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The cover picture shows an interior view of the Tokamak Fusion Test Reactor
vacuum vessel. At the left, on the inner wall of the vessel, is the bumper
limiter composed of graphite and graphite composite tiles. Ion cyclotron
radiofrequency launchers are seen at the right along the mid-section of the
vacuum vessel wall. By courtesy of the Princeton University Plasma Physics
Laboratory.
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FOREWORD
The 1994 International Atomic Energy Agency Conference on Plasma Physics
and Controlled Nuclear Fusion Research was characterized by a multitude of
excellent scientific results on virtually all aspects of controlled fusion and fusion technology. Taken together, these results lay a solid foundation for continued progress
and future steps.
The conference was the 15th in a series of meetings which began in 1961 and
which, since 1974, have been held on a biennial basis. The conference was organized
by the IAEA in co-operation with the Centro de Investigaciones Energéticas,
Medioambientales y Tecnológicas, Asociación Euratom-CIEMAT para Fusión,
Madrid, Spain, to which the IAEA wishes to express its gratitude. The conference
was attended by some five hundred participants from over thirty countries and from
two international organizations.
In the technical sessions, which included seven poster sessions, more than
240 papers were presented. Contributions were made on magnetic and inertial confinement systems, fusion technology, magnetic confinement theory and modelling,
alternative confinement approaches and next step concepts (ITER, TPX, etc.). The
traditional Artsimovich Memorial Lecture was given at the beginning of the
conference.
These proceedings include all the technical papers and five conference summaries. For the second time, the summaries are being published as a separate volume
before the rest of the proceedings.
The IAEA contributes to international collaboration and exchange of information in the field of plasma physics and controlled nuclear fusion research by
organizing these biennial conferences as well as co-ordinated research projects,
technical committee meetings, workshops, consultants meetings and advisory group
meetings on relevant topics. Through these activities, the IAEA hopes to contribute
significantly to the attainment of controlled fusion power as one of the world's most
important future energy resources.

EDITORIAL NOTE
The Proceedings have been edited by the editorial staff of the IAEA to the extent considered
necessary for the reader's assistance. The views expressed remain, however, the responsibility of the
named authors or participants. In addition, the views are not necessarily those of the governments of
the nominating Member States or of the nominating organizations.
Although great care has been taken to maintain the accuracy of information contained in this
publication, neither the IAEA nor its Member States assume any responsibility for consequences which
may arise from its use.
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.
Material prepared by authors who are in contractual relation with governments is copyrighted
by the IAEA, as publisher, only to the extent permitted by the appropriate national regulations.
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Abstract
PRESENT STATUS AND FUTURE PROSPECTS OF LASER FUSION RESEARCH AT ILE,
OSAKA.
Recent progress in inertial confinement fusion has initiated a new research programme aiming
at the laboratory demonstration of thermonuclear ignition and burn. The Institute of Laser Engineering
has started an intensive R&D project addressing a number of physics and technical issues related to ignition and burn. These issues are (1) to evaluate the required laser energy for ignition and burn as well
as the tolerable level of irradiation non-uniformity and target imperfections; (2) to develop uniform
irradiation technologies with the existing twelve beams of GEKKO XII and to provide a stringent test
of the theoretical and computational modelling used in the former subproject; and (3) to design and
develop a new laser facility necessary for ignition and burn.

1.

INTRODUCTION

The implosion experiments carried out with GEKKO XII since its commission
in 1983 have demonstrated high temperature compression of DT fuel up to 10 keV
and high density compression of the shell pellet reaching 600 g/cm3 [1]. The.
records of implosion parameters, together with various fundamental physics databases, have been utilized to examine our theoretical and computational modelling and
to increase credibility and reliability of the simulation codes.
3

4
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We have performed an extensive comparison of the implosion experiments with
one dimensional (1-D) simulation including a mixing model, and the model prediction of the mixing width was consistent with the experimental results [2]. We have
also carried out straightforward tests of our two dimensional (2-D) simulation, which
inherently includes various hydrodynamic and transport processes, by using planar
target experiments.
The strategy and physical key issues towards ignition and burn have been investigated by using 1-D and 2-D simulation codes which have been backed up by
experimental results. The main concerns are the gain scaling of direct drive targets
and its sensitivity to non-uniformity of irradiation and pellet imperfection. A stability
analysis, together with efficiency considerations, provides us with a variety of pellet
and driver designs. It is worth mentioning that ignition is expected with a drive
energy of 0.1-1 MJ and burn stabilization can be expected in the region of high gain.
Intensive R&D for the improvement of drive uniformity for the direct drive
scheme and its experimental test have been performed (P project) [3] in parallel with
the indirect drive (cannon ball target) experiments [4]. Cryogenic targets for liquid
or solid hydrogen fuel and/or cooled targets for high density gas fuel have been
developed; their properties are well reproduced by quantitative implosion experiments [5]. New diagnostics with higher time and space resolutions have been developed in order to obtain new and more detailed information on implosion [6].
The next step of inertial confinement fusion (ICF) research in the investigation
of ignition and burn is well keeping up with our understanding of physics and with
technical maturity. For the KONGOH project, the design of a new laser facility and
the development of key technologies have made substantial progress, with effective
collaboration of other universities and the industry throughout Japan.
As the final goal of inertial fusion energy (IFE), we have completed the conceptual design work of a Iser fusion reactor, KOYO, based on a laser diode pump solid
state laser as the driver [7]. The current conclusion is that the reactor is technically
and economically feasible, with a pellet gain of 100-150 by a 4 MJ laser.

2.

SCALING AND STABILITY OF LASER FUSION IMPLOSION

2.1. Scaling to ignition and burn
The 1-D simulation predicts the pellet gain of direct drive targets as a function
of the laser energy as shown in Fig. 1. The key parameters of implosion, such as
laser pulse width and shape, the ratio of prepulse to main pulse energy, pellet structure and inflight aspect ratio, have been scanned for optimization with respect to
coupling efficiency and stability of implosion. The ignition energy is expected to be
as low as 100 kJ for an implosion mode of high velocity and high inflight aspect ratio.
However, the actually required energy increases because of various 2-D effects. The

IAEA-CN-60/B-1

1000

i i i ni|

-1—i

5
ii|

i

i

i i i iii|

i

i

'

i i 11 m l

i

i i 1111 il

i i

M

i

i

i i 11 i y

i

i i 11111

V = 3 x 10 7cm/s
A

inf=80

V = 4 x 10 7 cm/s
Q A i n f = 80

100

10
c

O
**

1

i—*

Pk

0.1

0.01

0.001

'

' ' ' ' '"I

IK

10K

100K

1M

10M

Laser Energy (Joule)
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(Ainj) as parameters.

2-D implosion model that was extensively benchmarked with experimental results
predicts a laser energy of 300-500 kJ for ignition and burn. In this prediction,
we have assumed a 300 Á target surface finish and a 1 % (rms) irradiation nonuniformity, with a uniform ( mode spectrum up to £ = 500 (£is the spherical harmonic
mode number), which are within the scope of present technology.
2.1. Stability of implosion
The stability issues related to the implosion process are listed and schematically
shown in Fig. 2, along with the implosion process. Long wavelength instability
causes a deformation of implosion sphericity while short wavelength instability grows
as fluid turbulence through non-linear mode-mode coupling. In order to study the
effect of the short wavelength instability, we have developed a turbulent mixing
model, which has been compared to the experimental results; good agreement has
been obtained.
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FIG. 2. Implosion and physical processes related to stability.

To study the effect of the long wavelength instability, a 2-D simulation code has
been developed, which has been benchmarked with straightforward tests by using
planar target experiments. By using a sinusoidally modulated target of varying
wavenumber and thickness, together with varying risetime of laser pulse and time
resolved measurements, various types and phases of instability have been investigated. There are initial problems such as the imprint, shock induced instability and
the Richtmeir-Mereshkov (R-M) instability which is followed by Rayleigh-Taylor
(R-T) instability growth, leading to a non-linear phase including saturation,
harmonic generation, bubble and spike formation, and — ultimately — shell
breaking.
The initial growth of the perturbation observed by an X ray backlight technique
is shown in Figs 3(a) and (b). The amplitude of the wave structure does not increase,
as is shown in Fig. 3(a), while the areal density perturbation grows as the shock wave
propagates to the rear as is shown in Fig. 3(b). Rippling behaviour of the wave shock
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front was observed by studying shock transit as a function of the target thickness. All
these dynamic characteristics are explained analytically and reproduced by 2-D simulation. Following the initial stage, which corresponds to the time to = tt in Fig. 2,
the R-T instability grows as is shown in Fig. 3(c).
An example of R-T growth is shown in Fig. 4, where a sinusoidally modulated
target with a single wavenumber is uniformly accelerated by partially coherent light.
The 2-D simulation reproduces the experimental observation of bubble spike structures and perturbation amplitudes satisfactorily.
To evaluate the quantitative effect of low i mode non-uniformity caused by laser
beam imbalance (energy and power imbalance, and pointing and focusing errors), a
2-D simulation of the implosion has been carried out. Figure 5 shows the gain
reduction normalized by the value of the 1-D simulation as a function of the laser
irradiation non-uniformity in the high gain region (a) and in the marginal ignition
region (b). It is apparent from the figure that even for the most sensitive i = 6 mode
among the low i modes, 1% non-uniformity is tolerable [8].
The effect of implosion non-uniformity on pellet gain depends on the scale of
the implosion, that is total fuel quantity and driver energy. Once the ignition occurs
at a hot spot, the mixing region and deformed cold fuel can be burned up. The
burning stabilization during the final phase of the implosion and the expanding phase
has been investigated to be effective in the high gain region of operation.

3.

TECHNOLOGIES DEVELOPED FOR THE KONGOH PROJECT

We have carried out a good deal of technical R&D for the next step of IFE, i.e.
for the investigation of ignition and burn. The situation is ready for the start of the
new step.
3.1. Precision operation of multibeam laser system
Irradiation uniformity of the laser intensity on the pellet target is one of the
crucial issues in the direct drive laser fusion scheme. Various new technologies for
the precision operation of GEKKO XII (P project) have been developed and installed.
This project includes: (a) a beam smoothing technique by coherent control and spectral dispersion; (b) beam focusing control in order to achieve an optimum envelope
shape of the intensity distribution; and (c) power balance control among twelve
beams. Beam smoothing has suppressed higher mode (t > 20) non-uniformity. The
instantaneous power balance has been improved so as to be less than 1 % in order to
reduce the lower mode non-uniformity. The overall irradiation non-uniformity (arms)
achieved amounted to a few per cent. Further improvement is expected to overcome
the 1 % level that meets the requirement for ignition demonstration with the planned
ignition facility KONGOH.
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3.2. High power glass laser technology
A high power glass laser system for KONGOH has been designed, and the pertinent optical technologies have been developed, with collaboration throughout Japan.
The system is called GEKKO XII Upgrade or simply KONGOH laser; it can be
assembled in the present GEKKO XII building.
The output of the system is designed to be 300 kJ of blue light (third harmonic)
with 3 ns duration of the main pulse. An 8 U beam output in the fundamental wavelength is attained with a four-amplifier module (12 sheets of laser glass) in three-pass
amplification of Cassegrainian geometry. A box type booster amplifier module of
35 cm aperture has been designed and tested to provide the databases on energy
storage and pumping efficiency, small signal gain and its distribution, high power
amplification and extraction efficiency as well as the mechanical and electrical
performances.
The technical improvements aiming at a better cost/performance ratio of the
upgrade system have been proceeding. These are: new laser glass for a 35 cm beam
aperture, a 40 cm class frequency conversion crystal of KDP or partially deuterated
KD*P, a 60 cm class light weight mirror of a porous quartz substrate, high laser
damage resistant optical components such as Faraday glass, optical glass, new surface finishing and coating techniques, as well as a high energy storage capacitor.
All these technologies have matured in order to be utilized in the construction
of the several hundred kilojoules system within reasonable cost and time limits.

3.3. Fuel pellet for experiments on ignition and burn physics
A cryogenically cooled pellet with shell structured fuel is essentially important
for the ignition and burn experiment. We have developed a cryogenic target system
which can provide a uniform solid fuel layer inside a plastic shell with and without
low density foam layer. When we use a plastic shell with a foam layer inside, a
uniform fuel layer is easily obtained.
To form a pure fuel layer inside a plastic shell with good uniformity, we have
developed a new technique of improving the uniformity of the frozen fuel layer by
plasma formation inside the pellet. International collaboration and interdisciplinary
exchange of technologies are important and are progressing in pellet fabrication.

4.

CONCLUSIONS

In the next step of ignition and burn investigation, breakeven and gain are ready
to be initiated. Physics databases and technical development have proceeded well to
enable design and fabrication of fuel pellets and drivers for the ignition and burn
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experiment. The engineering and economical feasibility of a laser driven fusion reactor have been evaluated; it has become clear that is reasonable to proceed with the
development of inertial fusion energy.
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DISCUSSION
J. PAMELA: Could you tell us what repetition rate and what efficiency you
expect from your laser?
S. NAKAI: In the experimental glass laser which is used for implosion and
basic laser plasma experiments no account is taken of repetition and efficiency.
GEKKO XII has a repetition rate of 1 shot per hour and an efficiency of 0.1%
from electricity to laser light. A newly designed laser diode pumped solid state laser
shows that a repetition rate of more than 10 Hz and 10% efficiency are feasible.
The KOYO fusion power reactor has been designed with an LD pumped solid state
laser which will be presented at the technology session of this meeting (paper
IAEA-CN-60/B-P7).
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Abstract
PROSPECTS FOR INERTIAL FUSION ENERGY - A 1994 PERSPECTIVE.
The long-term objective of harnessing inertial fusion energy is to produce commercial electricity.
The first and most essential step in reaching this goal is to understand the character of laboratory
ignition, burn, and gain. The National Ignition Facility (NIF) is designed to achieve this understanding.
This will make it possible to tap into the most important energy source in the universe. In January 1993
the United States Secretary of Energy approved the statement of mission need for the NIF and authorized
proceeding with a conceptual design. The status of the NIF is discussed. In addition to the NIF's main
goal of laboratory ignition it will provide other information critical to the inertial fusion energy concept;
experience in target production and positioning, driver beam protection, burn containment performance,
and the response of surfaces and materials to fusion products and debris. Current plans call for an
ignition demonstration about the year 2005. While cooperating towards achieving an understanding of
the energy implications of the NIF, the Office of Fusion Energy plans to develop on a comparable timescale the physics basis for a heavy-ion driver that has desirable characteristics for energy applications.
The driver physics issues will be addressed sequentially beginning with the Elise facility, an electricfocus linear induction accelerator. The paper outlines the major challenges and specific issues that can
be addressed in cooperation between the inertial fusion and the fusion energy programs. The U.S. goal
is to develop an inertial fusion energy demonstration power plant by about 2025.

Introduction
The long-term objective of harnessing inertial fusion is to produce electricity.
The character of laboratory ignition and burn is the fundamental information needed to
design a system for conversion of inertial fusion to electricity. The U. S. Department
of Energy is developing a strategy for meeting this objective which includes a National
Ignition Facility (NIF), proposed to demonstrate controlled hot-spot ignition and
thermonuclear bum of a laboratory target with expected energy gain of about 10.
Inertial fusion ignition in the laboratory will allow scientific study of the most
important energy source in the universe and of the most powerful single force on
earth. This is exciting science of immense societal importance.
The U. S. inertial fusion energy program has historically been a shared research
venture between the defense-related research on classified targets and energy-related
research focussing on potential fusion drivers. In this paper, we outline major
challenges and specific issues that can be addressed in cooperation between the inertial
fusion and the fusion energy programs.
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Background
Initial indications of inertial confinement fusion's promise as an efficient source of
energy date back to the early 1970s when calculations indicated that laser-driven
inertial confinement fusion pellets made of deuterium and tritium (DT) could reach
ignition and breakeven (gain £ 1) with as little as 1 kJ of incident laser energy. These
early calculations proved to be highly optimistic. The optimism remained high when
the first laser-produced thermonuclear fusion neutrons were observed during this
same period. However, a myriad of problematic issues soon arose, namely laserplasma instabilities, hot-electron and radiation preheat, hydrodynamic instabilities,
target fabrication difficulties, extreme pulse shaping requirements, target drive
asymmetries, and various driver development issues. In the mid to late 1980s the
Nova laser program began to answer many questions on how to produce efficient
thermonuclear fusion in the laboratory. Also the Halite/Centurion underground nuclear
test program experiments put to rest fundamental questions about the feasibility of
achieving high gain.
In October of 1990, Secretary of Energy Admiral James Watkins at the opening
address for the thirteenth meeting of this conference described the reviews conducted
by the National Academy of Science and Fusion Policy Advisory Committee and
outlined his response to their recommendations. Notably, he called for increased
international collaboration and a review of classification of the ICF program. The
results of the classification review, along with the administration's "Openness
Initiative," led to the announcement by Secretary O'Leary on December 7,1993, of the
declassification of a significant fraction of ICF research as it relates to fusion energy.
The action was taken primarily to facilitate wider participation in the ICF program,
particularly as it relates to the long-range possibility of inertia! fusion energy in the
commercial electricity market The action was taken, of course, consistent with the U.
S. national security interests.
Our challenge is to cooperate and extend energy-aspects of inertial fusion without
compromising or proliferating weapons informatioa The new classification guidelines
provide a basis for meeting this challenge. The criteria which determined the aspects of
ICF to be declassified were based on weighing the benefits to science and technology
versus the possible damage to national security or to the nonproliferation effort. The
details of U.S. laboratory inertial fusion energy targets have been declassified. Most of
the information that remains classified relates to details of calculation and the computer
codes used to generate these calculations. All classified information is reviewed
periodically to determine if there is a continuing need to keep it classified. No further
declassification in ICF is expected in the near future.
Our commitment to international collaboration has increased with the positive
results garnered from ICF research conducted under the existing mutual defense
agreement with the United Kingdom and the research and development of high-power
laser systems under a bilateral agreement with France. Discussions continue with
other countries regarding the possibility of collaboration on issues relating to heavyion driver development and other ICF and fusion energy subjects.
Current Status and Future Directions
In order to meet our long-term objective of harnessing inertial fusion to produce
electricity, we must adequately understand the character of laboratory ignition and bum
before designing a system for conversion of inertial fusion to electricity. The U. S.
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National Ignition Facility (NIF) is proposed to demonstrate controlled hot-spot
ignition and thermonuclear burn of a laboratory target with expected energy gain of
about 10. On Jan. 15, 1993, the Secretary of Energy approved the statement of
Mission Need for an inertial confinement fusion facility designed to demonstrate
fusion ignition. This statement identified the role of the NIF in enhancing U. S.
defense research, as well as explicitly stating the benefit of the NIF for advancing
fusion energy research. Conceptual design and project planning for the NIF have been
completed and the decision process on this initiative is in progress.
The ignition demonstration with the NIF will represent the culmination of three
decades of technical progress in ICF. The achievement of fusion ignition and gain
requires the resolution of two principal issues that are strongly coupled. The
development of a suitable driver (that can deliver energy in the megajoule range in a
sufficiently short pulse length and with the proper pulse shape and beam uniformity)
is being pursued by Lawrence Livermore National Laboratory (LLNL). A scientific
prototype glass laser called Beamlet closely represents the performance of one NIF
beamlet. It has already demonstrated the four-pass NIF laser architecture and is
scheduled to reach its energy milestone of 5 kj at 0.35 mm wavelength by the end of
FY 1994. The other principal issue is to understand the physics of energy absorption
and transport, implosion hydrodynamics, and laser-plasma and hydrodynamic
instabilities. For indirect drive and NIF this issue is being addressed by the Nova
Technical Contract, which was developed in conjunction with the 1990 National
Academy of Sciences Review of the ICF program. The Nova Technical Contract,
which is being carried out by LLNL and Los Alamos National Laboratory (LANL), is
scheduled to be completed in FY 1995.
The NIF will directly benefit inertial fusion energy, not only by providing the
necessary proof-of-principle of ignition, but also by providing a variety of related
information critical to the fusion energy concept including: inertial fusion energy target
design and fabrication, understanding of chamber dynamics, and some general fusion
power technology.
In addition to the development on NIF, for energy, a driver with greater efficiency
than possible for NIF and with high repetition rate must be defined and is currently
presumed to be based on accelerated heavy-ion beams. Ignition may be obtained by
about 2005 through the NIF program directed by the Office of Research and Inertial
Fusion. While cooperating to understand the energy implications of NIF, the Office of
Fusion Energy plans to develop (on the same timescale as NIF) the physics basis for a
heavy-ion driver that has desirable features for energy applicatioa
Induction accelerators are considered the driver of choice for the U. S. program to
develop commercial power from inertial fusion energy. Induction accelerators can be
designed for high efficiency and are capable of accelerating high peak current at the
requisite repetition rate. In keeping with the National Energy Policy Act of 1992,
requiring the "development of heavy ion inertial confinement fusion experiment," the
Department of Energy is considering the construction of an electric-focus linear
induction accelerator, Elise, designed to transport multiple ion beams with driver-scale
line charge density. Elise corresponds to the first half of the previously proposed
Induction Linac Systems Experiment (ILSE) accelerator and will be used to address
many of the heavy ion driver physics issues. The driver research program will
continue to be evaluated during the construction of Elise and the ensuing experiments.
If justified, the Elise accelerator can be extended to enable research on all the
remaining issues addressable by a low-energy driver.
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Progress on Elise depends on approval by the Department of Energy for design
leading to construction (Key Decision One) and budgets. Recent Congressional action
provided for an increase of $2 million in the 1995 fiscal year IFE budget to $8.7
million, to enable heavy ion research to proceed on a timely and cost-effective
schedule. At present constrained funding, the U.S. investigation of the physics of the
induction linac for inertial fusion energy would require about 12 years. This research
would proceed through Elise and future extensions including magnetic transport and
focusing to accomplish all of the objectives of the Induction Linac Systems program.
If justified by other progress, for example through international research or the NIF
program, the pace of induction linac development could be increased.
Further details on the progress in the U. S. heavy ion fusion program will be given
by Bangerter, Friedman, and Herrmannsfeldt in the poster and rapporteur sessions at
this conference.
Challenges for Inertial Fusion Energy
The fundamental requirement for inertial fusion energy to succeed is the
demonstration of thermonuclear ignition and moderate gain in the laboratory. While
advances have been made continually over the last thirty years in refining our
knowledge of the pertinent gain curves, our knowledge of the actual target
performance and the gain achievable from a laboratory fusion facility remains
uncertain. If design and prediction efforts can correctly interpret and predict
performance of ignition and gain in NIF, the fundamental capability will be established
to support justification and design of a future engineering test of inertial fusion energy.
Designers at both Lawrence Livermore and Los Alamos National Laboratories have
NIF target designs calculated to produce ignition and modest gain. The current target
physics issues and NIF target design are described in two oral presentations at this
conference, one by Lindl and the other by Cray, Hauer, Harris, Foreman, Mack and
Sorem.
As mentioned previously, the NIF can contribute to inertial fusion energy not only
by providing a demonstration of thermonuclear ignition in the laboratory, but also by
providing information on energy specific topics such as fusion power technology,
target design and fabrication, and chamber dynamics. Although important experiments
are possible on current facilities such as Nova and Omega Upgrade, the NIF will be
thefirstfacility capable of reaching operating parameters close to that of inertial fusion
energy. Fusion power technology will benefit from using single-shot neutron yields to
measure spatial distribution of neutron heating, activation, and tritium breeding.
Energy specific target physics can be addressed using the NIF laser by studying ion driven target designs and by confirming the feasibility of the needed high gain.
The question of which fusion driver should be pursued has always been based on
economics and reliable pulse repetition. The current emphasis on heavy-ion drivers is
based on the low cost per joule for this technology, its operating efficiency, its
suitability for repetitive pulses and the expected high efficiency in coupling energy to
the laboratory target One simple measure of merit, for the cost of electricity from
inertial fusion, is the driver efficiency times the energy gain in target burn (needs to be
above 10). Present laser drivers with a few percent efficiency are inadequate, but a
heavy ion driver around 25% efficiency would reduce gain requirements.
Current inertial fusion energy funding from the Office of Fusion Energy is
insufficient to fully address the development required, and has been directed in priority
to address issues regarding heavy-ion driver development. Research on existing
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facilities such as PBFA II and planned facilities such as the NIF can give us insight
into how proposed energy-relevant, heavy-ion targets will perform. These experiments
should be conducted in a timely manner to insure that target physics preparedness
continues on a parallel path with driver preparedness and ignition physics.
An engineering test facility, based on heavy-ion inertial fusion, will be required to
resolve issues about material response in the environment of a fusion power plant
target chamber. However, basic information can be accumulated on other facilities
prior to the construction of such a major facility that will give us insight into the
probabilistic behavior of the preferred materials. Similar in configuration and output
spectra to a fusion power plant, NIF can address many questions regarding the
response of materials to the x-ray, neutron, and gamma ray spectra associated with
ignition. The primary limitation of the NIF is the low repetition rate of the facility. It is
then the goal of facilities beyond the NIF to investigate the pulse repetition effects and
cumulative nuclear heating.
An ignition demonstration will define target fabrication requirements and
acceptable manufacturing tolerances for energy applications. This information is
necessary to conceive a factory to mass-produce injectable pellets at an acceptable cost.
Although the well characterized, one-of-a-kind complex targets currently used for ICF
experiments are considerably more costly to build (>$1000/target) many of the present
fabrication techniques provide the basis for the development of mass-produced pellet
manufacture. In particular, techniques to produce uniform cryogenic fuel layers will be
developed over the next decade in preparation for Omega Upgrade experiments and
NIF ignition experiments. Target fabrication activities for the NIF also support the
development of an environmentally benign target factory by minimizing the total
tritium inventory and stored tritium at risk.
The requirement that an inertial fusion energy power plant inject a target into the
target chamber and have the beams strike it with sufficient precision to produce
ignition is often identified as a critical issue for inertial fusion energy. A small off-line
demonstration of an injection technique, with a systems integration test on the NIF,
should be adequate to define the target injection systems for future engineering test of
inertial fusion for energy.
Conclusion
An essential step on the road to inertial fusion energy is the demonstration of
fusion ignition and moderate gain in the laboratory. This step is currently underway in
the NIF project planning and is projected to take approximately a decade for design
and construction with an associated cost on the order of $1 billion. The balance of the
required development, including heavy-ion driver research, materials research, target
development, and chamber dynamics research, will ultimately require additional
facilities. Realizing the overall U. S. goal of developing an inertial fusion power plant
by about 2025 requires success of the steps outlined here as well as thoughtful
planning on how to fill the additional needs. International sharing of technical and
planning information will play an important role in the progress of inertial fusion
energy.
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DISCUSSION
E.P. VELIKHOV: Are you considering using a staged implosion liner to
produce soft X rays in the hohlraum target? This has already been demonstrated in
an ANGARA-like facility.
M.M. SLUYTER: This approach is not under consideration within the current
structure of the ICF programme.
C. YAMANAKA: It is good news that the USA is now disclosing its inertial
fusion research. We have been performing almost the same experiments openly for
the last 20 years and now find that we have obtained the same results. I got an
imploded density of 1 kg/cm3 and neutron yields of 1013. I look forward to hearing
results from the USA concerning experiments, simulations, etc. Collaboration in the
future is essential.
M.M. SLUYTER: Many of our papers during this conference will provide
details of interest to you. With regard to co-operation, our Secretary of Energy's new
policy encourages collaboration with many international partners.
B.K. SINHA: You said that your people are confident they will achieve ignition
with 1.6 MJ energy and a 0.35 ¿im laser. Yet you also say that they face a lot of technical challenges such as target ignition physics and target chamber dynamics. The
latter two terms are very vaguely defined. Can you elaborate on them in detail?
M.M. SLUYTER: We study hohlraum energetics, symmetry and laser plasma
instability, as well as hydrodynamic instability and convergent hydrodynamics on
Nova. These experiments and continued modelling of ignition targets will increase
our confidence in the robustness of the targets considered for the NIF. For this facility, the yield is not significant and the current design of the target chamber meets the
requirements. However, for a power plant concept, such as is required for energy
production, the yield needs to be considerably higher and will call for a careful analysis of the target chamber dynamics.
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Abstract
RECENT RESULTS AND PROSPECTS OF THE INERTIAL CONFINEMENT PROGRAMME
AT CEL-V.
The near term goal of theoretical and experimental work developed at CEL-V is to study all physical processes relevant to high performance X ray driven implosion. The results to be presented deal with
laser-plasma interaction, radiation transfer, hydrodynamic instabilities and X ray driven implosions. In
the future, the main objective of the laboratory is to reach conditions where ignition and significant gain
of the DT capsule can be achieved at the laboratory in the indirect drive scheme. Therefore the laser
energy required for X ray driven targets was calculated using analytical models and numerical simulations with 1-D and 2-D Lagrangian codes. From these calculations, a 'standard' cryogenic target has
been deduced which is foreseen to give a gain of = 10 for a laser energy of 1.5 MJ at X = 0.35 /¿m
and a properly shaped pulse with a total duration of 16 ns. Several parametric variations around the
'standard' target have been calculated in order to optimize the design. Such a facility is currently under
preliminary design. In view of the present status of development of the different possible candidates,
neodymium doped glass was chosen as an active medium. However, in order to decrease significantly
the price of the laser in terms of US dollars per joule, it is necessary to design new structures allowing
for large improvement of the energy efficiency over that of the so-called MOPA used, for example, on
PHEBUS, NOVA or GEKKO XII; to raise the damage threshold of all optical components in order to
decrease the total output area; and to develop fabrication processes leading to a significant decrease of
the manufacturing prices of the individual components. This implies a very large research and development programme that we have started already some years ago in co-operation with our colleagues of
the Lawrence Livermore National Laboratory.

1.

INTRODUCTION

The major objective of the CEA-DAM laser programme is to determine the
various requirements for achieving thermonuclear fusion in a laboratory from a small
sphere of DT that ignites and burns before being decompressed. High gain can be
obtained from a 'hot spot' structure consisting of an ignition spark (T > 5 keV,
pR > 0.3/cm2), where particle reabsorption sustains a thermonuclear burn wave,
surrounded by a large amount of cold compressed fuel.
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In this paper, we report recent experimental results obtained at CEL-V on high
density X ray implosions, radiative transfer processes and some aspects of laserplasma interaction occurring in cavity physics. Experiments are performed by using
our two Nd-glass laser facilities: OCTAL and PHEBUS (two beams of 8 kJ at
X = 0.35 fxm in 1.3 ns). We also present an evaluation of the laser energy required
to reach fuel ignition and the main features of the facility currently under study to
fulfil this requirement.

2.

LASER-PLASMA INTERACTION

Stimulated Brillouin (SBS) and Raman (SRS) scattering are harmful plasma
instabilities because of their ability to decrease the amount of energy delivered to the
target (SBS) and to increase the generation of fast electrons and hard X rays (SRS).
Recent work has pointed out that laser beam optical smoothing by techniques such
as induced spatial incoherence (ISI) could reduce or even suppress these instabilities.
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PHEBUS has been equipped with a multimode optical fibre coupled with a broadband
oscillator which ensures such a smoothing [1].
Interaction experiments have been performed in these conditions, and results
have been compared with those obtained with the standard beam configuration. In
particular, SRS has been investigated as a function of target irradiance and in different density profiles. The experimental data show that the smoothing insufficiently
reduces SRS, especially when this instability is driven in the absolute regime where
SRS energy rates of the order of 10% have been measured. However, smoothing
becomes effective in exponential profiles and below 1015 W/cm2 (Fig. 1). Although
the optical fibre efficiently reduces the contrast of energy modulations in the focal
spot, the spectral bandwidth may be insufficient to quench SRS development in the
above conditions.

3.

RADIATION TRANSFER

The energy coupling of X rays to the low Z capsule material has been investigated in the following experiment: a planar target is irradiated by soft X rays
emitted by a cavity. Heating results in a radiation heat wave which propagates into
the target and drives a shock; if the target thickness is small enough, radiative
burnthrough can be observed. The X ray emission at the rear side has been recorded
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FIG. 2. Comparison of measured (solid lines) and simulated (dotted lines) burnthrough signals on CH
foils of two thicknesses, t, < t2. Experimental signals obtained on distinct shots are cross-timed by
using a fiducial signal.

no filter

0
Space resolved soft X ray streak camera

500

1000

1500

time (ps)

FIG. 3. Cavity temperature measurements. The bumthrough time of gold filters is measured at 200 eV.

2000

2500

IAEA-CN-60/B-3

23

in the spectral range of 180-3000 eV, with a streaked transmission grating spectrometer for different materials (Paraxylene, Teflon, titanium). Figure 2 shows the
temporal evolution of X ray emission at a photon energy of 250 eV, for different
thicknesses of the CH foil. As is expected, the burnthrough time increases with the
thickness of the foil. The increase of emission associated with the emergence of the
shock is too faint to be detected. By adjusting the conditions of 1-D simulations to
fit the measured burnthrough time, these results can be used to characterize the
incident flux on the foil. A reasonable agreement between measurements and simulations can be obtained in different kinds of experiment where foil thickness and
material are varied. For the series of shots corresponding to Fig. 2, the leading part
of the X ray emissions is well restituted by 1-D numerical simulations for a peak
incident X ray flux of « 1.3 X 10 l4 W/cm2.

4.

X RAY DRIVEN IMPLOSIONS

Results obtained at CEL-V on indirectly driven implosions have already been
published [2]. Implosion symmetry, observed in time integrated X ray pictures of the
core, has been proven to be controlled by the hohlraum structure. Numerical restitutions indicated that the on-target irradiation non-uniformity was less than 15% (rms)
with PHEBUS. The density of the compressed core was inferred from values of the
pusher areal density at burn time, measured by a neutron activation technique; the
highest value was found to be close to 100 p0 (p0 is the DT liquid density). The
experimental neutron yields have been compared with 1-D numerical simulations.
Correct agreement was obtained for low convergence ratio implosions, but a reduction of two orders of magnitude was observed for higher convergence ratios. This
discrepancy may be attributed to both irradiance non-uniformities and hydrodynamic
instabilities which can develop during the acceleration phase at the ablation front, and
during the slowing down at the pusher interface.
Analytical models and numerical simulations have been developed to describe
the main aspects of hohlraum physics, i.e. radiation temperature, energy transfer to
the capsule and irradiance uniformity. For the laser energy available with PHEBUS,
the temperature is of the order of 200 eV (Fig. 3).

5.

THE NEXT STEP: IGNITION AND GAIN

The laser energy required to reach ignition and to obtain significant gain from
X ray driven targets has been evaluated from numerical simulations and an analytical
model which takes into account four types of process: hohlraum physics, capsule
implosion described in spherical geometry by means of a steady state ablation model,
hot spot formation and burn propagation. For such a description to lead to realistic
target configurations, several phenomenological criteria have been included, limiting
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FIG. 4. Ignition and gain: effect of implosion velocity on gain curve.

the extent of parameters such as fuel preheat, hohlraum filling up and in-flight aspect
ratio of the capsule. From this model we derive a set of curves showing the target
gain as a function of the laser energy for different implosion velocities. We see in
Fig. 4 that the values given by the model are in fairly good agreement with l-D
numerical simulations. Ignition and moderate gain appear to be achievable with a
laser energy of about 1.5-2 MJ at 0.35 /¿m, with a specially shaped 16 ns pulse.
The construction of such a facility is currently under consideration, and a
conceptual design report has been requested by CEA to be completed by September 1994. This project is based on the use of solid state Nd-glass laser since this is
currently the most developed technology and the only one that can be confidently
extrapolated to the megajoule level within a few years. In order to limit the construction cost, several objectives must be reached:
(1)

reducing the total output area of the beams to take advantage of the substantial
increase in the damage threshold of optical coatings obtained during the last few
years;
(2) increasing the overall efficiency of the laser (optical pumping, energy extraction, frequency conversion);
(3) decreasing the number of different optical components in order to benefit from
serial production.
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New methods of production and polishing of glass substrates are also needed and
should be tested within the next few years. The main features of the project are the
following:
The number of beams is 288 (35 X 25 cm2);
the beams are gathered in 12 structures of 4 x 6 beams each;
extraction of the beams after four passes in the amplifying cavity is obtained by
a geometrical effect which does not require the use of a large size polarizer and
allows all disks to be placed inside the cavity without need for an external
booster amplifier;
(4) unconverted 1.05 and 0.53 ¡xm laser light is prevented from entering the target
chamber by using a filter, the second lens of this filter being the focusing optic.
(1)
(2)
(3)

The target chamber is spherical with a 10 m inner diameter. In order to limit
the activation induced by the fusion neutrons, only low Z materials such as pure
aluminium and carbon will be used inside the chamber, and the neutron flux on all
components outside the chamber will be limited by using a blanket of neutron
absorber reducing the neutron flux by a factor 1000 for a thickness of 80 cm.
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DISCUSSION
R.L. McCRORY: Why are the gains at 10 MJ of laser energy so low (less than
50) on your gain curves for implosion velocities of 3 X 107 and 4 x 107 cm/s?
These gains are too low for energy applications.
J. COUTANT: The gains given by our model are conservative and generally
lower than those given by the simulation codes. Anyway, our goal is not to build a
prototype reactor but to demonstrate that moderate gain can be achieved with a 2 MJ
laser using indirect drive. Since several uncertainties remain in the evaluation of
some physical issues, we have chosen to be cautious in our design.
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Abstract
INERTIAL CONFINEMENT FUSION RESEARCH USING THE VULCAN HIGH POWER LASER
SYSTEM.
Experimental and theoretical work relevant to inertial confinement fusion (ICF) carried out in
connection with the high power laser programme at the Central Laser Facility is reviewed. A new hybrid
scheme for direct drive laser fusion is proposed which eliminates the non-uniform imprinting on the cold
target surface at the beginning of the laser pulse. The conventional ICF target is overcoated with a thin
layer of low density foam which is heated by a soft X ray burst before the main optical drive.
Experimental observations demonstrate that supersonic ionization is launched by the X ray drive
producing an overdense homogeneous plasma which is very effective in smoothing out any laser beam
non-uniformities. The observations are confirmed by 1-D and 2-D hydrodynamic code simulations. The
hydrodynamic efficiency of this new scheme is studied on targets with and without foam buffer. No
reduction is seen with the foam foil arrangement compared to foils which have only been driven by optical radiation. Growth and saturation of the imprinting process have been investigated on solid targets
illuminated by coherent, induced spatial incoherence (ISI) or random phase plate (RPP) smoothed laser
light. The observations clearly show that the Rayleigh-Taylor instability is induced by the imprinting
process on solid targets whereas virtually no target breakup is seen when targets with foam buffer are
used. The growth of the Rayleigh-Taylor instability in the deceleration phase has been studied with a
3-D hydrodynamics code which has modelled the full implosion process, i.e. the acceleration and the
deceleration phases.

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 per cent; otherwise, an unacceptable level of instability growth occurs,
reducing the fusion gain. Much effort has recently been invested in the development
of beam smoothing techniques to reduce non-uniformities in laser beams. So far,
these techniques have not, however, eliminated the problem at the beginning of the
laser pulse, during the so-called 'startup' phase. The imprint arises because of
ineffective thermal smoothing caused by the proximity of the absorption region to the
ablation surface at early times. Imprinting has recently been observed with high
1
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resolution soft X ray imaging, even when laser beam smoothing techniques were
used [1]. The induced jet-like structure is seen for many nanoseconds, even after the
laser pulse. 2-D MHD simulations have been carried out, showing that the jets may
be surrounded by megagauss magnetic fields. These residual non-uniformities cause
severe mass perturbations across the target seeding hydrodynamic instabilities such
as the Richtmyer-Meshkov and Rayleigh-Taylor instabilities, inducing premature
target breakup.
In contrast, clear experimental evidence has been obtained, by using optical and
soft X ray probing techniques, that uniform plasmas can be produced when solid
targets are illuminated by intense soft X ray radiation [1]. Several measurements
have been carried out to study soft X ray produced plasmas quantitatively. These
measurements included the study of the global radiation transport through thin foil
targets [2, 3], the acceleration dynamics of thin foils with Gaussian [4] and shaped
pulses and interferometric observations of the low density plasma corona. Additionally, it has been observed that this uniform plasma is very effective in thermally
smoothing laser non-uniformities as long as the distance between the absorption and
ablation surfaces is greater than, or of the order of, the wavelength of the laser intensity perturbations. An intense soft X ray pulse is, however, required to produce a
long scale-length plasma on solid targets. This pulse launches a strong shock into the
target which may preheat the fusion fuel forcing the implosion to proceed along a
higher adiabat.
For this reason, we have recently proposed a different hybrid drive scheme to
overcome the imprint problem [5]. The X ray pulse is incident onto a thin, low density foam layer overcoated on the solid target surface inducing a supersonic ionization
wave. Thus no shock wave is produced on the solid surface before the thermal front
induced by the main laser drive. The length of the buffer plasma can very easily be
chosen by adjusting the foam layer thickness. 2-D hydrodynamic simulations clearly
show that the supercritical foam plasma buffer is very effective in thermally smoothing out laser beam non-uniformities. In addition, the simulations predict significant
suppression of the Rayleigh-Taylor instability induced by the imprint process.
The production of a supersonic ionization wave in low density foams has
recently been demonstrated [6]. The X ray pulse was generated from a spatially
separate laser irradiated gold converter foil. The position of the ionizing heat front
in the foam target was observed by using a high resolution, soft X ray, side-on radiographic imaging system. The experiment was modelled with 1-D and 2-D Lagrangian
radiation hydrodynamics codes, resulting in good agreement. The supersonic nature
of the ionization front was sustained for many hundreds of picoseconds, with
re-emission of X rays in the heated target shown to play a crucial role in the dynamics
of the front.
Experiments have recently been carried out to test the effectiveness of the
foam plasma buffer scheme. The foam targets (CHO foam, with a density of
50 mg/cm3) were overcoated with a thin, high Z X ray converter layer (40 nm of
bismuth) and supported on solid plastic substrates (12 /¿m in thickness) for quantita-
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FIG. 1. (a) Streak record of an accelerating foam-foil hybrid target. The target was a 50 mg/cm3
CHOfoam, 50 ¡im long, overcoated with 40 nm Bi, supported on a 12 \x.m mylar foil. The original target
position is indicated at the top of the figure. Laser is incident from the right, (b) Temporal history of
the rear side of the accelerating targets, for a directly driven, 12 pm thick CHO foil and 50 fim long
foam plus 12 ¡xm foil.

tive measurements of the target acceleration. The production of a supersonic front
was confirmed by using streaked radiography with the preforming X ray wave
propagating well ahead of the thermal front. The thermal smoothing properties were
investigated with a modulated laser beam incident on the high Z layer. Side-on, soft
X ray imaging was used to monitor the levels of thermal smoothing. 2-D spatially
resolved images clearly showed that the modulated structure in the incident laser
beam is significantly washed out in the preformed foam plasma. The smoothing is
noticeable even early in time where the thermal front has only penetrated 20 /¿m into
the target. In contrast, when a bare foam was irradiated with the modulated laser
beam, i.e. no high Z layer was present on the foam target, the incident laser modulations are clearly reproduced in the target. The hydrodynamic efficiency of the foam
hybrid scheme versus a solid foil target was also studied. Figure 1(a) demonstrates
that the presence of the foam overcoat does not affect the degree to which the target
can be accelerated. The streak record shows the thermal front propagating through
a 50 /¿m thick foam buffer and subsequent target acceleration as the shock reaches
the rear side of the foil. The position of the rear surface of the accelerated foam-foil
target is shown to be almost identical with that of a simple, directly heated solid planar foil even though the hybrid target contains 17% more mass (see Fig. 1(b)). The
slight difference in the absolute position results from the increased shock transit time
in the foam-foil target. The efficiency can be understood from the fact that, in the
interaction of the laser with a solid foil, the distance between critical layer and ablation reaches a steady state value of the order of 50 ptm in the first few hundred picoseconds of irradiation. The presence of the foam buffer, then, merely introduces this
steady state distance from the beginning of the interaction. The observed retention
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Time = 1060 ps

Time = 2135 ps

FIG. 2. Two soft X ray images showing laser imprinting and RT growth induced by a random phase
plate speckle pattern.

of hydrodynamic efficiency provides an indication that little energy is lost to parametric processes occurring in the preformed plasma. This was confirmed by using
calibrated, time resolved diodes, which demonstrated that about 5% of the incident
laser energy was lost to stimulated Brillouin backscattering, which was about a factor
of two larger than the backscatter levels measured on laser irradiated solid foil
targets.
The growth and saturation of the imprinting process was investigated on foamfoil and bare foil targets using a coherent, random phase plate (RPP) or induced spatial incoherence (ISI) smoothed laser beam. Face-on transmission radiography with
a probe wavelength of about 200 eV and a spatial resolution of approximately 1 /xm
was used to measure the mass perturbations across the target. The transmitted signal
was recorded either by a soft X ray streak camera or a four frame gated microchannel
plate intensifier. This diagnostics also allowed the early phase of the Rayleigh-Taylor
instability to be studied. The observations clearly show that significant target breakup
occurs on thin foils at early times, caused by the imprinting process with a perturbation wavelength similar to the laser structure. Later in time, the longer wavelength
modes become more pronounced. Figure 2 shows two gated soft X ray images which
were recorded at about 1 and 2 ns after the beginning of the laser pulse. The target
was a 7.5 (xm thick CH foil which was irradiated with a RPP smoothed laser beam.
In contrast, virtually no target breakup was observed when a foil-foam target overcoated with a thin layer of high Z material facing the laser beam was used. These
measurements are consistent with hydrodynamic simulations.
3-D simulations of the Rayleigh-Taylor instability in the deceleration phase of
ICF implosions have previously been carried out with the 3-D hydrocode PLATO
[7, 8]. In order to model the complete implosion, PLATO has been substantially
modified with the addition of classical electron thermal transport, laser energy deposition, multimaterial capability and a semi-Lagrangian sliding mesh. The effects of
the initial laser inhomogeneity on the shape of the final compressed core are currently
being modelled by varying the laser perturbation wavelength and amplitude, the target aspect ratio and the gas fill pressure. Preliminary results indicate significant feedthrough of the ablation surface instability to the pusher-fuel interface for an t = 6
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perturbation imposed on a moderate aspect ratio target (R/dR = 30). The seeding of
higher modes on the shell inner surface has also been observed, and the mechanisms
responsible for this potentially damaging effect are being investigated.
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DISCUSSION
S.L. NEDOSEEV: Are you sure that the foam is homogeneous after only
—100 ps of laser irradiation so that hydrodynamics codes can be used for
calculations?
O. WILLI: The cell size of the foam is — 1 ¡xm, and with a temperature of about
50 to 100 eV the foam will homogenize in less than 100 ps.
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Abstract
DIRECT-DRIVE LASER FUSION EXPERIMENTAL PROGRAM AT THE UNIVERSITY OF
ROCHESTER'S LABORATORY FOR LASER ENERGETICS.
The new OMEGA, 60-beam, 30-kJ UV irradiation facility at the University of Rochester will
possess unique capabilities to validate the direct-drive approach to inertial fusion. The paper presents
a summary of the theoretical basis of the direct-drive capsule designs, the requirements these designs
impose on laser system design, and a brief summary of the planned Laboratory for Laser Energetics
experimental program on OMEGA.

Introduction
The ultimate objective of the Laboratory for Laser Energetics's (LLE)
direct-drive experimental program to be carried out on the OMEGA Upgrade is
to study the physics of hot-spot formation under near-ignition conditions
(ignition scaling), using capsules whose hydrodynamic behavior scales
similarly to that of high-gain capsules. The program objectives are to
demonstrate a convergence ratio >20, an ion temperature of 2-3 keV, and a total
fuel areal density greater than 0.2 g/cm2 with capsules whose Rayleigh-Taylor
(R-T) growth factors are in excess of 500.
To achieve these objectives, the OMEGA Upgrade facility is designed to
irradiate targets with up to 30,000 J of 351-nm laser light using complexshaped pulses with contrast in excess of 200:1. To attain the irradiation
uniformity objective of 1% to 2% rms, the laser will have 60 beams and use
smoothing by spectral dispersion (SSD) [1] with a spectral bandwidth of
33
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0.04%. The system is designed to a pointing stability of ±15 jim and prepulse
intensity control of less than 108 W/cm2 [2].
In this paper, we present a brief summary of the theoretical basis of
direct-drive capsule designs, the requirements these designs impose on the laser
system design, and a brief description of the experimental program.
Capsule Designs
To achieve thermonuclear ignition and burn, a capsule must be driven
with minimum preheating of the fuel from radiation and shocks and with a low
in-flight aspect ratio (shell divided into the average shell radius) to nrinimize the
effects of the R-T instability. Studies of directly driven capsules show that the
R-T time-dependent growth rate can be approximated by

where A(t) is the Atwood number, k is the unstable wave number, g(t) is the
acceleration, L(t) is the density scale length, and Va(t) is the ablation velocity.
Simple scaling arguments find that the ablation velocity scales as V a œ cc3/5,
where a is defined as the ratio of the cold fuel pressure to the Fermi-degenerate
pressure; a is thus a measure of the departure from Fermi degeneracy. The
parameters e and P are approximately 0.3 and 3.0 respectively.

Incident laser energy (MJ)
(a)

Incident laser energy (MJ)
(b)

FIG. 1. Direct-drive target gain versus incident laser energy for four values of a (departure from
Fermi-degeneracy) assuming (a) a fixed laser focus, initially tangential; and (b) a focus strategy that
allows for a shift in focus during the pulse. The shaded areas indicate the NIF energy range.
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FIG. 2. Equivalent in-flight aspect ratio (shell radius/mix thickness) resulting from various initial
perturbation amplitudes, compared with the in-flight aspect ratio (shell radius/shell thickness)
corresponding to two capsule implosion velocities Vimp.

