failure of the linear mixing length estimate demonstrates that the magnetic fluctuations must also
strongly influence the nonlinear saturation of the fluctuations. The fundamental change of the nonlinear
dynamics is underscored by the presence of the fast rotating eddies and the large localized fluxes in the
direction opposite to the equilibrium gradients. A more detailed analysis of the time evolution shows
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(a) (c) (d)

r -

Figure 7: Saturation of the linear mode displayed in Figure 2b. The plots show contours of the magnetic
potential t1' at z = 0.17 with time increasing from left to right.

that these originate from regions where major changes in the three dimensional topology of the magnetic
field occur. Figure 5 shows such an event. Initially the magnetic field consists of two oppositely directed
bands of magnetic flux which are separated by a chain of islands (left plot). About ten time units later
the sheared structure is completely destroyed (right plot). Finally. Figure 6 shows the transport rate as
a function of the parallel coordinate z; we observe strong negative transport at the location where the
magnetic field is changed. Thus, magnetic reconnection seems to be responsible for the sharp drops in
the transport rates and therefore plays a dominant role in the overall dynamics. To gain some better
insight into the saturation mechanisms we use the eigenmode shown in Figure 2c as initial condition in
our three-dimensional code and study the nonlinear breakup. The streamers resulting from the toroidal iy
mode (Fig. 7a) are perturbed by an instability with k'xps ~ 0.15 (Fig. 7b). At sufficiently large amplitude
of the perturbation the magnetic field starts to reconnect (Fig. 7c). which finally completely destroys the
radial streamers (Fig. 7d). It is important to note that the secondary instability starts to grow in the
vicinity of the maximum of v at z — 0.2, not at z = 0 where <p. n and T,- are peaked (compare Fig.
2c). This indicates that the magnetic energy provides the dominant drive, and therefore suggests that
the secondary instability is a tearing mode. To confirm this we performed two-dimensional analytical and
numerical calculations on the stability of a sheared magnetic field as in Fig. 7a. The maximum growth
rate of the tearing mode is found at kxps ~ 0.1 consistent with Fig. 7.

In the electrostatic regime, by contrast, the saturation results from Kelvin-Helmholtz and drift-wave
type secondary instabilities as demonstrated for the resistive ballooning mode [2]. Thus, the electrostatic
and the electromagnetic regime are characterized by distinct saturation mechanisms, which explains the
observed failure of the mixing length approach in comparing the nonlinear transport rates in the electro-
static and the electromagnetic regimes.

5 Summary

Electromagnetic effects alter the growth rate of the toroidal r/; modes in two different ways, depending
on the steepness of the profile. For comparatively modest gradients the mode is strongly stabilized. If
the gradients are steeper (Ln ~ 0.5R). as is typical for the plasma edge near the top of the pedestal,
the mode spectrum is shifted to longer wavelength while the peak growth rate is relatively constant. In
contrast to a linear mixing length estimate, which would predict an increase of the transport rates in
this regime, nonlinear electromagnetic simulations exhibit a strong reduction of particle and heat flux.
This reduction is caused by a fundamental change in the nonlinear dynamics: whereas in the electrostatic
case the toroidal ??, mode saturates due to the growth of Kelvin-Helmholtz or drift-wave-like secondary
instabilities, magnetic reconnection becomes the dominant mechanism in the electromagnetic system.
Therefore, certainly in the plasma edge and also possibly in the higher temperature regime of the plasma
core, it is essential to keep electromagnetic corrections in simulations of r/,- mode turbulence.
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TURBULENCE STUDIES IN TOKAMAK BOUNDARY PLASMAS WITH REAL-
ISTIC DIVER TOR GEOMETER

X.Q. XV. R.H. COHEN. G.D. POR TER, T.D. ROGNLIEN. D.D. R VUTOV.
J. R. MYRA1. D. A. D1PPOLITO1 . R. MOVER2. R. ,]. GROEBNER3

Lawrence Livermore National Laboratory.
Livermore. California.
United States of America

Abstract

Results are presented from the 3D nonlocal electromagnetic turbulence code BOUT [1] and
the linearized shooting code BAL[2] for studies of turbulence in tokamak boundary plasmas and
its relationship to the L-H transition, in a realistic divertor plasma geometry. The key results
include: (1) the identification of the dominant resistive X-point mode in divertor geometry and (2)
turbulence suppression in the L-H transition by shear in the E x B drift speed, ion diamagnetism
and finite polarization. Based on the simulation results, a parameterization of the transport is
given that includes the dependence on the relevant physical parameters.

1. Boundary Plasma T urbulence Studies

BOUT models the boundary plasma that spans the separatrix using fluid equations for plasma
vorticity. density, ion temperature and parallelmomen turn, and electron temperature and paral-
lel momen turn. The equations are those of Ref. [3]. extended to include the magnetic pumping
by replacing the scalar pressure with the anisotropic pressure P , = P, Y - 3//o(O £-x# + V'vp,) •
V In B)(bb — Y). where ;/0 is the classical parallel viscosity. This reduced equation set includes
the well-known linear instability drives for (1) conducting-wall modes. (2) Kelvin-Helmholtz modes.
(3) curvature-driven ideal-MHD-ballooning and resistiv e ballooning modes. (4) resistive drift-Alfven
modes. (5) Vji'n modes, and (6) axial shear modes (V| |VEXB)- In order to investigate pedestal
physics, we first run the edge plasma, transport code UEDGE/EFIT to get the X-poin t magnetic
geometry and plasma profiles.

The BAL code is a linear eigenvalue code that solves a similar set of fluid equations on field
lines in the edge and SOL plasma for realistic X-point geometry. The code is eikonal. and retains
drift, resistive and collisionless skin effects. We employ BAL to gain insigh into the physics of the
underlying linear instabilities in boundary plasmas, to benchmark the 3D turbulence code BOUT,
and to search for various instability thresholds.

In an X-point divertor geometry, the local pitch q(r,0) varies along the magnetic field line
and there exists a steep parallel gradient of q near the X-point. There are two effects: (1) the
local magnetic shear s(r. 9) becomes large near the X-point: (2) the magnetic connection length
(L|l ~ q(r.O)R) becomes long when a flux tube passes near an X-point. The first effect can yield
rapid mode oscillation along the field line near the X-point. in which case the validity of the eikonal
representation becomes questionable. However, the parallel electron viscous damping and heat
conduction terms smooth rapid A-|| variations near the X-points. In the electromagnetic regime
(f = A']_c"/̂ .'y",f < 1), we find that, normally the dissipation terms are smaller than the others b y
O(t). However, near the X-point (s). e may exceed one because A1,, is large, dissipation can become
important, and the modes become electrostatic. The localization of dissipation and electron skin
effects near the X-points enables resistive curvature driven modes with strong drive near the X-
point(s). This physics profoundly affects the unstable spectrum, and generally results in modes
localized between the upper and lower X-points on the low-fiekl-side. W e refer to su<h mode as

* Work performed for USDOE under contracts W-7405-ENG-48 at LLNL. DE-F G03-97ER54392 at LRC.
DE-FG03-95ER54294 at, UCSD. * Lodestar Research Corporation. Boulder, CO 80301 USA; -University of
California, San Diego, La Jolla. CA 92093 USA: 3General Atomics, San Diego. CA 92186 USA
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"res/stive X-pornt modes" . The eigenmode structure from a typical BOl T simulation is shown in
Fig. 1.

e< o>/TeO

Top X-point

Mid-plane

W o X-point

Inboard "* outboard

Fig.l. Fluctuating potential e(o)s/'Tc0 in 2D radial and poloidal plane from a typical BOUT simu-
lation.

The fluctuating potential is peaked near the low X-point just inside the separatrix. As shown in
Fig. 1. even though the configuration is a single null divertor. there is still an X-point near the
scrape-off'-layer (SOL) on the top of the machine, and its magnetic shear limits penetration of the
fluctuations into the inside of the torus. BOUT runs with the curvature term turned off show a
significant reduction of the linear-instability growth rate. Linear eikonal ballooning analysis (BAL)
also shows that the X-point dramatically affects the eigenfunction shape and unstable spectrum.
Fig. 2 shows the eigenfunction and linear growth rate in the SOL with and without X-points (in
the latter case. Bp and magnetic shear s are set to their mid-plane values).

no X-pt,
600

500

400

300

200

100

(b)
no X-pt ,

20

e
40 60

n
80 100

Fig.2. (a). Fluctuating potential o{0) vs. poloidal angle 6 with (solid line) and without (dashed line)
X-point. 9 increases from inboard to outboard as Fig.l. The top X-point is at TT: (b). Linear growth
rate * vs. toroidal mode number n with X-points (solid lines) and without them (clashed line).

The fluctuation peaks near the X-points and the linear growth rate is typically smaller with the
X-point present. In the case without X-points. the eigenfunction peaks near where the lower X-
point would have been since the curvature drive is strong there; the conducting-wall-mode drive is
destabilizing, but is subdominant. The frequency spectra of the mid-plane particle flux from probe
measurements and BOl T simulations in L mode shows reasonable agreement [3].

2. L-H Transition

For given DIII-D discharge 89840. we analyze the instabilities and turbulence at two different
time slices 2370ms and 2470ms. corresponding to L and H mode. We obtain equilibrium plasma
profiles by using hyperbolic tangent fits to the mid-plane experimental data for the plasma density
A",o. electron temperature T€Q, ion temperature Tj0 and assuming uniform profiles along the field
line. We find that there is little change in the magnetic geometry between L and H mode. The
plasma density A",o is radially steeper by a factor of 4. the ion temperature is steeper by a factor
of 2. and the electron temperature is steeper by a factor of 1.5 in H mode.

From BAL calculations, we find that in the DIII-D H phase, the ideal MHD edge ballooning
mode is near the marginal stability boundary and is a good candidate for the quasi-coherent mode
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seen in the experiments [4]. In both the L and H phases, a, broad range of unstable toroidal mode
numbers n was found for resistive X-point modes, in the range n ~ 30 — 400. The most linearly
unstable growth rate and mode number n have been benchmarked between BOUT and BAL in the
L-mode phase. After averaging the linear growth rate on different flux surfaces from BAL over a
half radial mode width from BOUT, the two codes agree very well.

In order to investigate the physics influences on the electric field Er. we start from the
Bra.ginsk.ii force balance equation:

Zoen,, c x B -
Z o e

VVO

This equation can be separated into equilibrium and turbulent parts Ex = Exo

1 _ ** 1

SE

Exo = Z o en o
x B

(5E, = -h (Va x B) -
c

6{VO • VV , ,

(1)

(2)

(3)
Z,,eno

The equilibrium electric field Exo is calculated either from measured plasma profiles or from the
edge plasma transport code UEDGE [5] (which solves the current continuity equation V • »,-c:(Vf —
Vj) = 0 with V̂ _ iteratively determined from Eq. (2)). Instead of calculating <SEj_ from Eq. (3).
the turbulent So is obtained from quasineutrality (Snf. = (>»,): substituting Eq. (3) for the electron
and ion species into the current continuity equation (V • SJ = 0) gives the vorticity equation. The
calculated electric field Er on the mid-plane from BOUT is given in Fig. 3 for the H-mode phase.

L-mode
30

20

H-mode

i f CEF? 2488 ms

$

-20

J.26 2.28 2.3 2.32
major radius (m)

2.26 2.28 2.3 2.32
major radius (m)

Fig.3. Electric field Er(x) from BOUT simulations. The filled diamonds are the computed Er(x)
including the turbulence-generated contribution; the Forc(+ is the equilibrium electric field calculated
from Eq. (2) inside the .separatrix and the sheath potential in the SOL: The triangles are the result
from CER measurements: the open circles are the result from Langmuir probe measurements.

It is shown that the overall radial profile of Er is determined by the equilibrium force balance
equation: however, the turbulence produces significant contribution just inside the separatrix. The
Er in L-mode is small and positive. The turbulent suppression of the fluctuating potential {6)rms

and the ion heat diffusivity \,- are shown in Fig. 4.

Edge

L-mode

H-mode \

(a)

SOL

1 %

!00 " -W

Fig. 4- (u) Electrostatic potential fluctuations e{d).^/Te^ across the separatrix measured at mid-plane
from BOUT simulations: (b) Turbulence-generated ion heat diffusivity \j from BOUT simulations.
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Even in the absence of flow shear, the SOL transport is moderated due to finite ion diamag-

netism and finite-polarization-stabilization of SOL modes [6]. Flow shear reduces turbulence both
in the SOL and edge regions[7][8].

3. L-mode Transpor t Scalings

The turbulent transport fluxes can be expressed in the form: . = %\)CSF(3. ps/RQ. L±/ps.
L\\/f>s- £• v. A). Here v0 is the density A'o. electron temperature TCQ. ion temperature T;Q or par-
allel velocity V||,o for the corresponding flux, and L± represents the set of scale lengths of density,
temperature, parallel velocity and ion pressure gradient perpendicular to B. F is a dimension-
less function of the dimensionless arguments determined from theoretical arguments and/or from
simulations. The dependence of . on 3 and vtl is plotted in Figs. 5. The base case 3Q and ;/f,o
correspond to DIII-D L-mode phase. In 3 scans of the transport, the linear instability drivers and
the magnetic equilibria are fixed. The dependence of . on other parameters will be reported in
future publications.

P/Rf2-25 Vei/Veio

Fig.5. Scaling of the E x B contribution to turbulent transport fluxes . with (a) 3 = 3j'2pf.p( =
mc/M;. 3 = KirnT€/B-: (b) electron-ion collisionality v(,.

4. Summary

Our 3D nonlocal fluid turbulence simulations of boundary plasmas have been extended into
the experimentally relevant X-point divertor geometry. A broad range of high toroidal mode number
n for resistive X-point turbulence is found in the range n ~ 30 — 400 both for L-rnode and H-mode.
The localization of electron skin effects near the X-points enables resistive curvature driven modes
with strong drive near the X-point(s). Flow shear is found to be the dominant mechanism for
the suppression of boundary turbulence, though finite polarization and ion diamagnetism also
contribute, especially in the SOL. Turbulence produces a visible radial electric field Er just inside
the magnetic separatrix. The scaling scans of the transport show the sensitivities of . on 3 and
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Abstract

Recent advances in the theory and modelling of tokamak edge, scrape-off-layer (SOL) and divertor
plasmas are described. The effects of the poloidal ExB drift on inner/outer divertor-plate asymmetries
within a ID analysis are shown to be in good agreement with experimental trends; above a critical vExB.
the model predicts transitions to supersonic SOL flow at the inboard midplane. 2D simulations show the
importance of ExB flow in the private-flux region and of VS-drifts. A theory of rough plasma-facing
surfaces is given, predicting modifications to the SOL plasma. The parametric dependence of detached-
plasma states in slab geometry has been explored: with sufficien t pumping, the location of the ionization
front can be controlled; otherwise only fronts near the plate or the X-point are stable. Studies with a more
accurate Monte-Carlo neutrals model and a detailed non-LTE radiation-transport code indicate various
effects are important for quantitative modelling. Detailed simulations of the DII1-D core and edge are
presented; impurity and plasma flow are discussed and shown to be well modelled with VEDGE.

1. INTRODUCTION
Comprehensive modelling of the scrape-off-layer (SOL) plasma in a tokamak is a central

issue for the design of high-power machines. TheSOL's importance lies in its roles in plasma/w all
interactions, impurity and ash control, and interactions with the edge plasma (the outer-most
closed flux-surfaces). Here we describe theory and simulation advances in modelling edge/SOL
plasmas and mak e detailed comparisons with recent measuremen ts iiDHI-D. We present enhanced-
performance core-transport scenarios for DIII-D, for which edge conditions and modelling are
particularly important, and report the results of self-consist en tly coupled core/edge calculations.

2. PARTICLE-DRIFT EFFECTS IN THE EDGE AND SOL

2.1. In/out divertor-plate asymmetries produced b y theExB drift: ID model

It is seen experimentally that reversing the toroidal magnetic field jBtol. can considerably
affect the distribution of particle and heat fluxes to the inner and outer divertor plates [l]. A
possible cause is the poloidal ExB drift induced by the outward radial electric field that is always
present in the SOL, arising from the sheath conditions at the divertor plates and the decrease of TL
with distance from the separatrix. The drift is towards the outer plate for the "normal" orientation
of 5 t o r (ion VS-drift directed towards the plates), and changes sign with the reversal of Btor. It
is therefore tempting to attribute experimental trends to this drift, and the observed trends in
the heat-flux asymmetry do correlate well with its direction. However, analysis of SOL particle
fluxes for a uniform B [2] has shown that the density and pressure asymmetries apparen tly anti-
correlate with experiment. Here, with a more realistic model, w e find agreement with experimental
trends even in ID. An important point of our analysis is that the cross-section of the flux tube
connecting the two divertor plates is minim uni on the inner-most side of the magnetic surface,
thereby creating the geometry of a Laval nozzle for the plasma flow on its way to the inner strike-
point [3]. This leads to the possibility of supersonic flow [2]. The second component of a more
realistic picture is the difference in Tc at the two plates caused by the much larger surface area of
the outer cf. inner part of the last closed flux-surface. Due to this, even in the absence of drifts the
heat flux to the outer strike-point must exceed that to the inner strike-point [4]. With a poloidal
drift imposed on such a plasma flow, all experimentally observed correlations are recovered.
Figure 2.1 illustrates the in/out density asymmetry vs. poloidal vExB for strike-point temperature
asymmetries r m / r o u t = 1 and 0.16. and mirror ratio along the flux-tube R = 1.5. On the left
branches of the curves, the plasma flow is supersonic between the inboard midplane and inner
strike-point. Radial drift-effects (included in the 2D treatment below) also give the experimentally
observed correlations [5]. W e emphasize that poloidal drifts are at least as important.

Work performed for USDOE under contract W-7405-ENG-48 at LLNL.
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2.2. 2D drift effects using the UEDGE code

For full 2D modeling of the edge and SOL we evolve ngas. the plasma densities. T.:. Tt.
plasma potential©, and ion and neutral parallel velocities with UEDGE [6]. A new element is the
inclusion of both anomalous viscosity and classical YB drifts in the charge-continuity equation.
The anomalous radial current is obtained within a consistent ordering of the classical transport
equations, using an enhanced collisionality to model turbulence while main taining all intrinsic
symmetries. Alternatively, toroidal turbulent transport equations are derived, with quasilinear
closures for the anomalous terms. Both models give a -lrh-order radial differential equation for o
which can be used both inside the separatrix, where radial force balance is crucial, and outside,
where parallel currents dominate. YB drifts also contribute significantly to the current, while the
current from charge-exchange near the separatrix is typically small for DIII-D parameters. The
resulting Er is shown in Fig. 2.2. Except near the separatrix. the poloidal variation comes mainly
from the changing distance between flux surfaces with nearly constant o: for this lower single-
null DIII-D configuration, the presence of a 2nd X-point near the top of the plasma produces a
local minim um in£V there. Note the large shear near the separatrix. which should help stabilize
edge/SOL turbulence. In addition to the poloidal vExB in the SOL addressed in the ID model
above, we find significant ~vEXB flows under the X-point in the private flux region. This flow
enhances [decreases] the inner plate density for normal [reversed] Btov. The gas-puff rate required
for inner-leg detachment is then lower for normal Blov. in agreement with Alcator C'-Mod [1]
and DIII-D observations. Also, the change in plate current-profile with normal cf. reversed 5 t o r

obtained from probe measuremen ts onJET [7] is qualitatively reproduced by our calculations.
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Fig. 2.1. Poloidal asymmetry in divertor-
plale density vs. normalized poloidal vBXB.
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Fig. 2.2. UEDGE-compvted Er at 3 poloidal cuts for
a low-power DIII-D case with v,VB toward the X-pt.

3. SHEATH OVER A SURFACE WITH SMALL-SCALE IMPERFECTIONS

A divertor-plate surface typically has fine "topographic'" structure determined by the in-
trinsic properties of the material (e.g.. the grainy structure of graphite) and by erosion. Their
characteristic size can vary broadly. The magnetic field intersects the plate at a shallow angle a.
We show that the presence of fine surface structures, together with the smallness ofa, gives rise
to many interesting new phenomena in the sheath. W e assume the surface is formed by randomly
distributed cones of height /;, with base radius and distance between neighboring cones also ~ h.
We first assume that the electric field does not significantly affect the particle motion, and then
consider complications. W e find that, at smalb's, the plasma stream is en tirely absorbed near the
tops of the cones, so that the fraction of the rough surface "wetted" by plasma particles is small,
resulting in local heat and particle fluxes near the tips of the cones much higher than for a flat
divertor plate. Using general scaling arguments [8], we find expressions for the wetted fraction as
a function of two parameters, n and pi/h. In a number of cases, the electrons wet a much smaller
fraction than the ions. Then, to achieve quasineutrality. potentials will be formed to prevent the
ions from entering the zones inaccessible to electrons. Projecting along B into the bulk plasma,
this fine potential structure will cause additional diffusion towards the walls. In quasi-steady-state,
a gradual ionization of neutrals will create a cold-plasma neutralizing background, restoring the
original picture with different fractions of the surface wetted by SOL electrons and ions.

4. DETACHED PLASMA STATES: MONTE-CARLO NEUTRALS; RADIA TION EFFECTS

There is evidence [9] as well as a recent simple theory [10] raising concern that a fully de-
tached plasma evolves to an X-point MARFE with degraded core confinement. W e useUEDGE to
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generate a map of stationary solutions vs. parameters (core n,. input power to the SOL. and
particle pumping at the divertor plate and side-walls) in a slab geometry sim dating half a single-
null divertor configuration. W e find that, when the divertor side-walls are pumping surfaces,
solutions for all core plasma densities and powers are stable. For no pumping, stable thermally
attached plasma solutions exist above some minim urn input power as shown in Fig. 4.1. For lower
power, three solutions exist, with the ionization front close to the plate, midway to the X-point
and close to the X-point. The middle solution is temporally unstable: the other two are stable.
At even lower power, only one solution exists; it is stable and approaching a MARFE-like state.

To assess the inertia! fluid-neutrals model [11] in UEDGE. we compare to coupled UEDGE/
Monte-Carlo (M-C) neutrals [12] calculations. With pumping at the side-walls and divertor plate,
the two models qualitatively agree for both attached and detached states. However, without
pumping no stable states have been found with M-C neutrals (cf. Fig. 4.1). This difference ma y
be due to lack of strict particle balance in the coupled codes, or to molecules, the dominan t species
in the detached region for the M-C model but not presen t in our fluid-neutrals model. For a given
plasma profile, the atomic density from the latter far exceeds the M-C molecular densit y because
recycling atoms m ust diffuse upstream from the div ertor plate via charge-exchange while molecules
are nearly collisionless in the cold detached region. As a result, the transfer of monien turn and
energy to the neutrals via charge-exchange is significantly reduced in the M-C model.

Radiation transport is investigated using the C'RETIX code with UEDGE plasma profiles.
Simulated low-power detached operation with pure hydrogen in DIII-D shows a reduction by a
factor ~ 50-100 in the hydrogen radiation at the plate and side-walls. Also, the Lyman-series flux
to a simulated detector is strongly distorted, indicating the need for detailed detector modelling.

a

• 5 '
c '

• s '
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0 ^ > :
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Fig. 4-1. Stationary UEDGE solution* with £' without
pumping. Input power to the SOL is Pcore: total par-
tick inventory (ions+neutrals) is Ntotal: ion density
at the innermost core surface is fixed at 7x 1019/m3.

time - seconds

Fig. 5.2. Temporal variation oj </axis
and qmm for ECH powers of 1 & 10
MW with qmm sustained for 25 TE at
10 MW as simulated by CORSICA.

o. PROGRESS AND DIRECTIONS IN DIII-D SIMULA TIONS

5.1. Modelling the DIII-D edge and SOL with UEDGE

UEDGE has been validated against a large variety of data from DIII-D. including radial pro-
files of n,. T(. and T-, at the outer midplane. 2D plasma profiles in the div ertor region, bolometric
measuremen ts of the total radiation profiles, and profile measuremen ts of Q emission [9.13]. Re-
cent code improvements include realistic models for both chemical and physical sputtering [14].
Two diagnostics are useful for validating these models: the bolometric measuremen t of total ra-
diated power and measurement of the parallel flov velocity of both impurity and primary ions
[15.16]. Impurity radiation patterns are determined by a combination of the carbon source distri-
bution and the radial and parallel transport of each of its ionization states, together with detailed
atomic physics. W e assume anomalous radial diffusion inUEDGE. and use a spatially constant dif-
fusivity for all ion species. W e find the dominant terms in the impurity-ion parallel force-balance
to be drag on the hydrogenic fuel ions and thermal forces which move the impurities up YT-,. The
parallel velocities of both the fuel and C+ ions predicted by the UEDGE model are consistent with
measuremen ts, as shown in Fig. 5.1. W e compare the simulated and measured Mir number of
the primary ion flow measured along a vertical line just outside the outer strike point in (a), and
the parallel C+ velocity along a line which views the plasma tangential to a surface lying just out-
side the X-point in (b). The C+ velocity is measured spectroscopically. permitting determination
of ± flow components at different radii. Similar agreemen t is obtained for a detached outer leg.
and for a discharge shifted radially outward enabling diagnosis of the inner leg.
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Fig. 5.1. Comparsion of simulated and measured flows for the primary ions (a)
and singly ionized carbon (b) in DIII-D. Positive flow is toward the outer plate.

W e also investigate impurity transport from the walls ofDIII-D to the core. Typically we
find buildup of C+4 at a force null (with forces pointing towards the null). The null position(s)
are determined by details of the parallel 7} and fuel-ion-flow patterns. The C'+4 density builds up
to a high level in the SOL. then diffuses into the core where it is quickly ionized to higher states.

5.2. High-performance DIII-D modelling with Corsica

A com binatioii of heating and current drive during Ohmic ramp-up leads to the formation of
discharges with negative central shear (NC'S) and high performance in man y machines. To extend
their performance to long pulse-lengths and ultimately steady-state requires active control of
heating, fueling and current-drive systems. W e are modelling the effects ofECH and ECCD in DIII-
I) for this purpose and to broaden the NCS region. Time-dependent CORSICA 1 simulations using
a transport model which ties the location of the barrier Xoqmm indicate that at powers > few MW
absorbed, the barrier can be sustained for several 7£. as shown in Fig. 5.2. where the position of
'/min was maintained for~ 25 rE. Edge profile conditions are critical in these regimes. In L-mode.
central pressure-peaking can cause disruptions, whereas H-mode profiles reduce beam penetration
and support steep edge gradients which drive currents resulting in ELMS. In many of the DIII-
D experiments, the pressure profile is controlled by biasing the plasma position, inducing L/H
transitions. To assess our ability to control profiles and to analyse the interplay of edge physics
and core confinement. LLNL's CORSICA 2 code [18] is being extended and validated against DIII-D.
CORSICA 2 couples core transport to UEDGE in a fully self-consistent manner, such that UEDGE can
be run either time-dependently or in quasi-static equilibrium with the shared boundary conditions
at the outer core. Coupled fields include nD. na. Te. 7}. >?<,«,. and toroidal momentum. With the
addition of SOL-turbulence-driven transport coefficients [19] to UEDGE. we have simulated an L/H
transition in DIII-D. with profiles in qualitative agreement with experiment.
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Abstract
Based on validated B2-Eirene results for the previous divertor of ASDEX Upgrade, the modelling predic-
tions for the new divertor are compared with the actual experimental results. For the same experimental
scenarios (L-mocle) in both divertors the predictions are robust and in agreement with experimental re-
sults. For a full qualitative agreement in H-mode both the carbon chemical sputtering yield and the radial
transport had to be adjusted. The new divert or has a reduced power load due to larger radiation losses.
These are caused by larger hydrogen losses, enhancement of carbon radiation due to radial transport and
convective energy transport into the radiation zone, and larger radial energy transport in the divertor.

1. INTR ODUCTION

For optimization of divertor operation, e.g. for ITER. 2D scrape-off layer (SOL) simulation
codes are used to study different target plate and baffle geometries and their effect on po wer
and particle exhaust and SOL characteristics.
Starting from validated results for the previous divertor (Div I) of ASDEX Upgrade [1,2], the
modelling predictions for the new divertor (Div II or Lyra) are compared with the actual exper-
imental results.
2D m ultifluid simulations for the experiments are done using the coupled B2-Eirene code package
in a. fully time-dependent mode [3,4] including deuterium and carbon. Carbon is produced at the
target plates and side walls by physical and chemical sputtering, where the physical sputtering
data are taken from TRIM calculations [5]. The c hemically sputtered carbon is started as carbon
atoms with 1 eV. A comparison with a more complete model starting methane and following
the whole dissociation chain showed that this simplification (resulting in reduced run-time) is
applicable. The chemical sputtering coefficien t for this study is taken to be constant, neglecting
for simplicity the dependence on flux, impact energy and surface temperature.

2. RECOMBINING PLASMAS

To test the predictive capability of the B2-Eirene modelling one starts with comparison of re-
sults for L-mode conditions, which have been analysed in detail already for Div-I [2]. As already
seen from the modelling of Div I. a proper description of the detac hment process requires the
inclusion of volume recombination [6,2]. In the original predictive calculation [7] this process
was missing. Therefore, the B2-Eirene calculations for the new Div II were redone with the
inclusion of this process, which becomes important at temperatures of about 1-2 eY.
This recom birring phase is determined by the formation of a recombination ionization double
layer, where in the net recom billing zone close to the target plates the plasma is neutralized
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forming a kind of virtual target below a temperature of about 1 eY in agreement with spec-
troscopy [8]. These neutrals then travel upstream in a 2-D way by leaving the zone sidewards
and getting through multiple reflections at the side walls and the plasma into a hotter upstream
regions where they are ionized (5 - 7 eY) [6]. In this ionization front zone one drives quite large
Mach flows even up to or above Mach equal 1 due to the large neutral sources there as con-
firmed by a fast movable Langmuir divertor probe [9]. In contrast, the net recombination zone
is characterized in the modelling by quite small flow velocities (confirmed with a sophisticated
loroidally viewing spectroscopy system [10]) giving the plasma enough time to recombine.

3. DETACHMENT PROPERTIES

The different divertor geometry and the reflection of neutrals into the hot zone close to
the separatrix in the LYRA divertor causes quite different detachment properties. In Div 1
detachment as denned by a drop of the total ion saturation current by at least one order of
magnitude developed rather uniformly and rather close to the density limit. In Div II one
observes an earlier detachment at the separatrix associated with an earlier onset of strong
volume recombination [11] and an earlier drop of the separatrix ion saturation current.
Detachment in Div II progresses from the separatrix to the outer scrape-off layer, which stays
attached up to the global density limit. The modelling shows also that the earlier drop of the
separatrix ion saturation current in Div II is not seen in the total integrated particle flux, because
in Div II the outer scrape-off layer stays attached due to inverted temperature profiles up to a
global detachment of the target plates.

4. IMPURITY PHYSICS

The analysis of impurity transport in the scrape-off layer is one of the most challenging
topics, both for experiments and for modelling, due to the complexity of the problem, because
motion of neutrals and ions are at least two dimensional. Also, understanding the important"
aspects of the impurity transport means the need for a validated model accounting for the im-
purity generation at the plates and side-walls, and a proper description of the transport process
(including atomic/molecular processes).
The detailed spectroscopic divertor diagnostics allow a qualitative check of the predicted losses
as measured with bolometry. Ha, CII and CIII lines. One gets good agreement with the bolom-
etry results and enhanced losses compared to coronal values due to limited residence time of
impurities close to the plate and radial transport resulting in a larger ra.diation volume [12].
The agreement with the specific spectroscopic lines is within a factor of 2 in absolute values
and very good agreement of spatial profiles. The experimental measurement of flow velocities
of neutrals and ions allows the checking of rather subtle details like flow patterns [9]. Here, an
experimental confirmation of the predicted flow reversal of impurities was possible [10].
After the successful test for L-niode conditions a detailed analysis was clone for H-mode condi-
tions (ELM averaged). To be able to get a reasonable fit of the outer divertor profiles - especially
those of the thermography - a critical parameter is the value of the chemical sputtering coeffi-
cient for carbon I f . The variation of this coefficient from 2% to 3% changed the outer target
peak value of the total power load from 3.0 MW/m2 to 0.8 MW/m 2 . The best description of the
experimentally measured profile for a high power H-mode reference discharge is obtained with
a chemical sputtering coefficient for carbon Yc of 2.5% resulting in outer target peak value of
the total power load of 1.8 MW/m2 as in experiment.

5. RADIAL TRANSPORT

The largest uncertainty in the predictions is the unknown scaling of the radial anomalous
transport. As expected one needs for the analysis of the H-mode discharges also a change



1527 THP2/05

of the radial transport compared with the L-mode conditions. Doing a detailed comparison
with experiment for a high power H-mode reference discharge one gets a better fit of both
experimental mid plane and clivertor profiles by introducing an outward pinch velocity rising
with distance from the separatrix to values of about 20 ni/s. The outward pinch models the
region of enhanced turbulent transport seen as shoulders in the experimental profiles, possibly
due to the loss of line tying in a low temperature, low density plasma (flute mode turbulence).
In contrast to local variations one also has to account for global transport changes. Starting from
the reference case with 2% chemical sputtering the same variations as in experiment [13] were
done. For higher densities and for lower current it was necessary to increase the radial transport
at least by a factor of 2. Especially the lower current operation is of specific interest, because
here the detachment is not driven by radiation losses but just by the large radial transport. By
using a fast version of B2-Eirene for fitting the scrape-off layer profiles one should be able to get
scalings of the anomalous transport coefficients correcting already for divertor effects like profile
broadening close to detachment.

6. REDUCED TARGET POWER LOAD

Measurements reveals a reduction of the maximum heat flux in the LYRA divertor by about
a factor of two compared to the open Div I [13]. For relatively low power cases (total input
power below about 2 MW). the effect of the preferential reflection of neutrals towards the
separatrix with maximized losses there can already explain for pure plasma conditions a factor
of 2 reduction at high densities.
However, the experimental results of thermography, calorimetry and Langmuir measurements
show this power load reduction also for attached conditions. That this effect has to be related
to changes of the radial transport, in the divertor region and not to changes of the upstream
transport is experimentally confirmed because there is no indication for a large change of the
midplane energy fall-off length from Div I to Div II [14].
In the code predictions the larger compression of the flux surfaces in the deeper Div II results
in larger anomalous radial fluxes when they are assumed to be described as a diffusion process
determined by the local gradient in real space. This produces already for attached conditions a
considerable broadening of the profile and by this a reduction of the power load maximum. If
the diffusion process is assumed to be constant in flux-coordinates, this effect disappears.
Comparing the spectroscopically measured impurity production, e.g. by measurements of the
CD bands [11], for Div I and Div II the larger divertor radiation in Div II cannot be understood
by larger impurity production. The large values for the total radiation losses in Div II can
be explained by the higher electron densities compared with Div I (target inclination effect),
the radial transport (enhancing the radiation volume [12]) and the transport of energy into the
radiation zone not only by conduction but predominantly by convection in the cold divertor
region as already discussed by DIII-D [15].
Also, the carbon residence time in the separatrix-near region is large, because the carbon ion
mass flow pattern shows a flow reversal zone due to the ion thermal force with small flow
velocities close to the separatrix and a forward flow in the outer scrape-off layer with relatively
fast flow [10].

7. PARTICLE EXHAUST

A check of the predictive capability for divertor impurity compression and pumping is im-
portant, because the removal of the helium ash is a critcial issue for any reactor. B2-Eirene was
able to describe the compression of deuterium, helium and neon qualitatively and qualitatively
for the Div I [16.1]. The predicted improved compression of helium and hydrogen pumping for
Div II [17] was confirmed experimentally [18].
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8. CONCLUSIONS

B2-Eirene calculations for the new Div II based on validated results (L-mode) for the Div I
are able to predict successfully details of recombining plasmas, detachment properties, impurity
transport of carbon and even flow pattern. Also, impurity compression and pumping properties,
mainly dominated by classical neutral transport, are correctly predicted.
To get a qualitative agreement in different experimental scenarios (H-mode) one needs to adjust
the chemical sputter yield and the perpendicular transport coefficient. Using these calculations
one gets an insight into the physical mechanisms responsible for the increase of the divertor
radiation.
Overall, the predictive quality of B2-Eirene is quite good for geometry variations in scenarios
where the radial transport has already been adjusted. Robust results are also obtained for
effects, where the classical neutral transport is dominant, e.g. pumping. To extend the predictive
capablity further SOL transport scaling studies are needed allowing the derivation of scaling laws
of the radial transport coefficients. For this, a fast version of B2-Eirene for a SOL transport
interpretation code is under development.
All results presented here are for the ion drift direction towards the outer divertor. Reversing
the toroidal magnetic field changes the results, indicating the importance of drifts. Analysing
this using a multifluid B2 version with drifts and currents, the main effect is the change of the
impurity transport by drifts, whereas the effect of drifts and currents on the pure plasma is
relatively weak.
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Abstract

Resistive pressure-gradient-driven turbulence (RPGDT) and ion-temperature-gradient-
driven turbulence (ITGDT) seem to play a critical role in explaining the measured transport in
tokamaks. The former at the plasma edge [1], and the latter at the plasma core [2]. However,
numerical calculations based on these types of instabilities have been limited to flux tube
geometry or limited by numerical resolution. Here, we present results for three-dimensional
calculations in the full torus geometry.

1. RESISTIVE PRESSURE-GRADIENT-DRIVEN TURBULENCE

Since the decay index of the poloidal and toroidal mode number spectrum of RPGDT is
very small, the spectrum is broad and requires the inclusion of many Fourier components to
achieve the desired high resolution. To this end, we have simplified the dynamical model to only
include time evolution equations for the electrostatic potential, and the pressure. Viscosity and
perpendicular transport are included in the equations to provide the energy sink needed to get
steady-state turbulence.

Flux coordinates with straight field lines have been chosen to describe the general toroidal
magnetic geometry [3]. The dynamical model equations are solved implicitly in time for the
linear part while they are solved explicitly in time for the nonlinear terms. A hybrid representation
based on finite differences in radius and Fourier mode expansion in the poloidal and toroidal
angles is used. With the present computer capabilities, we can resolve adequately the spectrum for
this system of equations in a full torus geometry using this representation.

A realistic turbulence calculation would require the inclusion of a source term in the average
pressure evolution equation. This source accounts for heating and fueling of the plasma and leads
to profiles that are consistent with the fluctuation-induced transport. However, its inclusion
requires carrying out the calculation over several confinement times, which is too long for a 3-D
nonlinear calculation in toroidal geometry. Hence, we do not include such a source, but we
consider two different evolution scenarios: (1) The average pressure evolves nonlinearly in a
consistent way with the evolution of the fluctuations. In this case, the average pressure profile is
modified by the quasilinear effects, but maintains a nonzero gradient. (2) The average pressure
profile is maintained fixed during the evolution. In the first case, two effects are controlling the
saturation of the turbulence: the change in the averaged gradients and the dissipation in the high n
range. In the second case, the nonlinear saturation is only caused by the transfer of energy to
damped high-ra modes, where it is dissipated.

When the average pressure profile is maintained fixed, the nonlinear evolution always
reaches a saturated state of fully developed turbulence. However, when the average pressure
gradient evolves, there are two possible steady state solutions. If the initial pressure gradient is low
(for instance when fSo = 0.01 and 0.021), the final state evolves to be close to marginal stability
and the turbulence at saturation is dominated by a single n-mode. The n-value of this single mode
is close to the mode with the largest linear growth rate. The fast growth of the nonlinear dominant
mode modifies the average pressure profile in such a way that all the modes become nonlinearly
stable. Because the change of the average pressure profile is slight, this stabilization can occur
only for low pressure gradients, that is to say, near the linear stability threshold. When the initial
pressure gradient is higher, a saturated state of fully developed turbulence is reached.

For a case with the average pressure gradient held fixed and |3o = 0.087, we have compared
three calculations with 488, 706, and 754 Fourier components. In these cases, the diffusivities are
chosen to stabilize all modes with n > 25, 35, and 45 respectively. The spectra are flat, and the
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convergence is good for the cases with 706 and 754 modes included in the calculation. The
spectrum at saturation for the best converged case is shown in Fig. 1. The value of the different
components is averaged in time during the stationary phase and in radius between 0.75 and 0.85.

A power-law fit to the fluctuation spectrum gives <&2
mn ~ ra"33 for wave numbers in the range

between n = 10 and n = 45. Here, the upper bar indicates time average.

We have characterized the spatial-temporal structure of the turbulence by calculating time
and radial correlation functions at different radial and poloidal positions. The correlation function
is calculated by averaging the coherence on the toroidal angle. For the high-p cases, there are
significant differences between the linear and nonlinear phase in the numerical evolution. In the
linear phase of the calculation when a single mode dominates, the radial correlation length is of
the order of the profile scale length. This is a consequence of the ballooning structure of the
mode. However, in the nonlinear phase, the radial correlation length is reduced and turns out to be
of the order of the width of the individual poloidal components of the linear eigenfunction. This
result clearly indicates a reduction of the characteristic radial scale of the fluctuations in the
nonlinear phase. For low p-values, when the spectrum is dominated by a single mode, the radial
dependence of the coherence is similar to that of a linear eigenfunction.

In the linear phase, the dependence of the coherence with the poloidal angle is very strong
and it is weak in the nonlinear phase. Therefore, the spatial structure of the turbulence is fairly
homogeneous and very different from the linear eigenmode structure. In spite of the radial
correlation length of the fluctuations being nearly constant on a flux surface, both r.m.s.
fluctuation levels and fluctuation induced fluxes have strong poloidal asymmetries in the
nonlinear phase and the fluctuation level varies along the poloidal direction.

10 E
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FIG. 1. Spectrum of logOl,n at saturation for $0=0.087 (left), and comparison of nonlinear
diffusion coefficient D and mixing length estimate vs (3 at p/a=0.8 (right).
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The calculated values of the diffusion coefficient and the fluctuations levels at saturation
agree well with the mixing length estimates based on the nonlinear correlation length and
decorrelation time. This is shown in Fig. 1, where we compare the numerically obtained diffusion

coefficient D = (yppjj\d[p)Jdp\ with the mixing length estimate Ap/xc as a function of p for a
fixed radial position. Here, the flux, correlation length, and correlation time are averaged in the
poloidal angle. We do not include in the last comparison the cases for which the saturated state is
dominated by a single n component because in those cases the mixing-length approach does not
have any relevance to the saturation dynamics.

2. ION-TEMPERATURE-GRADIENT-DRIVEN TURBULENCE

Ion temperature gradient driven turbulence (ITGDT) [2] is generally believed to cause the
experimentally observed anomalous loss of particles and heat at the core of tokamaks. Significant
progress has been made in the theoretical understanding of ITGDT over the past few years, in
large part due to the development of toroidal gyrofluid computational models [4]. These
gyrofluid models have mostly been limited to a local flux-tube description of the plasma and to
circular geometry for computational tractability reasons.
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We report here on progress towards nonlinear toroidal gyrofluid models covering the full

plasma cross section. To keep these full cross section calculations at a computationally
manageable level, we only include time evolution equations for the perturbed ion density
(vorticity) and perturbed ion parallel velocity, and a perturbed ion temperature equation with a
simple parallel linear Landau closure [5]. Moreover, the electrons are treated as adiabatic and the
electrostatic approximation is used throughout.

The same representation of the magnetic geometry and the same numerical scheme as for
RPGDT have been adopted to solve the Landau fluid system of equations for ITGDT. We note
that using straight field lines flux coordinates allows the study of ITGDT for shaped, high plasma
beta equilibria.

Full cross section nonlinear toroidal Landau fluid calculations of ITGDT have been
performed for eventual comparison with flux-tube models. For illustrative purposes, a low beta
equilibrium in circular geometry with a monotonically increasing q profile has been chosen.
These calculations have been carried out with 400 radial grid points (covering 100 ion Larmor
radii), 1120 poloidal (m) and toroidal (n) modes, with 51 distinct toroidal (n) harmonics. Only
through massively parallel implementation of the model on the 512 nodes CRAY T3E at the
United States Department of Energy (USDOE)'s National Energy Research Scientific Computer
Center (NERSC) has this high degree of high resolution been possible.

Linear results from these calculations are shown in Fig. 2 where each poloidal harmonic
forming a typical potential eigenfunction with n = 10 as a function of radius and contours of its
projection in the poloidal plane are displayed in panels a and b respectively. The ballooning
structure typical of these toroidal eigenmodes driven unstable by a combination of ion
temperature gradient and magnetic curvature is apparent in panel b, along with the global radial
character of these low-n toroidal eigenmodes. We also note that modes with n > 36 are stable
largely because of ion Landau damping.
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FIG. 2. Linear n=10 toroidal eigenmode

These calculations have been evolved nonlinearly in time to a near steady-state. Salient
features of the nonlinear evolution include generation of large poloidal sheared flows by the
fluctuations themselves through Reynolds stress and quasilinear modification of the temperature
profile by the growing fluctuations. The strong effect that the self-generated sheared poloidal flow
has on the spatial structure of the fluctuations is illustrated in Fig. 3 where contours of the
potential for calculations without and with self-generated poloidal flow are shown in panels a and
b respectively.

It is clear from Fig. 3 that the extended radial structures which dominate the potential
fluctuations without flow (panel a) have been broken up by the self-generated poloidal flow
(panel b). With flow, there is also a region where the fluctuations have been completely
suppressed. It can be further inferred from panel b that the poloidal sheared flow exhibits a
structure which is rather global in character. This is confirmed by direct examination of the radial
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structure of the poloidal sheared flow (not shown). Moreover, it is apparent from Fig. 3 that the
poloidal and toroidal mode numbers associated with the near steady-state structures are also lower
with flow than without. This is again confirmed by examination of the poloidal and toroidal mode
number spectra time-averaged over the near steady-state phase (not shown) which exhibit higher
amplitude tails at high m and high n indicating energy transfers to smaller scale structures through
nonlinear mode couplings in the absence of self-generated poloidal sheared flow. Somewhat
paradoxically, the ion thermal diffusivities obtained in the calculations appear to be comparable in
near steady-state, except in the region where the fluctuations have been completely suppressed by
the self-generated poloidal sheared flow.

a)

•ftf

• l"*-
•4

FIG. 3. Near steady-state contours of potential fluctuations without (a) and with self-generated
poloidal sheared flow (b).

The preliminary results presented herein indicate that nonlinear, global, full plasma cross
section, full torus, toroidal, Landau fluid calculations of ion temperature gradient driven
turbulence are feasible on present massively parallel computers. The results also emphasize the
profound influence self-generated poloidal sheared flows can have on the structure of the
fluctuations.
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Abstract

Long-range correlations in turbulence, associated with self-similarity of the fluctuations, are a
signature of transport by avalanches as occurs in Self-Organized Critical systems. We have
investigated long-range correlations in plasma edge fluctuations in a variety of fusion devices, using
the Rescaled-Range and similar techniques. We find that the degree of self-similarity in confining
devices is high and similar between devices, and much different from non-confining devices where it
is low. Likewise, we find that turbulent spectra show a high degree of similarity between devices.
These findings strongly indicate the existence of universality in plasma edge (ohmic) turbulence, and
demonstrate its non-Gaussian character.

1. INTRODUCTION

A characteristic property of self-organized critical (SOC) systems [1] is that these systems relax
through transport events of all sizes (transport by avalanches). This transport mechanism translates
into long-range time and space correlations for the fluctuating quantities. In this situation, both the
correlation functions and the probability distribution function (PDF) of fluxes display algebraic "tails",
i.e. at long time lags they decay as a power of the lag rather than exponentially. SOC dynamics hold
the promise of explaining some of the properties of transport in magnetically confined plasmas [2,3].
In particular, a SOC model could explain the existence of (a) critical gradients (the observed "profile
consistency"), (b) long-range correlations (superdiffusive transport and heat/cold pulses) and (c) Bohm
scaling of transport due to long correlation lengths. Thus, clearly, techniques for accurately
quantifying the asymptotic behavior of the correlation functions and PDFs are needed. In this paper,
we review some of these techniques and their application to plasma fluctuations. In developing and
applying these techniques, we have often used the running sandpile model [1,4,5] as a guidance.

2. LONG-RANGE CORRELATIONS

A feature of the turbulence induced fluxes at the plasma edge is that they are bursty. A PDF of
these fluxes (Fig. 1) shows a long tail with 10% of the largest flux events being responsible for 50% of
the transport [6-8]. These sparse but strong flux events are what Mandelbrot dubbed the "Noah effect"
[9], and are associated with algebraic "tails" of the PDF of the integrated fluxes, which is a
characteristic property of turbulent transport having long-range correlations.

In the case of plasma fluctuations, we have to specify what we mean by long-range time and
radial correlations. The standard decorrelation time and radial correlation length are determined by the
lie width of the corresponding correlation function (Fig. 2). The decorrelation time, xc, is basically an
eddy turn-over time and at the plasma edge of an ohmic plasma it is of the order of several
microseconds. We can also expect TC to be of the order of the inverse linear growth rate of the
dominant microinstability. The radial correlation length, lc, is of the order of the eddy size and at the
plasma edge it is about 1 cm. Theoretically it is expected to be of the order of the ion Larmor radius,
Pi. The long-range correlations investigated here are over times which are longer than TC and lengths
several times longer than lc.
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Fig. 1. Distribution function of the particle flux (a) and fraction of transport versus
the amplitude of the flux (b) in the TJ-I and TJ-IU devices.

3. METHODS AND RESULTS

To investigate the properties of these long-range correlations, we have analyzed plasma density
and electrostatic potential fluctuations using several techniques, such as the rescaled range (R/S)
analysis [9,10] and the scaled window variance (SWV) technique [11-13]. These methods determine
the Hurst exponent [14], H, which is directly related to the fractal dimension of the time series and to
the decay exponent of the algebraic "tail" of the autocorrelation function (ACF). It can be shown that
these techniques are (mathematically) equivalent to analyzing a double integral of the ACF rather than
the ACF itself, which strongly reduces the problems due to noise that hinders the direct determination
of the decay of the ACF at large lags [15]. In effect, the R/S and SWV techniques are rather
unsensitive to perturbations by uncorrelated noise [12,15] and are therefore very suitable for the
analysis of experimental data.

The analysis of electrostatic plasma edge fluctuations has been done on data from a broad range
of magnetic configurations. We have analyzed data from three stellarators, TJ-IU [16], Wendelstein 7
Advanced Stellarator (W7-AS) [17], and the Advanced Toroidal Facility (ATF) [18], in the Electron
Cyclotron heated regime. We have also analyzed fluctuation data records from two tokamaks, TJ-I
[19] and the Joint European Torus (JET) [20], in the ohmically heated regime, as well as a reversed
field pinch, the Reversed Field Experiment (RFX) [21]. This analysis has led to values of H that
concentrated mostly between about 0.62 and 0.75 within the plasma (Fig. 3), although the spread in
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values outside the plasma was much larger (e.g. Fig. 4) [22]. These results are evidence of the
existence of long-range correlations in the plasma edge turbulence in all those confinement devices.
They also demonstrate the self-similar nature of the plasma edge fluctuations. The narrow range of
variation of the self-similarity parameter, H, points to a universal character of the plasma edge
turbulence dynamics. We have also compared these results to the ones obtained from the Thorello
device [23], a toroidal device without rotational transform and with relatively cold plasmas (Te, T[ < 1
eV). In the latter case, the Hurst exponent is about 0.5. This result indicates that long range
correlations are only present in fluctuations measured in confined plasmas.

The narrow range of values of H found in different plasma confinement devices is also an
indication of the similarity of the low frequency range of the fluctuation spectra in those experiments.
However, the similarity of spectra goes beyond the low frequency range. Using a rescaling
transformation of the spectra that accounts for the unknown influence of machine size or other
geometry-related parameters on the spectral distribution, the similarity of the plasma edge electrostatic
fluctuation spectra over the whole frequency range can be demonstrated [23]. The fluctuation spectra
have been rescaled using the ad-hoc expression P((o) - g(hco) I /?, where X and /? are parameters to
be determined for each machine and operational conditions. As in the case of the sand pile, if the
function g exists, the spectra belong to a universal class. The value of A then indicates how frequency
ranges between different machines must be compared. In carrying out the spectral comparison
between several devices, we have taken spectra in the velocity shear layer, at the zero-velocity point,
in order to avoid Doppler shift effects. With this precaution, indeed a function g can be found for the
spectra studied as is shown in Fig. 5.

Some of the techniques used in the detection of the long-range time dependence can be extended
to the detection of cross correlations for long time lags [15]. This extension allows the determination
of radial (spatial) correlations such as the ones expected from avalanche transport. The application of
these cross-analysis techniques to experimental data is in progress.

4. DISCUSSION

The observed existence of long-range time correlations and radial correlations at large time lags
is expected from SOC dynamical behavior, but it is not the unique signature of SOC dynamics and
may have different causes. Therefore, we can only state that the results of the analysis presented here
are consistent with SOC dynamics.

On the other hand, these observations and analyses provide us with two important facts about
the plasma turbulence in magnetically confined plasmas that go beyond the validity of the SOC
concept. First, the electrostatic fluctuations clearly do not verify Gaussian statistics over times longer
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than an eddy turn-over time, and any turbulence model pretending to describe plasma edge turbulence
should also exhibit this feature. Second, we find that the fluctuations exhibit a universal character that
is largely independent of magnetic configuration details, at least in the plasma edge, and for ohmic and
ohmic-like regimes.

The existence of long-range radial correlations in the fluxes suggests the possibility of a
superdiffusive component in the plasma transport [24,25]. The existence of such a superdiffusive
component has been suggested on the basis of magnetic fluctuation induced transport [26], Similar
results can be obtained in a SOC model. Therefore, superdiffusivity may result from both magnetic
and electrostatic induced plasma transport. A superdiffusive component would be consistent with
Bohm type scaling observed in tokamak plasma transport. A direct experimental determination of such
a superdiffusive component is a challenging future goal.
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Abstract
A scenario for the L to H mode transition in tokamaks due to heat flux is presented. The

mechanism is stabilization of a strongly ballooning resistive edge mode by the ion diamagnetic
drift. We find that this stabilization may occure before that of poloidal rotation as a function
of increasing ion temperature gradient at the edge. We have also found a new type of toroidal
condensation instability which is found to dominate transport in the H-mode edge of tokamak
plasmas when the temperature gradient is steeper than the density gradient. A particle pinch
develops at the edge in agreement with experimental observations and the transport can be
dominated by the ion or electron channel.
Introduction

It is evident that the leading candidates for core transport, i.e. //,• and trapped electron
modes are not able to produce the increase in transport coefficients with radius observed in.
L modes in the edge region. In H mode1, on the otherhand. the observed particle pinch2 has
been difficult to explain. It is thus essential to look for other transport mechanisms that may
dominate at the edge.In the present work we focus our interest on MHD type modes in the
collision dominated edge. The presence of an electrostatic resistive ballooning mode with an
ideal MHD growthrate was pointed out in Ref. 3. Such a mode occurs when the resistivity is
strong enough to prevent electron motion along the field lines.