Calculations of direct-drive capsule performance have been conducted at
LLE for the incident energy range proposed for the U.S. National Ignition
Facility (NIF). Figure 1 shows the results of these one-dimensional calculations
for four values of a and for two focusing strategies. These NIF capsule
simulations predict that, for a in the range of 3 to 4, the target gain will be
approximately 20, compared to 10 for indirect-drive targets.
We estimated the tolerable level of target and irradiation uniformity
imperfections by using Eq. (1) along with a stability model developed by Haan
[3]. The results of this model are shown in Fig. 2 and predict that for implosion
velocities in the range of 2.5 to 3.5 x 107 cm/s, and a between 3 and 4,
maximum effective perturbation amplitude (laser and target) must be less than
5000 Á.
It is our objective to test these capsule designs on OMEGA using
"hydrodynamically equivalent" capsules, i.e., capsules whose physical
behavior scales to that of capsules appropriate for the NIF. Based on
hydrodynamic behavior alone, the laser and capsule parameters would be scaled
by the following relations: energy E <x R3, power P « R2^ ^ d time « R, where
R is the capsule radius. Comparing the performance of NIF capsules with that
of energy-scaled implosions using 30 kj of incident 351-nm laser light, onedimensional simulations show that these capsules have a similar number of R-T
e-foldings during both the acceleration and deceleration phases of the
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implosion, similar hot-spot convergence ratios (CR) in the range of 20-25, and
similar implosion velocities.
The actual requirements on capsule finish and initial laser nonuniformity
imprinting for the 30-kJ designs are more stringent than for the NIF designs.
Experimental Program Plan
An extensive experimental program plan has been developed by LLE to
validate direct-drive target performance. One of the key series of experiments is
designed to investigate the physics of the R-T instability. Initial experiments
have been conducted in planar geometry in collaboration with LLNL on the
two-beam NOVA laser [4], The initial NOVA experiments used a wavelength of
530 nm and and an intensity of 0.8 to 1.0 x 1014 W/cm2. Beam smoothing with
SSD resulted in irradiation uniformity of 6.7% rms over the 800-jim-diameter
CH foil. Perturbation wavelengths of 20, 30, 50, and 70 (J.m were investigated
with initial amplitudes of the order of 1 Jim. There was good agreement
between the calculated and measured growth rates; however, due to the large
initial perturbation amplitudes that were used, the actual time the instability was
in the linear regime was small. Current experiments are investigating techniques
to reduce the Rayleigh-Taylor growth rate by using laser-pulse shaping and
high-Z doping of the CH ablator. Similar experiments are planned for the
OMEGA Upgrade at intensities of 2.0 to 4.0 x 1014 W/cm2 and with improved
beam uniformity. Also planned for the OMEGA Upgrade are experiments to
measure the R-T growth in spherical geometry.
The implementation of laser and plasma diagnostics is key to all the
experiments planned for OMEGA Upgrade. Laser-system diagnostics will
include multiwavelength energy diagnostics, multibeam power balance
detectors, high-dynamic-range pulse-shape diagnostics, and equivalent-targetplane irradiation characterization. Plasma diagnostics include high-speed,
multiframe (40-ps) x-ray microscopy; high-resolution (5-|im) x-ray imaging;
spatially and temporally resolved x-ray spectroscopy; neutron spectroscopy;
neutron burnwidth measurements; neutron imaging; fuel-areal-density
diagnostics; and many other x-ray, nuclear, and optical diagnostic systems.
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Abstract
PROGRESS IN THE LIGHT ION DRIVEN INERTIAL CONFINEMENT FUSION PROGRAM.
The goal of the light ion inertial confinement fusion (ICF) program is high fusion yield for defense
and energy applications. The first lithium-driven hohlraum experiments at 1400 TW/g are reported. The
lithium beam intensity is presently limited to 1.4±0.4 TW/cm2 (averaged over a 6 mm diameter
sphere), because of a combination of beam divergence and limited lithium beam power. Surface
contamination in the diode plays an important role in limiting the lithium power. Concepts have been
developed for beam transport over several meters. Synergism exists between light- and heavy-ion ICF
in areas such as transport and target physics.

1. LIGHT ION FUSION PROGRAM GOALS
Sandia National Laboratories is investigating the feasibility of using intense
beams of light ions as a driver for inertial confinement fusion (ICF) [ 1 ] based on an
indirect-drive target concept. High yield (200 - 1000 MJ) implosions will require that
a -30 MeV lithium ion beam irradiate a ~1 cm radius target with intensities of ~50
TW/cm2 and energies of -14 MJ [2]. The most important physics issues for iondriven ICF fall into the categories of targets, beam intensity, and beam transport.
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2. LITHIUM DRIVEN TARGET EXPERIMENTS
Improvements in beam intensity have enabled the first lithium beam driven target
experiments on the Particle Beam Fusion Accelerator (PBFAII). These lithium
driven target experiments achieved a hohlraum temperature of 58+6 eV and a record
specific power deposition of 1400 TW/g compared to previously reported protondriven hohlraums of 35 eV and 120 TW/g. [3]. Fig. 1 shows a comparison between
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FIG. 1. Comparison of x-ray source flux (solid) with blackbody spectrum for 50 (dots), 60 (short
dashes) and 70 eV (long dashes) temperatures.

the experimental x-ray flux and 50, 60, and 70 eV blackbody spectra. These
experiments demonstrated a radiation dominated and optically thin hohlraum which
are a prerequisite for indirect drive target operation. Our next milestone is 100 eV in
an ion-driven hohlraum on PBFA II, which we estimate will require a ~5 TW/cm2
lithium beam of 10 MeV kinetic energy.
3. ION BEAM INTENSITY
Ion beam intensity is directly proportional to the ion beam power and inversely
proportional to the square of the ion beam divergence. We have made significant
progress in reducing lithium beam divergence and increasing the intensity since 1990.
In 1990, the time-resolved Li beam divergence ranged from 35 - 45 mrad and the
beam intensity was approximately 0.1 TW/cm2. In early 1993, the time-resolved Li
divergence was measured to be 22 mrad at peak ion power and the resulting focal
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FIG. 2. Ion beam intensity and estimated corresponding hohlraum temperatures as a function of ion
power for varying ion divergence (open circles: 10 mrad; closed circles: 15 mrad; closed triangles:
20 mrad; open triangles: 25 mrad; squares: 30 mrad).

intensity was 1.4±0.4 TW/cm2. In order to reach our 5 TW/cm2 intensity goal, and
ultimately 50 TW/cm2 for high yield, we will need to both decrease the focal spot size
by decreasing the beam divergence and increase the ion beam power. Ion beam
intensity and the estimated corresponding hohlraum temperature as a function of ion
beam power and divergence is plotted in Fig. 2.
A significant source of inefficiency in coupling accelerator power into ion beam
power has been identified as a parallel or "parasitic" load carrying current in the diode
region but not in the desired ion beam. Increasing the lithium beam power will
require ameliorating this parasitic load problem. A major contributor to the parasitic
load has recently been identified as surface contamination within the diode [4].
Preliminary results on the SABRE accelerator have shown a reduction in the parasitic
load after reducing the surface contaminants through a combination of heating and
RF discharge cleaning of the diode [5]. Heating and cleaning experiments to
ameliorate the parasitic load are scheduled to begin this fall on PBFAII.
We have made substantial progress in understanding the many mechanisms that
can contribute to divergence growth [6]. Important contributors to divergence include
intrinsic ion source divergence, divergence from beam nonuniformities, and
instability-induced divergence. Recent spectroscopic measurements appear to show
azimuthal electric field asymmetries which could be associated with the parasitic load
problem and contribute to ion beam divergence [7]. Therefore, mitigation of the
parasitic load may help to decrease divergence. Development of an improved active
ion source is expected to reduce source divergence and may also decrease
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nonuniformity-related divergence. Three-dimensional computer simulations have
shown that electromagnetic-instability-induced divergence is correlated with the level
of enhancement of ion current over the simple monopolar Child-Langmuir value,
suggesting that lowering the enhancement of the diode should also lead to lower
divergence. Experiments have confirmed the benefits of low enhancement operation
on ion beam divergence.
4. ION BEAM TRANSPORT
For light ion ICF to successfully meet its long term goal, a method must be
developed to transport the ion beam several meters from the diode region to the target.
The standoff requirements include development of extraction ion diodes, producing
beams with low divergence (~6 mrad), and demonstrating transport in a low pressure
gas. The baseline approach for beam propagation includes ballistic transport from
the diode over a distance of 3 m followed by focusing in a solenoidal lens and
transport over the final 1 m to the target (cf. Réf. 2). This method of transport will be
successful if the beam divergence can be reduced to ~6 mrad. Self-pinched ion beam
propagation is an attractive alternative concept that would eliminate the requirement
for a final focusing lens within the target chamber. As shown in Fig. 3, in this

target

ballistic focus
(*1Torr)

self-pinched in
guide tube
(< 0.1 Torr)

self-pinched in
chamber
(< 0.1 Torr)

FIG. 3. Self-pinched ion beam transport concept.

scheme the ion beam is transported in a low-density gas and is space-charge
neutralized, but only partially current neutralized (90-98%). The residual net current
is sufficient to create a magnetic field that confines the beam within a radius that
approximates the target diameter. Self-pinched transport is ideal for both light- and
heavy-ion ICF applications because no transport hardware is required within the
target chamber itself. Recent computer simulations of this transport mode are
encouraging [8].
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5. THE FUTURE OF LIGHT ION FUSION
The specific power depositions achieved in our lithium-driven hohlraums
approach the levels required by high yield targets. Several studies have been
performed that indicate that light-ion-driven ICF provides the potential for cost
effective reactors and flexible power plant sizing [9]. The cost and efficiency
advantages of light-ion-driven ICF for energy and defense applications motivate a
continuing research effort that today is centered about increasing focused beam
intensity and studying transport and target physics.
Light ion ICF is an international effort. We explore ion beam focusing and
hohlraum physics on PB FA II, capsule physics on the Nova laser facility at Lawrence
Livermore National Laboratory (LLNL), and ion beam transport physics on the
Sandia SABRE accelerator, as well as facilities at Naval Research Laboratory (NRL)
and Cornell University. Similar experiments are conducted in Germany, Japan, Israel
and Russia. These light ion target and transport experiments are developing a physics
data base for ion (light or heavy) driven fusion energy.
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DISCUSSION
J. MEYER-TER-VEHN: Could you please give the current parameters for your
Li beams and tell us what you want to achieve in the near future?
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J.P. QUINTENZ: At present, Li beam divergence is 22 mrad and the intensity
is 1.4 ± 0.4 TW/cm2 averaged over a 6 mm diameter sphere. The resulting hohlraum temperature is ~60 eV. Our near term goal is a hohlraum temperature of
100 eV, which will require an intensity of ~ 5 TW/cm2. Our near term goal for
beam divergence is 15 mrad HWHM.
D.D. RYUTOV: One of your transparencies showed that, at about t = 15 ns,
the beam divergence has a minimum. Does this mean that there is quenching of the
instability around this time?
J.P. QUINTENZ: In most of our experiments we see an increase in the beam
spot size (divergence) with time. In the case in question, the divergence starts low
(—18 mrad), reaches 22 mrad at peak ion power, and then continues to grow later
in time. Our analytical theory and numerical simulations indicate that we should
expect lower divergence early in time during a high frequency (diocotron) instability
phase, and then higher divergence during a low frequency (ion mode) instability
phase after saturation of the diocotron instability. We may be seeing some evidence
of this evolution in these data.
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WITH BLUE GEKKO XII LASER
Y. KATO, H. SHIRAGA, H. NISHIMURA, K.A. TANAKA,
Y. OSHIKANE, H. TAKABE, M. MURAKAMI, M. TAKAGI,
T. NORIMATSU, Y. IZAWA, T. KANABE, T. JITSUNO,
M. NAKATSUKA, S. NAKAI
Institute of Laser Engineering,
Osaka University,
Suita, Osaka
T. ENDO, C. YAMANAKA
Institute for Laser Technology,
Suita, Osaka
Japan
Abstract
INDIRECT DRIVE IMPLOSION OF CANNONBALL TARGETS WITH BLUE GEKKO XII
LASER.
A fuel capsule placed inside a cylindrical cavity is compressed by thermal X rays. The dynamic
properties of the pusher and the fuel near the stagnation phase are measured by using advanced
instruments for X ray and neutron diagnostics. A newly developed 10 ps X ray framing camera reveals
rapid changes in the X ray emission distributions in the pusher and the fuel. The present experimental
conditions are not yet sufficient for achieving high spherical symmetry under compression characterized
by high stagnation. Several approaches to improving the implosion symmetry are examined.

1.

INTRODUCTION

The indirect drive approach of inertial confinement fusion (ICF) has been
studied at the Institute of Laser Engineering (ILE) [1-3]. Since the last IAEA meeting, partly in collaboration with the Max-Planck-Institut fur Quantenoptik, basic
studies on X ray re-emission and radiation transport have been carried out [4].
Supersonic propagation of a radiation heat wave in low density foam has been
demonstrated [5].
In this paper we present a major account of the experimental results on indirect
drive implosion, which we have been pursuing in parallel to these basic studies, and
examine possibilities of new approaches to improvement in indirect drive ICF.
45
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EXPERIMENTAL CONDITIONS

A typical target consisted of a fuel capsule of approximately 300 /¿m diameter
placed inside a cylindrical Au cavity of 800 ¿im diameter and 1600 jura length. The
cavity was irradiated by ten laser beams of 351 nm wavelength with a Gaussian pulse
of 0.7-0.9 ns width (FWHM). The total laser energy on the target was 4 U, with
an energy balance of 2% (root mean square, rms).
The fuel capsule was either a plastic shell filled with 10 atm deuterium with
addition of 0.5 atm Ar for X ray diagnostics, or a glass microballoon (GMB) filled
with 8 atm DT '. Both targets were coated with teflon of varying thickness so as to
change the implosion dynamics. The initial areal density (pR) of the shell of
1-4 mg/cm2 corresponds to a radial capsule convergence of 5 to 25, respectively.
These shells typically had 1.5% thickness non-uniformities with low mode numbers
of up to ten and a surface roughness of 0.1-0.2 ¿im depth, due to the teflon coating.
The irradiation positions of the laser beams on the inside surface of the cavity
were chosen to minimize the low order non-uniformities. The rms non-uniformity of
mode 2, a(2), estimated from an X ray transfer calculation [6], initially is 8% and
decreases to 2% in 0.5 ns as the X ray is circulated in the cavity. The mode 4 nonuniformity, CT(4), which is not sensitive to radiation confinement and laser beam
pointing, remains at approximately 2% over the pulse duration.
3.

OBSERVATION OF IMPLOSION DYNAMICS AT STAGNATION

A high gain target design requires isentropic compression of the fuel up to a
high density and formation of a hot spot at the centre of the compressed fuel [7].
Among the major critical issues in this design are the fluid instabilities at the pusherfuel interface during the deceleration phase, which leads to a deviation from spherical
compression and pusher-fuel mixing.
We have employed various diagnostic techniques to evaluate the plasma
parameters of the compressed core. With increasing pusher pR, the time integrated
X ray spectra of the Ar filled targets showed significant broadening of the Ar
resonance lines accompanied by strong satellites, corresponding to an increase in the
electron density from 1 x 1023 to 1 x 1024 g/cm3 [8]. The electron temperature is
approximately 1 keV, with spatial variations over the fuel as observed by a two channel monochromatic X ray imaging camera [9, 10].
By using DT filled GMB targets, the emission times of the neutrons and the
X rays were measured simultaneously with their relative timings calibrated
accurately to within 50 ps. The neutrons are emitted almost simultaneously with the
X rays for a pusher pR of up to 3 mg/cm2, above which the neutron emission terminates earlier than the X ray emission. This result indicates that the fuel temperature
starts to decrease earlier than that of the pusher at the heavily stagnated compression.
1

1 atm * 105 Pa.
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We define the 'stagnation ratio (SR)' as the ratio of the pusher inner radius at
the beginning of the deceleration to that at maximum compression (peak burning
time). The stagnation ratio in this experiment was varied from 1 to 3.5. A plot of
the observed neutron yield normalized by the 1-D calculated value versus SR (Fig. 1)
shows that the normalized neutron yield is closely correlated to the SR over a broad
range of experimental conditions. The normalized neutron yield decreases rapidly
with increasing SR and approximately corresponds to the 1-D simulation value at the
beginning of stagnation.
The temporal changes in the spatial distributions of the X ray emissions were
observed with a multiple imaging X ray streak camera (MIXS), which has a temporal
resolution of 10 ps and a spatial resolution of 15 fim [11]. The X ray emission
framing images of pusher and fuel were observed with a DT filled GMB and a
D2/Ar filled plastic microballoon, respectively. The pusher images show that each
segment of the glass shell emits X rays at different times, varying from - 2 5 to
+40 ps from the average. The X ray emission images from the fuel (Fig. 2) also
show very rapid changes in the intensity distributions. Non-uniformities, not only
with mode number 4, but also with odd mode numbers such as 1 and 3, are observed
in these images.

4.

DISCUSSION

These results indicate that no spherical compression of fuel up to high density
during the stagnation phase has been attained in the present indirect drive experiments. Analyses of the instability growth show that improvements in the irradiation
non-uniformities and in the target surface roughness are required to attain spherical
compression under conditions of strong stagnation [8]. These improvements will be
achieved by using smaller diameter, single layer parylene shells which are used for
direct drive implosion experiments at ILE.

Cylinder with
double cone
irradiation

Target irradiation
with re-emitted
X rays

Direct-indirect
hybrid design

FIG. 3. Possibilities of indirect drive targets for improved irradiation uniformity.

IAEA-CN-60/B-7

49

Figure 3 shows several possible arrangements for improving the irradiation
uniformity in the indirect drive laser fusion. Irradiation non-uniformities of the low
mode numbers which are accompanied by cylindrical cavities will be reduced by
using two bundles of phased laser beams. Higher irradiation symmetry will be
attained with a spherical cavity. We note that in one of our early experiments 12 laser
beams were introduced into a spherical cavity through four entrance holes with tetrahedral symmetry, and the fuel capsule in the cavity was successfully compressed [12]. Also in the MPQ/ILE joint experimemts, five laser beams were
introduced through an entrance hole of a spherical cavity, and each laser beam was
received by a trap for conversion to X rays, resulting in 100 eV black body radiation
[13]. Extremely high irradiation uniformity will be attained by placing a fuel capsule
into this type of indirectly driven spherical cavities.
Another possibility is the direct/indirect hybrid target concept. One of the variations in this concept is to use a high Z doped low density foam in which laser energy
is converted to X rays and transported to a fuel capsule inside the foam layer. The
fabrication of the foam shell over a fuel capsule is being tested at ILE.

5.

SUMMARY

The implosion dynamics during the stagnation phase was studied. A newly
developed 10 ps X ray framing camera (MIXS) revealed very rapid changes in the
X ray emission distributions in the pusher and the fuel. These studies indicate that
improvement in the uniformity of irradiation and in the target surface roughness is
required to attain high spherical symmetry in the presence of compression characterized by high stagnation.
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DISCUSSION
R.L. McCRORY: How do you determine the absolute calibration of your detectors for neutron yield? Where is this information published?
Y. KATO: In the case of D2 fuel, neutron detectors consisting of a plastic scintillator and a photomultiplier were absolutely calibrated by using the branching ratio
of D + D — n + 3He and D + D — p + T. 3 MeV protons from a near exploding
pusher target were measured by using CR-39 which was calibrated at the proton
accelerator facility (NRINP) at Osaka University. The calibration uncertainty was of
the order of several per cent. These detectors were calibrated to DT (14 MeV)
neutrons by comparison with the Al (and/or Cu) activation method. The neutron
induced activation of Al near the target was measured by ¡3-y coincidence with an
uncertainty of ~ 5 % or better.
R.J. HAWRYLUK: What are the best neutron yields per shot in both direct and
indirect drive you have achieved to date?
Y. KATO: For direct drive implosion, the highest neutron yield we have
recorded is 1013 per shot for a so-called high aspect ratio target with DT fuel. This
corresponds to a pellet gain (defined as the ratio of the fusion energy output to the
drive laser output) of almost 0.1%. For indirect drive implosion, the best neutron
yield is about 5 x 109 for DT fuel. The smaller yield, by comparison with direct
drive, is due to less efficient coupling from the drive laser to the fuel capsule
implosion.
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Abstract
HOHLRAUM DRIVE AND IMPLOSION EXPERIMENTS ON NOVA.
Experiments on Nova have demonstrated hohlraum radiation temperatures of up to 300 eV and
in lower temperature experiments reproducible, time integrated symmetry to 1-2%. Detailed 2-D
LASNEX simulations satisfactorily reproduce Nova's drive and symmetry scaling databases. Hohlraums have been used for implosion experiments achieving convergence ratios (initial capsule radius/
final fuel radius) up to 24 with high density glass surrounding a hot gas fill (BRUECKNER, K.A.,
JORNA, S., Rev. Mod. Phys. 46 (1974) 325).

1.

RADIATION DRIVE MEASUREMENTS
AND CALCULATIONS ON NOVA

The radiation temperature in a hohlraum is determined by a balance of sources
and sinks expressed by
VPL

= (Aw(l - a) + Ah) oT4R

The X ray source is rjPL, where PL is the laser power, the hole loss is oTRAh, and
the wall loss is (1 - a) crTRAw, where Ah and Aw are the areas of the holes and
wall, respectively, TR is the effective brightness temperature of the hohlraum and a
51
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FIG. 1. Radiation temperature as a function of laser power for 1 ns laser pulses. The experimental
results are shown by closed circles. LASNEX calculations are open circles. The line is a fit to the data
using the power balance equation.

is the wall albedo [1]. For Nova hohlraums, a ~ 0.8 and the X ray conversion efficiency rj can be related to open geometry experiments.
The targets for Nova experiments are right circular cylinders of 1.6 mm
diameter and 2.5-2.8 mm length made of high Z material. Five beams per side, with
up to 30 TW of 0.35 ¿im light in a 1 ns square laser pulse, are focused through the
two laser entrance holes (LEHs) in the ends of the cylinders onto the inside cylinder
walls. Scaling is also investigated by using 1.2 mm and 1.0 mm diameter targets.
The radiation temperature in the cavities is determined by observing the velocity
us of a shock wave generated when radiation is absorbed in aluminium wedged and
stepped witness plates. The shock velocity is measured with an error corresponding
to +5 eV in TR, by time resolving the optical emission from an Al wedged or
stepped witness plate. TR is also measured [2] from the reradiated flux, Sr, from the
X ray heated wall using an array of X ray diodes with a time resolution of 150 ps.
By using 1 ns constant power (square) laser pulses, TR measured from the
shock breakout as a function of average laser power is shown in Fig. 1. In smaller
cylindrical cavities, we measure temperatures of 290 and 300 eV for a 1.2 and
1.0 mm diameter cavity, respectively. The present experiments significantly extend
the range of radiation temperatures attained in the laboratory [3] to temperatures of
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interest for high gain implosions. Results of the fit from the power balance equation
are shown in Fig. 1, with r\ being 0.75, 0.65 and 0.50 for the 1.6 mm, 1.2 mm and
1.0 mm diameter cavities, respectively. The 1.6 mm cavities have also been
modelled by using 2-D LASNEX and are also shown as open circles in Fig. 1.
In general, X ray drive becomes easier for larger facilities because the temperature is determined by the wall loss 1 — a I / T R V 5 . For longer times, or for
higher temperatures, the wall loss drops [1]. For 1.6 mm cavities on Nova, t — 1 ns,
T ~ 260 eV and 1 - a = 0.2: in contrast, the NIF will have t ~ 10 ns, T ~ 300 eV
and 1 - a ~ 0.11.

2.

RADIATION SYMMETRY EXPERIMENTS AND CALCULATIONS

In separate experiments, we have produced nine different symmetry scaling
databases using pulse shapes from 1 ns flat-top to 3.2 ns shaped pulses, and pure gold
and lined hohlraums. In some cases, we varied the length of the hohlraum with the
pointing so that the beams always cross in the plane of the LEH.
For the 1500 Á of nickel lined series, for example, the hohlraum length was
varied with pointing such that the beams always crossed in the plane of the LEH.
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FIG. 2. Capsule image distortion versus initial pointing from a series using Ni lined hohlraums irradiated by a 2.2 ns shaped laser pulse, ps22. Inset: Relative laser power versus time for ps22.
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FIG. 3. Pointing of best symmetry in experiment versus pointing of best symmetry from our modelling
for 1 ns flat-top, 2.2 ns 3:1 ps22, and 3.2 ns 5:1 ps32. The longer the pulse shape, the further in we
must move the beams to obtain good symmetry.

Drive symmetry was measured by imploding a capsule with a convergence of ~ 8
and measuring the shape of the imploded capsule [4, 5]. Figure 2 displays the results
of this experiment and compares it to our modelling. The solid circles are 'distortions' (ratios of the FWHMs of the X ray images) from our experiments as a function
of beam pointing. The distortions of the modelling are the open circles. Clearly, we
can control the hohlraum symmetry by varying the beam pointing. For this series,
the pointing of best symmetry is —1200 ¿im in experiment and ~ 1150 /¿m in
simulation.
Figure 3 summarizes our ability to simulate with LASNEX [6] the pointing of
best symmetry over this wide range of experiments. The pole to waist flux variation
varies like the P2 Legendre polynomial. In a spherical hohlraum, the P2 component
of capsule flux vanishes when the P2 component of the source flux is zero, at the
polar angle where P2 is zero, i.e. 54.7°. A laser entrance hole modifies this, and the
centre of emissivity in a spherical hohlraum must be at about 44°, and in our more
detailed LASNEX simulations, which include higher £ mode components, volume
emission and mode coupling due to having a sphere inside a cylinder, we find that
the pole/waist fluxes are balanced when the centre of emissivity is at - 4 8 ° .
Spot motion, the migration of the radiation production region to smaller polar
angles, causes a simulated Nova type hohlraum to have an equator-high to pole-high
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asymmetry swing as the pulse becomes longer. For all three pulse shapes we find that
near the pointing of best symmetry the centre of emissivity sweeps through the
'optimal angle' (where pole pressure = equator pressure; —48° for these hohlraums)
when ~50% of a shape's useful energy has been delivered.

3.

HOT SPOT IMPLOSION EXPERIMENTS

Our best implosion targets were X ray driven, 180 /¿m o.d., 5 ¡xm thick gas
filled glass microballoons overcoated with 37 /¿m of plastic. Fill pressures varied
from 25 to 200 atm of deuterium1. Ten Nova beams (21 kJ) produced a uniform
X ray flux on the capsule surface. The radiation brightness temperature had a 100 eV
foot, rising to 210 eV peak in 1.6 ns, chosen to optimize the pressure density trajectory of the capsule compression, giving 8 Mbar ablation pressure at the foot of the
pulse and 110 Mbar at the peak of the pulse. This shaped drive keeps the pusher on
a low adiabat, resulting in large hydrodynamic growth factors of ~ 80.
Convergence of these capsules is limited by the X ray drive symmetry both
inherent to the hohlraum and due to random variations from imprecise laser beam to
beam power balance and pointing. We maintain tolerances of 8 % (rms) beam to beam
power balance during the foot of the laser pulse and 4 % power balance during the
peak, giving an X ray power balance on the capsule uniform to 2% (rms) at peak
power and 4% in the foot.
Burn averaged fuel density and capsule convergence were determined from
measurements of fuel areal density and mass conservation, giving densities of up to
19 ± 1.5 gm/cm3, with convergences of up to 24, in agreement with the simulations. Primary neutron yield, pusher areal density, burn duration, burn time and fuel
ion temperature were also measured.
Primary neutron yields for these implosions were in agreement with simulations
using the Haan mix model [7]. The degree of radial mix was 30-40%, implying a
good 'hot spot' of gas despite the large growth factor. Measured fuel ion temperatures were 0.9 ± 0.4 keV, corresponding to a final fuel pressure of 16 Gbar. Glass
shell densities were measured at 160 ± 20 g/cm3. The burn duration for the
100 atm capsules was measured to be 50 ± 15 ps, giving measured values of
m = 1.9 x 1014 s/cm3.
In conclusion, we may state that the X ray temperature and the degree of symmetry in Nova implosions are accurately modelled. X ray driven implosions, with a
'hot spot' of compressed gas, have demonstrated radial convergences at a level close
to the convergences required for ignition capsules.
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DISCUSSION
S.E. BODNER: The NIF hohlraum design requires a gas fill to control the wall
motion. With a simple gold wall and no gas fill the NIF would not work. My question
is, why were the Nova symmetry experiments successful with a simple gold wall and
no gas fill?
J.D. KILKENNY: The Nova experiments demonstrated control and reproducibility of the time integrated symmetry to about 1 %, the level required for ignition
calculations. However, the symmetry swings in the Nova symmetry experiments
were higher than could be tolerated for ignition, but the experiments worked because
these were low convergence implosions. For the Nova high convergence implosions,
the symmetry swings were restricted to —8-+5% by using short laser pulses and
higher case/capsule ratios.
J. MEYER-TER-VEHN: What is the spatial and time resolution with which you
can follow the actual hot spot formation by X ray imaging?
J.D. KILKENNY: The measurements I discussed were based on neutron diagnostics. The time resolution is about 20 ps. The spatial resolution could be about
10 fxm in the near future. We have used X ray imaging on other implosions with resolutions of 10 /^m and 30-40 ps.
M.G. BELL: Would you tell us your total neutron yield from the experiments
with DT capsules?
J.D. KILKENNY: In these experiments it was in the mid 109. For the other
X ray driven implosions it was close to 10 n . In directly driven implosions, yields
of 2 x 1013 have been achieved.
K. MIMA: How high is the energy coupling efficiency from the drive X rays
to the fuel capsule for the current high convergence experiments?
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J.D. KILKENNY: We used a small capsule to achieve a small symmetry swing
allowing high convergence. The coupling efficiency is correspondingly low.
K. MIMA: How do you extrapolate your high convergence experiments to NIF
implosion in terms of the compromise between symmetry and coupling efficiency?
What coupling efficiency do you predict for NIF implosion on the basis of the present
experimental data? If there is a gap between the experimental evidence and the NIF
design value, how can you bridge it?
J.D. KILKENNY: Low convergence implosions on Nova can tolerate large
symmetry swings together with large case/capsule ratios. Therefore, hydrodynamic
efficiencies close to the NIF values have been successfully imploded.
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Abstract
RESOLVING A CENTRAL ICF ISSUE FOR IGNITION: IMPLOSION SYMMETRY.
The Los Alamos National Laboratory Inertial Confinement Fusion Program focuses on resolving
key target-physics issues and developing the technology needed for the National Ignition Facility (NIF).
This work is being performed in collaboration with Lawrence Livermore National Laboratory (LLNL).
A major requirement for the indirect-drive NIF ignition target is to achieve the irradiation uniformity
on the capsule surface needed for a symmetrical high-convergence implosion. Los Alamos employed
an integrated modeling technique using the Lasnex radiation-hydrodynamics code to design two different targets that achieve ignition and moderate gain. Los Alamos is performing experiments on the Nova
Laser at LLNL in order to validate its NIF ignition calculations.

1.

INTRODUCTION

A goal of the U.S. Inertial Confinement Fusion (ICF) Program is to
demonstrate ignition and moderate gain in the proposed National Ignition Facility
(NIF). The NIF is designed to illuminate both direct- and indirect-drive targets
with 1.8 MJ of 0.35-u.m laser light from a frequency tripled Nd:glass laser (in
indirect drive, the laser light is converted to x-rays at the wall of a cavity called a
hohlraum, and the x-rays are used to implode the fuel capsule in the center of the
hohlraum). The U.S. ICF Program has recently completed conceptual design of
the NIF [1].
The ICF Program at Los Alamos National Laboratory is focusing its effort on
resolving target-physics issues related to achieving ignition using indirect drive.
The Los Alamos activities for the NIF include:
NIF Target Design: Calculating performance and studying sensitivity of
ignition target designs [2];
Target Experiments: Designing, fielding, and analyzing data from targetphysics experiments, generally on the Nova Laser at Lawrence Livermore
National Laboratory (LLNL) but also on the Trident Laser at Los Alamos [3];
Target Fabrication: In addition to fabricating targets for our experiments, Los
Alamos is developing both the p-layering technique for producing uniform
layers of frozen deuterium/tritium mixtures and the manufacturing techniques
for producing beryllium capsules [4];
Diagnostic Development: Designing and fielding x-ray, optical, and neutron
target diagnostics; and
Laser Science: Developing techniques for producing low cost optics and
researching third-harmonic conversion for Nd:glass lasers [5].
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The remainder of this paper emphasizes the work Los Alamos is performing in
collaboration with LLNL in understanding implosion symmetry in indirect-drive
targets.
2.

CALCULATIONS OF THE NIF TARGET DESIGN

Los Alamos calculations of the performance of the NIF target use integrated
modeling, a technique that has been demonstrated to model the greatest variety of
Nova experiments. Using the Lasnex radiation-hydrodynamics code [6], these
self-consistent 2-D calculations include physics for laser deposition, hohlraum
conversion of laser light to x-rays, radiation transport of x-rays including
deposition on the capsule, the best available atomic physics, hydrodynamics, and
thermonuclear reactions. These calculations do not include the physics of
interpenetrating plasmas, losses from laser-plasma instabilities, and are typically
not adequately zoned for examining hydrodynamic instabilities.
To date, Los Alamos has successfully calculated two NIF targets to ignite.
The first, similar to the baseline design first demonstrated by LLNL to ignite
calculationally, uses a plastic (CH) capsule. The other design, developed at Los
Alamos, uses a beryllium capsule [2]. Both targets are illustrated in Fig. 1, and
both are calculated to have a yield of approximately 5 MJ.
Many techniques have been proposed to help control symmetry in indirectdrive targets. In 1988, laser-spot motion from the inward movement of the heated
high-Z wall was identified as too large in high-Z hohlraums to meet the ignition
uniformity requirements [7]. Low-Z liners and mid-z liners (on the inside of the
hohlraum wall) have been proposed to reduce movement of the high-Z wall and
thus reduce time-dependent symmetry variations from laser-spot motion, but they
currently appear to be inadequate to achieve the required symmetry. Mid-Z
liners are calculated to absorb too much laser energy within the hohlraum volume,
and low-Z liners are calculated to collide and stagnate on the hohlraum axis,
creating an asymmetric pressure pulse on the capsule.
The proposed solution to these problems is to fill the hohlraum with gas (see
the current design of the NIF target shown in Fig. 1). The gas calculates to limit
the wall motion to acceptable levels while effectively eliminating the pressure
spike on the axis of the hohlraum. The two rings of beams used inside the
hohlraum allow for compensation of the spot motion that does occur. Because

Hohlraum
CH Capsule

""

95mm

'

Be Capsule

FIG. 1. Geometry of the CH- and Be-ablator NIF ignition targets. Both targets use the same cylindrical
hohlraum, but the laser pulse shapes, capsules and required laser energies are different.
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the capsule needs to be a frozen layer of deuterium/tritium, helium appears to be
the gas of choice. Recent experiments and calculations show that an equal atomic
mixture of helium and hydrogen gas in the hohlraum is more desirable for
limiting laser-plasma instabilities [8] and maintaining the deuterium/tritium fuel in
a cryogenic state, and is now the gas in the baseline design.
3.

LOS ALAMOS SYMMETRY EXPERIMENTS ON NOVA

Over the past three years, Los Alamos has performed numerous target
physics experiments on the LLNL Nova Laser. Many of these experiments have
been directed at determining our understanding and accuracy of integrated
modeling calculations of symmetry.
Symmetry experiments have been aimed at comparing experiments and
calculations for two goals: understanding time-integrated symmetry, and
understanding time-dependent symmetry. Symmetry is often diagnosed by
examining the shape of the x-ray emission from the imploded capsule. The
geometry of the experiments is shown in Fig. 2.

>

Axial
Imager

Sixteen Frame Gated
X-Ray Imager
FIG. 2. Geometry for drive symmetry experiments, showing measurement of the shape of the imploded
capsule from two orthogonal directions.

Time-integrated symmetry studies, where the cumulative effect of the entire
laser pulse is measured, have been performed to test the accuracy of our
modeling. Experiments have been fielded for unlined gold, Ni-lined, and CHlined hohlraums with laser pulse shapes that include 1 ns flattop and longer
shaped pulses. Experiments with gas-filled hohlraums have just started. Los
Alamos and Livermore have significant experience in fielding gas-filled
hohlraums as part of laser-plasma instability experiments, but only a few
symmetry experiments have been done.
One way to test our modeling accuracy is to vary the laser pointing over a
series of target experiments. Fig. 3 shows a graph of the imploded capsule image
distortion as a function of the axial laser pointing. We see good agreement
between the experimentally measured eccentricity and the integrated modeling
calculations.
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FIG. 3. Experimental results and comparison with integrated modeling calculations of the imploded
capsule eccentricity as a function of laser pointing.

Time-dependent symmetry experiments have been performed to further test
our understanding of hohlraum physics and our calculational accuracy. The
symmetry of the x-ray flux on the capsule changes in time primarily because of
motion of the laser spots caused by inward hohlraum wall motion and the timevarying hohlraum wall albedo. Primarily, we used two techniques to examine
time-dependent symmetry: Symmetry Capsules [9] and Reemission Balls [10].
Symmetry Capsules are capsules that by design vary the implosion time. Capsules
that implode faster measure the irradiation uniformity at earlier times.
Reemission Balls are high-Z spheres (used in place of an imploding capsule) that
absorb x-rays and reradiate. By measuring the spatial profile of x-rays emitted
from the Reemission Ball, we can diagnose symmetry. Generally, experiments
performed for a variety of lined and/or unlined vacuum hohlraums have shown
good agreement with Lasnex integrated-modeling calculations for timedependent symmetry.
4.

CONCLUSIONS

The Los Alamos ICF Program focuses on development of the National
Ignition Facility in collaboration with the U.S. ICF Program. Past work and plans
for future work include addressing target physics issues, NIF target performance
and robustness, target fabrication development for the NIF, diagnostic
development, and laser science.
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Los Alamos has used the integrated modeling technique with Lasnex to
successfully calculate ignition with two different NIF targets. Both targets are
calculated to have a yield of approximately five megajoules. Sensitivity studies to
determine the robustness of these targets are underway.
The NIF target design studies have helped to identify major issues for the
ignition target, and experiments performed by Los Alamos on Nova in
collaboration with LLNL have begun to address these issues. The main issues for
the NIF indirect-drive target and their status currently appear to be:
Symmetry: Time-integrated and time-dependent symmetry experiments in lined
and unlined hohlraums have shown very good agreement with calculations.
However, more work is needed to verify our predictive capability for gas-filled
hohlraums.
Laser plasma Instabilities: Laser plasma instability experiments have shown
very encouraging results relevant to NIF targets, with experiments showing < 1%
backscatter from SBS [11]. Unfortunately, results do not show good agreement
with theoretical models for processes such as Stimulated Brillouin Scattering.
More work will be done to try to understand laser plasma instabilities in
hohlraum plasmas and thus allow more confident extrapolations for NIF
plasmas.
High Convergence: An improved understanding of hydrodynamic instabilities
and mix in high-convergence experiments is needed to assure adequate NIF
capsule performance.
Additional future work is planned by Los Alamos, including experiments on the
Omega Upgrade and Nike Lasers, to begin to examine issues for direct-drive
ignition targets for the NIF.
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DISCUSSION
S. ELIEZER: How do 1-D simulations compare with 2-D simulations and how
do these simulations fit your experiments? In particular, can you give comparative
figures for the experimental maximum ion temperature, compression and neutron
yields for the 1-D and 2-D simulations?
M. CRAY: We have concentrated our experimental design and analysis on 2-D
integrated calculations of the whole capsule and hohlraum target. We believe these
complex 2-D calculations are necessary to simulate the targets for Nova and the NIF.
When we compare 1-D capsule yields with 2-D target calculations, we find that, by
carefully tuning the drive symmetry, 2-D calculations reproduce 1-D results for ion
temperature, convergence ratio and neutron yield.
A. BERS: You have shown very low Brillouin backscattering. What about
stimulated Raman scattering — do you understand why you do not see any? How
would your observations of backscattering scale for the NIF?
M. CRAY: We have emphasized studies of Brillouin on Nova because early
Nova experiments led us to believe that Brillouin levels on the NIF could be ~ 20%.
Fortunately, experiments over the last year indicate that Brillouin levels on the NIF
should be very low, ~ 1 %. We have not observed significant Raman levels on Nova,
and Landau damping theory predicts low Raman levels for both Nova and the NIF.
High electron temperatures lead to limited Raman levels.
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Abstract
TARGET IMPLOSION USING A DEUTERIUM CRYOGENIC SYSTEM.
Cryogenic liquid deuterium and deuterium gas targets are imploded at laser intensities of
(4-5) x 1014 and (1-2) x 1014 W/cm 2 . The low intensity shots show neutron yields normalized by
1-D simulation to be one tenth while those at high intensity are one hundredth. 2-D X ray images
obtained with a 10 ps temporal resolution camera yield information on plasmas with an imploding core.

1.

INTRODUCTION

A key issue in inertial confinement fusion is maintaining a spherically symmetric implosion up to the final phase, with a target design close to ignition or burn.
The spherically symmetric implosion could be degraded by the hydrodynamic instability, which is initiated by the surface imperfection of the imploding capsule and the
non-uniformity of laser irradiation. ILE, Osaka University, studies the detailed
behaviour of the hydrodynamic instability, using planar targets and implosion experiments with improved plastic capsules and twelve well power balanced beams at a
wavelength of 527 nm. In order to investigate the stagnation phase an ultra-high
65
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speed, 2-D X ray imaging system with 10 ps temporal resolution is introduced. In
this paper we report on the implosion performance of spherical shell targets including
liquid deuterium targets.

2.

EXPERIMENTAL CONDITIONS

Mainly two different spherical targets are used: plastic shell targets with controlled pressure of the deuterium gas (gas fuel target) and cryogenic foam shell targets
with liquid deuterium (cryogenic target). Either has a diameter of 450-600 mm. The
former is used to study to what extent the implosion is kept spherically symmetric
by adjusting the implosion convergence. To the deuterium gas of 5-50 atm1 Ar gas
of 0.3 atm is added as an X ray tracer using a cryogenic system [1] to avoid
explosion of shells and leakage of gas into the vacuum chamber. The surface
roughness of the plastic shells is 2 nm. The latter is employed to study the implosion
performance as a candidate for the high gain target. The foam shells are coated
with 4 ¡xm polyvinylphenol (PVP) of 1.2 g/cm3 [2]. The surface roughness is
20 nm. The thickness of the foam layer is 10 ¿un, and the mass density ranges from
50-220 mg/cm3. The filling pressure is adjusted to produce a liquid thicker than the
foam layer by at most 1 /xm [3].
The GEKKO XII, 12 beam Nd glass laser system is used with random phase
plates. The energy imbalance of each beam is 2-5% rms. The power imbalance of
12 beams is typically 5% for power balanced shots and 20% for other shots. The
laser energy and intensity for the high intensity shots are typically 8 kJ in 2.5 ns
and (4-5) X 1014/cm2, respectively, and for the low intensity 4 kJ in 2.5 ns and
(1-2) x 1014/cm2, respectively. The focusing condition is D/R = 5, and the
absorption non-uniformity is estimated to be 20% rms without the power balance
improvement.
The multi-imaging X ray streak camera system (MIXS) [4] is introduced to
measure the implosion dynamics with 10 ps temporal and 15 jLtm spatial resolution.

3.

EXPERIMENTAL RESULTS AND DISCUSSION

Typical neutron yields of both cryogenic and gas fuel targets are 108 and 107
for high and low intensity shots, respectively. The density-radius product pR is
8 mg/cm2 [5]. The experimentally obtained neutron yields normalized by the
HISHO 1-D simulation (normalized neutron yield) are shown in Fig. 1. The power
imbalance of twelve beams is 5%, except for high intensity cryogenic target shots.
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FIG. 1. Implosion performance of experiments with cryogenic liquid and gas fuel targets. Neutron
yields are normalized by 1-D simulation results. Open symbols ( o , a,): high intensity shots; closed symbols (• ,m): low intensity shots. Circles refer to cryogenic targets and squares to gas fuel targets.

The normalized neutron yields of the high intensity shots for both cryogenic and gas
fuel targets are about one hundredth. On the other hand, for the low intensity shots
the yield is about one tenth, up to a convergence ratio of 30. The observed neutron
yields for the high intensity shots coincide with those in the simulation when the
Shockwave collides at the target centre for the second time as was described in a
previous report [5], while the observed neutrons for the low intensity shots are
reproduced at a slightly later time in the simulation.
It is important to discuss why the normalized neutron yields are improved in the
low intensity power balanced shots. This could be explained as follows:
The calculation of the irradiation uniformity using the actual intensity profile
of twelve beams shows that the absorption uniformity in the power balanced shots
can be improved only in modes 1 and 2 in the spherical modes, and the effect is rather
small if no profile controlled beams are introduced [6]. The simulations predict that
the stagnation ratios of the low intensity shots are about 3 and lower than the value
of 3.8 for the high intensity shots. Here the stagnation ratio is defined as the ratio
of the core radius when the shock collides with the pusher to that at maximum compression. Therefore, the low intensity shots seem to show better implosion performance up to a covergence ratio of 30.
MIXS images, with 9 ps frame interval, of the gas fuel targets with Ar gas are
obtained. The photon energy hv contributing to the image ranges from 2.5 to 4.9 keV
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for Ar ions. Typical images are shown in Ref. [7]. The shapes of the core emission
never show the temporal behaviour observed by 100 ps resolution framing cameras.
The images are obtained just after the converging Shockwave has bounced back at
the target centre. At an early stage, the shape of the X ray emission seems to reflect
the asymmetry of the implosion. At the time when the reflected shock hits the pusher
in the 1-D simulation the emission at the central part decreases and the shape changes
drastically with the low modes (t < 6). This drastic change in the core shape could
result from fuel-pusher mixing due to Richtmyer-Meshkov and Rayleigh-Taylor
instabilities. We note that higher mode deformation cannot be resolved because of
the 15 fim spatial resolution.
Some of the above mentioned features can be seen in Fig. 2. The spatial intensity profiles agree well with the simulation results until the Shockwave hits the inner
surface of the pusher. However, after that time the intensity of the centre does not
increase as does that of the simulation but, rather, decreases gradually and quenches
around the Shockwave, again reaching the target centre in the simulation.

4.

SUMMARY

The implosion performance of deuterium liquid and gas fuel targets with plastic
capsules has been studied. Low intensity implosions show higher normalized neutron
yields than those of high intensity implosions. The detailed behaviour of the compressed core plasma is investigated with an ultra-high speed, 2-D imaging system.
Possible fuel-pusher mixing taking place when the Shockwave collides with the
pusher is reported for the first time. The mechanisms responsible for the low intensity
implosions showing higher normalized neutron yields should be studied under better
irradiation conditions.
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DISCUSSION
D.D. RYUTOV: In your figure with a high time resolution, one could see that
the non-uniformities first grow at one angular position but, later on, disappear there
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and begin to grow at a very different position. Is this behaviour compatible with a
standard model of instability where the initial non-uniformities are assumed to
predetermine later developments?
T. YAMANAKA: The temporal changes in the X ray emission profile of compressed core plasma could not be explained by the initial non-uniformity. In the usual
multibeam system, the instantaneous intensity of each beam changes over time. Thus,
the temporal behaviour of the X ray emission profile depends on the temporal change
in ablation pressure perturbation on the surface which, in turn, affects the
hydrodynamic instability. Therefore, in order to explain the observed temporal
change in the X ray emission profile, we should calculate the spatial perturbation
growth taking account of the temporal change in the power imbalance of the illumination beams.
D.H. CRANDALL: Are there any dynamic laser spot changes which affect the
drive symmetry in your experiments?
J. MEYER-TER-VEHN: These experiments were all direct drive where there
is no change in irradiation due to spot movement, such as occurs in indirect drive.
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Abstract
UNIFORM TARGET ILLUMINATION AND HIGH GAIN DIRECT DRIVE TARGET PERFORMANCE USING KrF LASERS.
A two dimensional sliding zone implosion code is used to evaluate high gain direct drive target
performance with mass imprinting by a non-uniform laser profile. Energy gains of 100-200 are possible
with a 2-3.5 MJ laser if the laser imprinting generates less than a 300 Á rms surface perturbation. KrF
lasers with induced spatial incoherence (ISI) optical smoothing have the potential of producing a fluence
variation of approximately 0.15-0.45% rms in a nanosecond time average. This should suffice to
successfully implode a direct drive high gain target. The Nike KrF laser facility has begun operations
in October 1994. The laser is expected to have a 0.3% rms fluence variation in a nanosecond time
average, with a tilt of less than 1 %. Nike will verify the physics of imprinting and Rayleigh-Taylor
growth, using flat targets with laser pulse conditions that mimic the initial stages of a high gain pellet
implosion.

1.

INTRODUCTION

In the early 1970s, direct drive targets were the preferred concept for laser
fusion. Subsequently, various physics problems were discovered, and various
solutions were developed.
The first problem was laser-plasma instabilities that produce fast electron
preheat and light scatter. These instabilities were controlled by using a shorter laser
wavelength (late 1970s), lowering the peak laser intensity (late 1970s), and adding
incoherency to the laser light (induced spatial incoherence (ISI), smoothing by spectral dispersion (SSD)) that controlled laser-plasma filamentation (1980s). The second
major problem was the implosion asymmetry produced by the laser beam structure.
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These asymmetries are now expected to be reducible to the 1-2% level with ISI and
SSD beam smoothing techniques.
The third major problem is the ablative Rayleigh-Taylor instability. Even if
targets can be manufactured with negligible mass variations, the time dependent nonuniformities inherent in the optical smoothing techniques produce early time mass
imprinting that seeds Rayleigh-Taylor growth [1]. Although optical smoothing techniques are essential in controlling laser-plasma instabilities and asymmetries, there
is still an early time mass imprinting.
We are studying laser imprinting and target implosions using multidimensional
Eulerian codes. Laser imprinting can probably be reduced to an acceptable level with
high gain ( > 100) targets for a sufficiently small laser non-uniformity. We have a
preliminary design for a 2 MJ laser that produces a 0.15% nanosecond averaged rms
fluctuation.

2.

COMPUTATIONAL MODELLING OF TARGET DESIGN

We simulate ICF pellets with FAST-ID, -2D, and -3D hydrodynamic codes
which solve the equations of compressible flow using the flux corrected transport
(FCT) finite volume method. These codes employ a sliding zone mesh in the laser
direction which keeps the steep density gradients located in the finely gridded portion
of the mesh. For one dimensional pellet design, we also use JANUS, a code that
combines a purely Lagrangian hydrodynamics algorithm with FCT. We use the FCT
codes exclusively for multidimensional pellet simulations in which non-linear aspects
of the ablative Rayleigh-Taylor instability are critical.
In all the NRL laser-matter interaction codes, laser energy is deposited by
means of a ray trace with inverse bremsstrahlung deposition and transported by
classical Spitzer-Harm electron thermal conduction and radiation transport. The
equations are closed with a table-look-up equation of state including solid state and
ionization phenomena. Radiation transport is included via a multigroup variable
Eddington radiation diffusion package, with ST A opacities [2]. Alpha particle slowing down is tracked by either ray trace or multigroup diffusion using classical
formulas for the collision cross-section.
The NRL FAST codes have been benchmarked against previous experiment
over a wide range of experimental conditions. Since most of the ICF community uses
Lagrangian pellet design codes, we have compared FCT and Lagrangian codes using
a pellet design with a laser power pulse shape P(í?t). As the scaling parameter -q is
varied, the shocks become mistimed and the target fails to ignite. In the region of
r¡ where the pellet is robust, the Eulerian and Lagrangian codes are in excellent agreement with differing failure points. Both sets of solutions are reliable when the target
design is not near the edge of failure.
Attractive high gain targets can use either pure DT or have a low density CH
foam structure in the outer 50% of the pellet mass. Pellet performances are similar.

Laser energy
Laser intensity
Laser power (peak)
Absorption fraction
Hydrodynamic efficiency
Implosion velocity
Peak fuel pR
Gain

3.36 MJ
3x10 14 W/cm 2
404 TW

Power
(TW) 300|

85%
11.3%
3.0x10 7 cm/s
2.22 g/m2
>200
0.30
3077 urn
2910 jim
2648 (im

0.20
Radius
(cm)
0.10t

0.0 o ^

20
Time (ns)

FIG. L Parameters of a high gain pellet designed with ID spherical Eulerian and Lagrangian codes. The CHfoam wicks up
the fuel and maintains the spherical symmetry. The gain is high because the design uses a low laser intensity and a nearly pure
DT ablator.

3.6 MJ laser, gain>200
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FIG. 2. Fuel and ablator mix due to laser imprinting and Rayleigh-Taylor growth. The 2D spherical FCT code can follow perturbations
well into the non-linear regime. At the time of this figure, the fuel is beginning to decelerate. Although there is substantial mix of the ablator
with the fuel, the high density DT fuel is still well maintained for both initial perturbations.
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As a baseline target for reactor applications, we are now evaluating a pellet (Fig. 1)
with a laser energy of 3.36 MJ and gain >200. The coupling efficiency of laser
energy to imploding fuel is 9.6%, with a moderate laser intensity of 3 x 1014
W/cm2.
Figure 2 shows 2D simulation results with 100 and 300 À initial perturbations,
distributed in a mode spectrum from a KrF laser system with ISI optical smoothing.
This calculation included modes as low as 64, with 30 grids in the longest
wavelength. At the time illustrated, the shell has moved inward to - 5 0 0 /¿m.
Although much of the hot ablator has mixed with the cold fuel, sufficient cold fuel
remains for a successful implosion to take place.
It appears that this type of high gain target can be successfully imploded if initial
laser imprinting and target fabrication lead to surface perturbations of 100-300 Á.
Calculations at our laboratory indicate that three dimensional perturbations generate
Rayleigh-Taylor growth that saturates at about twice the amplitude of two dimensional perturbations [3]. A safety factor is therefore needed to ensure a successful
implosion, in order to avoid utilizing fuel preheat as an additional control of the
Rayleigh-Taylor.
3.

OPTICAL SMOOTHING OF KrF LASERS WITH ISI

Figure 3 shows the status of optical smoothing. For Nova at 3co, the best case
rms fluctuations have been 8-10% in a nanosecond time average. For Nike operating

rms laser non-uniformity
Nova data, 3co

10%

Nike data
1 beam

1%

Nike
44 beams
KrF, 2 MJ
0.1%

10'

10 J
Smoothing time (ps)

10'

FIG. 3. The best existing measurements of rms fluctuations with single beams from glass and KrF
lasers, along with the projections for Nike with 44 beam overlap and a possible 2 MJ KrF Laboratory
Microfusion Facility with a target yield of more than 200 MJ.
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TABLE I. PARAMETERS OF POSSIBLE 2 MJ
KrF LASER SYSTEM
Number of beam clusters
Width of each beam cluster
Zero-to-zero focal spot

60
72 x 72 cm
3.52 mm

Legendre cut-off mode

1024

FWHM laser bandwidth

2 THz

Polarization state
Calculated rms non-uniformity

unpolarized
4.6/VtTs %

through the 20 cm amplifier, the rms fluctuations have been 1-1.5% in a four
nanosecond pulse, in one of the beams. Since Nike laser experimental results are in
excellent agreement with detailed computer modelling, we expect that the full Nike
system through the 60 cm amplifier will also have 1 % rms fluctuations in a single
beam. With 44 overlapped beams, Nike fluctuations should be reduced by as much
as V44 to 0.3-0.45% in 1 ns. The dashed line in Fig. 3 indicates the rms nonuniformity expected from the 2 MJ KrF system design described in Table I.
We recently discovered that xenon gas has a very large negative non-linear
index of refraction (30-70 times the positive non-linear index of air). Insertion of a
xenon gas cell near the end of a KrF laser chain will provide compensation for the
positive non-linearity that arises from propagation in air and in the final focal lens.
This xenon gas cell should allow for a design with a high flux at the focal lenses
without non-linear distortion.
Nike has a THz bandwidth and polarized light. The 2 M J design uses 2 THz
and unpolarized light. These extrapolations are straightforward. The phase distortion
per centimetre in the amplifiers is assumed to be the same as in Nike. The amplifier
technology is, however, a significant extrapolation from Nike, with —50 kJ in
400 ns with an aperture greater than 1 m2. This will require some further R&D.

4.

NIKE SYSTEM PERFORMANCE AND PLANS

Nike operates routinely with 28 beams through the 20 cm amplifier. The system
has been extended through the 60 cm amplifier, with initial operation consistent with
predictions. Laser-target experiments will begin in October 1994. The expected Nike
performance is more than 3000 J in 56 beams, with less than 1% rms laser fluctuations in a nanosecond average, and a tilt of less than 1 %. The focal profile will be
a flat-top with rounded edges, with a diameter of 600-1000 ¡xm. Because of its
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excellent beam quality, Nike will, for the first time in the direct drive ICF
programme, be able to use a shaped laser pulse to accelerate a target on a low
isentrope. Nike will be used to address some key questions. What rms non-uniformity
suffices to control the imprinting on the target? Is the ablative Rayleigh-Taylor
growth low enough to be consistent with high gain target designs? If not, then, what
radiative or shock preheating is necessary to control the Rayleigh-Taylor growth?
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DISCUSSION
J.D. KILKENNY: In his paper (IAEA-CN-60/B-4), Willi stated that schemes
for preforming a plasma can drastically reduce the effect of imprinting. Do you think
these schemes could help relax the beam smoothness specification required for direct
drive?
S.E. BODNER: Yes, it is possible. The results are surprisingly positive, and
the fusion community needs to study this further in order to determine its applicability
to high gain fusion.
K. IMASAKI: Do you expect such uniformity of laser irradiation in a future
reactor chamber?
S.E. BODNER: Perhaps. There are two key problems. First of all, we must
design a detailed optical ISI system to ensure that the beam quality is maintained.
Secondly, we need to control the non-linear optical effects when propagating the
longer path lengths of an MJ system. The recent discovery at our laboratory that
xenon has a large negative non-linear index of refraction is important and should
resolve this problem.
Y. KATO: The KrF laser is a heavily saturated amplifier system. How well can
you control the pulse shape in line with the high gain requirement?
S.E. BODNER: KrF amplifiers are not very flexible as regards pulse shaping,
but luckily the pulse shape needed for laser fusion is consistent with KrF, according
to our laser design code. The foot on the pulse is balanced by the decreasing intensity
in the later part of the pulse.
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B. COPPI: Do you have a ground plan for moving towards a fusion burn
experiment, given that you mentioned the development of lasers with an energy
exceeding 1 MJ?
S.E. BODNER: Yes, but so far the Department of Energy has not been
interested in this approach.
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Abstract
PROGRESS IN INERTIAL FUSION PHYSICS AND TECHNOLOGY AT DENIM, SPAIN.
Since the 1992 IAEA conference in Wiirzburg, progress has been made on numerical models and
understanding of inertial fusion energy (IFE) target physics and the performance of materials for IFE
reactors. Regarding the area of IFE target physics, the indirect-direct drive illumination scheme has
been numerically studied as a possible alternative to the direct and indirect schemes in laser driven capsules. In heavy ion target design, a new externally guided scheme is proposed to obtain the advantages
of large scale targets without the problem of a high level of microexplosions. This scheme can be
considered as a tampered impact fusion. In the field of numerical models, an opacity calculation procedure for intermediate and high Z plasmas based on an average ion model was developed. It allows the
inclusion of energy variance through a many-particle configuration. In addition, an adaptive mesh 2-D
scheme was developed to study hydrodynamic instabilities. The ARWEN code can handle several
materials and includes simple ion or laser energy deposition models. Regarding materials for IFE
reactors, work at DENIM has concentrated on the aspects of low activation concerned with the effects
of accidental releases in addition to those of disposal. Different structural materials have been assessed
in IFE and magnetic fusion energy neutron environments.

Since the 1992 IAEA conference in Wiirzburg [1], progress has been made on
numerical models and understanding of inertial fusion energy (IFE) target physics
and the performance of materials for IFE reactors.

1.

INDIRECT-DIRECT DRIVE ACCELERATION OF PLANAR FOILS

We have investigated the hydrodynamic response of a planar target of low or
intermediate Z materials that are accelerated by a pulse formed by an X ray prepulse
followed by a laser pulse. The X ray prepulse is produced by the rear side emission
of a thin foil of gold which is burned through before the end of the laser pulse. The
1
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thickness of the converter is determined in such a manner that the laser passes
through it when a given fraction of the laser pulse has been converted into X rays.
Then the laser penetrates the converter and interacts with the target. This illumination
scheme, called the indirect-direct drive scheme, has recently been proposed as an
alternative to the direct and indirect drive schemes [2]. The advantages of such a
scheme are that it can contribute to solving the problem of uniformity that exists with
the direct drive scheme and, at the same time, it can be much more efficient and use
simpler targets than the indirect drive scheme.
Simulations performed with the SARA-ID code [3] indicate: (1) thermal
smoothing, in the sense that the distance between ablation and critical surfaces
increases because of the X ray prepulse; (2) the reduction of the overall hydrodynamic efficiency because the laser to X ray energy conversion process is partially
compensated by the higher efficiency of the X rays and by the collision between the
exploded gold converter and the target.
Recently, a set of experiments in co-operation with the Centre d'études de
Limeil-Valenton (CEL-V) under the Human Capital and Mobility programme of the
European Commission have been performed at Limeil to analyse the performance of
the indirect-direct drive scheme.

2.

HEAVY ION TARGET DESIGN

To overcome the low efficiencies of the driver and energy conversion systems,
high gains are needed. A very high gain can be achieved by improving the
hydrodynamic efficiency and by improving the fusion burst performance. In order
to achieve this, large scale targets with a DT mass in the range of 10 mg or higher
could be advisable. Although the large scale targets can yield much higher gains than
the pellets conceived for reactor scenarios, their main drawback is the very high
energy output. Two new ideas are proposed to obtain the advantages of large scale
targets. The first is to use an externally guided implosion of the fuel. In this case,
the fuel does not occupy all the spherical shell but only a small fraction of the solid
angle. The second idea is to use a fuel mixture such as Li2DT or CDT as a single
pellet material to stabilize the implosion process. Although the gain is reduced by the
presence of additional atoms, it can be high enough to justify a reactor scenario with
these ideas.
Figure 1 shows an externally guided target where the fuel is accelerated by the
ablation overpressure in a way very similar to the acceleration of a bullet inside a
cannon barrel. Two pellets, accelerated from opposite mouths of the cannon barrel,
will collide and implode in a central cavity, where a conical section provides a
geometry effect very similar to that of spherical compression. The main difference
in this case is due to the friction of the pellet with the barrel wall. This friction makes
the hydrodynamic regime very turbulent. If the pellet is made of layers of different
materials, they will become mixed in the acceleration phase. In order to overcome
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Plane of symmetry

Driver
Beam
Tamper—I
FIG. 1. Externally guided target for IFE.

the deleterious effects of the mixing, the single-material pellet already mentioned is
proposed.
When the fuel collides in the central cavity of the barrel, the external tube provides a tampering effect for a few tenths of a nanosecond. This is the time available
for triggering ignition. In order to achieve this, the time delay between void closure
and the maximum compression must be very short. This effect can be obtained with
shock multiplexing as in the stagnation free schemes [4]. The final result is that the
areal density theoretically achievable with 1 mg of fuel is much higher than the value
achieved in the compression on 1 mg spherical shells. The system can be considered
as a tampered impact fusion. Our 2-D calculations show that even with light barrel
materials such as Al or graphite, the pellet acceleration is very efficient and less than
5% of the beam energy goes to expansion and heating of the barrel.

3.

ATOMIC PHYSICS

We have developed a detailed opacity model (JIMENA-DCA) [5] in which the
absorption bands due to the many-particle configurations were treated by applying
the original Mozskowski formalism, extended to the j - j coupling. The frequency
dependent opacities were compared with other detailed models, and also with an
average ion (AI) model. We reported [6] an AI model (JIMENA-AI) based on the
radial Dirac equation that permits frequency dependent opacities to be obtained similarly to other computer codes. Now we have improved this AI model, including the
formulation developed before, to determine the energy variance due to the manyparticle configuration. The procedure is fully general in the sense that the final
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formulation can be used with unresolved transition array (UTA) or statistical trend
analysis (STA) formulations and with the Mozskowski formulation. The proposed
model (AI) has been applied to determine frequency dependent opacities for plasmas
of intermediate and high Z materials. In our comparison we have used experiments
recently carried out in which optical properties of intermediate materials such as
germanium and iron have been obtained. The main advantages of this AI model are
its simplicity and the fact that it avoids the enormous amount of calculation needed
with detailed configuration accounting (DCA) models.

4.

NUMERICAL HYDRODYNAMICS

We have developed an adaptive mesh scheme for the 2-D ARWEN code based
on an implicit Riemann solver and part of the RMFCT [7] scheme. The result is a
code suitable for instability studies. We are currently testing this algorithm with
problems relevant to IFE, and including PVM calls to distribute the calculation on
several connected workstations. The ARWEN code could handle several materials on
a Eulerian mesh by an SLIC type scheme, and includes a simple ion or laser energy
source. The EOS is taken from the SESAME library or from the QEOS program.

5.

MATERIALS ACTIVATION AND DAMAGE

We have concentrated on the aspects of low activation concerned with the
effects of accidental releases in addition to those of disposal [8]. Different structural
materials have been assessed in IFE and magnetic fusion energy (MFE) neutron
environments.
In IFE, after 30 years' irradiation (Table I), we find that the alloy V-5Cr-5Ti
and the ceramic SiC/SiC show a very excellent radiological performance in the case
of accidental release, with an early dose to the most exposed individual of 100 mSv.
Impurities dominate the activation of the real V-5Cr-5Ti alloy, since the hazardous
radionuclide ^Co is produced from the Fe impurity. In SiC the impurity effect is
lower, and the activation is dominated by Si. In neither material do impurities cause
safety hazards. Steels should not be completely discarded for IFE applications
because of accident considerations. The martensitic DIN 1.4914 could be a relatively
reasonable choice as first wall material for IFE.
In MFE, up to 5 years' irradiation (Table I), it is seen that the composite
SiC/SiC is the lowest activation option and easily meets the safety criterion. The
V based alloy meets the safety criterion (100 mSv to the most exposed individual)
with a maximum release of 40 kg. The effect of the impurity activation in V-5Cr-5Ti
is negligible since safety hazards are dominated by 46Sc produced from the major
constituent Ti. In SiC/SiC the effect of impurities is higher but it does not represent
a problem. Steels are undesirable for meeting the safety goal.
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TABLE I. EARLY DOSE (D) TO THE MAXIMUM EXPOSED INDIVIDUAL
DUE TO AN ACCIDENTAL RELEASE OF 1 kg OF ACTIVATED MATERIAL
IN THE FIRST WALL OF IFE (HIBALL-II, 30 a EXPOSURE) AND MFE (EEF,
2.5 a EXPOSURE) REACTORS, MAXIMUM QUANTITY FOR D < 100 mSv
AND MAJOR CONTRIBUTORS TO D
Early dose
(mSv/kg)
IFE
AISI-316L

DIN 1.4914

V-5Cr-5Ti

23.2

3.9

0.05

MFE
96.5

25.4

2.6

Major contributors

Maximum quantity
(kg)
IFE
4.3

25.7

1 852

MFE
1.0

3.9

38.8

SiC

0.009

0.072

2.5

0.64

11 494

1 389

40.4

156

93

Co-60

Mn-56

4

Co-58

16

Co-57

11

Mn-54

9

Mn-56

7

Co-60

0.054

0.34

1 852

295

68

Mn-54

34

Mn-56

11

Mn-56

24.5

Fe-59

7

Fe-55

24

Co-60

7

Co-60

80

Sc-46

77

Cr-51

13

Ca-45

10

Cr-51

9
80

2.5i

Cr-51

78

Sc-46

Sc-46

15

Ca-45

10

Cr-51

10

Si-31

65

Na-24

46

P-32

11

Po-210

26

8

Tb-160

11

Si-31

85

Na-24

87.5

P-32

15

Si-31

12

Ir-192
SiC (pure)

51

Co-60

Sc-46
V-5Cr-5Ti (pure)

MFE

IFE

In MFE conditions, results show that for the steels and the V based alloy the
potential effective dose equivalent (EDE) increases as the exposure increases, the
increase being practically linear in pure SiC.
In IFE conditions, the EDE of the activated martensitic steel increases with the
irradiation time owing to the accumulation of ^Co generated from Fe. The EDE of
the austenitic steel peaks after 12 years of irradiation (33 mSv/kg). In the real SiC
the effect of irradiation time is found to be more significant. The off-site dose reaches
its peak value, 0.5 mSv/kg, around the first year of irradiation, which allows a
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maximum release of 200 kg. The impurity activation effect accounts for the peaked
evolution of SiC in IFE.
Results of molecular dynamics simulation of the threshold energy for defect
production in /3-SiC have been reported [9]. The melting behaviour of SiC is properly
described. The results show anisotropy in the threshold for Si and C recoils as well
as for the recoil direction. The lowest threshold is 25 eV for C recoils along [111]
and the highest is 85 eV for Si recoils along [110].
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DISCUSSION
K. MIMA: Could you comment on the life of SiC under neutron damage? How
much dpa can be tolerated before replacement?
J.M. MARTINEZ-VAL: There is no good answer to that question yet, but it
seems it might be possible to use a SiC first wall for the 30 years of operation of an
ICF reactor.
S. NAKAI: With regard to turbulence excitation in the ion beam drive, what
role do the rise time of the ion beam and the sharpness of the deposition region play?
J.M. MARTINEZ-VAL: They have a significant effect on the turbulence, as
do other variables such as ion range shortening. All these variables must be controlled to achieve proper acceleration.
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Abstract

CHARACTERISTICS OF RAREFACTION SHOCKS IN LASER PRODUCED HIGH TEMPERATURE FUSION PLASMAS AND STUDIES ON THE HYDRODYNAMICS OF LASER DRIVEN,
NON-UNIFORM THIN FOIL TARGETS.
The hydrodynamic equations describing the free expansion of laser produced high temperature
fusion plasmas are solved by using the self-similarity method. The plasma is considered to be noncollisional with two electron temperatures. The rarefaction wave as well as the rarefaction shock solutions are discussed in terms of the temperature ratio T and the density ratio p 0 of the hot to the cold
electrons. The characteristics of the rarefaction shock solutions lead to a new technique of plasma diagnostics. In the second part of the paper, the hydrodynamics of laser accelerated non-uniform thin foil
targets has been studied experimentally using an optical shadowgraphy technique. The growth rate of
the hydrodynamic instability has been measured.

1.

INTRODUCTION

The problem of the hydrodynamic expansion of a non-collisional plasma with
one electron temperature [1] and with two electron temperatures [2, 3] has been
investigated which shows a rarefaction wave (RW) moving towards the ambient
plasma during expansion. In the case of two electron temperatures the RW solution
breaks down when the temperature ratio T > rc = 5 + V24 and the corresponding
ion current becomes negative in a certain range of ion velocity. Although this
85
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unphysical behaviour is changed to a meaningful solution by invoking the transformation of the RW into rarefaction shock (RS) [3], the corresponding spectral behaviour
of the ion current has not yet been studied by other researchers. Study of the
hydrodynamics of laser accelerated targets, described in the second part of this paper,
is related to study of uniformity in the stable acceleration of reactor grade targets,
which is a basic prerequisite for the success of laser fusion. Several laser illumination
schemes as well as target schemes involving high Z layered and doped targets have
been reported earlier [4]. Experiments have been performed in other laboratories [5]
using structured planar targets to deliberately initiate Rayleigh-Taylor instability
(RTI). We present here results performed with a 20 J/5 ns Nd: glass laser using thickness modulated thin foil targets.

2.

THEORETICAL FORMULATION AND RESULTS

2.1. Rarefaction wave solution
We consider a non-collisional, semi-infinite laser plasma occupying the halfspace —oo < x < 0 at time t = 0. The plasma consists of ions having charge, mass
and initial number density as Z, M, no, and two groups of electrons, cold and hot,
characterized by the temperatures Tc, Th, and initial number densities nc0, nh0,
respectively. The other half-space, x > 0, exists at t = 0 as a vacuum, which is later
filled by the plasma expansion into the vacuum. Following the work reported in
Ref. [2], the normalized hydrodynamic equations are solved under a quasi-neutral
assumption by a self-similar method which uses the self-similarity variable £ = X/T,
where the normalized hydrodynamic variables are defined as
N = n/iio, Nc = nc/(nc0 + nh0), Nh = njin^

+ nh0), U = u/c0,

X = x/XD, T = o)0t, if = e0/kTeff, X& = e0kTeff/[(nc0 + nh0)e2],

(1)

c§ = ZkTeff/M, w0 = c0/XD, Teff = TcTh(nc0 + nh0)/(nc0Th + nh0Tc)
where n (u) is the density (velocity) of the ions, <¡> is the potential generated by the
expanding plasma, w0 is the ion plasma frequency, c0 is the ion acoustic speed, XD
is the Debye length and Teff is the effective electron temperature. The electrons are
considered to be in electrostatic equilibrium with <f>, governed by the Boltzmann
density distribution as Nc = Nc0 exp(aci/0 and Nh = Nh0 exp(ah^), where ac =
Teff/Tc and ah = Teff/Th. After some algebra, the RW solution is obtained using the
initial conditions U = \p = 0 as
U = £ + S, E¿ = -d^/d£ = 2S/(2 + dS2/di¿)

(2)
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where
S2 = (Nc + Nh)/(acNc + ahNh)
dS 2 /d0 = 1 - S2(ac + ah - acahS2)
£ = - S + [Va~h/(ac - ah)] ln[(l + sVa~h)(l - Va~h)/(1 - SVa~h)(l + Va~h)
+ [V¡~c/(ac - ah)] ln[(SVa~c - l)(Va"c + l)/(SVi"c + l)(Va~c - 1)]
2.2. Rarefaction shock solution
We consider the solution of the continuity equation (dN/dT + d(NU))/3X = 0)
in the frame of a moving RS with speed D where the variables are functions of a
transformed co-ordinate X' = X - DT. Integrating the continuity equation as given
above and the momentum equation (dU/dT + U dU/dX = -d\¡//dX) we obtain
NM = N lMl , 20 + /x2 = 20, + \L\, fi = U - D, ix, = U, - D

(3)

while the Poisson equation takes the form
d 2 0/dX' 2 = Nc0 exp(ac0) + Nh0 exp(ah0) - N(0)

(4)

Here the subscript 1 refers to the upstream values of the variables across the RS,
which are to be matched to those obtained from the RW solution. The downstream
values of the variables across the RS, represented by the subscript 2, are obtained
from the condition that the field (—d0/dX') must vanish on the lower density side
of the shock. Matching the variables at the shock boundaries to those obtained from
the RW solution and following the work of Ref. [3], we obtain
2(02 - 0i) = [P(02) - P(0i)][l/N(0 2 ) + 1/N(0,)]

(5)

2(02 - 0.)/[l - N 2 (0 l )/N 2 (0 2 )] = N(0,)/[acNc(01) + ahNh(0,)]

(6)

Equations (5) and (6) constitute a set of coupled equations for solving 0, and 0 2 .
Knowing these potentials, the other hydrodynamic variables can be evaluated from
the relations obtained by using the RW solution.
2.3. Expression for ion current
Let us assume that the laser plasma remains self-similar up to the laser pulse
duration to- For t > to, we obtain a distribution of the ions over a wide range of
velocity. These ions subsequently drift freely with a uniform velocity u to a charge
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collector cup placed at a distance R from the source plasma. The number dv of the
ions in the velocity range du at t = to drifting towards the detector of area AD is
dv = ADn dx = ADnc0to d£. Therefore, the current, defined as the number of ions
collected per unit area per unit time, is j = (dv/dt)/AD = nc0to(d£/du)t=t()(u/tf),
where tf ( » R/u) is the time of flight of the ions. Expressing this in terms of the
normalized variables we obtain the expression of the normalized ion current as
J = j/jo = NU2(d£/dU) = NU2S/E¿, j 0 = noCoVR

(7)

2.4. Results and discussion
We have computed J using Eq. (7) and other relevant variables obtained from
the RW solution. We have also numerically solved Eqs (5) and (6) to obtain the
values of variables at the RS boundary. Figure 1 shows the variation of J as a function
of U for po = 0.1 and different values of T in the neighbourhood of rc. Similar
results for values of r much larger than TC are depicted in Fig. 2. As may be seen
from Fig. 1, the ion current remains positive for all values of U and shows a double
peak structure for T < TC, the peak at a lower (higher) velocity being caused
primarily by cold (hot) electrons. As soon as T becomes larger than rc, the ionic
current becomes unphysically negative in a certain velocity range, showing that the
RW solution breaks down and the RS takes over, resulting in a zero current in that
velocity range, which is a measure of RS strength. The upstream RS boundary may
set in after or before the lower velocity peak, depending on whether T is larger or
much larger than rc.

3.

EXPERIMENTAL DETAILS ON THIN FOIL HYDRODYNAMICS, AND
RESULTS AND DISCUSSION

Experiments were performed using 7 ¡im thick planar aluminium targets which
were modulated in thickness as shown in Fig. 3(a). The wavelengths of modulation
(X) used were 100, 200 and 300 jum, with a modulation depth of 2 ¡xm in all targets.
The laser beam was incident on the plane side of the target. The base foil thickness
was thus 5 ¡xm, which was about 2-3 times the ablation depth. The focal plane laser
intensity was about 5 x 1012 W/cm2 and its distribution was observed to be fairly
uniform, as shown in Fig. 3(b). Optical shadowgrams of the moving foil were
recorded with a probe pulse of 1 ns duration and 0.53 fim wavelength derived from
the main laser. The series of shadowgrams obtained for unmodulated and modulated
target foils with X = 200 /¿m at various instants of time with respect to the main laser
pulse are shown in Fig. 4.
Since the foil motion was recorded by optical shadowgraphy, it was not possible
to observe the dense spike and bubble structure which is typical of RTI. However,
some of the interesting features observed are reported. Since within the laser focal
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(a)

(b>

FIG. 3. (a) Structure of the thickness modulated thin foil targets and laser illumination scheme;
(b) laser intensity profile on the target.

spot there were 2 or 3 target modulations, we clearly see in Fig. 4 these lobes or
structures on the rear side of the target and they appear to grow with time. These
modulations in density indicate that a redistribution of mass has taken place. The
exponential growth rate g of these rear projections was calculated using the
expression
g = ln(A2/A,)/(t2 - t.)

(8)

where Aj and A2 are the amplitudes of the rear side projections or structures at
times tj and t2, respectively. The value of g calculated from the shadowgrams was
about 3 X 108 s"1. Theoretically, the classical growth rate of this instability as
given by a simple two fluid version of the instability is expressed as
g = (ka)I/2

(9)

where a is the instantaneous acceleration of the target and k is the modulation
wavenumber given by 2ir/\. Acceleration of the target foil was determined using a
streak camera with the double foil technique and was observed to be about
8 x 1012 m/s 2 . Therefore, for X = 200 /¿m, Eq. (9) gives the value of g as
4.3 X 108 s"1, which is about 1.4 times the experimentally determined value as also
observed by the authors of Ref. [6], where the motion of modulated targets was
observed by X ray shadowgraphy. Numerical simulations reported in Ref. [6] show
that the dimensions of the rear projections and the spikes growing in the opposite

LASER

UNMODULATED

MODULATED

TARGETS

TARGET
Z = 8ns

t=6ns

-£=8ns

FIG. 4. Optical shadowgrams of the moving target foils at various instants of time with respect to the peak of the irradiating laser pulse.

so
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direction are almost equal. In the shadowgrams shown here, we observe the dimensions of the rear projections to be about 70-100 /¿m. The denser spikes cannot be
resolved in these shadowgrams since the low density regions in between the spikes
also absorb the probe beam. In conclusion, we can say that the growth of RTI can
be demonstrated with moderate intensity lasers and structured targets using the
optical shadowgraphy technique.

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]

ALLEN, J.E., ANDREWS, J.G., J. Plasma Phys. 4 (1970) 187.
WICKENS, L.M., ALLEN, J.E., J. Plasma Phys. 22 (1979) 167.
BEZZERIDES, B., et al., Phys. Fluids 21 (1978) 2179.
DHARESHWAR, L.J., PANT, H.C., in Plasma Physics and Controlled Nuclear Fusion
Research 1992 (Proc. 14th Int. Conf. Wiirzburg, 1992), Vol. 3, IAEA, Vienna (1993) 165.
WHITELOCK, R.R., et al., Phys. Rev. Lett. 52 (1984) 819.
EMERY, M.H., et al., Phys. Fluids 31 (1988) 1007.

IAEA-CN-60/B-P2

ICF FAST IGNITOR WITH HIGH HYDROEFFICIENT
NON-LINEAR FORCE DRIVE
H. HORA1, S. ELIEZER2, R. HÔPFL3
Department of Theoretical Physics,
University of New South Wales,
Sydney, Australia
J.M. MARTINEZ-VAL, G. VELARDE, J.J. HONRUBIA, M. PIERA
Institute of Nuclear Fusion,
Universidad Politécnica Madrid,
Madrid, Spain
Abstract
ICF FAST IGNITOR WITH HIGH HYDROEFFICIENT NON-LINEAR FORCE DRIVE.
Fast ignitor schemes for inertial confinement fusion (ICF) using MJ-ps laser pulses are suggested. Non-linear force drive with hydroefficiencies higher than 50% reduces the volume ignition high
gain fusion reaction via self-similarity adiabatic density and temperature profiles. This ignition prefers
high velocities for which the non-linear force drive is especially favoured. Computations are based on
hydrodynamics, including self-heat and radiation dynamics.

1.

INTRODUCTION

Carlo Rubbia [1] described the catastrophic energy problem [2] expected by the
year 2010 and how fusion energy may offer a solution. While he argues that magnetic
confinement fusion is for the end of the next century, he favours inertial confinement
fusion since the M J driver technology is now ready for heavy ion beams [1] as well
as for lasers [3, 4]. The clear solution of high gain fusion reactions with ignition for
ICF has been measured with driver energies (X rays instead of laser pulses) about
one order of magnitude higher in underground tests [5].
Here we are using exclusively the scheme of volume ignition as will be
explained below. This should be of interest both for direct [6] or indirect drive and
for usual pellet interaction with nanosecond driver pulses. We are further extending
the concept of Tabak et al. [7], using laser pulses of few picoseconds; however, we
apply the earlier elaborated non-linear force drive concept where the laser energy can
be converted into directed motion of plasma nearly without thermalizing losses [8].
1
2
3
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VOLUME IGNITION

The most intensely promoted spark ignition [9] was introduced when it had
become clear that the pure fusion burn of a sphere of DT plasma of initial density
no, radius Ro and subsequent adiabatic expansion results in a gain G0 of nuclear
energy related to the energy E0 incorporated into the sphere (see p. 335 of
Ref. [5]):
G0 = (E0/EBE)1/3(no/ns)2/3 = const noRo

(1)

where ns is the solid state density of DT and EBE is the breakeven energy around
10 MJ if an optimized initial plasma temperature T0 of about 20 keV is produced
(published first in 1970 and 1974 [5]). This demonstrates how compression by
increase of no lowers the incorporated energies E0 quadratically. Whatever compression is used, the fuel depletion gives, however, a limit that total gains, Gtot, higher
than 17 are not possible.
Instead of using this pure fusion burn (1), spark ignition aims at applying such
a sophisticated time dependence of the compression that the inner part of the compressed sphere is very hot, which changes at a radius R* to low temperatures outside, and has low density inside R*, changing to very high densities outside (see
Fig. 13.13 of Ref. [4]). At R* a self-sustained spherical fusion detonation wave is
assumed to be ignited, which results in total gains of 150 and more, which are necessary for low efficiency lasers. It is most difficult for one dimensional computations
to achieve the mentioned extraordinary radial profiles of temperature and density and
even more difficult to achieve spherical symmetry such that the detonation front
will not explode in one direction only and not in the other directions. To achieve ignition forming such a spark within R* was described to be more difficult than sending
a man to the moon and getting him back (as Sluyter said 1991 in Monterey).
In contrast to this spark ignition it was found in 1977 [5, 10] that the whole
volume can ignite as happens in a Diesel engine because of the self-heat of the nuclear
reactor products and some reabsorption of bremsstrahlung in the reacting sphere.
Instead of the extraordinary profiles of the spark ignition, nearly adiabatic, natural
(monotonie) profiles are then used since these had easily been produced in experiments with stagnation free compression [11], in which case the highest fusion gains
for simple burn had been achieved. The volume ignition is similar to the Wheeler
modes of 1981 [12], where Wheeler's phase space description has to be converted
into a configuration space description as was shown immediately before [10].
Figure 1 presents the example of a very detailed computation, just showing the
nearly monotonous profiles for the volume process without any detonation front
where the self-heat produced the very high gains [13] comparable to the high gains
of spark ignition [14]. The secret is the additional energy input from the self-heat as
can be seen in Fig. 1 (right hand diagram) from the time dependence of the energy
of ions, electrons and radiation. From an initial temperature of only 3.1 keV, the ions
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are heated up to more than 200 keV. This extraordinary heating by the volume ignition process was just what was observed first in 1977 (Fig. 2 of Ref. [10]). A summary of high fusion gains at volume ignition is given in Fig.2.
3.

FAST PUSHING BY NON-LINEAR FORCES

When plasmas are irradiated at very high laser intensities I, the forces in the
plasma are not only determined by the gasdynamical pressure P but also by electrodynamic forces consisting of ponderomotive and non-ponderomotive terms [5].
While the general expressions of these forces in terms of Maxwell's stress tensor
were derived in 1969 and the complete transient formula in 1975 [15], the special
one dimensional force density (in the x direction) is given by
dx

16K

co2 dx |ñ|

1Ó7T co2 c co

At very high laser intensities the first thermokinetic term is small. The following
terms are the non-linear force, of which the last term (the non-ponderomotive or
Stamper term) is also small. Ev is the amplitude of the laser electric field, ñ is the
complex refractive index, co is the laser frequency and cop is the plasma frequency.
Extensive computations with all terms of Eq. (2) were summarized in Section 10.5
of Ref. [5], showing how thick blocks of plasma are accelerated towards the vacuum
(ablation), giving the recoil of thick plasma blocks for compression. This all happens
within few picoseconds for very intense neodymium glass laser pulses.
It was calculated in 1978 [8] that, similar to the following more detailed new
case, a 0.4 MJ-0.3 ns C0 2 laser pulse irradiating a pre-irradiated DT plasma shell
converts 47% of the laser energy into a collapsing inner shell, which after volume
ignition produces 40 MJ of fusion energy.

4. 38.7 MJ FUSION ENERGY WITH A 0.43 MJ LASER PULSE
We are now combining the volume ignition (Section 2) with our recent detailed
codes for the gain calculation of a plasma shell irradiated by a laser prepulse of 6 kJ
energy (25 kJ if the very smooth direct-indirect drive method is used [16]) for producing a bi-Rayleigh density profile with a central maximum density given by the
critical density nec. These profiles have a refractive index of the form
1
* 2co
n = ——
; « « « = —
(3)
(1 + ax)
c
such that in Eq. (2) the middle (ponderomotive) term results in a spatially constant
velocity v0 of the accelerated plasma block
E2
1
V0 = -TV
<*TL
1O7T m¡neC

(4)
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Solid DT

vU io-2cm3

Prepulse
6 kJ
«0.1...5 ns

T=29.6eV

FIG. 3. Solid DT shell (left) for irradiation by a prepulse ofókJ (or 25 kJ, using the direct-indirect
drive scheme [16]) in order to produce the bi-Rayleigh plasma (see Fig. 10.17 of Ref. [5]) ready for
the main neodymium glass laser pulse of 0.43 MJ energy and 2 ps duration for pushing the inner half
of the shell to a velocity of 5.87 x 107 cm/s, which after collapse and compression results in a volume
ignition with an output of 38.7 MJ of fusion energy.

where m¡ is the ion mass and TL is the laser pulse duration. A necessary condition
is that the thickness of the finally irradiated shell, d, and its volume, Vc, obey the
relation
da = 2cminecVc

Vo

(5)

Eo

With the data shown in Fig. 3, we arrive at a total gain of 90 at a total irradiation
of 435 kJ laser energy. The compression velocity v0 of the DT shell is 5 X
107 cm/s. The result of Fig. 3 applies only the main parts of our complete volume
ignition code. The final, complete result is expected to differ by less than a factor
1.5 from the result reported here. The 45% hydroefficiency in Fig. 3 can be
increased up to 70% and higher by using more sophisticated profiles produced by the
prepulse and/or heavy atoms in the outer part of the shell as is shown by the relations
of momentum balance.
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Abstract
EXPERIMENTAL STUDIES FOR LASER FUSION OF DIRECTLY AND INDIRECTLY DRIVEN
DT FILLED TARGETS AT THE CHINA ACADEMY OF ENGINEERING PHYSICS.
The paper describes experiments conducted on the LF-12 laser facility in 1986 and 1990-1992
to study implosion of directly and indirectly driven DT filled glass microballoon targets.

1.

INTRODUCTION

The primary goal of the laser fusion programme on the LF-12 and LF-11 laser
facility at the China Academy of Engineering Physics is to address the basic physics
of laser-plasma interactions, the hohlraum physics associated with creating the radiation environment for imploding ICF capsules, the implosion hydrodynamics and the
implosion of laser driven DT filled targets. The majority of the experiments have
focused on hohlraum laser plasma physics to study laser-plasma coupling, X ray
generation and transport, non-linear instabilities and superthermal electron production with 1.05, 0.53 and 0.35 ¡xm driving light, but another important subject at
present is the irradiation of balloon targets by laser to cause thermonuclear fusion [1].

2.

DIRECT DRIVE IMPLOSIONS

Experiments on the implosion of directly driven DT filled targets were
conducted on the LF-12 laser facility as early as 1986. The neutron yields were
5 x 106, with a DT density at the centre of the microballoon of about the liquid D2
density, an implosion asymmetry of 4-8%, an implosion speed of 3.3 x 107 cm/s
and an implosion time of about 150 ps. The parameters of the experiments were as
follows. The laser pulse duration was 60-100 ps, output energy EL ~ 100 J,
signal/noise = 104-107, the focus spot diameter was 40 /xm and the asynchronization time of the two beams was less than 10 ps, with an energy asymmetry of
101
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FIG. 1. Schematic diagram of uniform irradiation of a microballoon.

±14%. The targets employed in the experiments were exploding pusher targets. The
glass shell was 80-106 ¡xm in diameter, the wall thickness was 0.7 ¡xm, the shell
asymmetry was 6.7-10% and the shell was filled with DT gas having a pressure of
(1-1.5) X 10 6 Pa and a deuterium to tritium ratio of 2:1. Two laser beams irradiated the microballoon as uniformly as possible, through an fl .7 lens of focus 170 /¿m
(Fig. 1).

3.

INDIRECT DRIVE IMPLOSIONS

The experiments on indirectly driven targets were carried out on the same
facility in 1990-1992 to research another approach to implosion. The neutron yields
were 2 x 103-3 X 105. In the experiments on indirectly driven implosion, dual
laser beams with 500-700 J and 0.7-1 ns/beam were used. The asynchronization time
of the two beams was less than 10 ps and their energy asymmetry was ±10%, with
an energy injection rate of 90% [2].
The target for indirectly driven implosion was a hohlraum target to provide a
uniform radiation field with sufficiently high radiation temperature. The hohlraum
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FIG. 2. Schematic diagram of the hohlraum target.
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Scintillation detectors
FIG. 3. Schematic diagram of the experimental arrangement.

target shell is made of a high Z element (Au), a DT filled pellet (with a deuterium
to tritium ratio of 1:1) is contained inside the hohlraum target and there are two laser
incident holes in the shell. The inside of a hohlraum target may generally be divided
into two regions: an energy absorption and conversion region, and a radiation driven
implosion region. There are X ray transport passages between the two regions
(Fig. 2).
In the implosion experiments on indirect drive, two laser beams injected into
the cavity of the hohlraum through two incident holes are changed to intense X rays
by absorption on the cavity wall. Then the X rays ablate and compress the DT filled
microballoon contained in the cavity to cause thermonuclear fusion. The experimental arrangement is shown in Fig. 3.
Two sensitive detection systems (arrays of BF3 counters and scintillation
detectors) were used to measure low neutron yields with intense X rays. Neutron
yield measurement for indirectly driven implosion is more difficult than in the case
of directly driven implosion, because neutron yields are very low and interference
from the hohlraum targets is very intense. Where low expected yields required that
we place the array close to the targets, the array was too saturated to be of any use.
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We partially solved the array saturation problem by using a time gate in the negative
high voltage of the arrays and Pb shielding slabs with a thickness of 5-11 cm.
Figure 4 shows the typical oscilloscope signals of the fusion neutrons.
Radiation temperature, time profiles and space distribution for the targets were
observed with two 10 channel time resolved X ray spectrometers (0.2-1.5 keV,
200 ps), X ray diffractors with absorption foils, a subkiloelectronvolt X ray streak
camera and a three pinhole camera with absorption foils. Radiation temperatures in
the hohlraums were 100-120 eV (Fig. 5).

DISCUSSION
Although we have successfully produced fusion neutrons by radiation drive on
our laser facility, which has given us experience and confidence, we still have a long
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way to go on many aspects. To increase the energy efficiency and suppress superthermal electrons, scattered light and fast ions, which are fatal to high gain implosion,
we are working to convert the 1.05 /tm light into 0.35 ¿im light. Secondly, the output
of the LF-12 laser facility is not powerful enough to conduct indirect drive implosion. Therefore, we are planning to upgrade the LF-12 facility to a larger output
( 2 x 4 beams; 1.05, 0.53 and 0.35 pm; 5-6 kJ; 20 ps, 100 ps and 1-3 ns). Furthermore, improved target configurations and more sophisticated diagnostics have been
designed and developed so that we will be able to gain better results in laser driven
implosion.
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Abstract
ICF TARGET PHYSICS: RAYLEIGH-TAYLOR INSTABILITIES AND HEAVY-ION DRIVEN
TARGETS.
Rayleigh-Taylor instabilities (RTI) have been studied under conditions relevant to inertial confinement fusion (ICF). An analytical expression has been derived for the linear growth rate of the ablative RTI, taking into account the specific transport mechanism in the unstable layer. Agreement with
the Takabe formula is found. Ablative stabilization is also shown by 2-D hydrodynamic simulations.
The evolution of a large spectrum of modes of the ideal RTI has been studied by 2-D simulations. Conditions for the onset of turbulent mixing have been derived. Studies on indirect-drive heavy-ion fusion
targets are also reported. Gain curves for hohlraum targets have been generated analytically. Progress
in the study of spherical targets with a diffuse converter is discussed.

1.

INTRODUCTION

An effort is under way in Europe to investigate in depth the potentials of
heavy-ion accelerators as fusion drivers [1]. Within this framework, we have
investigated theoretically and numerically several target physics problems, some
of which are discussed in this paper.
In Sec. 2 we present studies on the linear, non-linear and turbulent evolution
of the Rayleigh-Taylor instability (RTI). T h e aims are the understanding of i)
ablative stabilization, and ii) the conditions for the onset of turbulent mixing.
It is indeed well known t h a t success of I C F requires the linear growth rate of
t h e RTI at the ablation front to be smaller than its classical value; in addition,
the instability should not enter the turbulent regime. In Sec. 3 we summarize
studies on indirect-drive heavy-ion fusion targets.
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RAYLEIGH-TAYLOR INSTABILITIES
Linear theory of the ablative

RTI

The linear evolution of the RTI at an ablation front subjected to a constant
acceleration g is studied by first considering a sharp interface model. The ablation surface is modeled as a thin layer, separating two regions of homogeneous
plasma with densities p2 and p\, respectively, across which there is a steady mass
flow, with velocity V2 (measured in the dense phase). Incompressible, adiabatic
or isothermal perturbations are considered. The novel element of the model
[2] consists in taking into account the finite thickness Lu « v2/g of the most
unstable region. The linear growth rate of a mode with wavenumber k is then
found to be [2]
Ak9 - (kv2)2 *+4>2}

- 4>;

(1)

*=(ïT7 + £ H
where r = pi/p2, A = (1 — r ) / ( l + r) is the Atwood number, and <j> = vj/v2 « 1,
where vj is the front velocity. The model is valid for kLu <C 1. For k <C gr/v2
the classical limit 7 = 7^ = (Agk)1'2 is recovered; modes with k > kc =
(gfV2)(Ar/(¡)) are stable; for any value of k, 7 < 7 c j. Such behaviour is similar
to that of Takabe's formula [3], 7 = a(gk)1'2 — (3kv2, predicting stabilization
for k > kcx = (g/v2)(ce2/l32). Here or and /? are numerical constants weakly
dependent on the flow parameters (typically a = 0.9 and /? = 2-4).
The parameters r and <f) in Eq. (1) have then been related to the properties
of the ablating corona, by using a steady corona model, and interpreting the
density p\ as the density at a distance AR « Lu from the ablation front [2].
When the relevant transport mechanism is electron thermal conduction, then
<f> = 7/5, and an expression for ((f>/r) is obtained which is nearly identical to
Takabe's expression for ¡32 [3]. Indeed it is found that the present model and
that of Ref. 3 approximately agree over a large range of flow parameters; a
typical example is shown in Fig. la. The model predicts slightly smaller values
of (<j>/r) for radiation driven ablation, than for electron conductivity driven
ablation fronts.
2.2.

2-D simulations

of the ablative

RTI

We are also studying the ablative RTI by high resolution, two-dimensional
hydrodynamic simulations of laser-accelerated foils (performed with the DUED
code [4]). An idealized problem is considered, in which a perturbation, with
wavelength A and amplitude £0 < 10_4A, is initiated at the ablation front at a
time when a nearly steady corona has formed. The first results, obtained with
the two temperature version of the code, and referring to high laser irradiance
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FIG. 1. Ablative RTI. Dimensionless linear growth rate versus modenumber. (a) Comparison between
the present theory and Takabe 's results [3], for the same values of the parameters G and Rp introduced
in Ref. [3]; (b) results of 2-D simulations compared with Takabe's formula, with a = 0.9 and (3 = 2.3.
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FIG. 2. Typical evolution of the 2-D planar, multimode RTI towards turbulent mixing, for two fluids
with Atwood number A = 1/3. Lengths are scaled to the wavelength of the fundamental mode, and times
to the inverse of the linear growth rate of the fundamental mode. In this case t0 = —0.4.

(7 = 2 x 10*5 W / c m 2 , with 0.25 fim light), are fitted by Takabe's formula,
with or = 0.9 and /? = 2.3 (see Fig. l b ) . Work is now in progress to compare
simulations with the model of Sec. 2.1, in particular to check the dependence of
the growth rate on the ablation mechanism.
Another simulation study (performed with a three t e m p e r a t u r e model) concerns experiments performed at ILE-Osaka [5]. Plastic foils with thickness
AZ = 25/um, and a mass perturbation with A = 50-100/xm and £o « 1-3/xm have
been irradiated with green light (0.53/im) at intensity / « 2 x 10 14 W / c m 2 . Computed foil shapes agree with the experimental ones. Harmonic analysis shows at
first linear growth with j/jd & 0.8-0.9, in agreement with Takabe's formula [3].
When the amplitude £ > 0.1 A, non-linear effects (saturation, growth of higher
harmonics) occur.
2.3.