In the present work we focus on effects of temperature gradients and perturbations. We
expect temperature gradients to be particularly important in transitions from L to H modes
since such transitions occur for strong plasma heating. WTe then expect a. situation with IJ —
Ln/Lj > 1 to develop. A generalization of the new resistive ballooning mode branch with MHD
growthrate found in Ref. 3 then leads to an FLR type stabilization at a critical //,-. Since this
stabilization is likely to occur for a smaller n, than the stabilization by rotation, we will, in the
following, focus attention on the FLR, type effects and, for simplicity, omit effects of rotation.
In the local limit this system is 2 dimensional due to collisions. It is very similar to the system
derived in Ref. 4 where trapping made &• part of the electrons two dimensional. In this system a
transition to an H-mode was obtained in predictive simulations due to FLR stabilization of the
//,mode for large r/f. The stabilization of the resistive ballooning mode, however, occurs at much
smaller ?/,. In H-mode. >/,• and ?/e increase further at the edge due to the improved confinement.
We expect that this would stabilize also the drift type resistive modes0 ' '. In the H-mode barrier
we find an MHD type (2d) mode which has the character of a toroidal condensation instability8.
This mode, which is symmetric in ion and electron dynamics, is not stabilized by large tempera-
ture gradients and gives a particle pinch. It has both real frequency and growthrate of the order
of the magnetic drift frequency and thus requires a. careful treatment of the energy equation. For
the real eigenfrequency. the symmetry in ion and electron quantities is shown in a propagation
in the electron drift direction when the ion temperature gradient is steeper than the electron
temperature gradient and vice versa. The mode can be stabilized by j>arallel conductivity but
this effect is not as strong as for the resistive ballooning mode.
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Formulation
We consider a. strongly resistive edge region where the parallel conductivity is weak. In this

regime the dynamics is essentially only perpendicular to the magnetic field. In H-mode the
driving instabilities have small growthrates and. as we will see, of the order of the magnetic drift
frequency. We will thus carefully retain magnetic curvature also in the energy equation. We
thus use the advanced fluid formulation from Refs. -1 and 5 but add parallel conductivity.

where £ = q.j = f ^ j (eN x V6Tj) c,, = Bo/Bo. V||e = 3 . 1 6 ^ . M]l = 0.

Ec|. (1) defines the truncation of the fluid hierarchy. The momentum equation leads to the
usual low frequency fluid drifts

Vr: = £(<=.„ x Vo), K , = ^ ( i „ x VP?).l)> = - ^ ( | + V; - v ) Vo

We also define the diamagnetic drift frequency u- ĵ- = k • Vx.j. The diamagnetic drift corre-

sponding to only density gradient is denoted ~JX;. We also note the relations V • \'E = J\~D • V6

and V • ( » r j = 4= 1-b • ̂ P where \'D is the magnetic drift \'D = -4y- (en x ^ ) + -rr(e\\ X K)

where K = (en • V)f || is curvature vector.
We consider a collision dominated case where collisions are strong enough to make the

parallel electron motion subdominant. This means that electromagnetic effects also should be
weak and we will for the low :i edge completely ignore them. We will, however, include parallel
electron motion as a small term in order to see when it becomes important. We note that the
ion dynamics now is the same as for the toroidal ;/, mode in R.ef.4. When collisions are strong
enough to completely eleminate parallel electron motion we obtain the same description for the
full electron population as for the trapped electrons in Ref. 4. This means that we in this,
local, limit can recover our system by taking the trapped fraction equal to 1 in Ref. 4. 5. In the
general case we may write the parallel electron current as

= n e D, e,| • ( A ^ n - ^ V h 0 + 1 . 7 1 ^ ) (2)

I), = T(/(0.5//e,/»f) Temperature perturbations enter through curvature terms of the type
(7) and through j | | c . We introduce ?/e = LjcJLn. Lj = —T/dT/dr. Ln = —n/j^ We have
ignored k^Dl terms since parallel electron motion is assumed to be subdominant. The ion
response is analogous to the electron response but without parallel thermal conductivity. Also
ion sound effects have been ignored in the following but can easily be added. In order to obtain
an eigenvalue equation we make the replacement k2, ^ W w The modes we studv here are
now of an MHD type and the eigenvalue equation is derived from the condition

V - J = 0 (3)

We will only consider the strong ballooning regime and will thus not operate on JJQ with k\\.
We then obtain an eigenvalue equation which is quartic in ^.

So far no ordering has been assumed for ??,-. ?/e or c,(i. In a fluid treatment we must always
assume k^pj. to be small for r ~ 1. The characteristic frequencies are ̂ *, ̂ xj = u;*(l + //) and
a-'/> The eigenfrequency of course, has to be determined by these frequencies but can reach the

M2

ideal MHD-growthrate -;• ^

Edge Ordering
We will now introduce a specific edge ordering. The most general edge ordering is en <C 1

which is almost always fulfilled. This separates the frequencies into "High" frequency of — a?*
and low frequency ~ ^p. For strong heating JJXT will define the highest drift frequency in the
system. When u,\«,-j- becomes comparable to -JMHD the system goes over to H mode for which
"-, C 'MHD- -^s it turns out the FLR stabilization due to u-v,j will also be effective on resistive
drift modes with «; ~ •JJ* but a mode with u; ~ ^>D will remain. This mode corresponds to the
trapped-electron-etai mode in the enhanced confinement state of R.ef.5 and is mathematically
identical if we assume all electrons to be trapped in R.ef.5 and take the local limit in the present
work.
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For the resistive ballooning mode, with growthrate of the order of the interchange frequency
we ignore the electron temperature perturbations and gradient. Then using the ordering of c,,
we reduce the relation to second order in u;. By making a strong ballooning approximation we
can then derive the dispersion relation

where
. = J + i); + T. ~o = -j^yyj— i{^ - ^'*«T)(1 - ^)-rrf(2 a n c l De = ,y

2 "̂ • I» the local limit we
can easily include electron temperature gradients by adding ri]e to .. The expression for the
damping due to thermal conduction. -•£, however gets considerably more complicated.
The strong ballooning approximation can easily be fulfilled for edge parameters. The fastest
growing mode is obtained at k$pH — 0.15. Below this value the conductivity damping (shear
damping) is large and above it the FLR stabilization dominates. When we include the electron
temperature gradient, complete FLR stabilisation typically occurs at •?/,; between 3 and 5. A
stabilisation due to neoclasical poloidal rotation v$ = ?;,-r« can be estimated at

(5)

Here we balanced the shearing rate with the growthrate, taking Lj\ as the shearing length
scale. For (n ~ kgpf this threshold is typically around S. We thus expect the FLR, stabilisation
to occur before that of sheared rotation in a scenario where the transition is caused by increased
heat flow.
We note that a similar transition was previously obtained in a system of eta-i modes and trapped
electron modes in predictive transport" simulations. The growthrate (local) in that system was

i (6)

where A = 1 — ft + k2p2 and ft is the fraction of trapped electrons. For ft = 0.65 the transition
ocurred at //,• = 15. For ff = 1 we recover the local limit of our edge mode for large eta. We
may thus unify the descriptions of core modes and edge modes by interpreting ft as the fraction
of electrons that for various reasons, i.e. trapping, collisions, induction, do not move along the
magnetic field lines. The H-mode transition in the drift wave system gave an H-factor of about
2.5.

In the enhanced confinement state we have eliminated modes with growthrates of the order
of the diamagnetic drift frequency. We may. however, still have modes with growthrate of the
order of the magnetic drift frequency. This is the reason why we have kept all the magnetic drift
terms in our fluid description. Thus, while our general system is of fourth order in u; we can
now ignore the two highest orders thus again obtaining a quadratic dispersion relation in the
strong ballooning limit. Keeping the conductivity damping term from the analytical solution of
the eigenvalue problem we obtain.

*:2 _ ! V ; D -; +-u;2 6 = h2 (7)

where

'/; - >h + 0.5(7 - i ) rji + i??e - M1 + r )
£ = -r-— '—..*> = ; ^— (8)

The expression for m is quite complicated but for the edge ordering we are using it is. in
the strong balloning case, considerably smaller than ^/> Its is thus relevant and interesting to
consider the local limit where JD is ignored.

In the local limit the solution is symmetric in electron and ion quantities. The mode thus
propagates in the electron drift direction when ?/, > ;/e and vice versa, if Te = T,-. W7e also note
that a, necessary condition for instability is:

»* + - > ! ( ! + - ) (9)
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In the local limit jV « 0 and V • Vp\ % 0. Eq. (3) then reduces to the condition

bp = 0 (10)

The instability is thus of the condensation type. It can be seen as a usual thermal instability
where, due to the condition // > 1. the electron convective temperature perturbation through
the divergence of the diamagnetic flux gives the dominant contribution to bn. This relation
replaces the Boltzmann equation for electrons in the eta-i mode and thus makes © inversely
proportional to i/f in the ion feedback loop and to //,• in the electron feedback loop. This is why
;/,- and ijr. appear in the denominators of £ and b and this is why a further increase in ?/, and/or
//,, does not FLR stabilize this mode. We also note that V • q* gives a fluid resonance for the
temperature perturbation. In this way it gives the necessary phase shift for instability (with-
out it one ^ factors out). The inclusion of V •</** is thus necessary for the condensation instability.

Transport
We may use the transport coefficients from Ref. 4,5 where we take the trapped fraction,

ft = 1. The effective diffusion coefficients are obtained by using quasilinear theory. Ficks law
and by balancing the growthrate with the E x B convective nonlinearity for the saturation level.
Using the present ordering and taking // ^ 1 we have

in .2
A,! = —/, e^-l) (12)

A" is defined as the magnitude squared of the denominator of the electron density response.
It is

Since A* is always positive and since | £ |< 1 for positive ?? we always have a particle pinch.
The thermal fluxes are. however, generally outward.

We believe that the present mode has a high potential for explaining several experimental
observations in H-mode in addition to the particle pinch. In particular the thermal diffusion can
be carried mainly by the ion or electron channel depending on the relative strength of electron
and ion heating. The damping -£> also supports an improvement in confinement with current
and ion mass2. We also note that the assumption of large q means that the L to / / mode tran-
sition is triggered by a strong heat flow. The present results again emphasizes the importance
of toroidal effects and the perpendicular dynamics. Similar phenomena may occur in widely
different parameter regimes where parallel dynamics can be impeded by very different physics
e.g. particle trapping, electromagnetic effects or resistivity.
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Abstract

Three aspects of tokamak edge physics are addressed. Role of radial electric field and poloidal
rotation at the L-H transition is investigated with the Monte Carlo code ASCOT. Ripple ions and their
use in measuring edge electric field are studied. Generation of fast electrons and hot spots in the lower
hybrid grill region by the RF electric field is investigated with particle-in-cell simulations.

1. ORBIT LOSS MODEL IN L-H TRANSITIONS

For tokamak plasmas, the neoclassical transport theory gives the minimum particle and
heat flux in a real experiment but, in most conditions, the anomalous transport is the dominant
mechanism. The dependence of the neoclassical flux on a radial electric field Er can be modelled
analytically, but while the anomalous flux still lacks an analytical expression, it has been observed
to be suppressed in the presence of Er. An interesting link between the two fluxes is provided by
the theory [1] which proposes that the jump in the radial electric field during an L-H transition
could be due to a multivalued balance between ion orbit loss current and the neoclassical return
current at the edge of a tokamak. The 5D Monte Carlo code ASCOT [2] offers an ideal tool
to simulate both of these currents. ASCOT is used to verify the existing expressions for the
neoclassical return current, and to simulate the ion orbit loss current in a real tokamak geometry.

In Fig. l(a), the neoclassical current from two different expressions [1, 3] is compared to
the simulations. The simulated current is obtained by initialising the test particles according to
the background density profile and calculating the crossings of the test particles over the flux
surfaces. In the simulations, test particles scatter from the background, and the momentum
non-conserving collision operator ensures that the parallel velocity remains small. (The same
is assumed in deriving the analytical formulas). The simulation is done in circular geometry in
plateau regime with temperature T = 150 eV, and density n = 5 x 1019 m~3, corresponding
to normalized collisionality v* = 23. Toroidal magnetic field is Bt = —2.5 T, and the plasma
current is Jp = 1 MA. Qualitatively the results do agree, but there are quantitative differences
due to the simpler collision operator and various other approximations used in deriving the
analytical expressions.

In Fig. 1 (b), the maximum value of the neoclassical current from the analytical expression
[1] is compared with the simulated ion orbit loss current for Er = 0. The comparison is given as
a function of the normalized collisionality. A bifurcation is assumed to happen at the crossing
point of the curves. In the simulation, H-mode data of the ASDEX Upgrade discharge #8044 is
used, and the different collisionalities are obtained by multiplying the temperature profile by a
constant factor. In a good agreement with the analytic theory, figure shows the balance between
the two currents when u* is near unity and for real experimental conditions the ion orbit loss is
far too small to explain the transition.
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FIG. 1: (a) Comparison of numerically calculated neoclassical current (dashed line with boxes)
to the analytical ones from Ref. [1] (dashed line without boxes) and Ref. [3] (solid line) as a
function of radial electric field, (b) Orbit loss current and the neoclassical return current as a
function of collisionality.

2. CX DIAGNOSTICS OF RADIAL ELECTRIC FIELD AT L-H TRANSITIONS

A radial electric field is believed to play a crucial role in triggering the L-H transition. The
time resolution of the spectroscopic measurements, currently used for probing the dynamics of
the L-H transition, has not yet been good enough (about 0.5 ms) to decide whether the changes
in Er are sufficiently fast, and if they indeed precede the L-H transition. Experiments at ASDEX
Upgrade [4] have found that the neutral fluxes from ripple-trapped slowing-down beam ions grow
by a factor 10-30 at an L-H transition. The growth was also observed to depend on the energy
of the detection channel. Therefore, if the growth in the neutral fluxes resulting from charge
exchange (CX-) reactions were due to changes in Er, the CX-signal might provide a faster
diagnostic (time resolution < 100/Lis) for the radial electric field.

ASCOT simulations of ripple-trapped beam ions [5, 6] verify that the CX-signal strongly
responds to a radial electric field: the CX-flux characteristics are reproduced for experimental
conditions. Figure 2 shows the simulated CX-signal enhancement due to Er, T(Er ^ 0)/F(Er =
0), as a function of the toroidal and poloidal angles. The enhancement is shown for two different
widths of the Ei

r-profile. The initial energy of the test particles (deuterons) is 20 keV, which is
one-third of the beam's nominal energy. The pitch (£ = vn/v) of the ions contributing to the
signal in Fig. 2, satisfies the condition |£| < 0.07, and their kinetic energy lies between 5 and
15 keV. With Er = 0, the signal is found to have a significant deficit near the bottom of the
magnetic well, where the detected ions are trapped. Poloidally, the signal is much stronger in
the lower half, in agreement with the downward drift of the ripple ions. When Er is introduced,
the depression around the bottom of the magnetic well not only disappears, but the signal now
has its maximum there. The enhancement increases with the widening of the f?r-profile. The
response time to the onset of the radial electric field is typically less than 50 (s. The filling of
the depleted region can be explained by the different ripple-ion drift orbit topologies generated
by Er. and the time scale is determined by the convective drift time from the inner, well-filled
ripple region to the depleted region along these orbits [7]. Consequently, the time scale can be
much faster than the collisional time scale, and the ripple-ion population should faithfully follow
the changes in Er.

According to Fig. 2, the presence of Er can be best observed by monitoring the ripple-
blocked ions near the bottom of the ripple well, for a relatively narrow poloidal range around the
midplane. Ripple-ions with energies below a certain maximum, set by the strength of Er, will
respond to the electric field. In the ASDEX Upgrade experiments [4] the CX-signal was found to
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FIG. 2: Simulated CX-signal enhancement (ASDEX Upgrade shot 8044 att = 1.3 s) due to Er

given by a Gaussian potential, V = Voe~(r~a^w, with VQ = 200 V. In (a) w = 1 cm, and in (b)
w = 2 cm.

start growing the later the larger the energy of the detection channel was, indicating a steadily
growing electric field after the L-H transition. At first sight, the slow (1 ms) evolution of the CX-
signal observed in Ref. [4] does not appear consistent with a fast jump in the radial electric field.
However, because according to the simulations, the CX-signal enhancement becomes stronger
for wider and stronger fields (up to some saturation width and strength), a modest fast jump of
the field could remain undetected. Comparison of our simulations with the experimental findings
[4] supports a picture in which Er can experience a modest fast jump just within 1 cm of the
separatrix, followed by a later, much slower (> 1 ms) growth and broadening of the profile.

3. GENERATION OF FAST ELECTRONS AND HOT SPOTS IN THE LH GRILL REGION

In lower hybrid (LH) current drive experiments at Tore Supra and Tokamak de Varennes
(TdeV), hot spots and generation of impurities have been observed on components magnetically
connected to the grill region [8]. A possible explanation is the parasitic absorption of LH power
near the grill mouth resulting in a population of fast electrons [9].

We investigate the parasitic absorption of LH power in the near field of the LH grills of
ITER, JET and Tore Supra with the 2d3v electrostatic particle-in-cell (PIC) code XPDP2 [10, 12].
The code is periodic in the toroidal direction and bounded in the radial direction. The static
magnetic field is assumed to lie along the toroidal axis together with the grill mouth. In order
to model experiments with realistic wave spectra, XPDP2 was coupled with the SWAN code [11]
through a surface charge [13]. In front of the grill, a linear density profile was assumed. The
simulation parameters are summarised in Table I.

Figure 3 shows the absorption profiles for the three devices. The absorption occurs within
a few millimetres in front of the launcher. The simulations show that the parasitic absorption
is fairly weak in ITER and fairly strong in Tore Supra at high intensities.

In the PIC simulations, the coupled power densities were 25-82 MW/m2. For ITER the
absorbed power density in the near field of the launcher was found to be only 14 kW/m2 even
though the coupled power density was 82 MW/m2, which is much larger than the design value
of 23 MW/m2. The reason for this is that the spectrum of the ITER launcher has only small
amount of power at high-ny. In the simulations for JET, the absorbed power was also rather
small, 65-210 kW/m2. This is mainly because the coupled power densities that were considered
were rather low, 25-30 MW/m2. In the simulations for Tore Supra, the coupled power densities
were 35-50 MW/m2. The parasitic absorption in front of the launcher was 270-420 MW/m2.
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TABLE I: SIMULATION PARAMETERS FOR ITER, JET AND TORE SUPRA (Te = 25 eV).

ITER JET Tore Supra
Edge density, n e 0 [1018 m~3]
Density scale length, neo/n'c [cm
Magnetic field, B [T]
Grill frequency, v [GHz]
Coupled intensity, Im [MW/m2

Parasitic absorption, Jabs [kW/m
Electron energies, -Ee,kin [keV]

l]

m2]

1.0
1.0
4.0
5.0
82
14
0.3

0.3
1.0
2
3

30
65
0.4

3.0
1.0

.2

.7
25
210
0.4

0.6
0.6

48
350
1.6

1.0
1.0
2.
3

50
420
1.4

1.5
1.5

78
.7
35
280
0.6

2.0
2.0

36
270
0.5

1 1.5 2 2.5 3 3.5

(a)

(b)

(c)

4.5 5

Radial co-ordinate x, [mm]

FIG. 3: Absorbed power density per unit length versus radial co-ordinate in (a) ITER, (b) Tore

Supra (neo = 1 x 1018 m,-3) and (c) JET (ne0 = 3 x 1018 mT3).

A significant amount of fast electrons was generated for Tore Supra when the coupled power
density was large (> 45 MW/m2). The maximum energies were about 1.6 keV. The results are
summarised in Table I.

One should note that the lower hybrid launchers of JET and Tore Supra are very similar.
In the simulations, a higher amount of parasitic absorption was found for Tore Supra mainly
because the LH intensities used in the simulations were higher for Tore Supra than for JET.
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Abstract
Analytical and numerical study of the detachment in diverted plasma of a tokamak is presented.The

effect of ELMs on detachment has been studied. For high densities and low temperatures near the divertor
plate, volume recombination and charge exchange processes seem to play a key role in detachment.

1. INTRODUCTION
The physics of plasma detachment in the divertor region of steady state tokamaks is a topic
of current interest. A special area of concern is the investigation of impact of bursts of heat
and particles (from a ELMy H-mode core) on the transition from a 'detached' to an "attached'
plasma state in the scrape off layer (SOL). A detached plasma helps to reduce the steady state
heat flux as well as the erosion processes on a target plate. This, in turn, reduces the target
cooling requirements and increases its lifetime. Recent experiments [1] and simulations [2-3], of
the SOL region of a tokamak plasma show that the detachment, arises with the drop of plasma
temperature, pressure, heat flux and particle flux as one moves along the field lines from the
midplane to the divertor plate. In this paper we present some analytic and numerical simulation
results of the divertor detachment process based on a time dependent 1-D fluid transport model
of the SOL plasma. We first analytically examine the static problem and delineate the conditions
for the formation of various fronts associated with radiation, ionization, pressure loss and volume
recombination. We then present the 1-D numerical simulation results for a typical detached
plasma scenario and ELMs.

2. BASIC EQUATIONS

The 1-D equations are

dtn + dx(nv) = S± + nnnSi - n2(Srr + S3bd) {1)

df{mnv) + dx{mnv2) = —dx(nT) — mnv(nnSx + nSrr + nS^bd) (2)

dt[\nT + ^ ] + dx[\nTv + ^ - X{ldxT] = Qj_-QR-Q0 (3)

where all the symbols on the LHS have standard meanings - v and x referring to motion along
the field lines. S± and Q± are perpendicular sources of particles and heat into SOL from the core
(i.e. from the stagnation point till the null point). The atomic rate coefficients Si,Srr.S3bd.Sx

represent ionization, radiative and 3-body recombination and charge exchange respectively. The
energy loss terms are written as QR = n?E,jL{T) (radiative loss), QQ is a sum of thermal and
kinetic energy losses due to ionization, recombination and charge exchange. Gains due to 3-body
recombination are also retained. The £/ is the impurity fraction. Carbon is the only impurity
species considered and the impurity density is considered to be a fixed fraction (£) of the ion
density. A coronal equilibrium model is used in calculating the radiation losses due to carbon
impurities [4] which are limited to the region between the divertor plate and the null point.
Viscous effects have been neglected. The neutral transport is at present not solved for in the
code, although it has been retained in the analysis.

3. ANALYTICAL MODELLING

The physics of thermal fronts has been examined earlier by Hutchinson [5] and the pressure
fronts have been approximately dealt with by Ghendrih [6] and Kesner [7] (see [8] for a com-
prehensive review). The reduced temperatures at the cold side of the thermal front is expected
to allow the penetration of the neutrals in the plasma. The density of the neutrals and the
local plasma parameters decide the particle, momentum and energy sinks in this region. We
consider all these coupled equations for static fronts and present their analytic solutions which

1



1546 THP2/11

generalises the earlier work by Ewald and Self (see ref [8]) by retaining the energy equation and
the equation for neutrals.

The simplified model equations are dx{nv) = nnnSj — (3n?, dxp = —mnnnSxv, (5/2)dx(nvT) =
— (l/2)rnv2nnnSx. dxpn — —mnnnSxvn, where nn is the neutral atoms density and fin is the
three-body recombination rate coefficients respectively. The assumptions which go into these
equations are: (1) Subsonic flow (rnnv2 << p). (2) heat conduction less important than convec-
tion {x\\T' « nvT i.e. \mjpT' /T << {me/m,j)1/'2 . valid for low T and high n), (3) division of
neutral population in fast and slow neutrals, with momentum and energy loss from the plasma
conveyed to the wall by fast neutrals, but neutral population with which plasma interacts con-
sists of slow thermal neutrals. (4) The neutral pressure gradient is neglected in comparison to the
plasma pressure gradient, in the calculation of plasma flux (, = nv). Here, prime (') indicates
differentiation w.r.t x.

Integrating the sum of plasma and the neutrals continuity equations, we get nv + nnvn — 0
(constant of integration, corresponding to the flux from the hotter side, is taken to be zero). An
approximate relation can now be obtained between nn and n (if we neglect T' jT in comparison
to n'/n) as n\ + ann

2 — n^. The constant an = T(SX + Si)/SxTn). This assumption is only for
tractability, and can be relaxed in a detailed analysis.

With S j ^ 4 x 10~8cm3/.s, one can show that typically the energy loss due to charge exchange
is dominant over that due to ionization and recombination. From the energy and momentum
equation we obtain, v = C\pAl° where C\ = constant. Using this in the continuity equation and
dividing n' by p' we get,

dn/dp = An/bp - {S{ - /3n2/nn)p
8/5/(rnSxCr)

We now choose suitable functional forms for T-dependence of 5; and /? and assume Sx

independent of T. The solution of this equation when substituted in the expression for p' yields
p as a function of x.

First, we analyse the solution near the divertor plate (recombination zone) by neglecting Si.
We choose a critical temperature Tr ( of the order of 1 eV) below which (5 « /?o/T18 and
above which (3 « 0. In this region, the solution is n ~ Crp

7'^°. which shows that density
decreases as the pressure drops towards the plate. Above the critical temperature, i.e.. when
p/n = p18/95/C r > Tr one obtains the :constant-flux' solution, n = Cmp4/°. The behaviour of p
is approximately given by p{x) = const, xx.

We now discuss the solution in the ionization zone. In this region we drop the recombination
term and model Sj as 50T6 ( so that 1CT13 < Sx < lCT9cm3/.s in the range 1 < TeV <
4). The relevant equation is jk — la _ Q;^38/5/^,6, which can be integrated to yield n =
pAl°{Ci — (7/3)aip3)1//7, where d is a constant of integration, and a; = So/(C2mSx). When
p is small (towards the plate) we get the constant flux solution, with C{ = Cm. We must
mention here that p(x) in the ionization zone is obtained initially as x — x(p) ~ Const, x
F(l/3,l/7:4/3;p3) (hypergeometric series). As one approaches the hot zone, the flux (ex np~Al°)
drops, as expected by the observation that the ionization source should have increased , ( = nv)
from the midplane value (assumed to be small). Furthermore, as the neutral population is
expected to drop towards the hotter side, the charge exchange friction is unable to support
the pressure gradient. This zone, where there are no sources of particles and energy needs
some careful treatment as it connects the conduction dominated region (just after the thermal
front) and the ionization dominated region. The relevant equations are nv = . = Const.,
^ ( p + mn»2) = 0, ih\5nvT/2-X\\%) = 0. From these we get f f - f £{p/n)7^ = W, the heat
flux coming out of the thermal front. This equation can be easily integerated exactly to yield
T(x) from which n,p and v can be obtained. The assumption of small v allows one to match
the solutions in this and the ionization zone.
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4. NUMERICAL RESULTS FOR DETACHMENT AND ELMS

A time dependent 1-D code which solves the plasma fluid transport equations [9] along the field
lines, using a flux corrected transport algorithm [10] has been developed. The neutral profile is

specified as nn(x) = nn(x,i)e •> x<x) + n^, where nn{x(i) is the neutral density at the divertor
plate and \{x) is the neutral penetration length which depends on x through the local plasma
density n and temperature T, and n^ is the background neutral density. A connection length of
30 m (xd) with the null point at 21 m (xx) was assumed. The boundary conditions imposed are
n'(0) = T"(0) = v(0) = 0 and v at x^ = Cs (local sound speed). Heat flux at xj equated to local
jnCgT. where 7 is the sheath energy transmission factor. We also impose a flexible boundary
condition that n"(xd) = 0 [11].

A converged result for a detached case with S± = 8 x 1022rn~3s~l, Q± = 6MW/m3 and
iT>bg = 5 x 1016m~3 is shown in Fig.l. In Fig.l the mid-plane is at 0 and the divertor plate sheath
edge is at the other end. Fig.la shows a sharp drop in plasma temperature at ~ 26 m, corre-
sponding to a peaked impurity radiation (Fig.lb) and a sink of ionization energy loss (Fig.lc).
The fluid velocity also reaches supersonic speeds before this region and suddenly plummets to a
very low, more or less constant value after this point(Fig.le). The plasma density jumps up at
this point (Fig.Id). The ionization sources due to nt>g dominates S± in the region between the
mid-plane to null point.

The above observations are a result of the neutrals, which under conditions favourable for de-
tachment attain a profile shown in Fig.If, similar to a gas box in front of the divertor plate.
Such a profile for neutrals is got because X(x) becomes very large at T ~ 1 - 2 eV. Therefore
the neutral profile is almost flat. This continues till higher values of T are encountered and
X(x) becomes small. Then the neutral density drops rapidly. The plasma flowing at supersonic
speeds suddenly encounters this high density gas target and the large momentum sink due to
charge exchange causes it to fall and attain a constant value. The density rise is mainly due to
the fall of velocity and to a lesser extent due to ionization sources at the front position. The
increased plasma density causes the impurity density (which is pegged at £/ times the plasma
density) to increase and therefore gives an increased impurity radiation, which is a major sink
in the energy equation (Eqn.3). This causes a thermal front at the location where the velocity
falls (i.e. where the gas box begins). This is also the location where there is a peak in ionization.
Beyond this point the temperature is too low to cause ionization. The plasma density falls in
the low temperature region due to recombination. This is what causes a fall in the particle flux.

Parameter scans were carried out keeping Qx constant at 4 MW/m3 and S± taking values
4—6 x 1022/m3/s. We do not get detachment for these reduced values of S±, though S± = 6 x 1022

results in low temperatures at the divertor plate ~ 4 eV, at which volume recombination is not
large. Then in the second set of runs keeping 5j_ constant at 8 x 1022/m3/s we take Q± values
of 4 to 6 MW/m3. These runs also show that for higher values of Q± detachment is lost. When
nby is reduced to 5 x 1015m"3, Q± = IMWjm3 and S± = 6 x 1022rn"3s"1 we get detached
solutions with subsonic flows.

Two types of ELMs, type I giant ELMs and type III grassy ELMs were modelled. For the
giant ELMs and grassy ELMs the ELM time was taken to be 1 millisecond and 0.1 millisecond
respectively and the dwell time between ELMs was taken as 8 milliseconds and 0.7 milliseconds
respectively. Three cases were considered for the giant ELMS depending on the enhancement
in S± and Q±. S± and Qx were enhanced by 20 % and 20 %, by 20% and 10 % and by 10 %
and 20 % respectively. For the grassy ELMs only the case with 5 % enhancement in S± and Qx
was considered.

In all the cases for giant ELMs we see that the detachment front does not shift during the ELM
but after the ELM subsides, it moves towards the null point. The distance shifted increases as
the enhancement to S± is increased and is marginal for changes in Q±. In the case of grassy
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ELMs the detachment front position is not affected at all. In all cases we see increased impurity
radiation and increased ionization during ELMs at the front location.
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Figure 1: Plasma parameters as a function of the connection length

5. CONCLUSION

In conclusion, we have presented analytic and numerical results of a 1-D model of plasma detach-
ment. The main result of the analytic work is the derivation of closed form solutions connecting
the cold edge of thermal front to the divertor plate by a multi-region analysis involving ion-
ization, momentum loss and volume recombination effects. Our numerical simulations gave an
example of a convection dominated detachment front in which ionization and radiative phe-
nomena are essentially superposed at the same location. Similarly, our ELM simulations were
optimistic showing that even giant ELMs don't lead to attachment in this parameter space. It
is conceivable that some of our numerical results can get significantly modified if we retain some
of the neglected effects such as (i) parallel viscous drag on the flow, (ii) a density feedback fixing
the midplane density of the plasma, (iii) 2-D effects increasing the flaring of the SOL. etc.
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Abstract

A comparison of two types of DIII-D plasmas with improved core ion thermal transport is made.
One is an H-mode edge weak magnetic shear discharge and the other is an L-mode edge negative
central shear plasma. It is found that the region of reduced ion thermal transport is consistent with the
region where theory predicts stability of ion temperature gradient modes in both cases. The electron
thermal transport remains anomalously high throughout the plasma. The electron transport may be
caused by the presence of electron temperature gradient modes in the outer part of the plasma. The
modes are found to be linearly unstable even into the region of high ExB shear. In the central core no
drift-ballooning modes are found to be unstable. The negative central shear case is predicted to be
unstable to resistive interchange modes in the reversed shear region.

The stabilization of ion temperature gradient (ITG) modes by ExB velocity shear has been quite
successful at explaining the ion thermal transport reduction observed in the core of tokamaks [1,2].
However, the electron thermal transport does not show the same improvement that the ions experi-
ence. It has been proposed [2] that the electron temperature gradeint mode [3] (ETG) could supply the
anomalous electron thermal transport within the region of reduced ion thermal transport. The ETG
mode is the electron analog to the ITG mode. In the electrostatic limit, with no trapped particles and
with the Debye length smaller than an electron gyroradius, the linear growth rates for the pure ETG
mode with adiabatic ions are exactly scaled from the ITG mode growth rate with adiabatic electrons
by the square root of the ion/electron mass ratio. The poloidal wavenumber must also be scaled up by
the same factor. This exact isomorphism has been used in a transport code to compute an approximate
ETG mode electron energy flux [2]. The predicted electron temperature profile has been shown to
agree well with the experimental one in a plasma with an internal ion thermal barrier [2]. The exact
isomorphism between ITG and ETG modes is broken by the full kinetic theory. Both species are non-
adiabatic, trapped particles and electromagnetic effects are important and the Debye length exceeds
the electron gyroradius in low density tokamak plasmas. Therefore, it is necessary to go beyond the
ITG-ETG isomorphism to determine if ETG modes are indeed linearly unstable in tokamaks.

A comprehensive gyrokinetic linear stability code is used in this paper. The original code [4] had a
shifted circle model equilibrium. A new local equilibrium model [5], which includes elongation and
triangularity, has been added to the code and has compared well to an independently programmed
version [6]. A fully electromagnetic kinetic response has been implemented. With the new geometry,
the magnetohydrodynamic (MHD) ballooning mode beta limit can be computed. It is found that there
can be a large increase in the ITG mode growth rates due to electromagnetic effects even in some
weak positive magnetic shear regions, which have no ideal MHD ballooning mode limit.

In previous work with the original code [4], the ETG mode was shown to be unstable in an
L-mode plasma [7]. It was discovered that the ETG mode growth rates are reduced strongly if the
kinetic response of impurity ions is included. The reduced electron thermal transport in plasmas with
impurity injection is consistent with this mechanism combined with ExB shear reduction of ITG
modes [7]. It has also been found that electron heating by fastwaves [8], or electron cyclotron
waves [9], causes an increase in ETG mode growth rates in L-mode edge negative central magnetic
shear discharges with core ion thermal barriers. In this paper we compare the linear drift-ballooning
mode stability of a high beta weak central magnetic shear discharge with an H-mode edge to a high
beta negative central magnetic shear plasma with an L-mode edge. Both discharges have reduced core
ion thermal transport.

The first discharge to be analyzed (#87977) has a weakly positive magnetic shear in the core and
an H-mode edge. The measured profiles of ion and electron temperature, electron, and carbon 6 den-
sities, safety factor and carbon toroidal rotation are shown in Fig. 1. This discharge produced a record

'Work supported by the U.S. Department of Energy under Grant No. DE-FG03-95ER54309.
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neutron flux for DIII-D [10,11]. The time chosen for analysis was very quiet both in externally mea-
sured magnetic fluctuations and in density fluctuations at 2 cm"1 [11]. However, there is coherent
mode activity visible in the density fluctuation frequency spectrum. The power balance ion thermal
diffusivity is near neoclassical across the whole plasma [10,11]. The electron thermal diffusivity is far
above the electron neoclassical level. The measured ExB velocity shear [1] is compared to the
computed maximum ITG mode growth rate in Fig. 2. When the ExB shear rate exceeds the maximum
linear growth rate without ExB shear the ITG turbulence is predicted to be quenched [12]. This ITG
quench rule was deduced from nonlinear simulations of ITG modes with adiabatic electron in the
electrostatic limit. The growth rates in Fig. 2 have kinetic electrons, deuterons, carbon 6 and are fully
electromagnetic. We will assume the quench rule is unchanged by the extended physics. The ExB
shear rate exceeds the maximum ITG mode growth rate almost everywhere. The region 0.85 < r/a <
0.9 where the growth rate exceeds the ExB shear rate has a pressure gradient above the ideal MHD
limit.. Growth rate calculations have not been attempted beyond r/a=0.9 since the accuracy of the
profiles at the edge is not sufficient. The linear growth rate spectrum at r/a=0.7 is displayed in Fig. 3.
The low-k maximum is the MHD enhanced ITG mode. The high-k maximum is the ETG mode. Even
though the local ExB shear (horizontal line in Fig. 3) is well above the ITG mode growth rates it is not
above the ETG mode peak. Because the wavenumber of the ETG modes is higher than the inverse of
the ion gyroradius (6.4 cm"1 at this radius) the ETG modes are expected to produce mostly an electron
heat flux. Thus, the presence of ETG modes at this radius is a good candidate for explaining the
anomalous electron thermal transport. The extent of the region unstable to ETG modes is shown in
Fig. 4. Plotted in Fig. 4 are a/LTe—a(dTe/dr)/Te (a = minor radius) measured and the minimum value
a/LTe c r j t need for the ETG mode to be unstable. The ETG modes are predicted to be unstable from
r/a=0.47 outwards. There is a gap between the point where the ETG modes become linearly stable and
the center where we do not find any drift-ballooning modes linearly unstable. The gyrokinetic stability
code uses the ballooning representation and cannot resolve interchange modes. The magnetic shear is
close to the minimum needed for an ideal MHD instability to exist over much of the core. Thus, it is
possible, within the experimental uncertainty in the q-profile, that MHD balloning modes could be
controlling the electron pressure profile in the central core.

The second discharge (#87031) is a negative central shear plasma. The measured profiles are
shown in Fig. 5. This plasma had an L-mode edge. The power balance thermal diffusivities of both
electrons and ions are large in the outer half of the plasma [10]. The maximum ITG growth rate is
compared to the ExB shearing rate in Fig. 6. There is a good correspondence between the crossing of
the ExB shear rate and the ITG growth rate and the drop in ion thermal diffusivity [10]. Again it is
found that the ITG mode growth rates have a substantial electromagnetic enhancement outside of
r/a=0.6 in the positive magnetic shear region. The large ITG mode growth rates make it difficult to
expand the transport barrier into the positive magnetic shear region. This provides an explanation for
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FIG. I. DIII-D discharge #87977 at 2.5 s. (a) ion and
electron temperatures, (b) electron, ion, carbon 6+ (x
6) and fast ion densities, (c) safety factor (q) and
carbon 6+ toroidal angular rotation rate,
(d) normalized logrithmic gradients. All profiles are
measured except the fast ion density and deuterium
ion densities which are computed by TRANSP.

FIG. 2. Computed ITG mode growth
rate profile maximized over poloidal
wavenumber and ExB shearing rate
from carbon 6+ data for DIII-D
discharge #87977 at 2.5 s.
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FIG. 3. Growth rate spectrum for discharge
#87977 at 2.5s at r/a = 0.7. The localExB
shearing rate is shown as a horizontal line.

FIG. 4. Measured a/LTe for discharge #87977
at 2.5 s and computed critical value a/LTecrit

for ETG modes to be unstable.

the common observation that the leading edge of the "transport barrier" tends to not exceed the radius
of zero magnetic shear [1]. The concept of a maximum ITG mode growth rate breaks down beyond
r/a=0.7 in most L-mode edge plasmas that have been analyzed. The linear growth rate spectrum at
r/a=0.8 is shown in Fig. 7. The maximum in this spectrum is an ETG mode. Since there is a
continuous spectrum of unstable ion and electron modes, non-linear simulations need to be extended
to include the both ITG and ETG modes in order to accurately predict the transport. The measured
a/LTe is at or above the minimum required for ETG mode instability into r/a=0.35 as shown in Fig. 8.
The electron temperature gradient a/LTe in Fig. 8 starts to rise at r/a=0.50. This is inside of the
location (r/a=0.54) where the ExB shear exceeds the maximum ITG mode growth rate. The rise in
a/LTe follows the critical gradient for ETG modes into the ion thermal barrier region until r/a=0.35.
Something, which does not show up as a linear drift ballooning mode, suppresses the electron
temperature profile from this point inward. The local stability condition for resitive interchange
modes [13] DR is also shown in Fig. 8. The region of positive DR is unstable to interchange modes.
Note that this corresponds to the region with negative magnetic shear [Fig. l(c)] and a strong pressure
gradient. In this case there is a good agreement between the region where the ETG modes become
stable and the interchange modes become unstable. However, in lower power plasmas, a similar
flattening of the electron temperature gradient below the ETG mode threshold occurs near the plasma
center but DR is computed to be negative. A kinetic version of the interchange mode may have a lower
threshold. High wavenumber tearing modes [14] are another candidate. Resolution of these modes
would have required larger grids than where used.
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FIG. 5. DIII-D discharge #87031 at 1.82 s. (a) ion and
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FIG- 8- Measured a/LTe for discharge
#87031 at 1.82 s and computed critical value
of a/Lle critJor ETG modes to be unstable.
Also shown is the computed resistive
interchange stability parameter Z)/j.

Linear growth rate analysis of two enhanced core confinement discharges have been presented in
this paper. In both the weak positive magnetic shear H-mode and the negative magnetic shear L-mode
there is a region of reduced ion thermal transport consistent with ExB shear quenching the ITG modes.
High wavenumber ETG modes remain unstable from the edge of the plasma well into the region of
reduced ion transport. The anomalous electron thermal transport shows little reduction in this region.
Only electron thermal transport is expected to be enhanced by ETG modes. In the high-pressure core,
another mechanism takes control of the electron transport. The electron temperature gradient drops
below the threshold for ETG modes. For the negative magnetic shear case resistive interchange modes
are predicted to be unstable. Thus, even though negative magnetic shear and a large Shafranov shift
are stabilizing to ETG modes an electron thermal confinement improvement is not realized in the
negative shear region. The cause of the anomalous electron transport in the central core of the weak
magnetic shear discharge is unexplained by linear drift-ballooning mode stability in the wavenumber
range studied.

REFERENCES

[I] BURRELL, K.H., Phys. Plasmas 4 1499 (1997).
[2] WALTZ, R.E., et al., Phys. Plasmas 4 2482 (1997).
[3] HORTON, W., et al., Phys. Fluids 31 2971 (1988).
[4] KOTSCHENREUTHER, M., et al., Comp. Phys. Comm. 88, 128 (1995).
[5] MILLER, R.L., et al., Phys. Plasmas 5 973 (1998).
[6] DORLAND, B., private communication.
[7] STAEBLER, G.M., "Improved High Mode With Neon Injection in the DIII-D Tokamak,"

submitted to Phys. Rev. Lett.
[8] STAEBLER, G.M. et al., Proc. 1998 ICPP and 25th EPS conference on Contr. Fusion and

Plasma Phys., Prague, Czech Republic, June29-July3 1998, P3.192.
[9] GREENFIELD, CM. et al., this conference.
[10] GREENFIELD, et al., Phys. Plasmas 4 1596 (1997).
[II] DOYLE, E.J., et al., Proc. 16th International Conference on Fusion Energy, IAEA, Montreal

Vol. 1547(1996).
[12] WALTZ, R.E., et al., Phys. Plasmas 2 2408 (1995), ibid 1 2229 (1994).
[13] GREENE, J.M. and CHANCE, M.S., Nucl. Fusion 21 453 (1981).
[ 14] KOTSCHENREUTHER, M., et al., this conference.



1553 THP2/14

XA0054098
EVOLUTION OF THERMAL ION TRANSPORT BARRIERS
IN REVERSED SHEAR / OPTIMISED SHEAR PLASMAS

VOITSEKHOVITCH I.1, GARBET X.2, MOREAU D.2, BUDNY R. V.3, BUSH C.E 2>4,
GOHIL P.5, KINSEY J.5, LITAUDON X.2- 6 , TAYLOR T.S.5

, Equipe Turbulence Plasma, CNRS/Universite de Provence, Marseille, France
(Permanent address: RRC "Kurchatov Institute", Moscow, Russia)
2DRFC, CEA-Cadarache, 13108, St. Paul lez Durance Cedex, France
3Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA
^Permanent address : ORNL, Oak Ridge, Tenessee, USA
^General Atomics, San Diego, California, USA
Presently at JET Joint Undertaking, Abingdon, U.K.

Abstract

The effects of the magnetic and ExB rotation shears on the thermal ion transport in advanced tokamak
scenarios are analyzed through the predictive modelling of the evolution of internal transport barriers. Such a
modelling is performed with an experimentally validated L-mode thermal diffusivity completed with a semi-
empirical shear correction which is based on simple theoretical arguments from turbulence studies. A multi-
machine test of the model on relevant discharges from the ITER Data Base (TFTR, DIII-D and JET) is presented.

1. INTRODUCTION

High performance plasmas have been recently obtained in a number of tokamaks through
the occurrence of internal transport barriers (ITB). Examples of such regimes are the reversed
shear (RS) and enhanced reversed shear (ERS) plasmas of TFTR [1], the weak negative shear
(WNS) and negative central shear (NCS) discharges of DIII-D [2] and the optimised shear (OS)
scenarios of JET [3]. The creation and evolution of the ITB's are governed by shear effects which
reduce the plasma turbulence by decreasing the linear growth rates of drift-like instabilities and
the toroidal couplings between the unstable modes, and also through the non-linear decorrelation
of the turbulent eddies. In this work the effects of the magnetic shear and of the ExB rotation
shear on the formation and evolution of thermal ion ITB's are studied through 1-D time-
dependent transport simulations of the above-mentioned discharges. Our modelling is based on a
semi-empirical, shear-dependent, ion heat transport model which is consistent with theoretical
arguments following from turbulence studies.

2. SHEAR EFFECTS ON THE THERMAL ION DIFFUSIVITY

Shear effects on the thermal ion diffusivity, %>, are deduced from the analysis of the
evolution of the ITB's. These effects are quantified from the comparison of the experimental Xr
value with an L-mode Bohm-like reference model [4] which has been validated on a large variety
of L-mode plasmas. We will speak here of ITB's in a broad sense, whenever the temperature
gradient increases relative to the reference model prediction in an internal plasma region where the
confinement is locally improved with respect to L-mode confinement. Thus, a magnetic shear
correction to the thermal diffusivity has been deduced from the comparison of the experimental
X,- v a l u e with the reference, shear-independent, L-mode transport model in the regimes where the
role of the ExB shear is negligible. Then, the ExB rotation shear correction has been obtained
from the analysis of the regimes with high toroidal and diamagnetic rotation, where the magnetic
shear effects alone cannot reduce the anomalous transport sufficiently. The application of this
procedure to the RS/ERS scenario of TFTR led to a simple shear correction which describes the
observed ITB evolution in plasmas with non-monotonic q-profiles [5]. Here we present a further
development of this model which allows an extrapolation to regimes with monotonic q-profiles
where the improvement in the thermal confinement is mostly provided by the ExB rotation shear.

Our model for the thermal ion diffusivity is written as v = Y F + Y , where
A i /\ii,Bohm shear A. ifieo

XuBohm = 6-6 • 10 (cTe I eB\aVp I p)q (all notations from [4]) and the shear correction factor,

Fshear = CTB[l + e x p { ( s c r | l - f ( s E j ( - smq I ( l + 5sm I q ) ) 1 0 . 1 $ } ] , d e s c r i b e s t h e d e c r e a s e o f t h e
anomalous transport due to shear effects. Here sm and sg are the magnetic and ExB rotation
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shears, CTB = (l + l.5(\qa - go\ I q0) H(xTB - x)\ quantifies the improvement, qa and qo are the
edge and central safety factors, x is the dimensionless radius and XTB is the ITB location (the
radius at which F^^,-reaches 0.5), H is the step function, and sCI=0.05. The dependence of %\ on

sE is described by f(sE)= Cvc
2a(cxW!or + C2Wdia)lVT? where Cv =2.l*lO~2Snia

2RK is a

volume factor, ni is the ion density, a (R) is the minor (major) radius, K is the elongation, VtOr is
the measured toroidal velocity of the carbon impurities, and V(jja is the diamagnetic velocity of
main ions. Other notations are standard and are given in [5] as well as the justification of our
approach in the estimation of the ExB shear. Ci and C2 are empirical coefficients adjusted from

the simulations : Ci=4.6*10^, C2<5*102. An upper limit only for the coefficient C2 is proposed
because, in all the simulations described below, the dominant effect was due to the toroidal
rotation term. The physics relevant to the phenomenology of this model has been discussed
briefly in Ref. [5]. Our heuristic magnetic shear correction is based on the toroidal mode
decoupling mechanism which entails a reduction of the large-scale Bohm-like transport in the
region with low magnetic shear [6]. The stabilising role of the ExB rotation shear on the
turbulence was shown both in linear and non-linear theoretical approaches (see the review in [7]).
In the linear theory, the ExB rotation shear affects the growth rate of the modes, suppressing the
turbulence when the shearing rate is larger than the growth rate of the most unstable mode [8]. In
addition, numerical computations show that the correlation length of the non-linearly coupled
modes decreases in the sheared flow. In our model, the effect of the ExB rotation shear is to
modify the "critical" magnetic shear below which mode decoupling starts to occur. If a strong ExB
shear appears inside the RS region with some residual anomalous transport, our model yields a
further reduction of this transport resulting in a stronger ITB inside the RS region. This differs
from the shear correction proposed in [9], where the ITB cannot be located inside the radius with
shear reversal. Our model can indeed provide a reduction of the transport in plasmas with standard
monotonic q-profiles when the ExB rotation shear is sufficiently large. The q2 factor in y^i, Bohm
can be attributed to the influence of the edge turbulence on core transport through mode
coupling. Since the ITB should decouple the global modes in the core from the edge turbulence,
the parametric dependence in CTB n a s been chosen to weaken this q2 effect inside the ITB.

A reduction of the X,-value below the conventional neoclassical transport is also required
to reproduce the core temperature evolution during the high power and "postlude" phases in
TFTR. A correction to the neoclassical diffusivity has been obtained from the analysis of the
trajectory of barely trapped particles in the region of steep gradients:

Xuneo = Xtan > (l " 0-5sm + yH(y)a I Vof +xPS with y = 2jt|VVj - 4 . l | W n | and

Vo = L7 *10 CO.as Iq. However, this correction is approximate and it can only be considered as
a first step to estimate the relevant neoclassical processes.

3. MODELLING OF THE ION TRANSPORT BARRIERS IN ADVANCED SCENARIOS

The evolution of the ion ITB's in the high performance discharges selected from the ITER
Data Base is simulated using the experimental particle density, current density, electron
temperature and toroidal rotation profiles. The results are briefly summarized as follows : (a) in a
RS configuration, the effect of the magnetic shear alone can provide an improved thermal ion
confinement at low heating power, as was already invoked for thermal electron confinement in
plasmas where electron heating is dominant [10, 11]. The example of such a behaviour is the
prelude phase of the ERS scenario on TFTR (Fig. 1) where the RS configuration is obtained by
moderate NBI heating during the current ramp-up [1] and where the stabilizing effect of the ExB
rotation shear as estimated with our model is negligible (f(sE)«l). (b) The transition to the high
power heating phase and the "postlude" phase in TFTR shows a strong increase of the ion
temperature in the core, which cannot be reproduced with our magnetic shear correction (Fig.la,
dotted line). The temperature rise correlates with the increase of the shear in the toroidal and
diamagnetic rotation. An ITB, where confinement is improved with respect to the model with
magnetic shear correction, appears in the plasma core and moves outside (the evolution of the
ITB location in this scenario is shown in Ref. [5]). The scan in the toroidal rotation performed in
the "postlude" phase illustrates the correlation between the ITB evolution and the ExB rotation
shear : the improved core confinement is maintained with a fixed location of the ITB after the
power decrease, as long as sufficient ExB shear stabilization is maintained. Thus, balanced NBI
maintains a high toroidal rotation shear and an improved confinement whereas, in the case of co-
injection, the toroidal rotation profile broadens slowly and its gradient decreases, leading to a back
transition to poor confinement. The ITB in the last case moves slowly outwards as well as the
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toroidal rotation shear. The second improvement phase (at t ~ 2.6 s) is accompanied by the
increase of the toroidal rotation shear and the shift of the ITB outside the radius with shear
reversal, (c) A strong effect of the ExB shear on the turbulent thermal ion transport is found also
in the WNS/NCS discharges of DIII-D [2] (Fig. 2). Magnetic shear alone is not sufficient to
reproduce the ion temperature evolution (Fig. 2, dotted line). The ITB appears inside the radius
with shear reversal and moves outwards. This extension of the ITB observed in the NCS
configuration correlates with the evolution of the toroidal rotation shear. Other examples of such a
correlation in DIII-D are VH mode transitions and magnetic braking experiments where the drag
in the toroidal rotation leads to the loss of the improved confinement [12]. (d) In the regimes
above, the ExB and magnetic shear effects add up in the RS region of the plasma and it is difficult
to identify their respective roles. The decoupling of these effects is clearly illustrated when the ITB
and shear reversal occur at different plasma radii while the ITB moves outside along the
monotonic q-profile. The more illustrative example of the ExB rotation shear stabilisation is the
OS plasmas of JET where the magnetic shear is not strongly reversed or is even positive [3]. In
these regimes the ITB appears in the plasma core and moves outwards (Fig. 4) resulting in a large
global improvement. The comparison of the confinement inside the ITB for three tokamaks shows
that it could scale as the volume of the machine and this is included in the coefficient Cv-
Interestingly, the core confinement is also well reproduced with our shear-dependent model when
an ITB with a large ExB shear is combined with an H-mode. However, in this case, our model is
not relevant to the edge transport barriers since important edge processes are not included in the
model (fast ion losses, poloidal asymmetry with the Stringer spin-up).

4. CONCLUSIONS

Shear effects on the ion heat transport in high performance plasmas have been studied, and
a shear correction to the L-mode thermal ion diffusivity has been proposed. This correction
includes: (a) the stabilizing effect of the toroidal and diamagnetic rotation (compare to [9]); (b)
the threshold character of the ExB rotation shear stabilization which indicates that the origin of the
shear effects on the transport lies in the shear dependence of the instability growth rate. Our
modelling illustrates: (a) the importance of both magnetic shear and ExB rotation shear
suppression of anomalous transport; (b) the possibility to sustain ITB's by the ExB rotation shear
alone in plasmas with monotonic q-profiles; (c) the favourable effect of the combination of
magnetic and ExB rotation shears on the reduction of the ion diffusivity below the conventional
neoclassical predictions. This work is an attempt towards a multi-machine test of our model, which
includes a scan in plasma parameters and allows a comparison of the advantages of the shear
effects on different tokamaks. A desirable extension of these experiments would be to operate
tokamaks with a broad RS region, over durations of the order of (or larger than) the resistive
diffusion time, but this would require an accurate real-time control of the current profile. A
possible scheme for operating tokamaks in steady state in a high confinement regime governed by
the magnetic shear is indicated in [13]. Additionnal control of the plasma rotation profile would
also allow to take advantage of the ExB rotation shear effects illustrated in this paper.
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Abstract

..Subneoclassical" heat fluxes are predicted in the high collisionality regime by the revisited
neoclassical theory, which includes the roles of Finite Larmor Radius effects and Inertia, that we pub-
lished earlier. Unlike conventional neoclassical theory, the revisited theory further provides a non de-
generate ambipolarity constraint which defines unambiguously the radial electric field. Together with
the parallel momentum equation, the ambipolarity constraint leads, under some conditions, to radial
electric field profiles with high negative shear akin to those observed in spontaneous edge transport
barriers. The predictions of the theory are outlined, with emphasis laid on the interpretation of ex-
perimental results such as magnitude of the jumps, width of the shear layer, local scaling laws. Exten-
sion of the theory to triggered transitions and cold pulse propagation studies is suggested.

1. INTRODUCTION

Experiments conducted in the last decade led to the discovery of improved confinement
modes, the transitions following the spontaneous [1] or triggered [2] generation of high, negatively
sheared radial electric fields: those tend to suppress the turbulence and thus the related anomalous
transport [3. 4], Estimates of the ion energy flux across transport barriers also led, in some instances
[5], to '"subneoclassical" values indicating that the reference theory is there invalidated.

We indicated earlier [6] that the ..conventional" neoclassical theory is incomplete since lacking
an equation for the bulk toroidal velocity component 11=11; or, alternatively, for the radial electric

field Er. At the order at which they are calculated, the magnetic surface average electron and ion fluxes
Te.r and fi.r are indeed identical, with the result that the ambipolarity equation fe.r - l~i.r oc Jr = o (in the
absence of a polarized electrode) is trivially verified. Conventional neoclassical theory postulates the
scaling relations Ly ~ r ~ qR but a/ Ly « 1, where Ly is a characteristic radial length-scale of the
equilibrium profiles [e.g. LT(N) - dfnT(N)/dr or LU(p (Ue)], r the minor radius, qR the connection length
and a! =c/Qj the ion Larmor radius [q = (T^irij)12 is the thermal velocity and Qj = eB/irij the Larmor
frequency of singly charged ions]. This assumption is inappropriate at the plasma edge and near
transport barriers where LN(T) and LU(p (U6) can be as small as a few centimetres, whereas r and qR are
typically of order 1 and 10 m respectively and a, is of order 1 mm: hence aj/LM, ~ 1/20 whereas LM,/qR ~
1/500. Keeping accordingly aj/LM, as a finite albeit small parameter leads to the emergence of Finite
Larmor Radius and Inertia effects in the theory, which decouple the ion and electron radial flows. The
fundamental scaling parameter which characterizes the revisited neoclassical theory, so far only
developed for the high collisionality regime, turns out to be

A | ( 1 )

(XjN) eBr 3.9fi,r, rL,

(the parallel heat conduction x-, ar*d the collision time xt are defined in Braginskii [7]). We note that

i) the counterpart of (1) in the low collisionality regime (v; =qRvt Is'~cy<l) w7ould be (replace 3.9

ij by qR/ci): (A])fc. = (a,)p/LT, where (ai)p is the Larmor radius in the poloidal magnetic field; that, or a
closely related parameter is introduced to describe the squeezing of banana orbits [8];
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ii) Ai is of order unit}' in the framework of the revisited theory if. as assumed in [6], LT/r ~ r/qR ~ s

and v; =qRvj Icj ~ s"1 (the high collisionality regime is characterized by vt = z''vj >1),whereas

A, is vanishing (~v, / Q , « 1 ) in the framework of the conventional theory:

iii) A| is the ratio of the parallel ion heat conduction and diamagnetic times scales.

A rigorous and almost immediate consequence of Braginskifs two fluid equations iterated
with the new expansion scheme is the ..subneoclassical"' heat flux

q, r=-[\ + \.6cf {\ + Qz I S2r'}x_j", (2)

where %±, is defined in [7], Q and S in [6], Q/S = O (8Ai), and q is the safety factor. The Pfirsch-

Schliiter heat flux - 1.6 q" j i ( . Tj . a consequence of the ion poloidal asymmetries inherent to the

(here axisymmetric) toroidal geometry, is thus reduced by the factor 1 + Q2/S:. The interpretation is
that the diamagnetic rotation combines to the parallel heat flux to reduce poloidal inhomogeneities;
this is equivalent to increasing B9, or reducing q. Other consequences of the new scaling are:
(a) a modified ambipolar flux including new, mostly pinch terms:
(b) a modified parallel momentum equation (actually better regarded as an equation for Uej);

(c) a non degenerate ambipolarity constraint Yjr - Ter - O(A]TI. r )= o , the consequences of which

will be discussed in the next Sections.

It should be noted that electrostatic drift wave turbulence also yields fe.r = [u in leading order.
Keeping here the parameter atlUv finite, albeit small, would presumably lead to a different ambipolar-
ity constraint (A self consistent theory is still awaiting development). As experimental work on the
transition from low (L) to high (H) confinement has revealed that the radial electric field shear
increases before fluctuations suppression [1] and that the plasma is much less turbulent in the H mode
than in the L mode (raising the obvious question "How does the plasma maintain the more quiescent
H-mode state when the driving terms from turbulence ... that existed in L-mode have disappeared?"
f9]), we have chosen to concentrate on the possible neoclassical origin of the sheared radial electric

field profile. As transitions have been observed [9, 10] for values of v, ranging from 1 to 60. we

discard the role of direct orbit losses (the latter could be relevant only if there were a suprathermal ion
tail).

2. NEOCLASSICAL THEORY OF ROTATION

Experiment has also revealed that the radial electric field shear increases in L to H transitions
prior to any significant change in the ion pressure gradient [1]. We thus ideally decouple the evolu-
tions of U<p., and Ue.j from those of N and T, and assume, for convenience,

T, = TliS (Kx + 1 ) p , Ni = N u (Kx + 1 )p ni , (3)

where x is measured from the separatrix: x < o in the confined plasma: K < o.

The limiting case where A] —> o is amenable to a simplified but suggestive analytical solution.

In that instance, Ue., = k uT.i as usual [11], where oTl = Tj /eB(p and k = - 2.1: the ambipolarity equa-

tion of the revisited neoclassical theory [6] then reduces to

[Fd, + (??, +il2)-h + LT dx ]h=fi/i2 (4)

where h = Up./v-n, LT = (Kx + 1)/Kp (< o), F = 0.8 X\., /N q :vT/, and

«,+ ii2 = Fva - [ - 2k + 1.5 + 277,-'+ (2 -z)p']] (5a)

«,«, = F{Be I Bp )m_ / vTJ - (3 + 677"' - 5*)[0.5 + 2 ^ - (2 - z)p~x ] . (5b)
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Friction of the flow with charge exchange neutrals and acceleration {m^) by a beam are taken into

account; z = ctn Zeff,• / 8x. Zeff.i entering via main ions collisions with impurities.

Equation (4) can be solved exactly [12] if u} and fi-, are considered as constants (which, as
Ansatz (3), is no major restriction. L-H transition being almost universally observed): this solution
involves an arbitrary function of the .^retarded time"

tKt=t-[ F(x>)dx'/LT(x') (6)

which must be chosen as to fulfil the boundary condition at the last closed magnetic surface [(6) in-
deed corresponds to an inwardly propagating signal], ?/, + /?„ being generally a large number (in abso-
lute value), e.g. O(- 10) if rj, =1. p = 1. z = o and Fvcx < 10. the spatial dependence of F(x) and LT(x)
can however be neglected in a first analysis; the approximate regular solution of Eq. (4) is then

h = 0.5{(it] - w , ) tanh [0.5(w, - « : ) £ ] + (W, +fi2) } (7)

where % = (x - xo)/(- LTo) and we have assumed w, and li-, to be real (which sets a constraint on the

constituting parameters). xo(tret) is the position of the inflexion point of the exact solution. If Uip.j(x =
o) = o is the (stationary) boundary condition, then

(Aro+ir("''-"=)=-(w2/i71). (8)

3. PREDICTIONS OF THE SIMPLIFIED THEORY

Equation (8) has a solution iff /?,?/, < o [It can be shown that the exact solution of Eq. (4)

diverges if fi]ii2>o, which sets another limit on the parameter range of tokamak discharges]. If

?/,//., < o . then x0 is negative corresponding to a position in the confined plasma iff ?7, + ft- < o or. cf.

Eq.(5a):

v c t < ( ~ 3 ) r ( ^ / i r ) 2 M ; / 7 7 O J . . (9)

where rjoj =11?^ %,.. / 4 . Inequality (9) implies that high confinement sets in when rotation spin up.

owing to FLR and Inertia effects, overcomes friction w;ith charge exchange neutrals. Assuming that
the theory could be extrapolated to low collisionality plasmas (i; -»qR/ci), (9) would yield

es * K* (RLT Irf6 m;M Bos I™ (10)

for the minimum edge temperature required for the transition. (10) compares well with a recent

observation by the ASDEX-Upgrade group: (Te)lhres x N~''^ge B"h I"5 [13]; moreover, both (10)

and (9) show adverse neutral density and favourable isotopic mass variations, as reported [14, 15].

Other important results are:

(1) Electric fields (Er)~ = 30 kV m'1 and (Er)_ = - 30 kV m"1 are predicted respectively inwards and

outwards from the inflexion point x0, in agreement with reported values [16], if 7̂  = - 5 kV m"1 and, in

accordance with (5a) and (5b), ?7, = -10 , u2 = + 2 ;

(2) The width of the shear layer, defined as the distance between the points where tanh

[0.50?, - w2)£] = ±0 .5 , is 2LT /(?/, - M , ) ~ 0 . 2 \LT ;

(3) The negative Er shear layer lies close to the LCMS: xo ILTo =(?/, - ??,)"' ('n{-iix /u-,):
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(4) The critical neutral density, defined by the condition ?"i] + i)2=o. is in the range

No ~ (1 - 5) x 1(T4 Z e r , TV,. as also found on ASDEX-Upgrade [12]:

(5) The neoclassical time-scale associated with the toroidal rotation is TI: + //, . i.e.

r , v ~ 1 0 //[ + fi2 (jE)neo w n e r e (Tr;)mo ^s t n e neoclassical heat transport time-scale if

7/, + /?, « o . but r[r(il ~ vcv if ?/, + »-, » 0; the former result is in contrast to earlier predictions [ 17]

4. DISCUSSION AND PROSPECTS

The revisited neoclassical theory of plasmas provides a satisfactory description of many ob-
servations related to the L to H transition. The limit considered in Section 2 for analytical simplifica-
tion purposes may however not be fully adequate as it breaks down when (i) A, -0 .125 and (ii)

A, ~ /?, + ii2 . The poloidal velocity does no longer follow the simple neoclassical law

U0j = kvT i under those conditions and new terms appear in Eq. (4). Consequences are: the contribu-

tion from Ue,. to the modification of Er from L to H phases is increased, as experiments suggest (but, it

should be noted, the velocities are mostly obtained from the Doppler shift of impurity lines);
moreover, the theory might now be able to explain the results of polarization experiments [2] (the
general ambipolarity equation [6] includes an integration constant related to a radial current).

A final noteworth}' point is that turbulence and hence anomalous heat and particle transport
reduction by a propagating Er (tret) profile could possibly explain the cold pulse experiment [18]. This
type of behaviour — or rather its opposite (turbulence excitation) — was observed earlier in shock
wave experiments [19].
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Abstract

The canonical profiles transport model (CPTM) and the semi empirical transport model
(SETM) are verified against JT-60U plasmas. The simulations were carried out by 1.5 transport code
ASTRA, comprising the particles transport, and the electron and ion heat transport.

1. DESCRIPTION OF THE INTERNAL THERMAL BARRIER (ITB) BY THE CPTM

The appearance of the ITB in JT-60U was described in [1,2]. To obtain the ITB it is necessary
to deposit a high and peaked heating power and to suppress the MHD activity by creation of q(0)>l.
The set of transport equations consists of the equations for the electron and ion temperatures, Te,
Tj, the plasma density n, and the poloidal magnetic field expressed through JLX= 1 /q. The main part of
the heat flux has the following form [3]:

rk
PC = -nXk

PCOTk/3r - Tkc ' Tkc"' Tk)Fk, Fk(zpk) = exp(-0.5z2
pk z-2

0k), (k=e. i) (1)

The particle flux Fn has the similar structure. The transport coefficients j(k
PC and others were defined

in [3]. The ITB is described by the very nonlinear 'forgetting factor' Fk(zpk). Here

z k=a7rxd/3r[ln(pk/pkc)] is the dimensionless deviation of the real pressure profile pk(r) from the

canonical one pkc(r). For the canonical profiles Tkc(r), and pkc(r) we use familiar Kadomtsev's

expressions. The critical deviation profile z (r) was prescribed by the piece-wise linear function [3]:
, -l ,

zOk(r)=aOkatO<r<r,, zOk(r)=aok+(zo -aOk)(ro-r,) (r-r,) at (r,<r<r2), and zOk(r)=zo at r,<r<a.
Here zOe(0)=(X0e=4-5, zoi(O)=cxoi= 1.5-2, zo

k=7-9, r,=0.45a, r2=0.8a.

The criterion of bifurcation follows from (1) and has the form F k « l or | zpk | >zOk or

l ^ ' C P A - P ^ P k c ^ ^ (2)
at some point in the gradient zone. To make the criterion (2) clearer, we introduce the parametrical
expression for the power density profile deposited to ions:

P'(x)=P0, ( 0 < x < x 0 ) Pj(x)=Po exp(-r|(x-xo)) (xo<x<l), x=r/a (3)

The profiles (3) with XQ =0.3, T|=5, 10, 25 are shown in Fig. 1 by solid lines. The dashed lines

correspond to the experimental profiles 'A' and 'B' [1]. The calculations of the threshold power P t | i r

were carried out for the shot #E27302 (a=0.74 m, R=3.15 m, B=4.28 T, 1=2.47 MA, n=2.7xio'9 nT).
Figure 2 shows the dependence of the P on the e-fold parameter r\ for different values of flat-top

parameter x0. At fixed x0 and r\ rising, the threshold rapidly diminishes to the level of 3 MW. From

the other hand, if rj is less than some critical value r\a Cn<r|ci), the value of P|hr becomes indefinitely

Permanent affiliation RRC 'Kurchatov Institute'
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large. Figure 3 shows the dependence of T] on x . This curve divides the (x0, ricr) plane into two

parts. The ITB can appear only for points disposed above the drawn curve:

x<x
Ocr. cr, and , x0) (4)

Small regions 'A', 'B' and ' C (#E26402) in Fig. 3 correspond to the different prof i les o f depos i ted
power from [ I , 2 ] . It follows from Fig. 3 that the ITB can appear only for the 'A' and ' C types of
profiles, that corresponds to the experiments [1, 2].

Simulation of JT-60U shots with ITB was carried out by the model (1). Figure 4 presents
Tj(r) profiles at different time instants and appearance of ITB for shot #E27302 (Pi

NB=9 MW, Pe
NB=

3 MW). Note that the 'foot point' of ITB moves from r/a~0.45 to r/a=0.65. A good correlation between
the calculations and experimental data is seen.
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2. SIMULATION OF JT-60U PLASMAS WITH THE SEMI EMPIRICAL TRANSPORT MODEL

The SETM includes self consistent simulations of the heat and particle transport with the
convective term in the heat transport equations. The model comprises anomalous electron and ion
transport coefficients. The T-l 1 model transport coefficients [4] with Ohkawa type parametric
dependence De,xe ~ (c/cOp)2 are used for the anomalous electron heat conductivity and particle
diffusivity. For the anomalous ion heat diffusivity we used the expression of the ref. [8]: %i~d VJ (3°5.
where d is the Debye radius, v; is the ion thermal velocity. We modified the SET model to fit the JT-
60U experimental data in the reversed shear case, replacing the current profile dependence f ~ (q-qo)3

used in pervious analysis [5] by f ~ (q-qmin)
3, where qmjn is a minimum of the safety factor q. The

final form of the coefficients is as follows:

Zi = Te
1/2 Tj(O) B-1 F, (5)

where

F = 0.42 (ZetTAj)-1/2<n> ir 'f (l-exp(-f Y))"1,
f= 0.125 (q-qmin)

3,
Y is a function of the dimensionless combination of the elecrton Larmor radius pe. Debye

radius d and p. Y = 2.5 TjZeff'a0-25^-125 ~ (d/pe)
2P1125(a/pe)

0-25 [8]. Here we use the following units:
Te,Tj (keV). B (T), n,<n> (10I9nr3), a (m).

We also supposed that radial transport of the fast particles density iif is negligible in
comparison with the anomalous diffusion of the thermalised particles De [4]. So to keep quasi
neutrality and ambipolarity we reduce the particle diffusion the following way:

De ne' -> De (ne' - nf' Tj Te"' (Zeff - n^e)"1. (6)

This correction could play role for powerful NBI into the plasma of low density during the transient
phase of the JT-60U high-Pp discharges.

The SET model was applied to the analysis of the JT-60U L-mode and H-mode discharges in
the deuterium plasma with the NBI heating. The simulations were carried out using the ASTRA-code
[7] with the self consistent simulations of plasma equilibrium, poloidal flux evolution, CX-neutral
distribution and NBI [6]. The model is not completely predictive since it uses the boundary conditions
and impurity radiation from the experiment. These values strongly vary in different experiments. Our
simulations include also a 'hidden parameter'. The cold neutral flux from the boundary is fitted to
provide the experimental time evolution of the average plasma density. In some discharges CX losses
of fast ions, caused by this flux could have a noticeable impact on the plasma heating. But it is poorly
measurable in the experiments. That usually increases the uncertainty of the experimental data
interpretation.

We analyzed the L-mode discharges with the plasma current in the range of Ip = 1 - 2.25 MA,
plasma volume V = 62 - 84 m3, the input NBI power PNB = 5.4- 13.4 MW, B=2.1 - 4T. <n> = 0.9 -
2.6x1019nr3 and high performance discharges with Ip = 0.8-1.5 MA, B = 2.1 - 3.5 T, V = 52-62 m3,
<n> = 2.5 - 3.5x1019nr3, PNB = 1 5 - 2 7 MW. The comparison of the SETM prediction for the total
energy content and chord integrated density evolution reveals satisfactory agreement with the
experimental data. The SET model reproduces also the experimental temperatures and density radial
distributions (FIG.5). Thus, SETM satisfactory describes particle and heat transport in the JT-
60U L-mode and H-mode discharges with the same parametric dependencies for all transport
coefficients.

The SET model gives less values of the ion heat conductivity near the magnetic axis than the
neoclassical theory predicts. In the zone of good confinement, where f Y « 1 (q~qmjn or low Tj), Xi ~
Te

1/2 and degrades fast out of this zone as %i ~ Te
1/2Tj(0) (q-qmin)

3- The zone of good confinement
shrinks with the increase of Tj and spreads otherwise. In our simulations the confinement
improves with the increase of B which is clear from the ion transport coefficient. It also increase with
PNB due to increase the particle source, caused by NBI, to 50-100% of the total source and
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correspondent decrease of the CX loss. Powerful NBI can also induce large fraction of the non
inductive current. The resulting current flattening could decrease the ion transport coefficient in the
bad confinement zone %\ ~ (q-qmm)3-

The SET model was verified against the single RS discharge #E247l5 [9] with Ip/B =
1.2MA/3.4T, PNB = 27 MW. The simulation satisfactory predicts the ion temperature profile and
averaged behavior of the electron temperature and density. But the SET model does not describe the
transport barriers of Te and ne, obtained in the experiment (FIG.6). The SET model should be
modified to describe the ITB in the RS discharges . This model must be further verified versus the
experimental data to determine the limits of its applicability and dependencies for the energy
confinement on the global plasma parameters.

0.4 0.6
r(m)

0.4 0.6
r(m)

FIG. 5. Comparison of the experimental data (dots) with the SETM predictions (curves) for the
electron density njr) and ion temperature Ttfr) in the H- and L- mode discharges

FIG. 6. Comparison of the experimental data (dots) with the SETM predictions (curves) for the
electron density ne(r) and ion temperature Tt(r) in the RS discharge #£24715 [9].
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Abstract

Predictive simulations have been performed on JET dimensionally similar discharges
together with high performance hot-ion H-mode and optimised shear discharges. The first-
principles drift-wave model used in the simulations predicts global scalings in reasonable agreement
with the scalings observed in the collisionality, isotope and P-scans of JET ELMy H-modes. In
contrast to the weak dependence on p found in the ELMy H-mode discharges, effects of finite-p
are shown to be important in the simulations of high performance discharges such as the ELM-
free hot-ion H-modes on JET.

1. INTRODUCTION

JET has performed a series of dimensionless scaling experiments in ELMy H-mode [1,2].
The dimensionless quantities studied in these scans were the normalised gyroradius, p.,
collisionality, v,,and magnetic p. The findings of these similarity experiments can be summarised
in terms of the scaling of confinement time with the dimensionless quantities as in

BxTH OC p-a>y-
a*f}-a> (1)

where ap=2.7, av=0.27, and <xp=0.05. Similar results have also been obtained in the D-IIID
tokamak [3,4]. The results agree with the global scaling laws except for the scaling with magnetic
p which is much stronger in the global scaling law. For instance the ITERH93-P scaling has
ap=2.7, av=0.28, and ap=1.20. In addition, recent isotope scaling experiments on JET indicate
that the core plasma has an isotope scaling consistent with gyro-Bohm models whereas the edge
plasma has a much stronger mass dependence which is reflected in the global scaling of transport
with isotope mass number [5]. The gyro-Bohm behaviour of the p*-scan in ELMy H-mode, as well
as the Bohm-like dependence in L-mode plasmas, have been reproduced previously in simulation
codes and will not be discussed further here [6-8].

The study of tokamak transport in advanced confinement regimes is a high priority issue in
present day fusion research. In contrast to the ELMy H-mode regime, these improved
confinement regimes are generally not stationary in character. The advanced regimes are often
associated with the formation of a transport barrier in the plasma. In the transient ELM-free hot-
ion VH-mode discharges, the transient ELM-free phase leads to the formation of an edge
transport barrier resulting in a transient increase of edge pressure and thermal energy. The detailed
physics behind the formation of transport barriers is not well understood, however the suppression
of turbulence by flow shear play a major role in most theories [9]. This mechanism has also been
advanced as the cause of the development of the internal transport barriers in optimised shear
discharges.

In the present paper, a gyro-Bohm transport model [10,11] is used in predictive transport
simulations of the similarity scans in collisionality and p. Results from simulations with a varying
isotope mass is also presented together with simulation results of hot-ion H-mode experiments
and optimised shear discharges.

* Work partly performed under JET Task Agreement NFR/TA4
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2. PREDICTIVE TRANSPORT SIMULATIONS

The time-dependent simulation code predicts ion and electron temperatures as well as
density profiles for electrons, main ions and a single impurity species. The simulations are based
on a first-principle gyro-Bohm transport model for ion-temperature-gradient (ITG) modes,
collisionless trapped electron (CTE) modes and ideal MHD ballooning modes, incorporating
effects of finite beta electromagnetic perturbations, fast particle dilution and plasma elongation.
Initial profiles, boundary conditions and source terms are obtained from data processed by
TRANSP. The outer boundary condition is taken on top of the density pedestal, usually between a
normalised minor radius of r/a=0.8 and r/a=0.9 depending on discharge parameters. The simulation
code predicts profiles extending from the axis to the chosen outer boundary condition.
Neoclassical estimates are used for the inner core transport together with artificial diffusivities on
the electron channels, to simulate the effects of sawteeth. These artificial diffusivities are
implemented as ramp functions covering the innermost 20-30% of the plasma radius. It has been
shown previously that the effects of this inner core modelling on the bulk plasma is very weak
[7]. In the simulations performed here, the impurity temperature is assumed equal to the main ion
temperature and the energy evolution equations have been summed over the ionic species. Due to
the lack of dependable impurity deposition data, a source term for the impurity density has been
prescribed as a gaussian, peaking at the point of the outer boundary. The strength of this source
term is then chosen as to reproduce the measured Zefrprofile within the experimental error-bars
while the source strength is held fixed throughout the simulations.

3. RESULTS AND DISCUSSION

In general the pulses are well reproduced by the simulations; the predicted thermal energies
as well as the profiles are within or close to the estimated error bars. The simulations have been
performed in a time-dependent setting where time-slices from the stationary phase of the ELMy
H-modes have been used for the analysis of the dimensionless scaling experiments whereas the
intrinsically non-stationary high-performance discharges have been followed from L-mode to the
enhanced confinement regime in question. For the parameter range studied here the transport
model has no intrinsic transition mechanism between L- and H-modes and the change in
confinement properties in this transition is due to the time-dependent change in the temperature
and density boundary conditions.

3.1 DIMENSIONLESS SCALING EXPERIMENTS

In the collisionality scan v* was varied a factor of 2.6 between the two discharges 37718
(2T, 2MA) and 37728 (2.6T, 2.6MA). In order to fulfil the similarity scalings the heating power
was changed from 10MW to 16MW between the two discharges and the volume average density
was held fixed at 5xl019m"3. Analysing the collisional dependence in the v» -scan a scaling similar
to the experimentally observed BxE « v*"0'27 is obtained. This is shown in Fig. 1. where the
diffusivity ratio is given assuming a one-fluid approximation. The scaling of Xi and Xe separately
on the other hand, seem to depend on how well the boundary conditions conform to the similarity
scalings. In particular the electron channel show a stronger collisionality dependence than
expected from the model. The one-fluid result however, is maintained on average through the
stationary phase of the discharges. The transport model used here is mainly collisionless, the
collisionality scaling obtained in the simulations has to be caused by edge transport mechanisms
entering the simulations through the boundary conditions, causing slightly different profile shapes
between the two discharges. Similar edge effects have previously been found to be important in
simulations of p. experiments at JET [6,7].

The experimental profiles in the |3 -scan are also well reproduced by the simulation code
with root-mean-square deviations of the predicted profiles within 10-15%. Global quantities such
as thermal energy and confinement time are close to those experimentally observed indicating a
weak confinement degradation of transport with increasing p\ In this scan |3 had a range of 1.6
between the two discharges, 38407 (1.5T, 1.5MA) and 38415 (1.7T, 1.7MA). The global
dependence, although still fairly weak, is somewhat stronger than the experimental results and
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depends slightly on where in the relative phases of the ELM cycles in the two discharges the
analysis is performed.

In addition to the collisionality and (3-scan described previously, the simulation code has
also been run on 12 ELMy H-mode discharges with main plasma varying from pure hydrogen to
tritium giving a range of 3 in the ion mass dependence. However the gyro-Bohm transport model
has a Vm dependence effectively reducing the testable range to V .̂ This factor will enter as a
multiplier on the diffusivities and due to the stiffness of the model this will have a fairly weak
impact on the confinement time (x <x m"0125 in L-mode). In general, the agreement between
experimental and simulated profiles are good with RMS errors < 10% with impurity profiles being
slightly worse. Further analysis is however necessary in order to quantify the isotope dependence.

P

FIG. 1. Low v» to high v* ratios of one-fluid heat diffusivities x = (^iX&neX<)/ (ni +nJ as obtained
in simulations. Ratios corresponding to exponents av = 0 (top), 0.2, 0.4, 0.6 and 0.8 (bottom) are
indicated.

3.2 HIGH PERFORMANCE DISCHARGES

In contrast to the weak dependence in the (3-scan, the effects of finite p are important at
higher |3. This is manifested in simulations of hot-ion H-modes on JET. In these simulations
boundary conditions are taken on top of the edge pedestal and the discharges are followed from L-
mode to the stage of peak performance, before the disruption, in VH-mode. The choice of
boundary conditions (taken at 80 -90% of the plasma minor radius) thus provides the transition
mechanism between L- and H-mode. The simulations are found to reproduce the transient VH
phase of the pulses with ion temperatures reaching 15-25 keV. In order to achieve this in the
simulations, it is necessary to include the stabilising effects of finite beta, i.e. electromagnetic
perturbations on the ITG-mode transport. This is exemplified in Fig. 2. It is found that the
stabilising effects of fast particle and impurity dilution is subdominant in this regime. For the
optimised shear discharges, the additional stabilising effects of sheared ExB rotation are important
for the development of the internal transport barrier. This has been verified in simulations of
optimised shear discharges on JET and one other tokamak. The ion temperature profiles are well
reproduced by the simulations only when ExB rotation is included. More work is needed in order
to quantify and compare the effects of sheared rotation with the finite beta stabilisation for the
hot-ion H-mode discharges.
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FIG. 2. Simulation results using a) the electrostatic model shown as dashed lines (- - -) and b)
including electromagnetic corrections shown as full lines (—j, for JET pulse 26087 at 53.3 s
compared to experimental profiles (X) as a function of the square root of normalised toroidal
flux.
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Abstract
A new version of the Multi-Mode transport model, designated MMM98, is being devel-

oped with improved theoretical foundations, in an ongoing effort to predict the temperature
and density profiles in tokamaks. F or transport near the edge of the plasma, MMM98 uses a
new model based on 3-D nonlinear simulations of drift Alfv en mode turbulence. Flo w shear
stabilization effects havebeen added to the Weiland model for Ion T emperatureGradient
and T rapped Electron Modes, which usually dominates in most of the plasma core. For
transport near the magnetic axis at high beta, a new kinetic ballooning mode model has
been constructed based on FULL stability code computations.

The Multi-Mode transport model is a combination of theory-based transport models used
to predict the temperature and density profiles in tokamaks [l]-[7]. The previous version of the
Multi-Mode model, designated MMM95 [1], predicted experimentally measured profiles with a
relative rms deviation of less than 15% in L-mode and H-mode discharges from TFTR. DIII-D.
and JET [3, 4]. The objective of the present research is to improve the theoretical foundations
of the Multi-Mode model by using a new combination of theoretically derived models.

A new model has been developed for transport near the edge of the plasma based on 3-D
nonlinear turbulence simulations [8]. This edge turbulence consists of E x B convectiv ecells
driven by "drift Alfven'" modes. The transport fluxes (QfA = ion thermal flux, Q®A = electron
thermal flux, and , fA = ion particle flux) computed by these turbulence simulations are fitted
as follows:

Qf'4 = -1.57 n^c^ps/Rfm/Te)2-233

x ( 1 . 2 5 - 0.25/3/20) (/3/20)

x[0.12<4 + lMgphgnk + 0 . 24^ ]

x exp[-3.1236(K - 1.6)]/(0.6 + 0.4s2)

Q%A = _ 0 . 4 5 8 neTecs(pa/R)2 exp[1.1224(TJ/Te - 1)]

x(1.25-0.25/3/20) (/3/20)

x[0.39
2

pe + Q.8gpegne + l.2gle]

x exp[-3.1236(K - 1.6)]/(0.6 + 0.4s2)

f "4 = -0.189 necs(ps/R)2g2
p exp[1.0015(Ti/Te - 1)]

x(1.25-0.25/3/20)(/3/20)

x[0.032.9
2

e - 0.Ugpe9ne + 4.135
2

e]

x exp[-3.1236(« - 1.6)]/(0.6 + 0.4s2)

1 Plasma Physics Laboratory. Princeton University. Princeton. NJ 08543-0451
2Chalmers University of Technology Goteborg, Sweden
3Oak Ridge Associated Universities. Oak Ridge, TN.
Present address: General Atomics, P. O. Box 85608, San Diego, CA 92186-5608

4Max-Planck Institut f" ur Plasmagisik. Euratom Association, D-85748 Garching, Germany
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Fig. 1. Dots show the effective ion thermal
diffusivity given by the fitting formula Eq. 1
compared with FULL code compilations. The
line is a guide representing a perfect fit.
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Fig. 2. Ion thermal diffusivity as a function
of local beta given by the fitting formula Eq. 1
(solid line) and by FULL code computations
(open circles and crosses).

where cs = \ft\JW,,. ps = yjTeMi/{eB). R = major radius, gp = -R(dp/dr)/p, p = nel
(correspondingly ph = n^T/, is the hydrogenic thermal pressure with hydrogenic density ny,
and temperature Th with normalized gradient gph = -R{dph/dr)/ph-, and pe = neTe is the
electron pressure), /? = I3eq

2g2
pe, (5e = neTe2/j,0/B

2, q — safety factor, K = local elongation,
and .5 « r{dq/dr)/q is the magnetic shear. From these expressions, it can be seen that the
transport produced by this model decreases rapidly with plasma elongation. The strong scaling
with pressure gradient to the fourth power and magnetic q2 results in more transport near the
plasma edge than in the core. This model has gyro-Bohm scaling.

Flow shear stabilization has been implemented in the Weiland model for transport driven
by drift waves which usually dominates in the core of the plasma [1]. These drift waves include
Ion Temperature Gradient and Trapped Electron Modes. The flow shear rate [9] is subtracted
from each of the eigenvalue growth rates computed in the Weiland model. The eigenfunctions
are not affected by this change.

A new kinetic ballooning mode transport model has been developed from computations
with the FULL code [10. 11] to describe transport near the magnetic axis, where the ITG mode
is generally stable. These comprehensive linear stability calculations are fully electromagnetic
in nature, and include effects from trapped and untrapped particles, finite banana-orbit width.
Landau damping and finite Larmor radius. A transport model was constructed from FULL
code stability computations covering the following range of parameters: 0.094 < /3 < 0.177,
0.96 < K < 1.70, -0.036 < 8 = triangularity < 0.060, 3.7 < {-R/p){dp/d,r) < 4.46, 0.085 < e =
r/R. < 0.119, 0.679 < q < 1.027, 0.355 < s < 0.738, 0.75 < Ti/Te < 1.5, 0.0 < ns/ne < 0.15,
where ns is the fast ion deuterium density, and 0.0 < nc/ne < 0.06, where nc is the carbon
impurity density. This range of parameters is appropriate near the magnetic axis in tokamak
discharges.

The resulting fitting function for the new kinetic ballooning mode model effective ion
thermal diffusivity xfB is:

(csp
2/R)[-R(dp/dr)/p}3(l - s)(q -

x maxle"9'5'"-16', 1] [0.848 - ns/ne]

x [{T/T 0753
(1)

[{Ti/Te - 0.753)2 + 3.46] [(0.0516 - nc/nef + 0.059l
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The ratio between the electron and ion thermal diffusivities is:

xfB/xfB = (1-43 x 105) (1 .45- « ) ( / ? - 0.090) (e - 0.111)
x(q- 0.57G) {5 - 0.00775) (2.42 - ns/ne) (2)
x (17.7 + T-jTe) (0.299 - nc/ne)

The ratio between the hydrogenic ion particle diff'usivity and the ion thermal diffusivity is

DfBlxfB = 2430 [0.134 - ( K - 1.1)2] (0.153 - e) (? - 0.293)
x ((min[/3,0.125] - 0.088)2 + 0.00113) (3)
x (1.49 - ns/ne) (4.48 - Ti/Te) (1.0 + nc/ne)

Finally, for carbon impurity transport:

D^B/xfB = (-0-60) (0.25 - nc/ne) (4)

The dependences of the kinetic ballooning transport on the ten study parameters were
assvimed to be separable. The validity of this assumption was verified with multiple scans in
the parameter space. When the diffusivities given by the fitting functions (Eqs. 1-4 above) were
compared with the corresponding FULL code calculations, the average relative rms deviation
was found to be 22%, with an offset of -3%. This comparison is shown in Fig. 1 for the ion
thermal diffusivity.

The beta dependence of the kinetic ballooning mode is shown in Fig. 2. The circles and
crosses show results from the FULL code scanning beta by changing density and temperature
separately. The strong exponential beta dependence of Eq. 1 is shown by the solid curve. There
appears to be no marginal stability point for this mode.

The effect of flow shear stabilization is shown in Fig. 3, which is a simulation of an
"optimized shear" JET discharge 40847 before the H-mode phase. The lowest (dotted) curve
shows the simulation results using the Multi-Mode model MMM95 and the other two curves
(dashed and solid) results from the same model with one times and five times the the flow
shear rate subtracted from the Weiland model growth rates. The dots are TRANSP analyzed
experimental data.

In this simulation, the flow shear rate is given by

(RBg)2 { d \ Er _,
LOEXB = ~— where Er = (Zierii) VP; — vg.B$ + v$Bg

B \dtpj RBg

The poloidal magnetic field BQ and total magnetic field B are taken at the major radius R, of
the geometric center of each flux surface, and if> is the steam function ippoi/2n. The pressure
gradient and variables other than the velocity are computed self-consistently in this BALDUR
transport simulation. The toroidal velocity is taken from experimental data and the poloidal
velocity is neglected.

Fig. 4 shows a simulation using the new MMM98 model described in this paper (solid
curves) compared with experimental data (dots and circles with error bars) for an L-mode TFTR
discharge 50911 from one of the p* scans. The drift Alfven and Weiland models are taken with
coefficients equal to unity. The kinetic ballooning mode model is calibrated to provide a small
amount of transport near the magnetic axis where ITG and other modes are stable.

In conclusion, a new Multi-Mode transport model MMM98 has been developed. Prelimi-
nary simulations have been carried out with this model.
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Abstract

Recent new results concerning toroidicity-induced Alfven eigenmode (TAE) linear stability' and non-
linear amplitude saturation and associated fast ion transport are presented for tokamaks such as National
Spherical Torus Experiment (NSTX). and International Thermonuclear Experimental Reactor (ITER.)
using numerical codes HINST [1]. NOVA [2, 3], and ORBIT [4. o].

1 Introduction
Recent progress in TAE numerical simulations allows more robust analysis of both linear stability
and nonlinear mode evolution. The existence of low-?? TAE modes and their mode structure are
calculated with the idea.l MHD code NOVA [2]. Previous results of TAE stability calculation
for DT experiments in TFTR have demonstrated that alpha, particles are responsible for the
excitation of TAE modes [6] and are in good agreement with the experimental measurements
for n = 3 and 4 modes. The linear stability analysis of low-/?. TAE modes due to nonideal effects
is studied in this paper using a. perturbative method in the NOVA-K code, which was recently
improved to include finite orbit width (FOW) and larmor radius (FLR.) effects [3]. Such an
improvement validates use of NOVA-K for low aspect ratio toka.ma.ks, such as NSTX.

For larger tokamaks such as ITER, the spectrum of unstable TAE's is shifted toward medium
to high-?? modes. To study medium to high-?? TAE stability a high-?? stability code, HINST [1],
was developed. The code solves the 2-D eigenmode problem using the ballooning representation
in the poloidal direction and Fourier transform in the radial direction. The numerical method
allows inclusion of non-ideal effects such as ion FLR, trapped electron collisional damping, etc.,
non-perturbatively.

Recent nonlinear analysis of TAE amplitude evolution has been done using analytical [7] as
well as numerical Sf methods [5]. Both approaches agree well [8], which enables prediction of
the TAE saturation amplitude using the NOVA-K linear mode analysis, and estimation of fast
particle transport due to TAEs using ORBIT. This part is applied here for tokamaks such as
ITER. and NSTX.

2 TAEs and their stability in NSTX
Plasma configuration and equilibrium in NSTX create an entirely new regime for studying the
stability of TAE modes driven by beam ions, high harmonics fast wa.ve heated ions and even
the plasma tail ions. Some features of the NSTX plasma are: small aspect ratio, high energetic
particle beta, large population of super-Alfvenic ions, large FLR. and FOW effects, and the
existence of magnetic well at the axis.

We choose a high beta NSTX plasma with the following parameters: geometrical center
magnetic field and major radius are B = 0.3 T and RQ = 85cm, minor radius of last plasma
surface a = 68cm, so that the aspect ratio is A = 1.31, ellipticity is n = 2, triangularity is
S = 0.45, safety factor at the magnetic axis is </(0) = 0.6, and </(«) = 16 at the edge, plasma

•'This work supported by U.S. DOK conl.rad. DK-AO02-76OH03073
4 Permanent affiliation: TRINITY, Troitsk, Moscow Region, Russia, 142092
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pressure is P(*;) = P{0) (l - t '1 '07)1 '8 , density profile is nt{v) = ne(0) (1 - -i/*1-*4)0-478. Plasma
beta was defined as 3nv = 8n < p > / < B^vac >, where <> means volume average and B^A:ac

is the vacuum toroidal magnetic field. TAE analysis and stability study were done by NOVA
and NOVA-K codes. NSTX equilibrium and corresponding continuum structure for n = 3 are

;i I'
1 f " I I I ' .

I ' 1 ' '

! i
222- "r

: 6 a -

jJki!

R,m
Figure 1: Equilibrium and Alfven gap structure for NSTX at i3au = 34%

shown in Fig. 1. Results indicate that a variety of Alfven modes exist with frequencies inside
the gap, which is large because of strong toroidal coupling. We have found that for each n there
are several TAE modes. TAEs usually have broad radial structure covering the whole minor
radius. Global to edge localized TAEs exist in high beta (,3av = 34%) NSTX plasma, while
core localized TAEs are not seen. We present two examples of TAE eigenmode structure in
Fig.2. The first example of TAE (n = 3) is similar to TAEs in tokamaks, which are mostly edge

n

-

= 3

2

1
m = 3

•1
5 i

./>' jj
i \\' r

f M l
/ ' i
^? i i

e ! 4

1 &
I

I
w

8

•

si o i

MS

•A

- 6

-3

-12

- 1 2 •

1

; !<~ m -
•
i/ \

1/ i ̂ /VIL.̂

\ /
\ 1

V

= 4
_/-

1
1

\

= 7
c

5

%^J^Mif •
v/Xj

•

v _
Figure 2: plasma displacement radial structures of TAEs for n = 3 and n = 7 in NSTX at i3av = 34%.

localized modes, while the n = 7 mode shows rather "unusual" global structure.
We found several unstable modes in the specified equilibrium driven by the neutral beam

injected (NBl) ions with a slowing down distribution function injected at the energy £K> = 80keV.
Central beam beta was /3{,(0) = 2.38, while the total plasma beta was ,5(0) = 7.28. Table 1 is the
summary of the analysis, where u;2 j ^ \ is the eigenfrequency normalized to the Alfven frequency
u?4 = vA(Q)/Roy(a), -fiy is beam driven growth rate, calculated in different approximations, i.e.
zero orbit width (ZOW), FOW7 and FLR, 7,.s is Landau damping of species s. Electron Landau
damping is negligibly small. One stable mode is noted as "GAE" and represents the global
Alfven eigenmode solution. Note that the plasma ions can be super-Alfvenic in NSTX and can
drive TAE unstable. Strictly speaking this means that ideal MHD can not be applied for this
case and u-v effects should be included in eigenmode calculations. However for modes like the
n — 3 TAE as it is shown in Fig.2, the ux effect may be small because the mode is localized
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n
1

3

i

, ,2/- ,2

20.23
17.6
18.05
20.67
23.79
21.25
23.63
24.5

76,% ZOW
-0.79

0.8
5.4
0.74
0.86
0.92
1.8
10.7

7&,%FOW
0.1

0.94
-0.07
1.45
0.65
1.475

1.9
2.34

j b , % FOW+FLR.
0.03
0.23
-0.01
0.33
0.22
0.1

0.134
0.46

HD,%
-12.5
-0.17
-7.5
0.3
0.3
4.3
4.9
10.9

liH, %
-0.84
-0.04
-0.8

-0.03
0.01
0.22
0.18
0.22

"fiC,%

-2.6
-0.36
-3.9

-0.13
-0.12

0.1
-0.21
-2.3

"GAE"

Table 1: Damping and growth rates for TAEs with n = 1.'.]. t.

near the edge, while the drive on the background ions comes mostly from the center. The same
is true for the n = 7 eigenmodes except for the mode with J2 /iJ1

A = 24.5, which is shown in
Fig.2 and presents global structure, and for which the results of table 1 need to be improved by
including the u;* effect. We conclude that two n = 3 TAEs and all ??. = 7 modes are unstable.
Two effects are neglected here: the trapped electron collisiona.1 damping, which is included in
NOVA-K, but can not be applied for the low aspect ratio plasma, and the radiative damping.
Both effects may be significant because thermal ion FLR. are large in NSTX. Further work is
needed to account for these effects.

3 TAEs in ITER
We analyze the # 1002 ITER. plasma, equilibrium with following parameters from TRANSP
plasma analysis code [10], which corresponds to a L-mode discharge. Magnetic field and major
radius are B = 5.7 T and Ro = 8.14m, minor radius of last surface a = 2.8m, safety factor at the
center is </(0) = 0.826, and q(a) = 3.61 at the edge, central plasma beta, is 3p(0) — 7.6%, while
alpha particles ha,ve ,tfo(0) = 0.9%,. HINST, NOVA, and NOVA-K were applied to study TAE
mode stability. Such an equilibrium differs from one used before in HINST ITER analysis [1],
where the instability of resonant type of TAE was predicted. Also we have improved HINST,
which now includes the fast particle distribution function in slowing down form and fast particle
FLR. effects. Results of the analysis show two regions of possible TAE instabilities. The first one
is near the center with the frequency inside the continuum, the second one is near the plasma,
edge. TAEs in both regions were found stable. The RTAE (or EPM) may become unstable if the
alphas beta, is increased to /3Q(0) > 2%,. The highest growth rate is achieved at n — 11. The main
reason for the stability of RTAEs in this case is radiative collisional damping as the frequency
of RTAE lies inside the continuum. The second region of TAE instability is at the edge r/a ~
0.7-0.9. Here both codes HINST and NOVA can be used. The analysis of the n = 10 TAE shows
good agreement for both codes and that
'"global" -like TAEs are stable with the small j '̂ k,.!.,_, ._. . . j

alpha, driven growth rates ja/u> ~ 0.5%. N~ - — -- — - j
NOVA shows that the damping is coming a*
mostly from plasma, ions and well exceeds *

o

the drive ~fdi/^ — 1%- However, in addi-
o

tion to that HINST predicts additional radia- 3s

tive damping 7f/r/u-1 ~ 1%. The only modes, 3

which were found unstable are KTAEs, local-
ized closer to the center r/a = 0.4 — 0.55 as
shown in Fig.3 as a. result of local HINST cal- r/a
culations. These modes have relatively small Figure 3: KTAE local eigenfrequency (+ points)
growth rate 7/u.' < 0.3% for n = 10. The and growth rates (• points) relatively to the TAE
study of the growth rate dependence on the gap for n — 10 in ITER.
mode number showed that the most unstable mode have n = 9 and becomes stable for n > 16.
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4 Nonlinear mode study
NOVA-K has been improved recently [8] to include theoretical predictions for the mode satura-
tion amplitude [7]. The formulation was benchmarked against Monte-Carlo ORBIT simulations,
which utilizes Sf method [5]. The results of both codes applied to TFTR shot # 103101 at 2.92
sec where an n = 3 TAE were observed [9] are shown in Fig.4. Both codes predict similar
values of TAE amplitude Be/B ~ 10~5 at -fL/7d = 2 in agreement with the observed values
[6]. We use the results of NOVA to calculate the saturation amplitude in NSTX and ITER and
the eigenmode structure in ORBIT to calculate the effect of TAE on the fast particle losses.
For the eigenstruct.ures of the TAEs shown
in Fig.2, which are the most unstable modes
in NSTX, we performed ORBIT simula-
tions. Assuming 'n/ 'rf = 2, NOVA-K pro-
duced the amplitudes of order Be/B ~ 10~3

for both n = 7 and n = 3 modes. Other ef-
fects included are collisional drag and scat-
tering, and toroidaJ field ripple. Without
TAEs the losses of beam co-injected ions
were not significant ~ 5%, though FLR ef-
fects were neglected, which allows particles
to lea.ve the plasma during gyro-motion and
come back. As one can expect the n = 3
TAE. being localized at the edge, does not
generate significant losses and accounts for
additional ~ 2% losses. However the n = 7
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Figure 4: NOVA-K saturation amplitude vs 8 — f
ORBIT simulations for TFTR shot 103101 at 2.92 sec.

mode is responsible for a higher total lost beam ion fraction (~ 10%). The lost fraction due to
the mode is relatively small, which is explained by better single particle confinement in spheri-
cal torus than in tokamaks. This is because of two reasons: presence of magnetic field well and
strong poloidal field st the edge. Calculations presented include only single mode analysis and
need to be improved for the case of multiple mode excitation. A similar approach was used to
simulate the effect of TAEs in ITER. To estimate the mode amplitude we used for KTAE the
value B6/B = 10~4, which was obtained in NOVA-K for edge TAE as there is no possibility
to analyze KTAE in NOVA and the nonlinear theory was not applied in HINST. HINST pro-
duced the 2 - D eigenmode structure, which shows coupling of several KTAE solutions, but
still localized in real space within r/a - 0.25 - 0.65. The effect of KTAE on the alpha particle
distribution function was found to be small with the flattening of the density profile near the
mode localization similar to that reported earlier [11] for core localized TAEs. KTAEs do not
increase losses, which are small in a. steady state plasma. ( 0.12%).
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Abstract

Particle-magnetohydrodynamic and Fokker-Planck-magnetohydrodynamic simulations of fast
ions and toroidicity-induced Alfven eigenmodes (TAE modes) have been carried out. Alpha particle
losses induced by TAE mode are investigated with particle-magnetohydrodynamic simulations.
Trapped particles near the passing-trapped boundary in the phase space are also lost appreciably in
addition to the counter-passing particles. In Fokker-Planck-magnetohydrodynamic simulation source
and slowing-down of fast ions are considered. A coherent pulsating behavior of multiple TAE modes,
which occurs in neutral beam injection experiments, is observed when the slowing-down time is much
longer than the damping time of the TAE modes and the fast-ion pressure is sufficiently high. For a
slowing-down time comparable to the damping time, the TAE modes reach steady saturation levels.

1. INTRODUCTION

The toroidicity-induced Alfven eigenmode (TAE mode) is a shear-Alfven eigenmode in toroidal
plasmas [1]. TAE modes have been observed in many experiments such as the neutral beam injection
(NBI) experiments [2, 3], the ion-cyclotron-range-of-frequency (ICRF) heating experiments [4, 5], and
D-T fusion experiments at TFTR [6]. Nonlinear evolution of TAE modes is an important issue for
fusion reactors, since TAE modes of sufficiently large amplitude can induce fast-ion losses [3, 7]. The
first purpose of the present paper is to investigate the TAE-induced fast ion losses with particle-
magnetohydrodynamic (MHD) simulation [8]. The second purpose is to examine the pulsating
behavior of multiple TAE modes in NBI experiments, which is completely different from the steady
behavior of ICRF-driven and alpha-driven TAE modes. It is investigated with Fokker-Planck-MHD
simulation [9].

2. PARTICLE-MHD SIMULATION

In the particle-MHD simulation [8], the particle simulation method is used for the fast ions. In
the model employed here, plasma is divided into two parts, the background plasma and fast ions. The
background plasma is described by the magnetohydrodynamic (MHD) equations and the
electromagnetic field is given by the MHD description. This approximation is reasonable under the
condition that the fast ion density is much less than the background plasma density.

The initial condition considered here is B=5T, 7P=2MA, R0=2.7m, a=0.9m, n=1020m1, and
<P>=0.88%. Fast ion distribution is a slowing-down distribution with the maximum energy of 3.5
MeV, which is isotropic in the velocity space. Nonlinear simulations for n=2 TAE modes have been
carried out for volume-average fast-ion pressures of 0.33% and 0.66%. The number of used particles is
4x10\ Fast ion losses induced by the TAE modes are observed. For the higher-pressure case, 1% of
fast ions are lost in 103 Alfven time. Lost particles can be classified into three types; 1) passing
particles with negative parallel velocities (counter-passing particles) which cross the passing-trapped
boundary just before an encounter with the wall, 2) trapped particles, 3) passing particles other than
the first type. Percentages to the total number of lost particles are 63%, 26%, and 11%, respectively. It
is clear that counter-passing particles are the major part of lost particles and the main loss mechanism
is crossing the passing-trapped boundary in the phase space. It is consistent with the results of test
particle simulation in Ref. [10]. It must be noted, however, that the trapped particles near this
boundary are also lost appreciably in addition to the counter-passing particles.
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3. FOKKER-PLANCK-MHD SIMULATION

3.1. Model

Past simulation studies of TAE mode [11-14] started each simulation runs from arbitrarily
chosen fast-ion distributions, and could not explain the recursive bursts at NBI heating experiments
and steady saturation levels at ICRF heating experiments. Berk and Breizman [15] pointed out the
significance of distribution forming processes such as particle source, slowing down, pitch-angle
scattering, and wave heating. What seems to be lacking in the past simulation studies is to incorporate
the distribution forming processes of fast ions.

As a first step towards a comprehensive simulation of TAE modes, we incorporate particle
source and slowing down for fast ions in the Vlasov-MHD simulation code [12]. The time evolution of
the fast-ion distribution function in a four-dimensional phase space (three-dimensional configuration
space and one-dimensional velocity space for the parallel velocity) is followed by a finite difference
method of fourth-order accuracy in space and time. The pitch-angle scattering and wave heating are
not considered in the present study. We consider a four-dimensional phase space (R, <p, z, v), where v is
the parallel velocity and (R, (p, z) are the cylindrical coordinates. Although only the parallel velocity
component is taken into account for simplicity, the Jacobian for the three-dimensional velocity space
is employed to be consistent with the slowing-down term. The critical velocity in the slowing down
term and the birth velocity of fast ions are chosen to be equal to 0.3 and 1.5 of the Alfven velocity,
respectively. The spatial profile of the particle source is a Gaussian with the scale-length of 0.4a,
where a is the minor radius. We introduce two parameters, Po, which is the fast-ion pressure at the
magnetic axis when any MHD disturbance is absent, and the slowing down time Ts. The initial
condition is a tokamak MHD equilibrium where the aspect ratio is 3. The minor radius is 16 times
larger than the parallel Larmor radius of a fast ion with the Alfven velocity. In this paper a finite
viscosity of 2xlO5RovA is considered to damp TAE modes. It yields, for example, an ^-folding damping
time of 130xA for an n=2 TAE mode which is the most unstable TAE mode in the results described
below.