Non-linear

evolution

and

mixing

In the ideal (non-ablative and incompressible) RTI an initial small amplitude,
multiwavelength perturbation gives rise to turbulent mixing [6]. T h e height hi,
of the faster bubbles of the lighter fluid penetrating into the heavier fluid evolves
in time as hf, = axAgt2, where a j « 0.05 for 2-D geometry.
T h e dependence of mixing on the initial spectrum of the perturbation has
been studied by 2-D simulations [7](an example of which is shown in Fig. 2).
In the case in which the initial spectrum is finite (fcm«i < k < kmax),
with all
modes having amplitude below their respective linear saturation level, the following evolution occurs (see also Fig. 3). All modes grow linearly until some
mode reaches its saturation amplitude (well approximated by Haan's formula [8]
S f ~D) « ¡)N\{\/R)1/2,
where R is the size of the system). A weakly non-linear
evolution is then observed, soon followed by a stage in which mode coupling becomes dominant, and at some later time t — t\ the evolution becomes turbulent.
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FIG. 3. Evolution of the amplitude £n of the modes n = 5, JO,...,50, in a problem with the same setup as in Fig. 2, but with modes n = 1-50 initiated at very small amplitudes (well below saturation
level). Saturation of higher modes begins at t = 2.7 and the evolution becomes nearly turbulent at
t = t/ « 3.5; in this case t0 = 2.3.

At this stage a self-similar mixing regime occurs, and h\, « ocT-Ag{t — to)2. T h e
time constants to and t j depend on the initial conditions, and are predicted
by a simple model [7]. In the ablative RTI, the shortest wavelengths are stable. In order to avoid mixing, the initial spectrum of the surface perturbation
should be such t h a t , for each mode k = 2TT/X, growth estimates using linear
theory lead to amplitudes not largely exceeding the relevant (3-D) saturation
level 5 f ~D) « 0.2A(A/i2) (where R now is the radius of the target).

3.

INDIRECT-DRIVE HEAVY-ION FUSION TARGETS

We have considered hohlraum targets with two axially symmetric radiation
converters (sketched in Fig. 4a; the same concept discussed in Ref. 9), as well
as spherically symmetric targets (hohlraum targets[10,11]; see Fig. 5a).
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FIG. 4. Heavy-ion driven hohlraum target, (a) Sketch of a typical target; (b) gain predictions from analytical model. Solid curves: gain versus energy for different values of the converter radius r0 (the
curves are labelled for different values of x0 in millimetres). The dashed curve refers to a case with
r/x = /. The dash-dotted lines are loci of equal implosion velocity: (a) v = 3 x JO7 cm/s;
(b) v = 3.5 x 107 cm/s; (c) v = 4 X JO7 cm/s.

3.1.

Energy gain scaling of hohlraum

targets

Qualitative features of the gain scaling of hohlraum targets are provided by a
simple model. As usual, the target gain G{E) is factored as G(E) = T]GF{VE)
where E is the driver energy, r? = rjxr}trt]h, r]x is the X-ray conversion efficiency,
T]tr is the X-ray transfer efficiency, r¡h is the hydrodynamic efficiency and GF is
the fuel gain (ratio of thermonuclear energy output to the energy EDT = V^
delivered to the fuel). We use the model for the fuel gain developed in Ref. 12,
the model for X-ray generation of Ref. 13, and assume 77^77^ = 0.05 (whether
this value is consistent with adequate uniformity of illumination of the inner
capsule is however still an open problem [14]). In the fuel gain computation
we assume isentrope parameter a s = 3 and fixed aspect-ratio and convergence
ratio. A typical result is shown in Fig. 4b, where gain curves G{E) are plotted
for several values of the focal spot size r 0 (equal to the converter radius). The ion
beam consists of 10 GeV Bi ions, and the converter material is Aluminum. Gains
adequate for a reactor (G > 50) can be achieved by delivering E — 4-6 MJ onto
two spots with radius r 0 = 2-3 mm (with the smaller energies corresponding to
the smaller spots). Typical beam powers are about 500 TW.
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FIG. 5. Radiation driven, spherical target achieving gain G = 30. (a) Sketch of the target; (b) beam
power versus time; (c) radius versus time flow-chart (Lagrangian trajectories of selected fluid elements).

3.2.

Radiation

driven, spherically

symmetric

targets

Targets as sketched in Fig. 5a have been studied in the past few years. In
a previous work [11,14] we showed that the earlier concepts suffer from a severe instability (concerning a pusher layer surrounding the fuel). We have then
addressed the design of more robust targets, not including the dense pusher.
We have found that radiation drive only occurs when the power deposited in
the converter exceeds a threshold, W = WSHW, which is a strongly increasing
function of the converter density pc (typically WSHW OC P8C > w ' t h à « 1.5 [15]).
For plastic converters and typical geometric parameters, the optimal converter
density for ions with energy S = 6-8 GeV is pc — 0.1 g c m - 3 , and the corresponding threshold is WSHW » 200 TW, implying beam power W > 400 TW.
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For ions with relatively large energy (e.g. S > 6 GeV) the high power required
for radiation drive implies severe limitations to the achievable pulse shaping,
and hence to the fuel entropy shaping. Target performance

is therefore mod-

est, e.g., we have found t h a t when Bi ions with S = 8 GeV are used, even with
total energy E = 12.5 MJ and very high peak power, Wp = 2000 T W , the gain
is limited to G — 30. Figure 5 shows the parameters and the 1-D evolution of
the best target so far studied. Improved performances are expected by using
ions with lower energy, which allow for the use of lower converter density and
hence for a low power prepulse.
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Abstract
RADIATIVE HEATING OF MATTER BY LASER GENERATED X RAYS.
Intense thermal X rays with temperatures in the range of 100 to 150 eV have been generated by
focusing the GEKKO XII high power laser into gold cavities. The intense radiation has been used to
study the re-emission from radiatively heated CH foils, the formation of a supersonic radiation heat
wave in low density lead doped polystyrene foam, and the radiation driven shock wave in solid
aluminium and gold.

1.

INTRODUCTION

Pulsed high energy lasers can generate intense thermal X rays. Their interaction
with matter is of basic importance for indirect drive laser fusion. In the present work,
we have focused the energy of the GEKKO XII laser (with a maximum energy of
4 kJ at a wavelength of 0.35 ¿on and a pulse duration of 0.8 ns) into specially shaped
gold cavities (Fig. 1). The generated intense X rays were used to study three topics:
(1) the re-emission from radiatively heated low Z material; (2) the formation of a
supersonic radiation heat wave in low density lead doped foam; and (3) the magnitude
and uniformity of drive pressure generated by X ray ablation.

2.

RE-EMISSION FROM RADIATIVELY HEATED CH FOILS

The re-emission of energy in the form of thermal radiation from X ray heated,
low Z material is of relevance to energy absorption in the ablator of a fusion capsule.
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(b)

FIG. 1. Cavity and experimental arrangement: (a) measurement of re-emission from a radiatively
heated sample; (b) investigation of supersonic heat wave propagation in foam and of radiation driven
shock wave propagation.

This phenomenon was investigated with a cylindrical gold cavity as is shown in
Fig. 1(a); it was heated up to a radiation temperature of 125 eV. The cavity with the
sample in its central part (length of the central part 1 mm, diameter also 1 mm) was
designed such that the sample should mainly be heated by thermal X rays emitted
from the hot gold wall of the cavity. The re-emission from the sample was observed
through a diagnostic hole as is shown in Fig. 1(a); a diaphragm of smaller diameter
was used to eliminate absorption in the plasma expanding from the X ray heated
edges of the diagnostic hole. The radiation spectrum emitted by the sample was
measured by a 5000 lines/mm transmission grating spectrometer coupled to a streak
camera with a time resolution of 30 ps. For reference purposes, the low Z sample
was replaced by a gold sample in some shots. Shots with both holes open were made
to control the amount of background radiation due to filling of the cavity with gold
plasma.
We have measured the re-emission from carbon samples, consisting of 60 /xm
thick CH plastic foils. Under the experimental conditions the X rays heat a carbon
layer with a thickness of 5 /¿m up to a temperature of 115 eV. The heated layer
re-emits part of the heating radiation, mainly in the resonance lines of helium like
and hydrogen like carbon (the heated layer thickness of 5 fxm has been measured in
a complementary experiment, in which we studied the burnthrough depth by transmission spectroscopy [1]). In Fig. 2(a), the spectrally integrated flux from the carbon
sample is compared to that from a gold sample. The time integrated re-emission
coefficient rCH/rAu = 0.26.
The results are in good agreement with numerical simulations performed with
the MULTI radiation hydrocode [2] using opacities calculated by the SNOP atomic
physics code [3] (see the dashed line in Fig. 2(a)). For the time integrated value of
the carbon to gold re-emission ratio the simulations yield rCH/rAu = 0.23, which is
close to the measured value.
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Thus we have experimentally confirmed a computational model which is
appropriate to a description of the re-emission from radiatively heated low Z matter
and to predictions for other conditions such as those occurring in inertial confinement
fusion.

3.

SUPERSONIC RADIATION HEATWAVE IN LEAD DOPED FOAM

Radiative heating of high Z material leads to the formation of an optically thick
radiation heat wave. For a wall of solid density heated at conditions of interest for
ICF such a wave is subsonic and hence ablative. However, if the density of the wall
is sufficiently low, it should propagate with supersonic velocity at constant density
into the wall material which has no time to expand. Such conditions, where the hydromotion is decoupled from the diffusive energy transport via radiation, are of interest,
for example, in the context of smoothing in ICF configurations. In order to verify
the predicted behaviour we have measured the heat wave velocity in high Z doped
foam with a density of 80 mg-cm"3 obtained through polymerization of the
organometallic monomer p-trimethylleadstyrene, containing 35 weight per cent of
lead. This foam material possesses a relatively high Rosseland mean opacity. The
cavity and the foam sample with an open reference hole and a hole filled with foam
are shown in Fig. 1(b). The foam sample was irradiated from one side by the thermal
X rays generated inside the laser heated cavity. The experiments were carried out
with three cavity sizes with an equivalent to a 1, 2 and 3 mm diameter sphere total
wall area. For each target type, we measured a mean brightness temperature of 150,
120 and 100 eV, respectively, with an accuracy of ±5 eV. The arrival time of the
heat wave at the outer surface of the foam was monitored with spatial resolution at
a wavelength of 60 Á using a diagnostic set-up described earlier [4].
An example of the signals obtained is shown in Fig. 2(b). Evidently, there is
a typical delay between the signal of the reference hole and the foam signal which
is different for the two thicknesses of the foam sample. It is interpreted as the
so-called burnthrough time, i.e. the transit time required by the radiation heat wave
to propagate through the foam.
Analysis of the experimental data has shown very good agreement between the
experimentally obtained burnthrough times for the three different sizes of the cavities
and various foam thicknesses and that value predicted from an analytical model [5]
describing the propagation of the non-ablative heat wave in matter. A crucial quantity
for this process is the Rosseland opacity, which has been calculated by means of an
average atom model [6]. Furthermore, good agreement was obtained with simulation
results using the hydrocode MULTI [2], which indicates that the hydromotion of the
radiatively heated foam is negligible and does not play an important role at these
densities. With the smallest cavity size (heated to a temperature of 150 eV), a
propagation speed of 2.1 x 107 cm/s of the heat wave was measured. This value is
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considerably larger than the sound speed of 1.2 X 107 cm/s calculated from the
temperature of the cavity; it reveals the supersonic nature of the heat wave under
these conditions.

4.

RADIATIVELY DRIVEN SHOCK WAVES

Of particular interest to ICF is the magnitude and uniformity of drive pressure
which is achieved upon irradiation of a solid wall by intense thermal X rays. We have
determined it from the velocity of the shock wave generated in solid gold and
aluminium, using known Hugoniot data for these materials. The velocity was
measured from the onset of optical luminosity generated upon shock arrival at the
outer surface of different types of sample. The cavity and samples are shown
schematically in Fig. 1(b). The samples were irradiated through an opening located
on the symmetry axis of the D shaped cavity for optimal uniformity. Note that the
relatively hard, primary X rays generated on the laser irradiated parts of the cavity
wall fall tangentially onto the sample in this configuration; this was found to be
important for low sample preheat. As is shown in Fig. 2(c), the velocity and spatial
uniformity were derived from streak photographs with step samples whereas the
constant velocity of the shock wave was varified with the help of wedge samples.
Across the 400 /¿m diameter shock sample we estimated a drive pressure uniformity
better than +0.6%. The shock speed was stationary for a time interval >1.5 ns.
The drive pressure was found to increase from 3 to 20 Mbar for cavity temperatures in the range of 90-150 eV. The results are in good agreement with theoretical
predictions based on a self-similar solution for the shock driving ablative heat wave
[7] and with MULTI [2] simulations.

FIG. 2. (a) Radiation emitted from a carbon (CH) and gold sample (integrated over the spectral range
of 250 eV to 1 keV); (b) reference X ray signal from open hole (left hand trace) and delayed heat wave
signal from foam filled hole (right hand trace) for two foam thicknesses; (c) temporally resolved visible
light emission due to shock arrival at the outer side of a step and a wedge gold sample.

IAEA-CN-60/B-P5

119

ACKNOWLEDGEMENT
This work was supported in part by the Commission of the European Communities in the framework of the Euratom-IPP Association.

REFERENCES
[1]
[2]
[3]
[4]
[5]
[6]
[7]

FÔLDES, I.B., et al., Phys. Rev. E., Rapid Commun. (August 1994).
RAMIS, R., SCHMALZ, R., MEYER-TER-VEHN, J., Comput. Phys. Commun. 49
(1988) 475.
EIDMANN, K., Laser Part. Beams 12 (1994) 223.
SIGEL, R., et al., Phys. Rev. Lett. 65 (1990) 587.
ZEL'DOVICH, Ya.B., RAIZER, Yu.P., Physics of Shock Waves and High-Temperature
Hydrodynamic Phenomena, Academic Press, New York (1966).
TSAKIRIS, G., EIDMANN, K., J. Quant. Spectrosc. Radiât. Transfer 38 (1987) 353.
PAKULA, R., SIGEL, R., Phys. Fluids 28 (1985) 232.

IAEA-CN-60/B-P7

SUPER-ASHURA KrF LASER DEVELOPMENT
Y. OWADANO, I. OKUDA, E. YASHIRO, I. MATSUSHIMA,
Y. MATSUMOTO, E. MIURA, T. TOMIE, E. TAKAHASHI
Electrotechnical Laboratory,
Umezono, Tsukuba, Ibaraki,
Japan
Abstract
SUPER-ASHURA KrF LASER DEVELOPMENT.
The super-ASHURA KrF laser aims at a total energy on target of 8 kJ with 12 spatially smoothed
and temporally tailored pulses. To achieve this goal, a main amplifier and an optical system for 12 pulse
multiplexing with spatial smoothing and pulse shaping functions are being added to the working
ASHURA (660 J, six beams) system. The main amplifier (60 cm window aperture, 270 ns duration)
is strongly pumped by 16 electron beams to achieve high stage gain and high efficiency at the same time.
In short pulse (150 ns) test operations, a significantly improved electron beam deposition efficiency of
29% has been achieved. Further improvement (up to 40%) by correcting the e-beam shape and temporal
impedance mismatching will lead to an overall amplifier efficiency (optical output energy/initially stored
electric energy) of 4%. Twelve-beam optics for pulse multiplexing is being installed. A one dimensional
smoothing effect of the broadband random phase irradiation has been demonstrated. Further pulse compression by 72 pulse multiplexing is also being planned.

1.

INTRODUCTION

The krypton fluoride (KrF) laser is an efficient ultraviolet gas laser which is
considered to be one of the most promising drivers for direct drive inertial confinement fusion (ICF).
The efficiency of the KrF laser medium exceeds 10%, and the gas medium
allows rapid cooling for high repetition rate operation. Its short wavelength (248 nm)
yields good target coupling (high classical absorption, high ablation pressure, etc.),
and its broad bandwidth (1 nm) enables smooth irradiation by means of wavelength
dispersion and/or induced incoherence.
At the Electrotechnical Laboratory, a KrF laser system, Super-ASHURA, is
being developed to establish KrF laser driver technology and to perform target shooting experiments in the 5 to 10 kJ energy range [1].

2.

SUPER-ASHURA SYSTEM DESIGN

Super-ASHURA aims at a total energy of 8 kJ on target, with 12 spatially
smoothed and temporally tailored pulses. To achieve these goals, a main amplifier
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20 m

ASHURA 6 beams
FIG. 1. Layout of Super-ASHURA KrF laser.

and an optical system for 12 pulse multiplexing with spatial smoothing and pulse
shaping functions are being added to the working ASHURA (660 J, 6 beams) system [2], The layout of Super-ASHURA is shown in Fig. 1.
So far, a short pulse version of the main amplifier, a broadband front end (in
the ASHURA area), an air sealed encoder/decoder area for 12 pulse multiplexing and
a target shooting chamber have been completed.

3.

MAIN AMPLIFIER DESIGN

The main amplifier of Super-ASHURA, Amp-4, is designed to have a high gain
length product ( > 10) and to be operated in a heavily saturated mode. This design
yields a high energy extraction efficiency ( > 10% of the deposited e-beam energy),
a high output intensity (> 10 MW/cm2) and a high stage gain (<50) at the same
time, while keeping the amplified spontaneous emission (ASE) at a negligible
level [3].
The Amp-4 laser head has a 600 L active volume (61 cm diameter x 2.1 m
length), which is pumped by 16 electron beams (e-beams) produced by eight diodes
(750 kV, 7 fi) arranged cylindrically around the laser gas cell. This configuration
gives a high ( — 0.7 MW/cm3) and uniform (<15% non-uniformity) pumping density distribution with a 1000 torr Kr 50% laser-gas mixture.
A schematic of Amp-4 and a cross-sectional view of its laser cell are shown in
Figs 2(a) and (b). A combination of two Marx generators (90 nF, 1.5 MV) and four
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FIG. 2(a). Schematic of main amplifier, Amp-4.

FIG. 2(b). Cross-sectional view of Amp-4 laser head.

water filled pulse forming lines (PFLs, 3.7 Í2) with laser triggered gap switches is
used to produce e-beam voltage pulses (maximum 750 kV, 270 ns). The voltage
pulse is applied to the e-beam diodes through oil filled transmission lines and vacuum
feedthroughs. Each transmission line is connected to two e-beam diodes in parallel.
As is shown in Fig. 2(b), each e-beam diode has two split segments to yield high
pumping uniformity. No external magnetic field is applied to the e-beam diode, and

124

OWADANO et al.

the electric field around the electron emitting cathode is designed to diverge the
e-beam in order to compensate for the beam pinching due to the self-generated
magnetic field.

4.

MAIN AMPLIFIER E-BEAM TEST

The performance of e-beam pumping has been tested with a 150 ns voltage
pulse produced by short (2.5 m) PFLs connected to a single Marx bank.
Figure 3 shows measured e-beam voltage and current waveforms with a calculated full duration current waveform. The current risetime of the thin metal mesh
(cheesegrater type) cathode surface is 40 ns; it produces a high voltage spike and
impedance mismatching at the beginning of the voltage pulse.
To reduce the voltage spike, a velvet cathode surface, which yields a faster current rise, has been tested on one of the diodes. Figure 4 shows a comparison of the
voltage waveforms for mesh and velvet surfaces. The voltage spike is considerably
suppressed by the velvet cathode.
The cross-sectional pattern of an elecgron beam was measured by a dosimetry
film at the entrance window to the laser gas cell. It was found that the beam crosssection was larger than the window aperture, and 20% of the e-beam was being
wasted. This is considered to be due to a too strongly diverging electric field component and/or excess electron emission from the cathode holder. The shape of the
electron emission surface and of the cathode holder is being modified to suppress
this loss.
Figure 5 shows the measured e-beam energy deposited into the laser gas and
its efficiency versus the output voltage of the Marx bank. The deposition efficiency
is defined as a ratio of the deposited e-beam energy to the initially stored energy in
the Marx bank.
A deposition efficiency of 29% has been achieved with Amp-4, which is significantly higher than that of Amp-3 (30 cm amplifier of ASHURA), which was only
20% at maximum. Further improvement (up to 40%) by correcting the e-beam shape
and temporal impedance mismatching will lead to an overall amplifier efficiency
(optical output energy/initially stored electric energy) of 4%. The pulse duration of
Amp-4 is to be extended to 270 ns after these improvements.

5.

OPTICAL SYSTEM DESIGN

Twelve pulses are to be amplified by Amp-4 through an angular multiplexing
optical system. Four pulses amplified by ASHURA are introduced into an air sealed
encoder/decoder area, where the pulses are tripled by the encoder to form a 12-pulse
pulse train (22 ns x 12). The pulse train is double pass amplified by Amp-4, and
delays between the pulses are removed by the decoder so that the 12 pulses arrive

125

IAEA-CN-60/B-P7
T-T-1200

1000

800

600
8> 400

200

•200

i ' ' i »

200
300
Time (ns)

400

500

FIG. 3. Electron current and voltage waveforms.

1

—i—i—i—i—

1—1—1— y i T

i

i

i

i

ni 1 1 1

800

Foil mei h cathode

;

:
III!

••

600

:

I

i

§,400 :

':

*\/\
'\ '

>
200

;

!

i

;/

Velvet cat iode

•

100

i

i

i

—i

;
\

i

i

200

i f

i

300

i*V

i

400

i

i

i

i •

500

t(ns)

FIG. 4. Comparison of voltage waveforms for mesh and velvet cathode surfaces.

126

OWADANO et al.

£ 30

S 20

800
1000
Marx output voltage (kV)
FIG. 5. Electron beam deposition energy and efficiency.

Output
array
Concave
lenses

12 beams to
target
chamber
Amp-4

Rear mirror

4 pulses
from
Amp-3

x12
encoder
FIG. 6. Layout of 12 pulse multiplexing.

on the target simultaneously. A schematic of the encoder/decoder system is shown
in Fig. 6.
Strong fluoride coatings for the final stage optics have been developed. The
damage thresholds for both high reflection and antireflection coatings have exceeded
10 J/cm2, and the diameter of the final beam (700 J/beam) is designed to be 15 cm.
The focused intensity profile is to be smoothed by a broadband random phase
(BRP) method [3], which uses a broad laser spectral width (>0.2 nm), a dispersing
thin wedge (6 = 5°) in the final decoder pass and a random phase plate near a focusing lens. The spectral dispersion caused by the wedge smoothes out the ripples which

IAEA-CN-60/B-P7

127

appear in the random phase irradiation scheme. The effect of the BRP method has
been demonstrated in ASHURA, by using an output from an optically gain switched
broadband oscillator (AX = 0.2 nm) [2].
For further pulse compression and shaping, second stage angular multiplexing
is being designed. In this configuration, 72 angular multiplexed beamlets (3.5 ns) are
amplified by an amplifier chain. After delay removal and beam collimation, six
beamlets (6 cm diameter) are bundled to form a beam (18 cm diameter) and then are
transported and focused through one of the 12 beam line optics. This configuration
enables an increase of the focused intensity by a factor of six and an increase of the
smoothness of the intensity profile.
The optical system for 12 pulse multiplexing is to be completed in 1995, and
a 10 15 W/cm 2 spatially smoothed intensity is expected in 12 beam overlapping
irradiation.
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Abstract
SYMMETRY OBSERVATION AND TEMPERATURE MAPPING OF LASER DRIVEN FUSION
PLASMA WITH NOVEL X RAY IMAGING TECHNIQUES.
Two novel X ray imaging techniques were successfully developed to observe the behaviour of
imploding fusion pellets and to determine the temperature distribution of the compressed fuel. One technique is a temporally resolving, two dimensional (2-D) polychromatic X ray imaging. A multi-imaging
X ray pinhole camera was coupled to a well characterized X ray streak camera, and 2-D images were
reconstructed by computer aided manipulation of the streak data. A framing time and a framing interval
of 10 ps and a spatial resolution of 15 /¿m were obtained. This technique made it possible to observe
the rapidly changing low mode structures and the symmetry of the compressed core. The second technique is time integrated, 2-D, spatially resolved monochromatic imaging of the fusion plasma by the
use of toroidally bent Bragg crystals. The electron temperature is determined by seeding the fuel with
argon and by measuring the intensity ratio of the monochromatic images of the resonance lines from
the argon. A temperature mapping of the compressed fusion pellets with a spatial resolution better than
10 urn was obtained for the first time.

1.

INTRODUCTION

One of the crucial issues of inertial confinement fusion is the realization of
hydrodynamically stable high compression of fusion pellets. Whereas high convergence ratios have been attained for X ray driven targets [1, 2], the experimentally
obtained neutron yields are still much lower than those from 1-D simulations in which
perfect spherical convergence is assumed. The disagreement found in the neutron
yield has partly been attributed to the occurrence of pusher/fuel mixing at their contact surface during the stagnation phase. To clarify such problems, it has long been
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planned to develop a new diagnostic method capable of observing rapidly growing
fim scale fluid instabilities taking place in the compressed core with sufficiently high
temporal, spatial and energy resolutions.
Recently, we could develop two new X ray imaging techniques for the observation of core dynamics. For the first time, time and 2-D space resolved X ray images,
and space and spectrally resolved monochromatic images of the imploded cores were
taken, respectively, by a multi-imaging X ray streak camera (MIXS) [3] and a
monochromatic X ray camera (MXC) by the use of 2-D bent crystals [4]. These
methods provide indispensable information on compression dynamics, stability and
temperature distribution of the compressed core. Such information could not be
obtained by the old conventional methods.

2.

FAST X RAY FRAMING METHOD

One technique is an X ray multi pinhole imager [5]. Figure 1 illustrates the
principle of this method. Multi-images of an object are focused onto a sweep slit of

(a) Multi-pinhole imaging
on the cathode slit

(b) Streaked images

image 1

|

2

3

4

5

t=ti
t2
t3

• i

Cathode slit

Image 1

2

3

4

5

(c) Reconstructed framing images
Image 1
•

•

t=ti

t=* 2

•
t=t 3

FIG. 1. Principle of multi-imaging X ray streak camera (MIXS) for time resolving, 2-D images of
imploded fusion pellets: (a) array of multi-images focused on a slit of a streak photocathode with some
tilt angle 6; (b) temporally resolved images at different portions of an object recorded on a streak
camera; (c) expected framing images of the object reconstucted by rearranging sliced images taken at
the same time.
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FIG. 2. (a) Implosion sequence of directly driven fusion pellet obtained by MIXS. Framing interval:
8.7 ps; exposure time of each frame: 11.7 ps. (b) Time integrated image of case (a).

an X ray streak camera by an array of pinholes (Fig. 1(a)). Each image on the slit
is properly offset so that reconstruction of these images by computed image processing yields a 2-D original image of the object at a certain time (Figs 1(b) and (c)). In
this way, multiframing X ray images of a compressed core can be taken with a framing time and a framing interval of 10 ps (or less), which is much better than the 80 ps
of the conventional X ray framing camera [6]. The improved framing time is short
enough to resolve an implosion process (the typical time-scale of the stagnation is
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about 200 ps) and long enough to remove motional blurring included in the output
images (i.e. an implosion velocity of 3 X 107 cm/s and a framing time of 10 ps may
result in 3 /¿m blurring). A key element of MISX development was the fabrication
of a pinhole array of high accuracy and the characterization of a quasi-distortion-free
streak camera. The pinhole array was set up with microdischarge machining on a
25 [xm thick Ta disk. The variation of the pinhole diameter (typically, 12 ¡xm) and
the separation distance between the pinholes (100 fxm) were less than 5 and 1% of
the nominal values, respectively. The non-uniform response of the intensity was corrected numerically. Spatial distortion and sweep non-linearity of the camera were
checked to be negligibly small. The validity of this method was confirmed by taking
well known test images. Combination of 25 /¿m Be and 5 /¿m Ti filters and a gold
cathode provided an energy range from 2.5 to 4.9 keV. One important feature of this
scheme is its capability of providing a much shorter framing time of, say, 2 ps by
using a commercially available fast X ray streak camera.
Implosions of various targets are observed by MIXS and new features of
implosion dynamics are found; for example, sphericity, size and structure of the
compressed core change very quickly, on a time-scale of 10 ps. Figure 2 shows a
typical result from MIXS. In this case a deuterated plastic shell (589 jum in diameter
and 6.72 pm thick) was directly irradiated with phase randomized green laser light
(3.6 kJ energy in 12 beams and 2.4 ns duration) from the Gekko XII system. Nonuniform structures of mode numbers i = 2-6 are found to be starting at early stages
of core formation.

3.

MONOCHROMATIC X RAY IMAGING METHOD

Spatially resolved monochromatic 2-D images of laser created fusion plasma
have been recorded by using toroidally bent crystals. The distribution of the electron
temperature was determined by seeding the deuterium fuel with a small amount
(0.2 at%) of argon and evaluating the intensity ratio of the two monochromatic
images of the Ly 0 (Ar +17 lsSo-Sp'Pi) and He 0 (Ar +16 ls^So-lsSp'P,) lines.
Silicon ((311) reflection and Bragg angle of 74.2°) and germanium ((311) reflection
and Bragg angle of 80.6°) cyrstals were chosen to achieve high diffraction reflectivities. Special caution was exercised to maintain crystal perfection during bending [7].
The bending radii were about 200 mm, and the image magnification was chosen to
be twelve. The spatial resolution was estimated with ray tracing codes [7] and was
experimentally confirmed to be better than 10 ¡xm. The experimental data were carefully analysed by taking into account measured reflectivities of bent crystals, filter
transmission, X ray film response and background influences. A spectral window
was adjusted to be 10-20 eV to cover the line width broadened because of compression. Figure 3 shows the geometry of the imaging system used in the Gekko XII
experiments. Figures 4(a) and (b) show the resulting monochromatic images of the
Ly j8 and He 0 lines from the dopant in a fusion capsule driven by laser generated
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FIG. 3. Experimental set-up for monochromatic imaging with Ge (311) and Si (311) toroidally bent
crystals for Ar Ly /3 and He /3 lines. To validate the measurements, Ar emission spectra and core images
were taken with a flat crystal spectrograph and an X ray pinhole camera at the same shot.

(b)Ar +16

Hep

1.3 keV

1.1 keV

horizontal
50 \im
FIG. 4. Monochromatic images of X ray driven fusion plasma for (a) Ar Ly 0 and (b) He /3 lines,
(c) Spatial distribution of electron temperature obtained from the intensity ratio for the pixels of image
(a) over those of (b).
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X rays. Although these images are time integrated, it is known from X ray spectroscopic measurements that these images represent information on the core at maximum compression [8]. A non-uniformity of mode number i = 4 is seen in these
monochromatic images. The temperature distribution was obtained by using the
spectrum analysis code RATION [9] and adopting an average electron density of
rie = 3 x 1023 cm -3 , obtained from the line broadening simultaneously measured
by a flat crystal spectrograph, and by assuming an optically thin core plasma. As is
shown in Fig. 4(c), there are four cooler spots at the centre of the core (the electron
temperature Te ~ 1.1 keV) surrounded by somewhat higher temperature regions
(Te ~ 1.4-1.5 keV), which may correspond to the illumination asymmetry caused
by the present capsule irradiation geometry [10]. Further analyses are being carried
out including the effects of radiation transport.
4.

SUMMARY

One important feature of these methods is the capability of carrying out three
dimensionally resolved measurements (time, space and spectrum) if both methods are
combined: for example, by embedding a tracer in a fusion target, one can trace the
hydrodynamic motion of a specific target region by this new diagnostic. This will be
a useful method of understanding fluid instabilities close to maximum compression.
It is also worth noting that monochromatic imaging can provide not only temperature,
but also density distribution. Thus, another important application will be observing
simultaneously the time evolution of the temperature and density distributions of a
fusion plasma.
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Abstract
NUMERICAL STUDIES ON STABILITY AND MIXING IN LASER DRIVEN IMPLOSION.
A turbulent mixing model is coupled to an implosion code to study the degradation of implosion
performance. It is found that by assuming that 10-20% of the implosion energy is converted to turbulence energy in the acceleration phase, the experimental data for LHART and CD shell type implosion
can be well reproduced numerically. A two dimensional implosion code is used to study the fire polishing effect by alpha particle heating in high gain target. The gain sensitivity to the implosion nonuniformity has also been studied.

1.

INTRODUCTION

The hydrodynamic instability is the most important issue in laser fusion
research. In order to study non-uniform implosion numerically, it is straightforward
to carry out a direct numerical simulation (DNS) with a high speed computer.
However, it is difficult, even with near future supercomputers, to carry out DNS of
the laser driven implosion. To analyse the experimental data, we have to take into
account non-uniform implosion as well as the physics essential in laser driven
hydrodynamic phenomena, such as laser absorption, electron heat transport, radiation heat transport, equation of state, nuclear reaction, etc. [1]. At the present time,
we are developing a two dimensional implosion code and a k-e type mixing model
in parallel. With the two dimensional code, we study the degradation of fusion gain
in a high gain target due to a relatively long wavelength non-uniformity. However,
in order to analyse the experimental results, it is inevitable to include the effects of
mixing due to small scale eddies driven by non-uniformity of the laser intensity. It
is reasonable to consider turbulent mixing essential for an explanation of the
experimental results [2]. Therefore, we have employed a k-e type turbulence model
to be coupled with the conventional one dimensional implosion code, and we have
studied whether the model can explain the fusion yields obtained through a series of
experiments carried out at our institute.
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In Section 2, a turbulent mixing model is coupled with the one dimensional
implosion code ILESTA-1D [1] in order to analyse the experimental results. In Section 3, the effect of alpha particle heating on the hydrodynamic instability is studied
with a 2-D code for a high gain target. The sensitivity of gain reduction to nonuniformity is studied by varying an implosion mode.

2.

TURBULENT MIXING IN LASER IMPLOSION

Since most of the experiments carried out in the past were carried out with
highly non-uniform laser irradiation, we have to model the effects of turbulent state
in laser implosion. Turbulent mixing was measured in shock tube experiments [3, 4]
and in an accelerating tank experiment [5] and was analysed with direct numerical
simulations [6] or a turbulence model [3, 4]. It has been reported that the turbulent
mixing model based on the k-e type model can reproduce such experimental results
satisfactorily [3, 4].
Although we applied the quasi-linear type diffusion model to a study of the mixing in laser implosion [2, 7], we try to use the k-e type model to couple with the one
dimensional hydrodynamic code ILESTA-1D [1] in order to maintain the selfconsistency of the basic equations. We have extended the model of Ref. [4] to the
two-temperature case and have studied the degradation of implosion performance due
to the predominant growth of mixing in the stagnation phase.
In our simulation, we have assumed that turbulence has been generated in the
acceleration phase at a level of

£ = k/QuA

(1)

where u0 is the implosion velocity and k = (l/2)<vf > is the kinetic energy of the
turbulence, equivalent to the total kinetic energy of the perturbations. With a value
of k constant in space at the beginning of stagnation dynamics, we have solved
k-e type equations in the stagnation phase.
2.1. LHART type implosion
We first analysed an experiment of LHART type implosion in which the DT
gas fuel contained in a glass microballoon is imploded [8]. It is assumed that, because
of the turbulent mixing process, glass and DT fuel are mixed with each other. The
mixing is calculated by solving the equation of the concentration:
P^T=

V(pD t VC s )

(2)
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FIG. 1. Equi-contours of pusher material (Si02) concentration near maximum compression: (a) without, (b) with turbulent mixing.
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where p is the total mass and Cs the concentration (0 < Cs < 1) of DT or glass.
In Eq. (2), Dt is the turbulent diffusion coefficient proportional to k2/e, where e is
the energy dissipation rate of the turbulence energy k.
In Fig. 1(a) and (b), the equi-contours of the glass concentration are plotted in
the radius-time diagram near maximum compression for the cases without and with
mixing model, respectively. In Fig. 1(a), we see that the contact surface is decelerated by the shock wave bouncing in the fuel whose trajectory is shown by the dashed
line. With the mixing model, however, the glass cannot be decelerated by the fuel
pressure and penetrates freely into the central region as is seen in Fig. 1(b). As a
result, the calculated neutron yield is drastically reduced.
We have carried out the same kind of simulation with a variety of targets as
summarized in Ref. [8], where the experimental and one dimensional neutron yields
are plotted as a function of the initial target aspect ratio. The resulting yields are
plotted in Fig. 2, where the solid circles are experimental yields and the window-like
symbol represents the corresponding neutron yield calculated without mixing model.
The lines of £ = 10, 20 and 40% represent the results obtained by including the
mixing model in the ILESTA-1D code. We can conclude that, with a turbulence
energy fraction of 10-20%, the maximum values of the experimental neutron yields
can be explained. In order to explain the yield far below the lines, the dominant
growth of the mixing in the acceleration phase should be treated consistently.

.- 14

£ = 10%
£ = 20%
£ = 40%

i i i i I i i i i I i i i i I i i i i i i i i i

200

400

600

Aspect ratio
FIG. 2. Neutron yields as a Junction of initial aspect ratios of LHART targets. The solid circles are
experimental yields, the 'windows' are numerical yields without mixing, and the lines for £ = 10, 20
and 40% are obtained by including the mixing model.
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2.2. CD shell type implosion
It was reported that almost 600 times solid density was achieved by imploding
deuterized polyethylene hollow shell targets [9]. With this implosion, high density
compression was demonstrated; however, the neutron yield was far below the 1-D
numerical value. It was explained phenomenologically that this large discrepancy is
due to the non-formation of a spark-main fuel structure as is always seen in the conventional simulation of a hollow shell implosion.
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FIG. 3. Flow diagram near maximum compression of CD shell implosion: (a) without, (b) with mixing.
Density (thick line) and temperature (thin lines) profiles at maximum compression are plotted on the
right hand side.
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In order to explain this experimental result quantitatively, we have carried out
the same kind of simulation as in the LHART implosion. In Figs 3(a) and (b), flow
trajectories near maximum compressions are shown for the cases without and with
mixing model, where £ = 20% is assumed in starting the mixing calculation at
t = 2.87 ns. By comparing both situations, we easily understand that, with mixing
phenomena, no central spark, which would play the role of a cushion, is generated
and heavier material penetrates directly into the central region.
On the right hand side of each flow diagram, the density and temperature profiles at maximum compression (t = 2.933 ns) are shown. With turbulent mixing, the
central temperature is reduced by a factor often. This is the main reason for the large
discrepancy in the neutron yield.
By including the mixing model, it is found that the experimental data of neutron
yield (~10 6 ), spark temperature (~300eV) and rR (~0.5 g/cm2) are well
reproduced with the assumption of £ = 20% at the time of void closure.

3.

TWO DIMENSIONAL SIMULATION OF HIGH GAIN TARGET

In order to avoid the generation of small scale turbulence in the acceleration
phase, it is intended to eliminate the short wavelength non-uniformity of the laser
intensity profile by employing beam smoothing via spectrally dispersed amplified
spontaneous emission [10].
In high gain targets, a burning wave is generated before maximum compression,
and alpha particle heating plays an essential role in the hydrodynamic evolution of
the targets. For the case of a gain of 130 at 4 MJ, we have studied the sensitivity of
the gain to implosion non-uniformity. By excluding alpha particle heating,
predominant growth of the instability is seen near maximum compression at the
spark-fuel interface. By including the alpha particle heating self-consistently, we see
that ignition starts before maximum compression and the alpha particle heating near
the spark-fuel boundary polishes up the non-spherical structure of the boundary [11].
Therefore, we can expect a thermal smoothing effect to the small scale perturbation
during the final burning phase. If we can control the growth of the perturbation to
be small enough in the acceleration phase, we can expect such a stabilization effect
in the final phase once fuel ignition has taken place.
The effect of non-uniformity is a function of whether the implosion mode is a
marginal ignition or an over-ignition mode. We have studied the sensitivity of the
pellet gain to the difference in the implosion mode. In Fig. 4, the pellet gains are
plotted as a function of the implosion velocity. In varying the implosion velocity, we
have varied the pulse duration of the main pulse with the same target [12]. It is typical
that the gain increases abruptly when the implosion velocity reaches a critical value
to ignite the spark. Then, the gain is gradually reduced because the excess energy
is transferred to the spark region and the spark temperature becomes higher than the
minimum temperature for ignition.
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FIG. 4. Sensitivity of pellet gain to implosion velocity and non-uniform implosion dynamics.

In Fig. 4, the pellet gain obtained by the ILESTA-2D code [1] is plotted for the
case of the i = 2 non-uniformity with different values of deformation ÔR/RQ at the
time of void closure [11]. It can be concluded that the marginal ignition mode yields
the highest gain within the one dimensional simulation, but is very sensitive to nonuniformity. The reduction of the pellet gain becomes less as the implosion mode
passes into the over-ignition mode while the pellet gain is lower than marginal ignition, even within one dimension.
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Abstract
FUSION ENERGY RESEARCH BY LIGHT ION BEAMS IN JAPAN.
Recent results of fusion energy research by light ion beams in Japan are reviewed. Experiments
of a two stage ion diode on Reiden-SHVS have demonstrated for the first time that the beam divergence
of proton and carbon beams is improved by post-acceleration. Modules of a light ion fusion driver are
designed, on the basis of a two stage ion diode and an induction adder accelerator. The uniformity of
the ion beam driven target is studied by a two dimensional computer code. The results show that rapid
smoothing of soft X ray radiation inside a cannonball target takes place.

1.

INTRODUCTION

Key issues of light ion beam fusion research are: (1) improvement of beam
quality in order to achieve intense beam focusing and efficient transport to the target;
(2) improvement of implosion uniformity in a cannonball target; and (3) development
of an efficient, repetitive driver system [1]. Light ion beams are generated by ion
diodes driven by high power electrical pulses at the output of pulsed power generators. The application of a strong magnetic field transverse to the anode-cathode gap,
called a magnetically insulated ion diode, inhibits the electron flow across the gap.
An active anode surface is covered by uniform ion source plasma of high purity and
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sufficient density. The ion current density is enhanced several times over the space
charge limited value, because of the electron sheath dynamics in the diode [2].
Experimental and theoretical studies show that the main restriction in beam quality
is the beam divergence generated in the ion diode [3]. The main source of beam
divergence is considered to be an ion transit time instability initiated by coupling with
a diocotron instability in the electron sheath.

2.

TWO STAGE DIODE EXPERIMENTS

Several methods are proposed to reduce the beam divergence in the diode:
(i) low enhancement diode operation; (ii) application of a strong magnetic field;
(iii) an electron limiter reducing the electron density in the diode; and (iv) a two stage
diode. The two stage diode constitutes an active method of reducing the beam divergence [1,4]. Figure 1 shows the experimental set-up of a two stage ion diode. Two
annular, extraction type, magnetically insulated ion diodes were set up at the central

FIG. 1. Experimental set-up of two stage magnetically insulated ion diode. Annular, 8 cm radius and
2 cm thick ion beams are generated. The ion source plasma was injected from the rear side of the
aluminium anode. The first and the second diode are powered by a Reiden-SHVS induction adder
accelerator.
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FIG. 2. Typical waveforms of two different shots. The conditions of the first stage diode are similar
in the two cases. J¡ is the transmitted ion current density measured at the cathode. Low (a) and high
(b) injection refers to the current density relative to the critical current of the second stage diode
(Jcl « (AK2y2).
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injection, the measured beam divergence was less than the predicted value.

part of a Reiden-SHVS induction adder accelerator with positive and negative outputs
of a typical operation voltage of 1 MV and a current of 20 kA, each with a 100 ns
pulse width. The ion source is carbon plasma injection from the rear side of an
aluminium anode with three injection slits. The beam mainly consists of carbon ions
and protons (>30%). The divergences of the ion beam at the first and second stage
diodes were measured by small scatter shadow boxes. The beam divergence angles
were estimated from the distributions of the ion beams passing through small apertures with an accuracy of better than 10 mrad. The ion distributions in the shadow
box were measured by a CR-39 track detector. The ion species were discriminated
by the size of the ion tracks on the CR-39 detectors [5].
Typical wave forms of two different shots are shown in Fig. 2. The conditions
of the first stage diode were similar in the two cases. The case of smaller (larger)
second stage gap corresponds to the case of lower (higher) injection current density
over the critical current densities of the second stage diode. At the beginning of the
pulse, the impedance of the first stage was low, because of the dense plasma in the
diode coming from the ion source. In contrast, the impedance of the second stage
diode was very high at the beginning and decreased with increasing injection current
from the first stage. The impedance increased again at the end of the pulse, owing
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1 MV cavity module

Middle extension
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Fusion target
Focusing lens

First stage diode
Second stage diode
Second stage induction adder
8 MV, 27 TW

First stage induction adder
6 MV, 5.4 TW

FIG. 4. Example of module design for 8 MJ, 32 beam system for a light ion beam fusion reactor.
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to the decrease in the injection current. This behaviour indicates the existence of an
impedance control of the ion diode by the injection current; it may be one method
of reducing parasitic loads, which is a problem of diode coupling in high power ion
diodes [6].
The results of improvements in the carbon beam divergence are shown in
Fig. 3, with a previous result concerning the proton beam [1]. The vertical axis
shows the quality of divergence improvement (QODI). This value is the ratio
of experimental and theoretical divergence improvement: QODI = (Adl/Ad2)/
V((V, + V2)/Vi)- The space charge limited current Jcl is based on the proton beam.
In the low injection case, the carbon beam divergence was improved by a factor of
1.3, i.e. 97% of the theoretical prediction. In the high injection case, the measured
beam divergence was less than the predicted value, which may indicate degradation
of diode performance in high injection operation.
3.

REACTOR DRIVER MODULE

The development of an efficient and repetitive pulsed power system has been
pursued by using a saturable core magnetic switch and an induction adder accelerator
TABLE I. DESIGN PARAMETERS OF A 8 MJ,
32 BEAM DRIVER SYSTEM FOR A REACTOR
Second stage

First stage
Power (TW)

5.4

27

Ion species

Li +

Li 3+

Diode voltage (MV)

6

8

Magnetic field (T)

7

7

Diode gap (mm)

8.8

6

Ion current density (kA/cm2)

1.9

5.8

Beam number

32

Total power on target (TW)

970

Pulse width (ns)

8.3

Total energy on target (MJ)

8
2

Beam intensity on target (TW/cm )

120

Outer diode radius (cm)

20

Inner diode radius (cm)

17
2

Beam cross-section (cm )

350
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for the reactor driver. A small scale pulsed power system using a saturable core
magnetic switch has demonstrated efficient (60%) and repetitive (2 kHz) operation
of the 600 kV module [7]. A laser produced ion source is studied, not only for repetitive diode operation, but also as a uniform and low divergence ion source [8]. The
induction adder system was operated up to 4 MV, with a cavity voltage of 0.5 MV.
The required several tens of MeV up to 100 MeV output will be achieved by simply
adding the induction cavity.
On the basis of these technological features and an understanding of the two
stage magnetically insulated ion diode, a reactor driver module was designed.
Figure 4 and Table I show an example of module design for a 8 MJ, 32 beam system.
Lithium ions of charge state 1 + will accelerate up to 6 MeV and will be stripped
efficiently to 3 + . At the second stage diode of 8 MV, Li 3+ beams are accelerated
up to 30 MeV. To operate the ion diode in a stable manner, the operation voltage
of first stage diode is less than 40% of the critical insulation voltage and the
enhancement of the ion current density is less than five. We assume a factor of two
improvement in the beam divergence of the second stage diode.

FIG. 5. Example of cannonball target and irradiation by three cone beam geometry.
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IRRADIATION UNIFORMITY

We have studied the irradiation uniformity of fuel pellets in a cannonball target
by using a two dimensional computer code that includes collisional energy deposition
and radiation transport in the cavity. The cannonball target consists of a high Z outer
cavity and a central fuel pellet, surrounded by a low Z layer. Figure 5 shows an
example of a cannonball target and irradiation in a three cone beam geometry. The
beam energy is deposited in the low Z layer of the target. The soft X rays are emitted
by temperature increase of deposit region and are confined in the cavity. The
irradiation cone angles of 90° and 39.2° and energy distribution ratio of 1:0.625 have
been obtained by analytical optimization in order to reduce the lower mode nonuniformity [9].
The time history of the radiation non-uniformity on the fuel pellet surface is
shown in Fig. 6. The simulations show very rapid radiation smoothing by the soft
X rays in the cavity. In the case of four cone irradiation, the root mean squares nonuniformity of the fuel pellet becomes better than 1 % within only 100 ps of radiation
pulse rise.

100 s
8*

I

0.01

3

4

5

Time (ns)
FIG. 6. Time history of radiation non-uniformity on the fuel pellet surface. Nc2, Nc3 and Nc4
correspond to the cases of two, three and four cone irradiation systems.
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Simulations of various modes of implosion are also examined in order to
optimize the high efficiency beam as a reactor driver [10]. A low cost, high efficiency, light ion driver expands the possible parameter region for reactors up to large
size, medium gain pellet implosion.

5.

CONCLUSIONS

Experiments with a two stage ion diode on Reiden-SHVS have for the first time
demonstrated that the beam divergence of carbon beams is improved by postacceleration. An 8 M J light ion fusion driver module is designed on the basis of a
two stage ion diode and an induction adder accelerator. The uniformity of the ion
beam driven target is studied by a two dimensional computer code. The results
demonstrate rapid smoothing of soft X ray radiation inside the cannonball target.
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Abstract
IMPROVEMENT OF IRRADIATION UNIFORMITY OF DIRECT DRIVE LASER FUSION
TARGET.
The three key technologies for uniform laser irradiation in direct drive laser fusion are described.
Optimum design of a random phase plate enables us to minimize the lower mode non-uniformity. Beam
smoothing techniques such as partially coherent light with angular dispersion of the spectrum and twodimensional smoothing by spectral dispersion (SSD) can substantially reduce the higher mode nonuniformity. Thus, it is expected that an absorption non-uniformity of 1-2% will be achieved because
of the improved power balance.

1.

INTRODUCTION

At ILE, Osaka University, Precision GEKKO XII has been completed in order
to develop the technology of uniform laser irradiation. This project includes beam
focusing control for an optimum intensity envelope on the target, development of
beam smoothing techniques, pulse shape control, and power balance control among
the beams. Envelope profile control is essential in reducing the lower mode nonuniformity (<7f, ( < 20, where ( is the spherical harmonic mode number), which
stems from the geometrical arrangement of a finite number of beams (twelve beams
with dodecahedral symmetry). Beam smoothing is needed to suppress higher mode
(£ > 20) non-uniformity caused by the random interference of multibeamlets divided
by a random phase plate (RPP) [1]. Substantial developments in envelope control and
beam smoothing enable us to achieve an irradiation non-uniformity (arms =
(£of)V2) of 1%. Then the power imbalance also becomes important because it
appears to be a significant source of another lower mode non-uniformity.
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2.

ENVELOPE PROFILE CONTROL OF FOCUSED BEAM PATTERN

The lower mode non-uniformity can be completely suppressed if the absorbed
laser intensity on the target surface obeys a cos20 or a cos40 distribution, where 6
is an angle measured from the beam axis [2]. The envelope profile can be controlled
by optimizing the RPPs or the aspherical multilens array [3, 4]. Figure 1 shows the
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FIG. 1. (a) Laser irradiation non-uniformity, arm, as a function of hexagonal RPP element size calculated for incoherent laser with different focusing conditions. The element size is defined by the diameter
of a circumscribed circle, (b) Laser irradiation non-uniformity for four cases as a function of the target
diameter.

rms irradiation non-uniformities calculated for the incoherent laser. We have two
choices: one is far field illumination with an RPP of smaller (1.6 mm) elements, and
the other is quasi-far field illumination with an RPP of relatively large (2.4 mm)
elements. The present choice is the 1.6 mm element because the latter case requires
a quite uniform near field pattern. The error in the RPP coating thickness was, by
Zernicke interference technique, shown to be 1-2% for the 0.527 ju.m laser (2w).

3.

BEAM SMOOTHING AND PULSE SHAPING

RPPs divide a non-uniform beam into a huge number of small beamlets; then
these beamlets interfere randomly with each other on a target surface, creating a fully
developed, fixed speckle pattern with a relatively uniform intensity envelope (see
Fig. 2(a)). To suppress the small scale imprint due to this speckle [5], the partially
coherent light (PCL, a concept similar to echelon free induced spatial incoherence
(ISI) [6]) has been developed as shown in Fig. 2(b) [7]. Specifications of PCL are
0.6 nm bandwidth, 32 times diffraction limited beam divergence (both measured at
the fundamental, <*>) and the angular dispersion of the spectrum of 239 ¿irad/nm (at
the inlet of the KDP frequency doubling crystal). The smoothing time in which the
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(a)

(b)

(c)

FIG. 2. Focused beam pattern measured at the tangential plane of a spherical target of 500 ¡im
diameter, (a) Coherent laser with an old RPP of 2 mm square elements; (b) angularly dispersed, partially coherent light with the old RPP; (c) SSD with a new RPP of 1.6 mm hexagonal elements.

(Spectral

dispersion)
(a)

<b>

FIG. 3. (a) Optical fibre system for supplying PCL with flexible pulse shaping. The system consists of
several parts: frequency chirping (control of temporal coherence); pulse compression; pulse shaping;
modal dispersion (induced spatial incoherence) and compensation for spatial time delay, (b) Example
of a shaped pulse used in high isentrope implosion experiments.

single beam uniformity reached 10% was measured to be —40 ps. Therefore, the
PCL is suitable for a foot pulse although it reduces the efficiency of harmonic
conversion.
For this reason, smoothing by spectral dispersion (SSD) [8] with 0.6 nm bandwidth (at co) and a 10 GHz frequency modulation was introduced as the main pulse.
Moreover, a two dimensional (2-D) SSD has been demonstrated to reduce medium
mode non-uniformities caused by a streaked structure along the direction of dispersion. Here, we have adopted the spatial colour cycle whose direction was perpendicular to that of the angular dispersion of the spectrum. Although this modification
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in the SSD scheme is quite simple, the effect of 2-D smoothing is clearly seen in
Fig. 2(c).
The irradiation non-uniformities on the target surface were estimated from these
measured patterns to be 19.7% (Fig. 2(a), - 2 % per mode), 3.8% (Fig. 2(b), 0.05%
per mode for I > 40) and 4.7% (Fig. 2(c)), respectively.
In the experimental study of the implosion stability, a control of the imploding
shell isentrope is required. An optical fibre system which we have developed for PCL
generation (Fig. 3(a)) can deliver an arbitrary pulse shape with short risetime. Before
introducing spatial incoherence by using a step index multimode fibre [3, 9], the
pulse shape is adjusted by a simple system consisting of a grating pulse stretcher and
optical fibre couplers. Figure 3(b) shows an example of a shaped pulse measured at
the optical fibre output. This pulse shape is preserved even after a grating for spectral
dispersion using an echelon mirror.

Variable aperture

-1.0

Variable attenuator

-0.5

0
Time (ns)

0.5

1.5

FIG. 4. Schematic arrangement of main amplifier chain ofGEKKO XII and initial test result of power
balance control. Percentage power imbalances relative to a reference beam are plotted as a function
of time.
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4. POWER BALANCE CONTROL
2co power balance requires the power density balance of an incident co beam onto
the KDP crystal. First, we concentrate on obtaining a similar pulse shape of the co
beam, and then co power density balance can be controlled by installing an additional
variable loss (partial reflection mirror with adjustable tilt angle) at the outlet of the
amplifier chain. The variable loss compensates not only for the output energy
imbalance but also for the reflectivity imbalance of the mirrors placed after the amplifiers. To achieve the similarity of the co pulse, the time dependent power gain is controlled by adjusting the pumping of the rod amplifiers upstream, and two disk
amplifiers downstream, to reach, respectively, into the small signal region and the
saturation region. Thus we can achieve an co power density imbalance of ~ 1 % that
enables us to obtain a similarity of the 2co pulse to an accuracy of —2%. Finally, the
differences of harmonic conversion efficiency among beams and the imbalance of
transmission of focusing optics are compensated for by changing the beam diameter
with the aid of a variable aperture. This procedure of power balance control is
confirmed by improving the accuracy (—1%) of energy monitors of the co and 2co
beams and by introducing 4 GHz oscilloscopes for pulse shape measurement.

0.1

1
10
Power imbalance (rms %)

100

FIG. 5. Calculated absorption non-uniformity for typical laser conditions such as coherent laser with
old RPP (shown in Fig. 2(a)), angularly dispersed PCL with old RPP (Fig. 2(b)), and angularly
dispersed PCL with an RPP of 2.4 mm hexagonal elements. Shaded regions show the near term and
future goals of Precision GEKKO XII.
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Figure 4 shows an initial test result of 2co power balance control. Preliminary
data show a power imbalance of 4-6% (rms) around the pulse peak and of 7-9%
(rms) in the foot region. Further improvement is expected by accumulating detailed
data.

5.

OVERALL ABSORPTION UNIFORMITY; SUMMARY

The absorption non-uniformities for different laser conditions were calculated
by ray tracing for a target of 600 /xm diameter [5]. Here, we took into account the
fixed power imbalance, and the absorption non-uniformity was evaluated in the
imprint phase as plotted in Fig. 5. The expected absorption non-uniformities for the
PCL foot pulse and the SSD main pulse are marked in this figure for two types of
RPP designed for far field irradiation and profile controlled irradiation. The achieved
overall irradiation (or estimated absorption) non-uniformity was a few per cent, and
further improvement is expected to pass the level of one per cent. Hence we may trust
that ignition can be demonstrated with a 300-500 kJ driver.
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Abstract
EXPERIMENTAL STUDIES ON ION DIODES AND THEORETICAL STUDIES ON ION BEAM
FOCUSING BY MAGNETIC LENS.
Experimental investigation of factors that determine the optimum performance of magnetically
insulated ion diodes for light ion inertial confinement fusion (ICF) indicates that degradation of both
ion production efficiency and beam divergence occurs when current densities of above about
1.5 kA/cm 2 are extracted from passive flashover ion sources on the 1 MV, 4 fl, 40 ns LION accelerator. Observations of these phenomena are complicated by ablation effects on ion diagnostics at high
beam faiences. Theoretical studies of ion beam propagation through plasma filled magnetic lens
focusing systems for ICF show that the plasma response is in a whistler wave dominated regime. Criteria
are developed for lens and plasma parameters that allow self-field perturbations of the beam to be small
enough for good beam transport to an ICF target.

1. Extraction Ion Diode Studies for Optimized Performance:
Divergence, Ion Species and Parasitic Load
Recent advances worldwide in pulsed ion beam generation with magneticallyinsulated ion diodes in annular extraction geometry have brought several issues
to the forefront in the search for optimal performance from these diodes. Beam
divergence, ion species composition, and diode impedance and power coupling
behavior are all issues of central concern in obtaining the best possible beams
from these sources. The LION puiser (1.2 MV, 4 Í), 40 ns) at Cornell University has been used to investigate several aspects of these issues. The basic experimental approach is to vary diode operating parameters, and to diagnose the resulting changes in diode performance. The LION diode is shown in
Fig. 1. Diagnostics include beam current density (magnetically insulated Faraday cups), ion species resolved beam divergence(Rutherford scattering shadowboxes), ion species and energy composition (Thomson parabola spectrometer,
* Work supported by Sandia National Laboratories Contract No. AF-1660.
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FIG. 1. Applied B extraction ion diode.

Rutherford scattering magnetic spectrometer), diode voltage and current diagnostic (Rogowski and B-dot current monitors, inductive divider and electronlaunching voltage monitors), electron loss detection(collimated bremsstrahlung
detectors and in-anode collectors), and in-gap light emission(visible light streak
photography and emission spectroscopy).
Of the basic diode operating parameters, the strength of magnetic insulation
has the strongest effect on performance. Beam divergence and power coupling
are always at their best with strong insulation, that is, with V¡Vcrit < 0.4,
where V is diode voltage and Va-u is the critical voltage for loss of magnetic
insulation. Other diode conditions, such as use of an electron limiter on the
anode, or differing ion source conditions, also have clear effects. Lowest divergence of 22 ± 3 mrad HWHM(pinhole shadowbox) for protons is obtained
at an enhancement (ion current density J over the Child-Langmuir value J¿)
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< 10. This can be achieved either with a limiter or with an active anode at low
V/Va-il. Protons are always observed to have higher divergence than heavier
species (mostly carbon) in mixed beams. The lowest divergence observed has
been 15 ± 2 mrad, for the heavier species in mixed beams from passive anodes
at low enhancement, measured by the imaging of the anode groove structure in
the Rutherford scattering magnetic spectrometer.
Recently, we have investigated the effects of ablation and hole closure on
aperture based diagnostics. It is clear that small apertures are substantially
altered, even early in the pulse, by ablated material, and that typical apertures
of 0.5 mm diameter introduce energy loss, charge changing, angular scattering
and even total cutoff of some ion species in these beams of >1 MV, >1 kA/cm 2 .
Two types of Faraday cup ion current diagnostics are used on LION. Originally, small aperture(0.5 mm dia.), electrically biased and magnetically insulated
cups were located in the insulating field, about 1 cm from the anode. In a series
of similar shots we sequentially increased the aperture size of a Faraday cup
from 0.5 mm to 5 mm, and observed the duration of the current pulse seen by
the cup to increase with aperture size up to at least 3 mm. The increase in
signal duration is consistent with a hole closure velocity of 0.7 cm//is due to
ablated material. To avoid closure effects, we have constructed new. large aperture(5 mm) magnetically insulated Faraday cups. The cup current is measured
by a small, low inductance resistor(0.1 Q) to prevent self-biasing.
We also employ a time resolved Thomson parabola spectrometer to study the
ion beam. Time resolution is achieved with a circuit that applies a steady voltage
to the plates in the spectrometer, then shuts off the voltage quickly(«2 ns) when
the circuit is triggered. By combining timing information on the shutoff with
time of flight information derived from the diode voltage, we can determine, for
ions arriving at the shutoff time, the charge states in the spectrometer and the
charge states in the accelerating gap. We find that ions have lost energy and
altered charge en route to the detector, probably due to closure of the primary
aperture of the Thomson diagnostic.
A major recent focus of Lion experiments is the so-called "parasitic" load.
Fig. 2 illustrates the parasitic load as originally identified: a deficit in ion beam
current as measured by standard Faraday cups during the latter part of the
pulse. It is now clear that this deficit is due to the hole closure effects described
above. No such deficit is seen with the large aperture cups. We find,however,
that there is an important difference in beam composition between these two
cases, and we now define the "parasitic load" by this difference: a change in
beam composition toward high charge states of heavy ion species. When this
change occurs, the small aperture Faraday cup closure prevents these species
from entering, and the current "disappears". When this change is absent, the
substantial proton fraction of the beam can penetrate the cup throughout the
pulse. Our evidence for this change is as follows:
On parasitic load shots, the time resolved Thomson diagnostic shows the carbon component dominated by C 3 + and C 4 + , while on non-parasitic load shots,
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FIG. 2. Currents in the (a) non-parasitic and (b) parasitic load cases. Solid curve: diode current;
dotted and dashed curves: currents inferred from large and small aperture cups, respectively.
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C 1 + and C 2 + dominate. The Rutherford scattering magnetic spectrometer
shows that the proton fraction in the beam is essentially zero below 500 kV(late
in the drooping voltage pulse) in the parasitic load case, while in the nonparasitic load case proton current persists to the end of the pulse. Spectroscopic
diagnostics in the diode gap are being used to investigate the mechanism of the
parasitic load.
The most salient feature of the spectroscopic data from passive anodes is the
sudden strong increase in intensity of emission lines from higher charge states of
carbon(eg, CIV) characteristic of the parasitic load. These species appear to be
produced in the anode plasma, which remains within about 1 mm of the anode
surface, rather than out in the gap, and thus appears to indicate a sudden strong
increase in ionization of the anode plasma at this time. Conversely, continuum
radiation, and emission from low charge states like Oil is reduced in the parasitic
case early in the power pulse, also consistent with increased ionization, and
appears strongly only at the pulse end, when recombination should occur. We
believe the primary candidate for the source of this energy input to the anode
plasma is current driven in the plasma, which is larger with the higher ion current
density and higher enhancement and electron diamagnetism in the parasitic load
regime.
In conclusion, optimal power coupling, divergence, and proton fraction in
LION experiments all occur with enhancements below about ten and current
densities below about 1.5 kA/cm 2 . The mechanisms that degrade performance,
while their details remain uncertain, are always associated with diode conditions
beyond these limits.

2. Theoretical Studies of Ion Beam Focusing with a Magnetic
Lens
For ballistic transport and focusing of light ion beams with a plasma filled
solenoidal magnetic lens it is important to study the effect of the beams' selffields resulting from inadequate current neutralization. Assuming complete
charge neutralization, if the characteristic beam time r satisfies 2ir/iïe <C r <
2-n/Çli, where Qc (Í2¿) is the electron (plasma ion) cyclotron frequency, the
plasma can be modeled as an electron magnetohydrodynamic (EMHD) fluid. In
this limit, the background ions are considered immobile and all plasma currents
are carried by the electrons. In the presence of the applied lens field Bo(r, z)
the linearized field equations for the perturbed longitudinal current / = TBQ
and poloidal flux tp = TAQ are thus characterized by whistler wave generation
when the electron collision frequency is much less than the cyclotron frequency
ve «c Qe, and by resistive diffusion when ue > Q.e.
For proposed LMF parameter beams (30MeV, 5kA/cm 2 , 20nsec, Li +3 ) it is
expected that gas (typically 1-2 Torr Ar) will be used to help charge and current neutralize the beam during transport. Typical electron collision frequencies
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should be on the order ve ~ 10 9 sec -1 ; and, with a lens field strength «s 20kG,
the relation ¡/e/Qe < 1 holds and the return current electrons are strongly
magnetised. On the fast electron inertial timescale the electron response to
beam injection is to completely current neutralize the beam. However, on the
timescale for a whistler transit across the beam Lw, the electron current is partially cancelled. For an annular beam of half-width a, length I, and major radius
n, tw is:
tv,*(-^)2/(neSma)
(1)
where A = c/ujpe is the collisionless skin depth and we assume I » a; a is the
angle of B Q relative to the beam and is a local measure of the ratio of the
radial to longitudinal component of the applied field Bor/Boz. The time tw is
proportional to the electron plasma density ne.
For an injected beam with longitudinal current density jbz = Z^en^u (Z^e
is the beam ion charge state and u is the z velocity), the perturbed flux tp and
longitudinal current / due to incomplete current neutralization increase in time
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FIG. 3. Plasma parameter space (a, ne) for good beam propagation in a solenoidal magnetic lens.
The line shows where the spot size at the focus OS = J cm for different values of td/r and tjr.
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The perturbed fields (2) and (3) cause an increase in the focal length Of and
beam radial focal spot size 6S given by:

§U(^)(^)

(4)

« = /<£{•£)

(5)

where Qb is the beam particle gyrofrequency, /o is the lens focal length, and L
is the lens longitudinal extent. In order to keep 6S less than a critical radius r c ,
(3) and (5) require the pulse lenth r to satisfy
r

rcMc2u

1/2 =

^

for LMF parameter beams and r c = 1 cm. This will require a plasma density
nc > 10 ,5 cm~ 3 . The results are supported by 2-D hybrid PIC simulations.
Additional analysis suggests that for ue/Qc <c 1, in order to maintain good
transport the injected current should also satisfy
— « rbB0
In the highly resistive plasma regime such that ue/Qe > 1 the return current
decays on the normal diffusive time id = 4ira2a/c2, where a is the plasma conductivity. A plot of the acceptable plasma parameter space (a, ne) to maintain
6S < 1 cm for a given pulselength r is given in Fig.3.
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FOR HEAVY ION FUSION
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Abstract
RADIATION DRIVEN TARGETS FOR HEAVY ION FUSION.
The baseline hohlraum configuration for heavy ion fusion has the radiation converters placed at
opposite ends. For a capsule that absorbs about 1 MJ and has an initial radius of 0.234 cm, the minimum
initial capsule to hohlraum surface area ratio that can provide an adequate time dependent symmetry
requirement for a capsule implosion is about 0.075, based on calculations using the view factor code
GERTIE. The capsule implosion is calculated by using the hydrodynamic code HYADES. The energy
coupling efficiency between the hohlraum and the capsules is 21%, the peak hohlraum temperature is
260 eV, and the gain of this target system can be as high as 80. By placing the converters outside the
hohlraum, the radii of the converters can be varied according to the beam focusing requirements while
the hohlraum dimensions remain unchanged. By bending the radiation converters by 90°, a hohlraum
configuration can be obtained that requires the ion beams to come in from only one direction.

1.

CAPSULE DIMENSION AND IMPLOSION CALCULATION

The capsule structure is shown in Fig. 1. The ablator is made of beryllium and
its outer radius is 0.234 cm. The ablator encloses the fuel layer of solid DT, which
has an outer radius of 0.212 cm. The fuel layer encloses low density DT gas, which
serves for spark plug formation. Figure 2 shows the radiation temperature profile
required for implosion, which is peaked at 260 eV.
The capsule implosion is calculated with the radiation hydrodynamic code
HYADES [1]. Figure 3 shows the implosion trajectory. The peak velocity of the fuel
layer is about 3 x 107 cm/s. Estimates show that the fuel layer should be able to
survive the Rayleigh-Taylor instability that arises during the acceleration and stagnation phases. The capsule reaches the assembled configuration at 38 ns; the energy
absorbed by the capsule at this time is 1 MJ, and the yield is 430 MJ.

2.

HOHLRAUM CONFIGURATION AND ILLUMINATION SYMMETRY

The hohlraum for the capsule described is shown in Fig. 4. The converters have
radius rc, and the radius r0 of the converter opening is 0.15 cm. The shine shields
167
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FIG. I. Capsule structure.

5

10

15 20 25
Time (ns)

30

35 38

FIG. 2. Radiation temperature profile.

IAEA-CN-60/B-P13

10

15

20

169

25

30

35

40

Time (ns)
FIG. 3. Capsule implosion trajectory.
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FIG. 4. Hohlraum configuration.
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FIG. 5. Location of r = 1 surface for thin spherical lead shell with initial radius of 0.7 cm.

in front of the converters block the direct-line-of-sight illumination from the
converters. By adjusting the positions of the shine shields, A2 (where An represents
the coefficient of the Legendre polynomial Pn) for the flux asymmetry can be
minimized. The A4 coefficient can be reduced by using the rings located at about
45°. The initial capsule-to-hohlraum surface area ratio is about 0.075. The hohlraum
case is made of lead.
To calculate the illumination symmetry of the capsule, it is necessary to consider the fact that the capsule radius decreases with time (as shown in Fig. 3); the
inward expansion of the hohlraum wall from exposure to radiation with temperature
history is shown in Fig. 2. The wall motion is characterized by the motion of the
location at which the Rosseland mean optical depth r equals unity. The location of
this surface as a function of time, calculated by using HYADES, is plotted in Fig. 5
for a thin spherical shield with 0.7 cm initial radius, and with the outer radius fixed
in time. This figure shows that the surface moves considerably so that the decrease
in area of this surface caused by the spherical convergence is noticeable. The effective albedo of this spherical shell is higher than that for the planar case as shown in
Fig. 6. The effective wall albedo is defined as
«eff

= 1 -

A0oT4

where É is the rate of energy absorbed by the shell, A0 is the initial area of the
spherical shell, a is the Stefan-Boltzmann constant, and T is the radiation temperature. The expansion of the r = 1 surface can be slowed down somewhat if the hohlraum is filled with a few milligrams of helium.
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On the basis of the above information on the trajectory of the capsule radius,
the hohlraum wall motion and the wall albedo, the time dependent illumination asymmetry seen by the capsule (expressed in terms of A 2 /AQ and A4/Ao), calculated by
using GERTIE [2] at various times between 0 and 38 ns, is plotted in Fig. 7. The
asymmetry shown in this figure is tolerable from the capsule implosion point of view.
Note that the geometry of the rings can be assumed to be roughly constant in time
since they can be made of low density lead foam with a plastic liner (to minimize the
expansion of the foam).
To calculate the energy coupling efficiency r/e between the capsule and the
hohlraum, we use the respective aeff for the capsule and the hohlraum (the dashed
curve in Fig. 6) and let the capsule radius and the hohlraum wall be fixed at their
initial locations. The value for T/e obtained from GERTIE is about 2 1 % .
3.

RADIATION CONVERTER SYSTEMATICS

The radiating and beam stopping material, contained inside the lead converter
casing, is composed of beryllium mixed with a small amount of lead [3]. The converter radius rc is determined by the focal spot size of the ion beams [4]. Since the
converters are placed outside the hohlraum, the hohlraum dimensions can remain
invariant even if rc changes (but r0 remains constant). The LASNEX [5] result for
the radiation conversion efficiency r¡c is plotted against rc for various beam ion
energies in Fig. 8. (The energy absorbed by the casing is already taken into account.)
When rçc and rçe are known, the gain of the target system can be obtained; the result
is plotted in Fig. 8.

FIG. 8. Conversion efficiency rjc (solid) and gain (dashed) versus converter radius rc for ion beams
with ion kinetic energies of 5, 7.5 and 10 GeV.
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NOVEL TARGET CONFIGURATION

The hohlraum described above requires bending high current beams by using
quadrupole magnets, which can be difficult. The hohlraum with the converters bent
by 90°, as shown in Fig. 9, requires the beams to come in from only one direction
and hence avoids the requirement of beam bending.

FIG. 9. Hohlraum configuration requiring the ion beams to come in from only one direction.

5.

CONCLUSIONS

Time dependent calculations show that the hohlraum can satisfy the illumination
symmetry requirements for implosion while the target system can still have high gain.
Detailed 2-D LASNEX calculations are in progress.
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Abstract
PROGRESS IN ION BEAM TARGET DESIGN AND EXPERIMENTS.
The goal of the National Inertial Confinement Fusion (ICF) Program in the United States is a
target yield in the range of 200 to 1000 MJ. To address this goal, the near term emphasis in the Light
Ion Target Physics program is on designing a credible high gain target driven by ion beams. On the
basis of this target design, radiation production by ion beams, radiation smoothing in low density foams
and internal pulse shaping have been identified as the critical physics issues. These issues are currently
being addressed in both ion and laser driven experiments.

1. OVERVIEW OF LIGHT-ION-BEAM DRIVEN TARGET DESIGNS
Light ion beam fusion is an approach to Inertial Fusion Energy (IFE) in
which intense beams of low atomic number ions would be used to drive ICF capsules
to ignition and gain. The fusion capsule is embedded within a foam-filled hohlraum,
as shown schematically in Fig. 1. The ions penetrate the hohlraum wall and deposit
the bulk of their energy in the low density foam. When heated, the foam becomes a
low-density plasma that is transparent to the x-rays. The radiation is trapped within
the hohlraum by the dense, high-Z hohlraum wall and bathes the fusion capsule with
a symmetric x-ray drivefl]. The ions must have ah energy that is high enough to
penetrate the hohlraum wall, yet low enough to be completely stopped within the low
density foam. The foam fill must be of high enough density to stop the ion beams
and convert beam energy into radiation, yet be of low enough density to be
transparent to the trapped x rays. The high-Z hohlraum wall must be thick enough to
contain the radiation for the time scale of the capsule implosion, but thin enough to
allow for the penetration of the ion beam. Also, it must be of a diameter large
enough to adequately smooth the capsule x-ray drive.
A practical scheme for light ion beam fusion is to use a modest number of
accelerators to produce ion beams which illuminate the target from all sides.
Calculations based on a three-dimensional ion deposition code, a three-dimensional
radiation transport code, and a two-dimensional radiation-hydrodynamics code
indicate that a target illumination scheme involving twelve individual ion beams will
provide an adequately symmetric drive for a high yield capsule. Our baseline target
design contains a capsule with a radius of -0.25 cm placed within a 1-cm-radius Au
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FIG. 1. Schematic representation of an ion driven target, illustrating the symmetric ion beam
irradiation and the layering in the fusion capsule.
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FIG. 2. Time dependent ion beam power pulse and specific power deposition for a high yield target
design.

shell filled with ~5 mg/cm3 CH foam. The two-step ion beam power pulse and
resulting specific energy deposition that drive this capsule are shown in Fig. 2.
During thefirststep (or "foot") of the ion beam drive pulse, 17-24 MeV lithium ions
at a flux of ~5 TW/cm2 deposit their energy at a rate of 1000 TW/g, producing
temperatures approaching 100 eV. The second step, or main drive pulse, consists of
28-35 MeV lithium ions at a flux of just over 50 TW/cm2, producing drive
temperatures of approximately 250 eV. The capsule absorbs approximately 10% of
the energy deposited by the ion beam. ICF ignition and propagating bum in the
laboratory will likely require a high degree of control of the fuel adiabat during the
capsule implosion. Internal Pulse Shaping (IPS) is a technique in which specific
design features of the target provide the capability to tailor the time-dependent
pressure in cryogenic DT fuel such that it remains close to the Fermi-degenerate
adiabat during its implosion. Such a technique is particularly useful for the situation
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of light ion beam ICF, where beam pulse shaping is not easily accomplished. By
combining the two-step ion beam power pulse with IPS, we predict yields in excess
of 500 MJ for these light-ion-driven targets.
The critical physics issues in this ion-beam-driven high yield target provide
the direction for both our experimental and theoretical programs. Many of the
capsule physics issues are identical for both laser-driven and ion-driven ICF. The
critical physics issues of this target design that are unique to ion beams are (1) the
efficiency of radiation production and effectiveness of radiation smoothing in a
foam-filled hohlraum heated by intense ion beams, and (2) optimizing the drive
efficiency in a capsule thatrelieson internal pulse shaping. The goal of our target
program is to gain an understanding of these critical target physics issues at
parametersrelevantto high yield capsule implosions. These experiments provide a
key benchmarking of our calculations capabilities.
2. ION-HEATED HOHLRAUM EXPERIMENTS
We have performed a series of target experiments aimed at studying the soft
x-ray emission and hydrodynamic response of conical and cylindrical targets
irradiated by intense ion beams. In these experiments on PBFAII, a light ion beam
fusion accelerator, 9 MeV lithium ions in a 17 ns power pulse were radially focused
in a cylindrical geometry to intensities of 1.4 ± 0.4 TW/cm^. The conical and
cylindrical targets, as illustrated in Fig. 3, consist of low density foams (~5 mg/cm^)
with midplane diameters of 4 to 6 mm, surrounded by 1 to 2 urn Au shell. These
experiments were at specific power intensities of 1400 TW/g, more than 10 times
higher than our previous experiments with proton beams [2-4]. While the specific
power deposition in these PBFA II experiments exceeds the deposition in the foot of
the ion beamrequiredfor the high yield target design, the ion energy, the power
intensity, and the temperature are lower by roughly a factor of 2 to 4. We used a
filtered x-ray diode and bolometer array to observe the spectral emission from these
targets with broad-band spectralresolutionand to infer brightness temperatures [5].
The spectral emission is also observed in higherresolutionwith a set of space- and
time-resolved grazing incidence and transmission grating spectrometers. We
measure the hydrodynamicresponseof these targets with time-integrated and timeresolved x-ray pinhole cameras as well as with one-dimensional streaked imaging of
the x-ray emission. All of ourresultscompare well with detailed one- and twodimensional radiation hydrodynamics calculations. As in the earlier target
experiments with a proton beam[6], we found that (1) the foam enhances the
radiation output, (2) the foam becomes optically thin, allowing the radiation
diagnostics to "see" the radiation case, and (3) the foam tamps the radiation case,

FIG. 3. Schematic representations of the foam filled conical and cylindrical targets used in PBFA II
ion beam hohlraum experiments.
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retarding the motion of the gold. The temperature in these lithium experiments
increased to ~60 eV, which is in excellent agreement with the calculated temperature
increase expected from a 10-fold increase in specific power deposition. These
calculations indicate that over 20 kJ of lithium beam energy (or ~70% of the incident
beam) was deposited in the low-density foam. Our near-term goal with an ion beam
drive is a hohlraum temperature of 100 eV in lithium-driven hohlraums. In the
cylindrical target configuration we estimate that we will reach this temperature with a
10 MeV lithium beam at an intensity of ~5 TW/cm^.

3. INTERNAL PULSE SHAPING EXPERIMENTS
The time-dependent pressure in the cryogenic DT fuel is controlled by using
a two-step ion beam power pulse and a pulse shaping layer on the capsule. In our
most recent light ion target concept, the outer two layers of the fusion capsule tailor
the drive pressure history by combining an x-ray filter effect with a change in the
ablation pressure at the ablation front. The "filtering" is done by the outer pulse
shaping layer of the capsule by including higher-Z materials than in the inner layers
of the capsule. Early in time, the pulse shaping layer provides a relatively low
pressure drive due to its relatively high albedo and relatively low ablation velocity.
A sudden increase in pressure occurs when the ablation front moves into the inner,
"main ablator". Later in time, when the ablation front is well into the main ablator
region, the increasing temperature of the blow-off plasma from the pulse shaping
layer results in a gradually decreasing filtering effect that can be used to control the
rise in ablation pressure.
To validate the concept of internal pulse shaping, we have recently begun
work on a series of proof-of-principal experiments on the Nova glass laser at
Lawrence Livermore National Laboratory. We have made time-resolved
measurements of shocks driven by radiation from bumthrough foils and pulse
shaping layers attached to Nova hohlraums that were driven by a 2 ns square laser
pulse to ~200 eV. The bumthrough radiation is monitored by a multichannel K- and
L-edge filtered x-ray diode array (DANTE) [7] and a multichannel soft x-ray framing
cameraf 8]. The shocks generated in a witness plate are monitored with a Streaked
Optical Pyrometer diagnostic[9]. Two dimensional radiation-hydrodynamics
calculations have been used to predict the radiation drive conditions, the radiation
bumthrough of thin foils, and the shock propagation in the witness plates. There is
qualitative and quantitative agreement between the calculations and the experimental
results, although there are significant differences in many of the details. Future
experiments will be aimed at generating a two-step shock structure with a square
radiation drive pulse, where the materials in the pulse-shaping layer (filter) and
ablator are contiguous to each other and are representative of materials used in a high
yield target design.

4. SUMMARY
The Sandia light ion ICF program is directed toward validating light ions as
an efficient driver for high-yield ICF targets. With additional experiments on
radiation smoothing in a low-density foam environment to complement existing
experiments on radiation production and internal pulse shaping, we will have
demonstrated many of the critical physics issues for all high yield ion targets, which
are a key element of the eventual energy application of ICF.
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Abstract
UTILITY OF THE US NATIONAL IGNITION FACILITY FOR DEVELOPMENT OF INERTIAL
FUSION ENERGY.
The paper assesses the potential contributions of the US National Ignition Facility (NIF) to the
development of Inertial Fusion Energy (IFE). It is found that the NIF can provide important data in areas
of target physics and fabrication technology useful to a variety of IFE driver and target options, in
generic IFE target chamber phenomena and materials responses to target emissions, and in many IFE
fusion power technology areas.
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INTRODUCTION

The demonstration of inertial fusion ignition and gain in the proposed US
National Ignition Facility (NIF) [1], along with the parallel demonstration of the
feasibility of an efficient, high repetition rate driver, would provide the basis for a
follow-on Engineering Test Facility (ETF) [2], a facility for integrated testing of the
technologies needed for inertial fusion energy (IFE) power plants. The NIF target
chamber is shown in Fig. 1. A workshop was convened at the University of
California at Berkeley, on 22-24 February 1994, attended by 61 participants from
17 US organizations, to identify possible NIF experiments relevant to IFE. We considered experiments in four IFE areas: target physics, target chamber dynamics,
fusion power ethnology and target systems, as defined in the following sections.

FIG. 1. Target chamber of US National Ignition Facility. The 192 beams shown distributed around two
pairs of cones for vertically oriented indirect drive targets can also be configured for direct drive
experiments. The equatorial plane allows good access to remote insertion of targets, test samples
and diagnostics.
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2.

IFE TARGET PHYSICS EXPERIMENTS

The NIF ignition target physics programme with indirect drive targets as the
baseline plan will explore a range of target yields and gains, studying capsule implosion characteristics and symmetry requirements, and fusion ignition and burn
physics. A total of 192 beamlets, generating 1.8 MJ, 500 TW at 0.35 /im, can each
amplify independent light input pulses, allowing significant flexibility to produce
variable pulse shapes up to 20 ns and in different illumination geometries, including
both direct and indirect drive capabilities. Table I lists IFE target physics issues for
generic ion and laser drivers, and for direct and indirect drive illumination geometries. 'XV in Table I indicate those issues that could be largely resolved by using
NIF capabilities. The table shows that the NIF can resolve most IFE target physics
issues. NIF, along with Omega Upgrade, PBFA II and other ICF facilities around
the world will be able to address all issues. The completion of these experiments will
provide the target physics basis to proceed with an ETF.

TABLE I. IFE TARGET PHYSICS ISSUES FOR ION AND LASER DRIVERS,
DIRECT AND INDIRECT DRIVE
'X' indicates issues that can be largely resolved with the NIF capabilities
~"~^^^^^
Issues

Drivers

Ion
drivers

-~^^^

Laser
drivers

Indirect

Direct

Indirect

Direct

Usability of a variety of pulse shapes

X

X

X

X

Radiation flow, illumination geometry
and internal pulse shaping

X

X

X

Sensitivity of capsules to radiation asymmetry

X

X

X

Materials issues (capsule, hohlraum, ablator)

X

X

X

X

Fabrication surface finish and precision

X

X

X

X

Capsule mounting and injection

X

X

X

Power versus energy tradeoffs

X

X

X

Output spectra and shielding

X

X

X

X

Reduced tritium

X

X

X

X

Advanced targets

X

X

X

X
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Driver energy (MJ)
Yield (MJ)
Convergence ratio
In-flight aspect ratio
Imploded speed (cm/us)
Max. density p (kg/m3)
Max. hohlraum
temperature (eV)

(a) HIF target
4-6
300-450
27
40
32
6.5 x 1 0 5

(b) N1F target

(c) NIF-HIF model

1.8
15
36
45
41
1.2 x 1 0 6
300

260

FIG. 2. Schematic views of (a) heavy ion driven HIF target design for an IFF power plant; (b) laser
driven NIF target for ignition tests; (c) conceptual NIF-HIF model target to simulate the capsule and
X ray transport physics of (a).

Figure 2(a) shows an indirect drive target design for a heavy ion fusion (HIF)
target based on the work of Ho and Tabak [3], Fig. 2(b) the laser driven NIF target
for ignition tests, and Fig. 2(c) a conceptual NIF-HIF model target to simulate
capsule and X ray transport physics relevant to Fig. 2(a). Many fuel capsule requirements for Fig. 2(a) are less demanding than those for Fig. 2(b), as indicated. Recent
success in volume heating dense gas targets on the NOVA laser facility at LLNL
supports future study of the use of gas radiators as in Fig. 2(c) to simulate the foam
radiators of Fig. 2(a) [3].

3.

TARGET CHAMBER DYNAMICS EXPERIMENTS

IFE target chamber dynamics issues addressable on NIF are: characterization
of IFE target soft X ray and debris emissions, response of first wall materials and
protective-wall fluids to target emissions, and subsequent gas dynamics of the vapour
blowoff, vapour condensation and vacuum recovery. A typical NIF target output at
a full target yield of 20 MJ will put ~ 50 J/cm2 of soft X rays and target debris
plasma on surfaces ~ 1 m away from the target, similar to the deposition from
— 350 MJ yields on walls ~ 4 m away in an IFE power plant target chamber. Thus,
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NIF can provide a reduced scale test chamber environment representative of an IFE
power plant. There are several 1-D and 2-D hydrodynamics and radiationhydrodynamics codes that need calibration with NIF chamber dynamics data, including CONRAD [4], HYADES [5], SRIPUFF8 [6], L2D [7], PHD-4 [7] and
TSUNAMI [8]. NIF chamber dynamics experiments will need new diagnostics to
measure ion velocities, energies, species and flux originating from targets, and
improvements of existing instruments to measure gas dynamics and condensation
phenomena (e.g. fast response pressure transducers).
Figure 3 shows a possible NIF experiment designed to test the predictions of
a chamber dynamics code such as TSUNAMI. The test assembly consists of a conical
chamber in which a candidate material at the back surface is ablated by X rays that
are admitted through a hole in the larger front plate. The conical shape provides
decreasing pressures along the row of transducers to test the 2-D modelling capability
of codes. Condensation rates can be determined from pressure decay, and the amount
and distribution of condensed material from post-shot analysis of the cone's inner and
back surfaces.

Pressure
transducers

Peak values, condensation effects, reflection strength

SEM/AFM

Post-shot material removal depth from near surface

XRF

Trace surface analysis for condensed material distribution
IFE first wall
NIF expt

X ray fluence
Radius
Ablation depth
Time-scale

200 J/cm
0.4 m
20 urn
40 us

OSIRIS
2

60 J/cm
3.5 m
20 urn
100 us

HYUFE
2

2000 J/cm
0.5 m
200 um
50 us

CASCADE
2

60 J/cm 2
3.1 m
3 um
90 us

FIG. 3. An experiment on NIF to calibrate gas dynamic codes.
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FUSION POWER TECHNOLOGY EXPERIMENTS

Basic operation as well as specific experiments on NIF can contribute data on
IFE fusion power technology in the following areas: fusion ignition; design, construction and operation of NIF (integrating many prototypical IFE subsystems);
response of first wall protection schemes; dose rate effects on radiation damage in
materials; data on tritium burnup fractions in the target, some important tritium
inventory and flow rate parameters, and data on achievable tritium breeding rate
in samples; and neutronics data on radioactivity, nuclear heating and radiation
shielding.

Cu 25 keV PKA (a)
100 j j | 111 I M I 11111 11 I I 11 I I I 11 I I I I | I I I I I I I I L

t = 4.61 ps

E

I

II

II

II

1

=

:

E

- m n h 111111111111111 n 11111111 11 r 111111111 r

-100

-50

0

50

100

(A)
FIG. 4. A molecular dynamic simulation experiment on NIF. Samples placed within 20 cm of a NIF
yield capsule will receive a significant exposure to 14 MeV neutrons. The Ta shield will stop most
X rays. Electron microscope images of damage sites will be compared to MDS code predictions, as
shown on the right.

With uniquely high neutron dose rates of 10 to 1000 dpa/s, NIF can be useful
for basic physics of radiation effects in materials, even for single shot exposure of
samples. Examples include: cascades (morphology, size, fraction of free and
clustered defects, impurities); microstructural evaluation; electrical properties; optical properties (fibre optics, coatings); and molecular cross-linking. NIF can provide
data testing molecular dynamic simulation (MDS) codes [9], to improve predictions
of microscopic bulk material responses to neutron damage. Figure 4 indicates how
MDS calculations predicting overlap of damage clusters (a dose rate effect) can be
validated with samples exposed to a single NIF shot.
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5.

IFE TARGET SYSTEMS TESTS

The NIF can provide important performance and sensitivity tests of candidate
IFE target fabrication and transport parameters. In Table II, we assess both the
potential NIF usefulness and uniqueness to resolve IFE target fabrication and transport issues. By stagger firing four sections of the NIF laser chains —200 ms apart,
NIF may test a series of non-ignited model targets injected in a 5 Hz burst, to test
the repeatability of beam-target engagement accuracy, in a multishot chamber
environment. Most remaining IFE target systems developments can be pursued
separate from the NIF.

TABLE II. ROLE OF NIF IN IFE TARGET FABRICATION AND
TRANSPORT ISSUES
NIF
Usefulness3

NIF
Uniqueness6

Low cost mass production of laser driver hohlraums

2

3

Effect of cryogenic layer quality on gain

2

3

IFE target fabrication issues
Low cost mass production techniques for capsules and
their effect on quality, materials choice and gain

Automated cryogenic assembly techniques

3

3

Fast fill techniques for low tritium inventory

2

3

High throughput quality inspection techniques

2

3

IFE target transport issues
Injection techniques for high repetition rate cryogenic targets

0

1

Time and space accuracy and sensing

0

1

Integration

2

1-2

Target survival under acceleration

2

3

Thermal protection and temperature control

2

2

Chamber environment effects on trajectory

1-2

3

2

3

Demonstration of high repetition rate operation

Usefulness: 3 = complete resolution; 2 = partial resolution; 1 = useful information; 0 = no use.
Uniqueness: 3 = NIF unique and required; 2 = NIF not unique but could be used; 1 = issue
addressed better or cheaper in new facility; 0 = issue addressed better or cheaper in existing
facility.
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Abstract
STUDY OF PARAMETRIC INSTABILITIES IN NIF SCALE PLASMAS ON NOVA.
Among other results of plasma-laser experiments carried out in hohlraums, it is shown that the
levels of stimulated Brillouin and Raman scatterings in ignition scale hohlraums should not be high
enough to prevent the successful demonstration of ignition on the National Ignition Facility (NIF) laser.
Details of research will be given in future publications.

The understanding of laser-plasma interactions within ignition scale inertial
confinement fusion (ICF) hohlraum targets is important for the success of the
proposed National Ignition Facility (NIF). The larger hohlraums and longer timescales required for ignition scale targets result in the presence of several millimetres
of low density plasma (ne ~ O-ln^tica! ~ 1021 electrons/cm3) that the 3w laser
beams must traverse before being absorbed at the hohlraum wall. This plasma is
expected to be very uniform (density gradient scale-length: Ln = njdng/dx] -1
~ 2 mm) and to have low velocity gradients (velocity gradient scale-length:
Lv = cs[dv/dx]_1 > 6 mm) [1]. The success of an indirect drive ICF ignition
experiment depends on being able to predict and control the time history and spatial
distribution of the X radiation produced by the laser beams striking the inside of the
hohlraum wall. Only by controlling the symmetry of the X ray drive produced by the
hohlraum walls is it possible to obtain the implosion symmetry in the fusion pellet
necessary for ignition.

1
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The propagation of the beams to the hohlraum wall can be affected by various
scattering and filamentation processes within the low density plasma inside the hohlraum. For example, while traversing such a plasma the incoming light wave can
resonantly decay into a backscattered light wave and either an ion sound wave or an
electron plasma wave. The backscattered light wave can beat with the incident light
wave at a frequency that pumps the plasma wave. This can increase the amplitude
of the plasma wave, increasing its scattering efficiency. Hence, an unstable feedback
loop is formed which can cause the plasma and scattered light wave amplitudes to
grow exponentially in time-scales of 0.1 to 10 ps. These parametric scattering instabilities are called stimulated Brillouin scattering (SBS, for scattering from ion sound
waves) and stimulated Raman scattering (SRS, for scattering from electron plasma
waves) [2]. Both of these instabilities can lead to a number of undesirable effects
including significant amounts of energy being transferred to the scattered light wave
and hence being reflected from the plasma.
Another instability that can affect beam propagation is beam filamentation [2]
which occurs when individual speckles (hot spots) within the laser beam modify the
local plasma density and, hence, its refractive index, causing self-focusing. This
effect can result in both a local increase in intensity and eventual beam breakup.
Filamentation is of particular concern with the large hohlraum designs planned for
the NIF since the intensity threshold for filamentation is affected by the length over
which the intensity of the hot spot is high. This length is set by the beam f/number
when random phase plate smoothing is used. The f/8 focusing geometry planned for
NIF will have speckles 180 /¿m long for 351 nm light, contrasting with 50 ¿im
speckles for the f/4.3 optics used at the LLNL Nova laser. Calculations have indicated that at the expected irradiance of 2 x 1015 W-cnr 2 planned for NIF, a significant fraction of an f/8 beam would be at an intensity above the threshold for
filamentation, in the absence of beam smoothing [3].
In most laser produced plasmas, SBS and SRS are limited by plasma inhomogeneity [1]. However, in the uniform plasmas expected in the NIF targets, the
potential exists for strong SBS and SRS back and side-scatter exacerbated by beam
filamentation. Interaction experiments in homogeneous low density plasmas have
shown as much as 35% of the incident laser energy to be backscattered as SBS. This
amount of backscatter would reduce the coupling to the hohlraum wall and increase
the amount of energy required to drive a target to ignition. SRS causes additional
problems as the process not only transfers energy into backscattered light and electron plasma waves but also produces suprathermal electrons with tens of keV energy.
These hot electrons can preheat the DT fuel within the capsule, reducing the efficiency of the subsequent implosion. Significant energy reflection due to instabilities
such as SBS would also make it more difficult to meet the NIF power balance specification of < 8 % variation in power between beams needed to meet the symmetry
requirements for a high convergence implosion.
To experimentally evaluate the severity of SRS and SBS scattering and filamentation of an f/8 beam traversing a long scale-length plasma we have reproduced the
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laser beam conditioning to be used on the NIF both in terms of f/number and
smoothing.
At the same time we experimentally reproduced the plasma conditions expected
within the NIF using plasmas produced by the Nova laser. The plasmas were created
by irradiating a thin walled gas balloon or a sealed hohlraum containing a low Z gas
(e.g. C5H12, C5D12 or C0 2 ) of the order of one atmosphere. When the gas is ionized
and heated, the resultant plasmas are homogeneous, and of high density (~10 21
electrons/cm3) and temperature ( — 3 keV), with large density scale-lengths
( ~ 2 mm). Details of the production and characterization of our long scale-length
plasmas will be presented in papers being submitted for publication [4-6].
Nine of the Nova beams were used to produce the plasma, the tenth beam was
configured as an interaction beam that was sent through the performed plasma after
a delay of the order of 500 ps. The SRS and SBS scattered from the plasma, together
with the effects of the plasma on the transmitted beam, were studied as a function
of the interaction beam intensity, beam smoothing and plasma constituents. The interaction beam was smoothed by using random phase plates (RPPs) [7] and four
different colours within the f/8 beam to mimic the NIF laser architecture. The fourcolour set-up divided the f/8 beam into four separate quadrants, each of which had
its wavelength shifted relative to the other quadrants. The wavelength separation of
the colours was approximately 1.4 Á at 3oo. Since each beam quadrant could have
its frequency conversion crystals individually tuned for its wavelength, the fourcolour scheme approximated 'bandwidth' on the interaction beam without losing 3œ
conversion efficiency. We have also studied the use of a laser bandwidth of approximately 0.7 À and smoothing by spectral dispersion (SSD) [8] with all quadrants set
at the same colour, to further reduce the reflected SBS. These studies were performed
with both f/4.3 and f/8 interaction beam focusing.
The results of our experiments are being analysed and the details will be
published elsewhere. However, the main observations can be summarized as follows:
In all interaction experiments carried out at f/4.3 and f/8, the observed levels
of SRS were low (<1%). This observation is consistent with the high plasma
temperature (3 keV) resulting in strong electron Landau damping of the electron
plasma waves at 0.1 n ^ for 3w. A limited series of experiments performed with
lower temperature plasmas (1-1.5 keV) produced higher levels of SRS (of the order
of 6%).
The peak SBS observed from the C5H12 plasmas was less than 6% for all
irradiation conditions tested. Low levels of SBS were observed for one-colour and
four-colour irradiation at f/8 and for irradiances of up to 6 x 1015 W-cnr 2 (well
above that planned for the NIF). There was little difference in the levels observed
with one-colour or four-colour irradiation; however, the addition of SSD beamsmoothing to the one-colour case reduced the SBS to below 1 %. These experiments
are continuing and will attempt to resolve the issue of what beam smoothing is most
effective for the NIF; however, these initial results show that the high levels of SBS
that were feared within NIF plasmas are probably not likely to occur.
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Some experiments carried out at f/4.3 showed that changing the material in the
target to one with a lower expected ion Landau damping of sound waves led to a
dramatic increase in SBS. Backscatter levels as high as 35% were observed for C0 2
plasmas, while subtly changing the plasma from C5H12 to C5D12 (i.e. changing
protons to deuterons) increased the peak SBS to about 25% in some experiments.
Both C0 2 and C5D12 are expected to have lower ion Landau damping than C5H12
[9]. The higher damping of the C5H12 plasma arises because of the presence of light
ions (H) that bring about the damping with heavy ions (C) which determine the sound
speed. The high thermal speed of the hydrogen relative to the ion acoustic wave speed
allows protons to extract energy from the wave efficiently. This phenomenon will be
used in NIF hohlraums by filling them with mixtures of H2 and He, to provide even
higher ion Landau damping than in our experiments to date.
These experiments are being analysed, and their details will be discussed in a
future publication. However, the results of our studies have shown that the levels of
SBS and SRS present in ignition scale hohlraums should not be high enough to
prevent the successful demonstration of ignition on the National Ignition Facility
laser.
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Abstract
CONFINEMENT OF PLASMA IN A MAGNETIC BOTTLE INDUCED BY CIRCULARLY
POLARIZED LASER LIGHT.
A magnetic field generated by circularly polarized laser light may be of the order of megagauss.
This magnetic field is used to achieve confinement of a plasma contained in a good conductor vessel.
The confinement in this scheme is supported by the magnetic forces. The Lawson criterion for a DT
plasma might be achieved for a number density of n = 5 x 1021 cm -3 and a confinement time of
T = 20 ns. The laser and plasma parameters required to obtain an energetic gain are calculated.