3.2. Results

3.2.1. Case A: Po = 2% (normalized by the magnetic pressure) and zs = 100zA

In this case the slowing-down time is comparable to the damping time. Destabilized are TAE
modes with the toroidal mode numbers from 1 to 3, and another Alfven eigenmode with the toroidal
mode number of 4, which has a doubled frequency to that of a TAE mode. Time history of m/n = 2/1,
3/2, 4/3, 6/4 harmonics is shown in Fig. l(a). The n=2-4 eigenmodes are localized in the core region.
It can be seen that n-2-4 modes reach roughly steady saturation levels after 500xA.

3.2.2. Case B: Po = 4% (normalized by the magnetic pressure) and ts = 1000zA

In this case the slowing-down time is much longer than the damping time and the fast-ion
pressure is relatively high. TAE modes with toroidal mode numbers from 1 to 4 are destabilized. The
spatial profiles of n=3 and 4 eigenmodes peak at outer locations and are more broadened in the radial
direction than those in case A. Time history of m/n = 2/1, 3/2, 4/3, 6/4 harmonics is shown in Fig. l(b).
It can be seen that they have a pulsating behavior. The spatial profile of the fast-ion source destabilizes
the n=2 TAE mode first. Later than this precursory growth of the n=2 TAE mode, the other TAE
modes grow to levels comparable to that of the n=2 TAE mode. At the second and third bursts, all of
the TAE modes behave coherently. This pulsating bursts can be naturally interpreted as a cycle of
reformation of fast-ion distribution, growth of TAE modes due to increasing fast-ion drive, global
flattening of fast-ion distribution, and damping of TAE modes due to reduced fast-ion drive.



1579 THP2/22

FIG. 1. Time evolution of n=l-4 TAE mode amplitudes for (a) Pg=2% and zs

= 100TA, and (b) P0=4% and Ts = 1000zA.

3.2.3 Fast ion distribution at nonlinear phase

The fast-ion distribution is strongly affected by TAE modes. We show the fast-ion distribution
averaged in the toroidal angle with v = v,, in Fig. 2. For case A, the distribution is locally flattened in
the core region where the TAE activity is strong. On the other hand, for case B, the n=3 and 4 TAE
modes, which spatially peak at outer locations as mentioned above, are destabilized, and the fast-ion
distribution is globally flattened due to the overlapped many TAE modes. It is interesting to note that
the distribution is spread close to the wall boundary at the mid-plane. It explains the fast-ion losses at
the NBI experiments [3], which take place mainly at the mid-plane.

4. SUMMARY

In this paper we described the results of particle-MHD and Fokker-Planck-MHD simulations.
With particle-MHD simulations, it is confirmed that the major part of lost alpha particles induced by
TAE mode at the present large tokamaks is the counter-passing particles close to the passing-trapped
boundary, and it is found that trapped particles are also lost appreciably. Furthermore, we have
investigated the time evolution of fast ions and the toroidal Alfven eigenmodes with the Fokker-
Planck-MHD simulations. We have demonstrated that the consideration of the distribution forming
processes of fast ions is crucial to understand the time evolution of TAE modes and fast ions.

Simulation results are summarized as follows:
[1] When the time scale of the distribution forming process [the slowing-down time in the
present study] is comparable to the damping time, TAE modes persist after saturation with
steady amplitudes.
[2] When the time scale of the distribution forming process is longer than the damping time and
the fast-ion pressure is sufficiently high, many TAE modes have a coherent pulsating behavior.
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Pa)

FIG. 2. Fast ion distribution as a function of R and z averaged in the
toroidal angle with v = vA for (a) Po=2%, Ts = 100TA, t=900tA, and (b)
P0=4%, % = 1000TA, t=2800zA.

The pulsating behavior is similar to that observed in NBI heating experiments. In this case, the
fast-ion distribution function is globally flattened due to the overlapped many TAE modes. This global
flattening explains the fast-ion losses observed at the NBI heating experiments. The steady
saturation found for the short slowing-down time is also interesting when we compare it with the
ICRF-driven and alpha-driven TAE modes, though a more realistic simulation is required for a
detailed discussion.
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Relying on the good agreement observed between the gyrokinetic PENN model and the low n damping measure-
ments from JET, the stability of Alfven eigenmodes (AE) is here predicted for reactor relevant conditions. Full
non-local wave-particle power transfers are computed for the a—particles in an ITER reference equilibrium, show-
ing that low n ~ 2 modes are strongly damped and intermediate n ~ 12 with a global radial extension are stable
with a damping rate 7/w ~ 0.02. Even though an excitation of a—particle driven instabilities remains in principle
possible, this study suggests that realistic operation scenarii exist where all the AEs of global character are stable.

1 Introduction

A critical issue for tokamak reactors is whether Alfven Eigenmodes (AE) will become unstable and
affect the a—particle confinement. To be able to predict the pressure < (3a.crit > above which the
resonant a—particle drive exceeds the Landau damping from all the species, global fluid and gyrokinetic
calculations have been compared with AE damping measurements from JET, identifying the strong
edge magnetic shear (X-point) and the weak central shear as important control parameters to
avoid the instabilities [1]. Low toroidal mode number n damping predictions from models that ignore
finite Larmor radius effects are often an order of magnitude smaller than measured in the experiments,
while the gyrokinetic Landau damping through mode conversion is generally in agreement within 30%.
In this paper, we propose a better model for the wave-particle power transfers to the species P = Pe +
Pions + Pa and retain the large orbit width and the Larmor radius of the a—particles to all orders. This
extends the work carried out in Ref.[2] for the shear-Alfven wave alone to global gyrokinetic calculations
taking into account the mode conversion to the kinetic-Alfven wave; using the new diagnostic, stability
predictions are now made possible also for AEs with intermediate values of n ~ 12 and relatively short
wavelengths.
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2 Full non-local Power Transfers

When the particle finite orbit width (FOW) depending on the poloidal field Bp and the finite Larmor

radius (FLR) depending on the total magnetic fields B = JBf + Bj become large in comparison

with the characteristic length of the global wavefield 2irk~^l, the non-local character of the wave-particle
interaction must be considered to all orders in the parameter k±p. Using a gyrokinetic ordering for linear
low frequency waves to first order in the inverse aspect ratio a/B,, the electromagnetic power resonantly
transferred to an ion species can be calculated perturbatively from the Alfven eigenmode wavefield using

dV Jn7- W • (1)

A non-local expression for the perturbed current density jni is then conveniently written in a straight
—>

field line Fourier representation of the electromagnetic potentials {A,</>) ~ exp i(kpp + mx + nip — tot):

•jni=2'K2{ZefqR, I v±dv± V expi [kpp + mx + nip + l{x+Xk) ~ id sin (x+Xk

a; - coj)^ Lj0(O e5 + ^ e, x £

iv I -^
-f^Ji(O fei xck

where

m T ainJV

c _ k±v± 2 _ ,2 , fm
2

^
2 "/ " ng + m +1 m/p

ry is the safety factor, p an integer, FM a Maxwellian distribution FM of particles with a mass M, charge
Ze, density N, temperature T, and substituting without loss of generality the definitions

FM F OlnF m% 1 2 2

for other types of distributions such as the slowing down a—particles.

3 Validations with experimental Measurements [3, 4]

From the 30 JET discharges which have been reconstructed so far with different magnetic field config-
urations, values and profiles of the plasma current Ip = 1 — 4 MA, density ne = 1 — 5 x 1019m~3,
temperatures Te = 2 — 10 keV, T, = 2 - 23 keV, isotopic mass Aeff = 1 — 3 and low toroidal mode
numbers \n\ = 0 — 2, two damping mechanisms seem to provide for a damping J/UI > 1 % which is
large enough to stabilize an a—particle drive typically an order of magnitude smaller. First, the radial
localization of the global wavefield due to the high magnetic shear in the plasma edge region provides a
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Fluid n=1 TAE at 145 kHz ly/(o!=0.0008 in JET38573@6.4s
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Gyrokinetic n=1 TAE at 166 kHz /̂col=O.O2 in JET 38573@6.4s
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Figure 1: TAE wavefield $te{En) and total power integrated from the center J*Q
S ds'P(s') using the fluid

LION (left) and gyrokinetic PENN codes (right), which predict damping rates J/LO = 0.0008 (fluid) and
0.02 (gyrokinetic) where the experiment measures a TAE at 166 kHz with 7/0; = 0.02.

strong electron Landau damping [1] which is thought to be the reason why the saddle-coil antenna has
never excited and detected low n modes during the X-point phase with j/ujexp < 5 — 10 %. The second
mechanism acts through the weak magnetic shear in the plasma core and results in the mode conversion
into a kinetic Alfven wave subsequently Landau damped by the electrons. Fig.l illustrates this with the
JET discharge 38573 at 6.4 sec, where the global AE damping rate from the gyrokinetic PENN code
[5] 'y/ujgk = 0.02 is in excellent agreement with the experiment ^/ioexp = 0.02, an order of magnitude
larger than the prediction from the fluid LION code [6] i/wfiuid = 0.0008 which neglects this mode
conversion phenomenon. In general, the damping rates from the gyrokinetic PENN model agree within
30% with the measurements from JET; precise validations of the fast particle power transfer model de-
veloped in sect.2 are more difficult because of the lack of precise measurements of the a—particle or
neutral beam drive. Using the 75 keV beam driven limiter discharge DJJI-D 71524 at 1.875 sec and
comparing with the stability analysis carried out previously within the drift-kinetic approximation [7],
the precision achieved for the fast particle drive can however be estimated better than a factor 2.

4 Global AE Predicted to be Stable in ITER

The stability of toroidal Alfven eigenmodes with low to intermediate toroidal mode numbers n — 1 — 12
has been examined in a 21 MA, (3 = 3% reference equilibrium. The fluid LION code generally predicts
instability thresholds < (3Q.cru >= 0.1 - 0.5%, while the gyrokinetic PENN code calculations show
that Alfven eigenmodes are stable for all burn conditions envisaged in this scenario. Figure 2 illustrates
this with two examples where the non-local power transfers can be compared with the drift-kinetic ap-
proximation previously used in Ref.[8]. Because the n = —2 TAE wavelength at the m = 2 resonance
meets the characteristic scale of the kinetic Alfven wave around s = 0.2 (fig.2,left), mode conversion
takes place and gives rise to Landau interactions with all three species. Even if the local power transfer
Pa{s) oscillates radially in the neighborhood of the resonance, the total a—power integrated over the
plasma volume remains positive j ^ dsPn(s) > 0, showing that the n = - 2 kinetic AE (KAE) remains
globally stable (in fact strongly damped) for all values of < (3a >. Non-local wave-particle interactions
become important for AE with intermediate mode numbers n ~ —12 (fig.2,right) and contribute to the
power transfers Pa{s) with higher order resonances |/| = 0,1,2. The ratio between the total dissipated
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STABILITY KAE n=-2 f=45 kHz <)3 >=0.1%
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Figure 2: Resonant wave-particle power transfer from the gyrokinetic PENN wavefield to the bulk
species Pe + Pions (top) and the a—particles Pa (bottom) in the case of a global n = — 2 TAE at
45 kHz (left) and a radially coupled m = 11,12.13, n = -12 TAE at 77 kHz (right).

and stored power P/(coW) = j/co = 0.02 shows that intermediate n — —12 are less damped, but that
they remain nevertheless stable for all values of < /3Q >.

n = 1 - 12 AE above 20 kHzTo conclude this analysis, one can say that global low to intermediate
should be stable in a relatively large variety of burning ITER-like plasmas.

The reference equilibrium has been provided by O. Sauter from the ITER-JCT in San Diego. This
work was supported in part by the Swedish and the Swiss National Science Foundations and by the
super-computer center in Linkoping.
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Abstract

Kinetic: ballooning analysis has been performed for high performance tokamak discharges by imple-
menting the Shafranov shift A' in both positive and negative shear regimes. For discharge parameters
pertinent to transport barriers characterized by steep pressure gradient and large A', the kinetic bal-
looning and drift type modes are stabilized at A' ~ —0.3 ~ —0.2. A new MHD type ballooning mode
with large growth rates is predicted for excessively large A' in negative shear regime. Also investigated
is the AlfVen mode driven by energetic ions (such as trapped alpha particles) without resorting to the
conventional ideal MHD assumption for the bulk ions. Compared with the earlier predictions, a reduction
in the growth rate by two orders of magnitude has been seen.

1. INTRODUCTION

As the beta (j3) factor in tokamaks progressively increases, the Shafranov shift A' enters as an
independent parameter to affect stability of various pressure gradient driven modes. Ideal MHD
ballooning mode equation for high 3 tokamak discharges has earlier been formulated [1]. Kinetic
ballooning mode equation incorporating a finite Shafranov shift has recently been derived and
applied to discharge conditions pertinent to high performance tokamaks [2]. The purpose of
the present paper is to report recent findings of the effects of Shafranov shift on the following
modes: (a) drift type modes (trapped electron and ITG modes), (b) kinetic ballooning modes
in both positive and negative shear regimes, and (c) Alfven mode driven by energetic ions (such
as alphas).

In general, Shafranov shift has stabilizing influences on drift, and ballooning modes in positive
shear. However, in negative shear, MHD-like modes with large growth rates become unstable
when |A'| > 0.3. This new instability imposes an upper limit on j3 that can be stably confined
with negative shear.

In kinetic analysis of the Alfven mode driven by high energy ions, the ideal MHD assumption
£j| = 0 is avoided in formulating the high energy ion response to the electromagnetic fields.
Significant reduction in the growth rate is predicted compared with those found earlier based
on MHD-perturbative approach.

The paper is organized as follows. In Section 2. a kinetic mode equation is developed for
Alfven type modes in tokamaks by implementing energetic trapped ions and finite Shafranov
shift. Results of shooting code analysis for effects of Shafranov shift on various modes (including
predominantly electrostatic drift type modes) are shown in Sections 3 and 4. In Section 5,
stability of energetic ion driven Alfven mode will be discussed followed by concluding remarks
in Section 6.

2. MODE EQUATION

A kinetic ballooning mode equation incorporating a finite Shafranov shift A' has recently
been formulated [2] for tokamak discharges with nearly circular magnetic surfaces:
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where J = 1 + A' cos 0, THP2/24

A = s6 + JA'siufl + [3A'(s - 1 + A'2) - a(l - A'5'/2)](l + 2A/2) sin5, (2)

+ r(l-/,)

LO + Wjr,.; a-
and

= re/T2, (3)

(4)

(o)

In the presence of energetic trapped ions, the denominator 1 + r(l — Ij) is to be modified as

1 + r(l - Znh){\ - h) + Z2rhnh(l - Ih), (6)

where

h =
iv = r/R.

^ o l ~

Effects of trapped electrons and a finite ion transit frequency can also be implemented in the
ballooning mode equation.

3. EFFECTS OF SHAFRANOV SHIFT A' ON DRIFT TYPE MODES

The kinetic ballooning mode equation is to be solved with a shooting code in which
full ion velocity integrations must be evaluated at each mesh point. A fast shooting
code based on the Gaussian-Hermite quadrature approximation has been employed. The
boundary conditions are: do/dB — 0 at 6 = 0 (even parity mode) and o(oo) = 0.
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Fig. 1. (a) Growth rates of the KBM in positive shear (dalied line) and in negative shear (solid line) vs.
Shafranov shift A'. Discharge parameters pertinent to transport barriers in high performance tokamaks
are assumed, (b) Stabilization of the trapped electron drift mode by A'. 1>Q — 10~3.

The dashed line in Fig. 1 (a) show-s stabilizing influence of A' on the kinetic ballooning
mode in the MHD second stability regime when a = 2.0, s = 0.4, bo = (kgpj)2 = 0.01. r =
Te/Ti = l.cn = Ln/R = 0.18, m = rje = 2. (For s = O.4., the ideal MHD ballooning mode
is unstable in the interval 0.36 < a < 1.47 and the assumed ballooning parameter a = 2.0
is clearly above the cutoff.) Complete stabilization occurs at A' ~ —0.33 for the parameters
chosen. The solid line in Fig. 1 (a) depicts dependence of the growth rate of KBM in negative
shear with parameters pertinent to those observed at the transport barrier in JT60-U [3], a = 5,
s = —0.51. r = 0.67, rjj = 1.3, r\e = 1.1, Ln/R = 0.13, q = 3.9 . The kinetic ballooning mode in
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negative shear regime is characterized by extended eigenfunctions, relatively small growth rate
(l/^A < 0.1 where UIA = VA/QR- the Alfven frequency), and mode frequency of the order of the
Alfven frequency. 0.5 < —wr/u;.4 < 1. A modest finite ion temperature gradient is required of the
instability. ?],• > 0.5 which is known to enhance the ion magnetic drift resonance. When T; = Te.
the threshold a is also small, a > 0.1. However, the instability only exists in a shear window.
—0.5 < s < —0.1. When A' is ignored, there is no upper cutoff in the ballooning parameter.

In order to investigate stability of the trapped electron driven drift mode in the region
of JT-60U ITB. the mode equation has been modified to implement bounce averaged trapped
electron density response and also the ion transit effect perturbatively. Fig. 1 (b) shows the mode
frequency and growth rate of the mode bo = 0.001 as a function of A'. The trapped electron drift
mode is unstable at extremely long wavelengths. 6o ^ 10~3 due to deactivation of ion Landau
damping. Longer wavelength modes are stabilized at a small A' while shorter wavelength mode
requires a substantially larger A' for stabilization.

4. MHD BALLOONING MODE DRIVEN BY A'

The stability analysis depicted in Fig. 2 shows the growth rate (normalized by the diamag-
netic frequency) as a function of the Shafranov shift parameter A using ideal MHD, kinetic and
two-fluid theory with s = -0.2, a = 1.2, b0 = {k9pi)2 = 0.01, rje = rjj = 1 and en = Ln/R = 0.1.
All three methods predict destabilization of the ballooning mode at large |A | with the critical
A for the ideal MHD mode occurring at approximately A ~ —0.4. For smaller shift values.
A' > —0.4, only the kinetic and two-fluid theories are able to recover the mode indicating that
the instability is hydrodynamic in nature. A marginal stability diagram can be constructed in
(A , a) space using MHD theory which shows a steady reduction of the instability region with
increasing |s|. The eigenfunction structure at A < —0.4 is well confined, 16*1 < TT, within the
unfavourable region and is MHD-like in appearance. In contrast, the eigenfunction structure of
the kinetic mode in the region A > —0.4 is greatly extended.

The present finding of a new type of MHD ballooning mode in negative shear may impose a
limit on 3 in tokamaks operated with negative shear. In stability analysis of ballooning mode,
the conventional (s.a) diagram is not sufficient particularly at high ,3 because of the entry of
Shafranov shift A' as an additional, independent parameter. The Shafranov shift is a measure of
total plasma energy stored, while the ballooning parameter is a measure of local plasma pressure
gradient. Destabilization at large |A'| is thus not an unexpected result.
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Fig. 2. (a) Growth rates of ideal MHD (solid line), two-fluid (dashed line), and kinetic (dotted line)
ballooning modes vs. A' in negative shear tokamak discharge, a = 1.2, 5 — —0.2. £>o = 0.01, Te = TJ,
Vi,e — I- q — 3. (b) Corresponding mode frequencies of the two-fluid (dashed line) and kinetic (dotted
line) ballooning modes.
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5. STABILITY OF ALFVEN MODE DRIVEN BY ENERGETIC IONS
THP2/24

Results of kinetic ballooning analysis for Alfven mode driven by energetic; ions are shown in
Fig. 3. The growth rate increases almost linearly with the population of high energy ions as seen
Fig. 3 (a). Fig. 3 (b) shows the growth rate previously found by Cheng [4] and that from kinetic
analysis for the following parameters: s = 0.5, Te/Tj = 0.5, q = 2. ac = ah = 0.1. Ln/R = 0.2.
r/R = 0.1. ;/c = t]j = ?//, = 1. Here. ac is the ballooning parameter of the bulk plasma and
aj, is that of energetic ions. It is apparent that MHD analysis grossly overestimates the growth
rate. The maximum growth rate revealed by kinetic analysis occurs at an extremely small ion
finite Larmor radius parameter, bo — 10~4. The underlying assumption of high n mode number
thus becomes dubious (if not breaks down) and more accurate assessment of the growth rate
will require global mode analysis. Stabilization of the high energy ion mode revealed with the
kinetic shooting code is due to the following factors: finite orbit width of trapped energetic ions,
accurate assessment of responses of trapped electrons and energetic ions, and avoidance of the
ideal MHD approximation.
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Fig. 3. (a) The frequency (—U-V/CJ.4, UJA = VA/QR) and growth rate (7/^.4) of the Alfven mode as functions
of the population of high energy ions ?!./,. ctbuik = 0 . 1 . (b) Comaprison of the kinetic growth rate with
that based on MHD-perturbative approach [4]. ojbuik — ctaiPha = 0 . 1 .

6. CONCLUSIONS

In summary, effects of the Shafranov shift A' on the drift and kinetic ballooning modes in
high performance tokamaks have been studied in terms of a kinetic ballooning mode equation
recently formulated. In positive shear, A' is in general stabilizing. In negative shear, A' can be
destabilizing. In particular, MHD ballooning mode is destabilized in the region A' < —0.4 and
may impose a limit on j3. Stability of Alfven mode in the presence of energetic ions has also
been investigated without resorting to MHD approximation for bulk ions. Both bulk ions and
energetic ions are treated kinetically.. The growth rate found in the present study is significantly
smaller (by two orders of magnitude) than that predicted earlier based on MHD-perturbative
approach.

* This research has been sponsored by the Natural Sciences and Engineering Research Council
of Canada.
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Abstract. Flux of alpha particles to the wall induced by sawtooth crashes in TFTR. DT
shots has been observed to be very inhomogeneous in poloidal direction. A theory is developed,
which reveals two main physical mechanisms responsible for the alpha loss in these experiments
and describes the observed flux distribution. An interpretation of the ICRF minority heating
experiment on JET where the "hot spot" (a strongly localized gamma ray and neutron emitting
region) disappeared after a crash is suggested.

1. Introduction
In 1995, it was predicted theoretically that there is a critical energy, £cru, such that when

the ion energy, £, exceeds £crit, the bulk of energetic trapped ions with small banana width is
weakly sensitive to sawtooth crashes, whereas circulating particles are strongly redistributed [1].
Later, the quantity ECrit was successfully used to interpret the experimentally observed effect
of crashes on well trapped alpha particles in TFTR [2,3]. Furthermore, one can see that the
quantity £Crit and other results of Ref. [1] can be useful also for explanation of experimental
data of Refs. [4,5], as well as results of numerical simulations in Ref. [6].

However, a recent theory [7,8] has shown that certain groups of particles, which are in
resonance with the electromagnetic field of the crash ("resonant particles"), are to be sensitive
to the crash even when £ > £crit, the response of these particles to the crash being different from
that of particles with low energy. On the other hand, experimental data from JET [4] indicate
that there is a very narrow group of fast ions with the energy of several rnegaelectronvolts, i.e.,
with £ 3> £Criu which is strongly affected by the crash in contrast to the bulk of fast ions having
lower energy, £ ~ 2MeV. In the mentioned experiment, where fast ions were produced due
to ICRF 3He minority heating, a crash resulted in disappearance of the so-called "hot spot"
- a strongly localized emitting region near the magnetic axis, which presumably is associated
with redistribution of the mentioned narrow group of 3He ions [4]. A question arises whether
the exceptional behavior of the hot-spot ions is a result of their resonant interaction with the
electromagnetic field of the crash. To answer this question is a purpose of this work.

Another purpose of the work is to present results of both experimental and theoretical
investigation of alpha particle loss associated with sawtooth crashes in TFTR. Note that till
now only a few experimental works and no theoretical works on the sawteeth-induced fast ion
loss were published.

2. Interpretation of the "hot spot" experiment on JET
The condition of resonant interaction of fast ions and the electromagnetic field of the crash,

su>b = nuiy, determines the resonance curves on the (A, J) plane when £ is fixed, where u>b is the
bounce frequency, w^ is the frequency of the particle motion in the toroidal direction, n is the
toroidal mode number, s is an integer, A = JJ,BQ/£, JJ, is the particle magnetic moment, BQ is the
magnetic field at the magnetic axis, and J is the canonical angular momentum. But in fact, due
to the finite width of the resonances, there are resonance regions rather than resonance curves.
The width of the resonances is determined by the width of superbanana orbits belonging to the
particles that are trapped in the electromagnetic field of the crash [7,8]. Note that the width of
the superbananas produced by the crash depends on the particle energy (in contrast to that of
the superbananas in stellarators), decreasing with £.
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FIG. 1. The effect of a sawtooth crash on
a typical fast ion with £ = 2MeV in JET.
Bold line, pre-crash ion orbit; thin line, the
orbit during the crash. The crash duration is
10~4 s; the sawtooth mixing radius, 80 cm.
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FIG. 2. The effect of a crash on a
hot-spot ion with £ = 5MeV. The crash pa-
rameters and notations are the same as in
Fig. 1.

In order to see which particles are resonant, it is convenient to use the variables L, P instead
of A, J, where L = (1 - A)^""1, P = -2cJq/{keB0Rliy2), v = [2gp/(^i?o)]2/3, P = v/u>B is the
Larmor radius, RQ is the radius of the magnetic axis, k is the ellipticity of the flux-surface cross
section, q is the safety factor. The resonance curves on the (L, P) plane depend on the particle
energy relatively weakly; in particular, for v = 0.11 they are presented in Fig. 3 of Ref. [8].
The mentioned figure enables one to estimate the ratio of co^/ub for a given particle, which is
required for subsequent evaluation of the resonance width either analytically or by generating a
Poincare map [8].

Following Ref. [4], we assume that the typical fast ions are trapped particles with the banana
tips in the vicinity of the ICRF resonance layer. Concerning the hot spot ions we assume that
they have orbits that are well localized in the poloidal and radial directions near the equatorial
plane of the torus, where the hot spot is located. Such orbits exist for ions with very small
pitch angles and belong to semi-trapped particles that are trapped poloidally but untrapped
toroidally.

Allowing for these facts, we take 8 = 2MeV, A = 1, and the banana tip radius r< = 28 cm
for a typical fast ion. Then we obtain that L = 0, P = 1.1, which implies that the typical ion
is outside of the region of resonances with n = 1 4- 3 important for the crash resulting from the
m = n — 1 instability. For this reason, one can expect that the crash will weakly affect the
bulk of fast ions. A numerical simulation with the guiding-center code OFSEF (Orbit Following
in the Sawtooth Electromagnetic Field) used for the first time in Ref. [8], which employs the
analytical expression of the electromagnetic field perturbation modeling the Kadomtsev-type
crash [1], confirms this, see Fig. 1.

As examples of the hot-spot ions, we take the ions with £ = 24- 5MeV, the pitch angle
of 100°, and R — RQ = 20 cm. We find that they can be resonant, being located between the
s/n = 1/2 and s/n = 1 resonances on the (L,P) plane. Generated Poincare maps confirm that
these particles are indeed resonant and have large width of the superbanana orbits. In addition,
direct numerical simulation of the particle behavior during a crash with the code OFSEF shows
that the the hot-spot ions are expelled well outside the region where they were located before
the crash, which implies disappearance of the hot spot. The examples of the orbits of typical
and hot-spot ions are presented in Fig. 2.
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FIG. 3. 6T versus X for various £ for
a 1.4-MA DT shot #87530 in TFTR. 1,
£ = 3.5 Me V; 2, £ = 3.0 Me V; 3,
£ = 2.5 MeV; 4, £ = 1.5 MeV. Par-
ticles with given £ which escape because
of the orbit transformation reach the wall
at \6\ > 6T{£,\ = 0.75 + 5X), where
0 < 5X < 0.05; stochastic diffusion leads to
the wall load at \6\ ~ 0r(£,X ~ 1.1).

FIG. 4- Calculated (lines) and measured
(symbols) poloidal dependencies of alpha flux
to the wall for three different crashes in the
same shot as in Fig. 3. 1, A' = 1.67/A; 2,
A' = 1.8/A; 3, A' = 2/A. A' = dA/dr; A
is the Shafranov shift; A is the plasma aspect
ratio.

3. Escaping alpha particles in TFTR D-T experiments
Sawtooth oscillations were observed in several TFTR DT shots with / = 1.4 MA and / =

2 MA. They occurred only in discharges at relatively low neutral beam injection power. It was
found that the dominant effect of the sawteeth on alpha particles consists in their redistribution
inside the plasma. Most of experimental data on the sawtooth-induced loss of alphas comes from
the 1.4-MA shots. Observations of the alpha loss during sawtooth crashes were made using the
lost, alpha scintillation detectors located 90°, 60°, 45°, and 20° below the outer midplane (in the
ion V-B-drift direction). It turned out that the alpha flux to the wall is strongly inhomogeneous,
having sharp maxima at the 20° and 90° detectors and being on the noise level at the 45°
detector.

This experimental fact indicates that different physical mechanisms are responsible for the
escape of alphas to the wall at \6\ > 45° and near the equatorial plane of the torus. Our
theoretical studies and numerical simulations reveal these mechanisms, which were found to be
different for circulating and trapped particles.

In particular, a numerical simulation with the code OFSEF showed that only a narrow group
of circulating particles can be expelled to the wall. These particles are marginally circulating and
located sufficiently close to the magnetic axis before a crash. The process of the particle escape
can be divided into two stages. First, interaction of the particles with the MHD perturbation,
which expels the particle from the plasma core. This process is terminated by transformation
of the circulating particle into a marginally trapped one, accompanied by a sharp change of the
orbit width. After the transformation occurs, the particle can be lost within one bounce. Only
particles with sufficiently high energy, £ > £min can be lost, and the lost particles reach the
wall at 9min < \8\ < 9max (either below or above the midplane of the torus, depending on the
direction of the toroidal magnetic field).

Trapped particles can escape from the plasma because of the stochastic (collisionless) ripple
diffusion. This was found with using the dependence of 9T on A given in Fig. 3 and the Hamil-
tonian guiding-center code ORBIT [9]. Calculations with ORBIT showed that when the alpha
source vanishes outside the sawtooth mixing radius (which models the crash-induced source),
the dominant fraction of the escaping particles consists of moderately trapped particle with the
energy close to 3.5 MeV and A > 1. Therefore, according to Fig. 3, the crash-induced stochastic
diffusion leads to alpha wall load at \9\ < 30°.
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It also follows from Fig. 3 that the particles with A ~ 0.8, which is typical for the particles
escaping due to the orbit transformation, reach the wall at \6\ > 30°. Note that the dependence
of 6T on A shown in Fig. 3 is rather general, being almost independent on the specific mechanism
leading to the particle loss. Therefore, Fig. 3 confirms, in particular, the shadowing effect for
delayed loss in Ref. [11] and shows that the shadow for the orbit transformation loss of particles
with the same energy is essentially larger (unlike the statement in Ref. [11] that the shadowing
effect is absent in the latter case).

In order to describe the poloidal distribution of the alpha flux to the wall for \6\ > 30°, a
theory based on the assumption that the crash duration essentially exceeds the particle transit
time / bounce period was suggested. There is reasonable agreement between predictions of this
theory and experimental data, see Fig. 4.

Note that the results presented in Figs. 3, 4 take into account the finite Larmor radius of
alpha particles. Similar results in Ref. [12] neglect this factor. We observe that, in spite of the
fact that the Larmor radius is of order of the width of the vacuum gap, there are only minor
differences between Figs. 3, 4 and corresponding figures in Ref. [12].

4. Conclusions
In the experiment on JET [4], the hot-spot ions are in resonance with the electromagnetic

field of the sawtooth crash. Therefore, the crash results in superbanana orbits of these ions with
large width, which results in disappearance of the hot spot. Unlike the hot-spot ions, most of
fast ions are non-resonant trapped particles having the energy £ 3> £Crit, which explains why
they are weakly sensitive to the crash.

Sawtooth crashes in TFTR may result in alpha flux to the wall, which is strongly inho-
mogeneous. The dominant physical mechanisms responsible for the alpha particle escape are
the crash-induced prompt loss leading to wall load mainly near the chamber bottom and the
crash-induced stochastic diffusion resulting in wall load near the midplane of the torus. The
first mechanism leads to the escape of particles which were circulating before the crash, whereas
the second one affects mainly trapped particles.
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Abstract
Simulations have demonstrated that magnetic islands having the widths expected on the

major disruption cause the collisionless loss of the relativistic electrons, and that the resultant
loss rate is high enough to avoid or to suppress the runaway generation. It is because, for the
magnetic fluctuations in the disruption, the loss of the electron confinement due to the breakdown
of the toroidal momentum conservation overwhelms the runaway electron confinement due to
the phase-averaging effect of relativistic electrons. Simulation results agree closely with recent
experiments on fast plasma shutdown, showing that it is possible to prevent the generation of
runaway electrons.

1. INTRODUCTION
It is a crucial requirement that a fusion reactor be equipped with means to enable fast

plasma shutdown in cases of emergency. Experiments on JT-60U have verified that the
"killer pellet" injection (KPI) is an effective means of fast shutdown avoiding simultane-
ously high-energy heat flux on the divertor plate, halo current generation, and runaway
electron generation[l]. In particular, it is found experimentally that magnetic fluctuations
excited spontaneously or externally after the KPI can avoid the runaway generation[1,2,3].
However, theoretically, the confinement of the runaway electrons has been considered to
be enhanced due to the phase averaging over the magnetic perturbations [4]. In this paper
we demonstrate by direct 3-dimensional simulations on the orbits of electrons that the
relativistic electrons are lost when the magnetic perturbations consist of the magnetic
islands with the widths expected on the major disruption. The resultant loss rate of
runaways becomes to be 103 ~ 104 .secT1, sufficiently high to avoid and to suppress the
runaway electron generation, and gives a confirmation for the JT-60U experiments on the
fast plasma shutdown avoiding the runaway generation.

2. COLLISIONLESS LOSS MECHANISM
In the study of the relativistic electron motion, we adopt the canonical Hamilton

theory for the relativistic guiding center drift motion[5]. We use the magnetic coordinate
system {ipp,@,() on which the equilibrium magnetic field B eq can be written as

Beq = /3*(')/'p, 9)Wil>p + Jt(ipp) V# + Jp(ipp)WCt (1)

where ipp is the poloidal flux; 8 the poloidal angle; ( the toroidal angle. MHD perturba-
tions producing magnetic islands are expressed by the vector potential A:

A = ea(i/>p,(9,£)Beq, a(^pi^jO — X/ amn(^P) cos(m8 — n( + </>mn), (2)
m,n



1594 THP2/26

where e = c/(u>cR0); Ro is the major axis; u)c the electron gyro-frequency at the axis; c
the light speed. The canonical Hamilton form for the guiding center drift motion of a
relativistic electron is given by

LO = pgdd + p^dC, — ehdt, pe = —if> + epcJt, p^ = ipp + epcjp, (3)

in the phase space (0,pg, (,pt), where h = 11 + [pc + a) 2B|q + 2fxBeq\ ; tp is the
toroidal flux; pc = p\\ — a and p|| is the parallel world velocity normalized by .Beq; JJ,
the magnetic moment. Considering only passing electrons, we obtain the Hamilton form
suitable for describing the orbits of passing electrons:

u! = pcd( + ptdt - Kd9, K((,pc,pt,d) = -p6, pt = -eh, (4)

where the canonical coordinates are comprised of (CiPCi^iPt) a n d the poloidal angle 6
plays the role of time.

When there exist no perturbations, a = 0, the toroidal momentum p^ is conserved
and an electron returns to the initial radial position after one poloidal turn. The width of
radial excursion of this unperturbed electron during one poloidal turn, Sx, is determined
by the variation in K in Eq.(4). For an ultra relativistic electron, 7 >> 1, we have
Sx ~ ^JpS{l/B), where 5(1/B) is the variation of 1/B the electron sees. Thus the radial
excursion of a relativistic electron is greater by the factor 7 than that of a non-relativistic
electron. When a =£ 0, there are two scales characterizing the loss mechanisms; Sx and
wmn, the width of the (m,n) magnetic island. The perturbation a affects the radial
motion of the electron in two different ways. When wmn » Sx, which is satisfied by a
low energy electron, the breakdown of p^ conservation due to the perturbations causes
wandering motion of the electron, which works as a collisionless loss mechanism when the
magnetic islands overlap each other to the plasma edge.

On the other hand, a higher energy electron with Sx » wmn does not exhibit the
wandering motion since p^ is almost conserved when the electron is far from the island.
However, the p^ conservation breaks when the electron passes the island, and the elec-
tron cannot return to the initial radial position, which regards as scattering (see Fig.l,
s = Jipp)- Such scattering yields another collisionless loss mechanism. This mechanism
becomes weaker for higher energy electrons and for a smaller island width since the time
of stay in the island becomes shorter. This would give another physical ground found
by Ref.[4] that the runaway electrons are not affected by magnetic islands. However, it
should be noticed that, at the disruption or the fast shutdown in a large tokamak such as
JT-60U, there exist many islands and each island is expected to have "macro-scale" width
of several cm. It is the fundamental difference from Ref.[4] where "micro turbulence" is
considered. When there exist many islands with "macro-scale" widths, accumulation of
the scattering can work as a loss mechanism for the relativistic electrons. Furthermore,
for such electrons, island overlapping is unnecessary as the loss mechanism. In the next
section, we verify the both loss mechanisms for the low- and high- energy electrons by the
direct simulation.

3. SIMULATION RESULTS
Magnetic perturbations used in the present study consist of 20 modes with

(m,n) = (2,1), (19,9), (11,5), (9,4), (25,11),

(7,3), (19,8), (12,5), (22,9), (5,2),
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(13,5), (8,3), (11,4), (20,7), (3,1),

(25,8), (10,3), (7,2), (15,4), (4,1). (5)

The degree of stochasticity of the magnetic field configuration is controlled by giving the
widths of the modes. In such magnetic field configuration, the orbits of 1,000 electrons
with the same, given energy are traced. Electrons are initially loaded around q = 5/2
in the radial direction and uniformly random in 6— and (— directions. The magnetic
moment fi is set to zero for all electrons since we assume passing electrons. The number
of electrons which reach the plasma edge is counted and the average loss rate is evaluated.

Figure 2 illustrates the energy dependence of the loss rate for u>2i = 0.02 and w2\ =
0.03, where w2i represents the width of the (2,1) island. We see that ultra relativistic
electrons, as well as low energy electrons, are lost. The loss rate for ultra relativistic
electrons with 7 > 40 saturates or decreases, which accords with the phase averaging
mechanism. The magnitude of the loss rate is 2 X 103 .sec"1 to lx lO 4 sec"1 for wmn = 0.02.
Such values are sufficient as the loss mechanism in the experiments to avoid and to
suppress runaway electron generation. The loss rates strongly increase for wmn = 0.03
to more than 3 x 104 sec"1. We can confirm from Fig.3 such drastic increase in the loss
rates. For the case of W21 = 0.018, weak overlapping, no loss occurs [v = 0) for the
low energy electron, while the loss rate for the ultra relativistic electron has the finite
value of v = 2 X 103 sec"1, since overlapping of the islands is unnecessary. This high
loss rate even without the overlapping suggests the termination of the runaway current
tail observed in JT-60U[6]. As shown in Fig.3, island overlapping strongly increases the
loss rate from v ~ 103 sec"1 to v ~ 5 x 104 sec~l for both the low energy and the
ultra relativistic electrons. These results verify that the two loss mechanisms, wandering
motion of the low energy electron and the accumulation of the scattering of the ultra
relativistic electron, are effectively enhanced by island overlapping.

4. SUMMARY
Simulations verify that magnetic perturbations consisting of magnetic islands of several

cm, overlapping each other, yield efficient collisionless loss of runaway electrons. These
results agree closely with experiments on the avoidance and the suppression of runaway
electron generation in JT-60U. Analytical and numerical analyses also confirm the two
different loss mechanisms originating from the breakdown of the toroidal momentum
conservation due to the toroidal asymmetry of magnetic perturbations: wandering motion
in the overlapping islands and accumulation of the scattering when an electron passes
the island. The former is effective for low energy electrons. The latter is effective for
ultra relativistic electrons, and overwhelms the phase averaging effect found for micro-
scale magnetic perturbations. Such perturbations will be also enough to suppress the
avalanching effects investigated in Ref.[7].
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Abstract

The results of the numerical modelling of the ripple loss of partially thermalized charged fusion products
in TFTR are presented. The measured loss of partially thermalized alphas is explained at least qualitatively by a
ripple transport mechanism that includes collisional radial diffusion of toroidally trapped particles with Ds =
10 -103 cm s'^ and stochastic ripple diffusion. The carried out Fokker-Planck simulations of the alpha loss
dependencies on the plasma current and on the fusion power as well as the radial and poloidal dependencies of
the fusion product losses are shown to agree satisfactorily with the corresponding measurements and Monte-
Carlo calculations.

1. INTRODUCTION

Fokker-Planck modelling of the collisional TF ripple loss of partially thermalized charged
fusion products in TFTR [1] has recently explained the main features of the "delayed" loss observed
previously in TFTR [1-3]. The key to understanding the origin of a low energy fusion product loss to
the vessel bottom is the effect of the inward shift of the vacuum flux surfaces in plasmas with minor
radii less than the vessel radius. The calculated ripple induced loss of partially thermalized charged
fusion products is strongly dependent on the poloidal angle, as well as on both the plasma major
radius and the plasma current. These losses also turn out to be extremely sensitive to the radial
position of the detector, due to the poloidal shadowing by the outer part of the vessel wall. These new
calculations help to explain the measurements of charged fusion product loss in both DD [2] and DT
[3-5] experiments in TFTR.

The present paper is a continuation of the Fokker-Planck modelling of the ripple induced loss
of partially thermalized fusion products in TFTR, an investigation which has been initiated in Ref.[l].
The main purpose here is an investigation of the poloidal distributions of the loss as well as the loss
dependencies on the plasma current and Shafranov shift and on the radial position of detectors. The
present modelling takes into account the ripple induced transport of charged fusion products in the
presence of Coulomb collisions with the particles of the bulk plasma, including the effect of the
inward shift of the vacuum flux surfaces on the poloidal and velocity distributions of the loss [1].

2. RIPPLE LOSS MODEL

The Fokker-Planck calculations of ripple induced loss of charged fusion products are based on
the 3D Fokker-Planck model of the paper [1] and the TRANSP ripple loss model [6] is applied for the
Monte Carlo modelling. The transport coefficients of the present Fokker-Planck simulation include
the axisymmetric contributions to the transport coefficients [7] as well as the ripple induced ones both
the superbanana diffusion of toroidally trapped particles in the central plasma region [8] and the
stochastic diffusion [9] of them at the periphery.

Finally the model of the vacuum magnetic field with the inward shift of the flux surfaces
corresponding to a currentless gap [7] as well as the TRANSP bulk plasma parameters [10] are used
in the present modelling.
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3. SIMULATION RESULTS

3.1. Poloidal distribution of the alpha loss

Fig. 1 shows the calculated poloidal distributions of ripple induced loss of alpha particles with
E > 0.35 Eo = 1.23 MeV at I = 2 MA (Fig. la) and / = 2.5 MA (Fig. \b). Curves 1 and 2 correspond to

Fokker-Planck and Monte-Carlo calculations, respectively. It can be seen that both distributions are in
agreement with each other. The maximum loss takes place at poloidal angles of 60-70° below the
outer midplane at / = 2 MA and shifts to 70-80° at 2.5 MA. Nevertheless for / = 2.5 MA some weak
loss level (< 10% of the maximum) is observed at 90° also. It should be pointed out that in the case of
a low inward shift of the vacuum flux surfaces the losses at / = 2 MA are peaked poloidally within
30°-40° below the outer midplane, in agreement with previous Monte-Carlo calculations [6].

— 0 .04-

8 0.O2 ~

(a)
I = 2MA

1-Fokker-Planck
2- Monte-Carlo

4UL

(b) I = 2.S MA

1-Fokker-Planck
2- Monte-Carlo

n . n .
-100 -50

Theta (deg.)
-100 -SO

Theta (deg.)

FIG.l. Poloidal distributions of the loss of partially thermalized (E/Eo>0.35) alphas for a major
plasma radius R=2.52 m. Cirves 1 and 2 correspond to the Fokker-Planck and Monte-Carlo
simulations, respectively.

3.2. Radial dependence

Measurements of partially thermalized alpha loss at the bottom of TFTR showed a "delayed"
loss only when the detector port was radially above the shadow of the limiter [4]. The calculated
variation of the diffusive alpha loss detected at 0 = 90° due to the poloidal shadowing of the detector
is shown in Fig. 3. The radial size of the shadow of alphas with 1.2 MeV <E<3.5 MeV is less than 1
cm and increases to 2 cm at E > 0.5 Eo. One can see that the increase of the port height, Hcol, from 1
cm to 3 cm results in a five time increase of the loss of alphas with 1.2 MeV < E < 3.5 MeV. This
strong radial dependence of calculated loss agrees qualitatively with the alpha collector loss
measurements of Ref.[4].

S 0.04 -

I=2MA, R=2.52m

FIG. 2. Alpha loss fraction versus the radial position of
the detector. In the abscissa Hcoi/a is the distance of
the detector from the chamber wall.
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3.3. Plasma current dependence

The plasma current dependencies of the measured and modelled alpha loss at q = 45° and at
q = 20° below the midplane are shown in Fig. 3. It can be seen that the maximums of the ripple
induced loss corresponding to Fokker-Planck calculations (Fig. 3b and Fig. 3d) are in satisfactory
agreement with the observations (Fig. 3a and Fig. 3c). The reasons for the loss degradation at / > 2
MA (Figs. 3a, 3b ) and at / > 1 MA (Figs. 3c, 3d) are mainly the poloidal shadowing of the 45° and 20°
detectors from the loss of partially thermalized alphas and only partially the improvement of their
confinement. The reasons for the increase of the ripple loss with / at low plasma currents are the
increase of the population of the toroidally trapped particles contributing to the ripple loss and the
shift of the ripple loss to the vessel bottom with plasma current increase.
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FIG.3. The plasma current dependence of the loss of the partially thermalized (E/Eo>0.35)
charged fusion products to the 45° and 20° detectors, (a) and (c) (see [5]) represent the results of the
measurements, (b) and (d) show results ofthe Fokker-Planck calculations.

3.4. Dependence on the Shafranov shift and the electron temperature

Measurements of DT alpha particle loss near the outer midplane of TFTR [5] have
demonstrated the alpha loss degradation with increasing fusion power (Fig. 4a). This loss decrease
may be qualitatively explained by the increase of the inward shift of vacuum flux surfaces and the
corresponding enhancement of the poloidal shadowing of the midplane probe with increasing fusion
power. It can be seen that the calculated Shafranov shift dependence of the alpha loss (Fig. 4b) for
fixed electron temperature are in the satisfactory agreement with corresponding midplane probe
measurements (Fig. 4a) [5]. Really the 50% increase of Shafranov shift for fixed Te(0) results in
more than 50% decrease of alpha loss at 20° detector while the total alpha loss increases about 10%.
Fig. 4c shows the calculated electron temperature dependence of the alpha loss for fixed Shafranov
shift . It can be seen that the 50% increase of Te(0) (from 10 keV to 15 keV) results only in about
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15% increase of the loss. The reason of the loss increase is the decrease of the ratio of the pitch angle
scattering time to the slowing down one [1].
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FIG.4. Dependencies of the loss of partially thermalized alphas on the Shafranov shift and on the
electron temperature, (a) shows the measured Shafranov shift dependence ofDT alpha particle loss
near the outer midplane region ofTFTR [5]. (b) and (c) represent the results of the Fokker-Planck
calculations.

4. CONCLUSIONS

The measured loss of partially thermalized alphas in TFTR is explained at least qualitatively
by a ripple transport mechanism that includes collisional radial diffusion of toroidally trapped
particles with Dsb = 102-103 cm s"1 and stochastic ripple diffusion. The inward shift of the vacuum
flux surfaces strongly affects both the poloidal and radial distribution of the lost fusion products, and
permits the modelling results to agree with observations. Results of the carried out Fokker-Planck
simulations of the alpha loss dependencies on the plasma current and on the fusion power as well as
the radial and poloidal dependencies of the fusion product losses, agree satisfactory with the
corresponding measurements and Monte Carlo calculations.
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Abstract
This paper reports: (1) substantial transport reduction by turbulence-driven E x B flows ob-
served in 3D nonlinear gyrokinetic simulations of microturbulence in magnetically-confined
toroidal plasmas; (2) analytical derivation of the effective shearing rate for the time-dependent
E x B flow; (3) interpretation of experimental data using linear gyrokinetic microinstability ro-
tation models of E x B shear; and (4) other developments in gyrokinetic theory and simulation.

1 Introduction
There is accumulating evidence that E x B flow shear suppression of turbulence is the most likely
mechanism responsible for various forms of confinement enhancement in magnetically-confined
plasmas. Understanding the mechanisms of turbulence suppression and discovering techniques
to control turbulence are needed for developing magnetic fusion. Recent experimental data from
tokamaks revealed the presence of small radial scale E x B flows that cannot be explained by the
existing neoclassical theory. These observations point to the possibility that E x B flows gen-
erate spontaneously and regulate the turbulence. Turbulent transport is believed to arise from
electrostatic pressure-gradient driven instabilities. These highly complex nonlinear phenomena
can be effectively investigated by numerical experiments. One of the most promising approaches
is gyrokinetic particle simulation. Our gyrokinetic simulations [1] observed substantial reduction
of heat transport due to the turbulence-generated E x B flows. We have also found that zonal
flow structure plays a crucial role in causing the outstanding differences between global and local
simulation results. The effective shearing rate for time-dependent E x B flow is derived [2]. It
is shown that the high frequency components of zonal flows are not effective in reducing turbu-
lence. Finally, an improved rotation model for linear microinstability calculations is described
and applications to experimental data are presented [3].

2 Gyrokinetic Simulations of Turbulence-driven E x B Flows
We have developed a fully three-dimensional global gyrokinetic toroidal code (GTC) [1] for
studying both turbulence and neoclassical physics [4]. The code uses a general geometry Poisson
solver and Hamiltonian guiding center equations of motion in magnetic coordinates to treat
both advanced axisymmetric and nonaxisymmetric configurations using realistic numerical MHD
equilibria. This global code takes into account equilibrium profile variation effects and has low
particle noise. Furthermore, a single code can simulate both a full poloidal cross section and
an annular box to provide a connection between global and local simulations. The GTC code
was implemented as a platform-independent program and achieved nearly perfect scalability on
various massively parallel processing (MPP) systems.

Rosenbluth and Hinton [5] emphasized the importance of an accurate prediction of the
undamped component of turbulence-generated poloidal flows in determining the transport level
in nonlinear turbulence simulations and provide an analytical test for predicting the residual flow
level in response to an initial flow perturbation. We reproduced this test in gyrokinetic particle
simulations by solving the toroidal gyrokinetic equation with an initial source that is constant
on a flux surface and introduced a perturbation of the poloidal flow. This flow was relaxed
through the transit time magnetic pumping effect, followed by a slower damped oscillation
with a characteristic frequency corresponding to that of the geodesic acoustic mode (GAM).
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The residual level of this flow measured from the simulation agrees well with the theoretical
prediction. In the nonlinear simulations of toroidal ITG instabilities, the E x B flows can be
generated nonlinearly by the Reynolds stress [6]. Our global simulations clearly demonstrate the
existence and the importance of such self-generated flows, in qualitative agreement with flux-
tube simulations [7,8]. These simulations used representative parameters of DIII-D H-mode
core plasmas. The size of the plasma column was a = 160p,. The simplified physics model
includes the electron response of Sne/no = e(<£> — (<E>))/Te, where {• • •) represents the flux surface
average. In a typical nonlinear simulation, we calculated 5000 time steps of the trajectories
of 100 million guiding centers interacting with the self-consistent turbulent field, which was
discretized by 25 million grid points in a 3-dimensional configuration. The instabilities evolved
from a linear phase of growth to nonlinear saturation with a peak transport level, and finalfy
to fully developed turbulence with a steady state transport level that is insensitive to initial
conditions. To illustrate the effects of these flows on transport, we also carried out simulations
of the same set of parameters with E x B flows suppressed by forcing {<£} = 0. Comparison of
the time history of Xi from the simulation with turbulence-driven E x B flows included to that
from the simulation with the flows suppressed shows that a significant reduction (up to an order
of magnitude) in the steady state ion heat conductivity occurs when E x B flows are retained.

I I

Figure 1: Poloidal contour plots of fluctuation potential (e#/Tj) in the steady state of a nonlinear
global simulation with E x B flows included (A) and with the flows suppressed (B).

A key mechanism for reducing transport by E x B flows is the breaking of turbulent eddies
and, consequently, the reduction of the radial decorrelation length [9,10]. This effect is visualized
in a comparison of the poloidal contour plots of the fluctuation potential in the nonlinear phase
from a broad pressure profile simulation carried out with E x B flows included to one with the
flows suppressed (Fig. 1). In both cases, the amplitude of fluctuations is highest at larger major
radius where the drive of instabilities is strongest. Similar structures are observed in the linear
phase for both cases. E x B flows, which are linearly stable, are generated in the nonlinear
saturation stage and begin to tear apart the turbulent eddies. In steady state, the fluctuations
are observed to be nearly isotropic in the radial and poloidal directions when E x B flows are
included in the simulations, whereas the turbulent eddies are elongated along the radial direction
when the flows are suppressed. The fact that the breaking of turbulent eddies by E x B flows
results predominantly in the reduction of the radial correlation length is also reflected in the
observed flow-induced broadening of the radial spectrum (kr) of fluctuations. These trends
are in qualitative agreement with theoretical predictions [9,10]. We also observed that this
flow-induced broadening of the kr spectrum is accompanied by a reduction in fluctuation level,
although we have not studied the relation between them in detail. Finally, the E x B flows
also broaden the oscillation frequencies of individual modes, which would otherwise possess a
coherent mode history corresponding to a frequency spectrum with a well-defined peak.

Fluctuating flows with a radial characteristic length comparable to that of the ambient tur-
bulence have been generated in flux-tube simulations [7,8]. On the other hand, E x B flows
with scale lengths on the order of the system size have been the dominant feature in previous
global gyrokinetic simulations although the finer scale flows began to appear in a larger system
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size [11]. In addition, global codes typically yield a much lower value of %i than that from
flux-tube codes. These fundamentally different trends have been attributed to differences be-
tween global and local simulation models. Specifically, the whole plasma volume is simulated
in global codes with pressure gradient profile variation and fixed boundary conditions, whereas
local codes have a simulation domain that covers a few turbulent decorrelation lengths with
a uniform pressure gradient and utilize radially periodic boundary conditions. We carried out
simulations using both global and annular geometry with a variety of boundary conditions to
address these differences. The perturbed electrostatic potential was set to zero at the boundary
in all global simulations, and a radially periodic boundary condition was implemented in the
annulus simulations. The profile of the pressure gradient was varied in the global simulations to
distinguish the effects of profile variations from that of boundary conditions. When the profile
of the pressure gradient was broad in the global simulations, the dominant components of the
E x B flows have radial characteristic scale lengths comparable to the turbulence decorrelation
length and characteristic frequencies comparable to those of the turbulence. Similar structures
for the E x B shearing rate and good agreement in the ion heat conductivities were obtained
between the local and global simulations. These results indicate that the periodic boundary con-
ditions in local codes are not responsible for the differences between the trends observed in local
and global simulations. As the variation in the pressure gradient becomes stronger in the global
simulation, a static single-well structure in the radial electric field, similar to those observed in
previous global codes [11], emerges and becomes dominant. The ion heat conductivities also
decrease because of the profile variation effects. We conclude that the narrow pressure gradient
profile in global codes is responsible for the differences with the local code results.