1.

INTRODUCTION

A concept of plasma confinement in a miniature magnetic bottle induced by
circularly polarized laser light (CPLL) is suggested in this paper. The generation of
a megagauss magnetic field by CPLL was recently suggested [1]:
B(Gauss) = 2 x 104 [IL/1014 W-cm-2]-[X//¿m]3-[n/1021 cm"3]

(1)

where B is the magnetic field, X the laser wavelength, IL the laser intensity and n the
plasma density. For example, taking X = 1.06 ^m, as for a neodymium laser, and
n = 1021 cm"3, IL = 1016 W/cm2, gives B = 2 MG. These megagauss magnetic
fields can be used for magnetic insulation. '
A hybrid scheme of inertial and magnetic confinement was proposed [2-6]. For
example, a plasma with a density of the order of 1021 cm -3 can be confined by the
inertia of a heavy metallic container while its heat is insulated by a self-generated
magnetic field of the order of 1 MG. The basic structure of the plasma container
consists of a spherical metallic shell coated from inside with solid DT fuel. Plasma
is produced by ablation of the solid fuel caused by an injected laser (or particle) beam
through a hole. The laser creates a toroidal magnetic field as a result of the current
loop produced by the ejected hot electrons [2, 3] (a grad n x grad T process). The
1

1 gauss = 1(T4 T.
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FIG. 1. Description of suggested scheme. CPLL is the circularly polarized laser light, je is the plasma
current and jew is the induced current into the vessel wall. B{ and B°z are the poloidal magnetic fields
for the plasma density n.
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inertial confinement time is increased by reduction of the sound speed, partly from
the larger atomic mass of the shell and partly by the reduction of the shell temperature
due to thermal insulation of the magnetic field.
The new concept presented in this paper relies on the hybrid use of inertial and
magnetic confinements and megagauss field generation by CPLL. The schematic
structure of the suggested configuration is as follows: a DT plasma is created inside
a cylindrical or a spherical heavy conductor (or superconductor) shell with a hole.
The plasma is irradiated by an intense, circularly polarized laser beam. The CPLL
creates a toroidal current in the plasma [5, 6], which in turn induces an opposite
current in the wall (during the plasma current creation). The currents induce poloidal
magnetic fields inside and outside the plasma (Fig. 1), in addition to the toroidal magnetic field formed by the grad n X grad T mechanism. The plasma is heated
resonantly by the CPLL from a temperature of ~ 1 keV to ~ 5 keV during a time
of a few nanoseconds. After the laser has been turned off a process of expansion and
diffusion of the magnetic field lines begins both into the walls and inside the plasma.
It was calculated that the magnetic field should exist long enough after the laser has
been turned off. This magnetic field reduces the heat conduction, and therefore the
hydrodynamics of the inertial confinement time of the hot plasma is determined by
the cold matter (the metallic walls). A new feature of this proposal is the existence
of the magnetic field after the laser has been turned off. For this reason, one might
obtain a more economic fusion device than with the previous hybrid proposal.
2.

THE CONFINEMENT CURRENTS

Using the continuity and the momentum equations for a spatial Gaussian laser
pulse irradiated in the z direction, we obtain for the second order perturbed toroidal
current:
1= jA

m

= (l/4)exp(-r 2 /L 2 ) (e 3 E 2 /mV) [d/3r(iio(r)) - no(r)/L2]

(2)

where r is the cylindrical co-ordinate in the x-y plane, 9 is the unit vector in the
toroidal direction and no(r) is the zero order electron number density determined
during the plasma formation.
For simplicity the magnetic field is calculated for a cylindrical configuration.
The magnetic field of a thin cylindrical shell of radius a, height 2h and width ¿¡a
induced by a current density )e (in cgs units) in cylindrical co-ordinates whose origin
is the centre of the shell is given by
B r c (j e ,r,z) = (j,ôa/cr) 1 * (2f/[(a + r) 2 + r2]"2] i~K(/c2) + E(/c2)
J-h-z
x [a2 + r2 + f2]/[(a - r) 2 + Ç2])àÇ

(3)
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»h-z

Bzc(j*,r,z) = (j*<5a/c)

[2/[(a + r) 2 + f2]1/2j

(K(K2)

+ E(/c2)[a2 - r2 - r 2 ] / [ ( a - r ) 2 + r2]]df

(4)

where K(K 2 ) and E(K 2 ) are the complete elliptic integrals of the first and second
kind, and
K2 =

4 a r /[( a + r)2

+

ft

(5)

The total magnetic field induced by the plasma currents is
Brp(r,z)

f Brc[j0(ar, z]d£

(6)

2.5X106

-1X106
0.05

roí

0.1

r02

b

0.15

r(cm)

FIG. 2. Poloidal magnetic field for z = 0 (centre of cylindrical vessel) as calculated numerically,
described by solid line. The line-dotted and the dotted curves are two step approximations for different
times.
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Bzp(r,z) =

B z c [j,(e,r,z]d^
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(7)

where b is the vessel inner radius and Brc, B z , j 0 are given by Eqs (3), (4) and (2),
respectively.
Equations (6) and (7) describe the magnetic field induced by the plasma current.
During the laser pulse the plasma current increases from zero to a saturation value
given in Eq. (2). As a consequence, a current j ^ is induced in the wall (Fig. 1). The
wall current is produced such that penetration of the magnetic field into the wall is
avoided. This statement is accurate for a superconducting shell; for a conducting
vessel, however, the magnetic field diffuses into the wall. The total magnetic field
Bz(r, z) was calculated numerically on the assumption of a wall current:
jew(r) = j, w exp[r-b)/r w ]

(r > b)

(8)

where rw is the typical penetration length of the current into the wall. The total
magnetic field induced by the plasma and the wall currents is calculated as a function
°f J*. This parameter is determined by demanding a negligible magnetic field for
r > b. In Fig. 2, Bz(r, z = 0) is calculated (solid line) for the following laser
parameters: wavelength 0.35 /¿m, irradiance 1018 W/cm2 and a Gaussian width of
L = 0.5 mm. Appropriate plasma parameters were chosen: peak density 1022 cm -3 ,
Gaussian profile of width L = 0.5 mm, vessel inner radius and half-height: 1 mm
and 3 mm. The current penetration parameter was taken to be rw = 10 ¡xm,
implying a peak wall current of 4.4 x 108 A/cm2. The magnetic field changes
direction at r0 = 0.55 mm. The magnetic fluxes through 0 < r < r01 ($out) and
r01 < r < b (3>in) are in opposite directions and have equal magnitudes (Fig. 2):

$ou< =

f'01
Bz(r)27rrdr
J r=0

(9)
$ in =

Bz(r)27rrdr
Jr = r01

$out + $in = 0

(10)

The plasma expands towards the wall, because of its thermal pressure.
Assuming magnetic flux conservation (Eq. (10)) the magnetic field confining the
plasma increases. A schematic description is given in Fig. 2: the calculated magnetic
field profile (solid curve) is approximated by a constant field in each region (the
dash-dotted curve) with the same fluxes 3>in and $ out . During the plasma expansion
we see an increase in the magnetic field in the region r0i < r < b (dotted curve in
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Fig. 2). This magnetic field (in the region r02 ^ r < b) is responsible for (a) better
plasma confinement, (b) thermal insulation and (c) smoothening of the plasma
pressure transferred to the wall.

3.

THE CONFINEMENT TIME

There are three time-scales describing the plasma confinement in this scheme:
the magnetic diffusion time TB, the heat diffusion time TH, and the inertial
confinement time rh. TH and TB were calculated consistently with Ref. [2]. rh is the
hydrodynamic confinement time and therefore determines the time-scale in the
change of the plasma density. The hot plasma applies a mechanical force on the vessel
wall. This mechanism is equivalent to a (plasma) piston impinging on the wall and
creating a Shockwave through the wall. Therefore, on the assumption that the wall
is thick, the inertial confinement time is determined by the piston velocity and the
dense plasma radius (and not by the thickness of the wall). During the expansion of
the 'piston', the plasma density decreases. It turns out that the value of rh is the
most strictly limiting time-scale. For the parameters under consideration, we obtain:
rB >

TH

> rh ~ 30 ns

(11)

The Lawson criterion may be fulfilled for a 3w CPLL created plasma with a
density of 5 X 1021 cm"3 and a confinement time of —20 ns.

4.

PERSPECTIVE

In this paper, magnetically insulated confinement fusion (MICF) with CPLL is
suggested for the first time. The magnetic field profile during the laser pulse and the
confinement times are given. The Lawson criterion can be satisfied.
An economical fusion reactor must satisfy the 'bookkeeping' requirement
x-1GFi7Dî?abî7h77thi/ec^ = 1

(12)

where 7yD, rjah, r]h and rjth are the efficiencies of the driver, the laser absorption, the
energy transport from absorbed laser to the DT fuel and the thermodynamic cycle,
respectively; <t> is the fraction of burned fuel and rj^ is an economic factor. GF is the
intrinsic gain defined as the ratio of the nuclear fusion output to the internal fuel
energy and x is the fraction of the fuel heated to fusion temperature by the driver
(without the alpha heating). Equation (12) should be satisfied for all ICF schemes.
The main differences between ICF (with high compression) and the present proposal
(without compression) are the values of r¡h and x. In our scheme, r)h is close to
unity, while for typical ICF, we have —0.1; therefore the necessary compression for
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a spark ignition scheme in ICF (x - 0.1) is not required in our configuration
(x ~ 1). In the suggested reactor scheme, with an electrical output energy of
100 MJ per pulse and a repetition rate of 10 Hz (1 GW output electrical power), one
needs a laser with an energy of about 3 MJ.
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Abstract
STUDIES ON RADIATION HYDRODYNAMICS AND INERTIAL FUSION.
Recent work on ICF targets performed in the context of a European initiative for heavy ion inertial fusion is presented. The code MULTI2D for two-dimensional radiation hydrodynamics has been
developed and is applied to a radiation driven target. Another new tool is the opacity code SAPHIR;
results are discussed.

1.

TARGETS FOR ION BEAM FUSION

Indirect drive is believed to be the only option to achieve sufficient symmetrization for ion beam inertial fusion. Different types of radiatively driven targets have
been studied [1]. Here, we discuss new results with respect to a non-spherical hohlraum configuration with two sided illumination and localized converter elements.
The prototype form of this target is shown in Fig. 1.

FIG. 1. Generic hohlraum target for heavy ion beam fusion with two sided illumination and localized
converter elements [2J.
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Murakami and Meyer-ter-Vehn [2] studied the radiation hydrodynamics of this
target by means of 1-D simulation and the symmetry of the radiation field in static
approximation. Temporal and Atzeni [3] pointed out that symmetrization is insufficient in this configuration and that at least six converter elements positioned symmetrically in a spherical cavity are required. Kang et al. [4] showed that appropriate
converter shading would solve the symmetry problem for two sided illumination.

2.

MULTI-2-D AND 2-D TARGET SIMULATIONS

All the symmetry analysis mentioned above was performed in a static approximation, on the assumption that radiation is exchanged between fixed wall elements
of the hohlraum, neglecting hydrodynamics. This approximation is rather crude, and
it turned out that advanced tools are required for adequate simulation. Ramis and
Meyer-ter-Vehn [5] have therefore started to develop the code MULTI-2D for two
dimensional radiation hydrodynamics. The code treats real transport (not diffusion!)
to guarantee sufficient angular resolution of non-isotropic radiation fields and
describes otpically thin as well as optically thick situations. At present, the code
works only with simple equations of state and opacities depending on temperature and
density in power law form. The results presented here are therefore only of a semiquantitative nature.
An advanced version of the Murakami target has been simulated with
MULTI-2D and is shown in Fig. 2 in terms of the 2-D mesh at time t = 0 and the
time just after beam switch-off. The inner capsule consists of 30 mg plastic ablator,
2.5 mg cryogenic DT fuel, and 0.5 mg DT gas in the centre. The radiation cavity
consists of a lead cylinder with converter pots attached at the poles and filled with
35 mg Be; 10 GeV heavy ions with 250 mg/cm2 range deposit 5 MJ energy into
each converter. A thin high Z screen prevents direct irradiation of the capsule. Ho,
Lindl and Tabak [6] proposed this converter design. As we see from the distorted
mesh after beam deposition in Fig. 2(b), the pot configuration suppresses radial
expansion of the converter and ensures beam stopping over an extended time. The
radiation screen also confines the converter flow in axial direction; this enhances
conversion into radiation.
The hohlraum is filled with 35 mg/cm3 low Z background material (e.g. He),
which becomes optically thin rapidly after a short initialization period. It is needed
for numerical reasons to prevent a complete collapse of the hohlraum cells, but also
helps physically to delay wall ablation and closure between screen and wall which
would block the radiation flow.
In the lower left corner of Fig. 2(b), we seen the rather spherical region of
ablated material and the imploding core in the centre. Figure 3 reveals the history
of the implosion symmetry in terms of the radius of the ablator/fuel interface plotted
versus the polar angle for different times. After contraction to one third of the initial
radius, the deviation from complete spherical symmetry is a few per cent, satisfying
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FIG. 2. Advanced target design with Lagrangean mesh for MULTI-2D simulation. One quadrant of a
meridional cut is shown; the target is axially symmetric about the abscissa, and the ordinate marks the
equatorial plane. The upper part (a) displays the initial configuration and the lower part (b) the distorted
configuration with 5 MJ beam energy deposited in the converter and the inner capsule ablatively
imploded to half its initial radius.

ignition requirements. In order to obtain this degree of symmetry, we had to reduce
the opacity of the shaded wall elements (see Fig. 2(a)) to tune the 1 = 4 asymmetry,
which is otherwise the dominating failure mode. At present, MULTI-2D contains no
burn physics and is therefore still inadequate to study ignition.
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FIG. 3. Radius R(6) of the ablator/fuel interface at different times of capsule implosion.

3.

OPACITY CALCULATIONS WITH SAPHIR

Besides 2-D radiation hydrodynamics, reliable information on material functions such as equations of state and, in particular, opacities is a crucial aspect for
quantitative target design. At the Max-Planck-Institut fur Quantenoptik, Rickert [7]
is developing the opacity code SAPHIR with emphasis on high Z materials and
including non-LTE plasma situations '. The code is based on the collisional radiative
model and detailed configuration accounting. It uses relativistic energies calculated
from a parametrized potential and accounts, among other features, for dielectronic
recombination. Statistical treatment of level spreading in terms of unresolved transition arrays (UTAs) is now being installed to properly account for the width of partially filled configurations.
A benckmark comparison of SAPHIR results with a number of other codes was
performed recently at the Third International Opacity Workshop, held at
MPQ/Garching in March 1994. Summary plots of the comparison are contained in
the final report of the workshop [8].
1

LTE stands for local thermodynamic equilibrium.
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Abstract
STABILITY OF THE m = 1 MODE WITH ENERGETIC PARTICLES, SAWTOOTH
RELAXATION AND LOCKED MODES IN TOKAMAKS.
Energetic particles can stabilize the m = 1 mode and sawtooth oscillations, and this is examined
in detail for realistic hot ion distribution functions. Conversely, energetic particles can excite the fishbone mode; other kinetic effects which influence fishbone stability thresholds are investigated. If the
m = 1 kink mode is unstable the sawtooth phenomenon occurs; a transport/relaxation model, free of
fitted parameters other than the repetition time r saw , which captures many experimental features of
sawtooth oscillations, is described. Finally, the conditions are studied under which various poloidal
harmonic tearing modes might be driven unstable in the plasma because of an external magnetic perturbation, taking account of shaping, toroidicity and pressure. The effect of external perturbations may be
important in the design of ITER.

1 ICRH and the m = 1 internal kink
The success of minority ion cyclotron resonant heating (ICRH) in controlling sawteeth in J E T has led to interest in the stabilizing mechanism, and
its relation to the distribution function of the heated ions. Sawtooth oscillations may be due to the ideal m = 1 internal kink, and the stabilizing
influence of hot minority ions can be calculated using fluid and kinetic
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corrections to the MHD energy principle. For m = 1 kink displacements
in the low-frequency limit the energetic particle contribution to the energy
is
Jo

Ji/Bm!iK

+ — / -¿-drded^-—]2 Jo R0
R0
r

=

Jo

or

cos 0 / dóv(vñ +
JP
"

iiB)——
dr

( l - A B o / 2 ) [ / c - ^ / ( / c + a/.)]

(1)

Here m/¡, is the minority ion mass, r x is the minor radial coordinate of
the q = 1 surface, £ro is the radial amplitude of the eigenfunction, B =
B0{\ — CCOS0}, where e = r/Ro and 6 denotes poloidal angle, £ and A
are energy and pitch-angle variables, and 7C, Is, and Iq are integrals which
depend on the ^-profile and shear s = rq ¡q. The second line of eqn.(l)
is the fluid contribution of the energetic ions in passing velocity space
(denoted P).
A key feature of our calculation is a realistic analytically tractable
model for Fh based on Stix's expression [1] for the perpendicular temperature of the heated minority ion population: TLSTIX = T , C ( 1 + 3 ^ H F / 2 ) , ^ H F =
PRFTs/3rihTe. Here PRF is the local RF power density coupled to the minority ions, rs is their classical Spitzer slowing-down time, Te is the electron
temperature, and nh the number density of heated minority ions. An analytical representation of PRF must include sufficient degrees of freedom
to match experiment, while satisfying (dFh/dO)^^
= 0- We assume that
PRF is evaluated from a model power deposition profile at the point (r, 90)
on the flux surface where heating is greatest. The distribution function
then takes the form

F

^^

=

^M t J

eXP

\-mh hiïT

+

2],(r)

J)

(2)
Here T±(r) = TJ. S TIX (pRF(r,60),ne,Te,nh),
7j|(r) can be modelled as appropriate, and Co(r) is a normalization factor.1 Substitution of eqn.(2) into
eqn.(l) with Tj|/Tj_ = 0(e) leads to the following results for 3 He minority
ions with central R F power deposition, typical J E T parameters, parabolic
^-profile and rx = 0.46a. Figure l a shows the real and imaginary parts of
(SWhot)N = /¿0¿WW67T 2 (7Vi? 0 ) 4 #o|£r0| 2 £o M f l m C t Í ° 1 1 S ° f T\\/T± a t fixed
T± and RF power Pc = 20 MW: SW^ot is predominantly real and depends
only weakly on T\\/T±. Figure l b shows Re(6Whot)N as a function of T\\/T±
1

A somewhat different form was used by Zabiégo et al., Nucl. Fusion (in press).
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for Pc = 5 MW, 10 MW and 20 MW. In general, R F powers in the 5 - 2 0
MW range can stabilize the m = 1 internal kink at fa significantly above
the MHD instability threshold. The stabilizing effect of the minority ions
depends also on the ^-profile, and above all on r^.

2 Fishbones
In this section we concentrate on dissipative ion effects in fishbone modes.
We assume the "banana" regime of collisionality for ions, Vi/{euJbi) < 1 and
also suppose that the fishbone frequency u> satisfies the condition i/,/e <
UJ < Lübi < ojti , where i / , - , ^ , , ^ are the ion collision, bounce and transit
frequencies. From these inequalities one can infer that trapped/passing
particle boundary layer dissipation [2] can play a rôle in the damping of
fishbone modes. We describe bulk ions by the linearised drift kinetic equation for the perturbed ion distribution function <$/,- = — £roF¡ -f h{. In the
outer region of t h e mode, where d/dr ~ m/r, we solve for the trapped
part of hi with the boundary condition h¡ = 0 at the trapped/passing
ion boundary. Since pitch-angle scattering dominates the collision operator the solution contains a dissipative boundary layer contribution. This
yields an imaginary correction to A# oc «SWA/HD? SO that Xy¡ —> A// + ¿A/.,with
Xki = 0.07

-(^)]*{i-^(i + o ^ )}$*

In the inertial layer (inner region), where d/dr ^> ra/r, one can also
solve for perturbations satisfying krp¡ < 1. In contrast to t h e outer region, the boundary layer effect in the perturbed ion distribution function
appears on t h e passing side of the trapped/passing boundary. The resulting equation gives the following renormalisation of the inertial term :
UJ(UJ — œmpi) —» UJ2 (1 + A — Lü*pi/uj) , with
A = 0.82-^= ( 1 - - ^
\ / ët \ V
J
UJ J

H\ T )
^, n[ jfin
n (i28cw///
h ?«/,/,,/,/.
t -)]5

UJmi

V €LO

UJ,

— + 0.987/iUJ

UJ 1

We take into account this effect, together with dissipation in the outer
region,
to obtain
the dispersion
equation
in the form
{-UJ2 (1 + A - uj^i/uj)}1 -uA(\H+Xkh+iXki)
= 0, whereUJA =
vAs[ri)/R0l
and Xkh represents the energetic ion drive. When the energetic ions have a
slowing down distribution, Fh oc 6(X —X0)£~3/2, Xkh — {fa/^)(<^/^dm) ln(l —
ujdm/uj) where uj¿m is the magnetic drift frequency at maximum energy [3].
The effect of outer region dissipation A¿,- is to raise the threshold value of fa
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for fishbone instability to (3kcrit « e(u)dm/ojA + A(I/t7a>dm)1/2)/fl\ Trapped
ion dissipation in the inertial layer plays a similar rôle to the ion transit
resonance damping discussed in Ref.[3], with the approximate replacement
K - / w ) ( l - K i / w X l + Lor?,)) ~> (^»/e^) 1 / 2 (l - (w„Vw)(l - ?n)).

3 A Sawtooth Model
We present a model for the repetitive sawtooth crash cycle based on Taylor relaxation within a core region. It is hypothesised that the modes
responsible for producing the relaxation are tearing parity localised resistive g-modes, governed by DR [4], the toroidally averaged curvature of a
flux surface, and the relaxing core radius rm is defined by Dfí(r m ) = O.
These g—modes are stable when i - A ' m / n J > 4.2DR/2(u>A/w*e) [5] where
A'm,n sa — 2ra for the high (?72,n) œ (9,10) mode numbers resonant between the magnetic axis and 7*1. Typically, this inequality is satisfied by
all modes with n > 5 , throughout the sawtooth ramp. However, (/—modes
will be triggered by the steep pressure gradients [6] generated close to the
separatrix of the (?n,n) = (1,1) resistive kink island when this primary
instability appears.
This model has been incorporated into the LARS 1-1/2 D evolution
code. The post-crash equilibrium is constructed in terms of the pre-crash
equilibrium by conserving core helicity, core toroidal flux, global energy,
and demanding force balance across the mixing radius. In the post-crash
state pressure and j\\/B are constant in [0,r TO ], q{r) is weakly increasing
and discontinuous at rm where a skin current flows. Conservation of global
energy implies that viscous forces are assumed sufficient to damp rapidly
the flows accompanying both the internal kink and the g—mode instabilities. Having triggered thermal collapse by driving the g—modes unstable it
is assumed that the (1,1) island self heals, having lost all pressure gradient
drive. The repetition time rsaw for recurrence of the (1,1) kink instability
is taken from experiment and is the only free parameter of the model.
Several interesting predictions of the model can be compared with experiment. The value of q(0) after relaxation remains below unity and typical values of Aq0 = (<?o (post-crash) — q0 (pre-crash)) during continuous
sawtoothing agree with observations on T E X T O R [7] (Aq0 (experiment)
~ 0.07, Aq0 (simulation) = 0.08). The mean value of q0 is also close to
the experimental value (q0 ~ 0.77 in TEXTOR, qQ (simulation) = 0.76).
The predicted size (W) of the ra = 1 island at the instant when the steep
pressure gradient at the (1,1) island separatrix triggers g—mode instability
can be estimated from W ~ {rx — rm). We estimate W/ri ~ (1/8 -f flp/2)
for a circular cross-section tokamak, smaller island widths are predicted
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when elliptic shaping of the cross-section is taken into account, in broad
agreement with SXR data [8] on T F R where W/r\ ~ 1/3. In simulations
the inversion radius lies within r\. This has been observed on T E X T O R
where ( n - rinv)/a ~ 0.06 and LARS gave (ri - r,-Bt,)/a = 0.17. The simulation result may be larger because pressure flattening across the (1,1)
island is not modelled at present.

4

Error Fields and Resistive Mode Stability

The influence of a general static external magnetic perturbation on the stability of resistive modes in a tokamak plasma has been examined. The vacuum external perturbation is written in terms of the well behaved toroidal
ring functions. The externally driven dispersion relation for resistive modes
takes the form of two N X N matrix equations for the tearing and twisting parity responses, where N is the number of resonant surfaces in the
plasma; its solution gives the tearing and twisting amplitudes driven in the
plasma by the external perturbation.
At low ¡3 the tearing parity response is dominant. In the situation
with only one rational surface when the normalised external perturbation
exceeds A1 where A? = (fi0/2){fíi/n)(ujt)2(f^
d r / ^ / u ) ) - 1 (with wf the
unperturbed frequency of the tearing parity plasma mode in the laboratory
frame, T\ the reconnection timescale, and fi±(r) the (anomalous) perpendicular viscosity), the frequency suddenly drops to near zero and there is
a dramatic increase in the driven tearing amplitude - i.e the mode 'locks'.
At high f3(e¡3p > 1) when the twisting response can dominate or when there
are multiple resonant surfaces, the situation is more complicated; torques
can be exerted at different surfaces and influence others via bulk viscosity,
reducing the torque necessary for locking at a particular surface.
The T7 toroidal tearing mode code has been used to evaluate the tearing and twisting responses in the plasma for both narrow and broad spectrum (error-field) perturbations. Consider the locking torque exerted at a
typical low mode number rational surface such as q = 2. We find that ideal
rational surfaces located between this surface and the plasma edge tend
to'shield' it from the locally resonant component of the applied external
perturbation. For instance, an ideal 3/1 surface shields out the ra = 3
component. This effect leads to a discontinuous variation of the locking
torque with edge-q. There is a sudden change in the torque as the q — 3
surface enters the plasma and shields the m = 3 component of the applied
perturbation. There is a similar sudden change as the q = A surface enters the plasma. For a narrow spectrum perturbation the discontinuous
changes in the locking torque at rational edge-r/ are 0(e2) and are not a
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dominant feature of the variation with edge-*/. However, for a broad spect r u m error-field the discontinuous changes are O(e) and tend to be the
dominant feature of the edge-g variation. For an error-field source located
on the outboard mid-plane there is a 'staircase' variation, with relatively
little change between integer edge-q values, but strong reductions at q — 3
and 4 (as qa is increased), see Fig. 2. Such behaviour has been observed
experimentally [9].
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DISCUSSION
Ya.I. KOLESNICHENKO: It is well known that various pictures of evolving
magnetic configurations are possible during sawtooth crashes. Which kind of crashes
are described in your model?
J.W. CONNOR: The particular case I described is where a relaxation takes
place throughout a core region. It is possible, for cases where the pressure profile
evolves in such a way as to be positive near the axis, to describe partial relaxations
confined to an annular region using this type of model.
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Abstract
ANALYSIS OF LINEAR AND NON-LINEAR GAP MODE DYNAMICS USING A HYBRID
CODE.
To study the effect of resistivity, finite Larmor radius and kinetic effects on toroidal Alfvén eigenmodes (TAEs) a hybrid MHD-particle simulation code is developed, integrating the coupled sets of
reduced MHD equations for the fluctuating fields and the gyrokinetic equations of motion for the energetic particles. Linear stability and non-linear saturation are discussed, and the finite compressibility
effects on the internal kink mode are presented.

1.

INTRODUCTION

Energetic ions, with energy of order 1 MeV, are present in plasmas close to
the ignition condition, produced by auxiliary heating, current drive mechanisms
or by fusion reactions, as in the case of alpha particles. Since for dense plasmas,
relevant for ignition experiments, the typical velocity of the energetic ('hot')
particles vu is of the same order of the Alfvén velocity v¿ =
B/{Airnmi)1'2
(with n being the plasma density and m,- the bulk-ion mass), modes belonging
to the shear Alfvén branch can be driven unstable. Indeed, for such modes,
characterized by parallel wave vector k\\ « 1/Ro, with Ro being the major
radius of the torus, and by frequency u> « JhiUyi, the resonance condition with
circulating or trapped energetic particles can be easily satisfied [1,2].
In toroidal systems, discrete, global modes called Toroidal Alfvén Eigenmodes (TAE), can exist inside the forbidden frequency gaps in the shear Alfvén
continuum spectrum, formed by the coupling between different poloidal harmonics. T h e inclusion of resistivity, finite Larmor radius, or kinetic effects, besides
affecting the TAE stability and mode structure, gives origin to a new mode,
the Kinetic T A E (KTAE), with two distinct branches: the first branch, weakly
stabilized by resistivity, with complex frequency close to the upper bound of the
1
2
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gap; the second one, strongly stable, close to the lower bound. It is important to
stress that all the above mentioned effects require in general a nonperturbative
approach, particularly when the eigenfrequency is close to the gap boundary.
In order to properly retain these effects in a non-perturbative way, a hybrid
MHD-particle simulation code has been developed, which integrates the coupled
sets of reduced MHD equations for the fluctuating fields and gyrokinetic equations of motion for the energetic particles [3]. In Sec.2 the structure of the code
is described and the results of the linear stability analysis are presented. In Sec
3 the problem of nonlinear saturation is discussed. Finally, in Sec.4 the finite
compressibility effects on the internal kink mode stability are analyzed.
2.

LINEAR SIMULATION RESULTS

At each time step, particles move in the electromagnetic field given, at the
grid points of a 3-D toroidal domain, by the fluid-equation solver at the previous step. After particle phase-space coordinates and weight factors have been
updated, the energetic-particle contribution to the stress tensor needed in the
reduced MHD equations is computed at the grid points in terms of their distribution function Ffj (t, Z), and the new values of the field can be obtained.
A previously existing code [4], which solves the 0(e2) reduced MHD equations, has been modified in order to solve the 0(e3) equations. Making reference
to a toroidal coordinate system (r, ti,<p), with i? being the poloidal angle, the
code uses finite difference in the radial direction and Fourier expansion in the
poloidal and toroidal directions.
The energetic-particle response is computed by 6F particle-in-cell techniques [5]. It consists in defining the perturbed distribution function 6FJJ by the
relationship Fjj{t,Z) = FHO{Í,Z) + 6FH {t,Z), where FHO is an appropriate
"lowest-order" distribution function (e.g., a Maxwellian). SFfj is then represented by its discretized form, corresponding to a set of NpARTICLE weighted
particles, 6FH (*, Z) = Y^¿ARTICLE
A, (*) w¡ (t)6{Z - Z, (<)).
It can be easily shown that this representation of 6F¡j satisfies the Vlasov
equation, in the form

with
c„

7

x_

WHO

dZ*dFH0

(

if and only if the phase-space simulation-particle coordinates Z\{t), the weight
factor wi(t) and the phase-space volume factor A/(¿) evolve in time according
to the equations
dZ\ _ dZx
dt ~ dt

dwi

dA¡ _

( Ô

dZi\
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where dZ*/dt is given by the gyrokinetic equations of motion. The explicit
expressions for dZ*/dt can be found in Ref. [6]. Equations (3) constitute the
basic equations for particle pushing.
The 6F algorithm is particularly suited for linear simulations, in so far it
allows to accomplish the particle pushing in exact correspondence with the linearized Vlasov equation. Indeed, this is done by retaining only the unperturbed
terms in the equations of motion, when used to advance the phase-space particle
coordinates (i.e., in the l.h.s. of the 6F form of the Vlasov equation, Eq. (1)),
whilst restoring the linearly perturbed terms in the source of the weight factor
evolution (the r.h.s. of Eq. (1)).
Field values at the particle position are obtained by trilinear interpolation
of the fields at the eight vertices of the cell the particle belongs to. The corresponding trilinear weight function is adopted, after pushing the particles, to
share their contribution to the stress tensor among the vertices of the cell.
The energetic-particle equilibrium density is chosen to be
n//(r) = nj/oexp

If

(4)

with njjQ being the on-axis density. Note that the equilibrium density scale
length is given by ln — (L^/r2)an r/2an. Then an ^> 1 corresponds to very steep
hot-particle density profiles and, according to Eq. (3) for the time evolution of
the weight factor, to radially localized driving term.
Particles are initially loaded in the velocity space in accordance with a
Maxwellian distribution function with temperature T#. Their position in the
meridian plane are scrambled using a bit-reversed-fraction algorithm. In order
to avoid spurious beam instabilities, the symmetry of the initial distribution
function with respect to the transformation un —*• —vu is locally preserved by
placing pairs of particles with the same set of phase-space coordinates, but opposite parallel velocities. Toroidal positions of the particles are chosen randomly
inside a one-cell-wide toroidal slice. The distribution so obtained is then replicated for each slice in the toroidal direction to enforce the n = 0 equilibrium
symmetry and avoid spurious n ^ 0 perturbations.
The initial value of the weight factor is chosen to be zero for every particle:
u>/(0) = 0
/ = l,---,NpARTICLEThis makes the initial distribution
function coincident with FHO- The phase-space-volume factor is inversely proportional to the local phase-space density of particles:
A,(0) oc {rfí exp [ i m H ( « j + «D/Tjyj } _

(5)

Those particles that cross the boundary fixed at r=a are cosidered lost.
In the following, the results of linear simulations of the reduced-MHD-Vlasov
system are presented. In the view of concentrating on the passing-energeticparticle finite-drift-orbit effects, both particle trapping and Landau damping
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are neglected. Furthermore we will consider only the stability of the n = 1
mode.
A relevant test of the code is given by the comparison of the findings of
perturbative simulations with the corresponding analytical predictions. In particular, it is easy to show that, given a fluctuating electromagnetic field with
a single harmonic (mtn), complex frequency u; and zero parallel electric field,
the corresponding Fourier component of the energetic-particle stress tensor, for
a (0,0) equilibrium magnetic field, is proportional to

Dm,n(r,t) = (— + I Ü Í - J 6pm+hn - (— - ^—.j

*ft»-M

(6)

with the Fourier components of the perturbed pressure 6p — m # f d3vv2Ffí
given by
«Pm±i.»(r,0

*

± ^ ^ ^ ^ z ± { 3 z ± + 2 4 + [l + 2 4 ( l + z i ) ] z ( z ± ) }
d_
dr

m \ i(j>m,ndnH
rJ \ r
dr

(7)

Here pjj is the energetic-ion Larmor radius, f = r/a, ù = U>RQ/VA, <l> =
z± = £>/ v 2 ^ - \(m ± \)/q — n\ , Z is the plasma dispersion function.
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FIG. 1. Comparison between the analytical expression for the radial profile of Dm n and the
corresponding result of the particle pushing, at t = 46.8 Ro/vA, for n = 1, m = 2, vH/vA = 0.5,
pH/a = 0.01, R0/a = 10, a„ = 2, a2/L2n = 2, « = 0.3333 + 0.0333Í, and TAE-like scalar potential

profile.
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In Fig.l, the comparison between this analytical expression for the radial
profile of Dm,n and the corresponding result of the particle pushing is shown,
at t = 4Q.SRo/vA, for n = 1, m = 2, vH/vA = 0.5, pH/a = 0.01, Ro/a = 10,
a„ = 2, a2/Ll = 2, ¿ = 0.3333 + 0.0333i, and TAE-like scalar potential profile.
Here q(r) ~ q(Q) 1 + (r/r) , with q(0) = 1.1 and r determined by imposing
q(a) = 1.9.
The non-perturbative regime is then considered. We assume an equilibrium
magnetic field with an additional m = 1, n = 0 poloidal-flux component.
A two-mode perturbation (m = 1,2; n = 1) is taken into account for the
fluctuating electromagnetic field. With the equilibrium considered here, the
energy spectrum for the shear-Alfvén modes shows a single-gap structure with
the gap localized at f ~ 0.7.
In order to make the energetic-particle response particularly relevant where
the structure of the eigenfunctions is more sensitive to it, the equilibriumdensity-profile parameters have been fixed to be a 2 fh\ — 2 and an = 6,
which yield a steep variation around f ~ 0.7. The spatial grid is given by
Nr x N$ x Nv — 32 x 16 x 8 cells. The total number of simulation particles is
262144 corresponding to an average number of 64 particles per cell. The other
parameters of the simulation are mujmx — 2, />/// a = 0.01, n//(0)/n¿ = 0.002.
The initial value code has been initialized with fluctuating-potential profiles close to the TAE eigenfunctions, yielded by a preliminar simulation performed with a model driving term [6]. Figure 2 shows the initial profiles of
the Fourier components 0i,i and «fo.i of the electrostatic potential. The two
poloidal harmonics are mutually in phase as this artificially destabilized TAE
mode is expected to have. The time evolution of the two Fourier components
at one radial position, for the proper MHD-particle simulation with VJJ/VA = 1,

4x1CT 5
<£i,i
2x1(T5
0
-2x1CT5
-4x1CT5
0

0.2 0.4 0.6 0.8
f

1.0

0

0.2 0.4 0.6 0.8
r

1.0

FIG. 2. Initial profiles of the Fourier components <j>,, and 4>2,i °f the electrostatic potential,
corresponding to a TAE eigenjunction.
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FIG. 3. Time evolution of the two Fourier components at one radial position, for vH/vA — 1.

is shown in Fig.3. The initial configuration decays, indicating t h a t the TAE is
damped, in spite of the energetic-particle drive, due to the strong coupling with
Kinetic Alfvén Waves. Later on, the fluctuating potential st arts to grow, due
to the formation of an unstable KTAE. Indeed, as shown in Fig.4, the KTAEupper-branch symmetry, dr<j>2/dr<j>i < 0, is found. This phenomenology agrees
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FIG. 4. Final profiles of the Fourier components <j>, ¡ and 4>2,i of the electrostatic potential, showing
the formation of a KTAE.

with theoretical predictions. In fact, TAE modes merge into t h e most stable
(lower) K T A E branch when s2p2K/^>^
1 [7]. Here, s = rq'/q is t h e magnetic
shear a t t h e gap position r0, e0 = 2(r0/R0 + A ' ) , A is the Shafranov shift, and
P2K ~ ( f c ?P?/ 2 )(3/4 + TefTi) - ikjiPri/lQwu [7], rj being t h e plasma resistivity.
For k$pjj < 1, consistent with p / / / a = 0.01 of the simulation, p\ can b e significantly enhanced by energetic particles F L R terms. Indeed, upon neglecting t h e
resonances a t UJJ = VA/3 and U|| = VA/5, p\
PK + PK,H
_
n2
PK,H -

4

,27r95
fí
~ZUof:8"B2

making the s2{pj- Jrp\ JJ)/^}Z

m

H

2

QFHQ

i^±áíl

I condition easier t o be satisfied. In the previous
v2/2

and <
>=
/ d v ( . . . ) . T h e TAE (merged into the lower KTAE) growth rate is then 7¿/w =
2Im(/?1-v/-2¿2(p^ +
P2K,H)/€O),
while the upper KTAE growth rate is yu/u> =
2
2
2
2Im(/? 1 + v /2s (p Y + p KM)/e0)
[7]. Here, ft is the usual energetic particles drive
expression, QFHO

= UÔEFHO

+ (k x b ) • VFHO/^CH,

E -

3

for negligible orbit size [8]

Imft =

2„3
27TJÇ
£2

B*mHlQFmty + tf\\ ô(y{l-vA)\

In the present case, 7 « / ^ > 0 while 7¿/u> < O.
T h e growth rate of the mode versus VH/VA, at fixed ft/(0) = 0.004, is shown
in Fig.5. T h e occurrence of the maximum growth rate at vjq « VA, corresponding
to t h e resonant character of the driving mechanism, is well reproduced.
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FIG. 5. Growth rate of the mode versus vH/vA, at fixed ¡3H(0) = 0.004.

3.

NONLINEAR ANALYSIS

In the following, a discussion of the relative importance of two different
nonlinear saturation mechanisms for TAE modes is given: that due to modemode coupling [9,10] and that due to energetic particles nonlinearities [11]. To
do so, let us assume that the TAE mode saturates due to fluid nonlinearities
only [9,10] and check under what conditions the energetic particles nonlinearities
are really negligible. The linear mode drive may be nonlinearly reduced, since
a number of energetic particles in resonance with the wave are trapped by the
wave itself [11]. Clearly, if the number of trapped particles is small compared
to the total number of resonant particles, the energetic particles nonlinearities
may be neglected.
The resonant energetic particles are those satisfying \u> — ¿||(r)u|||< 71,, JL
being the linear mode drive. The particles in resonance with the wave are thus
contained within a distance Ar# from the flux surface r0, where the mode is
localized:

^S = 2£j_

(8)

r0
u> ms
Here s is the magnetic shear at r0.
The number of resonant particles trapped in the TAE wave can be obtained
from the particles equation of motion vr = f = vu(8Br/B) + c6E x b • V r / 5 ,
yielding
r = —— V6<}> x b • Vr \k\\v\\ — uA
Now, the resonance condition for energetic particles is u> = fc||U|| + kj_ • V£>,
where V£> = —ü£)0(sin tfVr + r cos 1?Vtf) is the particles' magnetic drift, VQ0 —
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(v\/2+v?,)/Ru>c, and (r, i?, (f) is a right-handed toroidal coordinate system, with
y? being the toroidal angle. The radial particle motion becomes, thus:
r =

k$vDo c ( . d6<¡>
qld8<f>\
— sm i3—- + cos i ? ~ — u
B \
or
r dv J

(9)

Assuming that 6(f) = J2m ^^o,m(r)sin(wf — n<p — mi?), from Eq. (9) it is possible
to show that trapped particles oscillate within a distance
A r ^ < vp0 qR c d6<¡>0 1
r
o ~ v\\ SU} & dr r 2
from the surface r 0 [11]. The typical scale of variation of the TAE eigenmode
structure at r0 is e0r0/ms [9,10], with e0 = 2{r0/R-\- A'). Furthermore [9,10],
at mode saturation due to fluid nonlinearities, (c/B)6<j>0 tm (e 0 /2) 3 / 2 u>r 2 /m 2 .
Then, it is readily shown that

M<-(-y/2^
r*

u>r0 \ 2 m 2 /

(10)

dz

where z = 2sm(r - r0)/e0r0 and U = (c/'B)6<j>0{e0/2)-z>2m2¡u>r20.
The fractional number of resonant particles trapped in the TAE wave can
then be estimated as.Arr/ArR..-ComparingJEqs. (8) and (10), the condition
Arx/Arfi< 1 f° r neglecting energetic particles nonlinearities reads

fuW

(PH\

fioV^du

\-J ~ Uv m Uv Â7
Here, pjj is the energetic particles Larmor radius. Typically dzU< 0.1 at saturation due to fluid nonlinearities only [9,10]. Taking r0/pu as 30 and e0 « (1/3)
as typical values, the condition on the linear mode drive to neglect energetic
particles nonlinearities is 7L/<*>^ 5 x 10 - 2 .

4.

I N T E R N A L KINK
N A N A REGIME

MODE STABILITY IN T H E

BA-

The stability of the internal kink mode is usually analyzed in the context
of the ideal-MHD one-fluid model. Close to threshold, however, the mode frequency is comparable with the diamagnetic frequency and a kinetic analysis
is required. In particular the mode can resonate with the bounce-averaged
magnetic drift frequency of the thermal trapped particles. Such an effect is in
principle important both for electrons and ions. However, since the electron-ion
collision frequency is much larger than the ion-ion collision frequency, the effect
of trapped electrons can be neglected, even for parameters typical of the hot core
of a reactor. The stabilizing effect of trapped particles, which has been pointed
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out first by Kruskal and Oberman[12] and by Rosenbluth and Rostoker[13], has
been investigated accounting for the fully kinetic response both analytically and
numerically. Using the variational formulation of the internal kink mode stability, the following dispersion relation can be derived in the collisionless limit
D(w) = —is

u){w —w*i)

+ 6Wc + 6Wk = Q

«A

(U)

where s = rq'/q | r = n , uA = vA/(3^2R),
w« = [w.„¿(l + 77,)] | r = r i , wmn¡ =
Ti/{eBLnr), L'1 = Vrn/ni, rji = dIn7}/dInn,- and
2e\ 1 /2
6Wk

r

2£ 0 (A 2 )

f\

=

•,(*-§)

dÈe-ÈÈ5'2

u> — u>diE

Jo

(12)

with x = r / n , q(n) = 1, Udi = -cTi/(reBR)(2E0(X2)/K(X2)
- 1), E0 and K
are complete elliptic integrals and e = r\/R.
A criterion for stability can be derived, which generalizes the KruskalOberman criterion, obtained in the limit u> —> oo[14]. To be specific, in the
limit pi « pic « ¿W^pi/n^fil8
the effect of a trapped-particle population is destabilizing, with pi = vti/Cli, vti = (2T¿/m t ) 1 ' 2 and Q,- = eB/m,-. The
mode is indeed unstable for

-s*6goJ(ft-fic)-^lr(*)1/2Pi<0

(13)

with m = 2J¿ dX2[2E0(X2) - K(X2))2/K(X2)
« 1.1, 6q0 = 1 - ç(0), 0P =
—(R/r2)2^1
r2/3'dr and /?pc is a coefficient which depends only on the current
density profile. Note however that in this limit the effect of the trapped-particle
population (the last term in the equation) is small and the Bussac criterion[15] is
not significantly altered. In the opposite limit /?¿ > > /?tc the effect is stabilizing,
yielding stability for
- Mq0e2(l32p - / £ ) + ^ - ( 2 6 ) 1 / 2 A - > 0

(14)

Note that in this case the last term in the above equation is typically larger
than the stabilizing term arising fromthe coupling with the m = 0 and m = 2
sidebands, i.e. the term proportional to /?2 . It is possible to combine the two
conditions yielding the generalized stability criterion in the collisionless limit
o

c

3rf

2ro2
g u

ni \ , 15/il

e(/?

p

pi — pic

-/k)+—5^^

•(2e)1/2/?. > 0

(15)
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DISCUSSION
J. A. WESSON: A simple model of the non-linear effect would be that the radial
alpha particle distribution would become marginally stable. Would this lead to a substantial redistribution of the alpha particles?
F. ROMANELLI: For localized modes (e.g. KTAE at high beta), the redistribution could be small, while for global modes the redistribution might be significant.
E.D. FREDRICKSON: If the high n TAE modes are more unstable, why are
the TAE modes observed with NBI or ICRF all low to moderate n (n = 2-8)?
F. ROMANELLI: The effect of finite orbit corrections might be larger on
TFTR than on ITER.
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Abstract
STABILIZATION OF BALLOONING MODES WITH SHEARED TOROIDAL ROTATION.
A new code demonstrates the stabilization of MHD ballooning modes by sheared toroidal rotation. A shifted-circle model is used to elucidate the physics, and numerically reconstructed equilibria
are used to analyse DIII-D discharges. In the ballooning representation, the modes shift periodically
along the field line to the next point of unfavorable curvature. The shift frequency (di2/dq, where Q is
the angular toroidal velocity and q is the safety factor) is proportional to the rotation shear and inversely
proportional to the magnetic shear. Stability improves with increasing shift frequency and, in the shifted
circle model, direct stable access to the second stability regime occurs when this frequency is a fraction
of the Alfvén frequency, coA = VA/qR. Shear stabilization is also demonstrated for an equilibrium
reconstruction of a DIII-D VH-mode.

I.

INTRODUCTION

The maximum achievable value of beta (the ratio of thermal to magnetic
energy) is determined by Magneto-hydrodynamic (MHD) stability. In unbalanced
neutral-beam heated discharges [1,2], however, the rotation energy can be a
significant fraction of the thermal energy of the plasmas and can influence MHD
behavior.
We investigate the evolution of short wavelength perturbations with broad
extent across flux surfaces. Such perturbations are very general; they may describe
non-stationary (convective) amplification as well as arrays of locally resonant
eigenmodes [3]. Convective amplification is of particular concern in cases where the
growth rate estimated by neglecting the effect of rotation is larger than the rotation
shear frequency.
We consider equilibria with purely toroidal rotation,

where R is the major radius, q> is a unit vector in the toroidal direction and the
Report of work sponsored by the US Department of Energy under Grant No. DE-FG0392ER54150.
' Institute for Fusion Studies, Austin, Texas, United States of America.
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rotation frequency Q.(\ff) is a function of the poloidal flux \}i. The perturbations are
described by [4]

Â^Âein«e-qe-m

(2)

where (p is the toroidal angle, 9 is a poloidal angle defined to make field lines
"straight" and q is the safety factor. Unlike for static ballooning modes, the eikonal is
time dependent; we must solve an initial value problem.
Loss of confinement results most directly from convection between the core and
the plasma boundary. This occurs when the phase of the eikonal is constant across the
flux surfaces, or for 6 = (dQ/dq)t. As a result the extended eddy experiences
alternately the effect of favorable and unfavorable curvature. This is the primary cause
of stabilization by sheared rotation for toroidal instabilities.
In Section II we present the approximations used in the shifted circle model. In
Section III numerical solutions to shifted circle equations provide an s-a diagram.
Section IV presents numerical solutions for DIII-D equilibria and Section V is a
summary of results and conclusions.