3 Shearing Rate of Time-dependent E x B Flow
To address the reduction of turbulence in the presence of zonal flows, we consider a model
problem in which the potential $ associated with the zonal flows is a time-dependent flux
function, <&(̂ i, £) = &Q(ij))exp{—iu>f(t — to)], with the corresponding radial shear of the angular
frequency, f2̂ , = —d2$o(ip)/d2ip. The two-point correlation evolution equation is then derived
following the procedure described in Ref. [2]. Results show that the radial correlation length Ar
is reduced by the flow shear relative to its value Ar*o determined by ambient turbulence alone:
(Aro/Ar)2 = 1 + w|ff/Aw|,, where AUJT is the decorrelation rate of ambient turbulence and

is the effective shearing rate. Here, JF = cj'j/Aio^, and urE = Cl^RBeAro/A4> is the instan-
taneous shearing rate, RAcj> is the toroidal correlation length. We expect that an order unity
reduction of the fluctuations occurs if U>ES > AOJT- When Er varies slowly such that F <g 1, we
have a>Efl: ~ w^ , and recover the previous result in general toroidal geometry [10]. When Er

varies rapidly such that F > 1, we have a>Eff "C ^E , an<^ ^ *s difficult to achieve turbulence
suppression. This is because the flow pattern changes before eddies get distorted enough. This
provides an explanation of our gyrokinetic simulation results [1] which show that the ion heat
flux remains at anomalous level although the instantaneous E x B shearing rate, which varies
roughly on the turbulence time scale, is much larger than the maximum linear growth rate.

4 Linear Microinstability Rotation Models
We have developed a more complete rotation model in the FULL comprehensive linear microin-
stability code to assess the effect of E x B flows on the high-n toroidal drift modes destabilized
by the combined effects of ion temperature gradients and trapped particles. This model allows
general flux-coordinate toroidal geometry and includes contributions to the radial electric field
from toroidal and poloidal rotations and from the ion pressure gradient. Application to TFTR
enhanced reversed shear (ERS) cases confirms the well-known heuristic criterion for complete
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stabilization, i.e., that the E x B rotation shearing rate be greater than the linear growth rate
without rotation. The implementation of this new (Er) rotation model with the ballooning rep-
resentation was described in some detail in Ref. [3]. A prescription for the ballooning parameter
#o is needed, in addition to the rotation model itself. The simplest choice, #o = 0, which is the
usual choice in the absence of rotation, was employed in Ref. [3]. However, a better prescription
can be determined as follows: One-dimensional (ballooning representation) and two-dimensional
calculations for toroidal drift modes have been compared for the old rotation model in Ref. [12],
and a way of modeling one of the missing two-dimensional effects, 'eigenfunction shearing', in
the one-dimensional calculation was found there by modeling the 'average' or 'effective' value
of #o as a fitted function of the local Mach number. This additional 'eigenfunction shearing
effect' decreases the maximum growth rate only moderately, and the radial marginal points
where 7 = 0 are barely moved. We conclude that including the two-dimensional 'eigenfunction
shearing' effect in the ballooning representation calculation changes the results only moderately.

5 Recent Developments in Gyrokinetic Theory and Simulation
A gyrokinetic system for arbitrary wavelength perturbations is derived using the phase space
Lagrangian Lie perturbation method which allows us to treat the background inhomogeneity
and kinetic effects rigorously [13]. We have applied this self-consistent, comprehensive, and fully
kinetic approach to study MHD instabilities and electromagnetic drift waves. By decoupling the
gyromotion from the particle's gyrocenter orbit motion instead of averaging out the gyromotion,
we have derived a gyrokinetic equation to describe the gyrokinetic perpendicular dynamics. This
complete treatment of the perpendicular current enables us to recover the compressional Alfven
wave and arbitrary frequency modes such as Bernstein waves from the gyrokinetic model.

We have devised an efficient and less noisy "split-weight" 5f scheme for treating electron
dynamics in gyrokinetic simulation [14]. Each electron's response to the perturbations is split
into an adiabatic and a nonadiabatic part. Evolution of the nonadiabatic part is dynamically
followed and is determined by means of the continuity equation for perturbed charge density
and current. This scheme has been validated for microinstability simulation in slab geometry.

The theory and implementation of the Sf method for plasma simulation are revisited [15].
Statistical coarse-graining techniques are used to give a rigorous derivation of the equation for
the fluctuation 5f in the particle distribution. It is shown that for dynamically collisionless
situations a generalized thermostat or "tw-stat" may be used in lieu of a full collision operator
to absorb the flow of entropy to unresolved fine scales in velocity space and saturate the system.

Work supported by DoE Contract No. DE-AC02-76CH03073 and Numerical Tokamak Project.
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It is shown that tokamaks can be intrinsically steady state without seed
currents by coupling potato bootstrap current in the region close to the
magnetic axis to the banana bootstrap current away from the axis. The
equilibria we find are highly elongated (e.g. K = 3) and have naturally re-
versed shear profiles. The vertical instability of elongated tokamaks and
theory of enhanced reversed shear mode for this class of equilibria are also
developed.

Intrinsically Steady State Tokamaks
In the conventional bootstrap current theory, the width of the banana

orbit is assumed to be much smaller than the radius (i.e. zero banana width
assumption). The fraction of the trapped particles then depends on the
square root of the inverse aspect ratio. This rules out the possibility of
non-vanishing bootstrap current on the magnetic axis. Therefore one needs
a seed current to maintain a steady state pressure-gradient-driven-current
tokamak [1]. However, zero banana width assumption breaks down in the
near axis region [2, 3]. A typical set of particle orbits in the near axis region
is shown in Fig. 1.

When this assumption is removed in the kinetic theory, one finds the frac-
tion of trapped particles and thus bootstrap current remain finite in the near
axis region. This is demonstrated originally for a particles [4] and recently
for electron-ion plasmas [5, 6]. The magnitude of the near-axis bootstrap
current density (i.e. potato bootstrap current density because the shape of
the trapped particles is similar to a potato) for an electron-ion plasma can
be a significant fraction (> 18% for typical parameters) of the conventional
banana bootstrap current density. Coupling the near-axis potato bootstrap
current to the conventional bootstrap current away from the magnetic axis,
a class of intrinsically steady state tokamak equilibria without external cur-
rent drive is found [7]. This class of equilibria has naturally reversed safety
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Figure 1: Standard banana orbit and particle orbits close to the magnetic
axis. Class (i), (ii), and (iv) orbits are circulating particles. Class (iii) are
trapped particles, i.e., potato orbits. The standard banana orbit is (v).

THP2/29

factor q profile and high plasma /3, the ratio of plasma pressure to the mag-
netic field pressure. It is stable against ballooning instability. A close-fitting
wall can stabilize the kink instability. Tokamaks can therefore be intrinsi-
cally steady state with the equilibrium current completely maintained by
the pressure-gradient-driven current and without the need of the external
current drives.

Vertical Stability and Nonlinear External Kinks
Large displacements of the plasma column during dispruptive events and

the subsequent appearance of driven currents in the conducting structures
around it, especially when they exhibit large poloidal and toroidal asym-
metries, can pose a serious threat to the mechanical integrity of the device.
In the first nonlinear, three dimensional, self-consistent studies of vertical
instabilities, with our 3D MHD code CTD [8], we observe both toroidal and
poloidal asymmetries in the currents generated in the wall as a result of
vertical displacements coupled to external kinks. Figure 2a shows the pres-
sure contours towards the end of such an event after the plasma has come
in contact with the wall. Poloidal halo currents generated in the plasma
and the wall in general show a complex pattern not expected from simpler
models, as seen in Fig. 2b. Poloidal currents in the wall are not only highly
localized but can locally reverse. A feature not discussed extensively in the
literature is the nonuniformity of the toroidal currents generated in the wall.
Depending on the relative time scales of the plasma current quench and the
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(a)

Figure 2: a) Pressure contours after the plasma comes in contact with the
wall, b) Poloidal current vectors in the plasma and the resistive wall, c)
Poloidal distribution of the toroidal currents induced in the wall prior to
wall contact. 9 = 0 is at the outboard mid-plane.

THP2/29

plasma displacement towards the wall, a very pronounced poloidal nonuni-
formity in the induced toroidal wall current can be seen, since these two
effects tend to produce opposing electric fields. This feature is evident in
Fig. 2c, which shows the poloidal distribution of the toroidal current at a
time before the plasma comes in contact with the wall. Decaying plasma
current has induced large parallel currents in the wall, which slightly reverse
in a narrow region opposite the approaching plasma column due to induced
eddy currents by the plasma motion.

Theory of Enhanced Reversed Shear Mode
With naturally reversed shear profiles, intrinsically steady state toka-

maks can be operated in enhanced reversed shear (ERS) mode. Recent ex-
perimental observation in TFTR and ASDEX-U indicates that ERS mode
is triggered by a sudden increase in the magnitude of the radial electric field
Er and followed by the turbulence suppression that leads to better confine-
ment [9, 10]. This phenomenon implies that the bifurcation mechanism is in
the momentum equation just like that in the H-mode theory [11]. We present
a theory of ERS mode, based on the bifurcation of poloidal E x B rotation
over the local maximum of the nonlinear viscosity and the subsequent turbu-
lence suppression by the radial gradient of the E x B and the diamagnetic
angular velocity [12]. The mechanism that drives Upm = V\\/vti — cEr/utiBp

away from its standard neoclassical value is the viscosity associated with the
additional ion ripple loss beyond the conventional neoclassical flux. Here, Vji
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RHS "•-...
b)

Jpm

Figure 3: As ion temperature and its gradient increase, equilibrium Upm
increases from L-mode (a) to an intermediate state (b) and finally to ERS-
mode (c)

is the plasma parallel flow speed, uti is the ion thermal speed, c is the speed
of light, and Bp is the poloidal magnetic field strength. The theory shows
that Upm bifurcates from a value smaller than unity to a value larger than
unity as shown in Fig. 3. The bifurcated value of Upm is in good agreement
with the experimental observations. This E x B velocity with C/pm > 1
relaxes due to profile evolution and MHD activities.
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Abstract

Experimental observations suggest that toroidal plasma rotation can play a crucial role in
determining the stability of a tokamak. Conventional MHD stability analysis ignores rotation.
Results from analytic and numerical analysis of a number of tokamak stability issues including
toroidal plasma rotation are reported. Depending on the plasma and rotation profiles, its net
effect can be either stabilizing or destabilizing; it also has substantial effect on the observed mode
structure. The localized interchange, the double kink mode, low n resistive MHD modes and the
effect of sheared rotation on magnetic island structure are discussed.

1. INTRODUCTION AND SUMMARY

The effect of rotation and rotational shear on the ideal and resistive MHD stabilities has
been studied. For the ideal MHD modes, a large rotation shear introduces Kelvin-Helmholtz drive
to localized plasma interchanges (Mercier modes) and can reduce the pressure gradient threshold
of the ideal localized interchange. However, a small rotation shear modifies the magnetic well and
when the rotational pressure gradient is larger than the kinetic pressure gradient, can have a
stabilizing effect on the localized interchange. For the double kink mode, rotation shear enhances
the side band coupling and provides further destabilization of the mode. A numerical study
utilizing the MARS code show that shear flow in general provides stabilization to resistive MHD
modes. A self-adjoint variational principle with a constraint relation is shown to be related to the
ideal MHD stability of the plasma. This affords easy adoption by present ideal MHD codes for
the study of general plasma equilibria with flow. Finally, the effect of rotational shear coupled
with the plasma viscosity can significantly affect the shape of the magnetic islands.

2. ANALYTIC STUDY

Plasma rotation modifies the plasma equilibrium, providing an extra source of free energy
for known plasma instabilities to enhance their growth rate through the Kelvin-Helmholtz
process. These give rise to two different effects on plasma stability. We first study the Kelvin-
Helmholtz modification to the Mercier criterion, by focusing on the region close to the rational
surface and assuming the plasma to be imparted with a small toroidal rotation but with a large
shearing rate. Frieman and Rotenberg's variational principle [1] is applied to localized plasma
motion around the mode rational surface. Modification of the localized interchange stability
criterion is obtained by maximizing the growth rate. Rotational shear couples to both the Alfven
and sound waves, reducing the stabilizing effect of these waves. These two couplings give rise to
two different new terms in the modified localized interchange (Mercier) stability criterion
DT <0 [2].

Djm =E\+- [M*2 +AM*4) + CpM*1 . (1)

*Work supported by U.S. Department of Energy Grants DE-FG03-95ER54309 and DE-FG02-92ER54139, and
Contract DE-AC03-89ER51114.

^Department of Physics and Astronomy, University of California, Irvine, California 92679-4575. U.S.A.
^University of Wisconsin, Madison, Wisconsin 53706-1687, U.S.A.
^Department of Electromagnetics, Chalmers University of Technology, S-412 96 Gbteborg, Sweden
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Here, D\ < 0 is the interchange stability criterion for a general plasma equilibrium without flow
[3], A is a geometric factor due to plasma surface up-down asymmetry, C is a geometric factor
related to the coupling of the sound wave with the Alfven wave, and M* is the Alfven wave
Mach number based on the shear flow. This criterion is a direct generalization of that of
Bondeson et al. [4] to the case of toroidal geometry and both of the two new terms indicate
destabilization. As pointed out by Bondeson et al. [5], the term proportional to C is expected to
be strongly modified by kinetic effects and should result in Landau damping. Numerical evaluation
of the term 1/ 4(M* +AM* ) indicates that in present day tokamaks, this effect is not large
enough to destabilize the interchange mode in the strongly rotating NCS region.

The above result, derived for general geometry, is incomplete and neglects the effect of the
centrifugal force. This modification to plasma equilibrium effect is studied by using the equations
of motion directly [6] for a low /3 large aspect ratio circular tokamak. The centrifugal force,
which always points in the direction of the major radius; when averaged over the plasma surface
can act as a magnetic well. It modifies the localized Mercier stability condition to

where s = (r I q)(dql dr), ap = - ( 2 i ^ 2 / B2)(dP I dr), and DQ = ap(r IR) [M2 / (rjT +1)]
[{OCQ I Ofp)(77x+ 1 ) - 1 + M (7]T -1)]- Here, M is the Mach number of the toroidal rotation,
aQ=-(2R0q

2 I B2) (dpR^fi2 12)1 dr and rjT = (pdT) / (Tdp). Effects of finite toroidal
rotation on the Mercier criterion thus depends on the sign of DQ. The centrifugal pressure
gradient will be stabilizing if (XQ I a p > [1 / (7]T + 1)] - M2 [(7]T - 1) / (?7T +1)].

We turn our attention next to plasma global modes. Because the plasma rotation frequency
is smaller than the Alfven frequency, substantial modifications of the ideal MHD stability of the
tokamak only occurs in weak magnetic shear tokamak plasmas with a q value close to being
rational. To facilitate analytic tractability, we specialize to a large aspect ratio circular plasma
with low /3 and examine the double kink mode [7] which is localized at a local minimum in q
between two rational surfaces. The analysis of Ref. [7] for the double kink in a large aspect ratio
circle is extended to include toroidal rotation. The result [6] from the minimization of 8WTOi

given by Waelbroeck [8] is

SWTOt = 8WGHli + 8WQ , (3)

where 8WGyH - (8 / 15)(w2 - l)A 2+ (r IR) ap(l - 1 / q\j - Aa2A1/2, 8WQ =Dn + TQ, and
TQ =-A"2A{(XQ + 2ccQ(Xp). Here m is the poloidal fnocle number, A = (1 - n q n ^ n Im), A is a
number which encapsulates information regarding the poloidal sideband harmonics m±\. The
first two terms in <5J^QHH which contribute to the stability of the plasma are the effects due to
field-line bending, and the magnetic well. The third term which is destabilizing comes from the
effect of side band coupling. New effects appear in the two terms in 8WQ . DQ (discussed above)
acts as a modification to the magnetic well. TQ enhances the side band coupling and is in general
destabilizing. Thus, the overall effect of rotation on the double kink mode is more destabilizing
than the effect on the interchange mode. The stability diagram in OLQ ~ M space for a case
where 8WGU}i = 0 , r I R = 0.1, a p = 0.1, and q2(qm\nA /2rm[nq)[/2 A = 0.5 is shown in Fig. 1.

3. NUMERICAL STUDY

For the numerical study, the MHD equilibria are computed with the inclusion of sheared
toroidal rotation effects. The low mode number, MHD stability of these rotating equilibria is
determined by an extended version of the MARS code [9], which solves for the complex growth
rates of these modes. New effects included in this extended version of the MARS code include
inertial effects of the equilibrium and toroidal rotation shear within the plasma. Of these two
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FIG. 1. The effect of rotation on the double kink mode where q / 2rm[nq) A -0.5,
r I R = 0.1, «p = 0.1. At small M , only the region in which O,Q < 0 shows a stabilizing effect.

effects, the stability of the plasma is affected most by the Doppler shift of the rotation frequency
between different flux surfaces due to rotational shear.

Results from the above analytic study indicates that the effect of rotation on ideal MHD
modes is generally destabilizing. Here we concentrate on resistive MHD modes. Another practical
reason for focusing on resistive modes is that relatively large resistivity can be utilized to attain
the required resolution around singular surfaces. The tokamak geometry is chosen with an aspect
ratio 2.5, elongation 1.8, triangularity 0.8. The q profile is assumed to be of an NCS plasma with
#0 =2.9, ^jnin =1.9, q^ =5.1, and the q^n l& located at sjyr = 0.5, where y/ is the normalized
flux function. /?n is assumed to range between 0. and 3.0. An external conducting wall is assumed
to be located at 1.3 times plasma radius. At low /3n <0.5 the classical double tearing mode for
this plasma is readily stabilized by an increase in /Jn or flow shear. At higher /Jn the plasma
develops a resistive interchange and a global resistive double kink. The plasma is found to be close
to marginal stability around j3n =2.5, depending on external wall distance and resistivity of the
plasma. Plasma shear flow can have a substantial stabilization effect on the resistive kink mode.
Close to marginal stability the resistive interchange and the external resistive kink may interact
with each other. For instance, with j3N =2.5, and with the external wall at r w =1.325 plasma
radius, the growth rate (y r A , here TA is the Alfven transit time) of the resistive external kink is
reduced from 2 x 10~ to 8.6 x 10 by sheared toroidal rotation with profile £2 — £2Q(1 - y/) and
the central Mach number I 2 Q = 0 . 3 . When the external wall distance is slightly reduced to
r w =1.3, the growth rate of the mode is reduced to 1.36x10 , and the mode structure is
modified to exhibit peaking at the inner q = 2 surface characteristic of the resistive interchange.

4. A SELF ADJOINT VARIATIONAL

Frieman and Rotenberg [1] showed that for an ideal plasma with flow v, the perturbed Lagrangian
displacement f satisfies the equationjof motion py^% + 2ipyv • V£ = F(^) ; here p is the mass
density, F the force operator, and v • V is the Doppler frequency shift operator. This equation is
associated with a variational which determines the complex growth rate y. Due to its non-self-
adjointness, in contrast to the MHD energy principle without flow, this variational principle has
not been used extensively. However, the real growth rate g, which is related to y through
y = ±g-iXb, satisfies an auxiliary equation of motion

(4)

with the constraint for the displacement £ as
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Xh=-M^dr . (5)

It is obvious from Eq. (4) that g ^satisfies a self-adjoint variational principle <5Wrot which
is obtained by multiplying Eq. (4) with £ and integrating over the plasma volume. Also, Eq. (5)
is satisfied when g is minimized with respect to A^, while maximized with respect to f in Eq.
(4). At marginal stability or for a plasma without flow, the £ determined by Eq. (4) coincides
with that given by the exact equation of motion. The constraint condition Eq. (5) determines the
observed rotation frequency. At this frequency, the displacement B, satisfies the requirement of
(angular) momentum balance. Since the method for finding the eigenvalues of self-adjoint energy
functionals for ideal MHD has been well established and incorporated into many ideal MHD
codes, the present formulation Eq. (5) could be easily incorporated into these codes to study the
ideal MHD stability of tokamaks with rotation.

5. MAGNETIC ISLAND DEFORMATION DUE TO SHEAR FLOW AND VISCOSITY

In tokamaks, one of the criteria for identifying the presence of a magnetic island is the
characteristic 180 degrees phase shift of the temperature fluctuations across the magnetic island.
However, in a rotating tokamak, this phase shift has been observed to deviate from 180 degrees,
giving rise to an "anomaly" and difficulty in interpretation. This anomaly is explained
quantitatively in terms of the combined effect of plasma viscosity and flow shear across the
magnetic island. In two dimensional geometry, in which the magnetic field is represented by
B = zxV\[f+Bzz, and the flow velocity represented by V = zxV£/, the two dimensional plasma
equilibrium equation for the flux function \jf is given by [10]

(6)
(Vy)

Here, F{\^) = BZB'Z+JXQH', with H being the enthalpy function and v the kinematic
viscosity. By inspection, it is seen that the term on the right hand side of Eq. (6) gives rise to an
effect of distorting the plasma surface as shown in Fig. 1. The boundary condition or this
equation should reflect the coupling of magnetic fluctuations on neighboring singular flux
surfaces. An analytic estimate, which was verified by detailed extensive numerical solutions of
Eq. (6) shows that the phase shift anomaly is given by Skv(dV/ dr)wjiQG I SB , where k is the
wavelength of the magnetic perturbation along the lengthwise direction of the magnetic island, w
is width of the magnetic island, dV I dr is the gradient of flow on the island separatrix and G is a
quantity approximately 1. For a rotating island located at the outer resonant surface of a DIII-D
NCS plasma where R = U m, B0 = 2 T, with dV I dr = 10 km/s , SB = 5 G, v / p = l m2/s, an
island wave number of k = 7/m gives rise to a phase shift anomaly of 20 degrees across the
magnetic island in agreement with experimental observation.
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Abstract Comprehensive stability analyses have been carried out to clarify characteristics of MHD stability of
both strongly negative and weak shear configurations for improvement of plasma performance. Hard beta limits
due to ideal MHD stability can be improved by reducing the pressure gradient in the weak shear region and by
increasing the pressure gradient near the plasma surface in both configurations. In the negative shear
configuration, the double tearing mode may emerge just under qmin=2. However, small current modulation, to
reduce the shear, at the outer resonance surface stabilizes the double tearing mode. In the weak shear
configuration, the neoclassical tearing mode, which is induced by the helical bootstrap current along the island,
reduces the beta limit below the ideal kink limit. However, a localized additional current at the O-point of the
island significantly stabilizes the mode. Stabilization of the KBM requires a large shear, which may be either
positive or negative. A narrow stable window appears near null shear and expands with the pressure gradient.

1. INTRODUCTION
Two promising configurations can be considered for a steady state tokamak with a large bootstrap

current. One is a strongly negative magnetic shear configuration exploiting a large bootstrap current, and the
other is a weak shear configuration which utilizes a moderate bootstrap current and external current drive at the
core. Whether a given configuration can achieve and sustain enhanced plasma performance critically depends on
its MHD stability. In the negative shear configuration, the low-n kink mode can be stabilized by strongly
negative magnetic shear. However, the ideal/resistive interchange modes become destabilized, and the double-
tearing mode may be induced due to adjacent rational surfaces. Furthermore, when the intrinsic ion magnetic
drift resonance is taken into account, a kinetic ballooning mode (KBM) emerges even in negative shear. On the
other hand, in weak magnetic shear configuration, the neoclassical tearing mode persists an in positive shear,
imposing a lower beta limit than that of the kink mode. So far, these MHD modes have been analyzed
individually. In this work, an attempt is made to seek stable domain in high beta negative and weak shear
tokamak discharges through comprehensive stability analyses.

2. IDEAL MHD STABILITY
Hard beta limit disruptions observed in high performance negative shear tokamak plasmas may be

attributed to the kink-ballooning mode. When the radial position of the maximum pressure gradient is inside the
qmin surface (qmin is the minimum of the q value), the infernal mode with n&2 and the high-n ballooning
mode become stable, and the ideal beta limit is governed by the internal n=l kink mode. For further
improvement of the beta limit, increasing the edge pressure is effective. As shown in Ref. 1, the normalized beta
value |3JV as large as 2.5 - 3.5 can be realized for qmin<2. Here, the analysis of the low n mode was made for
parameters pertinent to JT-60 configuration, £=0.25, K=0.15, 5=0.25, without the wall stabilization, using
ERATO-J code. The beta limit imposed by the kink mode in negative shear is improved by an increase in the
value of qo/%nin. However, the ideal/resistive interchange mode can be unstable for higher central q value if
cimin<2 and reduces the beta limit. These localized modes limit the maximum pressure gradient at the internal
transport barrier produced in the negative shear region.

Bp collapses observed in high performance weak shear plasma are also attributed to the kink-ballooning
mode. The detailed analysis[2] for high 6p plasmas shows that broadening of the pressure profile combined with
a high internal inductance, li, significantly increases the stability limit $]\[ (~5). The high li profile is produced
by large shear near the plasma edge and weak shear near the plasma center. The possibility to produce the high li
plasma with a self-consistent profile of the pressure and large bootstrap current has been indicated[3].

3. RESISTIVE MHD STABILITY
Negative shear tokamak discharge was thought to be unstable due to the occurrence of the double

tearing mode. The ideal MHD stability analysis indicates the beta limit is improved in the region of qmin^,
therefore, it is important to investigate the stability of the double tearing mode around the q=2 rational surface.
The double tearing mode and/or the double magnetic islands bridging two rational surfaces at different radii also
emerge and impose a soft beta limit.
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To analyze the double tearing mode, first, we construct solutions of the Newcomb equation,
L%(x)= (f(x)'E,(x)')'-g(x)'E,(x)=O, in a cylindrical plasma between the two rational surfaces with the help of the
a s s o c i a t e d e i g e n v a l u e p r o b l e m [ 4 ] : L^(x)=-Xp(xJ^(x);p(x)—*p0j(x-Xj)2+•••, poj>O a s x—>Xj(j=],2) ; 0<Xj<X2<a;
'=d/dx, %(a)=0; f(xi)=f(x2)=0. Let %o(x) be the eigenfunction with the minimum eigenvalue Xo>0. A global
solution y(x) for the Newcomb equation is a linear combination of ŷ (x), %2 (x) a nd

X —> JC2,

where c;, c2 are arbitrary constants, A/fi, A2L are matching data, and F21, F12 are coupling constants between the
two magnetic islands at X; x2. The eigenvalue Xo and the eigenfunction \o(x) play the important role in the
resistive MHD stability in a negative shear configuration. The coupling coefficients, F21, r1 2 , between the two
magnetic islands at x^ x? are proportional to 1A.O, but are strongly asymmetric; |r1 2 |« |r2 11 since ^o(x) is large
nearx2 as shown in Fig. 1. This tendency is stronger for higher m modes (Fig.2(a),(b)). A slight increase in the
distance between the rational surfaces decouples the islands for wa3 modes because of large values of \Q, and
weakening the magnetic shear at the rational surfaces is an effective stabilizing mechanism of the modes. The
coefficients destabilizing the island at x2, F21 and A2', remain large for the m=2 mode, therefore, the reduction
of A2' by a current modulation at %2 effectively stabilizes the double tearing mode.

40

30

20
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rFig.
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X101-1 X103

0 0.5
X

Fig.l Eigenfunction between two rational surfaces for m=3 mode (qmin=2.6).
Fig. 2 Dependence of the eigenvalue and matching data for (a) m=2 and (b) m=3 modes.
Three dimensional equilibrium analysis has also been performed using the PIES code[5] to study

possible magnetic field configurations and q profiles in the stage of nonlinear saturation of the double tearing
mode. When the initial value of qmin *s slightly lower than the rational surface of 2, the saturated double island
chains at the two rational surfaces are not well separated and the q profile becomes flattened slightly above
q=m/n as seen in Fig. 3a. However, when the difference between qmin and m/n exceeds a critical value, an
equilibrium with qmin<m^n c a n be realized without a flattened q profile bridging the two rational surfaces (Fig.
3b). The boundary of q profile flattening and no flatting regions is maybe lower than the ideal MHD stability
boundary in the regime of 1.95<qmin<2, as shown in Fig.4. Results indicate that it may be difficult to realize a
configuration with qmin<2 and the possibility of the disruption by the double tearing mode around qmin~2.

In a low collisionality plasma with high Bp, large bootstrap fraction and long pulse lengths,
neoclassical tearing modes will play a more prominent role in limiting stored energy and degrading
confinement. The self-consistent effects of perturbed bootstrap currents allow pressure-induced magnetic island
formation in the positive shear regions. Especially, a weak shear and large pressure gradient enhances the growth
of the neoclassical tearing mode. The present stability analysis is based on the following saturated island
equation (dw/dt=0), which is derived by the island evolution equation [6,7].

ZOsat - •

Here, 8 is the inverse aspect ratio, Lq=q/q', Lp=p/p', R is a major radius, S is the magnetic shear, Bp is a
poloidal field, Iaux is an external current at the O-point of the island with a width of bJ, and A' is the standard
tearing stability index. The saturated island width W sat is obtained by iterative calculations using the numerical
equilibrium. The above equation indicates that the island width is enhanced by a weaker shear ( larger Lq),
steeper pressure gradient (smaller Lp) and also a local current (Iaux ) at the O-point of the island reduces the
island width.



1617 THP2/31

1 \ \ •-

( V;;- •"" "Magnetic
i l i i I'VI •

Poloidal Angle Poloidal Angle
FIG. 3. Poincare plots of negative shear magnetic field for (a) qmin>2 and (b) qmin<2 in saturation.
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Fig. 4 Comparison of the boundary of q profile flattening and no flatting regions (solid lines;
A is for a 30 radial mesh, B is for a 60 radial mesh) and the boundary of the n=l kink mode

Stability results of weak positive shear are shown by lines A in Fig.5 for no external current (IauxF=0 ).
The saturated island width reaches 30% of the minor radius even for the low BN (~1)- It c a n a l s o be seen in
Fig.4 that a local current drive effectively stabilizes the neoclassical tearing mode. The local current of 20kA
(~2% of the total current) with a width of 10% of the minor radius reduces the island width significantly, and
increases the boundary from A to B. To reduce the island width, localization of the externally driven current is
effective as shown in Fig.5B. Ray tracing analysis of the electron cyclotron current drive (ECCD) by the
fundamental resonance of the ordinary wave with 1 lOGHz shows localized current drive over a radial region less
than 10% of the minor radius is achievable for JT-60 like configuration with neo=lxlO2O[m~3], Teo=10keVand
Ro=3.4m[8]. The current drive efficiency, Y=<ne>RoI/Pjnp, is estimated as ~0.03 at the half minor radius and
an external current of 20kA can be driven by about 1 MW power of EC wave.

4. KINETIC MHD STABILITY
The high frequency kinetic ballooning mode (KBM) can have adverse effects on. confinement of alpha

particles in the present high B tokamak discharges and possibly in future tokamak reactors as well even though it
is unlikely that the observed KBM is driven directly by the alpha particles pressure gradient. In light of the
importance of KBM to plasma confinement, it is worthwhile to further our understanding of kinetic ballooning
type modes in tokamaks that exist outside the MHD regime, namely, stability of such modes in the MHD
second stability regime and negative shear regime wherein the ion magnetic drift resonance remains active.

The present stability analysis is based on the kinetic ballooning mode equation developed in [9]. The
nature of the kinetic ballooning mode in the negative shear and the weak shear regimes is clarified through the
behavior of the eigenfunction[10]. It is found to be a continuation of the MHD ballooning mode, not of the
second mode with a smaller growth rate which coexists with the MHD mode. Also studied is the mode
stability in the negative shear region, where the MHD ballooning mode is known to be stable. The KBM clearly
persists in negative shear region. The unstable region in positive shear also broadens. The kinetic ballooning
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mode persists for s < 0 with a narrow stable window near weak shear. Complete stabilization of the instability
requires large shear, S <-\ or S > 1.5.

PN

(a)

Ideal MHD Limit

3/2 B

2/1

n=1

Neo-classical
Tearing Limit Wsat

0.2 0.4 0.6 0.8

Fig. 5 (a) Beta limits against the ideal MHD mode and the neoclassical tearing mode (the limit is
determined when a saturation island width is a 30% minor radius) in the weak positive shear
configuration with li~1.2 and a slightly broad pressure profile: p'xOSxfl-ty)0-5+0.7. The line A
isforlaux=0 and the line B is for Iawc=20kA (Iaux/Ip=0.02), &/=0.1 ( oy/wsat(7aMX=0) ~0.2 ).
Fig. 5 (b) Saturated island width, wsat, against the width of an additional current, bj.

5. SUMMARY AND DISCUSSION
Comprehensive MHD stability analysis clarifies the characteristics of MHD stability and suggests

means of stabilization. In the negative shear configuration, the hard beta limit due to ideal MHD stability can
be improved by increasing the pressure gradient near the plasma surface and by moving the maximum pressure
gradient to the negative shear region. Large negative shear (large q(/imin ) makes the ideal MHD mode stable,
but the resistive interchange mode becomes unstable. The double tearing mode may emerge when the qmin is
just under the m=2 rational surface, but the small current modulation, reducing the shear, at the outer resonance
surface makes the double tearing mode stable. In the weak shear configuration, the beta collapse due to ideal
MHD stability can be improved by reducing the pressure gradient in the weak shear region. The double tearing
mode can also be avoided. However, the neoclassical tearing mode reduces the beta limit below the ideal kink
limit. The localized additional current ( wsat/bJ~0.2, Iaux/Ip~0.02 ) on the O-point of the island reduces the
island width significantly. It has also been shown that the KBM (kinetic ballooning mode) persists in negative
shear region with a modest ion temperature gradient, although the growth rate is smaller than that in positive
shear. Stabilization of the KBM requires a large shear, positive or negative. A narrow stable window appears
near null shear. It expands with an increase in the pressure gradient.

In the negative shear plasma, the improvement of the low n kink is the critical issue, and finding a
self-consistent equilibrium with the broad pressure and the strongly negative q-profile, i.e., high qo/qmin a n d
qs/qmin, is the essential issue. More investigation of the double tearing near qmin=2 is necessary to obtain the
equilibrium with low qmin and large qo/<lmin- ^n the weak shear plasma, the ideal MHD improved by large li
and broad pressure profile and the stabilization of the neo-classical tearing mode is the critical issue. The present
analysis were made for no wall stabilization. For higher (3N>5.5, the wall stabilization of the steady state
plasma is a critical issue, especially for the negative shear plasma.
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ABSTRACT

In this paper, a model of sheared flow stabilization on hybrid electron-ion drift mode is proposed.
At first, in the presence of dissipative trapped electrons, there exists an intrinsic oscillation mode in
tokamak plasmas, namely hybrid dissipative trapped electron-ion temperature gradient mode (hereafter,
called as hybrid electron-ion drift mode). This conclusion is in agreement with the observations in the
simulated tokamak experiment on the CLM [1,2]. Then, it is found that the coupling between the
sheared flows and dissipative trapped electrons is proposed as the stabilization mechanism of both
toroidal sheared flow and poloidal sheared flow on the hybrid electron-ion drift mode, that is, similar to
the stabilizing effect of poloidal sheared flow on edge plasmas in tokamaks, in the presence of both
dissipative trapped electrons and toroidal sheared flow, large toroidal sheared flow is always a strong
stabilizing effect on the hybrid electron-ion drift mode in internal transport barrier location, too. This
result is consistent with the experimental observations in JT-60U[3,4].

1. INTRODUCTION

In the last decade, sheared flow stabilization model in fusion research has successfully explained
the formation of transport barriers in magnetically confined devices. This model was originally
developed to explain the formation of the edge transport barrier in tokamaks for L-H transition [5-7].
Recently, this concept has been applied to study the internal transport barrier (ITB) formed at the
plasma core with large toroidal sheared flow and converse (or weak) magnetic shear [3,8]. The edge
poloidal sheared flow is always a strong stabilizing effects on the instabilities in tokamaks. As pointed
out by Burrell [9], Ex B flow shear stabilization model is of considerable physical significance: it is
not often that a system self-organizes to a higher energy state with reduced turbulence and transport
when an additional source of free energy is applied to it. Oppositely, we notice that, as show in Ref. 10,
if toroidal flow shear is large enough, then the pure Kelvin-Helmhotz instability is excited. It is
necessary to study the E x B flow shear effects further. In recent experiment on CLM [1], the
transition from the slab to the toroidal branch of the ITG mode was studied by increasing the curvature
drive provided with the mirror ratio and trapped electron fraction, it means that there may be a hybrid
dissipative trapped electron ITG mode. Koide et al. [3] observed the spontaneous formation of
internal and edge transport barriers in JT-60U high- j3P discharges. A large toroidal velocity shear or
jump was observed across the q = 3 surface (the internal transport barrier location) as if momentum
transfer across the internal transport barrier was significantly reduced.

2. HYBRID ELECTRON-ION DRIFT MODE

Motivated by the experiment in the CLM, we adopt a simple radial inhomogeneous sheared

slab configuration. The magnetic field is given by B = B0[z + (x/Ls)y], where Ls = (B'y(x)/B0) is

magnetic shear length. Quasi-neutrality with non-adiabatic electron response, namely, ne = (1-/5J0 ,

where Se(k,co) = [(a)»e-ft))/ve^-](2e)!/2[ll] and electrostatic dynamics are assumed. Obviously, the

non-adiabatic electron response will increase with the increasing of the trapped electron population

fraction /fr = V2e and with the decreasing of the effective collision frequency Veff = Ve(/e. A fluid

description of ion temperature gradient-driven turbulence consists of continuity equation for the ion

density n{, motion equation of parallel ion velocity ^, and evolution equation for ion pressure Pt:

-^ + V • [«,(V£ + Vrf/)] + «,V • Vpi + V a ( ^ ) = 0, (1)

m,n, —i + YE • V Kj, = -e«,V.O - V,Jj, (2)



polarization drift is given by Vpi = j-\ — + — b x VO • V + —̂— b x V ^ V |VXO. Finally, we obtain
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- j • ' t , f ' I • - " I f [I' | |l " > V " V

where V£ = (c/B)b x VO and Vd(- = (c/e5«(- )£ x v7j. are, respectively, electric field drift velocity (E x B
drift) and ion diamagnetic drift velocity, which describe the perpendicular ion dynamics to the first
order in O(co/coci), coci is the ion cyclotron frequency. In the next order, the generalized ion

c2m,Y d c r. ^ r, . c
eB2{dt B

a eigenmode equation for ITG mode including non-adiabatic electron response

4> = 0. (4)

This is a Weber equation, where bs = k2, xs = OLS/Ln, T-term is negligible when Ln/Ls « 1 . The

solution of Eq.(16) can be obtained in terms of Hermite polynomials

(5)

where n = 0,1,2,-•• is the radial eigenmode number. Hn is Hermite polynomials, A is the radial mode

width and is determined by A"2 = -Im[(2x s)~ ]]. The eigenmode frequency Q. is given by the solution
of the linear dispersion relation determined by the WKB eigenvalue condition for the Weber equation

_JL-i^le_f (l-Q)Q2. (6)
As Veff

This is a cubic equation for normalized frequency Q., the left-hand side is the standard dispersion
relation for the ITG mode, and the right-hand side represents the modification due to dissipative
trapped electrons, it means that in the absence of the nonadiabatic electron response, that is, Se = 0,
the cubic Eq. (6) reduces to usual dispersion relation for the ion temperature gradient mode

Eq.(7) describes a pair of modes, only one is unstable, that is, ITG mode. Besides the trapped electron-
modified ITG mode, Eq.(6) includes another unstable root yet, that is, a hybrid dissipative trapped
electron-ion temperature gradient. In the case Ln/Ls«l, Eq.(6) gives:

y S ( 2 » + l ) ^ ' ^ !

T L 1-hK

This implied that there exists an intrinsic oscillation mode in tokamak plasmas, that is, a hybrid
dissipative trapped electron ion temperature gradient (ITG) mode. When trapped electron fraction is
sufficient high and the trapped electrons are dissipated strongly, the mode is determined by the
dissipative trapped electron dynamics and propagated in electron diamagnetic direction, namely, the
mode appears to be a hybrid dissipative trapped electron ion temperature gradient (ITG) mode.
Analytical result can reduce to usual predictions of the ion temperature gradient-driven instability in
the absence of the dissipative trapped electron response. Numerical calculation indicates that in the
absence of the dissipative trapped, the hybrid dissipative trapped electron ITG mode reduces to the
usual ITG mode, and that when the electron nonadiabatic electron response is sufficient strong, the
hybrid electron-ion drift mode propagates in electron diamagnetic direction, see Fig. 1. Analytical and
numerical results are agreement with the experimental observations in CLM [1,2].

3. SHEARED FLOWS STABILIZATION ON HYBRID ELECTRON-ION DRIFT MODE

On the basis of the hybrid electron-ion drift mode above, we further consider the effects of
E x B sheared flows on this hybrid electron-ion drift mode. The equilibrium flow velocity has form

Vo (x) = Vo (0) + (x/Ly )VOyy + (z/LOz )FOz£, (9)

where Ly = (d]nVOyldx)~] and Lz = (d\nVOzjdx)~x the scale length of poloidal velocity and toroidal

velocity, respectively. The definition of the convective derivative in Eqs. (1-3) contains the poloidal
and toroidal equilibrium flow velocities, that is,
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o> - Vo (x) • k = a> - Vo (0) • k - (x/Ly )VQyky - (x/Lz )VOzkz = a> - (x/Ly )VOyky , (10)

According to the drift ordering kz = (x/Lz)kv « kv, we ignored all terms of order higher than the

term O(x2j i}). Including both dissipative trapped electrons and sheared flows, Eqs. (1-3) become

~ :0 , (11)

(12)

(13)

where Q = Q - Jzx, Jy = (VOy/cs)(Ln/Ly) and Jz = (VOz/cs)(Ln/Lz)are, respectively, poloidal and

toroidal sheared flow parameters, which describe the synergistic effect of flow shear and flow

magnitude. Finally, we obtain a single eigenmode equation for <p

Jzsx£ld2<j> s2x2

Q.+K
0 = 0. (14)

Similar to the treatment above, we can obtain the growth rate. First, the dissipative trapped electrons
play a key role for stabilizing effect of the toroidal sheared flow on the hybrid electron-ion drift mode.
If the non-adiabatic electrons are absent in the system, the solution of Eq.(14) reduced to the pure
toroidal sheared flow-enhanced ITG mode which shows that pure toroidal sheared flow is a
destabilizing effect on ITG mode, that is, the pure toroidal sheared flow, acting as a dominant free
energy source, drives a sheared flow-enhanced purely Kelvin-Helmhotz instability, as show in Ref. 10:

7 = (15>

In the absence of sheared flows, that is, Jy = 0,Jz = Q, the results reduced to the hybrid dissipative

trapped electron-ion temperature gradient mode, as show above:

7 =
sK sK

-\se\ (16)
l-bsKl (1

In the presence of both dissipative trapped electrons and toroidal sheared flow, we obtain linear growth
rate for hybrid electron-ion drift mode approximately

sK

\-b,K-Ji i4K
1 -

sK

(l-bsK-J2/4Kf
\St

(17)

We know it is not often that a system self-organizes to a higher energy state with reduced turbulence
and transport when an additional source of free energy is applied to it. In the presence of both
dissipative trapped electrons and toroidal sheared flow, it is obvious that strong coupling between the
dissipative trapped electrons and the toroidal sheared flow [the second term of Eq.(17)] results in
strong stabilizing effect of the toroidal sheared flow on the hybrid electron-ion drift type mode. That is,
for small toroidal velocity shear (or weak velocity shear), the linear growth rate increases with the
sheared flow parameter Jz; but for sufficiently large value of parameter Jz, the linear growth rate will
decreases with the increase of parameter Jz . In particular, within the ITB region, the toroidal rotation
velocity, especially its shear is so large that the toroidal sheared flow parameter Jz is large enough to
suppress the hybrid electron-ion drift mode. In other words, the coupling between the sheared flows
and non-adiabatic electrons is proposed as the stabilization mechanism of toroidal sheared flow on the
hybrid electron-ion drift type mode. Numerical calculation shows same result, see Fig. 2. It is
consistent with the experimental observation in the ITB region where further confinement
improvement is always associated with large toroidal sheared flow [3,4]. Toroidal sheared flow
stabilization appears to offer favorable prospects for high confinement operation for fusion reactor.

Similarly, in the presence of both dissipative trapped electrons and poloidal sheared flow, we have

7 =
sK

\-bsK-j; 4K
1 -

sK

(\-bsK-Jy
l;4K)1 (18)

It also showed that for small poloidal velocity shear parameter Jy (or weak shear), linear growth

rate increases with shear parameter Jy; but for sufficiently large value of shear parameter Jy, the

linear growth rate will decreases with increasing shear parameter Jy. We have expanded the

i potential; -function with a polynomial in x . The terms which vary as xi or higher tend to destroy
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the quadratic structure at large value of x , Physically, these terms represent the effects of higher shear
damping when the velocity shear causes the mode to deviate too far from the mode rational surface.
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Abstract

The neoclassical and double tearing modes have been analyzed with related new phenomena in the
reversed magnetic shear tokamak plasmas. The instability threshold, and the linear and nonlinear evolution are
derived for the neoclassical tearing modes. It is found that the perturbed bootstrap current in the resistive layer
has a stabilizing effect while the equilibrium bootstrap current in the outer region can destabilize the modes.
The dispersion relation is derived for the double tearing mode. It is found that the onset of "annular crash" is
due to the fast reconnection of the hot and cold islands, triggered by the interaction of both branches. The onset
of "core crash" is mainly due to the coalescence between the hot islands, triggered by the explosive growth of
the inner branch.

1. INTRODUCTION

Recently, the high confinement regime has been observed in the reversed magnetic shear (RMS)
plasma with nonmonotonic q profile in several tokamaks [1]. The high bootstrap current fraction, high (3
(plasma pressure/magnetic field pressure) and high confinement time were obtained in such high
confinement regime. Therefore, the study of the neoclassical and double tearing modes become very
important issues for achieving the advanced tokamak operation. The neoclassical tearing modes, the off-
axis sawteeth activity and double tearing reconnections were observed respectively in TFTR (Tokamak
Fusion Test Reactor) supershot plasma [2] and RMS experiments [3]. It is important to understand how
the neoclassical and double tearing modes are destabilized and what are the mechanisms for the related
new phenomena such as the destabilization of mln — 3 /2 , 4 / 3 , 5/4 modes, the onset of "annular
crash" and "core crash" of the off-axis sawteeth.

2. INSTABILITY THRESHOLD OF NEOCLASSICAL TEARING MODE

The nonlinear neoclassical (bootstrap current driven) tearing modes has been predicted in the
original theories [4] and observed in the recent TFTR supershot experiments [2,5]. The premise of the
original theories is to assume that a negative perturbed bootstrap current is induced when the
equilibrium bootstrap current vanishes inside the separatrix due to the flatten of equilibrium pressure.
This negative perturbed bootstrap current plays a destabilizing role for the neoclassical tearing modes.
However, the recent TFTR experiment results imply that the perturbed bootstrap current should be
positive and play a stabilizing role since the perturbed temperature gradient is negative when the
equilibrium temperature is flatten across the island [2,5]. The question is what is the destabilization
mechanism of the neoclassical tearing modes.

It is well known that the tearing instability in a tokamak is driven by the radial gradient of the
equilibrium current density, and determined by the critical parameter A'o which should be calculated
from the ideal kink equation in the outer region [6]. Therefore, the equilibrium bootstrap current in the
outer region should play an important role since it provides an additional free energy to drive
instability. A'nc should be derived from the outer solutions rather than the inner solution.
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In the outer region away from the resistive layer at r = rs defined by the safety factor q(rs) = ml n,

the resistivity and the inertia can be neglected. An analytic expression for A' of neoclassical tearing
instability can be derived from the outer solutions [7]. One has

t(-wa) (1)

where A1, a = m-\l2- V(m- l /2 ) 2 + X and X = -[(qrs I Bg)(dj I dr) I (dq I dr)](rs) reduce,

respectively, to A'o , a0 and X 0 when jbr(r) = 0. Obviously, A' depends the total current j(r)

which is the sum of the Spitzer current js(r) and the bootstrap current jbr(r) • For the case of

X > X 0 , the bootstrap current increases the instability of the mode when the classical tearing mode is

unstable (A'0>0), and provides a drive to destabilize the neoclassical tearing instability when the

classical tearing mode is stable (A'0>0). The A' reduces to the A'o for the classical tearing mode

when jbAr) = 0.

Consequently, one can obtain a criterion from Eq. (1) for the instability threshold of the
neoclassical tearing mode

\(qrsdj I dr) I (Bedq Idr)\>m-\IA (2)

Usually, for the normal tokamak plasma profiles with dj I dr < 0 , dq I dr > 0, the higher m modes
are not easily to be destabilized because it is more difficult to satisfy the criterion (2) for the higher m
modes. In the TFTR high performance supershots, the pressure profile is highly peaked so that the
bootstrap current modifies evidently the total current profile. In that case, the higher m modes such as
mln = 3/2, 4 / 3 , 5/ 4 can be destabilized.

Actually, the expression of the parameter X can be simplified according to the force equilibrium

equation V P = J x B . It is easy to verify that one has dpidr--Bg(r)js(r) because the bootstrap

current is parallel to the magnetic field. Therefore, the total current profile can be expressed as

j(r) = c(l + \A6^]r/RQ)js(r), here c is a constant which can be determined by supposing the total

current is fixed whatever jb (r) = 0 or jb (r) ^ 0 for a given qs (0) value.

In the inner region around the resistive layer at r = rs, the resistivity and the inertia should play an
important role. It is easy to obtain that the linear growth rate of the neoclassical tearing mode is

where k} = lA6^Je~, k2 = 1.95^/ey (£ s = rs I Ro), y0 is the linear growth rate of the classical

tearing mode. Obviously, the perturbed bootstrap current has a stabilizing effect on the neoclassical
tearing mode meanwhile the neoclassical enhancement of the resistivity has a destabilizing effect. The
linear growth rate /decreases by a factor of (1-fcj)3'5 due to the perturbed bootstrap current, and
increases by a factor of (l-k2)~

3/s. Totally, the linear growth rate y increases by a factor of
(1 - kl) I (1 - k2 )f

5 besides a factor of (A'/A'o )
4/5.

In the nonlinear phase, for the simplicity, only the quasilinear current effect is included [9]
while the quasilinear effect of the magnetic field is not considered here [10]. Then, a nonlinear evolution
equation for the perturbed magnetic flux is obtained:
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"2(l-kl)7lncA'yfm (4)

where c0 = 7tT(3/4)/ F( l 14), B- d\nq(rs) I dlnr is the shear parameter. Defining the island

half-width as w — 2(qy/ I B)yn , it is easy to get a evolution equation for w

= (2U4/c0)[(l-k1)/(l-k)2]r}A:(w) (5)

Similar to the linear case, the perturbed bootstrap current plays a stabilizing effect while the resistivity
increment plays a destabilizing effect. The growth of the island width is enhanced by a factor of
(1 - kx) / (1 - k2) besides a factor of A'/A'o.

It is interesting to compare our theoretical analyses with the TFTR experiment results [4].
Supposing the Spitzer current density is a peaked profile j s (r) = j 0 I (1 + r2 ) 2 , then the total current
density is a hollow profile. One can observe that the neoclassical tearing modes are more unstable than
the corresponding tearing mode for the positive magnetic shear. The parameter X is higher than the
parameter X 0 at any rs I a value for dq I dr > 0. When qs (r) profile becomes q{r) profile during
the postbeam phase, the rational surfaces of mln —SI4, 413, 3 /2 modes move forward to the
plasma center while the parameter X increases as a rational surface approaches the center. For
q{a) = 5, and qs (0) = 0.94, according to the criterion (2), the m I n = 5 / 4, 4 / 3, 3/2 classical tearing
modes are stable. However, the ml n —514, 4 / 3 , 3 /2 neoclassical tearing modes are unstable. When
qs (0) increases until the rational surface of the ml n = 5l4 neoclassical tearing mode disappears, the
mln = 4l3, 3 / 2 classical tearing modes are stable whereas the ml'n — 4 /3 , 3 /2 neoclassical
tearing modes are unstable. When qs(0) continues to increase until the rational surface of the

mIn = 4 / 3 neoclassical tearing mode disappears, the mln = 3 /2 classical tearing mode is stable
whereas the m I n = 3 / 2 neoclassical tearing mode is unstable.

3. DOUBLE TEARING MODE AND OFF-AXIS SAWTEETH CRASH

For the double tearing mode, the dispersion relation is constructed based on the criterion
parameter A'o so that it turns out that the off-axis sawteeth crashes are trigged by a mln = 2/1 double
tearing reconnection. The dispersion relation is obtained as

[A(o>) - A;(0) - A12 ] [A(G>) - A'2
 (0) - A21 ] - A12 = 0 (6)

where A12, A21 and A22 are calculated from the MHD solutions. Assume that the nonmonotonic q

profile has a form q(r) = q(0)a(l + hr2p)Mlp I {a + hr2p), here q(0), a, h, and p are free

parameters. In the TFTR experiments, the "annular crash" occurs as <?(()) increases to a high value

among 4 ~ 5 while q^n decreases to below 2, the two singular surfaces of the double tearing mode, rx

and r2, are approaching each other. The interaction between the two branches becomes strongest since

the growth rates of the two branches are in the same order. The bulging of the hot and cold islands gives

rise to current sheet formation and fast reconnection between rx and r2. Such complete reconnection

leads to the "annular crash". It is similar to the result of the numerical simulations [10,11], which are
the application of Kadomtsev model to the double tearing reconnections. A new equilibrium will be
reached as the helical flux function (as well as q profile) is flat in the reconnection region.