II. EQUATIONS
The linear perturbation of an equilbrium with sheared toroidal rotation is
described by the stream function %, the poloidal flux \|/, the velocity along the field
line v||, the pressure p and the mass density p. The stream function % is related to the
electrostatic and magnetic potentials by % = yj) + A • v j / # . We assume an isothermal
equation of state.
The exact ballooning mode equations which are solved in Section IV are given
in Miller et al. [5]. Here, the standard shifted-circle model is obtained by considering
a low-beta equilibrium in which the pressure varies rapidly in a thin radial shell [6].
We generalize this approach by assuming that the velocity is small but changes
rapidly in the same region. The density of kinetic energy is typically no greater than
20% of the pressure in present experiments. The shear of the velocity, by contrast, is
comparable to the magnetic shear in the core. Accordingly, we neglect centrifugal
forces for the shifted circle equilibrium and focus instead on the velocity shear.
In dimensionless form, our model equilibrium results in the ballooning mode
equations
¿T^II = -o{?)X

+ d0P ~ L~p] ¥

(3)

¿> r [i(l + /z 2 (0,T))] = 2 ^ 2 r ( 0 , T ) p - V ^ [ ^ ( l + /z 2 (0,T))]

(4)

dT¥ = ~deX

(5)
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dïP=-^z+[deh-w(e,T)x-o{e)x}/]
where hW,Tj = sd — s^T — asmO

(6)

is proportional to the integral of the local

magnetic shear along the field-line, 1+h2 is proportional to the norm of the
wave vector, T(d,tj = cos 6 + sin 6 h(d,Tj is proportional to the triple product of
the curvature, wavevector and magnetic field, and <T\0) =

sAe~l+2cosd\

determines the convective acceleration resulting from field-line interchange. We have
normalized time to the sound wave transit frequency and distances to the connection
length, T = t/t0 =tVTlqRç, where VT =^TIm.
As a result the Alfvén velocity
parameter V A is inversely proportional to the square root of beta. The perturbation
amplitudes have been normalized according to vN = vnBlp0VT,
\j/ = yfq2/rB2,

p = p/p0(y).

Lastly, L;'o = ^

% = Xq1 lrBVT,

\npQ{y)dry.

The three parameters of interest are the pressure gradient a = —2q21Lp V2A ,
the magnetic shear s = rdrqlq, and the velocity shear sv = RQrdrQ./VT. Note that
values of s v of order 1 have been observed in VH-mode plasmas in DIII-D [1]. With
sheared rotation, as can be seen from Eqs. (3-6), the s-oc-sv diagram depends on three
subsidiary parameters: VA, q the safety factor, and e the inverse aspect ratio. In the
next Section we will take q=2, e^O.l and set VA - V40, corresponding to a p value of
5%
As pointed out by Hameiri and Chun,[H&CJ the equations are periodic in time
in a coordinate system precessing along the field-line, rj = 0-(sv/s)T.
It follows
from the Floquet theorem that the solution has the form [7]
X(r¡,T) = ^x¡(ri,T)erir

(7)

where the Floquet characteristic functions x^T], f) are periodic,
x
i(T]it) = x¡(r¡,T + T), and the growth rates /,. of the individual Floquet modes may
be complex. There is a direct correspondence between the Floquet characteristic
functions and the radial eigenfunctions, and the Floquet growth rates are equal to the
eigenvalues of the normal modes [3].
In most of the present work the growth rate is obtained from the integrated
quantity
A(t) = ^ ( x

2

+ Z2+Y2+p2)de

(8)

by calculating the logarithm of the amplification during a period T, where
T = 2KS/SV. That is,

7 = (l/r)ln[A(i + r)/A(0]

(9)
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A more rigorous approach using Floquet's theorem has also been used. One can
identify the dominant y, eigenvalue and its complex conjugate from the 3x3
determinant
1

X(nltt)

X(7]2,T)

x{r]vx + T)

x(r¡2,T + T) =0
x(riltT + 2T) x(r¡2,T + 2T)

(10)

III. SOLUTION OF THE EQUATIONS
To solve the set of equations (3-6) we have written an initial value code which
uses two-step Lax-Wendroff differencing [8]. Initial conditions are obtained by
starting without rotation shear and letting an unstable ballooning mode form.
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Evolution of the pressure profile p(6,t) for s=0.5, a=l, sv=0.25.
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A. MODE STRUCTURE
The evolution of the perturbed pressure as a function of theta is shown in Fig. 1
at six different times for s=0.5, ce=l, and sv=0.25. The mode initially remains in the
bad-curvature region, despite the increase of the phase shift between neighboring
poloidal harmonics. As the ballooning-angle increases further, the mode eventually
shifts along the field line to the next point of unfavorable curvature where its poloidal
harmonics may again be in phase (Fig. 1). The process is then repeated.

(Y)/VA VS.(S V /S)/V A
0.30

-0.05

(S V /S)/V A

Fig. 2. Growth rate J/VA versus (sv/syVj\ with s=l and a=2 for p={0.5%,1.6%,5%,16%}
and the incompressible model.

In Fig. 2 we show the growth rate as a function of (sy/syVA (the dimensionless
form of dQ/dq) with s=l and a=2 for (3=1.6% and 5%. The additional curve
corresponds to an incompressible model obtained by neglecting the bracketed term on
the right hand side of Eq. (6).
Three conclusions can be drawn from Fig. 2. First, the structure of the (3=1.6%
and 5% curves is clearly due to compressibility and the sound wave. Second,
stabilization occurs at a lower value of s v in the compressible model. Third, increasing
beta is stabilizing at least up to (3=5%.
For magnetic shear s « l , motion of the mode center is not as important,
because the mode is not as well localized in 9; weak shear is more easily stabilized
than strong shear for a given s v .
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B. s-oc DIAGRAM
We have constructed a modified s-alpha diagram for sy=l and sy=2. The data
was obtained by choosing 11 values of magnetic shear, s={0.1, 0.2, 0.4, 0.6, 0.8, 1.0,
1.2, 1.4, 1.6, 1.8, 2.0}, and scanning alpha in increments of 0.1 over the entire range
for which there exists an unstable static mode. The results are shown in Fig. 3 We see
that the unstable region is eroded on both the first and second stable sides. For small
enough magnetic shear s, complete elimination of the unstable region results. In this
range of (3(~5%), a rough criterion for complete stabilization is
^>(1/3)VA

(11)

^ > ( K1 / 3 ) ^
àq
X<7

(12)

or

where V A is the actual Alfvén velocity and we have used s v /s = R0q UdCl/dq)/
V j J . For weak values of magnetic shear, s < 0.1 the coefficient 1/3 in Eq. (11)
should be replaced by a value approaching one.
2.0-T

1.5

»

1.0-

0.5-

0.0-

Fig. 3. s-a diagram for two different values of sheared toroidal rotation: sv=l and sv=2.

IV. NUMERICAL EQUILIBRIA AND STABILITY
The equilibrium reconstruction code EFIT has been modified to include toroidal
rotation. The code uses data from a 16 channel motional-Stark effect diagnostic and
external magnetic data. The pressure and toroidal rotation profiles are constrained by
the measured kinetic profile and the charge exchange recombination diagnostic,
respectively. The most distinctive feature of these equilibria is the diplacement of the
pressure surfaces from the magnetic flux surfaces.
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Using EFIT and the initial value ballooning code, we have examined the
ballooning stability of a DIII-D VH-mode discharge [1] in some detail. The rotation
energy is 10% of the thermal energy. EFIT was used to construct equilibria both with
and without plasma rotation. The ballooning stability was then determined for the two
equilibria using the initial value code. The ballooning results of the static case as well
as other static cases have been checked with the existing ballooning mode codes,
MBC and CAMINO, and found to be in reasonable agreement.
All flux surfaces were stable for the equilibrium reconstruction of the discharge
without rotation, while 2 out of 41 flux surfaces were found to be unstable for the
equilibrium reconstruction with rotation. These unstable flux surfaces were near the
center of the plasma; the percentage of the total poloidal flux on these surfaces was
13-15%. Unlike the shifted circle model, this analysis includes the effects of finite
toroidal rotation (centrifugal and Coriolis effects). The instability appears to arise
from an interaction between the rotation and the rotation shear.
The dimensionless parameters for the two unstable flux surfaces were (s =
0.063, s v = 0.164, V A = 5.60, sv/(s V A ) = 0.46) and (s = 0.108, s v = 0.207, V A = 5.74,
sv/(s V A ) = 0.33). The criterion of Eq. (11) suggests that both of these flux surfaces
should have been shear stabilized. However, Eq. (11) is not expected to hold for such
low values of magnetic shear. We find that the s = 0.063 flux surface can be stabilized
by a 25% increase in s v or by a 25% decrease in s, which gives a value of sv/(s V A ) =
0.58. The s = 0.108 surface was more difficult to stabilize, requiring an increase of sv
by 60% or a decrease of s by 50%, with a resulting sv/(s V A ) of 0.53 to 0.66. Note
that in such a weak shear region, an adjustment of the magnetic shear by these
amounts has a negligible effect on the q profile, suggesting that stable profiles can be
found within the experimental range of error.
Although the profile changes required here for stabilization were modest, this
case demonstrates that rotation can influence ballooning stability.
V. SUMMARY & CONCLUSIONS
The initial value ballooning code demonstrates stabilization of MHD ballooning
modes by sheared toroidal rotation. We have developed a shifted-circle equilibrium
model and extended the s-OC diagram to describe the effect of sheared toroidal
rotation. We find that the unstable region of the s- CC diagram is reduced on both the
first- and second-stable sides by sheared toroidal rotation. The dominant parameter
determining where the unstable region is eliminated is
[svls)IVA
or (dQ./dq)R0q/VA where VA is the actual Alfvén velocity.
Using the full set of equilibrium and ballooning mode equations including
toroidal rotation and toroidal rotation shear we have examined the stability of
numerically reconstructed equilibria. Although some destabilization can occur
through an interaction between the rotation and rotation shear, once again we find that
increasing the rotation shear is stabilizing.
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DISCUSSION
J.T. HOG AN: In comparing equilibrium reconstructions using EFIT with and
without V^, are there changes in shape (e.g. triangularity), are these changes significant for stability, and if so, does this allow an evaluation of the validity of using
a rotating wall rather than a rotating plasma model?
R.L. MILLER: The equilibrium reconstructions we have examined for DIII-D
show virtually no change in shape with and without V^.
J.T. HOGAN: Could you describe how the EFIT comparison is made, considering that p ^ p(\J/) with finite rotation?
R.L. MILLER: For the case of no rotation, the pressure is fitted to p = p(i/0,
by using measured values of n(R) and T(R). With rotation, the pressure is fit to
P = p<#)exp[mQ2(^)R2/2T(^)] by using measured values of n(R), T(R) and Í2(R).
R.M.O. GALVÂO: The Kelvin-Helmholtz effect on the stability of MHD
modes depends strongly on the Mach number. What is the Mach number in your
calculations?
R.L. MILLER: The Mach number is zero for the shifted circle model. For the
DIII-D cases, it is less than one.
R.M.O. GALVÂO: Is there a strong difference between toroidal and poloidal
rotations with regard to stability?
R.L. MILLER: We have not looked at poloidal rotation. For shear stabilization,
it is v x which is important. However, poloidal rotation has a more profound effect
on the equilibrium. The Grad-Shafranov equation can be hyperbolic. This is an indication that a non-ideal model is needed to study stability with poloidal rotation.
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Abstract

WALL STABILIZATION OF IDEAL MODES IN TOKAMAKS.
The authors present two-dimensional stability calculations to show that IOW-M, pressure driven,
external modes in tokamaks can be fully stabilized by resistive walls when the plasma rotates at some
fraction of the sound speed. This stabilization can give significant increases in the beta limits imposed
by these modes. The stabilization depends on the toroidal coupling of Alfvén and sound waves and is
affected by ion Landau damping. This stabilizing effect is of particular importance to advanced tokamak
configurations that depend on wall stabilization for low-n modes. Stabilization by resistive walls is found
to be more effective in cases with more than one resonant surface in the plasma.

Introduction
In recent work [1], we have shown that it is possible to completely stabilize
low-n, pressure-driven external modes in tokamaks by the combined effect of
resistive walls and toroidal plasma rotation. For simple equilibria, we found
that increases in the n = 1 beta limit of the order of 30% could be obtained
when the plasma rotates at about 5% of the Alfvén speed. This offers a possible
explanation of the beta values above the wall-at-infinity limit observed in the
DIII-D tokamak [2]. To study the wall stabilization in toroidal geometry, we
have modified the spectral codes MARS [3] and NOVA-W [4] to include a resistive shell in the vacuum region surrounding the plasma. Rigid toroidal rotation
was modeled by making the resistive shell rotate with an imposed frequency
k>rot while the equilibrium was static. The plasma was treated as ideally conducting, a;rot was some fraction of the sound frequency, and the time-constant
of the resistive wall, rw, was taken much larger than any ideal-MHD timescale.
239
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In the case of sonic rotation the stability problem includes inertia and the
coupling of Alfvén and sound waves. Contrary to the MHD result, the sound
waves are strongly damped by ion Landau damping in an isothermal plasma,
and an accurate description must be kinetic along the field lines. We have
approximated such kinetic effects by adding dissipative terms to the fluid equations. One model is a damping of the Lagrangian pressure perturbations, i.e.,
we write:
Pi = -£-Vp 0 +PiL,

with

dpiL/dt = -TpoV'V~upiL

(1)

The damping rate u is taken either to be a fixed number or to represent a
thermal diffusivity following the Hammet-Perkins [5] prescription, u = x|A:i|Uthi!Alternatively, we use a parallel viscosity for the motion along the field lines:
dv\\/dt = -{B • Vp)l/B0po - K|fc||Vthi|v||

(2)

Results
When the pressure exceeds the stability limit with the wall at infinity, we
find two classes of modes that can potentially be unstable: (a) one which has
zero frequency in the frame of the plasma and hardly penetrates the resistive

FIG. I. Growth rate yres and slip frequency Aares versus wall radius for coro/coA = 0.06.
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wall: the "plasma mode"; and (b) one which penetrates the wall and rotates
slowly with respect to it (slip frequency, Au)ies = 0{r~l) <C u>rot): the "resistive
wall mode." The resistive wall mode rotates with respect to the plasma at a
frequency close to the imposed rotation frequency. A typical example of how
the growth rates of the plasma and resistive wall modes depend on the wall
radius d is shown in Fig. 1. The two modes are influenced in opposite ways by
the wall distance—the plasma mode is destabilized as the wall is moved further
from the plasma, while the resistive wall mode is stabilized.
The plasma mode rotates quickly (frequency « u>rot >• r ^ 1 ) with respect
to the wall. It does not penetrate the wall and behaves as if the wall were
ideal. The plasma mode is unstable on the ideal MHD time scale when the wall
radius exceeds the usual ideal MHD threshold for wall stabilization, ¿ideal- This
marginal wall position approaches infinity at the conventional beta limit and
decreases with increasing pressure.
The resistive wall mode becomes increasingly stable with increasing wall
radius. In Ref. [1] we presented a large-aspect-ratio model showing that such
behavior should occur for a rotating plasma because the perturbation is forced to
become complex at the continuum resonances (¿(log Çm)/dip acquires an imaginary part). The model shows that the rotation separates the plasma and resistive wall modes, which behave in opposite ways with respect to the wall
distance, and that the optimum wall position is some distance away from the
plasma.
When a rotating plasma exceeds the pressure limit with the wall at infinity,
there are two stability limits for the wall radius, ¿res and ¿ideal and the plasma
is stable when ¿res <d < ¿ideal- The effect of wall stabilization is stronger when
the pressure profile is broad so that the beta limit is set by external modes. An
example is given in Fig. 2 which shows ¿¡deal a n d ¿res for n = 1 versus normalized
beta g = /?/(/p[MA]/a[m].£?o[T]) at a rotation frequency Urot/vA = 0.06. The
computations were made for an equilibrium with JET shape (elongation = 1.7,
triangularity = 0.3 and aspect ratio = 3) and a low pressure peaking factor,
Po/(p) « 1 . 7 . The current profile was adjusted to hold both qo = 1.2 and qs
fixed: qs = 2.55 for the first sequence, and qs = 3.55 for the second sequence.
Stability limits are shown for the n = 1 resistive wall mode using the model of
Eq. (1) with different damping coefficients. The stability boundaries are rather
insensitive to the damping coefficient and the Hammett-Perkins approximation
with x — 2/7T also gives a similar result. There is a region of stability in wall
position between the boundaries for the two types of modes, which shrinks as
the normalized beta is increased.
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FIG. 2. Marginal wall distance versus Troyon factor g for equilibria with the same pressure profile,
with qs = 2.55 and 3.55. (a) and (b) are the resistive wall mode boundaries for qs = 2.55 with the
pressure damping model, Eq. (I), with (a) v/wA = 0.025 and (b) v/uA = 0.0025. (c) and (d) are the
resistive wall mode boundaries for q^ =3.55 equilibria with (c) v/wA = 0.025 and (d) v/uA = 0.01.

We find that when q3 is increased, holding the normalized beta and the
pressure profile fixed, dres for n = 1 moves closer to the plasma boundary.
The stability limit in terms of normalized beta is higher at qs = 3.55 than at
qs = 2.55 for both the resistive wall and the plasma mode. Increasing qs to even
higher values further increases the stable g.
There is presently considerable interest in advanced tokamak configurations
[6], that have a bootstrap fraction near unity and are mainly in the second
stability region to ballooning modes. Such equilibria are generally unstable to
low-n, pressure-driven kink modes, unless they can be stabilized by a conducting
wall. We have examined equilibria similar to those described in Ref. [6], with
peaked pressure profiles, non-monotonic ^-profiles with qo = 2.5 and qs = 3.7,
having only one integer g-surface (q = 3). We have compared these equilibria to
similar ones with a somewhat larger region near the edge of positive shear, such
that qs = 4 . 1 , which produces both a q = 3 and a q = 4 surface. Results are
shown in Fig. 3 for the two sequences of equilibria. In both sequences, qo = 2.5
and fen = 2.2.

243

IAEA-CN-60/D-4

1.8

1.6

d
a
1.4

1.2

"~2

3

4

5

6

*

P
F/G. 3. Stability boundaries for equilibria with negative central shear and high bootstrap fraction.
Results are shown for sequences with qs = 3.7 (broken curves) and qs = 4.1 (solid curves). The ideal
n = 1 boundaries are given by the solid squares, the n = 1 resistive wall mode boundaries using the
parallel viscosity model, Eq. (2), and wro/wA = 0.70 are given by the open circles, and the simple
pressure damping model (p.d.m.) results are represented by the open triangles. The crosses represent
the resistive wall mode boundary using the parallel viscosity model for the qs = 4.1 sequence at half
the rotation speed, wra,/a>A = 0.05.

Results are given using both the simple pressure damping model, Eq. (1),
and the parallel viscosity model, Eq. (2). For the equilibria with q3 > 4, both
models predict a large region stable to both the plasma mode and the resistive
wall mode with a suitable wall position and vrot/wA = 0.10 up to /5* =¿5%,
where ¡3* = 2¡io(p2)í/2/{B2). An equilibrium that is stabilized in both models
with the wall at d/a ~ 1.25 has qs = 4.1, 0* = 4.7%, g* = 5.3 (normalized /?*),
ftp = 2.0, a bootstrap fraction of 0.96, and the bootstrap current well aligned
with the equilibrium current. By contrast, for the equilibria with qs < 4, having
only one resonant surface, stabilization by the resistive wall is not very effective.
The resistive wall mode is much more stable for the equilibria with two resonant
surfaces (when (3* is moderately above the wall-at-infinity limit). In fact, there
is a larger region of stability for qs > 4 with Wrot/vA = 0.05 than for q3 < 4 with
Wrot/^A = 0.10. It is clear from Figs. 2 & 3 that the model of the sound-wave
damping affects the quantitative results, but the dependence is not dramatic.
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Conclusion
In summary, we have shown that low-n modes can be stabilized by resistive
walls in combination with plasma rotation and that this leads to experimentally
significant increases in the beta limit. The effect is more pronounced for broad
pressure profiles and high qs. A numerical example with standard g-profile
and broad pressure profile shows an increase in the beta limit by about 30% 40% due to the wall stabilization. MHD stability analyses indicate that similar
increases are observed experimentally in DIII-D [2]. An increase by a factor of
almost 2 in ¡3* can be achieved in advanced tokamak equilibria, and for such
equilibria, sufficiently high values of qs are needed for wall stabilization to be
effective.
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Abstract
STABILISATION OF EXTERNAL KINK MODES IN ADVANCED TOKAMAKS.
The effect of an incomplete resistive wall on the stability of external kink modes is investigated.
This study is of relevance to the design of 'advanced tokamaks'. For the case of a wall with toroidal
gaps the kink mode dispersion relation is found to reduce to a surprisingly simple form, provided that
the gaps are sufficiently wide. Under certain circumstances kink modes are found to 'explode' through
the gaps with ideal growth rates. A numerical investigation of the stability of kink modes in the presence
of a wall with poloidal gaps gives very similar results. A formula for the ideal external kink stability
boundary associated with a wall containing any-shaped gaps is obtained. As far as ideal stability is
concerned, a wall with gaps acts like a complete wall located at a somewhat larger radius. For small
to moderate gaps the 'effective radius' of the wall is not much larger than its actual radius.

Introduction
It is well known that external conductors situated close to the edge of a tokamak plasma have a stabilising effect on some types of magnetohydrodynamical
(MHD) instabilities. In conventional tokamaks the main stabilising structure is
the vacuum vessel. "Advanced tokamak" designs aim to achieve long pulse, high
fusion product plasmas by simultaneously maximising the plasma beta and the
noninductive "bootstrap" current [1]. The beta limit for advanced tokamaks is
set by low mode number external kink modes, and can be significantly increased
by the presence of a close fitting vacuum vessel. Unfortunately, in most designs
the vessel is too remote from the plasma to provide significant stabilisation of
MHD modes. Stabilisation is instead provided by a close fitting, conducting
shell which is, by necessity, incomplete due to space and access constraints. The
stabilising properties of such a shell are investigated. In principle, they could
differ markedly from those of a close fitting vacuum vessel.
The analysis is performed for a large aspect ratio, low /3 tokamak. The "thin
shell" limit is adopted, implying that the perturbed poloidal flux is approximately constant across the conducting wall (radius r w ) , and the eddy current
pattern is essentially two dimensional.

* Research funded by the US Department of Energy under Contract No. DE-FG05-80ET-53088.
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All MHD information in the problem is specified by the set of wall stability
indices,
pim/n

/ *m/n(rw)

dr

where $ m / n ( r ) is the m/n external kink eigenfunction. In a large aspect ratio,
low ¡3 tokamak most wall stability indices take the "vacuum" value E^-i, ~
—2|m|. In fact, only those modes whose rational surfaces lie relatively close to
the edge of the plasma current channel have stability indices which differ appreciably from —2|m|. In the "single harmonic approximation" it is assumed
that only one mode possesses a stability index which differs appreciably from
the vacuum value. It is easily demonstrated that this approximation is reasonable [2].
Walls with Toroidal Gaps
Consider a thin wall containing toroidal gaps (i.e. gaps which extend over specific
ranges of toroidal angle). The metal sections of the wall are assumed to be
uniform, with intrinsic L/R time

Here, <rw and ¿w are the conductivity and thickness of the metal sections, respectively. An analytic dispersion relation can be obtained in the limit where the
toroidal extents of the metal and gap sections are much larger than the typical
poloidal spacing between eddy current vortices [2]. This implies
L+ >

2TT—

m

where L<j> is the minimum toroidal length of the metal or gap sections. In the
single harmonic approximation, the dispersion relation is written
jpm/n

1 - /(l + E^n/2m)
with
*wgap
*= w m t l

=

1 +
2 m

Here, EWw ^ —2m is the "special" stability index, m > 0 is the common
poloidal mode number of modes coupled by the toroidally nonuniform wall eddy
currents, 7 is the growth rate of the (nonrotating) "wall mode", / is the total
angular fraction of gaps, \Pwwaii is the perturbed poloidal flux in the gaps, and
^wmtl is the perturbed flux in the metal. For marginally stable modes, the eddy
currents are not strong enough to distort the mode structure, and the L/R time
of the wall is r w ( l — / ) . For stable modes, the eddy currents divert flux through
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the metal sections of the wall and, thereby, increase the L/R time. Conversely,
for unstable modes the flux is diverted through the gaps and the L/R time
decreases. At a critical value of the stability index, E™J,n = 2 m ( l / / — 1), the
flux is entirely concentrated in the gaps and the L/R time becomes zero. At
this point, the mode "explodes" through the gaps with an ideal growth rate.

Walls with Poloidal Gaps
It is not possible to obtain an analytic dispersion relation for the case of a wall
with poloidal gaps. However, the system can readily be solved numerically.
Let $ w (0, ^) be the perturbed poloidal magnetic flux at the wall radius, and
Jv,(0,(f>) the wall eddy current stream function. It is easily demonstrated that
in the large aspect ratio limit
Kln

*w / n

=

N
A9k
T ^ W E E T 1 «PP K
k=i

2TT

- m)6k) {sinc[(m' -

m)A6k/2]

— sinc[m

400

t

300

•

200

•

100

•

1

El!l - *
FIG. 1. Variation of growth rate with external kink stability for the case of a wall made up of two
equally spaced poloidal metal strips (L/R time TW), separated by two equal poloidal gaps. The single
harmonic approximation is employed so that all wall stability indices apart from that of the 3/1 mode
(denoted E3J¿) take their vacuum values, —2\m\. The growth rate appears to tend asymptotically to
infinity as E3J'V — 6.
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and

E,wm/n
w
jTfin/n
w
2m
for a wall made up of N poloidal metal strips of uniform time constant r w ,
centred on 9k (k = 1 to N), and of angular extents A8¡,. Here, $w
and
Jw
are the Fourier harmonics of $w(0,<£) and / w (#, <^), respectively. Also,
sinc(x) = sin(x)/a:.
Figure 1 shows the variation of growth rate with external kink stability calculated using a single harmonic approximation in which only the 3/1 harmonic
possesses a wall stability index which differs appreciably from the vacuum value.
In this example, the wall consists of two metal strips of poloidal angular extents
90° and L/R time r w , separated by two equal poloidal gaps. The variation of
growth rate in Fig. 1 is very similar to that predicted analytically for a wall with
toroidal gaps. In particular, the critical stability index for ideal growth through
J:

x/n

Wall Flux

Wall Flux

E% = 5.75

EIQ = 0.5

Wall Current

Wall Current

-180

-180

^

180

180

FIG. 2. Poloidal variation of perturbed poloidal flux at the wall radius and wall eddy current stream
function for the case shown in Fig. 1. Two examples are shown. In the first, the free energy of the kink
mode (parameterised by E3J¿) is relatively small (E3¿1 = 0.5) and the wall eddy currents are too weak
to significantly modify the mode structure. In the second, the free energy is larger (E3Jl = 5.75) and
the eddy currents strongly distort the mode structure. The normalisation is such that the 3/1 components
of the perturbed poloidal fluxes are of equal amplitude in both examples. The angular positions of the
gap and metal sections of the wall are indicated. The metal strips are centred on 9 = ±90° and are
each of angular extent 90°.
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the gaps is again given by E™ln = 2 m ( l / / - 1) (i.e. EIQ = 6 in this case where
the angular fraction of gaps / = 1/2), suggesting that this formula is valid in
the single harmonic approximation for any shaped gaps provided / becomes the
total area fraction of gaps in the wall. Figure 2 shows the poloidal variation
of the perturbed wall flux and eddy current stream function for a case where
the mode stability index is much less than the critical value for ideal growth
through the gaps, and a second case where the mode stability index is just less
than the critical value. In the former case, the eddy currents induced in the
wall are relatively weak and the mode structure is only slightly distorted from
that of a pure 3/1 mode. In the latter case, the wall eddy currents are strong
enough to distort the mode structure so that most of the flux at the wall radius
is concentrated in the gaps and there is very little flux in the metal sections.
Other poloidal gap configurations have been investigated (e.g. a single poloidal
metal strip and a single gap), but all appear to give similar results to those
described above.

Walls with Any Shaped Gaps
In the single harmonic approximation, the ideal external kink stability boundary
for a complete wall corresponds to E™w —*• oo. It is easily demonstrated that
this criterion for ideal instability translates to
l + (a/r w ) 2 ™
- 1 - (a/r^ym
where a is the radius of the edge of the plasma current channel, and
A = -

r d f mln
dr

\¡¡r m / n

For an incomplete wall the corresponding ideal stability boundary is given by
E™ln > 2 m ( l / / - 1), or
A >

1 + (1 - / ) ( a / r w ) 2 1 - (1 - / ) ( a / r w ) 2 -

It can be seen here that, as far as ideal stability is concerned, an incomplete wall
of radius r w acts like an "effective" complete wall of somewhat larger radius fw,
where
r w = r w [1/(1-J)] 1 ' 2 ™
Clearly, a conducting shell containing relatively small gaps is almost as effective
as a complete shell for stabilising moderate to high m ideal external kink modes.
This would appear to indicate that small to moderate gaps can be tolerated in
the stabilising shells of advanced tokamaks.
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Abstract

MHD REGIMES AND FEEDBACK STABILIZATION IN ADVANCED TOKAMAKS.
Various schemes are presented for improving the performance of tokamaks. These schemes
attempt to maximize /3 while obtaining a high value of bootstrap current fraction. General principles
are presented for guiding a search for such configurations. Several solutions are illustrated by ARIES
and negative shear configurations. These attractive configurations rely on ideal wall stabilization of the
low-n free boundary modes. Real walls, however, are three-dimensional and resistive and the paper
addresses the theoretical treatment of these real three-dimensional and resistive walls. First, progress
on a PEST/SPARK coupled code for treating three-dimensional walls is presented. This new code
significantly extends the capability of PEST to allow an assessment of the stabilizing influence of a
perfectly conducting wall with arbitrary poloidal and toroidal variation. Secondly, resistive walls are
considered. A new mechanism for stabilizing the resistive wall mode is presented. This mechanism
relies on plasma rotation, viscosity, and inertia. A stable window in the position of the resistive wall,
similar to that demonstrated by Bondeson and Ward, is shown to exist for reasonable values of the
rotation frequency. In addition, consideration of resistivity at the mode rational surface also leads to
a stable window. Lastly, an active feedback stabilization scheme is considered for those cases where
complete stabilization by the three-dimensional resistive wall is not possible. This feedback scheme
relies on modulating the ponderomotive force of radiofrequency waves. A model calculation provides
insight into the optimal antenna and detector arrangements.
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MHD Regimes for Advanced Steady State Fusion Reactors

The Troyon stability limit, which is normally written as (3 < Crlp/aB,
CT = 3.5, can also be expressed in the form
(e(3p)((3/e)<(CT/20)*(l

where

+ K*)/2

where K is the plasma elongation. This form clearly shows the tradeoff between (3
and /3p. The condition for efficient current drive is that ef3v ~ 1. This implies low
(3/e values unless the Troyon limit is exceeded by achieving ¡3N > CT- The goal
of the steady state reactor is to use current drive to produce favorable plasma
current profiles which allow increasing ¡3N and /3*JV values (~ 1) which maximize
the bootstrap fraction.
There are general principles that serve to guide the search for high (3, high
bootstrap fraction plasmas. For ballooning mode stability in the first regime, we
want high shear everywhere. Broad pressure profiles normally lead to the highest
stable values of /3, but not always to the highest values of /?*. Triangularity is
always found to be stabilizing in elongated plasmas.
For ballooning mode stability in the second regime, we know we need low, but
non-zero, magnetic shear near the center. Negative shear is very stable. Peaked
pressure profiles are normally necessary for access into full second stability, as is
the condition Co > 2, and sufficient triangularity. Non-zero values of edge current
improve edge accessibility.
For free-boundary n — 1 (kink mode) stability, we want high magnetic shear
near the edge, or alternatively low values of edge current. It is known that the
maximum stable j3 value increases with the internal inductance £{ for fixed plasma
current Ip and go- Large values of g* and large ¿i lead to the highest values of
¡3]v, but not necessarily the highest values of /3*. There is no second stability for
the n — 1 kink mode.
There are also general principles that guide us in seeking high bootstrap
fraction configurations. In order to obtain hs/IP ~ 1 normally requires a value
of e(3p ~ 1. At fixed values of e(3p, the bootstrap fraction increases as the current
profile is flattened (or ç*/ço is lowered), and as the density is peaked. Good
bootstrap alignment normally requires both peaked pressure profiles and flat
current profiles.
We find that for a first stability regime plasma, it is not possible to exceed
bootstrap fractions of hs/Ip ~ 0.7 for conventional plasma profiles. The second
stability regime is more compatible with high values of bootstrap fraction. It is
possible to find at least two classes of configurations with hs/Ip > 0.9; one with
a centrally peaked current profile and with ço ~ 2 and f3pj ~ 5, and one with the
current peaked off axis with negative central magnetic shear and with ¡3N ~ 5.
There are at least 4 configurations that have been proposed as potential
steady state reactors: The ARIES-I reactor (g0 = 1.3, ç* = 3.9, ¡3 = 1.9%, hs/Ip =
0.68, A = 4.5)[1] represents a compromise between high (3 and high bootstrap
fraction, while being constrained to be in first stability. It is stable to all MHD
modes without a conducting wall.
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The ARIES-II configuration [1] has sufficient elevated central safety factor,
and sufficiently peaked pressure profile that it can exist in the second stability
regime and thereby have simultaneously high values of P and f3p. The ARIES-II
configuration has Co = 2.0, ç* = 4.6,/3 = 3.4%, I& s /Ip = 0.98,^4. = 4.0, however a
nearby conducting wall located at b/a = 1.3 is necessary to stabilize the low-n
MHD modes. The ARIES-III configuration (q0 = 2.0, ç* = 2.2, p = 24%, Ibs/Ip =
1.16, A = 4.0) which utilizes advanced fuels, has high P values, far into the second
stability regime, but it requires plasma profiles with pressure gradients which
remain finite out to the plasma edge, and with finite edge plasma current density
[2]. It also requires an extremely close conducting wall to stabilize the n = 1
kink mode.
A configuration with a non-monotonie q profile[3] appears to offer significant
advantages over the normal second-stability profiles. This mode maximizes P*
by distributing the plasma current to give negative magnetic shear and second
stability in the central region. Off-axis current peaking and high-/? allows for a
very good match of the bootstrap and the equilibrium current profiles, and an
attractive configuration is found with Co = 2.5, g* = 2.35, ç m t n = 2.1 at r/a ~
0.75,/? = 4.8%, Ibs/Ip ~ 1, A = 4.5. This configuration is a combination of both
1st and 2nd stability, but requires a conducting wall at about 1.3a to provide
for kink mode stability. For these profiles the stability limit would decrease from
PN = 5 to PN = 2 if the conducting wall were not present. Additional analysis
indicates that this configuration is stable to resistive modes, and is stable to
kinetic instabilities in regions where the pressure gradient is large [3].

2.

P E S T / S P A R K Coupling for SW Analysis with 3D Ideal Walls

The attractive configurations discussed above rely on wall stabilization of the
low-n free boundary modes. Stability calculations are typically performed using
a perfectly conducting axisymmetric wall similar in shape, and concentric with,
the plasma-vacuum interface. Real tokamak walls, however, are intrinsically
three-dimensional and resistive, and we should understand the influence of these
factors on free boundary instabilities.
To analyze ideal time-scale stabilization quantitatively, the PEST-VACUUM
codes have been coupled to the 3D SPARK electromagnetics code, suitably modified to calculate the perturbed magnetic field from the induced wall currents using the PEST perturbations as its driver[4]. For each surface poloidal harmonic
of the PEST displacement, the SPARK code is used to find the 3-D magnetic
perturbation, 6BS which, when driven by the fields obtained from PEST, combine with them to satisfy the appropriate boundary conditions at the 3D shell.
The traditional PEST treatment for 2D vacuum-wall systems solves Laplace's
equation for the magnetic scalar potential using collocation techniques for the
integral equations generated by Green's second identity. The effects of the wall
are incorporated directly into the resolving matrix for the potential. Now, for 3D
wall systems, the vacuum treatment is reformulated into several steps to linearly
superpose distinct contributions coming from a) the plasma in the absence of the
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shell and from b) the shell in the absence of the plasma but driven by the plasma
perturbations, while ensuring that the boundary conditions are appropriately
taken on the total magnetic field. A modified vacuum energy matrix is finally
calculated which is spectrally filtered in (j> for input to PEST.
The SPARK code is used for step b) for eventual 3D applications. Meanwhile,
it has been verified in a cylindrical limit (where vacuum fields are easily analysed
in terms of Bessel functions), and in a toroidal case with poloidal cuts in an
axisymmetric shell, that the new vacuum PEST algorithm gives identical results
compared with the traditional PEST treatment. The coupled PEST/SPARK
code significantly extends the capability of PEST to allow an assessment of the
stabilizing influence of a perfectly conducting wall with arbitrary poloidal and
toroidal variation.

3.

Resistive Wall Mode Stabilization

Bondeson and Ward[5] have recently demonstrated the existence of a narrow
window for placement of a resistive wall which results in complete stabilization
of ¡3 driven external kinks. The stabilization, which requires sonic rotation, is
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FIG. 1. Growth rate y versus wall rotation frequency fi for various viscosities (fixed resistive wall
location rw and time constant TW/).
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ascribed to toroidal coupling of the plasma perturbation to sound waves and
Landau damping. The interesting possibility of complete stabilization has encouraged a consideration of additional damping mechanisms which can increase
the size of the stable window.
The MH3D code is an initial value, nonlinear, 3D toroidal, resistive, compressible MHD code which is currently being used to study the stabilization of
external kink modes. In the present application, a high conductivity plasma
"core" region is surrounded by a low temperature resistive mantle, too resistive to carry any significant perturbed current. Plasma flows are allowed in the
mantle as well as the core. Anomalous viscosity is included in the momentum
equation, with viscosity, fi, a prescribed function of radius. Outside the mantle is
a resistive (thick) wall at which slip conditions for the flow velocity are applied.
Beyond the wall is a vacuum region which extends to a computational boundary
where B • ñ = 0. MH3D calculates and perturbs around equilibria with sheared
toroidal mass flow, or can employ a rotating resistive wall.
To understand the physics of viscosity/inertia stabilization with rotation we
will examine results for a cylindrical plasma model and a rotating resistive wall.
Figures 1 and 2 present typical results, showing plots of linear growth rate, 7,
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versus wall rotation frequency, fi, for a single helicity m/n = 2/1 external kink
resistive wall mode, at zero beta. (Toroidal calculations with aspect ratio 5
show similar results). The equilibrium current profile is J ~ (1 — r 2 )", with
v chosen to give Co = 0.89 and ci = 1.80. The q = 2 rational surface lies at
rs = 1.05 and the critical radius at which a perfectly conducting wall stabilizes
the kink is r c = 1.20. Results are shown for various resistive wall positions,
rw, plasma-mantle viscosities, fi, and wall time constants, rw. All variables are
non-dimensionalized by scaling length and time with respect to minor radius and
Alfven time, respectively.
In Fig. 1 we show the dependence of growth rate on wall rotation frequency
for three values of viscosity, fj,. The resistive wall position and time constant are
fixed, and fiCore = (¿mantle = const for each curve. Consider first curve (1) corresponding to fj, = 1 0 - 5 , a value consistent with typical plasma edge parameters.
Rotation is initially destabilizing; however increased slippage between the mode
and wall frequencies (see dashed curve for mode frequency) causes a roll-over in 7
vs. Í2, and complete stabilization is obtained at fi^t « 0.06. Curves (2) and (3)
show that decreasing the viscosity makes stabilization by rotation more difficult.
In fact, by decreasing q\ slightly we find that the modified curve (3) flattens out
after the early roll-over, and complete stabilization is no longer obtained even for
wall frequencies of order the Alfven frequency. By varying the viscosity profile, it
is found that it is fi at the edge of the plasma core, rather than fj, in the mantle,
that dominates the stabilization of the resistive wall mode. The resistive wall
eigenfunctions show the importance of the restriction on plasma motion caused
by the mantle inertia: the mantle allows flows which restrict the edge core plasma
displacement, leading to stabilizing edge eddy currents.
Comparing curves (a) and (b) in Fig. 2 shows the effect of changing the
resistive wall position, holding the wall time constant and plasma core/mantle
viscosity constant. For zero wall rotation, of course, the mode growth rate is
smallest for the resistive wall placed closest to the core plasma. However, mode
slippage (an effect due to viscosity and inertia) is obtained more readily for the
wall at rw = 1.15 (closer to rc) than it is for rw = 1.10. This leads to a crossover
of the curves of 7 vs. Q and complete stabilization of the wall mode at a smaller
Qcrit- Finally, in Fig. 2, curves (d), (b), and (c) show the effect on Qcrit of
increasing the wall time constant (curves (c) and (d) have been normalized to
give the same growth rate as curve (b) at Q = 0). A deterioration in the ability
of rotation to stabilize the the wall mode is seen as the wall conductivity is
degraded.
Using the linearized incompressible equations of reduced MHD and treating
the resistive wall in the "thin wall" limit, a dispersion relation may be derived
which exhibits good qualitative, and fair quantitative agreement with the MH3D
results, and provides additional understanding of the role of viscosity in stabilizing wall modes in the presence of rotation. In the regime of relevance to the
MH3D calculations, the mantle is assumed to be too cold to carry any perturbed
current. A viscous/inertial layer forms in the outer regions of the hot plasma.
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FIG. 3. Growth rate y of a resistive wall-resistive external kink mode as a function of wall position r,
for 15 equally spaced values of Doppler shift frequency fi between 0 and 0.04.

This layer can modify the magnetic eigenfunctions and lead to stabilization. The
analysis reduces to usual asymptotic matching of "outer" magnetic eigenfunctions to "inner" layer solutions. The two layers are the edge region of the plasma
and the resistive wall.
Under certain circumstances the kink mode dispersion relation reduces to
a simple cubic. One of the roots is uninteresting because it is always stable.
The two remaining roots are identified as the ideal external kink and resistive
wall modes. At sufficiently high plasma rotation rates the regular resistive wall
mode is stabilized and the ideal mode is almost marginally stable with inertia
balancing the free energy (i.e., A') term in the dispersion relation. The mode is
slightly destabilized by the wall resistivity and slightly stabilized by viscosity. For
sufficiently long wall constants viscosity is dominant and the mode is stabilized.
Finally, we return to consideration of a cold mantle surrounding the hot core,
but this time take into account the perturbed plasma currents in the mantle
tearing layer[6]. This can lead to significant additional stabilization with rotation
present[7, 8].
Several aspects of the stabilization of this resistive version of the kink mode
can be understood in terms of a simple cylindrical model. For zero /?, growth
rates for a step function current density model with a resistive wall and rotation
are shown in Fig. 3. For this case, go = Qi = 1-05, m = 2,n = l,r~l = 0.0005,
and 7< = 0.01, where 7* is the tearing mode growth rate with the wall at infinity.
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The q = 2 surface lies at rs = 1.38 and disappears from the plasma for wall
positions rw < ra. The ideal wall mode is unstable for rw > rc = 2.11. Figure 3
shows the growth rate as a function of wall position for 15 equally spaced values
of the wall rotation frequency ÇÎ between zero and 0.04. It is seen that a stable
gap in rw exists for Q,/it of order unity, and for fi/7* > > 1 the gap consists of
almost the whole interval rs < rw < rc. For Í2 ~ u;* and Te a few hundred eV,
fi/7* is of order unity. For hot plasmas CI/"ft ~ T^'9 is large. Unlike the results of
Ref.[5], the stability gap is not associated with separation of the ideal wall and
resistive wall modes. For example, for the parameters shown in Fig. 3, there is
no mode crossing, although crossings can occur for negative 7 [9]. For finite /?
in a cylinder the ideal kink can be unstable with a mode rational surface in the
core plasma, unlike the case with zero /?. For rw,qo, and fi fixed, as /3 decreases
the mode passes through the following regimes: (i) unstable with ideal plasma
and wall, with a mode rational surface in the plasma, (ii) below the ideal plasma
threshold, but unstable as a resistive plasma mode, with ideal wall, (iii) below
the threshold for resistive plasma instability with an ideal wall, but unstable as
a resistive plasm a-resistive wall mode, and (iv) a resistive plasma-resistive wall
mode stabilized by rotation (i.e. in the stability gap of Fig. 3.)
In a torus, the major influences which must be taken into account relate to
the width of the poloidal mode number m spectrum, the dominant m and Í2/7* a ^
q = m/n. First, in the presence of sufficient rotation shear, the resistive plasma
kink will have a narrower m spectrum[10] and the dominant m will depend on
the profiles of resistivity and Q. This narrowing causes the 0 limit of the mode
to be closer to that of the ideal plasma mode than in the case with unsheared
rotation. This limit may well be sufficiently close to the ideal threshold that it
is within the experimental errors. There will be a large stability gap if fi/7< > 1
at q = m/n.
This type of resistive wall stabilization can also occur for current driven modes
in toroidal geometry, and in particular can occur for zero ¡3, unlike stabilization
by coupling to sound waves.
4.

P o n d e r o m o t i v e Feedback Stabilization of E x t e r n a l K i n k s

We have analyzed an active feedback scheme for MHD mode control using the
modulated ponderomotive force (PF) of an array of radiofrequency (rf ) antennas
as the active stabilizing element. The dominant contribution to the PF is proportional to the product of the radial derivative of the plasma dielectric and the
square of the slow wave rf field, which is modulated in response to an MHD mode
detection system. The eigenmode equation for external kinks[ll] has been modified to incorporate this PF feedback scheme, and feedback models have been
formulated which represent two general types of feedback: A "local" response
model where each antenna responds to the real-space plasma displacement measured locally (summed over all Fourier modes), and a "Fourier" response model
where the antenna system is programmed to respond to a particular Fourier mode
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(or superposition of modes). Numerical marginal stability calculations have been
carried out in the cylindrical tokamak kink model to study the parametric dependences of each feedback system, and it is shown that the Fourier mode response
is generally superior. The model calculations provide insight into the optimal antenna and detector arrangements, and preliminary rf power estimates have been
made for stabilization of the n = l , low-m kinks on PBX-M, TPX and ITER.
These estimates suggest that PBX-M would be able to do proof-of-principle n = l
kink stabilization experiments with the present system of two IBW antennas and
available power supplies. Finally, rf and MHD issues critical to further development of this stabilization technique have been identified for future study.
A preliminary n = 0, m = 1 modulation experiment is planned on PBX-M
to test the ability of the IBW antennas to exert a PF on the plasma, and this
experiment has been simulated by incorporating the equilibrium ponderomotive
force into the TSC code. The simulation predicts that a modulated PF of the
proper amplitude and phase can counter the magnetic axis shift induced by a
vertical field modulation for a reasonable set of PBX-M experimental parameters.
This work was supported by US Department of Energy Contracts Nos. DEAC020-76-CHO3073, DE-F605-80ET-53088, W-7405-ENG-36, and DE-FG05-93ER81587.
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DISCUSSION
J. A. WESSON: What is the relation of your 'mantle' to the real situation in
which the scrape-off layer is much narrower than the plasma-wall separation?
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N. POMPHREY: The existence of a mantle is not essential to the viscous/
inertia stabilization mechanism, as may be seen particularly in the analytical results
of R. Fitzpatrick (IAEA-CN-60/D-5), who obtains stabilization even in a vacuum.
In the resistive external kink stabilization, resistivity is only needed up to the location
of the tearing layer region formed at the rational surface.
M.G. HAINES: Did you use isotropic or anisotropic viscosity for the magnetized plasma?
N. POMPHREY: We used a simple isotropic viscosity model with Fviscosity =
V x ¡x V x v in the momentum equation of motion.
M.G. HAINES: Did you use a realistic value for viscosity?
N. POMPHREY: The value for viscosity, /¿, was chosen in accordance with the
observed anomalous values at the edge of tokamak plasmas. In terms of momentum
diffusivity, the value corresponds to 10 m 2 /s.
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DYNAMICS OF THE SAWTOOTH COLLAPSE
IN TOKAMAK PLASMAS
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Abstract
DYNAMICS OF THE SAWTOOTH COLLAPSE IN TOKAMAK PLASMAS.
Fast reconnection such as that driven by electron inertia qualitatively changes the Kadomtsev
picture of the sawtooth collapse in tokamak discharges. The collapse occurs in two steps: a fast
Kadomtsev-like reconnection is followed by a rapid reformation of a q0 < 1 configuration. The latter
is driven by the strong flows generated during the Kadomtsev phase. The theory provides a natural
explanation of the main experimental observation including the snake phenomena.