When #(0) decreases rapidly toward to 2 while q^^ decreases slightly, the "core crash" occurs in
the TFTR experiments. The interaction between the two branches becomes quite week because the two
singular surfaces rx and r2 are well separated and the growth rate of the inner branch is much larger
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than that of the outer branch. The linear growth of inner branch increases explosively as rx approaching

to plasma core because of A'°= f(m,X)l rx [7]. Therefore, As #(0) decreases to 2.2, the A' ( 0 )

increases as well as A ^ while A^ decreases as q(0) decreases. Therefore, the interaction of the

two branchesis even weaker so that A(co) is almost same as A'(0). Obviously, the interaction of the
two branches could not be the main reason to trigger the onset of the "core crash". On one hand, the
linear growth of inner branch increases explosively as rx approaching to plasma core because
A'o=/(m,/ l) /r ] becomes very large. Therefore, the quasilinear modification of the magnetic field
becomes dominant comparing with the Rutherford behavior, and the width of hot islands expands
rapidly as the total magnetic shear becomes quite small at rx [9]. On the other hand, the attractive

force between parallel currents induced by the hot islands accelerates the reconnection triggered by the
explosive growth of the inner branch and the rapid expansion of the hot islands which are close each
other. A fast reconnection in the plasma core due to coalescence between the hot islands leads to the
"core crash."

4. CONCLUSION

The instability threshold and the linear and nonlinear evolution for the neoclassical tearing mode
are derived by including both effects of the equilibrium and perturbed bootstrap currents. It is found
that the effect of the equilibrium bootstrap current in the outer region can destabilize the neoclassical
tearing instability through providing additional free energy. Meanwhile, the perturbed bootstrap current
in the inner region plays a stabilizing effect which is overcome by the destabilizing effect of
neoclassical enhancement of the resistivity. A preliminary comparison is made between the theoretical
results and TFTR supershot experiments [2,5].

The relation between A' for the double tearing mode and A'(0) for single tearing mode is resulted
from the solution structure of the ideal external kink equation. The dispersion relation of the double
tearing mode is obtained with help of the asymptotic matching condition and the analytic expression of

A l (0). The onset of "annular crash" is due to the fast reconnection of the hot and cold islands, triggered
by the interaction of both branches of the double tearing mode for which Kadomtsev model can be
applied to explain. The onset of "core crash" is mainly due to the coalescence between the hot islands, in
which the fast reconnection is triggered by the explosive growth of the inner branch and the rapid
expansion of the hot islands.
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Abstract

A physical mechanism to generate plasma rotation by ICRH is presented in a tokamak geometry. By
breaking the omnigenity of resonant ion orbits, ICRH can induce a non-ambipolar minor-radial flow of
resonant ions. This induces a return current jf in the plasma, which then drives plasma rotation through
the jf. x B force. It, is estimated that the fast-wave power in the present-day tokamak experiments can
be strong enough to give a significant modification to plasma rotation.

1. INTRODUCTION

It is believed that a strong plasma rotation can improve confinement and stability of tokamak
plasmas. It will greatly benefit the tokamak program if we can generate rotation by a control-
lable, external method other than the neutral beam injection. Recent experimental observations
suggested a possibility that ICRF waves may become a controllable, external tool to generate
plasma rotation [1-3]. We present a theoretical understanding how the Ion Cyclotron Resonance
Heating (ICRH) by ICRF waves can generate radial electrical current and plasma, rotation in
tokamaks. We use the (r, 6. (^-coordinate system. The minor radius r is often abbreviated
simply to "radius."

In a tokamak, even though there is radial excursion due to vertical VB-drift. radial drift of a
collisionless orbit averages to zero (omnigenity). ICRH can break the omnigenity and generate
radial current jp by giving a localized kick in the VB-drift to the resonant ions. The main
plasma then develops a return current jf to keep the plasma quasineutral and stops an indefinite
growth of Er. The jf imparts jf x B torque and rotate the main plasma.

The mechanism considered here is different from the analytic, thin banana calculations of
[4,5]. Reference [4] studied radial transport of ICRH-generated trapped ions from direct, parallel
momentum scattering by waves. Reference [5] considered radial transport of ICRH-generated
trapped minority ions from the ambipolar Coulomb scattering process. The present finite-
excursion mechanism does not require a parallel momentum scattering by waves or Coulomb
collisions and can override the mechanism of [4.5]. For example, a closed steady-state orbit does
not usually exist for a tail ion under a reasonably strong ICRH, as assumed to exist in [4.5].

'Work supported by the U.S. Department of Energy and Korea Basic Science Institute. The first
author wishes to acknowledge helpful discussions with R. Goldston and F. Perkins.



1628

THP2/34

IAEA-F1-CN-69/THP2/34 2

2. GUIDING CENTER MOTION AND RADIAL TRANSPORT BY ICRH

We use a Hamiltonian guiding center code[6] to follow the trajectory of resonant particles
and evaluate fr->. Average radial position is calculated by taking a time average over a complete
poloidal circuit. The radial transport from the loss of omnigenit.y is studied from the single
particle point of view only. Diffusive transport from a mild radial density gradient of the
minority ions is neglected in the present report. Neglecting the usually-small parallel heating,
the ICRH is simply modeled as a constant amount of perpendicular energy input per resonance.
Due to the energetic nature of the resonant tail ions, the effect of the radial electric field on the
guiding center motion has been neglected.

Dynamical properties of trapped and passing orbits are different. Let us first consider the
trapped orbits. Figure 1 shows a trapped ion orbit under an on-axis resonance heating in a device
similar to TFTR[1], simulating a minority tail ion whose perpendicular energy is increased along
the resonance pitch angle where the banana tip location coincide with the resonance surface.
The parameters used are Bo = 3.1 T, Ro = 2.70 m, a=0.99 m, q = 1 + 5 (r/a)'2, ne = 2 x 1019

m~3, Zeff = 1.5. Tj = 1.8 keV, and Te = 3.5 keV. Every time the particle passes through
resonance, it acquires perpendicular energy, its VVB increases, and the banana width increases.
The outer part of banana orbit expands faster than the inner part does, due to the toroidal
effect on fat banana orbits. As a result, the time averaged radial position increases in time,
giving a radially outward transport driven by ICRH. In Fig. 1. the perpendicular energy kick is
exaggerated to 100 keV per pass to enhance the visual effect. The orbit shown is for 20 toroidal
transits, starting at 50 keV and ending at 1 MeV. The slowing-down collision is also exaggerated
at a proper rate.

One observation we can make here is that the sign of k\\ does not affect the outward direction
of radial current. R.egardless of the sign of fcy, the banana particles eventually turn (un = 0)
near the resonance surface, and the outer part of banana orbit expands faster than the inner
part does. A representative example for this case can be seen when the resonant minority ions
are in the so called "rabbit-ear" distribution^] in the trapped regime. Using the fact that the
fast wave absorption is highly peaked toward the plasma center for an on-axis resonance, we
can make another observation that the on-axis heating will yield ^-generation peaked in the
core plasma. However, moving the resonance layer to the larger R side can yield more off-axis
power-absorption and more efficient trapped particle generation at greater minor radius: Hence,
a broader Er profile can be expected.

For the passing ion dynamics, alpha particles in the core of a fusion reactor can be a good
example. Figure 2 shows poloidal projection of a counter-passing alpha orbit under a low-B side
heating (dashed line). A circular plasma cross section is assumed with reactor-grade parameters:
Ro = 8 m. a = 3 m. Bo = 5.5 T, q{0) = 1, q{a) = 4, Zeff = 1-5. /ey = 7 m"1, Tj = 20 keV, and
ne = 1 x 1020m~3. The counter-passing ion travels in the clock-wise direction poloidally. The
particle obtains an extra radial drift after each pass through the resonance surface (V-B-drift
is downward here). On the large-R side from the resonance, the added perpendicular kinetic
energy gives extra inward shift in r, and outward shift in r on the small-R side. The direction
and magnitude of time-averaged fj is then a function of the actual Doppler-shifted resonance
location. In the case shown in Fig. 3, the outward excursion portion is greater, yielding a net
outward transport. The orbit shown is for 9 toroidal transits, starting at 3.5 MeV and ending
at 3 MeV. Heating per pass is exaggerated to 500 keV.
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3. DEVELOPMENT OF TOROIDAL ROTATION

A non-ambipolar radial flow of resonant ions, denoted by the radial electric current jp. will
generate radial electric field Er in the plasma. The large radial dielectric constant of a tokamak
plasma (Kp ~ c? JV\Q, where V_\g IS the Alfven speed in Bg) allows plasma return current j\'
grow immediately in response to Er, and stops further growth of Er when j]'. reaches to be
—fj. The main plasma will then be subject to the jf. x Bg toroidal force and the resonant
species will be subject to jp x Bg toroidal force in the opposite direction. This makes the main
plasma spin in one toroidal direction and the resonant species in the other direction. Ideally, the
combined toroidal momentum will vanish. However, different (anomalous) toroidal momentum
transport rates between the main and resonant ions may establish a non-vanishing combined
toroidal momentum, locally or globally. In the present work, we study the rotation of the main
species only.

Toroidal component of the main plasma force balance equation yields

min-i— < V0R >= - < jP • VV> > - < Re,/, • (V • II) > + < RF0 >. (1)

where < • • • > represents the flux surface average. Since the neoclassical viscous force in the
toroidal direction. < jRe^-(V-II) >, is small, the toroidal rotation develops until the < j^-Vij) >-
force is balanced by the friction force < RF0 >. We include any anomalous viscous force in
< RFq, >. If we assume that the toroidal momentum and plasma energy losses are dominated
by the same physical mechanism, we may write < RF^ > in the form < RF0 >= —??7,,?i; <
R.V(p > JTE. where TE is the energy confinement time. The solution to Eq. (1) is. then, obtained
as follows:

< RV^ >=< RV$ > (1 - exp-'/T£), (2)

where mjn,; < RV® > is the terminal value of the toroidal angular momentum density, <
RV9 >= TE < jf • Vip > jcrriim. As V$ develops, under a steady Er driven and maintained by
ICRH. the poloidal rotation speed Vg will damp to a new equilibrium value according to the
radial force balance relation, Er = V r P + V^Bg — VgB^. This simply means the shift of ExB
speed from Vg to V&. Obviously, in the present case, the generation of V^ and the decay of Vg
have a common time scale T£.

Using the previously mentioned TFTR plasma condition with TE = 0.4s, we find that the
ICRH-driven toroidal speed at r = 0.1 m is ~ 2 x 104 m/s for an absorbed rf-power density of
0.16 MW/m3 to the H-minority ions (corresponding to ~ 1 MW of absorption to H-minority in
the core). This result agrees with the experimental observation reasonably well[l]. If we use a
super shot parameter set, we can easily get rotation over 10° m/s from the same amount of rf
power. In the reactor grade plasma case presented earlier, we find that about 50 MW of absorbed
rf power to the core alpha particles (within r = 0.75 = a/4 m) with directional &|| = —7rn~l > 0
and cold resonance on the magnetic axis can generate toroidal rotation of ~ 4 x 10°m/s at r =
0.3 m in the direction opposite to the plasma current, if we use TJT = 5 s. Considering that the
alpha density gradient may be steep in the burning core, the random scattering nature of the
ICRH may induce flattening of density gradient, resulting in radially outward transport. Thus,
the counter-rotation in a fusion reactor may be greater than what is predicted here.
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Fig. 1. Poloidal projection of a trapped ion orbit Fig. 2. Poloidal projection of a counter-passing
in TFTR under exaggerated on-axis ICRH alpha orbit in a reactor-size circular tokamak.

4. DISCUSSION

The present analysis shows that the counter-rotation generation in minority heating experi-
ments in TFTR[1] can be explained from the ICRH-driven radially outward transport of trapped
minority ions. It is predicted that the present mechanism may be used in a fusion reactor to
generate central toroidal rotation ~ 1 x 105m/s per 25MW of absorbed power to the alpha par-
ticles. The co-rotation generation in Alcator C-Mod experiments can be due to the ICRH-driven
inward transport of passing minority ions[2]. and the counter rotation generation in DIII-D may
be from the ICRH-driven radially outward transport of trapped beam ions[3]. The co-rotation
generation reported in JET [7] may not have too much to do with the present mechanism. The
centrally peaked rf-driven rotation should have decayed significantly at the radial observation
point (< 0.3 m). The observed rotation could be from the V rP effect in H-mode as explained
in [7].

In a reversed-shear profile, the radial excursion in the core plasma becomes more pronounced,
hence, the generation of fj and V^ by ICRH is expected to be enhanced.
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Abstract

We demonstrate that Alfven waves may be the convenient trigger for the formation and mainte-
nance of edge and internal transport barriers due to their small radial localizations. Kinetic Alfven waves
can also provide a mechanism for squeezing the banana orbits of ions in weakly collisional plasmas of
tokamaks. It is shown that the radial electric field, induced by Alfven waves, at some conditions has a
nonlinear dependence on the radio-frequency absorbed power. The dependence of the ion heat conductiv-
ity and of the ion poloidal viscosity on the radio-frequency absorbed power is obtained in this paper for
tokamak plasmas with ion banana orbits squeezed by Alfven waves. Estimations of the proper absorbed
power of Alfven waves in some tokamaks is about the level of absorbed power to be used in early fulfilled
experiments.

1. INTRODUCTION

Using radio frequency waves in tokamak plasmas can give a possibility to solve multi goal
problems. These waves convert into kinetic or slow Alfven waves near the proper magnetic
surface. Plasma heating and current drive by Alfven waves were thoroughly investigated in the
TCA and Phaedrus - T tokamaks Refs[l,2]. In the latter, current drive and plasma rotation
induced by Alfven waves were clearly demonstrated. Kinetic or slow Alfven waves (KAW or
SAW) have a small radial localization, and. consequently, can be used to create strongly sheared
plasma rotation and radial electric field. In fact theoretical calculations indicate that Alfven
waves can be used for the formation and maintenance of edge and internal transport barriers
(ITB) Ref. [3] and can also provide a mechanism for squeezing the banana orbits of ions in
weakly collisional plasmas of tokamaks. This possibility will be investigated in the forthcoming
experimental program in TCA/BR Ref. [3].

2. RADIAL ELECTRIC FIELD, INDUCED BY ALFVEN WAVES

In the L-regime conditions, the plasma parameters have usually smooth radial profiles.
The poloidal velocity Uj.e is on the level of drift velocities, Uie = kUn- Un = (c/eiB)dTi/dr,
k is of order unity for all collisional regimes. In the presence of rf forces with the strong radial
localizations (for example, of KAW or SAW), the poloidal velocity can substantially exceed the
drift velocities in the tokamak plasma and be on the subsonic level.

We further consider the case cs > UJQ > {kgU^: UiP}. The radial electric field can be
found from the ion momentum equation

Er w B {-Uie + heUK + Upi) /c « -BUte/c, Upi = (c/anoB) {dpi/dr), (1)

where U^ is toroidal components of the ion velocity V,' respectively. To find the ion poloidal
velocity, we proceed from the equations

F§ + Fe
h = 0, Fg « -MifiwoUie, nm « vTiqnou*/ \R (l + ;^e3/2) (1 + ^)1 . (2)
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The forces Fg and FQ are the viscous and rf forces respectively acting along the poloidal 9
direction of tokamak. Here, /.I^Q is the approximate poloidal viscosity coefficient, ;/* = qR/XjE^I-,
q is the safety factor, e = r/R, is the inverse aspect ratio, R is the torus major radius. A,- = vn/u,
is the ion mean free path, vn = \J'2Ti/M, is the ion thermal velocity, and Uj is the ion-ion
collisional frequency.

Expressions for the rf force Fg\ connected with KAW or SAW. were earlier found Ref.[5]

Fl1 « mPw/ (rft). Pw = (E • j * + c.c.) /4 « filme,, \Eu f /8TT; (3)

where m is the poloidal wave number. Q is the frequency of the rf wave, Pw is the rf power,
absorbed in the plasma.

Combining Eqs(l)-(3). we express the radial electric field Eq.(l) via absorbed power

Er « -mu!ciPw/ {Q,ren.ije0) , ujci = eiB/MjC. (4)

3. TRANSPORT BARRIERS FORMATION BY ALFVEN WAVES

At first, we estimate the possibility of the edge plasma turbulence suppression by Alfven
waves. In this case, it is necessary to have the parameter ^E must be greater than the increments
of most dangerous instabilities in tokamak plasmas Ref.[3]

CBQR d Er

Now. we can estimate the quantity 7# Eq.(5). We note that all the parameters under the radial
derivatives in Eq.(5) are the smooth functions of r except of the absorbed power Pw. which is
localized in the narrow radial layer Ar. Thus, we can suppose for weakly collisional plasmas
Ref.[5]

P ( r'2 v4 / 3

Here, a is the plasma minor radius, VA — B/^/AnrioMi is the Alfven speed. tJ^e = 4nnoe^./Me.
Thus, in Eq.(5) we can only take into account the derivatives of the absorbed power Pw

and Eq.(5) take the form after the using Eqs(4),(6)

kb dPw ^ kb Pw
lE~ MimmSl dr ™

We should compare ^ with the most dangerous instabilities in tokamak edge plasmas Ref.[3].
Such types of instabilities are electron-drift and ion temperature gradient (ITG) instabilities.
Here, we estimate the possibility of the suppressing ITG mode by AW. The dispersion relation
of this mode is

kbcTrdInB
J

€-j ±3 0V CjTJ

Thus, from Eqs(7),(8) one finds the instability suppression condition

Yet. the sheared velocity is usually supposed to be the source of Kelvin-Helmholtz insta-
bilities. Nevertheless, the magnetic shear can suppress this instability, and the stability criterion
for the weakly collisional plasma case and the upper limitation on the absorbed power Pw, taking
into account Eqs(7),(8). are

f <7' ^ < y ^ T A do)
B Ls Ls kvn v
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where Ls is the magnetic shear length. Comparing the inequalities Eqs(9).(10) we see they are
in no contradiction, i.e., there is the power range to suppress the ITG mode and not to excite
Kelvin-Helmholtz instabilities.

Now. we make estimations for the Tokamak Chauffage Alfven/Brazil (TCA/BR) plasma
parameters Ref.[4] 7} « 2 x 106K. n0 « 3 x 1019m"3

; Bo = IT. a = 0.18m. i? = 0.61m.
LO = 2 x 107rad-1. ??? = 1 -=- 3. Pw = (4 - 8) x 106IF/???3. We obtain the evaluation for the
absorbed power Pw > (1 — 2) x 106 W/m3 . This quantity is of the same order which was used
in experiments Ref.[2], and less than one which will be used in future experiments Ref.[4].

4. IOX BANANA ORBIT SQUEEZING BY ALFVEN WAVES

It is well known that a radial electric field shear can squeeze ion banana orbits Ref.[6].
The squeezing parameter 5 is given by

5 = 1 + f-ei&'/AUula. I = i?2BVC, (11)

where B is the magnetic field, R is the major radius. (,' is the toroidal angle, e,- is the ion charge,
Ali is the ion mass. o,'C2o is the gyrofrequency in an arbitrary point with the coordinates II?Q.9Q.

<3> is the equilibrium electrostatic potential, $ ' = d&/dv. and v is the poloidal flux function. In
this paper we analyze the possibility of employing the radial electric field produced by Alfven
waves to modify the size of the banana width of ions.

It follows that in Eq.(4) that we can neglect the radial dependence of all macroscopic
quantities except that of Pw. Therefore.

dEr ^ Ljci viMj dPw _ u,'d mMj Pw

dr Q. eir^ieiQ dr 0 eir/.igM Ar'

We estimate next the ion heat conductivity and poloidal viscosity in tokamak weakly
collisional plasmas with a strongly sheared electric field, induced by Alfven waves, taking into
account the ion banana orbit squeezing. To estimate the radial electric field in tokamak weakly
collisional plasmas with ion banana orbits squeezed by Alfven waves, one should also take into
account electron viscous forces in Eq.(2), because under some special conditions, the ion and
electron viscous forces can be of the same order, as shown in Ref.[6]. Thus. Eq.(3) must be
modified to

F£ + Fl + F£ = 0, * £ , «- ju* a t / Q 0, a = i,e. (13)

Indices Le stand for ions and electrons, respectively. Using inequalities cs > U{$ > {hgUj^: UiP}.
we obtain from Eq.(l) that Ue$ ~ Ui$. Thus, in weakly collisional plasmas with ion banana
orbits squeezed by Alfven waves. Eqs(4),(12) should be changed to

_ Lcci niMj dEr _ uci mMj Pw

Q ar (/i + i L ) W" dr O e,r (/iw + fj,ge0) A?-'

Using Eq.(14) and the definition of the poloidal flux function y = f£ RBgdr and of the
radial electric field Er = —d<&/dr, we express the squeezing parameter S via the absorbed power

Pw

S=1
 e>Bl dErrjl , h Blpw

MU^Bj dr (WJ + /ifleo)ujcin Bl Ar

Here, Bg and B^ are the poloidal and toroidal components of the magnetic field respectively.
We write the sign ''+" before the term with Pw in Eq.(15). taking into account the transport
coefficient dependence on | S | (see Ref. [6]), and focusing on the case S > 1.

The ion poloidal viscosity in the core off-axis tokamak region with the squeezed banana
orbits can be written in the form

C —3/2 , ,* ,, / , , ,, _ . „ j \ r , , '2 f-\a\
ij . h^Bi — l-^Qi/ 1-^OiOj h OiO r^ '^O^^i'^i^i ? V-'-OJ
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where

S = 1 + [P*,/ (/4, + f.ige)} . \.i%e = ^eeo/^BiO ~ JAle/Mf, PS = mB?Pw/ (r/.i8i0u;CjQB§Ar) .

The analysis of Eq.(16) shows that the ion poloidal viscosity ft${ decreases rapidly with increasing
of the absorbed power Pw. The ion poloidal viscosity f.t.8j. becomes of the order of the electron
poloidal viscosity /.t8e when the parameter P*. is about 0.5, | P£ | « 0.5, corresponding to
5 ~ 12.3. This result is independent on the sign of P*. if we consider the case | S |> 1. It can be
easily understood as an increase in the absorbed power Pw (and consequently of the squeezing
factor | S |) leads to a decrease of the ion poloidal viscosity coefficient /.{#,- and to a further
increase of the squeezing parameter \ S \.

The ion heat conductivity \ , in tokamak off-axis plasmas has been investigated in Ref.[6j.
We construct Xi in the presence of the ion banana orbit squeezing by Alfven waves analogously
to Ref.[6]. We have

Xi » q'PiV;{e b \) ' , (17)

where the squeezing parameter S results from Eq.(16), and />,- = VTi/i^d- As it follows from the
above mentioned analysis, the ion heat conductivity is quickly reduced with the growth of the
absorbed power Pu,. and. at | P£ |> 0.5. the normalized viscosity coefficient /.fa can be neglected
in the squeezing parameter 5 in comparison with f.ige.

To illustrate the point we offer some estimations for DIII-D tokamak assuming the core
plasma parameters Ref.[7]: T7 « 2- 108K, n0 ~ 5.7- 1019m~3, Bo = 2.IT. r = 0.62m. R = 1.68m,
Q « 10'rad'1 . m = 1 — 3. Using the inequality P£ > 0.5, from Eq.(16), we find the absorbed
power Pw > 3 x 106lT"/m.lJ to be necessary for a strong suppression of ion transport in the banana
region.

5. CONCLUSION

In conclusion, it is demonstrated that a radial electric field can be induced by externally
launched radio frequency waves, in the Alfven wave range of frequencies, which are mode con-
verted into kinetic Alfven waves. These waves are strongly localized at a given minor radius
tokamak plasma, giving rise to induced radial electric fields with large radial derivatives and to
sufficiently strong poloidal flow shear. Turbulent eddies get torn apart, thus reducing the fluc-
tuation level. These fields can also squeeze the ion banana orbits in tokamaks. This effect opens
the possibility to flexible influence the neoclassical ion transport in tokamak banana regimes by
externally excited kinetic Alfven waves. Absorbed powers, which are necessary to affect the ion
transport, are on the level of those used in tokamak experiments with kinetic Alfven waves.
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Abstract

SELF-CONSISTENT CALCULATIONS OF THE POWER DEPOSITION AND VELOCITY DISTRIBUTION

DURING ICRH INCLUDING FINITE ORBIT WIDTHS, SPATIAL RF-INDUCED DRIFT AND

DIFFUSION.

Self-consistent calculations of ICRH for toroidally directed wave spectrum have revealed the importance

of including finite orbit width and RF-induced spatial transport. This is in particular important for heating at

higher harmonics in which case the cyclotron absorption depends strongly on the details of the distribution

function.

1. INTRODUCTION

Heating with waves in the Ion Cyclotron Range of Frequencies, ICRF, results in ion and electron

absorption, Further ion or electron currents can be driven by launching toroidally directed waves.

If the power density is sufficiently strong, the velocity distributions of the heated ion species

become anisotropic and non-Maxwellian, which may affect the power deposition profiles and the

partition of the absorbed power between the different plasma species as well as the collisional

power transfer. This becomes particularly important for scenarii with moderate or weak single

pass absorption, in which case the evolution of the velocity distributions can significantly change

the power partition and power deposition profiles. For such cases the velocity distribution and

power deposition have to be calculated self-consistently. For asymmetric wave spectra or high

power densities in medium sized machines, RF-induced spatial transport and finite orbit width

effects become important. A quasi-linear theory for general wave-particle interactions in a

toroidal plasma including these effects had been derived in Ref. [1] and one specialised for ICRH

[2]. A code SELFO, calculating self-consistently the power deposition and velocity distribution,

including these effects has been developed [3]. In the code it is done by iteratively computing the

velocity distribution in a toroidal geometry with the Monte Carlo code FIDO [4] and the wave

field with the global wave code LION [5, 6] or the ajc-wave field model [7]. In order to self-

consistently include the effects of the non-Maxwellian ion distribution function on the wave

absorption the dielectric tensor is constructed from the calculated 3D-distribution function in the

torus.
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The FIDO code calculates the distribution function of the heated ion species in a toroidal

plasma with a Monte Carlo method. The distribution function is given in terms of invariants of

the equation of motion for unperturbed orbits (£, P§, A), where E is the energy,

P<p = Rmv ^ + eZ\jf(f) is the canonical angular momentum and A =BQ/JJE is an adiabatic

invariant, defined by the ratio between the magnetic moment and energy normalised with the

respect to the magnetic field at the magnetic axis. Since there is not a unique relationship between

these invariants and the orbits; the same triple may describe different types of orbits. A label o is

introduced to distinguish between them.

The aK-wave field model is based on the assumption that the wave field can be described as

a superposition of two wave fields one for weak and one for strong damping. The wave field for

strong damping is computed with ray tracing. The wave field for weak damping is given in terms

of eigenfunctions of a circular cylinder [7]. The model allows for including the upshift of the

parallel wave number due to the finite poloidal magnetic field.

To include the contribution to the dielectric tensor from the distribution function of the

heated ion species calculated with the Monte Carlo-code FIDO, which gives the distribution

function as a set of orbit invariants, the local velocity distribution function /(v± ,v, ,) is

constructed, which is then used for calculating the susceptibility for plane waves propagating in a

quasi-homogeneous plasma expressed in a local orthogonal coordinate system (x, y, z), where z is

along the magnetic field and y chosen so that ky = 0 [8].

2. MINORITY ION CURRENT DRIVE

Minority ion current drive including finite orbit width effects and RF-induced spatial transport

has been studied in Ref. [9, 10]. In a standard ITER like plasma reversed shear can be achieved

by on-axis heating of a-particles with a toroidally directed waves parallel with the plasma current,

here represented by a single toroidal mode number n§ = -42. The inward RF-induced spatial drift

accumulates a-particles with non-standard trapped orbits near the magnetic axis. These orbits

produce a centrally peaked ion current parallel with the plasma current [11, 12]. The back current

caused by collisions with electrons and background plasma species produce a resulting anti-

parallel current (assuming Zeff < 2). Also the current produced by TTMP and ELD is strongly

peaked on axis due to the trapping and is anti-parallel to the plasma current as shown in Fig. 1.

[10]. For these calculations the power partition between the plasma species was kept fixed to 42%

on the a-particles, 56% on the electrons and the remaining 2% on the other species, according to

the initial power partition as calculated with the LION-code.

3. FAST WAVE CURRENT DRIVE IN THE PRESENCE OF PARASITIC ION ABSORPTION

The tail formation during fast wave electron current drive at the third harmonic of the deuterium

cyclotron resonance has been studied [3, 13]. The absorption by the ions at co = 3<«CD> which is

here a parasitic absorption mechanism, increases rapidly with perpendicular velocity °= vj_4. If the

tail ions are confined to the region where the power absorption is strong, the formation of the tail
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significantly reduces the current drive efficiency, whereas if the tail formation is curtailed by

removing fast ions from this region by an RF-induced pinch, the ion absorption is then reduced.

500
Jtot j

-1500
0.0

Fig. 1. Driven current in an ITER-like plasma
with on axis heating of oc-particles at the
fundamental frequency, n§ = -42, j m is the
a-minority ion current, jtot *5 Jm minus the back
current, jg is the electron current driven by TTMP
and ELD. Total heated power 50 MW.

0.0 0.2 0.4 0.6 0.8 1
Energy [MeV]

Fig. 2. Energy distribution of deuterium
during third harmonic heating for different
phasings: n^ = 25 (full) and HQ = -25
(dotted).

These findings are in agreement with those observed in JET, where high energy ions are formed

resulting in dominating ion absorption and little direct electron heating [13]. However, in Tore

Supra electron current drive is observed [14]. In order to illustrate the effects of the different

phasings we have used the following parameters Bo=2.O8T, Ro=2.28m, a=0.75m, Ip=0.75MA,

P=5MW, nD=4xl01 9nr3 , n=nox(l-O.95x(r/a)2)1/2, TD=Te=5keV, n(j)=25 and n^=-25. For a wave

propagating in the opposite direction of the plasma current the fast ions are removed from the

centre as they start increasing their energy and absorb power, whereas for a wave directed parallel

to the plasma current the RF-drift is directed towards the magnetic axis acting as an inward pinch;

the high energy ions are then well confined and a high energy tail builds up as can be seen in Fig.

2. The presence of a tail enhances the single pass damping resulting in a change of the wave field

from that of a weak damping scenario to that of strong one as can be seen in Fig. 3. In the

absence of a tail only 10% of the power is absorbed by ft) = 3COQD and in the presence of a tail the

absorption increases to 50% for the case the wave propagates opposite to the plasma current and

80% when it propagates parallel. The corresponding fast wave driven currents become 98kA and

l6kA, respectively. By replacing the deuterium with Helium, the tail formation is reduced as well

as the asymmetry, with similar plasma parameters but with half of the ion density we found driven

currents of HOkA and 30kA. Similar asymmetries and driven currents have been found in Tore

Supra [14]. However, in Tore Supra no high energy tails have been detected.
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Radial component of E Radial component of E

Fig. 3. The electric field component Er for n§ = -25 in the absence of a tail, to the left, and
during steady state in the presence of a tail arising from 5 MW of total coupled power to the right.

4. CONCLUSIONS

For heating and/or current drive with a toroidally directed wave spectrum the RF-induced spatial

transport and finite orbit width have an important effect on the formation of the high energy tail,

which will affect the power partition, the structure of the wave field and the current drive

efficiency. Similar asymmetries and driven currents have been found in Tore Supra [14] as

obtained from the self-consistent computations with the SELFO-code.
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Abstract

Models of the radiofrequency (rf) response and of the rf quasilinear diffusion operator of
tokamak plasmas have been derived with identical approximations; they are under implementation in a
full-wave code and a bounce-averaged quasilinear Fokker-Planck (QLFP) code, respectively.
Combined iterative use of the codes will allow self-consistent simulations of ICRH in general tokamak
geometry, with due account taken of the mutual influence between the distribution function of the
heated species, which is strongly nonmaxwellian under intense ICRH, and the rf wave pattern. This
first application focuses on the fundamental cyclotron interaction (i.e. typically on minority heating
scenarios), transport across magnetic surfaces and finite Larmor radius effects currently being
neglected. Theory and its numerical implementation are based on weak Galerkin formulations of
Maxwell's equations and of the QLFP equation. Two particularly attractive benefits result from this
approach: i) the power depositions associated with each equation are automatically consistent with
each other; ii) elementary building blocks common to the rf response and the QL operator are
evaluated only once, yielding drastic computer time savings.

1. INTRODUCTION

Quasilinear theory relies on an analysis of rf heating on two well-distinct timescales: the rf wave
period itself, and the much larger characteristic time of the evolution associated with net heating and
collisional relaxation. Owing to the complexity of the problem in toroidal geometry, these two sub-
problems have been addressed independently in the past:

i) Solution of the wave propagation and absorption problem, i.e. of Maxwell's equations in the
plasma described by a suitable equivalent dielectric, and subject to appropriate boundary conditions. A
realistic description of the interactions between particles and high frequency waves requires a kinetic
treatment, provided by the linearized Vlasov equation. The full-wave problem is advantageously based
on a weak Galerkin [1] formulation of the Maxwell-Vlasov system, namely (e.g. [2])

^ . J sd r 3 (1)
2. . USM.M „

where I^is the tokamak chamber, E the rf electric field, and j s the rf antenna current density. This
equation is required to hold for arbitrary but sufficiently well-behaved vector fields F, the case F = E
giving Poynting' s theorem. The global if dielectric response of particle species P is defined as [2]

(2)

where jp is the rf current density and fp the perturbed distribution function of the species; both
quantities are linear integro-differential expressions of the rf electric field E and the distribution
function Fop. Solving the linear wave problem (1) requires one to know Fop - a constant on the rf
timescale - a priori, in order to evaluate the dielectric response (2). Until the present paper, the
numerical modelling of wave propagation in tokamak geometry has been restricted to Maxwellian
equilibria; we now allow Fop to be an arbitrary function of the constants of the unperturbed particle

motion: Fop(p,v,x) where p is a radial coordinate, v the velocity, x = 2|lBa/(mv2) = (magnetic moment
/ kinetic energy x reference induction1). Radial drift motion of the guiding centres and finite Larmor

*For instance, the choice Ba = Bm(p) (minimum value of the induction on the current magnetic surface) made in
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radius effects are included in the theory (see [2], where the toroidal invariant P replaces the radial
coordinate in the presence of drifts), but are not addressed in the present contribution. Expansion of E
and F in toroidal and poloidal Fourier modes allows an accurate description of wave dispersion along
the equilibrium magnetic field in the presence of rotational transform. Axisymmetry yields
independent toroidal modes (°=exp[in(p]), but the poloidal modes of E («= exp[imjG]) and F
(°c expfim^B]) are strongly coupled. Truncation of these Fourier series and a finite element
representation of the radial variations complete the discretization, and yield a linear algebraic system.
Its solution gives the rf field pattern, and thence the power deposition to the various plasma species.

ii) Evolution of the equilibrium under the influence of heating and Coulomb relaxation: on this
timescale, Fop = Fop(p,v,x;t) is now a function of the time and satisfies the bounce-averaged
quasilinear Fokker-Planck (QLFP) equation (see e.g. [3]). In view of numerical applications, it is also
interesting to write this equation in Galerkin form [3, 4], obtained by multiplication of the QLFP by a
sufficiently smooth test function G and integration over the constants of the motion (com) p, v, x
defined above: this yields

j J GFop=ef(G,Fop)+ J G{(C-L)Fop+S} (3)
com com

in which C is the Coulomb collision operator, L accounts for the particle losses and S for the sources
(see [3-4] for explicit expressions of these coefficients); in the present paper we focus on the

contribution Q of the rf wave diffusion operator D

5(G,Fop)= J G»F0 |3 = - J X£php(G)hp(Fo p) (4)
com com p

where p is the cyclotron harmonic index and £ „ (which depends quadratically on the rf field)
accounts for the resonant wave-particle interactions. A compact notation has been introduced for the
triple integral over the constants of the motion:

J ... = X JdpJdvJdxJ ' . . . , J' = (av3d*F/dp)/(47icobBa) (5)
com a=±l

where a is the sign of v// and J1 is the Jacobian of the transformation from the particle variables (r,v)
to the constants of the motion and angle variables (p,v,x,(j),(p, oobt )• *¥ is the poloidal flux function, cob

the bounce frequency, a = 1 for a passing particle and 1/2 for a trapped particle. <j) is the gyrophase, (p
the toroidal angle of the guiding centre (gc), and t is the time parametrizing the gc motion. Last but not
least, the operators hp are given by

Consistently with the rf response (2) used in the wave equation, radial transport is not included in the
QLFP yet (this is planned for future work). Given the rf field pattern, equation (3) is solved on a set of
magnetic surfaces. This yields Fop, thence the detailed power deposition (per guiding centre orbit) and
the driven equilibrium current.

2. METHOD OF SOLUTION

The purpose of the present work is to treat the two equations (1) and (3) as genuinely coupled,
for the first time in practical applications. The rf response (2) and the QL term (5) have been derived
with the same simplifying assumptions, with the very important consequence that the two associated
power absorptions are automatically identical [3, 6]: the total deposition of rf power to species (3 is
given by either of the two expressions respectively obtained from equations (2) and (3):

P p = Re ^ E E p = $(mpv 2 / 2, F o ) (7),

Moreover, our formulation puts forward elementary building blocks common to the global rf
response and the QL operator; these coefficients are independent of the rf field and the distribution
function. Their sharing between the two codes allows important savings of computer time. The level

reference [4] yields an invariant x between 0 and 1.
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of sophistication of the coupled model is determined by the amount of physics included in these terms,
see further. RF heating and current drive are modelled self-consistently in tokamak geometry, by
iterative use of the CYRANO full-wave code [7] and a QLFP code [3, 4], see Fig. 1. (Another
approach has been taken by Hellsten et al. [8], who solve the QLFP with a Monte Carlo method.)

Wave code: QLFP code:

Evaluate rf response (2) <= Particle distribution Fop

Solve Maxwell's eqs. (1) One time step of Fokker-Planck eq. (3)

rf field E => Evaluate rf diffusion term (4)

FIG. 1. Schematic Maxwell / Fokker-Planck iteration.

3. FIRST APPLICATION OF THE THEORY

We wish to demonstrate the feasibility of our method on a simplified situation where the
fundamental cyclotron interaction is the dominant process. This approximation is suitable for ICRH
minority heating scenarios provided (i) the minority species is sufficiently dilute to allow linearization
of the collision term in the QLFP; (ii) the electron density is sufficiently high to avoid a too energetic
minority tail which would require finite Larmor radius corrections. In this context, we assume a single
nonmaxwellian species and consider a single toroidal Fourier mode n, e.g. the dominant mode of a
phased rf antenna array with high directivity. We account for the Landau interaction (i.e. the p=0
terms) as discussed in [2], but neglect transit time magnetic pumping.

3.1. Plasma contribution to the wave equation

The global rf response, equation (2), reduces to2

+
= J dp X I F A m 2 M%x E A m i {L= +, -, // for resp. p = 1, -1, 0) (8)

mi,m2 p=—1

The matrix elements between poloidal modes m2 and mi of test function and rf field
components are

^ £ Jdv Hjdx [v2hp(Fo)DP1+FoKP1-b(Fo)jP1] (9),
dP a=+l

3 p B a ) , b ( F 0 ) = 3 F 0 + 2 X a F 0 / 3 x (10)

In the present study, Fo is supplied by the QLFP to the wave code on a finite element mesh, and
expression (9) is integrated numerically over x and v. (Note that in a Maxwellian plasma, these matrix
elements are poloidal Fourier transforms of the Fried-Conte dispersion function.) The matrix elements
depend on two kinds of elementary contributions:

i) Resonant terms^:

xb i(m1-m2)9(t)
D 2 1 s i J T\ Ip(t)dts(!fes+ 12*005! (11),

o YW
where the time integral is over one poloidal revolution of the guiding centre orbit;

2The notation for field polarized components in the present paper is as in [2].

•̂ N.B.: Correspondence with [5, equation (8)]: I^j = V S Dijj. AS a ge

notation results from a progressive merging of two previously independent codes.
.: Correspondence with [5, equation (8)]: I^j = V S Dijj. AS a general remark, the evolution of our
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y = (O-pco c -n(p-m6, m = ( m 1 + m 2 ) / 2 (12)

l ± 1 = ( v ± / v ) 2 / 2 , l o = ( V / / / v ) 2 (13)

The Di?i consist of a residue term and a principal value contribution, respectively associated with
collisionless wave damping and the propagation characteristics of the plasma;

e
i(mi-m2)0(t)

res.

l p ( t )
i(m1-m2)9(t)

= I ^ IpW* 04)
0 Y(t)

The summation is over the eventual resonances y( t r e s ) = 0 occurring along the guiding centre orbit,

and j indicates a Cauchy principal value.

ii) Nonresonant, purely reactive terms4:

KP = 1 7 ei^-m^ed) d t ^ jp ^ A > ^(m^m^ed) , ( t ) ^ (J5)

® 0 «! p

The residue term in (14) is evaluated analytically; the principal value and the integrals of equation (15)
are computed semi-analytically in general tokamak geometry.

3.2. Plasma contribution to the Fokker-Planck equation

The quasilinear term of the Fokker-Planck equation is given by equation (4) with the cyclotron
harmonic series truncated to -1 < p < 1. The coefficients therein are given by

{ > 2 A ^ D j j } (16)
m1,m2

As mentioned in Section 2, the resonant term fftesT)^ is an elementary building block common to

both equations. The Bpare directly supplied by the wave solver to the QLFP. The power deposition
identity, equation (7), is readily checked on equations (8) and (16).

4. CONCLUSIONS

We have presented a self-consistent approach to the problems of wave propagation and
quasilinear diffusion in tokamak geometry, and given expressions suitable for the description of
fundamental cyclotron interactions. These results are under implementation in two coupled numerical
codes, organized according to the scheme of Fig. 1. Their initial exploitation will address the
simulation of selected minority heating scenarios.
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Abstract

FAST RESPONSES IN L/H TRANSITION
An equation which includes the non-local effect in the heat flux is introduced to study the

transient transport phenomena. A non-local heat flux, which is expressed in terms of the integral
equation, is superimposed on the conventional form of the heat flux. This model is applied to describe
the fast responses in the transition from Low confinement mode (L-mode) to High confinement mode
(H-mode). A small fraction of non-local component in the heat flux is found to be very effective in
modifying the response against L/H transition. The transient features of the transport property, which
are observed in the response of heat pulse propagation, are qualitatively reproduced by the transport
simulations based on this model.

1. INTRODUCTION

H-mode [1] has been subject to intensive studies in plasma confinement. The role of radial
electric field on H-mode was theoretically predicted [2] and is widely recognized in experiments.
ITER design is made relying on H-mode operation. However, there still exists a mystery. The plasma
profile in core region was found to change in a much faster time scale than the diffusion time scale
after the L/H transition [3]. Such fast responses are seen in the heat pulse propagations of the sawteeth,
heating power modulation, injection of the impurity, etc. Understanding of the mechanism of the fast
response not only reveals the physics of H-mode but also provides a dependable prediction for the
burning dynamics in the core plasma of a fusion reactor, in which L/H (or H/L) transitions and ELMs
could occur.

In this paper, we investigate a role of non-locality of plasma transport in the study of heat
pulse propagation. For this purpose, a model equation is chosen, in which the non-local effect is taken
into account in the heat flux. A non-local heat flux, which is expressed in terms of an integral
equation, is superimposed on the conventional form of the heat flux. This enables us to make an
inductive extension of the local diffusive model to one with the non-local effect. The properties of this
model are investigated by a transport simulation under L/H transition. The non-local model analysis
will give us a new understanding for the transient transport in high temperature plasmas.

2. NON-LOCAL TRANSPORT MODEL

In this section, we present our model and explain its properties. To investigate the transient
response of the electron temperature, let us start with the transport equation for the electron temperature,

\=-V-qe{r,t)+ZQ(r) (1)

where ne, Te, qe and EQ represent the electron density, temperature, heat flux and sources/sinks,
respectively. The boundary conditions are set to be qe(O,t) = 0 and Te{a,t) = 0, where a is the plasma
minor radius. For simplicity, we assume that the density is constant in this model.

'interdisciplinary Graduate School of Engineering Sciences, Kyushu University39, Kasuga 816-8580,
Japan
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The non-local transport model has been formulated and successfully applied to the problems
of transient responses, i.e., power switching [4] and power modulation experiments in W7-AS [5].
Extending the analysis of the heat pulse propagation, we here study the fast responses in plasma
profile after the L/H transition. A generalized formula of the heat flux is employed as,

qe(r,t) = - ne{r\t)xe(r\t)Ki(r,r<) XVTe{r,t) + (l -X)V'Te[r\t dr' (2)

where %e is the heat diffusivity. The kernel is chosen as

+Cgloba!-J=JexP\- r-f (3)

where / is the half width of non-local interactions, 8(r - r') is a delta function, and X(0 < X < 1), Clocal

and C [obal {Clocal+Cglobal= 1) are numerical constants. The parameter X represents the ratio of the
role of the local temperature gradient in the non-local transport process. In the limit of X = 0, the heat
flux is reduced to that used in Ref [4, 5] and the non-locality is included in the heat flux through the
ne[r',t), %e(r',t) and VTe[r',t). In the limit of X- 1, the non-locality is included in the heat flux
through the ne[r\t} and %e(r',t) only; The heat flux is proportional to the local temperature gradient
and is independent of the temperature gradient away from the position r. The parameters Clocal and
C'giobai represent the ratio of the locality and the non-locality included in the transport process. In the
limit of Cglobal=0, the heat flux is reduced to the one of the local transport model,
qe{r,t) = -ne(r,t)%e(r,t)VTe(r,t). The interaction of fluctuations with a short radial correlation length
and those with a long correlation length (~ /] is modeled into the kernel of integral. The plasma

turbulence due to the nonlinear excitation [6] could be a candidate to generate very long correlated
structures across the magnetic field. In the limit / —» 0, the heat flux is reduced to the one of the local
transport model. The weighting function r I r' is introduced to assure the condition, qe(O,t) - 0. The

source term, i.e., the power deposition profile, is modeled as T,Q(f) «= exp - (r 103a)2 . In the following

calculations, the parameters are chosen as ^ = 0.5, Cglobal = 0.\ and IIa = 0.5, and the electron

density is fixed asrce = 5 x 1019m~3.

3. SIMULATION RESULTS

The energy transport equation Eq. (1) is solved under the condition given in the previous
section, and the temporal evolution of the temperature profile after the L/H transition is analyzed. In
this calculation, JET-like parameters, i.e., major radius R = 2.85m, minor radius a = 0.95m and heating
power P = 10MW, are used. Figure l(a) shows the profiles of model thermal diffusivity. In L-mode
regime, the heat diffusivity increases monotonically with r. In H-mode regime, the diffusivity is
reduced in the edge region of the plasma (r/a>0.8). In each case, the diffusivity is assumed to be
constant in time. Using these diffusivity profiles for L- and H-mode, the temperature profiles in the L-
and H-mode steady state TL, TH are obtained, which are shown in Fig. l(b).

We investigate the transient response after L/H transition. Fig. 2 shows the temporal evolution
of the electron temperature AT in the core region (at r/a-0.1), where AT is defined as
AT = (T - TL) I (TH- TL) X 100, which represents the deviation from L-mode temperature profile.
The solid line and dashed line correspond to the non-local model (Cglobal = 0.1) and local model (
Cglobal= 0)> respectively. The horizontal axis is normalized to the typical time, x. Now we set to be
x =40msec. L/H transition occurs at f/x = O. Right after the transition in %e occurs in the edge
region, the temperature of the core plasma responds. It's time scale is much faster than that in
diffusion process. The non-local transport model reproduces the fast response in the core plasma after
L/H (or H/L) transition. Furthermore, this model also reproduces the fast response from the plasma
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R = 2.85m, a = 0.95m and P = 10MW and in (2)
R = 1.65m, a = 0.5m and P = 2MW.

are obtained using non-local and local model,
respectively. Parameters are chosen as the same
in Fig. 1.

core to the edge observed in the heat pulse propagation experiments [4,5]. From our simulation, it is
found that Cglobal = 0.1 is enough to reproduce the fast responses observed in experiment [3].

The fast responses reproduced by the non-local model is almost independent of the functional
form of xe- We also investigated the transient response using the diffusivity models of %e

xTe, VTe.
Similar fast responses were obtained. Thus we can conclude that the fast response is reproduced using
the non-local model independent of the diffusivity models. The quantitative difference of the transient
response with the different %e models can be seen by the hysteresis curve in the flux-gradient phase
space same as the previous study for heat pulse propagation or power modulation experiments [4, 5],
where the heat flux follows one characteristic line in the local transport model, on the other hand, heat
flux in the core is affected by the change in the edge region at the transition, being faster than the
change of temperature gradient in the non-local model.

Next we investigate the dependence of the transient response on machine size, which is
shown in Fig. 3. The curves (1) are calculated with the JET-like parameters and the curves (2) are
calculated with the ASDEX-Upgrade-like parameters (R = 1.65m, a = 0.5m and P = 2MW), using the
diffusivity profile given in Fig. l(a) in each case. The transient responses are observed at rla = 0.1.
The solid lines and dashed lines correspond to the non-local model and local model, respectively.
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Since AT is independent of the heating power when the diffusivity does not depend on the temperature
or temperature gradient, the dependence of transient response on machine size is extracted from Fig.
3. In both cases with JET-like and ASDEX-Upgrade-like parameters, the temperature calculated by
the non-local model suddenly starts to increase when L/H transition occurs. On the other hand, the
temperature calculated by the local model tends to increase after the time delay of about 4 msec in the
case of JET-like parameters and about 1 msec in the case of ASDEX-Upgrade-like parameters.
Therefore, the difference in the responses after L/H transition, whether the local model or the non-local
model are adopted, appears clearly in the large machine than in the small machine.

4. SUMMARY AND DISCUSSION

In this paper, a transport model, in which the non-local effect is taken into account, was used
to analyze the fast response after L/H transition. The interaction of fluctuations with a short radial
correlation length and those with a long correlation length (~ /] is modeled into the kernel of integral.

The fast response in the core plasma after L/H (or H/L) transition was reproduced based on this
model. It was found that C lobal = 0.1 is enough to reproduce the fast responses observed in experiment
[3]. If there is a long wavelength fluctuation which induces the non-local effect, the pulse after L/H or
H/L transition could propagate faster than the pulse expected in the diffusive, local (microscopic)
model. (However, in the case of H/L transition, the effect of E X B shearing might change the mode
structure, therefore, a shorter wave length mode becomes important in the edge region. Thus we
expect that the pulse will propagate more slowly in the case of H/L transition than in the case of L/H
transition.) The dependence of the transient response after L/H transition on the machine size was
also investigated. It was shown that the fast response after L/H transition appears clearly in the large
machine than in the small machine. A model of global change of%e was proposed to analyze the L/H
transition in JET [7]. Our method provides a more general model, by which other types of transient
phenomena could be explained in a unified way.
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SUMMARY: NON-TOKAMAK EXPERIMENTS

WAGNER, F.

Max-Planck-Institut fur Plasmaphysik, EURATOM Association, Garching-Greifswald, Germany

Introduction

The purpose of this report is to summarize the non-tokamak experiments. The non-tokamaks
naturally seek to establish reactor relevance. This applies specifically to RFPs and helical systems. With
LHD, a large heliotron introduced to the international fusion community at this conference, a large step
toward a stellarator power plant has been taken. Another potential of non-tokamaks is that they can
contribute in a unique form to the understanding of magnetic confinement and specifically to toroidal
confinement because they are not tokamaks. Most of the non-tokamaks are toroidal: helical systems, RFPs,
FRCs, CTs, dipoles and sheromaks. Mirrors, traps, foci are non-toroidal systems. The Japan Times of
Saturday, Oct. 24th 1998, the day of the summaries, has given me the theme of my summary on non-
tokamaks: Everything is connected in life - the point is to know it and understand it. The main line and the
non-tokamaks are closely connected when it comes to understanding.

As reported in this conference, the scope of non-tokamak devices ranges from laboratory experiments to
high power fusion devices. In the area of non-tokamak experiments, where novel concepts are (nearly by
definition) developed, a clear separation between experiment and theory may not always be possible
because new concepts are first developed and - in case they arise interest - funded and realized. Therefore,
in this report, we also summarize some of the new concepts of helical systems. The concept of quasi-
symmetry has inspired novel devices.

By far, most of the non-tokamak experiments reported in this conference are helical systems followed by
RFPs and Mirror devices. With TPE-RX, a new reversed-field-pinch started operation and made its first
contribution. Three large RFPs in the MA-current range are now in operation.

We will summarize the major lines - mirrors, RFPs, and helical systems - because a comparative
assessment is possible. There is no point in repeating the abstract of papers on individual devices that stand
alone. Also non-neutral plasmas, where interesting physics is presented (e.g. the enhanced classical
transport when the Debye length is larger than the gyro-radius) provides important and relevant information
also for other research areas. Also in this field, a new device, PROTO-RT, which is a toroidal dipole trap
with flexible field composition, was presented for the first time. The SSPX spheromak studies helicity
injection and the connection of confinement and field fluctuations; the FRC studies the development of the
appropriate equilibrium starting with a 0-pinch or by the merging of two spheromaks. A question is the
achieved energy content and specifically, how much of the magnetic energy is transferred into kinetic energy
of the ions. Of specific interest in these studies is the reconnection zone, its width in connection with the ion
Larmor radius and its resistivity in relation to the Spitzer value.
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Mirror devices

• The following devices contributed with experimental results:

The Gas Dynamical Trap (GDT), and the GOL-3-II device, Novosibirsk/Russia; Qt-upgrade at Tohoku
University/Japan; Gamma-10 at the University of Tsukuba/Japan.

• Major results reported from Mirror devices

• The Gas Dynamical Trap, which operates with a mirror ratio up to 50 reported on the benefits of
well symmetrisized neutral beam injection. Beta of up to 30% has been reached; the mean ion energy is up
to 6 keV. The studies on GDT have the goal to develop a neutron source.

• GOL-3-II is a 12 m long mirror with a plasma diameter of 7.5 cm. From one side, a relativistic (1
MeV) electron beam (30 kA, pulsed) can be injected along the axis. The beam heats the electrons; the ions
are fully decoupled. The beam causes a two-stream instability which reduces the parallel electron heat
conduction and leads to large Te-values of up to 2 keV at the beam entrance at a plasma density of 8 -
lOxlO14 cm"3; the axial profile has a characteristic temperature decay length of about 4 m. The studies on
GOL-3-II have the goal to develop an X-ray flash source, to explore the possibility to build an UV laser and
to allow material tests e.g. to simulate runaway electron damage in tokamak devices.

• Qt-upgrade is a simple mirror device. Its programme is devoted to detailed studies of the formation
of plug potential with thermal barriers using ECRH, injected at the field minimum. The potential structure
helps to confine the hot ions to the central cell and to separate hot and cold electrons.
Another area of research is electrostatic turbulence suppression by electric shear decorrelation. The
technique is to bias segmented end plates. A flute-like mode grows when the electric field is increased; a
drift mode is damped when the field shear is increased.

• Gamma-10 is a tandem mirror operated at the University of Tsukuba/Japan, which is equipped with
a sophisticated plug structure: a so-called anchor, which is a non-axisymmetric min-B configuration
providing MHD stability for the central cell plasma; the anchor is followed by end mirror cells. The central
cell plasma is heated by ICRH; the thermal plugs are produced in the symmetric end cells by ECRH. Recent
system improvement was the addition of electrostatic end plates in the vicinity of the anchor to minimize
radial losses and a better symmetrisation of the device, including the ECRH and ICRH systems.
In a detailed sequence of experiments, the effectiveness of the thermal barrier to enhance the central cell
energy and particle confinement was demonstrated. With the application of ECRH, a thermal plug is
established. Accessible diagnostically i.a. was the central cell density (representing particle confinement),
the diamagnetic energy content and the direct parallel loss fluxes via an ion energy analyzer. With ECRH
induced thermal barrier at one of the end sections, the outflow is strongly reduced whereas it increases in the
other one; the plasma in the central cell remains basically unchanged. Thermal barriers with ECRH at both
ends cause a strong reduction of the plasma outflow and a corresponding increase in central density and in
diamagnetic signal. The impact of the plug potential formation is directly seen in the spectrum of loss ions;
low energy ions are electrostatically confined and disappear from the loss flux. The plug potential scaled
with the ECRH power in the expected manner. With an ECRH power of 140 kW, a plug potential of 0.6
keV could be achieved and this doubled the density. In comparison to a simple mirror, the development of
the proper tandem mirror potential gave rise to an increase of confinement by an order of magnitude
reaching values of 40 ms for particle and 10 ms for energy confinement times. The radial particle losses
correspond to about 3% of the total loss rate. With ICRH in the central cell, ion temperatures up to 10 keV
and beta values up to 10% have been achieved. Strong Alfven ion cyclotron modes are observed at high Tj
because strong temperature anisotropy increased the end-losses of high-energy ions.
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Reversed Field Pinch (RFP)

• The following devices contributed with experimental results:

EXTRAP-T2, Stockholm/Sweden; MST in Madison/USA; RFX in Padua/Italy; STE-2, Kyoto/Japan;
TPE-RX, TPE-IRM 15, TPE-IRM 20, TPE-2M, all in Tsukuba-shi/Japan.

• A new device: TPE-RX.

TPE-RX (R = 1.72 m, a = 0.45 m) started operation in March 1998. It is designed with a thick stabilizing
wall and specific care towards compensating error fields (e.g. resulting from poloidal shell gap error field)
was taken. Results from initial operation were reported. At 270 kA, a reversal parameter F = 0.1, and a
pinch parameter 0 = 1.6 have been achieved. At <rie> A 5xl018 rn3, Te =1-1.2 keV, Tj A 0.13 keV have
been measured.

• Major results reported from Reversed Field Pinches

With RFX, MST, and TPE-RX, there are now three RFP's of the MA level in operation. With RFX, IMA
has been achieved whereas a low Zeff A 1.5 can be maintained. For further improvements in plasma purity,
TPE-2M has tested a poloidal field divertor.

• Locked modes
The m=l dynamo-modes inside the reversal surface non-linearity interact and develop the poloidal electric
field and the toroidal flux. This interaction also leads to a phase-locking of the modes which ultimately
gives rise to a helical deformation of the plasma torus. The helical deformation may lock to the wall causing
rather local heat deposition and enhanced wall erosion. Up to 50% of the impurity influx can be tracked
back to this process. A conducting shell close to the plasma reduces the radial magnetic field component
and affects strongly the locking of the helical deformation to the wall. A sensitiv dependence on wall
proximity, poloidal gaps and diagnostic holes is given. Low current operation or discharge development
with low filling pressure are measures to avoid locking.
An active way to affect the mode locking has been demonstrated by RFX. Locally, the toroidal magnetic
field was perturbed. Under static conditions, the perturbation caused the locking; under dynamic conditions,
the perturbation was dragged toroidally. Thus, localized heating could be avoided and the discharges could
be expanded toward higher current.

• Confinement

• Particle confinement
Density profiles are generally flat and turn hollow towards higher density. The density gradients reside
basically near the edge. The hollow density profile can only be explained by an outward directed convectiv
flow. The overall profile can be reproduced by a transport which has, besides the particle source, diffusive
and concective flows. Thecore diffusion coefficient D reaches up to 10 m2/s and D and the convective flow
velocity agree satisfactorily with those obtained from Rechester and Rosenbluth on the basis of transport in
a stochastic magnetic field. The outward flux is caused by a temperature gradient. The particle flux in the
edge region (r/a > 0.9) in caused by electrostatic turbulence. The diffusion coefficient D decreases with
rising density.
With pellet injection the flat or even hollow density profile becomes tansiently peaked and, as observed in
other toroidal systems, the confinement increases transiently by a factor of typically 50%. The density
peaking factor neo/<ne> A 1.5-2.
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• Core transport
Core energy transport is caused by resistive MHD fluctuations which yield a stochastic magnetic field. The
ratio of %c /D corresponds to the square root of the mass ratio. %c increases to the core and has a minimum
close to the edge. Velocity fluctuations correlate with the magnetic ones; they reach amplitudes of several
km/s. The dynamo which results from these fluctuations reaches up to 15 V/cm.

• Edge transport
Edge transport is predominantly by electrostatic turbulence specifically affecting particle and to a lesser
extent energy transport. Magnetic turbulence does no longer play a major role. The radial variation of the
turbulent flux is related to the edge neutral source. D at the edge - caused by electrostatic turbulence - is
comparable to the value found in the core - caused by magnetic turbulence. At the edge of RFX, there are
two zones of strongly sheared ExB flows. At the LCFS, a shearing rate of 106 m"1 is found. The second
flow zone has a negative radial electric field gradient compatible with unconfined ion orbits. Velocity shear
is at a rate where it is known to affect turbulence. A reduction of the coherence between density and velocity
fluctuations caused by sheared flow has been observed giving rise to improved confinement.

• Scaling
The global confinement scales with density owing to the favourable density dependence of the edge
transport. Detailed scaling of the relative fluctuating field amplitude b/B with the Lunquist number S (ratio
of resistive diffusion to poloidal Alfven time) has been carried out on MST. A weaker S scaling than
originally reported on smaller devices, limited to lower S values, has been observed. The MST studies
extended the range of S from originally S = 104 to S = 106. From smaller devices, a favourable b/B A S"05

has been reported. Depending on Ip/N a scaling b/B A S"007-"018 is found on MST. The less favorable
scaling may have implications for the reactor operational conditions; external means to reduce the
fluctuation level may be necessary.

• Bifurcations and enhanced confinement
Improved confinement states are accessible either by external means or they develop spontaneously. As the
dynamo-action leads to tearing-mode activity, the bulk confinement can be improved when the dynamo-
drive is reduced. A successful technique is pulsed poloidal current drive (PPCD). This technique can reduce
both the magnetic fluctuation amplitued by a factor of 2 and the width of the magnetic islands so that
overlap and stochastisation in the core is reduced. As a consequence, electron temperature gradients in the
core region develop, %e drops in agreement with Rechester Rosenbluthvs stochastic field model, the energy
content increases (poloidal-p by 30-40 %), the ohmic power input decreases and in the sum the energy
confinement time rises by up to a factor of 5. PPCD is technically carried out by the injection of current at
the plasma edge using an electron gun. The experiment is a manifestation of the connection and interplay
between plasma edge and plasma core.
Another technique which leads to improved confinement is the polarisation of the plasma edge as
successfully demonstrated on tokamaks. Biasing inserted probes leads to a strong flow (A 25 km/s) which
damps electrostatic turbulence residing at the plasma edge. Thus specifically the edge density gradient
increases and the particle confinement improves. As more the flow and to a lesser extent the flow shear is
increased, further studies are necessary to clarify their mutual impact on turbulence.

Besides the driven transitions, spontaneous ones are observed. A strongly sheared ExB flow can
spontaneously develop over a restricted radial range at the edge. This transition specifically occurs at low
density with deep field reversal and under clean wall conditions. Both the broad band global magnetic and
the electrostatic fluctuations are reduces in a radial range larger than the sheard layer. The confinement time
can increase by a factor of 3.
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Another spontaneous transition is the ot-mode of RFX. It develops in a phase where the current is ramped
down and the current profile peaks. The toroidal n-spectrum of the m=l dynamo-modes shrinks to single
helicity at n=8-9. Thus, the stochasticity of the plasma core is reduced and confinement is improved.

Helical systems

• The following devices contributed with experimental results:

LHD, CHS, Toki-City/Japan; He-E, Kyoto/Japan; W7-AS, Garching/Germany; TJ-II, Madrid/Spain; L2-
M, Moscow/Russia; H-l, Canberra/Australia. Two new devices have started operation recently and were
reported at an IAEA conference the first time: The Large Helical Device, LHD, of Japan and TJ-II of
Spain.

New devices: LHD and TJ-II.

LHD is a large (R=3.9 m, <a> = 0.65 m) heliotron with superconducting coils designed to operate finally at
4T. The main purpose of LHD is to study net current-free helical confinement with the emphasis of
demonstrating the relevance of helical systems for steady-state operation and provide essential data for a
fusion power plant along this line. LHD will further narrow the gap between the tokamaks and helical
systems. Its targets are Tj > 10 keV, niETj > 1020 m"3 s keV , and <(3> > 5%. First experiments were at 1.5
T with ECRH (0.35 MW) and NBI (3 MW). At <ne> A 1.5xlO19 m"3, Te =1.5 keV, T; = 1.1 keV have been
measured. The maximal confinement time is 170 ms. A remarkable result is that the confinement data are
above the stellarator scaling ISS95 by about 50%.

TJ-II (R=1.5 m, <a> = 0.22 m) is a heliac with a helical magnetic axis and low shear. The magnetic field is
up to 1.2 T. Owing to the central conductor, the device has a large configurational flexibility. TJ-II will
specifically address confinement at low collisionality and high-beta stability issues. The first plasmas were
heated with ECRH ( 53.2 GHz, 0.25 MW). ). At <np> A 0.5-lxlO19 in3, Te =0.8 keV, T; = 0.1 keV have
been measured; TE = 3-4 ms.

• Major results reported from Helical Systems

• Magnetic configurations, equilibrium and stellarator optimization

Classical helical devices are L2-M, representing the stellarator, CHS, He-E and LHD, representing the
heliotron. Low shear stellarators are W7-AS, TJ-II, and H-l. W7-AS has modular coils. TJ-II and H-l
have helically varying magnetic axis; they are heliacs. L2-M, CHS, H-E, and LHD are 1=2 devices with
elliptical cross-sections; the heliacs have a strong 1=1 component, TJ-II has a bean-shaped cross-section; the
advanced stellarator W7-AS is a mixture of 1=2 and 1=3 components.

New proposals have been presented in the conference, which are based on the concepts of quasi-symmetries.
Quasi-symmetric systems are true 3-D geometries with a two-dimensional variation of modB in a flux
surface (expressed in appropriate magnetic coordinates). The neo-classical properties of quasi-symmetric
systems are principally identical to those with true symmetry and an ignorable coordinate.
Three quasi-symmetries are possible: axi-, helical-, and poloidal quasi-symmetry. Quasi-axi, and quasi-
helical symmetry are governed by one dominant helicity (toroidal or helical, respectively). Particle
confinement is achieved under quasi-poloidal symmetry by closed surfaces of the second adiabatic invariant
Jll. The particle drifts by field inhomogeneities are strongly reduced. As the plasma flow is within a flux
surface, these configurations are called more specifically quasi-isodynamic (in Europe and Japan) and
quasi-omnigeneous (in USA).
Heliotron-J is a heliotron designed along the line of quasi-isodynamicity. It will be built at the Kyoto
University. QOS is a stellarator designed as part of the US fusion program along the same principles. The
sphellamak, developed at CRPP, Switzerland, achieves quasi-isodynamic properties by the paramagnetism
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of an induced or pressure driven current. A quasi-axisymmetric stellarator has been presented by PPPL with
the idea to provide rotational transform by a strong bootstrap current and to avoid possible disruptions with
an external contribution to rotational transform but without the expense of enhanced 3-D particle losses.

The present devices cover a large range of magnetic topologies: stellarators, heliotrons, heliacs, devices with
and without shear, with magnetic well and hill in the vacuum configuration, with bean-shaped cross-section
and with partial transport optimization. Individually, the devices also have a large flexibility to change the
properties of the magnetic configuration.
CHS can vary the magnetic surfaces by controllable poloidal fields. When shifted to the inside, the flux
surfaces are well aligned to the drift surfaces of deeply trapped particles and a drift-optimized configuration
is established. At low beta and collisionality, such a configuration displays improved confinement. This
improvement originates from reduced ripple diffusion of helically trapped particles.
As the MHD stability is improved if the plasma is shifted to the outside (a well develops), CHS generally
operates with a standard radial position, which is a compromise between drift orbit optimization and
stability.
TJ-II can realize several iota values and can change the magnetic well in the range 0-6%.
W7-AS has a reduced ratio of <j|| >/<j_|_ > owing to its optimization which leads to a measurable reduction
of the Shafranov shift (in comparison to a classical stellarator) up to the maximal <p> A 2%.

• Heating
Stellarator plasmas are generally produced by ECRH, which yields low-beta, low collisionality plasmas.
Operation at high (3 and high density is done by NBI. ICRH is being studied but it has not yet reached the
working horse status.
In W7-AS high density operation beyond the X-mode cut-off of ECRH has been demonstrated by mode
conversion to the electron Bernstein wave. More than 80% of the wave power could be coupled to the
plasma.
ICRH showed promising application in W7-AS using an antenna positioned at the high field side which
excites a narrow kll spectrum centered on kll = 6m"1. D (H) and He (H) minority heating, D/H mode
conversion heating, and second harmonic H heating were studied. Possibly owing to the peculiarities of the
antenna design, density and impurity control was possible. The low power heating efficiencies of the
different schemes were in the range of present experience (mostly from tokamaks).

• Confinement

• Particle confinement
Helical systems report flat density profiles with central ECRH. With strong central ECRH, the density
profile becomes even hollow. This observation does not depend on the details of the configuration and
applies to low-shear stellarators as well as high-shear torsatrons. Preliminary studies on LHD confirm this
general picture for a large device. With off-axis ECRH heating and rather flat central electron temperature
profiles, the central density profiles are peaked though the neutral particle source can still be ignored within
the plasma core. Gas-oscillation and ECRH switch-off experiments on W7-AS have shown that a thermally
driven neo-classical flux (outward directed in stellarators) and a convective inward directed flux (its origin
is not well understood but does not result from a toroidal electric field) govern the particle transport. The
opposing effects of thermal outward diffusion and convective inward flow determine the actual core density
profile.

• Electron heat transport
With strong ECRH (1.3 MW) into low density discharges of W7-AS, the core electron heat diffusivity
strongly reduces and a characteristic central peak appears atop of the Te-profile. Maximally, Te up to 5.7
keV has been measured. Spectroscopic measurements show that a strong positive electric field (50 keV/m)
develops in the plasma core, which strongly reduces the electron heat diffusivity. Transport analysis shows
that 5£e is close to the respective neo-classical value and drops from the one at low electric field to the one at
high electric field. There is experimental evidence that the loss of particles heated by ECRH and helically
trapped represent a non-ambipolar loss, which causes the strong positive potential in the core. In this case
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the balance of thermal fluxes does not cause the electron root of neo-classical fluxes, rather a driven
transport equilibrium is established.

• Ion heat transport
Stellarators can operate in a high ion-temperature mode, which develops along with a peaking of the density
profile. This correlation is similar to the one observed in tokamaks. The causality is not clear but it is the
central beam fuelling of neutral injection along with a reduction of external gas fuelling which causes the
peaking. Alternatively, as He-E has shown, also pellet refueling leads to density profile peaking and
increased energy content. CHS reports central ion temperatures up to 1 keV, which are achieved after a
reduction of ion heat conductivity by a factor of 2-3, compared with the usual L-mode transport conditions.
The density peaking factor ne0/<ne> increases from 1-1.5 to 1.5-2. A similar effect has been reported by
He-E with ne()/<ne> up to 4.5. The reduction of %\ leads to a peaking of the ion temperature profile.
Apart from the very core region, %; in CHS is clearly above the neo-classical value even in the high-Tj-
mode. The improvement is attributed to the action of the electric field onto the turbulence; a more negative
electric field is observed in the high Tj-mode. It is interesting to note that the high-Ti-mode as observed on
W7-AS is also related to the negative electric field; in this case, however, the core transport is neo-
classically limited and is reduced when the field becomes more negative.

• Bifurcation and limit cycle oscillations
In stellarators, the H-mode develops; the transition causes a rise in density and temperature. In W7-AS, the
operational window of the H-mode is limited to selected iota-ranges. In H-l at low density and magnetic
field, bifurcations are observed whereas the high confinement state is qualified by an increase in density and
ion temperature, peaking of the density profile, reduction of plasma turbulence and a more negative electric
field. The transition occurs beyond a threshold; limit cycle oscillations between the two states do occur.
Probe studies show that pressure gradient and electric field are well in phase. TJ-II reports a connection
between the strength of the magnetic well and the edge radial electric field. At a well of 6% (0.2%) a field of
20 (2) V/cm is measured.
In another regime observed on W7-AS, both the electron- and ion temperatures increase; this increase
happens along a slow timescale (governed by TE or longer) and develops at constant density. The density
profile shrinks in this phase. The highest confinement times are observed with about a factor of two above
the scaling.
Transitions between confinement states at the L-mode and at a sub-L-mode level are possible on W7-AS
depending on the setting of iota. Good confinement exists in the neighborhood of low rationals. The actual
confinement depends on the presence of low-order rationals and the amount of shear. Bifurcation can occur
because the bootstrap current can produce sufficient shear so that the energy content rises; the opposite is
also possible and it depends on the selection of external iota, because shear can introduce resonances. The
experimental findings can be modeled.
A detailed study on bifurcation phenomena has been presented by CHS. An electric pulsation has been
observed where the plasma potential jumps back and forth between two states. Owing to its heavy ion beam
probe, CHS is specifically suited for such measurements. This dynamic state develops at low density, below
1018 m"3; a density threshold exists. Quasi-periodically within every 2 ms, the core potential jumps from
about 0.6 to 2.0 kV. The plasma core up to r A <a>/2 is affected by the pulsation. The residential time at
low potential is short. The transition time scales are in agreement with neo-classical theory. Plasma
parameter time scales (e.g. changes of the density profile) are short and not governed by neo-classical
transport.
Also in W7-AS two transport states can develop with rather erratic transitions as soon as the heating power
is set close to the bifurcation point. The core electron temperature jumps between 4 and 5 keV. A power
threshold exists. The bifurcation is seen as a manifestation of the dependence of electron heat transport on
electric field in a 3-D configuration whereas the potential is established by losses of energetic electrons from
ECRH.
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MHD
The configuration flexibility of helical systems with low and high shear and with and without magnetic well
is used to study Mercier, resistive interchange and ballooning stability in a wide parameter range up to the
highest (3-values up to < p > A 2%. Generally plasmas are stable where Mercier stability is not predicted. A
rather strong MHD response is observed in cases with beam injection. In CHS, fishbone instabilities and
toroidally induced Alfven waves (TAEs) and in W7-AS, due to the low shear, globally induced Alfven
waves (GAEs) are generally observed. With shear, the transition from GAEs to TAEs is possible.
Depending on the vertical field, the plasma major radius and the resulting field properties, m=3/n=2
fishbones occur in CHS for outward, m=2/n=l for inward shifted plasmas. Fishbones can lead to fast
particle losses. The mode frequency strongly drops within one fishbone burst. From the HIBP of CHS, it is
clear that it is not a potential variation, which causes the frequency sweep.
TAEs in CHS are localized in the core region. Owing to the iota-profile, there should be strong continuum
damping near the edge. The measured TAE frequency is about 20% lower than expected. Modes are
probably caused by side-band excitation.
In W7-AS the GAEs appear as sharp resonances localized within the continuum gaps. The frequency is
typically in the range of 20-40 kHz; the activity is not causing particle losses. With shear, TAE modes
appear which can be identified by a change in the poloidal mode number from m=5 to m=6 (n=2) from the
inside to the outside. Mode structure and frequency can be well modeled with the CASD3 code and with a
gyrofluid model, which predicts that condition for instability exists and it predicts the correct amplitude and
linear growth rate.
At low density, when the Alfven velocity rises beyond the particle velocity, a beam driven activity appears
at high frequency (500 kHz) which affects plasma confinement.
Close to the high p values of W7-AS neither the low nor the high frequency Alfvenic activity plays any role.
The modes are damped obviously because of the high plasma beta and the increased magnetic shear.

• Divertor
In W7-AS the natural islands of the stellarator are used for exhaust purposes. In LHD, a local island
divertor (LID) will be employed. Preliminary studies are carried out on W7-AS using symmetric inner
targets and the 3D EMC Monte-Carlo code linked to EIRENE models the results. Plasma diversion is
possible with the islands. Modeling highlights the role of cross-field momentum diffusion; the experiments
show the strong plasma ExB plasma rotation within the island. High recycling conditions are possible in the
preliminary exhaust conditions; detachment is predicted for a full island divertor.

Conclusions

The non-tokamaks have further expanded their relevance by the start of new and larger devices. Within a
very short time after start of operation, TPE-RX, LHD, and TJ-II have reached plasmas in the keV
temperature range and contributed with new information. All non-tokamaks highlight the role of the electric
field to better confine plasmas either by affecting the "laminar" processes in the end losses of mirrors or in
the neo-classical losses of 3-D systems or by spontaneous or induced damping of turbulence causing radial
losses by principles and techniques which work in tokamaks, stellarators and RFPs. Further common
elements are the sensitivity of the core properties on the edge conditions, the improvement of the energy
confinement when the plasma density profile peaks or is peaked by central fuelling. Specifically rewarding
might be a joint study on particle transport in toroidal systems - tokamaks, helical systems and RFPs.
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1 Introduction

This is a summary of the advances in magnetic fusion energy theory research presented at
the 17th International Atomic Energy Agency Fusion Energy Conference from 19-24 Octo-
ber, 1998 in Yokohama, Japan. Theory and simulation results from this conference provided
encouraging evidence of significant progress in understanding the physics of thermonuclear
plasmas. Indeed, the grand challenge for this field is to acquire the basic understanding that
can readily enable the innovations which would make fusion energy practical. In this sense,
as depicted in Fig. 1, research in fusion energy is increasingly able to be categorized as fitting
well the "Pasteur's Quadrant" paradigm[l], where the research strongly couples basic science
("Bohr's Quadrant") to technological impact ("Edison's Quadrant"). As supported by some of
the work presented at this conference, this trend will be further enhanced by advanced simula-
tions. Eventually, realistic three-dimensional modeling capabilities, when properly combined
with rapid and complete data interpretation of results from both experiments and simulations,
can contribute to a greatly enhanced cycle of understanding and innovation. Plasma science the-
ory and simulation have provided reliable foundations for this improved modeling capability,
and the exciting advances in high-performance computational resources have further acceler-
ated progress.

There were 68 papers presented at this conference in the area of magnetic fusion energy
theory. They can be roughly categorized along their scientific areas of emphasis into five ar-
eas: (i) Turbulence and Transport [22 papers]; (ii) Macroscopic Equilibrium and Stability [20
papers]; (iii) Fast Particle Physics [9 papers]; (iv) Plasma Boundary Physics (10 papers); and
(v) Wave/Plasma Interactions and Heating [7 papers]. As illustrated in Fig. 2, each of these
areas individually provide major research challenges, but the ultimate goal will be to produce
an effectively integrated physics-based modeling capability (encompassing key physics from
all of these areas collectively) that will be able to predict fusion device performance with great
reliability. This will require strong coupling to experiments and, if successful, would lead to
prominent benefits such as (i) more cost-effective utilization of present-generation facilities to
explore tokamak and alternate concepts; and (ii) accelerated progress to better designs for future
devices.
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Figure 1: Fusion Energy Science in Pasteur's Quadrant

2 Research Advances

This section highlights the challenges, progress, and future objectives in each of the key top-
ical areas depicted in Fig. 2. Each of these is a fascinating area of science in its own right,
as well as critical for the development of fusion power. The basic goal in the associated re-
search is the advancement of fundamental understanding of magnetically-confined plasmas to
enable enhancement of predictive capabilities for fusion-grade plasmas. This requires effective
interactions/comparisons of experiment, theory and simulation.

2.1 Turbulence and Transport

The goal of understanding turbulence and the associated transport is not only a fundamental
issue of general scientific importance but is also critical for attaining adequate gain in fusion-
grade plasmas. As reported at this conference, excellent progress has been made in associ-
ating the the ion-temperature gradient (ITG) mode with anomalous heat transport in the ion
channel. The advances in computational capabilities have enabled major progress in predicting
the nonlinear consequences of these key instabilities. Knowledge about the electron channel
would need to reach a similar level of maturity, before a robust predictive capability based
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on first-principles physics could be expected. Achieving this goal will also require the active
collaborative participation of well-diagnosed major experimental facilities to challenge and/or
corroborate the theoretical models.

The major challenges in this area include: (i) realism with respect to physics and geometry;
(ii) interpretive and predictive capability [e.g., scaling trends, confinement transition thresholds,
... ]; and (iii) effective applications to key experimental questions and design issues. Progress
in linear theory, which provides the tools to assess the onset conditions for instabilities that
inhibit plasma performance, featured the inclusion of E x B flow and realistic geometric ef-
fects. Successful applications to high-confinement experimental scenarios were reported [e.g.,
papers THP2/13,19,28] along with optimistic projections for future low-aspect-ratio, high-beta
devices [TH1/4]. However, such predictions of "neoclassical transport levels" need to be tem-
pered by the fact that self-consistent assessments of macroscopic stability for these cases have
yet to be carried out.

Progress in nonlinear theory, which deals with the much more challenging task of as-
sessing the consequences of instabilities on confinement, included: (i) possible "supercriti-
cal" (above-linear-threshold) behavior in radially-local ("flux-tube") gyrokinetic simulations of
turbulence due to ion-temperature gradient driven microinstabilities [paper TH1/1] and "sub-
critical" (below-linear-threshold) behavior in fluid simulations of flux-driven turbulence [paper
TH1/3]. In the latter paper, the fluid simulations for a fixed flux (instead of the more conven-
tional fixed gradient) model exhibited avalanches and dynamics characteristic of self-organized
critical behavior with respect to intermittency and spectral features. In the sense that the work
in this area exhibited the best examples of synergism between analytic theory, advanced sim-
ulations, and experiments, the most prominent area of progress dealt with the physics of flow
shear suppression of turbulence [e.g, papers TH3/1, THP2/28, TH1/1, THP2/12]. Attention
was focused on zonal flows - which are basically sheared E x B o flow layers generated by
the modulation of radial current induced by microturbulent (e.g., drift-wave type) fluctuations.
In the descriptive "predator-prey" picture, the zonal flows ("predator") act to suppress and/or
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saturate the microturbulence ("prey"). This is a self-regulating process in which the flows are
asymptotically damped by collisions. The dynamical properties are being explored with ad-
vanced gyrofluid [TH1/1] and gyrokinetic [THP2/28] simulations. In the latter paper, a new
general-geometry 3-dimensional gyrokinetic code, GTC, has enabled realistic neoclassical and
turbulent transport studies to be successfully carried out on powerful new massively-parallel
processor (MPP) computers that have recently become accessible. These advanced simulations,
which could not have been carried out even one year ago, systematically demonstrated for the
first time that substantial reduction of transport is due to turbulence-generated E x B 0 zonal
flows - thereby corroborating key trends from analytic estimates and experimentally-observed
trends. As depicted in Fig. 3, this work provides an effective illustration of how advanced
scientific computing can be an valuable new "tool for discovery" complementing theory and
experiment.

Ith Flow Without Ftaw

Figure 3: Three-dimensional Particle Simulations of Zonal Flow Effects

With regard to the modeling of transport barriers and the modeling of general transport
trends in toroidal experiments, the progress reported included observations on the possible rel-
evance of discontinuous drift-wave mode characteristics for internal transport barriers [paper
TH1/2]. A model based on current-diffusive ballooning modes was found to account for fea-
tures of transport barrier formation and collapse [paper TH1/6]. Although the applications
aspect of these results were quite compelling, a strong justification of the robustness of the
current-diffusive ballooning modes via nonlinear analysis and simulations remains elusive. Ap-
plications of a multi-mode predictive transport code with additional physics features recently
incorporated have produced improved correlations with a number of key tokamak experiments
[paper THP2/19]. Finally, results from semi-empirical models were found to correlate with con-
finement trends observed in JT-60U [THP2/17] and with confinement scaling in the stellarator
experiment, W7-AS [THP1/5], as well as in JET [THP2/18].

Future goals in the key area of turbulence and transport research include: (i) understanding
the relationship between advanced gyrokinetic global and radially local ("flux-tube" type) sim-
ulations and also for global (e.g., paper THP2/06) versus radially local gyrofluid models; (ii)



1659 S/3

increased applications to alternate confinement systems including Stellerators, Spherical Tori
(ST's), Reversed field Pinches (RFP's), Field-Reversed Configurations (FRC's), . . . , as well
as to advanced tokamaks; and (iii) improve interpretive and predictive capability by including
much-needed key physics [such as complete electron dynamics, full electromagnetic ("finite
beta") physics, general 3-dimensional geometry, ... ] properly benchmarked against analytic
estimates and experiments. Generally, research in the years ahead will strive for progress in un-
derstanding of turbulent transport to the level where theoretical predictions can be confidently
viewed as being more reliable than empirical scaling in the leading experimental devices.

2.2 Macroscopic Equilibrium and Stability

The current status of research in magnetohydrodynamics (MHD), which encompasses fusion
device scale (macroscopic) physics, is that predictions based on ideal MHD, in which small-
scale dissipative effects are ignored, give excellent predictions of very fast time scale phenom-
ena. However, a physics-based predictive capability for the slower time scale macroscopic
phenomena, which result from dissipative (resistive and kinetic) effects, remains a formidable
challenge. Indeed, controlling the macroscopic stability of plasmas in the presence of these
small-scale resistive and kinetic dynamics is key to achieving and sustaining high pressure plas-
mas. For example, under certain conditions the neoclassical tearing mode can produce a slow
breakup of magnetic surfaces at moderate plasma pressures well below the ideal thresholds in
tokamaks. The theoretical foundations for an effective quantitative analysis of this important
instability needs to be developed. Possible alleviation of this problem with appropriately local-
ized pressure gradients driven by electron-cyclotron resonant heating is being actively pursued
[TH2/5]. More generally, physics insights from experiments are vital to timely progress on
key issues such as feedback stabilization of dissipative modes in tokamaks, high beta limits
in spherical tori, and both stabilizing and destabilizing effects of resistive dynamics in devices
including Stellarators, Reversed Field Pinches, and Field Reversed Configurations.

It is generally acknowledged that a major obstacle to the reliable sustainment of magnetic
confinement is the presence of disruptions - the occurrence of sudden and dramatic loss of
plasma confinement at critical values of the plasma pressure and/or the plasma current. Progress
reported at this meeting included results from nonlinear three-dimensional MHD simulations
of the current quench phase of disruptions in tokamaks with associated halo current and run-
away electron behavior [TH3/4]. With regard to other configurations, internal disruptions ob-
served in Heliotrons were related to the nonlinear evolution of ideal MHD modes (rn/n = 2/1)
[THP1/4], and the kinetic stabilization of tilt disruptions in Field Reversed Configurations from
three-dimensional particle simulations were reported in paper [THP1/11]. Macroscopic equi-
librium and stability analysis capabilities have also been effectively applied to performance
improvement studies in presently operating experiments and for the design of new configu-
rations - advanced tokamaks as well as alternative magnetic confinement concept systems. A
representative example is the investigation of compact quasi-axisymmetric stellarators. In paper
[THP1/7] it is reported that equilibrium and stability analyses indicate that such configurations
can have a high bootstrap current fraction and also a reasonably high ideal MHD beta limit
without a conducting wall.

The interpretation of important macroscopic phenomena observed in tokamak and alterna-
tive magnetic confinement experiments was highlighted in several papers. For example, the
importance of accounting for flow shear effects in assessing experimental trends observed in
tokamaks [THP2/30], [TH3/7] and also for Reversed Field Pinches [THP1/10] was empha-
sized in several papers. Insights into the relative role of resisitive interchange instabilities were
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obtained from comparative linear studies of such modes for tokamaks in regions of negative
magnetic shear and for heliotrons [TH2/2]. In the area of Spherical Torus (ST) studies, paper
[TH3/2] concluded that in the Compass-D experiment, the MHD peeling mode could provide an
explanation for the observed low density L-H transition threshold and possibly also for the edge
localized mode (ELM) behavior. Significant progress in understanding internal reconnection
dynamics in ST's was provided by impressive three-dimensional nonlinear MHD simulations
[TH3/3] which addressed several key features observed in such systems. The basic picture pro-
posed is that the nonlinear development of ballooning modes produces pressure bulges that can
drive magnetic reconnection. Reconnection occurs between field lines located inside the sepa-
ratrix and those outside, thereby allowing heat to escape along the reconnected field lines. As
depicted in Fig. 4, this work provides another effective illustration of how advanced scientific
computing can be a valuable new "tool for discovery" complementing theory and experiment.

. , . .
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Figure 4: MHD Simulation of Internal Reconnection Event in a Spherical Torus

2.3 Fast Particle Physics

Understanding the behavior of fast/energetic particles in magnetically confined devices is cru-
cial to the effective assessment of their relevance to alpha-particle physics issues in present and
future D-T plasmas. This area of research has witnessed excellent achievements in first pre-
dicting and then experimentally identifying key instabilities such as the toroidal Alfven eigen-
modes in prominent experiments such as TFTR, JET, JT-60U, The primary challenge is
the development of a realistic predictive capability for energetic- particle-driven instabilities in
reactor-relevant regimes. This will require: (i) more realistic physics descriptions including
general geometry and non-perturbative treatment of kinetic dynamics for both thermal and fast
particles; and (ii) active applications to tokamaks as well as alternative magnetic confinement
experiments including stellarators and spherical tori. If effectively exploited, important experi-
mental research opportunities that would help stimulate and drive theoretical efforts in this area
include possible future DT campaigns on JET and the high-energy negative-ion neutral beam
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program on JT-60U. This would of course also be a key topic of scientific investigation in future
burning plasma experiments.

Progress in theoretical studies of fast particle physics reported at this conference included:
(1) prediction of new Alfvenic ion temperature gradient (ITG) eigenmodes which were found
to be unstable well below ideal ballooning threshold [TH2/3]; and (2) the development of a new
non-perturbative code to analyze toroidal Alfven eigenmodes (TAE's) in the moderate to short-
wavelength regime relevant to energetic particle effects in large plasmas [THP2/21]. In more
direct applications to present experiments, Monte Carlo simulations indicating radial convective
transport of suprathermal electrons were used to interpret the broadening of electron cyclotron
resonant heating (ECRH) deposition profiles observed in the W7-AS stellarator [TH2/1]. In the
JET experiment, compelling explanations for the observed bursting phenomena and frequency
chirping have been given in terms of strongly nonlinear resonant wave-particle interactions.
Specifically, a nonlinear theory, which includes a generalization of Landau damping, has been
developed and applied to the interpretation of the "pitchfork-splitting" of TAE's in JET [TH2/4].

2.4 Plasma Boundary Physics

Understanding plasma boundary physics, which includes plasma-wall interactions and turbulent
transport in the plasma edge region, is a formidable challenge facing magnetic fusion. Advances
in the capability to reliably predict interactions between the plasma and its material interfaces
have come primarily in tokamak divertor research. Improvements here will require: (1) for-
mulation of the basic equations describing complex experimentally-observed processes such as
filamentation and bursting behavior; and (2) generalization of present laminar models to more
realistic three-dimensional descriptions. The latter is again a major task that will require strong
interplay between advanced computing and benchmarking against theoretical models motivated
by experimental trends. With regard to transport at the plasma boundary, the challenge is to de-
velop a better physics description of edge turbulence. This is of course linked to most of the
issues encountered in the core turbulence and transport area discussed earlier and is illustrative
of the integration goal depicted in Fig. 2.

Progress in the divertor modeling area highlighted at this conference included: (1) results
from applications to the ASDEX Upgrade tokamak of the B2-Eirene (coupled edge physics -
neutrals codes) indicated an improved predictive capability [THP2/05]; (2) possible influence
of an ergodic divertor on plasma behavior at the plasma boundary [TH3/5]; (3) insights into
detached plasma behavior in the divertor scrape-off layer of tokamaks [THP2/11]; and (4) a
good example of improved physics insights on the key issue of tokamak divertor detachment
and stability gained from productive interactions between theory, modeling, and experimental
analysis [TH3/6]. As illustrated on Fig. 5, it is first noted that experimental results [EX3/3]
indicate that, without feedback, the plasma recombination region moves toward the X-point as
detachment proceeds. This motion can be interpreted in terms of the limits on the upstream
plasma density, n up, which are set by both plasma recombination and impurity radiation effects.
Upon reaching such limits, nvp saturates as the total number of particles in the scrape-off-
layer, NSOL> and the dense cold plasma and neutral gas region builds up in the divertor. As
shown in the bottom panel of this figure, results from the UEDGE modeling code indicate
that consistent with the experimental trends, this density build-up pushes the neutral ionization,
impurity radiation, and recombination fronts to the X-point.

Advances toward an improved description of edge turbulence were reported in several pa-
pers with the primary emphasis on fluid turbulence simulations at the tokamak boundary. No-
table was the fact that reasonable agreement with key trends observed in the ASDEX-U tokamak
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Figure 5: Tokamak Divertor Detachment Simulation

was reported in two separate studies using two significantly different models [TH1/5, TH1/7].
In order to consolidate progress in this area, reconciliation in the physics content and/or the
computational algorithms utilized in the respective models is clearly needed. Results from
studies of edge transport taking into account (i) realistic divertor geometry [THP2/03] and (ii)
possible coupling to core physics trends [THP2/04] indicated that radially non-local analysis is
needed to properly model L/H transition dynamics.

2.5 Wave/Plasma Interactions and Heating

Development of a realistic predictive capability for plasma heating, flow, and current drive
remains a difficult challenge in magnetic fusion research. Papers at this conference focused
primarily on progress toward a better understanding of the relationship between wave heating of
plasmas and rotational dynamics [TH3/7, THP2/34 through 37]. This requires first developing
a self-consistent formulation of the radial electric field equation which includes its effect on
turbulent momentum transport. As evident in the results highlighted in the turbulent transport
part of the present summary, this is a key issue because of the role of flow shear for enhanced
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confinement and also because of its potential impact on profile control [THPl/12]. With regard
to the prospect of significant enhancement of plasma performance enabled by various current
drive profile control methods (e.g., ECCD and LHCD), improved RF models are clearly needed
to better assess the efficacy of such approaches.

3 Concluding Comments

Theory and simulation results presented at this conference give evidence of significant advances
in understanding the physics of thermonuclear plasmas. Much of the work has concentrated on
interpreting existing experiments, and the achievements on this front are indeed encouraging. In
the "Pasteur's Quadrant" sense noted earlier, further progression of these capabilities is expected
to provide the fundamental knowledge needed for reliable quantitative predictions that can guide
the way to improved plasma performance and to the innovative design of improved magnetic
confinement devices. Accelerated progress toward this goal is now accessible via the exciting
advances in information technology. If properly cultivated, this path can also help attract, train,
and assimilate young talent essential for the future health of this field. As already evident in a
number of the papers presented at this conference, advanced computing, when strongly linked
to experiment and theory, can be a powerful new tool for discovery.

Reference

[1] Donald E. Stokes, "Pasteur's Quadrant: Basic Science and Technological Innovation,"
Brookings Institution Press, Washington, D. C. (1997)
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ITER EDA and Technology
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1.0 INTRODUCTION

The year 1998 was the culmination of the six-year Engineering Design Activities (EDA) of the
International Thermonuclear Experimental Reactor (ITER) Project. The EDA results in design and
validating technology R&D, plus the associated effort in voluntary physics research, is a significant
achievement and major milestone in the history of magnetic fusion energy development. Consequently,
the ITER EDA was a major theme at this Conference, contributing almost 40 papers.

Another major theme at the Conference was the significant progress towards the ability to
demonstrate steady-state operation with all the associated implications on technology. Of course, ITER
has made major contributions to this basic theme as well.

A key issue for the development of fusion energy is how to provide sources of high energy
neutrons for materials and component testing, as well as a test of the physics required for producing
substantial amounts of fusion power at high-energy gain. Several options were presented at the
Conference, recognizing again that this is also to some degree part of the ITER EDA Mission. Looking
in the longer term, papers were presented on various embodiments of power plants with several
innovative design concepts. Continued progress in fusion nuclear technology and materials was also
reported in several papers.

With these themes in mind, this summary is presented with the following sections:

• ITER EDA Design and Technology R&D
• Progress Towards Steady-State
• Fusion Energy and Neutron Sources
• Nuclear Technology and Materials
• Advanced Design Concepts

In total, about 90 ITER EDA and technology papers were presented, accounting for about 25% of the
papers at the Conference.

2.0 ITER EDA DESIGN AND TECHNOLOGY R&D

2.1 ITER OVERVIEW

The ITER Project has been conducted under the auspices of the IAEA according to the terms of a
four-party agreement among the European Atomic Energy Community (EU), the Government of Japan
(JA), the Government of the Russian Federation (RF), and the Government of the United States (US),
referred to herein as the Parties. "The overall programmatic objective of ITER is to demonstrate the
scientific and technological feasibility of fusion energy for peaceful purposes. ITER would accomplish
this by demonstrating controlled ignition and extended burn of deuterium-tritium plasmas, with steady
state as an ultimate goal, by demonstrating technologies essential to a reactor in an integrated system, and
by performing integrated testing of the high-heat flux and nuclear components required to utilize fusion
energy for practical purposes."

Fusion energy programs throughout the world have benefited from a remarkable degree of
openness and global cooperation which has brought with it dramatic progress in scientific understanding
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and performance achievement. The ITER project arose from the recognition by the leading programs of
the comparable positions reached in existing experiments and of the benefit to be derived from
undertaking the next step jointly. Collaboration on ITER provides significant savings through sharing of
costs, and more importantly, the opportunity to pool experience and expertise gained over recent decades,
and to draw from the scientific and technological expertise of all the world's leading fusion experiments
and programs in an integrated and focused venture.

The original detailed technical objectives to achieve the overall programmatic objective of ITER
were adopted by the Parties in 1992. ITER will have two roughly ten-year phases of operation, the Basic
Performance Phase and an Enhanced Performance Phase. The first phase will address the issues of
controlled ignition, extended burn, steady-state operation, and the testing of blanket modules. ITER's
technical objectives require demonstration of controlled ignition and extended burn, in inductive pulses
with a flat-top duration of approximately 1000 s and an average neutron wall loading of about 1
MW/m2. ITER should also aim to demonstrate steady-state operation using non-inductive current drive
in reactor relevant conditions. It is assumed that for the first phase there will be an adequate supply of
tritium from external sources. The second phase would emphasize improving overall performance and
carrying out a higher fluence component and materials testing program. Tritium breeding might be
implemented for this phase. ITER must also be designed to demonstrate the safety and environmental
acceptability of fusion as an energy source.

The original Engineering Design Activities (EDA) of ITER were completed by the Parties in
July 1998 after 6 years' activities. During this period, the Parties agreed to produce a detailed, complete
and fully integrated engineering design of ITER and all technical data necessary for decisions on the
construction of ITER. The results of the EDA are available to the Parties to use either through
international collaboration or within their domestic programs. The deliverables given at the end of the
EDA met the original plan. The ITER design, supported by technology R&D, is at an advanced stage of
maturity and contains sufficient technical information for the construction decision.

The ITER project has so far proved to be an unprecedented and successful model of international
cooperation in science and technology in which all participants benefit not only from the technical results
but also from the experience of different approaches to project organization and management. It has
proved to be an effective and efficient vehicle for the fusion engineering needed to realize any concepts of
commercial magnetic fusion reactors. Bringing ITER to full realization through joint construction and
operation will continue this process.

2.2 ITER DESIGN

The cross-section of the ITER Tokamak is shown in Fig. 1 and the main parameters are
summarized in Table I. The design was defined after careful study of the balance between physics
requirements for plasma confinement, control and stability based on ITER Physics Basis and Physics
Rules, and engineering constraints such as heat loads, electromagnetic and mechanical characteristics,
neutron shielding and maintainability to ensure safe and reliable operation within reasonable cost.

TABLE I: MAIN PARAMETERS AND DIMENSIONS OF ITER

Total fusion power 1.5 GW
Neutron wall loading 1 MW/m2

Plasma inductive burn time 31000 s.
Plasma major radius 8.1m
Plasma minor radius 2.8 m
Plasma current (Ip) 21 MA
Toroidal field @ 8.1 m radius 5.7 T
Maximum toroidal field at coil 12.5 T
Auxiliary heating power 100 MW
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Plasma performance of ITER is assessed based on the most recent experimental results and
modeling. The three issues that most directly determine the plasma performance are:

• Energy confinement, edge parameters and capacity to reach and sustain H mode;
• 6 (ratio of plasma pressure to magnetic field pressure) and particle density; and
• Impurity dilution, radiation losses, helium exhaust and divertor power handling.

Each of these issues has been studied thoroughly in a collaborative framework of voluntary ITER physics
activities, coordinated through Expert Groups, which draws on the full range of physics expertise
throughout the Parties' Fusion programs

ITER performance is summarized in Fig. 2 (a) and (b) which plot fusion power for a 21 MA
discharge as a function of the H-mode enhancement factor, HH, which characterizes the global energy
confinement time in relation to its reference extrapolated value based on ELMy H-mode confinement. The
plots take into account critical parameters concerning power loss (Ploss) a c r o s s t h e
s e p a r a t r i x normal ized by L-H power thresholds (PLH)> particle density (n) normalized by
Greenwald density (now) and normalized beta (pN) and indicate the domain where the three conditions,
Ploss/Pm > 1. n/nGW < 1-5, PN < 2.5 are satisfied either in ignited condition (Fig. 2 (a)) or in driven
mode with heating power Paux = 100 MW (Fig. 2 (b)). In the case of ignition the available range of
operational parameters around their normal values is commensurate with the possible uncertainties in
extrapolation of confinement time. In driven modes, the feasible region is extended to cover a larger range
of uncertainties.
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Fig. 1 Cross-section of the ITER tokamak
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(a) Ignition (b) Paux = 100 MW
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The design incorporates all of the provisions needed for the reliable operation and control of
ignited/or high Q driven-burn DT plasmas with fusion powers in the 1-1.5 GW range and fusion burn
durations > 1000 s. The nominal plasma parameters are chosen such that with "reference" physics basis
assumptions about attainable energy confinement, attainable plasma density, adequate divertor target heat
load, and projected plasma impurity content, sustained D-T burn with power > 1 GW is possible.
Auxiliary heating and/or current drive powers of up to 100 MW are provided for the initiation of ignited
burn and for the sustainment of high-Q (> 10) driven burn. The in-vessel plasma-facing surfaces and
nuclear shielding modules are designed for steady-state power handling capabilities. The Poloidal Field
coil system is sized and configured such that static and dynamic plasma equilibrium control at plasma
currents of up to 24 MA is possible, and supplies sufficient inductive current drive to enable nominal 21-
MA, 1600-s duration pulses (including a 1000-s fusion burn) to be produced. Somewhat shorter duration
(500-s burn) inductively-sustained pulses at 24 MA are possible. Extension of the controlled burn
duration up to ~ 6000 s in a reduced-current driven-burn mode is also feasible. A true steady-state
plasma operation with current driven by non-inductive methods at 1 GW range of fusion power in a
reverse shear configuration can also be accessible.

The essential engineering features include:

• An integrated structural arrangement in which super conducting magnet coils (20 cased toroidal field
coils, 9 poloidal field coils and a monolithic central solenoid) and vacuum vessel are linked to provide
an overall assembly which simplifies the equilibration of electromagnetic loads in all conditions,
relying largely on the robustness of strong TF coil cases (Fig. 2); and

• Modular in-vessel components (blanket modules on back-plate and divertor cassettes shown in Fig.
3) designed to be readily and safely maintainable by a practical combination of remote handling and
hands-on techniques.

• The tokamak is contained in a cryostat vessel, situated in an underground pit, inside a building of
about 50 m height. Peripheral equipment such as fueling and pumping, heat transfer, auxiliary
heating and remote handling are arranged in galleries around the main pit. The main services required
for ITER such as the electrical power, cooling water, fuel treatment, information flow, assembly and
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maintenance facilities, waste treatment, etc. are distributed in ancillary buildings and other structures
throughout a site about 60 hectares overall.

Vertical Port

Vacuum Vessel

Blanket

Horizontal Port

Divertor
Port

Divertor

FIG. 3. Isometric view of vacuum vessel, blanket and divertor.

In order to ensure ITER would be site-able by any of the Parties, it was recognized that a design
was needed that would be robust to variations in safety approach and criteria. For this purpose, the ITER
safety design guideline was developed with all Home Teams and has been implemented in the ITER
design. This includes radioactive dose and release design guidelines established in accordance with
internationally accepted conservative criteria and the principle of As Low As Reasonably Achievable
(ALARA), and the well-established nuclear design concepts of Defense in Depth and Multiple Lines of
Defense.

A comprehensive safety assessment of the ITER design has been completed which clearly showed
that a high level of safety is integrated into the ITER design. Radioactive effluents and emissions during
normal operation are well within ITER design release limits established in accordance with
internationally accepted criteria and the principles of ALARA. A comprehensive analysis of reference
sequences has been performed using the best safety analysis computer programs available worldwide
with conservative assumptions. Radioactive releases are well within the ITER design release limits
conservatively established.

In addition to these studies, ultimate safety margins have been studied in order to demonstrate the
intrinsic positive safety characteristics of magnetic fusion. The fusion reaction is self-limiting bounded by
the B-limit of the plasma. Under any failure conditions of the vacuum vessel or the in-vessel components,
the fusion reactions are physically impossible. The radioactive inventory is moderate and the ultimate
performance of confinement barriers that needs to be assured in accidents will be about one order of
magnitude reduction for tritium and mobilizable metallic dust for ITER, whereas six to seven orders of
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magnitude reduction is required for iodine and rare gas in fission power reactors. Furthermore,
radioactive decay heat densities are moderate. Therefore, structural melting of the plasma vessel is
physically impossible and fast acting emergency cooling systems are not required.

Due to increasing financial constraints, the Parties are seeking cost reduction at the expense of
assured performance. A Special Work Group of the Parties' representatives developed new technical
requirements for possible changes to the original technical objectives with a view to establishing option(s)
of minimum cost still satisfying the overall program objectives of the ITER EDA Agreement. The
developed technical guidelines are as follows:

Plasma Performance
• Extended burn in inductively driven plasmas at Q>10 for a range of scenarios;
• Aim at demonstrating steady-state through current drive at Q>5; and
• Controlled ignition not precluded.

Engineering Performance and Testing
• Demonstrate availability and integration of essential fusion technologies;
• Test components for a future reactor; and
• Test tritium breeding module concepts.

In order to select major parameters and design features of a reduced cost ITER by the end of 1998,
an intense joint work of Joint Central Team and Home Teams is under progress. The existing EDA
technical output of design choices, generic technologies and large R&D results are generally directly
applied to a reduced cost ITER. Therefore, a reduced cost ITER will be able to be well developed in a
relatively short period and the detail design report will be available by July 2000 when the joint
assessment of the ITER construction and operation by the Parties is planned.

2.3 ITER TECHNOLOGY R&D

The overall philosophy for ITER design has been to use established approaches and to validate
their application to ITER through detailed analysis and by making and testing large/full scale models and
prototypes of the critical systems. Major technical challenges in ITER are as follows:

• Unprecedented size of the super conducting magnet and structures;
• High neutron flux and high heat flux at the first wall/shield blanket;
• Extremely high heat flux in the divertor;
• Remote handling for maintenance/intervention of an activated tokamak structure;
• The first fusion machine with large radioactive inventory; and
• Unique equipment for fusion reactors such as fueling, pumping, heating/current drive system,

diagnostics, etc.

ITER is being supported by extensive technology R&D to validate key aspects of design, including
development and qualification of the applicable technologies and development and verification of
industrial level manufacturing techniques with related quality assurance. Technology R&D for ITER is
now focused on seven large projects each devoted to one of the key aspects of the design.

Two of the Projects are directed towards developing superconducting magnet technology to a level
that will allow the various ITER magnets to be built with confidence. The Central Solenoid (CS) Model
Coil Project and the Toroidal Field (TF) Model Coil Project are intended to drive the development of the
ITER full-scale conductor, including the manufacturing of strand, cable, conduit and termination, and the
conductor R&D in relation to AC losses, stability and joint performance. These Model Coil projects also
integrate the supporting R&D programs on coil manufacturing technologies, including electrical
insulation, winding processes (wind, react, and transfer) and quality assurance. In each case the Home
Teams concerned are collaborating to produce relevant scale model coils and associated mechanical
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structures. The total planned production of 29 t of M^Sn stand, from seven different suppliers
throughout the four Parties, has been produced and qualified.

The CS model coil will be the world's largest, pulsed superconducting magnet at a field of 13 T
(2T/s), a mass of 100 t and stored energy of 640 MJ. The cabling and jacketing technology and winding
techniques have been established and these activities have been completed. The heat treatment to react the
superconducting alloy without degrading the mechanical properties of the Incoloy jacket, has been
successfully achieved. The outer module of the CS model coil has been completed in Japan and the inner
module has been completed in the U.S.

For the TF model coil (mass of 35 t, stored energy of 61 MJ), forging and machining of the radial
plates are complete. Cabling and jacketing work is also complete. Winding, reaction treatment and
transfer of the reacted conductor on the radial plates have been also successfully demonstrated. All this
work was performed in the EU.

Dedicated coil test facilities, for the CS Model Coil in Japan and for the TF Model Coil in the EU,
have been completed and stand ready to install the model coils for test programs aimed at gaining broad
experience in their operational flexibility and to understand their performance margins. A 1 km jacketing
has been completed in the RF which confirmed the fabrication feasibility of the full size both in the length
and the cross section.

Three Projects focus on key in-vessel components, including development and demonstration of
necessary fabrication technologies and initial testing for performance and assembly/integration into the
Tokamak system.

In the Vacuum Vessel Sector Project, the main objective is to produce a full scale sector of the
ITER vacuum vessel, to establish the tolerances, and to undertake initial testing of mechanical and
hydraulic performance. The key technologies have been established and, in relation to manufacturing
techniques, two full-scale vacuum vessel segments (half sectors) have been completed in industry, using a
range of welding techniques, within the required tolerances. They were welded to each other at the Japan
Atomic Energy Research Institute (JAERI) to simulate the field joint at the ITER site.

The Blanket Module Project is aimed at producing and testing full scale modules of primary wall
elements, and full scale, partial prototypes of coolant manifolds and backplate, and at demonstrating
prototype integration in a model sector. The key technology has successfully developed, tested and
qualified a range of crucial material interfaces such as Be/Cu and Cu/Stainless Steel, bonded using
advanced techniques in the four Parties. A full scale model, without the attached components, has been
completed in Japan. The shield-modules are attached to the backplate by mechanical means based on
flexible connections to the backplate and interlocking, insulated keys between adjacent modules. These
components were also developed. Full-scale modules with attached components are under fabrication in
the EU and will be tested to confirm that they meet the anticipated loads, the electrical insulating and the
remote handling requirements together with the necessary accuracy of positioning. Also, experiments at
the Fusion Neutronics Source Facility at JAERI has confirmed the shielding performance of bulk ITER
shielding blankets and the effect of steaming between blanket modules.

The Divertor Cassette Project aims to demonstrate that a divertor can be built with tolerances and
to withstand the very high thermal and mechanical loads imposed on it during normal operation and
during transients. To this end, a full-scale prototype of a half-cassette is being built by the four Parties
and subjected to high heat flux and mechanical tests in the US. The key technologies of the high heat flux
components of the divertor have been successfully demonstrated in the four Parties, using W-alloy and
CFC as plasma facing materials bonded to copper cooled by high velocity water using both
hypervaportron and swirl-tube technologies. Components have been successfully tested to high heat
fluxes up to 25 MW/m2 for 1000 cycles.
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The last two of the Large Projects focus on ensuring the availability of appropriate remote
handling technologies which allow intervention in contaminated and activated conditions in reasonable
time scales. The Blanket Module Remote Handling Project is aimed at demonstrating that the ITER
Blanket modules can be replaced remotely. This involves proof of principle and related tests of remote
handling transport scenarios including opening and closing of the vacuum vessel and of the use of a
transport vehicle on monorail inside the vacuum vessel for the installation and removal of blanket
modules. The procedures have already been successfully demonstrated at about one fourth scale so as to
reduce the risk/cost for the development of full-scale equipment. Work is now in progress on a full scale
demonstration. The fabrication of the full scale equipment/tools, such as rail-mounted
vehicle/manipulator system, and cooling pipe welding/cutting/inspection tools has been completed in
Japan.

In the Divertor Remote Handling Development, the main objective is to demonstrate that the ITER
divertor cassettes can be removed remotely from the vacuum vessel and remotely refurbished in a Hot
Cell. This involves the design and manufacture of full scale prototype remote handling equipment and
tools, and their testing in a Divertor Test Platform (to simulate a portion of the divertor area of the
Tokamak) and a Divertor Refurbishment Platform to simulate the refurbishment facility. Construction of
the necessary equipment and facilities has been completed mainly in EU and integrated tests started.

While not an ITER R&D project, a noteworthy achievement in remote handling technology was the
demonstration in JET of a fully remote exchange of the divertor. The complete Mark IIA divertor (144
modules) was replaced with the Gas Box Divertor (192 modules).

Heating and current drive technology is critical to ITER's mission and performance goals. Four
types of systems are being developed: neutral beams, electron cyclotron, ion cyclotron, and lower hybrid.
The overall goal for the neutral beam system is to deliver CW beams at 1 MeV (based on negative-ion
sources) with about 17 MW injected per port. Negative-ion based systems have been used on JT-60U at
currents of 14 A (D) and voltages of 300 kV. Operation of negative-ion sources for long periods (1000 s)
at current densities of 200 A/m2 have been achieved in Europe. Also, ceramic insulators with voltage
holding capability of 1 MV are being developed at CEA Cadarache. The RF is developing a plasma
neutralizer with a goal of yields of about 80% neutrals.

The electron cyclotron system relies heavily on the development of gyrotron and window
technology. This has been the primary focus of the ITER EDA R&D program in Japan, EU, RF and
U.S. The main goal is the demonstration of a 170 GHz, CW, ~ 50% efficient 1 MW gyrotron, together
with dielectric windows for use on the torus and tube. Within the final four years of the EDA, the best
gyrotron power performance at 170 GHz is 1 MW output at up to 2 s and 1.75 MJ in 10 s operation.
Demonstration of a high efficiency ( -50%) depressed collector operation at 100, 140 and 170 GHz was
also obtained.

One of the major successes of the development program has been the demonstration of a water
cooled, single disk, diamond window. The technology to manufacture large diameter diamond disks has
been rapidly developed, and the material quality has been improved to the point that 2 MW CW windows
are now theoretically feasible. The technique to bond the disks to metal tubes has been developed,
prototype bonded disks have been subjected to the tube bakeout cycle, establishing the feasibility for their
use on gyrotrons, high power tests of the material at 170 GHz have been made, and a complete window
assembly has been fabricated and operated on a tube.

For ion cyclotron systems, one of the important parameters affecting the reliability of operation is
the maximum operating voltage, which is dependent on plasma coupling. Present estimates show that,
due to the low plasma coupling in ITER, the maximum system voltage exceeds 50 kV. Therefore,
specific antenna optimization studies for high voltage operation have been carried out in the R&D
program and validation tests have been performed in vacuum on a full scale prototype in the U.S. The
prototype tests have demonstrated that RF voltages over 60 kV can be maintained for time intervals
limited by overheating only.
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One of the important R&D areas related to safety in ITER is beryllium interactions with steam and
air. A substantial data base has been developed experiments in the U.S., Russia and Kazakhstan. This
data also includes determination of the characteristics of irradiated Be.

In other ITER R&D work, a test facility has been built in the EU for an ITER model cryopump
and tests have been done on cryosorption panels. A tritium fuel processing system using electrolytic
reactors and palladium diffusers has been developed. One also notes the development at JET of the
Active Gas Handling System which demonstrated the operation of a closed-loop tritium reprocessing
system.

3.0 PROGRESS TOWARDS STEADY-STATE

One of the major quests in fusion energy research is to develop the ability to operate in a steady-
state mode. This has important implications for plasma science and technology. This section
summarizes the technology progress reported at this Conference and follows naturally from the previous
section describing ITER technology R&D, which also plays a key role in essential steady-state
technologies such as superconducting magnets, high-heat-flux components, plasma heating and fueling,
and the tritium fuel cycle.

A number of plasma devices reported at this Conference are providing important advances in
steady-state technologies in their experimental operations and/or R&D to support design and construction
activities. For example, high power radiofrequency (RF) systems have been developed for long-pulse
operation on Tore Supra. A two-minute discharge was obtained where 80% of the plasma current (800
kA) was sustained with RF waves. RF power densities of 3 10 MW/m2 have been achieved for ion
cyclotron heating (40-80 MHz) while 25 MW/m2 has been achieved for lower hybrid heating (3.7 GHz)
for tens of seconds. A new guard limiter has achieved steady-state heat fluxes of 10 MW/m2; it is made
of carbon fiber composite tiles brazed on to Cu-Cr-Zr plates.

The Large Helical Device (LHD) construction was completed and operation began in 1998. A key
feature of this long-pulse device is the use of superconducting coils. The helical coil system is composed
of two interlinked, continuous coils (each weigh 120 tons) which will produce a peak field of 9.2 T with a
stored energy of 1.6 GJ. The conductor is NbTi (chosen for its mechanical flexibility) in a pool-boiling
configuration. Super-fluid He cooling will be used in a later phase to achieve 9.2 T at the coils. The
poloidal coils use a NbTi, forced-flow, cable-in-conduit configuration to reduce AC losses.

The LHD project also has steady-state heating technology for ICH, ECH and neutral beams. The
ICH system has demonstrated stand off voltages of 40 kV for 30 minutes. An ECH system (84 GHz) has
produced 100 KW, also for 30 minutes. Also, a negative-ion neutral beam system at 180 keV with a 10
sec capability is being developed.

The Korea Superconducting Tokamak Advanced Research (KSTAR) Project is under construction
and is a steady-state-capable advanced superconducting tokamak. Major parameters of the tokamak are:
major radius 1.8 m, minor radius 0.5 m, toroidal field 3.5 Tesla, and plasma current 2 MA with a
strongly shaped plasma cross-section and double-null divertor. The initial pulse length provided by the
poloidal magnet system is 20 s, but the pulse length can be increased to 300 s through non-inductive
current drive. The plasma heating and current drive system consists of neutral-beam, ion-cyclotron
waves, lower hybrid waves, and electron-cyclotron waves for flexible profile control in advanced
tokamak operating modes. The project has completed its conceptual design and has moved to the
engineering design and construction phase. The target date of the first plasma is 2002.

A toroidal array of 16 toroidal field TF coils produces the 3.5-T toroidal field at the nominal
plasma center. The TF and PF conductors are internally-cooled, cable-in-conduit superconductors. The
conductor for the TF and five of the PF coils is Nb3Sn, whereas NbTi is the conductor for two PF coils.
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The Nb3Sn strand selected for the TF and PF coils is "HP-III" strand based on ITER superconducting
strand specification. The eight inner PF coils form the central solenoid (CS) assembly. The magnet
system and the rest of the tokamak systems are housed in a common cylindrical cryostat, which is
evacuated prior to cooling down the superconducting coils. In order to verify characterizations of the
KSTAR CS coil, two CS model coils have been fabricated and successfully tested.

The heating system on the KSTAR consists of neutral beam injection (NBI) and radiofrequency
(RF) systems. The flexibility to provide a range of control functions including current drive and profile
control derives from the use of multiple heating technologies: tangential NBI (energy of <120 keV, 8
MW), ion-cyclotron waves (frequency range of 20-60 MHz, 6 MW), and lower-hybrid waves (frequency
of 3.7 GHz, 1.5 MW). The system can be upgraded to 21.5 MW with the addition of a 6 MW NBI or, if
necessary, up to 27.5 MW by adding additional NBI or RF units and rearranging other ancillary
hardware.

The objective of the JT-60 Super Upgrade design and related R&D is to establish an integrated
physics and technology basis for a steady-state tokamak fusion reactor and for a reduced size of ITER.
The toroidal field of 6.25 T at 4.8 MA is supplied by 18 superconducting toroidal field magnets, and the
plasma current up to 10 MA with a current flat top of 200 s is generated inductively by 10
superconducting poloidal coil systems. Although a DD operation is mainly assumed in JT-60SU, the
machine has been designed to be able to perform DT operation at a certain level by adding extra radiation
shielding.

A Nb3Al conductor is adopted in JT-60SU. Nb3Al, as a high field superconducting wire, has a
much better critical current against density strain on the conductor than Nb3Sn. It has been demonstrated
that 11 km Nb3Al strand with Jc = 650 A/mm2 can be made. Almost all important engineering techniques
for manufacturing Nb3Al strand for JT-60SU has been established.

A design study in the U.S. has considered a reduced size superconducting tokamak with the goals
of studying burn physics either in an inductively driven standard tokamak (ST) mode of operation, or in a
quasi-steady state advanced tokamak (AT) mode sustained by non-inductive means. This is achieved by
reducing the radiation shield thickness protecting the superconducting magnet and limiting the burn mode
of operation to pulse lengths as allowed by the TF coil warming up to the current sharing temperature.
"Marrying" the AT and ST modes of operation would allow optimized high gain burn physics studies in
an Advanced Tokmak Burning Plasma Experiment (ATBX), sustained by RF and NBI current drive
techniques. The proposed device has a major radius of 5.60 m, magnetic fields above 6.0 T, and currents
in the range of 12-15 MA with pulse lengths up to 300 sec. Such a device would achieve Q > 10 with

conventional ITER confinement scaling (ST mode) as well as with advanced tokamak (AT) physics rules
in the driven mode. An ATBX class device should have significantly lower costs than ITER, perhaps by
as much as 50%.

4.0 FUSION ENERGY AND NEUTRON SOURCES

The worldwide fusion energy research community is preparing to enter a new era—the
production of substantial amounts of fusion energy and neutrons. Several types of devices, including
ITER as described in Section 2.0, were described at this Conference and are summarized in this section.

Further work on the Ignitor device was reported. The purpose of the Ignitor experiment
(R=1.32m, a=0.47m, K=1.8, 7p=12MA, (3 =1.3%) is to produce deuterium-tritium plasma regimes where
ignition can take place. At ignition, all thermal energy losses from the plasma are compensated by the cc-
particle heating produced by D-T reactions. The reference design parameters of the machine could allow
it to reach ignition by ohmic heating alone, but in order to expand the range of experiments that can be
performed and to gain more control over the radial profiles of the current density and plasma
temperature, an ICRH system has been included. In the present design, this system can deliver a similar
power (around 20 MW) as the cc-particle heating under projected ignition conditions.
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The first wall in Ignitor covers the entire surface of the vacuum vessel, with the exception of the
ports; it basically functions as a fully extended limiter that offers the maximum possible area for
spreading the plasma heat load. Different materials have been considered. In the end, molybdenum has
been chosen due to several advantages: high radiative cooling, good plasma density control, and low
temperature for vacuum conditioning. Plasma facing components are designed for heat peak loads in
excess of 1.35 MW/m2, considering a radiated power fraction of 70% of the total power. In the operating
scenarios conceived for Ignitor, the plasma column rests either on the entire first wall or on the inboard
side of it. This "limiter" solution relies on the unique characteristics of high density plasmas, involving a
high radiative power in the edge region ("radiating mantle") with a resulting uniformity in power load and
a reduction of impurity production.

An important need for fusion energy development is the qualification of materials in an
appropriate test environment. In an evaluation process based on a series of technical workshops, it was
concluded that an accelerator driven D-Li stripping source would be the best choice to fulfill the
requirements within a realistic time frame. In response to this need, an international design team with
members from Europe, Japan, USA and Russia has developed under the auspices of the IEA during a
Conceptual Design Activity Phase (1994-1996), a concept for an accelerator driven D-Li stripping
source. This IFMIF reference design is based on conservative linac technology and two parallel
operating 125-mA, 40MeV deuteron beams that are focused onto a common liquid lithium target with a
beam footprint of 50 mm by 200 mm. The materials testing volume downstream of the Li-target is
subdivided into different flux regions: the high flux test region (0.5 liter, 20-55 dpa/full power year), the
medium flux test region (6 liter, 1-20 dpa/fpy), and low flux test regions (>100 liter, <1 dpa/fpy). The
developed design includes extensive reliability, availability, maintainability as well as safety studies and
is conceived for long-term operation with a total annual facility availability of at least 70%.

Concepts were also presented at the Conference for plasma-based neutron sources. One of these
is the Gas Dynamic Trap (GDT) from the RF. The GDT is a mirror machine with a high mirror ratio
(>10) where fast atoms of tritium are injected into a deuterium plasma at the turning points at the mirror
configuration where most of the energetic ions are located. Studies indicate that neutron fluxes of 3 to 5
MW/m2 are possible (depends on achievable ion energies) with relatively low annual tritium consumption
rates (several hundred grams/year).

Another plasma-based neutron source concept that is receiving increased attention is the
spherical tokamak (ST). Papers from the UK, US and China explored a range of applications, including
DT experiments, volume neutron sources including transmutation of radiative wastes, and power reactors
(see Section 6.0). As a neutron source, the ST is envisioned to have a major radius of 0.8 to 1.4m, a
plasma current of 10 to 20 MA, fusion power levels of 100 to 200 MW, and neutron wall loadings of 1.0
to 2.5 MW/m2. A technological issue is the center post (in ST's there is little room for any neutron
shielding) and design concepts employing both single-turn, dispersion-strengthened copper and flowing
liquid metal (Li and LiPb) are suggested.

5.0 NUCLEAR TECHNOLOGY AND MATERIALS

Design and development work on ceramic breeder DEMO blankets is underway in Japan. The
primary concept is a water-cooled concept (15 MPa water pressure with an outlet temperature of 320_C)
utilizing small pebbles of Li2O and Be as a neutron multiplier in a layer configuration. The structural
material is a reduced-activation ferritic steel alloy (F82H). The alternative concept uses helium gas as a
coolant (8.5 MPa, 480_C). The R&D program includes development of fabrication technology (e.g., hot
osostatic pressing for bonding), in-pile tests of the tritium release of lithium ceramics, chemical
compatibility tests between Be, Li2O and F82H, and thermomechanical tests of first wall panels.

It has long been recognized that attainment of the safety and environmental potential of fusion
energy requires the successful development of low-activation materials for the first wall blanket and other
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high heat flux structural components. Only a limited number of materials potentially possess the
physical, mechanical and low-activation characteristics required for this application. This Conference
included mainly results from Japan and the U.S. where the current structural materials research effort is
focused on three candidate materials: advanced ferritic steels, vanadium alloys, and silicon carbide
composites. Recent progress has been made in understanding the response of these materials to neutron
irradiation.

Advanced ferritic steels have high thermal stress resistance due to low thermal expansion
coefficients and higher thermal conductivities than austenitic steels. They exhibit good corrosion
resistance in water and liquid metals, and oxidation resistance at ~550_C. Processing and fabrication
techniques are at a mature state for these materials because of extensive industrial experience, and
because of substantial research conducted to develop these steels for use as cladding and duct materials in
liquid metal reactors. Finally, these steels have demonstrated excellent swelling resistance under fission
reactor irradiation conditions.

The advanced ferritic steels being considered for fusion are a modified composition of
conventional Fe - 9-12% Cr steels. In the low-activation steel Mo is replaced by W or V and Nb by Ta.
The major technological challenges facing successful application of these steels include: potential
interaction of a ferromagnetic material with the high magnetic field of a fusion plant; the effect of
irradiation on fracture behavior; the effect of transmutation generated He on mechanical properties; and
relatively low high-temperature creep strength. The U.S. and Japanese effort on advanced ferritic steels
is part of an International Energy Agency cooperative program.

Experiments, measurements and calculations of the magnetic field in the Hitachi tokamak HT-2
showed that ferritic steel can be used as structural material in fusion devices, in spite of its
ferromagnetism. The HT-2 has a stainless steel SS3O4 vacuum vessel and F82H plates were added just
Eke a first wall, to simulate a ferritic vacuum vessel. The vacuum quality was not degraded. The
magnetic field due to the F82H magnetization was small enough that it did not cause a problem for
plasma discharges.

Vanadium alloys containing 4-5% Cr and Ti exhibit physical, thermal, and mechanical properties
that are favorable for fusion applications. These alloys are particularly attractive in combination with
lithium-cooled blanket designs. Favorable characteristics include low long-term radioactivity, high heat
load capacity and resistance to void swelling. The unirradiated tensile properties and limited thermal
creep data suggest an upper temperature limit between 650_C and 750_C. The industrial experience and
manufacturing capacity of vanadium alloys is very limited in comparison with advanced ferritic steels;
however, scale-up from laboratory heats to commercial production of 500 to 1200 kg ingots has been
successfully accomplished.

A major focus of the U.S. research and development effort for vanadium alloys is to explore the
effects of irradiation on constitutive behavior and fracture properties at low temperatures. A series of
experiments has recently been completed at temperatures ranging from ~100_C to ~500_C and doses
between 0.1 and 18 dpa. Preliminary results indicate significant changes in mechanical properties at
temperatures below about 400_C. At high temperatures (3650_C) the primary concern is the effect of
neutron damage and helium transmutation on creep rupture properties. As with advanced ferritic steels,
the combined effects of neutron damage and helium generation can cause loss of tensile and creep
ductility by growth and coalescence of helium bubbles at grain boundaries. Considerable experience has
been obtained on V-4Cr-4Ti irradiated in the range of 420_C to 600_C to neutron doses of 24 to 32 dpa,
and with helium generation rates in the range of 0.4 to 4.2 appm/dpa. In this environment, the material
shows promising resistance to radiation-induced embrittlement and swelling.

Development of V-Ti-Cr alloys containing Si, Al and Y are underway in Japan. The loss of
elongation, which may restrict the lower temperature limit of the design window for vanadium alloys, has
a correlation with the concentration of interstitial impurities, especially oxygen. Therefore, purification
of the alloy is one of the ways to retain uniform elongation. Since the addition of Al and Y made the
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oxygen concentration in solution low, modification by the addition of Si, Al and Y may be a promising
way for the development of vanadium alloys.

Silicon carbide (SiC) composites are attractive for structural applications in fusion energy
systems because of their low-activation and afterheat characteristics, excellent high-temperature
properties, corrosion resistance and reasonable dimensional stability. High-strength, continuous fibers
with near stoichiometric SiC composition reinforce the composite and impart improved fracture
toughness compared to monolithic SiC. Utilization of these new materials for fusion applications will
require optimization of their radiation stability, thermal conductivity, gas permeability, chemical
compatibility with fusion relevant environments, and joining methodology. Very little is known about the
radiation performance of these materials, thus the primary issue is the development of a radiation tolerant
SiC fiber and the integration of that fiber into an acceptable composite architecture.

Irradiation experiments on standard, commercially available SiC composites have demonstrated
that a significant reduction in strength occurs at radiation doses as low as one dpa. The thermal
conductivity of SiC or SiC composites is also significantly reduced by irradiation-induced point defect
generation. For exposures to about 26 dpa, the thermal conductivity of the standard composite was
reduced by 60% from 7 to 3 W/m-K at 800_C. Recent advances in fiber and composite manufacturing
techniques have demonstrated the capability to produce material with much improved thermal
conductivity of 35 W/m-K at 1000_C. Newly developed, advanced SiC fibers, as well as composites
made from these fibers, are being produced and evaluated for fusion applications.

A joint U.S.-Japan program (Jupiter) is studying the dynamic behavior of fusion reactor
materials and their response to variable and complex irradiation conditions. The materials under study
include reduced-activation structural materials (ferritic steels, vanadium alloys and SiC composites),
other refractory and copper alloys for high-heat-flux applications, and ceramics for insulator needs. The
most important variable is the irradiation temperature history. The results also show that radiation-
induced electric degradation is not a problem in ceramics up to 3 dpa.

6.0 ADVANCED DESIGN CONCEPTS

The papers reported at the Conference on Advanced Design Concepts emphasized the two
principal toroidal confinement concepts: tokamak and stellarator/helical reactor configurations.
Tokamak reactor concepts included a broad range of low and high aspect designs as well as several
design innovations.

A Russian paper developed the parametric dependence of major radius, plasma current and
fusion power on aspect ratio, magnetic field, elongation, wall loading, plasma beta and safety factor.
High aspect ratio was preferred because of reduced plasma current, higher bootstrap fraction and better
use of the maximum magnetic field at the coil. A Japanese paper explored a design with A=8, a major
radius of 12m, a bootstrap fraction of 40% and a fusion power of 3 GW.

An example of an intermediate aspect ratio (3.4) is the Japanese Compact Reversed Shear
Tokamak design. This design is similar to ITER with advanced tokamak modes. The device has
R=5.4m, K=2.0, Ip=12 MA and Bmax = 12.5 T. The reactor produces ~3 GW of plasma power with a
wall loading of 4.5 MW/m2 and operates at a thermal efficiency of 41% using a super-heated steam
cycle.

At the other end of the aspect ratio spectrum is the spherical tokamak (ST). The ST as a power
reactor has been explored by Europe (led by Culham) and U.S. studies (ARIES Team) with similar
parameters. As an example, the 1000-MWe ARIES-ST power plant has an aspect ratio of 1.6, a major
radius of 3.2m, a plasma elongation (at 95% flux surface) of 3.4 and triangularity of 0.64. This
configuration attains a p of 54% (which is 90% of the maximum theoretical (3). While the plasma
current is 31 MA, the almost perfect alignment of bootstrap and equilibrium current density profile
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results in a current-drive power of only 31 MW. The on-axis toroidal field is 2.1 T and the peak field at
the TF coil is 7.6 T, which leads to 288 MW of Joule losses in the TF system.

The design of the center-post is probably the most challenging engineering aspect of a spherical
tokamak fusion system. Single-turn TF coils are preferred in order to reduce Joule heating through
higher packing fraction and reduced shielding requirement (no insulation) even though such a TF system
will require high-current, low-voltage supplies with massive busbars. The ARIES-ST TF is a single
turn configuration. The TF return legs form a continuous shell with a constant area cross section; i.e.,
the shell thickness increases proportional to major radius away from the center-post. This shell
configuration also allows the TF system to act as the primary vacuum boundary and the need for an
additional vacuum vessel is eliminated. The maintenance scheme envisioned for ARIES-ST centers
around removal of the fusion core and the center-post as a complete unit from the bottom. Therefore,
demountable joints are provided on the outboard at below the mid-plane.

Center-post is cooled with cold water with an inlet and outlet coolant temperatures of 30°C and
75°C, respectively. The maximum conductor temperature is 125°C. The coolant removes the center-
post Joule losses (230 MW) and the nuclear heating (160 MW). A 20-cm thick first-wall and shield is
included in the inboard. This shield reduces the Joule losses in the center-post because of the reduced
nuclear heating and the associated cooling requirement.

The reference ARIES-ST blanket design uses ferritic steels as structural material with helium as
coolant and LiPb as both a coolant and a tritium breeder. SiC composite inserts are used in order to
achieve a high-coolant outlet temperature and a reasonable power conversion efficiency. The 12-MPa
helium coolant exits the blanket at 500°C (set by the maximum operating temperature of ferritic steel)
but is superheated by the LiPb coolant which has an exit temperature of 700°C. Through this technique,
a 45% thermal cycle efficiency has been obtained.

Several papers at the Conference described innovative design concepts for tokamak reactors.
Examples include the following:

• The use of high temperature superconductors in plasma stability control coils (Japan). This results in
improved plasma stability control loading to higher elongation and smaller reactors.

• Use of force balanced coils (FBC's) to balance the net centering force and net radial hoop force due
to poloidal and toroidal currents (Japan). The FBC's can function as both toroidal and primary coils
for ohmic heating, thus simplifying the design of pulsed tokamaks.

• A pebble drop divertor (Japan). A large number of small refractory pebbles are used as divertor
surface. These divertor pebbles are dropped in the divertor space to form a curtain at the outer edge
of the plasma. A marked feature of the pebble drop divertor system is the use of multi-layer pebbles.
The multi-layer pebbles consist of at least three layers to satisfy the requirements for plasma facing
materials. A kernel is made from graphite or low-Z refractory ceramic like SiC, BeO, or A12O3.

• A liquid lithium divertor (Russia). A lithium capillary-pure system (being tested in the T-ll
tokamak) has been proposed which is capable of steady-state heat loads of up to 100 MW/m2.

The use of the tokamak reactors as breeders of fissile fuel and burning of high-level, long-lived
radioactive wastes (China and Japan) were also discussed as well as the life cycle omission of CO2 from
tokamak reactors in comparison with other energy systems (Japan).

The stellarator as a reactor concept has been explored as an extension of a LHD-type device
(compact helical devices in Japan) and the Wendelstein 7-X device (high aspect Helias device in
Germany). Owing to inherently current-less plasmas, such reactors have attractive advantages, such as
steady operation and no dangerous current disruptions.
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The LHD concept is characterized by two advantages: a simplified superconducting continuous-
coil system; and an efficient closed helical divertor. Focusing on these advantages, two reactor
candidates have been proposed: a Force-Free Helical Reactor (FFHR) with a continuous-coil system;
and a Modular Heliotron Reactor (MHR) with an efficient closed divertor. Two possible approaches are
investigated: increasing the toroidal field in FFHR and increasing the plasma minor radius in MHR.
Both are characterized by a major radius of 10m with aspect ratios of 8.3 and 5.9, respectively. In both
cases, the helical coil-to-plasma distance, 8L, for the blanket and shielding is a common constraint.
Therefore, it is necessary to introduce innovative concepts of blanket systems and coil configurations in
both cases.

The dimensions of a Helias reactor are: major radius 22m, average plasma radius 1.8m,
magnetic field on axis 4.75 T, fusion power about 3000 MW. Neoclassical transport sets a lower limit
on plasma confinement. Extrapolating empirical scaling laws to a Helias reactor shows that anomalous
confinement determines the ignition conditions. The coil system of the Helias reactor is roughly four
times as large as the Wendelstein 7-X device and produces about the same field configuration. The
maximum field strength of 10 T at the coils is small enough to use NbTi superconductors at 1.8 K. The
'cable-in-conduit' conductor is designed for a nominal current of 37.5 kA and has an aluminum alloy
jacket.

The combination of helical windings, planar toroidal field coils and vertical field coils, installed
in most of the stellarator devices is of advantage for experiments since it provides a large amount of
flexibility. However, helical windings have only a limited potential regarding field optimization with
respect to plasma confinement and stability and pose technical difficulties due to the interlinked TF coils.
The concept of modular coils as used in the Helias Reactor overcomes these difficulties by needing only
one coil system.
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Abstract
The fast potential change at H-mode transition was measured for the first time by a 500 keV

heavy ion beam probe installed on the JFT-2M tokamak. It is found that in an ordinary sawtooth-
triggered L/H-transition, the fast positive potential change is observed near the separatrix in
coincidence with the fast D a rise and the fast density change. The potential goes down at the fall of
DQ. The structure of the radial electric field about 30 msec after L/H transition agrees with the
previous results determined by the poloidal, toroidal rotation speed and the pressure gradient.

1. INTRODUCTION

H-mode transition has been so effective in improving the confinement of hot plasmas.
Therefore, it has been the targets of intensive experimental and theoretical research in plasma physics.
Up to now, it has been claimed experimentally and theoretically that the radial electric field plays key
roles for causing the transition. So far the highly time-resolved and direct measurement of the
potential or electric field has not been performed, and it was difficult to establish the causality between
the potential change and H-mode transition.

The heavy ion beam probe (HIBP) is particularly suited for fast and the local measurement of
the plasma potential. The local plasma potential can be obtained by the measurement of the change of
the secondary beam energy generated at the sample volume. The intensity of the secondary beam is
the indicator of the local density although the attenuation along the trajectory must be taken into
account. In order to study the physics of H-mode transition, we installed a 500 keV heavy ion beam
probe on the JFT-2M tokamak under collaboration program between NIFS and JAERI.

At H-mode transition we observed clear and unambiguous change of potential and density
near the separatrix. The radial profiles

quadrupole lenses(Ql,Q2)
„ . , . , deflector (CD 1)

sweepers(honzontal, vertical)

of plasma potential at stationary L and
H-mode is in general agreement with
the results obtained with the
spectroscopic measurements. In
addition, we obtained new results
because of local and direct
potential/density measurement with
high time resolution.

2. APPARATUS

Figure 1 is the schematic view of
the HIBP system on JFT-2M. It injects
singly ionized thallium ions (primary
beam) and detects the doubly charged
ions (secondary beam) that are ionized
in a plasma. They are accelerated up to
500kV with the low ripple of 2V or less
by the electrostatic accelerator which
was previously used in the JIPPT-IIU
HIBP. The accelerator is set on the iron
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FIG. 1. Schematic View of the HIBP system on JFT-2M
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core in order not to interfere with various kind of heating and diagnostics apparatuses. There are two
electrostatic cylindrical deflectors and two pairs of double electrostatic quadrupole lens (doublet) to
transport beam to the vertical entrance port as shown in Fig.l. The main task of the first doublet is to
compensate the strong focusing power of cylindrical deflectors. The second doublet may be able to
change the shape of the sample volume freely. The diameter of the beam is adjusted to about 5 mm at
the observation point in a plasma.

The energy of the secondary beam is measured by a parallel plate electrostatic energy
analyzerfl]. In the energy analyzer we installed as we did at JIPPT-IIU HIBP, seven sets of slits,
which is just in front of the energy analyzer, and seven sets of upper and lower detector plates at the
focusing point of the analyzer[2]. The potential is measured by the ratio of the upper and lower
detector currents. The density is related to the intensity of the secondary beam (the sum of upper and
lower detector currents). We can measure simultaneously at seven points, which extend over a few
cm across the magnetic surface. The error due to the toroidal deflection of the beam by the plasma
current can be suppressed with two toroidal sweepers (TS1 and TS2 shown in Fig.l).

The radial sweep frequency with the sweeper (PS1 shown in Fig.l) is up to 2kHz, so the time
resolution of an entire potential profile measurement is up to 250^sec. We fix the sweep voltage to
observe fast phenomena. Then the time resolution is a few usec, which depends on beam intensity.
The frequency response of the detector extends to about 100kHz at 3dB down and the sampling time
of the analog-digital-converter is 5(xsec in the present condition.

3. EXPERIMENTAL RESULTS

Figure 2 (b)-(c) show the time history of an H-mode that is triggered by a sawtooth. The H-
mode without ELM is a typical JFT-2M H-mode and is the target of the present study. Figure 2 (a)
shows radial potential profiles near the plasma boundary in various time points (see arrows on the D a

trace) by sweeping the primary beam poloidally at the entrance of the tokamak. In the L-mode phase,
the potential profile drops smoothly from 200V to -150V from the separatrix. During the decay phase
of D a intensity by the L/H transition, the potential only where the position close to the separatrix
shows the drop. After about 2 msec from the transition, the potential structure is almost fixed as
shown by closed triangles in Fig.2(a). General characteristics (deepening of the potential and the large
gradient of the potential near the separatrix at H-mode) and the amount of decrease of the plasma
potential at far inside is about -300 V, are in agreement with the previous observation determined by
the poloidal, toroidal rotation speed and the pressure gradient[3].

#88471 #88471

700 740 780
Time [ms]

FIG.2. (a) The potential profiles near the plasma boundary. Time History of H-mode, (b)Line
integrated density andDa intensity, (c)Soft X-ray intensity of around q~l and edge sight
lines. Arrows in (b) on the Da trace show the time of the potential profile shown in (a). The
separatrix position is estimated to be around R~1.5 6m.
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Figure 3 shows time behaviors of a local plasma potential, the secondary beam intensity and the
D a intensity when the sample volumes are placed outside the separatrix about (a)-1.2cm, and inside
the separatrix (b)0.5 cm and (c)2.4 cm (see also in Fig.2 shown by arrows). After a few sawtooth
crashes during neutral beam injection (NBI) heating, the sawtooth crash induces the H-mode
transition. A sharp potential rise as well as the rise of D Q intensity are observed in most cases at the
time between the sawtooth heat pulse propagation and the formation of the transport barrier. Then the
fall of both D a and that of the local potentials occur simultaneously although the potential drop is
faster. The intensity of the secondary beam shows the increase at the onset of a small rise of D a and
potential in the case of (b). In the case of (a) and (c), it shows the decrease of the intensity. In case
(c), the sample volume is rather far inside the separatrix that the local density at this position does not
change at this time scale. Accordingly we only observe the decay of the intensity through the increase
of the attenuation on the trajectory from the plasma boundary to the sample volume. It is caused by
the increase of plasma density/temperature due to the formation of transport barrier or the effect of the
sawtooth heat pulse propagation, although the effect of the previous crash (~735msec) is much smaller
than that shown in Fig.3(c). Case (b) shows the increase of the intensity due to the increase of the
density/temperature at the sample volume due to the formation of the transport barrier. The decrease
of the intensity observed in case (a) can be interpreted by the decay of density/temperature at the
sample volume outside the transport barrier.
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FIG.3. Fast time behaviors at the H-mode transition. The plasma potential (A&), the
secondary beam intensity(Total Sum) and Da intensity. The sample volume is placed about
(a) 1.2 cm outside the separatrix and (b)0.5 cm and (c)2.4 cm inside the separatrix. These
positions are also shown in Fig.2 (a).

4. DISCUSSION

In the previous section, it is shown that L/H transition occurs within a few hundreds
microsecond after a sawtooth heat pulse reaching the plasma edge. The potential changes positively at
first and decrease gradually to about -300V at a few centimeter inside the separatrix. It takes about
200 microsecond to reach the saturated value of -300V. However, the fluctuation observed in the
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secondary beam intensity decreases more earlier
than the drop of the saturated potential. Therefore,
we think that the formation of the transport barrier
may not be directly connected to the large negative
potential change. Figure 4 shows a very interesting
behavior of the potential and the fluctuation. In
this case, the sample volume is very close to the
separatrix, but about 0.5cm inside to the plasma
core compared with that shown in Fig.3(a) (shot is
the same). The interesting point is the time of
749.8msec that the change of the very rapid drop of
the potential is observed together with the drop of
the fluctuation in the secondary beam intensity and
the magnetic probe data of dE^/dt. The power of
the fluctuation integrated from 10 to 50kHz drops
about one order. It is difficult to discuss the
causality between them, they seem to occur
simultaneously. Since the number of the
observation with fixing the sample volume to this
position is very limited, we need further study to
find the relation between the rapid drop of the
potential and the fluctuation. It is left for the future
work.

5. SUMMARY

The fast potential change at H-mode
transition was measured for the first time by HIBP
on the JFT-2M tokamak. It is found that in an
ordinary sawtooth-triggered L/H-transition, the fast
positive potential change is observed near the
separatrix in coincidence with the fast D a rise and
the fast density change. The potential goes down
gradually (~200fAsec) to large negative value of
about -300V together with the fall of D a .
Therefore, we think that the formation of transport
barrier may not be directly connected with the
formation of the large negative potential change
measured by the spectroscopic method previously.
The rapid change of the potential and the drop of
the fluctuation, however, is observed
simultaneously only when the sample volume is
very close to the separatrix. To clarify the relation
between them, further study is needed.
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FIG. 4. Fast time behaviors at the H-mode
transition. The plasma potential(A<P), the
secondary beam intensity (Total Sum), the
power of the fluctuation in the beam intensity
integrated from 10 to 50kHz, the magnetic
probe signal ofdB^dt andD intensity
when the sample volume is placed about
0.5cm inside to the plasma core compared
with that shown in Fig.3(a) (shot is the
same)
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Current Drive Experiments on the HIT-II Spherical Torus
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Abstract
This paper describes the following new achievements from the Helicity Injected
Torus (HIT) program: a) formation and sustainment of a toroidal magnetic
equilibrium using coaxial helicity injection (CHI) in a conducting shell that has an
L/R time much shorter than the pulse length; b) static formation of a spherical torus
with plasma current over 180 kA using a transformer and feedback controlled
equilibrium coils; and c) production of a current increase in a transformer produced
spherical torus using CHI.

The purpose of the HIT program is to study and develop helicity injection current drive for
magnetic confinement. [1-3] A fusion reactor requires an efficient method of steady-state
current drive. Current drive methods involving neutral beams and radio frequency waves
have efficiencies as low as 0.1% when scaled to a reactor. [4,5] Current drive by CHI has
predicted reactor efficiencies in the tens of percent [1] reducing the dominance of the cost of
current drive in a reactor to insignificance. The HIT experiment was motivated by the success
of CHI current drive on spheromaks [6] and by helicity injection current drive on reversed
field pinches [7] and tokamaks.[8] The HIT experiment was a low aspect ratio tokamak with
major radius 0.3 m, minor radius 0.2 m, and elongation 1.75. Only CHI was used to form and
sustain the tokamak where currents as high as 250 kA and electron temperatures as high as
100 eV were achieved at densities of 3-10x1019 m"3. External equilibrium and stability
currents were provided passively by a 10 mm thick copper shell flux Conserver.
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Figure 1. a) Plasma current, b) injector current, c) injector voltage, and d) wall current using
only CHI on HIT-II.

The results reported here are from the HIT-II experiment, which has the same geometry as
HIT. The 10 mm thick copper outer shell and 12 mm thick copper central conductor of HIT
are replaced by a 6 mm thick 304 stainless steel shell (L/R= 1.2ms) and a 3.5 mm thick 304
stainless steel central conductor. The central conductor is covered with a 12 mm thick
graphite [Union Carbide type ATJ] cylinder. A feedback controlled coil set provides
equilibrium fields and also transformer action. [3] CHI experiments on HIT-II have been
conducted in flux configurations similar to the previous HIT device, the upcoming NSTX
device, and the CHI experiment on DIII-D. The best results to date have been obtained with
the NSTX configuration, with a peak current of 200 kA with 150 kA sustained for 5 ms. The
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longest sustained operation is shown in Figure 1 with 150 kA of plasma current for 7 ms
(power supply limited), similar to the long pulse discharge on HIT[2] where the shell L/R
time was about 70 times longer. The n=l oscillations seen in HIT[2,3] are also seen in HIT-II
(see Figure Id), demonstrating that the thin shell is adequate for limiting the growth of the
n=l. The oscillations seen in figure Id are due to the n=l. Modes that lock to the thin wall
have not been observed. Limiter and divertor Ohmic discharges have been produced with
plasma currents in excess of 190 kA.

1 5C
SNs 1 5 O 1 4 Sc 1 5 O 2 3

(kA)

oo -

5O h

Divertor dischar

,oop ( v ) ,
div (mWb)

— 1 O

Loop voltage (both cases)

Diyertor fliix
l̂ divertor discharge only)

1 O 2O
ri me (ms)

3 O 4 - O

Figure 2. Transformer only data on HIT-II. The top two curves are the toroidal plasma
current vs. time for an NSTX like divertor and a limiter discharge. The bottom two traces are
the loop voltage for both conditions and the divertor flux in the divertor case.

Figure 2 shows the loop voltage vs. time, 4 V for the first ms, then 2.25 V for 10 ms and 1.85
V for the final 10 ms. The higher initial loop voltage assists in early plasma formation. For
limiter discharges, the second ramp increases the plasma current to about the 60 kA level and
the final ramp maintains the current for 5 ms. If the loop voltage during the final 10 ms is
also 2.25 V, the plasma current reaches 130 kA. For divertor discharges, the current
continues to increase even with the 1.85 V. At zero loop voltage the current decreases at
about 10 kA/ms. He glow discharge cleaning between discharges is needed to obtain Ohmic
as well as reproducible discharges. The irregular behavior in the decay at times before the
30 ms is caused by internal reconnection events (IRE) first observed in START. [9] The
modulation of the thickness of the plasma current curve between 10 ms and 20 ms is caused
by the pulse width modulation method of feedback control with baseline subtraction and is
not a real signal. For divertor discharges, the CHI electrodes act as the divertor plates and the
coils near the injector produce a CHI flux configuration. All the coils undergo the flux swing.
Occasional bursts of H. emission are observed, probably due to diverted plasma striking the
walls. Increasing the vertical field allows currents of over 180 kA, as shown in Figure 3.
(The "divertor" case in figure 2 also has more vertical field, possibly contributing to the better
performance.)
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Figure 3. a) EFIT equilibrium near maximum current, and b) plasma current, toroidal field
current, and loop voltage vs. time for one of the highest current discharges on HIT-II. Only
transformer action is used with a 50 mVs flux-swing. The closed poloidal flux is calculated to
be 28mWb. The toroidal field current is the same for all discharges discussed in this paper.

The flux contour plot is also shown for a time near the peak of the current. Even for this
transformer driven plasma, preliminary EFIT equilibria show a hollow current profile with 1;
= 0.36 that is flatter than with CHI (li =0.11).[6] The time for the discharge may not be long
enough for the peaked current profile to evolve, or another possibility is that the much higher
toroidal electric field near the central column may maintain a hollow current profile in the ST.

A primary motivation for CHI is to drive steady state current after the volt-seconds in the
Ohmic transformer are depleted. Figure 4 shows data from such a discharge. A limited
Ohmic discharge is run from 0 to 8 ms then an NSTX-like divertor flux is added. At t = 17
ms, the divertor flux is fully established while the Ohmic current drive is terminated. CHI
current drive is then applied. The initial 50 kA of Ohmic current is increased to over 100 kA
and the discharge is further sustained for the 7 ms duration of the CHI discharge.
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Figure 4. Demonstration of the addition of a CHI discharge to an Ohmically generated
plasma, a) Plasma current, b) transformer loop voltage, c) divertor flux, and d) CHI injector
current.

In the future we plan to measure the temperature, density, and confinement times of HIT-II
plasmas. The effects of CHI on spherical torus confinement will be studied. The use of CHI
in concert with transformer current drive for profile control and longer steady-state
sustainment times will be further developed.
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Abstract

First measurements of the radial correlation length of density fluctuations in JT-60U plasmas with internal
transport barrier (ITB) is reported. The measurements are obtained using a newly installed correlation
reflectometer operating in the upper X-mode. Before transport barrier formation in the low beam power current
ramp-up phase of the discharge, reflectometer measurements indicate density fluctuation levels n/n~0.1-0.2% and
radial correlation lengths 2-3 cm (krPĵ O.5) in the central plasma region (r/a<0.3). A rapid increase (n/n~0.5%)
in the density fluctuation level is observed within 50 ms of the turn on of high power neutral beam injection
during formation phase of the internal transport barrier (ITB). Inside the ITB, the radial correlation length of
density fluctuations is short (~0.5cm at r/a~0.57) corresponding to krpj~3. However, fluctuation levels are
considerably higher than measured near the magnetic axis. Reflectometer measurements obtained at the foot of
the ITB also indicate high fluctuation levels compared to measurements in the central region of the discharge.

1. INTRODUCTION
Stabilization of long wavelength microinstabilities through ExB velocity shear is thought to be

a key element of most regimes of improved confinement in fusion plasmas. [1] As these regimes
typically exhibit strong pressure gradients in the region of reduced transport, it is natural to ask
whether the corresponding large ExB shearing rates play a decisive role in maintaining the
transport barrier. This question has been central to much of the work in plasma transport over the
last decade, and many elegant experiments have been performed to assess the causal or central
role of ExB velocity shear in transport barrier dynamics [2] and other enhanced confinement
regimes. The recent discovery of rapid transitions to enhanced core confinement with intense
auxiliary heating on large tokamaks has strongly reinforced the idea that ExB velocity shear is
crucial to achieving improved plasma confinement. Given the central importance of this
physically intuitive picture of transport reduction, it is essential that we confirm the details of the
model by direct measurement of the local correlation function of turbulence in regimes of
improved confinement. It is also important to determine whether fluctuation suppression (if
observed) is a natural consequence of the stabilization of long wavelengths modes. Here, most
theoretical and experimental investigations suggest that the dominant drift type modes considered
responsible for anomalous transport occur in the range 0.1<k,Pi<0.5 in the absence of ExB
velocity shear. [3-5]

Previous studies have shown local fluctuation suppression and turbulence decorrelation in the
edge region of H-mode discharges on DIII-D [6,7], JFT-2M [8] and elsewhere. Obtaining the
same level of spatial resolution is more challenging for internal transport barriers and thus far
there has been no direct measurement of correlation lengths inside a core transport barrier.
However, single channel reflectometer measurements in TFTR indicate strong fluctuation
suppression in the transition to the enhanced reverse shear regime. [9] A similar result has been
obtained using the larger scattering volume of FIR measurements on DIII-D. [10] The advantage
of the latter technique is its ability to survey the volume integral fluctuation behavior of the
discharge.

A new initiative has been started on JT-60U aimed at measuring the local turbulence
characteristics in the core region of internal transport barriers. The first step in this initiative was
the installation and successful operation of a core reflectometer diagnostic as part of the
PPPL/JAERI collaboration program. The key question this measurement aims to address is
whether the scale length of fluctuations in the ITB region decreases as expected based on simple
arguments of ExB velocity shear and whether there is a wide region of turbulence suppression
extending out from the plasma center.
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FIG. 1. Time evolution of (a) beam power and
stored energy, (b) ion temperature in region of
ITB, (c) evolution of reflectometer coherence for
two frequency separations and (d) electron
density profiles during ITB formation. Vertical
arrows mark location of 115 GHz reflecting
layer.
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The instrument uses the frequency
dependence of the X-mode cutoff to measure
correlations in the reflected field from two
positions in the plasma. The relative spacing of
these layers is easily tuned by varying the
microwave frequency, thus enabling the
measurement of the radial correlation of
turbulent fluctuations. The relationship between
the reflected microwave field and plasma density
fluctuations is straight forward in the case when
the amplitude of fluctuations on the reflected
waves is sufficiently weak and a clear specular
reflection is observed. [11] This is generally the
case relating to measurements made in the central
region of the discharge and in the ITB region of
JT-60U plasmas. The reflectometer system
operates between 105-140 GHz and takes radial
correlations every 60 ms by continuously
switching microwave frequencies.

2. CORE FLUCTUATION
MEASUREMENTS

Figure 1 shows the evolution of the
reflectometer coherence (for two different
frequency separations) together with the
evolution of the core density profile and ion
temperature near the radius of the ITB. High
power neutral beam injection starts at 4.3 s, with
the following discharge condition: B=4.0 T, Ip~l
MA (current ramp-up), R=3.25 m, PNBi=8-15
MW. Beam injection in the current ramp-up
phase allows strong reverse shear profiles to be
generated, with large radius internal transport
barrier following high power beam injection. A
unique feature of reverse shear plasmas on JT-
60U is the large radius of q,̂ ,, (r/a~0.7), large
radius of internal transport barrier and flat
pressure profiles extending from the plasma
center to the shoulder of the transport barrier.
[12]

The loss of coherence between reflectometer
channels within 50 ms of high power beam
injection (Fig. lc) is a characteristic feature of
reverse shear discharges during ITB formation.
The loss of coherence is accompanied by a rapid
increase in the fluctuation level (as inferred from
reflectometer measurements in the plasma core).
However, a high level of coherence is again
recovered in the ITB, partly because of the
smaller separation of the cutoff layers with the
increasing density gradient. The changing

position of the reflecting layer from the center to
the ITB region is marked by vertical arrows in
Fig. Id. The period of interest is divided into
three segments: part I refers to pre ITB
formation, phase II to the formation phase and
phase III to the sustainment phase which extends
into the low beam power postlude of the
discharge.
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Figure 2 shows the measured radial correlation between two reflectometer channels as a
function of the spatial separation of reflecting layers. The correlation is taken in the early phase
of the discharge before high beam power injection at r/a=0.3 in phase I. This forms our baseline
case which we compare with measurements taken in the ITB in the reduced beam power postlude
of the discharge. The symmetry of the signal spectrum in Fig. 2a indicates good alignment to the
reflecting layer, and the presence of a coherent reflection at zero frequency indicates that the
reflectometer measurement is not saturating. The radial correlation scan in Fig. 2b is taken in a 60
ms interval and the signal coherence (yE) is fit by assuming an exponential function for the
density correlation (yn~exp(-lrl/Ar)). [11] The fit to the data is extremely good, suggesting that the
exponential correlation function is a very good approximation for core turbulence. The resulting
estimate of the radial correlation length of the density is =4.5 cm so that krp:~0.35 for Ti=5 keV
at the point of measurement assuming the correlation length Lr=<rV/2=(2Ar ) m (kr=27t/I+) for an
exponential function. The range of krpj is similar to measurements taken in the core region of hot
ion mode and L-mode discharges in TFTR [3,4] and is consistent with theoretical estimates of the
spectrum of the most unstable modes. [5]

After the initial burst of fluctuations with
degraded signal coherence in phase II, the
coherence level again rises as the correlation
channels enter the region of the ITB. A unique
feature of the ITB in JT-60U is the rapid dip
of the effective thermal diffusivity and its
strong increase outside of the pressure gradient
region. From local transport analysis,
improved confinement extends throughout the
sharp gradient region of the profile (r/a~0.5-
0.7). [13] Figure 3a shows the density profile
after ITB formation in phase III along with the
location of the reflecting layer marked by an
arrow. The signal spectrum in Fig. 3b indicates
a coherent reflection and no saturation of the
reflected signal. From the radial coherence
data in Fig. 3c the reflectometer signal
correlation is again very well fit by an
exponential function for the density. The
inferred density correlation function is given
by the dashed curve with a correlation length
=0.5 cm. This value is considerably shorted
that the one obtained outside the ITB early in
the discharge evolution and corresponds to
krpi=3. The corresponding fluctuation level is
n7n=0.5% which is considerably higher than
the value measured near the center of the
discharge. The high wavenumber of the
fluctuations (=12 cm1) is well above values
measured on other devices in the L-mode and
hot ion regimes, and is considerably higher
than expected from theoretical estimates of the
most unstable modes in the abscence of ExB
shear. Figure 4 shown the radial profile of the
density fluctuation level after ITB formation.
The fluctuation levels were estimated
assuming 0.5<krpi<5, as correlation
measurements are not available at all radii.
The shaded region indicates the typical radial
extent of the ITB. From this data it is apparent
that a low uniform level of fluctuations does
not extend from the center of the plasma to
the ITB. The data suggests that there is a

fluctuation profile in the core of large radius ITB plasmas on JT-60U, with no clear reduction to
central values in the ITB region. However, correlation lengths have been measured in the ITB and
are found to be very short - essentially at the resolution limit of the reflectometer (approximately
2x the free space wavelength to avoid Bragg reflection: =4mm). Measurements at the foot of the
barrier also indicate a high level of scattering of microwaves which is suggestive of large

E(co)

-400 -200 0 200 400
Frequency [kHz]

Fig. 3. Density profile and cutoff layer position in
phase III (t~5.1s) marked by arrow (a), frequency
spectrum of signal showing good coherent
reflection (b) and radial signal
Fitted signal correlation gives:
Ar=0.5 cm.

correlation (c).
n/n-0.5% and
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fluctuation levels. However, correlation measurements at the foot of the barrier near r/a=0.7 are
not currently available.

III. DISCUSSION

Radial correlation lengths near the limit of the resolution of the reflectometer diagnostic have
been measured in the ITB region of JT-60U. These measurements also indicate that the absolute
fluctuation level in the ITB is not particularly small (n/n~0.5%) compared to the level observed in
the central region of the discharge (-0.1-0.2%). Is this picture consistent with the standard model
of ExB suppression of turbulence? Linear stability analysis using the FULL code [13] indicates
that the maximum linear growth rate actually occurs in the ITB of JT-60U with very weak growth
rate outside the ITB, presumably due to the weak pressure gradients in the central region of the
discharge. The calculated ExB shearing rate is of" the order expected to affect the dominant
micro-instabilities, so that some ExB shear stabilization should be expected. A second issue is
whether the fluctuation profile inside the radius of the ITB can be responsible for the very flat
pressure profiles which extend to the shoulder of the ITB. The correlation length of the
fluctuations in the shoulder region immediately outside of the ITB needs to be measured in future
experiments. Finally, the rapid decorrelation of reflectometer signals immediately after high
power beam injection during ITB formation (phase II) needs to be studied more carefully. We
can only speculate that fluctuation induced flows may play a role in the decorrelation of the
signal [14] and possibly trigger the transition to enhanced confinement going from phase II to
phase III.

E32780, t=5.0 s

Fig. 4. Inferred local fluctuation level in
the central region of the discharge
which indicates that the level increases
out from the center of the plasma into
the ITB. Correlation length in ITB
region is very short (~0.5 cm).
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