1

Introduction

The nature of the sawtooth collapse in tokamak plasmas has been a major
puzzle since the observations of Soltwisch [1] on the T E X T O R tokamak indicating that the central safety factor q0 remains well below unity after the
collapse, qo ~ 0.75, the change Aq during the collapse being small, Aq ~ 0.1.
This behavior has since been corroborated by observations on several different devices [2,3] under various different discharge conditions. In the standard
theoretical model by Kadomtsev [4] and its variants full reconnection of the
helical flux inside the q = 1 surface takes place, bringing qo above unity. Efforts to reconcile this model with the observations have not been successful.
The prevailing view is that full reconnection does not occur, instead reconnection ceases after the m — \ magnetic island reaches a finite amplitude.
This partial reconnection model, however, suffers from two distinct problems:
(a) why does reconnection halt; and (b) if it does halt, how can the thermal
energy in the nonreconnected region be released. While toroidally induced
field line stochastization can provide a plausible energy escape process at
least for the electron thermal energy [5], no mechanism has been found to
stop the dynamics before full reconnection has occurred. Solutions of the full
compressible resistive MHD equations in toroidal geometry [6] show m = 1
dynamics very similar to the original Kadomtsev reduced MHD model. There

1
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are in fact arguments [7,8] that the nonlinear reconnection process should become independent of the actual MHD free energy, for instance the presence of
an ideal MHD instability. In addition, the recent tomographic analysis of the
electron temperature distribution on the T F T R tokamak exhibits a sequence
of states that are amazingly similar to a Kadomtsev-type full reconnection
process. The collapse time, however, is much faster than predicted for resistivity dominated reconnection. Although the soft X-ray emission during
a typical sawtooth collapse on the J E T tokamak exhibits a "hot crescent"
instead of a hot shifted circular core, there is no indication that the reconnection is not complete. On the other hand the emergence of the snake [9],
[10], a helical filament of high plasma density localized at the q = 1 surface,
intact after the sawtooth crash, is evidence in favor of partial reconnection.
An alternative interpretation of the experimental observations has recently been suggested by Kolesnichenko et al. [11]. These authors point
out that Kadomtsev's equations allow more general solutions than the one
discussed by Kadomtsev, permitting also q0 < 1 in the final state. Such solutions require two distinct reconnection processes, where the second (partly)
reverses the effect of the first. The authors, however, had to admit that they
cannot provide a mechanism for the second reconnection. In fact, numerical
simulations in the framework of resistive MHD at low values of resistivity
do not reveal any indication of such a secondary process of rapid reversal.
Because of the lack of a plausible mechanism the two-stage model has not
been generally accepted.
In this paper we show that the two-stage process is a natural consequence of fast reconnection in high temperature tokamak plasmas. The critical ingredient is the kinetic energy of the flow generated during the first
Kadomtsev-like process. We first estimate the kinetic energy available at the
end of a resistive Kadomtsev reconnection using the well-known properties of
the Sweet-Parker layer. The bulk inflow velocity is U ~ V^^VA corresponding to an energy ~ 7, which is negligible. Here VA is the Alfvén velocity
of the helical field in front of the sheet, and r¡ is the normalized resistivity.
The kinetic energy resides primarily in the poloidal flow which is ejected
at high velocity V ~ VA from the resistive layer of width 6 ~ i/ ly ' 2 r s and
length L ~ rs with rs the radius of the q = 1 surface. At the end of the
Kadomtsev reconnection the total kinetic energy remaining in this poloidal
flow is ~ V2LS ~ i]1/2, which is again small. In fact most of the magnetic
energy set free during the Kadomtsev process is dissipated ohmically. Since
j ~ J3/6 ~ Tj~1 , the rate of ohmic dissipation is ~ ijj 2LS ~ 771/2. The
reconnection time is r ~ U~l ~ 77 -1 / 2 . So the total Ohmic dissipation is
~ 1. These scaling laws explain the results of resistive simulations , that the
dynamics essentially stops after the Kadomtsev reconnection phase, leaving
the system with an extended central region with q ~ 1.
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Recently nondissipative effects in Ohm's law, electron inertia [12] possibly
combined with electron pressure gradient [13], have been shown to give rise
to different m — 1 mode reconnection dynamics, characterized by a rapid
nonlinear increase of the growth rate. Under conditions where dissipative
processes (resistivity j] and electron viscosity fj,e) are sufficiently weak such
that the reconnection is dominated by the nondissipative effects in Ohm's
law, most of the magnetic energy is transformed into kinetic energy. Typical
tokamak plasmas fall in this regime [1-3]. Hence at the end of the first
reconnection the system carries a strong convective plasma flow. It is this
flow which leads to a partial inversion of the helical flux distribution and a
final ç-value distinctly below unity.

2

Simulation results

These arguments are substantiated by numerical simulations. Since the basic
dynamics of the sawtooth collapse is expected to be rather universal, it should
be described in the framework of the lowest order reduced equations for the
helical flux function if) and the stream function <f> including electron inertia:
fl^ + v - V ^
dtu + v-Vuj

=
=

d2e(dtj + vVj)-fxeV2j
2

B - V j + /A7 u>

(1)
(2)

B = z x V*0 , v = z x V</>
j = V V + 2, w = V2(j>
written in conventional dimensionless form with de = c/upers, fie a perpendicular electron viscosity representing the effect of current density gradient
driven whistler turbulence [14], and ¡i a perpendicular ion viscosity.
In a recent letter [15] we considered a simple bell-shaped initial current
profile j = (2/ço)(l + r*2/ro)~2> corresponding to a parabolic ç-profîle q =
ço(l + r2/ro)-> with q0 — 0.67. It was found that after completion of the
Kadomtsev reconnection phase, corresponding to a monotonically decreasing
•0-profile, the flux distribution is reinverted with a g-value on axis qo ~ 0.75,
not much different from its initial value. On the other hand, the size of the
region with q < 1 in the final state of these simulations was relatively small.
The effective size of the region of q < 1 can be represented by the total
reversed flux A ^ = ips — T/>O where ij)s is the value of ip at the radius where
q — 1 and 0o = '0( r — 0)- In our earlier simulation Aifif ~ 0.35Aip(t — 0).
In addition, the plasma flow in the second stage, the flux inversion phase,
was strongly collimated, so that an explicit flow damping was necessary to
prevent fragmentation of the helical flux distribution into several islands.
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FIG. 1. Initial current and q profiles.

t = 1652
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t = 1727

FIG. 2. Contour plots of the helical flux \p (left column) and the streamfunction <p (right column) of
(a) Kadomtsev phase, (b) reversal phase.
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FIG. 3. Contour plots of\p and current density j , illustrating the Kadomtsev reconnection (at t = 1652)
and the flux reversal (t = 1727).

Though such damping can in principle be ascribed to the effects of magnetic
pumping or Kelvin-Helmholtz instability of the flow, it is an extraneous element to the basic MHD theory.
Here we consider the case of a modified current profile which leads to a
significantly more efficient reversal of the helical flux in the second stage and
does not require an ad hoc damping of the flow. The initial j-profile has
a shoulder at the resonant surface corresponding to a slightly flattened qprofile, Fig. 1. Such profiles, which have been observed experimentally [16],
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FIG. 4. q(\¡/) in the q < 1 region at t = 0 and at i = tœ = 7775.

are more realistic than a bell-shaped profile, reflecting the residual effect
of the previous sawtooth or subordinate collapse. Figures 2-5 present the
results of a simulation with q0 = 0.77, ¡ie = 10~ 9 and ¡i = 10~ 6 , 500 radial
grid points and 96 azimuthal Fourier modes. Figure 2 illustrates the time
evolution, showing contours of i¡) and <f> in the linear instability phase at
t = 1000, the Kadomtsev phase at t = 1652, the beginning of the flux
reversal phase at t — 1709, the second reconnection phase at t = 1727, and
the (quasi) final state at t = 1775. The current density distributions are
presented in Fig. 3, showing the current sheets in the Kadomtsev phase and
the second reconnection phase (corresponding to t = 1652 and t = 1727 in
Fig. 2). Note that the sheet current density is in the direction opposite to
the equilibrium current in the first phase, while it is along the equilibrium
current in the second phase.
Figure 4 shows the q < 1 region of the initial and final q(i/>) profiles.
The reversed flux in the final state is only slightly less than in the initial
state, Axf>j ~ 0.65A^(¿ = 0), and the central q-values are similar. It should
be noted that q, being determined by Vip and geometrical factors, is not a
sensitive measure of extent of flux reversal in the second reconnection phase.
A weak reversal can nevertheless lead to a central q value comparable to the
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FIG. 5. Time development of the change of magnetic energy, AWM, and kinetic energy, Wv, both
normalized to the initial poloidal field energy, and kinetic energy growth rate y .
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initial one. In fact the conservation of the helical flux dip/dt = 0, which is
the basis of refs [4] and [11], does not preclude a final minimum value of q
below the the initial minimum.
The time development of the global configuration is illustrated in Fig.
5, where the change of the magnetic energy AWM, the kinetic energy W ,
and the energy growth rate j v — d\nWv¡dt are given. The latter increases
nonlinearly, which is due to the combined effect of the linear growth rate
initially reduced by the pedestal in the ç-profile and the accelerated reconnection driven by electron inertia [12]. The end of the Kadomtsev phase is
characterized by j v = 0. At this point AWM reaches a minimum (which is
only a small fraction < 1 0 - 3 of the total poloidal field energy) and Wy a maximum with Wv ~ - 0 . 7 5 A W M , i.e., most of the magnetic energy released by
the Kadomtsev process is transformed into kinetic energy. Subsequently Wv
decays due to viscous damping, while AWM reaches an asymptotic state,
corresponding to about 2/3 of the minimum ("Kadomtsev") value. This implies that only 1/3 of the free magnetic energy is contained in the final state,
which has hence a significantly lower reservoir of free energy. In fact this
state is completely stabilized against a resurrection of the m = 1 kink mode
by the broad quasi shearfree q ~ 1 belt.
Comparing the flow configuration at the different times in Fig. 2, we see
that the flux inversion (t — 1709) is still driven by a flow with essentially
the same m = 1 signature as the original kink mode. Subsequently, however,
the flow becomes increasingly complex, breaking up into a larger number of
eddies. The stronger flows, mainly in the poloidal direction, are located in
the shear-free belt, where they lead to minor distortions of the approximately
circular flux surfaces, while the flows in the reconnected interior part of the
column are weak. The increasing complexity of the flow prevents it from
further reshaping the magnetic configuration substantially. It also leads to
an accelerated viscous damping.

3

Consistency with the snake observations

Finally we want to discuss how the apparent survival of the snake during the
sawtooth collapse which is usually regarded as the strongest evidence against
complete reconnection can be reconciled with this theory. We claim that the
snake, instead of remaining intact, breaks apart and then reforms. Since the
density blob forms a substantial helical perturbation, it should control the
poloidal phase of the collapse dynamics. The symmetry of the equations imply that two situations are possible as indicated in Fig. 6. The current sheet
forms either at the location of the snake (Fig. 6a) or just across from the
snake (Fig. 6b). In the latter case the snake would survive the collapse but
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Snake disintegrates and recombines, no phase shift

Snake stays intact, phase shift n
FIG. 6. 'Survival' of the snake in the collapse.

its position would suffer a phase shift A$ = 7r. In the former case the snake
splits, is transported along the sheet by the plasma flow, reforms in the center, and then shifts back to the original side. Hence there is no phase shift.
Experimental observations [9] indicate that there is no phase shift, thus favoring the fragmentation and reformation picture. The long-time persistence
of the snake requires a strong process of density condensation, which should
also be active after the fragmentation of the snake during reconnection. This
picture of the snake behavior assumes that the sawtooth dynamics is not
affected by the presence of the snake. It is, however, not improbable, that
the snake alters the dynamics, since the density perturbation of the snake
is much larger than the density change as a result of the sawtooth collapse.
In this case a sawtooth behavior with only partial reconnection cannot be
excluded.

4

Conclusions

We have presented a mechanism, supported by numerical simulations, of
rapid reformation of a qo < 1 configuration after full Kadomtsev-type reconnection in the sawtooth collapse. This solves a long-standing puzzle in
the understanding of the sawtooth collapse, how q can remain below unity
after the collapse. The collapse occurs in two steps as has recently been
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suggested by Kolesnichenko et al. [9]. The important new ingredient is the
high speed flow which results from fast, weakly dissipative reconnection in
high-temperature tokamaks. Though the basic mechanism appears to be
rather independent of the magnetic configuration, it is particularly efficient
for a current profile with a shoulder at the q = 1 surface. The reformation
of a region with q < 1 does not occur in resistivity-dominated reconnection,
where most of the free magnetic energy is ohmically dissipated. The two-step
process provides a natural explanation of both the T e tomography and the
observation of q0 < 1, though it will be very difficult to observe the second
step directly in the experiments, since Te has been essentially flattened by
that time. The mechanism can also be reconciled with the apparent survival
of the snake during the sawtooth collapse. We also expect that additional
effects such as diamagnetic drifts (though important for the onset of the collapse [17]) will not change the overall picture of the collapse itself because of
the rapid time scale of the latter.
The authors gratefully acknowledge the assistance of Marianne Walter
in carrying through the numerical computations. JFD would like to acknowledge the support of the Alexander von Humboldt Foundation through
a Senior Scientist Research Award at IPP, Garching.
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DISCUSSION
J.A. WESSON: I think a problem with your model is that the flattening would
not persist through the long period of the monster sawtooth.
D. BISKAMP: As I have shown in the first simulation run, the reversal process
also occurs in the case of a smooth initial current profile, though with somewhat
reduced efficiency.
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Abstract
ADVANCES IN SIMULATING TOKAMAK TURBULENT TRANSPORT.
Much progress has been made in simulating tokamak turbulent transport using both gyrofluid and
gyrokinetic particle techniques. Recent simulations have focused on Ion Temperature Gradient (ITG)
driven electrostatic turbulence, a potential candidate for explaining turbulence in some parameter
regimes, and have explored experimentally-relevant physics issues such as the long-wavelength peak
in measured spectra, the important role of sheared flows in turbulence, and the scaling of the transport
with normalized gyroradius pja and other parameters. The paper presents the first nonlinear gyrofluid
simulations which simultaneously include trapped-electron effects (for arbitrary collisionality) as well
as the ion temperature gradient drives, in 3-D toroidal simulations capable of high resolution. This permits more realistic comparisons with experiments, and provides the full transport matrix (of electron
and ion heat and particle fluxes), so that such issues as particle pinches or convection multipliers can
be investigated. A relatively sophisticated trapped-electron model is used which retains pitch-angle
dependence throughout. This is potentially important for advanced tokamak regimes (negative shear,
second stability) where a major fraction of the trapped particles have favorable drift. The paper also
presents initial linear results including the passing electron fluid equations needed to obtain fully electromagnetic fluctuations (i.e., "finite /?" effects which introduce coupling between drift-like and
MHD-like modes) to look for a possible /3 dependence of the transport.
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Introduction

Turbulent transport in tokamaks is a very challenging scientific problem. It is
an intrinsically nonlinear, chaotic, 3-dimensional (plus velocity space) problem
involving a wide range of space and time scales. It is further complicated by a zoo
of instability driving mechanisms, and by puzzling experimental results exhibiting
a number of different regimes. Computer simulations are a valuable tool in
tackling these problems, in combination with analytical insights and detailed
comparisons with experiments. Our goal is to develop quantitative predictions
of tokamak turbulence that we can compare with present experiments, and then
use to aid the design of future fusion reactors. Fairly good agreement between
experiments and nonlinear ITG turbulence simulations was found in the recent
work by Dorland et al.[l], providing encouraging evidence that we are on the
right track.
The present paper will focus on extending such nonlinear simulations to include more realistic physics, primarily non-adiabatic trapped and passing electrons, to enable more realistic and detailed comparisons with experiments over
a wider range of parameters. Trapping in the magnetic well is a robust mechanism for generating the non-adiabatic electrons needed to get electron particle
and heat flux. We can now study regimes where the collisionless or dissipative
trapped-electron mode (CTEM, DTEM) dominates over the ITG mode, such as
in the core of supershots, or mixed regimes where the TEM drive may double the
growth rate of the ITG mode. These simulations can also investigate why the
cores of supershots are convection dominated with a 3/2 multiplier, or search for
possible "off-diagonal" pinch effects. Our quasi-fluid trapped electron model[2]
is fairly sophisticated, retaining the full pitch-angle dependence throughout. We
also present initial linear results including the passing electron fluid equations
needed to get magnetic fluctuations, SA^ as well as ¿3>. A number of other
physics results from the gyrofluid and gyrokinetic codes will also be described,
including the issue of Bohm vs. gyro-Bohm scaling.

2.

Gyrofluid Simulation Developments

"Gyro-Landau fluid" (or gyrofluid) equations are an extension of the usual fluid
equations to include models of kinetic resonances and gyro-averaging (FLR)
which play important roles in fusion plasma turbulence. They are essentially
a reduced set of moments of the gyrokinetic equation which include models
of parallel kinetic resonances (Landau-damping) [3], linear and nonlinear gyroaveraging (FLR) effects[4], toroidal drift resonances (first with 4 moments[5] and
now with 6 moments including magnetic mirroring effects[2, 6]). They have been
extended[7] to multiple ion species (such as D/T/beams/impurities, including
ion-ion collisions), an important capability needed for realistic comparisons with
actual experiments. Extensions to trapped electrons[2] and passing electrons[8]
are discussed below. There are some nonlinear regimes where the gyro-Landau
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fluid approximations break down (i.e., they require many terms to converge),
as pointed out by Mattor[9] for ion Compton scattering in the low-frequency,
weak-turbulence regime, 7 < w < knvti. However, the gyrofluid approximations
should work fairly well in the strong-turbulence regimes expected in tokamaks
(more details on these justification issues can be found in Ref.[10, 6, 11]). Nonlinear benchmarks between gyrofluid and gyrokinetic codes have been carried out
and find similar behaviors in regimes tested so far[10, 12, 13].
One of the interesting nonlinear results observed in the gyrofluid ITG simulations is that the turbulence often generates strong sheared flows (n = 0 "radial
modes") which can in turn control the saturation of the turbulence[10, 6, 14, 15].
These generated sheared flows appear to be less important when the magnetic
shear is high [7, 16]. The importance of self-generated flows in edge turbulence
and H-modes has been previously emphasized[17, 18], while the present work
shows how it can be important in core ITG turbulence as well. Nonlinear gyrofluid studies have found[14] that when the shearing rate associated with the
E x B flow, JE = (TIfc)d(V^,/fR)i'dr', exceeds the maximum growth rate of the
microinstabilities, then the turbulence is suppressed. Including the parallel flow
shear which drives the Kelvin-Helmholtz instability tends to prevent complete
stabilization. Increasing rotational shear is a leading candidate for explaining
the VH improved confinement regime on DIII-D.
3.

Quasi-Fluid Bounce-averaged Trapped Electrons

Here we outline the derivation of a "quasi-fluid" treatment of trapped electrons,
and present initial nonlinear results. Details of the derivation and results will
be found in Ref.[2]. Since we are interested in time scales much longer than the
electron bounce frequency, we start with the nonlinear bounce-averaged driftkinetic equation [19]:
(jt

+ i(«de)b) (fe)b = {C)b «fe)b ~ <*>>) " iFM(ul
fe = FM{*-(*)b)

- (U>d)b){*)b

+ (fe)b

where {...}b denotes bounce-orbit averaging. $ has been normalized to e/Te and
d/dt = d/dt + b x (<3?)6 • V. The nonlinear E x B terms (in d/dt) have the same
form as for ions, except that y is now thought of as a toroidal coordinate, i.e.,
radial E causes toroidal precession of trapped electrons. Also, only the bounceaveraged $ enters the E x B drifts. Bounce averaging eliminates the parallel
direction, so (/e)6(a;, ?/,.£/,«) is a function of radius, x, toroidal angle, y, energy,
E = mv2/2, and pitch angle K.
We take moments over (vj_, vn ) of the gyrokinetic equation to get our 3-D
gyrofluid equations, but we only need to take moments over energy of the bounce
averaged kinetic equation to get 3-D trapped-fluid equations for the electrons,
which are functions of (x,y,K), i.e., nt(x,y,K) = 4ir f£°dvv2(fe)b/nQ,
and the
2
higher moments pt and r* are similar with additional factors of v /(Svfe) and
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v 4 /(15vf e ) in the integrals. Since {^de)\, ^ E, this introduces the usual closure
problem of the coupled moments hierarchy.
T

O

Q

iuJdePt

~ 2iUde^b

+ iu

*e(®)*> = (C)b(nt

-^T

+

2

-jj£

+

2 * W * r * ~ 2ÍUde^b

drt
-¿I

+

7
7
2*Wde*t - 2 i a ; de(^)6 + (1 + 277e)ia;*e($)6 = ( C ) ^ ^ - ($) 6 )

+

(1+

Ve)i"*e($)b

~ (*)&)

= (C)b(pt ~ <*>6)

We use an extension of the Landau-fluid closure approximation[3] to provide
a 3-pole model of the precession resonance and phase-mixing, tt = — i~^(vant
+
"bPt + vcrt), where each closure coefficient has b o t h a dissipative and nondissipative piece, u — vr + ivi\^de\l^de^ b u t now Ufo, t h e bounce averaged VB and
curvature drift frequency (the toroidal precession frequency) is pitch angle dependent. T h e closure coefficients are chosen to match t h e linear kinetic response:
ua = ( - . 0 7 1 , - . 2 9 0 ) , ub = (-.689,1.102), and uc = (1.774,-.817). Retaining the
pitch angle (K) dependence of t h e trapped-electron fluid "density",
nt(x,y,K),
"pressure", etc., is needed to represent the pitch-angle dependence of {oj¿e)h.
This recovers t h e favorable drifts of barely-trapped particles, and is potentially
important for Advanced Tokamak regimes involving negative-shear or secondstability. It also allows use of an actual diffusive pitch-angle-scattering operator
in the "fluid" equations (better handles trapped-passing boundary layer effects),
whose bounce-average is calculated in Ref.[20].
Note t h a t {C)b operates on
(<I>)¿ which depends on pitch-angle, and the collision operator causes the net fe
to relax to adiabatic limit when i/eff ~^> w. The energy dependence of the pitchangle scattering operator will couple different energy-moments together, though
for now we have assumed u±(E) ¡=s i/o for simplicity. T h e real space electron density (normalized to no), which is needed to calculate the potential, is related to
t h e pitch-angle-dependent trapped electron density by (in t h e large aspect ratio
limit):
ne(x,y,0)=

/ d vfe = $ + V2e /
J
Jsin(0/2)

= = = = = =
V « _ Sin(0/2)

,

where 9 is the coordinate along the field line. T h e lower bound on the K integral
arises since only electrons with their turning points, 0t, beyond 6 contribute to
the local density, and « = s i n ( ^ / 2 ) at the turning point. T h e integral should go
u p to the trapped-passing boundary Kmax = 1 for all modes with ky / 0 (toroidal
mode number n ^ 0). However, for toroidally symmetric ky = 0 (n = 0) modes
one must keep track of the passing particles as well, so the « integral should
extend over all pitch-angles, Kmax = l / y ^ e j j . This is related t o t h e fact t h a t the
orbit average ($n)b = {fe,n)b — 0 for passing particles for toroidal mode numbers
n / 0 , since <£n must vanish as 6 —> oo for n ^ 0, but not for n = 0 modes.
This t r a p p e d electron model (with the 4+2 moment toroidal gyrofluid equations for t h e ions) is compared linearly vs. fully kinetic results [21] in Fig. 1A,
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FIG. 1. (A) Comparison of linear growth rates from gyrofluid trapped electron model versus kinetic
theory. As veff/w — oo, the growth rates approach the adiabatic-electron/ITG limit, while for veg = 0,
trapped electrons increase the linear growth rate by a factor of 2. (B) Time evolution ofw and Xsfrom
a nonlinear simulation with trapped electrons. The ratio xjxe i S lower in the fully nonlinear regime
(t > 70) than it is in the quasilinear regime ft < 60).
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for rji = 77e = 3, q = 1.5, s = 1, Ln/R = 1/3, r/R = 1/6, and kep = 0.35 (i.e.,
parameters as given in Réf. [21]). The kinetic results exhibit a somewhat weaker
rate of transition between the collisionless and collisional limits. The gyrofluid
code might be able to reproduce that feature better with an energy-dependent
u_i, which will allow higher energy moments to be less collisional.
We present preliminary nonlinear results in Fig. IB, for the parameters in
Fig. 1A, and Vçg = 0.1. For this collisionality, although the linear growth rate
nearly doubled, the nonlinear x% 1S close to Xi from simulations with adiabatic
electrons. In the linear stage, the ratio ofxi/Xe ~ 7, which is the quasilinear ratio
for the fastest growing mode at k$p « 0.4. Nonlinearly, Xi/Xe drops to about 4,
consistent with the quasilinear ratio for the peak in the nonlinear spectrum at
kep « 0.2.

4.

Finite-/? Electromagnetic Gyro-Landau-Fluid M o d e l

ITER-P scaling suggests a % of the Bohm-like form[22] x °c ( c T / e B ) ^ 1 / 2 ^ 4 ,
and the scaling of % with plasma density (via (3) is an important issue for the
design of ITER. Thus the extension of turbulence studies to include "finite-/?"
electromagnetic perturbations is of interest. More details on this extension will
be in Ref.[8].
For purely passing particles with no consideration of the mirror force, generalization of the electrostatic GLF model by Waltz, Domínguez, Hammett[5]
(WDH) to finite beta is straightforward. We need only include the parallel magnetic vector potential in the parallel momentum equations
MsdUa/dt = -ik^t^P^

+ esr0s$)

-pe/2(esdAsi/dt

+ iMsesu;D[(rn + r±)/2Us - icrtyJJs],
- iu*(laAal

+ r¡sAs2))

and in all of the fluid equations generalize the k^ operator to fc|| = b • V =
(6o + SB±/BQ) • V, i.e., including the "magnetic flutter" nonlinearity. This can
be expressed in a form similar to the E x B nonlinearity,
ikj

= ikj

- (/3e/2)60 x VA • V / .

Otherwise the continuity and pressure equations remain unchanged from WDH
which may be consulted for notation and further definition. [This section focuses on the "3+1" fluid equations with a reduced FLR model presented in
WDH. Other gyrofluid results reported in this paper employ up to "4+2" fluid
equations with a more complete FLR model [4], and follow a somewhat different
notation.] The same closure coefficients as found in WDH are used to represent
parallel and toroidal drift resonances. $ is determined by the usual gyrokinetic
quasineutrality condition, and A is determined by Ampere's law.
There are
magnetic flutter contributions to the particle and energy fluxes, in addition to
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FIG. 2. Comparison ofgyrofluid with gyrokinetic calculations of the growth rate versus /3, showing the
transition from an ITG instability at low 13 to a kinetic ballooning mode above the ideal /3 limit.

the ExB flows and turbulent energy exchange specified in W H D . One can show
t h a t Ampere's law forces the magnetic flutter component of t h e electron and ion
particle fluxes to be the same. T h e magnetic flutter component of the heat flux
is:
QMSX = (3/2)TosIVa: - nos(cs/a){ps/o)
XM = ( / 3 e / 2 ) 2 v / 8 / 7 r M s S f c | A : | 1 | - 1 ^ ^ [Ak -

XMdTos/dr
kl{Tsk/(Vs(pe/2)ky))

This essentially corresponds to magnetic flutter heat flow with the Landaufluid^] parallel collisionless diffusivity, X\\ = (^/V^)vt/\k\¡\
(in physical units).
The first t e r m in XM represents Rechester-Rosenbluth field line diffusion and
the second t e r m is the Kadomtsev-Pogutse back reaction term which prevents
significant magnetic heat flow as t h e field line becomes isothermal [Ak — k^Tsk
/(r)s({3e/2)ky)] —> 0. Formally, the operator |fc||| _1 should be written as |&u| -1 ,
i.e., it should evaluate the phase-mixing due to free-streaming along perturbed
magnetic field lines. But for now, we are simplifying it to operate along the unperturbed magnetic field. There may be cases where this difference is important,
but we believe t h a t t h e magnetic flutter flows will usually be very small.
We can merge the above equations for passing electrons with a separate set
of equations for t r a p p e d electrons with some approximations based on dividing
velocity space into a trapped region (\v^\ < y/cv) and untrapped regions {s/ev <
|vil| < v), where y/l = [(r/R)[l + cos(6)]/[l + \r/R) cos(d)]] 1 / 2 is the local trapped
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fraction. These approximations lead to weighting factors of 1 — \fe for various
terms in the passing electron equations. One must be careful in constructing
this model so t h a t the total electron response (passing plus trapped) recovers the
proper fundamental limits (such as t h e adiabatic limit). We have carried out this
merger (and carried out successful linear benchmarks) using a somewhat simpler
trapped-electron model than presented in the previous section, but we believe
the merger of passing and trapped electron "fluid" equations can be carried out
with the model of the previous section as well.
The electron equations are stiff in time because the frequency of the waves we
want to follow is much lower than the typical electron transit frequency k\\Vte. To
handle this, we use a small-storage, implicit "response matrix" method developed
by Kotschenreuther for a gyrokinetic ballooning code[21]. Our finite beta trapped
electron code has not yet been r u n to the nonlinear stage but we believe it
gives a satisfactory representation of the linear mode stability in comparison to
Kotschenreuther's gyrokinetic stability code. Fig. 2 shows t h a t it reasonably
well reproduces the onset of the ideal ballooning mode limit, for the parameters
kBps = 0.2, s = 1, q = 2, a/LT = 3, a/Ln = 1, Ti/Te = 1, a/R = 1/3, and

r/R = 1/6.

5.

Bohm vs. Gyro-Bohm Scaling Puzzles

The scaling of x with p* = pi/a (i.e., scaling with the size of the tokamak) is a
key question of interest for I T E R . Though most theories lead to gyro-Bohm-like
scalings, x °< (cT/eB)p/a
(times some function of other dimensionless parameters
independent of p*), dimensionless scaling experiments on TFTR[22, 23] appear
to be closer to a Bohm-scaling (x independent of p*) than a gyro-Bohm scaling.
Cowley proposed[24] using an efficient "minimum-simulation volume" employing field-line coordinates, a concept implemented and elaborated on by others as well ([25, 14, 26]). The main idea is t h a t it should be sufficient to simulate
a thin "flux-tube" whose width only needs to be a few decorrelation lengths wide
in the directions perpendicular to B (while still being very extended along a field
line to allow for the long parallel correlation lengths). One should demonstrate
the validity of this approach by verifying t h a t the results (the % and the size of
the eddies) are independent of the simulated flux-tube size, once it is larger than
a few decorrelation lengths. The simplest versions of this approach ignore the
variation of equilibrium parameters (such as w*(r) or r)i{r)) on the scale of the
thin flux t u b e , and thus implicitly assume a gyro-Bohm scaling.
Detailed convergence studies in flux-tube geometry have been carried out in
both gyrofluid[25, 14] and gyrokinetic[16] codes, finding t h a t the results are indeed independent of the simulation size. In essence, these results demonstrate
the existence of a gyro-Bohm scaling regime in the limit of p* -4 0 (at least for
the type of ITG-driven turbulence studied so far). Moreover, these flux-tube
simulations (as well as the full-torus simulations[27]) have found t h a t the nonlinear spectrum peaks at a lower k#p t h a n the fastest growing linear mode, yielding
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FIG. 3. Conceptual illustration of the two scaling regimes observed for ITG-driven turbulence: Bohm
scaling from the full-torus gyrokinetic code [38] at moderate p*, and gyro-Bohm scaling in flux-tube
codes in the limit p , — 0. The oval representing present experiments is not precise, and is meant only
to illustrate the qualitative result that while dimensionless scaling experiments are closer to a Bohm than
to a gyro-Bohm scaling, there are recent encouraging comparisons of gyro-Bohm-type theories with a
range of experiments []]. One might conjecture that future tokamaks with smaller p* will make the
transition to a gyro-Bohm regime, but this is uncertain because the location and parametric dependence
of the transition between these two regimes are not yet understood.

a spectral width Ak±p ~ 0.2 similar to long-wavelength spectra measured on
TFTR[28]. On the other hand, full torus simulations have found a Bohm scaling for Xi in the smallest range of p*'s which are achievable at present (from
p* = 1/64 to 1/128). (Details on these calculations are in the next section and
the references therein.) In contrast to the present flux-tube codes, which are
effectively scaled to the />* —» 0 limit and assume a;* is constant, this full-torus
code includes the radial variation of U^TO*)» which is presumably affecting the
radial correlation lengths of the turbulence to give a Bohm scaling.
These two results can be reconciled by realizing that there may different
scaling regimes for different values of />*, as illustrated in Fig. 3. [This figure
is meant only as a conceptual illustration and, except for the points from the
full-torus results, is not precise.] Present day tokamak experiments lie at />*'s
smaller than the full-torus code can reach, and ITER will extrapolate beyond
present experiments by another factor of 3. It would seem plausible that future
tokamaks with smaller p* will be in more of a gyro-Bohm regime. However, it
is not yet proven where the transition between these two regimes lies, or how
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the transition point scales with other parameters such as Ti/Te, t h e closeness to
marginal stability LT^H/LT,
t h e type of instability driving t h e turbulence, or
the presence of sheared flows.
Present dimensionless-scaling experiments[22, 23] appear to be more Bohmlike, though t h e intrinsically gyro-Bohm model by Dorland et al.[l] wasn't far off.
This may be due in part t o the ability of marginal stability effects to mask other
dependencies in x (as noted by others also), i.e., x ls sensitive to small changes
in I/La if it is near t h e critical temperature gradient. Indeed t h e prediction of
t e m p e r a t u r e profiles is much easier in t h e marginal stability limit where V T is
determined by t h e linear Lu^rit rather than t h e complicated nonlinear physics of
XLonger wavelength instabilities can be more sensitive to t h e variation of a>*(r),
and analysis of long-wavelength trapped-ion instabilities indeed supports a Bohmlike scaling of ion thermal transport. The stabilizing influence of sheared flows
on long-wavelength (krpM < 1) linear trapped-ion modes has been studied[29]
by modifying a two-dimensional code, including full trapped-particle dynamics
and poloidal mode coupling. Global modes with radial extent over many rational surfaces can be significantly stabilized by realistic levels of sheared toroidal
rotation for TFTR-like parameters. Including a hot beam species turns out to be
stabilizing in the absence of rotation, b u t can have a net destabilizing effect with
sufficient rotation. Toroidal rotation effects on shorter wavelength (kgpi < 1)
toroidal drift modes are studied using t h e same rotation model in a comprehensive ballooning-representation kinetic calculation[30], and can be stabilizing due
to radially local and non-local effects. Analytic studies[31] of sheared-flow effects
on turbulence have also been carried out. Earlier cylindrical results have been
extended t o toroidal geometry including V\\ as well as VEXB, finding a scaling
on q and s which may provide insights into confinement improvement with high
triangularity in DIII-D VH modes and the favorable influence of a separatrix or
current r a m p down.

6.

Gyrokinetic Simulation of Tokamak Transport

Fully nonlinear toroidal gyrokinetic equations formulated in t h e early 1980's[32,
33, 34, 35], have recently become solvable by direct numerical simulation[27]
due t o enormous gains in computing power and developments in low noise Sf
methods[39, 40, 41]. For example, simulations of a whole tokamak cross-section
with a minor radius of 100-200p¿ are now feasible on current generation massively
parallel supercomputers. These first-principles nonlinear codes have become a
vital tool for the improved understanding of anomalous transport.
Global toroidal gyrokinetic simulations have been used extensively to investigate ITG-driven turbulence[27]. T h e largest runs done so far have been with 8
million particles with a minor radius of a = 128/?¿. Linear results are in reasonable agreement with linear eigenmode calculations[36]. T h e ensuing turbulent
spectrum retains remnants of the linear ballooning mode structure, a n d peaks
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at significantly longer wavelengths t h a n the linearly most unstable modes. The
fcr, k$ spectra show features similar to those obtained from recent beam emission spectroscopy and reflectometry measurements on T F T R [ 2 8 , 37] with the k$
spectrum peaking at kepi ~ 0.1-0.2 and the kr spectrum peaking at zero. By
varying t h e minor radius a/pi from 64 to 128 in the simulation, while keeping all
other dimensionless parameters fixed, we have found t h a t t h e resulting kr spect r u m scales as krps « (yOj/a) 1 / 2 , while t h e k$pi spectrum remains fixed. This can
easily be shown[38] to be consistent with a Bohm-scaling for %¿> using a quasilinear expression for the heat flux and a mixing length saturation level. Fig. 3
shows the measured Xi v s - a/Pi from five runs[39]. All points were measured at
the same dimensionless time of approximately T = ZOOLT/CS. T h e a = 128ps
r u n shows an error bar because, in contrast to the other cases, t h e heat flux did
not stay at a steady state at T = 300L¿/c s but continued to drop until the run
was terminated at approximately T = 1000Lf/c s . Work is underway to understand this apparent anomaly. These runs indicate t h a t a transition occurs from a
worse-than-Bohm scaling at very small system size (a/pi < 64) to a Bohm scaling
for larger systems. The scaling of Xi with the edge safety factor q(a) which is
related to current scaling through Ip oc l/q(a) is found to be x* c< (l{a)1^Further discussion on global scaling can be found in Ref. [42]. In addition, global
gyrokinetic simulations with artificially narrow variation in the temperature gradient show nonlocal transport in regions where the gradient is zero, indicating
Xi —> oo or the break down of local diffusive transport theories. Simulations
indicate favorable scaling of Xi with increasing Ti/Te.
These global simulations have found Xi ^ |^| 2 ) suggesting t h a t a weakturbulence treatment may be appropriate. A greatly reduced description (needing only a modest number of toroidal modes ~ 10) of the essential physics appears
to be possible using a set of m o d e coupling equations with the nonlinear coupling
coefficients determined empirically from t h e simulation itself. Detailed measurements of the nonlinear mode coupling coefficients have been made for the first
time[42] which are essential for determining the underlying mechanisms for the
downward shift in the wavelength spectrum.
Multi-ion species have been included to investigate their impact on transport. An inward impurity pinch due to I T G microturbulence has been found[43]
consistent with recent T F T R experiments[44]. In trace particle simulations, a
linear dependence on Z/m for t h e pinch velocity is observed. We have investigated the thermal transport in the presence of an inverted density gradient in
multi-hydrogenic-ion plasmas. In the presence of an inverted density gradient
in D T simulations with rjf = 4 and t]f = —4, a factor of 2 increase in xï n a s
been observed. This increase is related to the "impurity-gradient" instability
predicted by Coppi et al.[45], which is a close cousin of t h e I T G instability, i.e. it
is driven by gradients in the average thermal velocity of the ions, b u t in this case
due to gradients in the relative concentrations of light (deuterium) vs. heavy (impurities, or even tritium, relative to deuterium) ions. T h e tritium experiments
on T F T R provide a unique capability for testing various aspects of such D-T-
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gradient instabilities, which are a topic of interest for understanding fueling in
future reactors. Further simulations with different combinations of H, D, and T
are in progress.
T h e global gyrokinetic code has been extended to study the turbulencegenerated sheared-flows[46]. Proper treatment[10, 6] of the adiabatic electron
response leads to large self-generated poloidal flows in steady state, with modestly
reduced heat transport (at least for T F T R L-mode type parameters). In contrast
to local flux-tube gyrokinetic calculations[12, 38, 16], t h e dominant radial mode
is global with kr ~ 1/a, similar to earlier fluid calculations by Hasegawa and
Wakatani[47]. Poloidal flow generation via quasilinear radial currents seems to
be t h e most promising theoretical description, which is equivalent to the Reynolds
stress argument presented by Diamond and Kim [17]. T h e effect of toroidal drift
orbit averaging on these radial modes is under investigation which will help in
validation or improvements in fluid treatments of such modes.
A zero-electron-inertia fluid model has been derived[38, 48] from moments
of t h e drift kinetic equation taking me—>0, b u t with T^e finite avoiding all accuracy or stability constraints on fcpteAi, as well as particle noise associated
with electron free streaming. This is in the same spirit as previous zero-electronmass models[49, 50, 51], but the fluid equations are derived from the drift-kinetic
equation, and the ions are treated fully gyrokinetic[32, 33]. This approach is a
natural extension of b o t h flux tube[12, 38] and whole cross section[27] 3D toroidal
gyrokinetic simulations to include effects of electron ExB flow, electron pressure
gradient effects (e.g. w* e ), and most importantly the electron parallel current,
which in t u r n is used to include electromagnetic perturbations (5B±).
Work
is underway to study the (3 dependence of Xi from ITG-driven microturbulence
modified by 8B±. The inclusion of finite 8B\\ is straightforward through the
gyrokinetic perpendicular pressure balance equation. Development of an electromagnetic bounce-averaged trapped-electron model is also in progress.

7.

Summary

Major steps have been taken towards increasingly realistic physics in tokamak
turbulence simulations codes. Here we presented t h e first nonlinear gyrofluid
results including a sophisticated trapped-electron model [2] which retains effects
which may be important in advanced tokamak regimes. We applied an extension
of t h e gyrofluid equations to passing electrons to include finite-/? electromagnetic
perturbations, and tested this linearly. Flux-tube simulation codes (both gyrofluid and gyrokinetic) have demonstrated the existence of a gyro-Bohm scaling
regime for ITG-driven turbulence in the limit />* —• 0. T h e full-torus gyrokinetic
simulations have found a Bohm scaling at the moderate values of p* computationally achievable at present. There is presumably at transition from Bohm to
gyro-Bohm scaling at some intermediate value of />*.
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DISCUSSION
A.M. DIMITS: In our gyrokinetic simulations [16], which you quoted, we
checked carefully that the results were converged with respect to spatial resolution.
Inadequate spatial resolution is definitely not the cause of any disagreement between
the gyrokinetic and gyrofluid simulations.
G.W. HAMMETT: Thank you. That is interesting to know. I think there are
still a number of other numerical and physical issues which might be the cause of a
disagreement and it would be fruitful to carry out a detailed comparison of the two
codes in an attempt to isolate the cause(s).
M.G. HAINES: Can you say what has been learned about off-diagonal pinch
transport in these turbulence models?
G.W. HAMMETT: Our non-linear simulations with trapped electrons are just
beginning and we have not yet done systematic parameter scans of (T, Qe, Q¡)
versus (Vn, VT e , VT¡) to map out any off-diagonal pinch effects. This will be an
interesting subject to investigate.
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V. DHYANI: Do you not think that the contribution of magnetic fluctuations
should be included in the formula for x¡ because the radial velocity fluctuations
caused by B r can cause some transport?
G.W. HAMMETT: R.E. Waltz (at General Atomics) is working on extending
gyro fluid equations to include magnetic fluctuations, so we do think this is an
interesting subject to investigate. However, we think the 'magnetic flutter' may not
cause much transport by itself (for reasons mentioned in the paper) and the main purpose of including S Au will be to provide 'finite j3' corrections to drift-wave-like
(ITG, CTEM) turbulence. The resulting transport may still be primarily from the E
x B oc v $ x B component of the fluctuations (unless, of course, there are macroscopic MHD instabilities).
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Institute for Plasma Research,
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India
Abstract
PHYSICS OF SOL/EDGE TURBULENCE PHENOMENA IN TOKAMAKS.
The effect of limiter biasing on the equilibrium and stability of the scrape-off layer in tokamak
plasmas is studied. The effects due to magnetic fields are retained. The radial eigenvalue of the ionization instability is set up and solved numerically, and it is shown that growth results only if the diffusive
damping coefficient of the perturbations is assumed to be weaker than the diffusive transport coefficient
of the equilibrium. Finally, several methods of analytically describing the observed intermittency in low
frequency magnetized plasma turbulence are explained.

The physics of edge /scrape-off layer (SOL) turbulence in tokamaks is of
considerable interest because of its importance in determining overall energy
and particle confinement. In the edge/SOL region of tokamak, the various
possible sources of turbulence have been identified as the temperature gradient driven conducting wall instability[1], curvature driven instability[2],
ionization driven instability[3] etc. In recent years a number of authors have
explored the influence of positive and negative biasing of the limiter/ divertor plates on this turbulence[4]. Furthermore, experiments[5] and computer
simulations[6] on the nonlinear features of this turbulence have indicated the
existence of intermittency and non-gaussian statistics in some observables.
In this paper we have carried out a series of investigations exploring the
above phenomena.
We first explore the edge/SOL equiBbriumin the presence of limiter biasing and ionization effects and demonstrate that a significant broadening
of SOL can take place. We next derive a local dispersion relation which
demonstrates the effect of limiter biasing on the various edge/SOL instabilities. Our dispersion relation also contains some new terms related to
modified Simon - Hoh instability[7] which arise because of charge separation
through finite ion-orbit effects in sharp equilibrium electric field gradient
regions. We have also re-examined the ionization instability by carrying
out a radial eigen-mode calculation and conclude that unstable eigen-modes
are only possible if the diffusive damping coefficient of the perturbations is
289
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weaker than the self consistent diffusive transport coefficient of the equilibrium. Finally, we explore several methods of analytically describing the
observed intermittency in low frequency magnetized plasma turbulence.
The basic equations describing the equilibrium profiles in the SOL are
the ion and electron continuity equations:
V||(n«T || a ) + Vj. • [ - 7 i a e a / i a V i 0 - -P«V±7¿a] = V{na

(1)

the quasi-neutrality condition (nn ~ m), and the energy equations describing
the energy scrape-off physics. V{ is the ionization frequency which is assumed
to be constant in the SOL (unlike the usual edge equilibrium models[8] where
a continuity equation for neutrals is also retained). The parallel divergence
may be approximated as nCa/L for ions (where L is connection length) and
by 7iexp(-e0/T)C e /(27r 1 / 2 L) for electrons where 0 is the plasma potential
with respect to the limiter. The perpendicular flux contains contributions
due to perpendicular diffusion and perpendicular mobility. The latter has
been included for the first time and becomes crucial because as we bias the
limiter/divertor plate negatively (positively) with respect to walls of the
chamber, electrons (ions) cannot reach the plate by parallel flow and must
therefore escape to the wall by perpendicular mobility.
When we ignore the ionization and perpendicular mobility effects we
recover the conventional SOL results n oc exp(-œ/o), 8 ~
\/L)j_L/Ca,
e<fi(x)/T(x) ~ in A ~ h\(y/mi/me) and T(x) is determined by energy equations. For a strong negative biasing of the plate including ionization effects we find n oc e x p ( - : r / ¿ e / / ) , ¿ e / / = y/(Di - ii.iDc/ii~.)/(CJL - 7¿),
e(p(x) ~ \nAf(D/(i)(x)dx.
We note a considerable broadening of the SOL
due to negative biasing and ionization effects. Physically, negative biasing
prevents electrons from escaping in a narrow channel by parallel flow to
the limiter and they spread out in the perpendicular direction by mobility
effects. Ionization source effectively enhances the parallel loss time, which
also spreads out the SOL.
We next consider the stability of the SOL to well-known low-frequency
perturbations viz. the electron temperature gradient driven conducting wall
instability (CWI)[1], modified by curvature effects[2] and limiter biasing. It
is to be noted that the true tokamak SOL equilibrium will have the features
discussed above and additional features associated with curvature[2] and
sharp electric field gradients near the edge-SOL transition[9]. In the local
stability calculations below, e4>(x)/T is therefore treated as a given function,
which includes all these effects. The modified Simon-Hoh[7] contributions
lead to a charge separation VEe. - VEÍ = Q.5k20a\cE x D/B2, where kQ is the
inverse of the electric field scale-length. The inclusion of the biased limiter
effect and the relative ExB drift effect modifies the dispersion relation for
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the CWI as:
kla*û>(<D+u)*i + itf) + -^-^u}lc{\ + •£ + 7/e) sin(-) cos0o + 2klafaEcJ.c
Kit

= -«-,(1 +

5*)5ÍHS¡

- ÏWR{u

J. i

Q

- ^ - ^ " P i - i r - )

(2)

Here //." = (| ¿¿e I + I ^t |)^i-#/c is a normalized mobility and all other
symbols have their usual meanings. Note that by balancing ¿>2 term with
the 0oexp(-0o) term one recovers the instability discussed earlier by Berk
et al[l]. Similarly, the balance of ¿>exp(-</>0) term with cos#o term gives
the growth rate for the curvature driven mode[2]. We plot the normalized growth rate 7 = h^dgi/u^ versus the normalized plasma potential
0 = e<po/Tc in Fig.(l) by considering the 'Berk-mode' first and then adding
various other effects one by one. When limiter is floating the value of 0 in the
plasma is about 2.4. All the curves are obtained by retaining the limiter bias
effect; curve(l) represents the growth rate for the pure electron-temperaturegradient driven instability as considered earlier by Berk et al[l]. Addition

4» —
FIG. 1. 7 versus <j>for typical SOL parameters: Te = T¡ = 10 eV, BT = 1 T, k±as = 0.2, k0a¡ = 0.1,
Ln = 2 cm, R = 100 cm, q = 3, 60 = 0, r¡e = 1.
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of curvature effects to the dispersion relation increases the 7 as shown in
the curve(2). Further addition of the Simon-Hoh term enhances the 7 as
shown in curve(3). We then include the effect of perpendicular mobility
fi — ii'k^ajtúnf. which reduces 7 as shown in curves(4) (/Î = 1) and (5)
(fi = 10). An estimate of the mobility has been obtained by requiring that
for a strong negative (positive) biasing of the limiter all the electrons (ions)
leaving the core plasma must go to the wall. Taking ñ as the mean density, ns as the mean SOL density, <p8 as the mean SOL potential, dw as the
distance to the wall from the LCFS, rp as the plasma particle confinement
time, and a as the minor radius we get | ¡i | « ñadw¡ns<f)aTp. The physics of
anomalous fj.± is similar to that of anomalous D± i.e. fluctuations scatter
particles across B so that they can acquire a finite velocity along Vj.0. Thus
an upper limit on /i± is | fi j ~ eDs/T ~ C/(16B), where DB is the Bohm
diffusion coefficient. Perpendicular mobility has quite interesting effects.
Overall, it reduces 7, but for large negative biasing of the limiter it has a
destabilizing role in conjunction with curvature drive. This is because ü/i"
term effectively replaces ¿>exp(-e</>o/Te) term in the dispersion relation.
We have analyzed the slab radial eigenvalue problem for the ionization
instability in detail. This instability has been widely considered to be important in edge/SOL physics, leading to such interesting phenomena as inward
directed particle transport etc. The linear theory of this instability is still
highly controversial; an excellent summary of the issues involved is given
in a recent paper by Ross[10]. We start by reviewing the edge equilibrium
problem discussed in [8]. Writing the steady state continuity equations for
the plasma and the neutrals, retaining diffusion and ionization effects, taking
the neutral diffusion coefficient Dn a 1/n and using the boundary condition of complete recycling, one gets n/n0 = tanh(a - x)/Ln = n.x > xi
N = N0 - a2Dn2/2S where n0 = (2SN/a2D)l/2,
S is the ionization rate
coefficient, a is the collision cross-section, JV is the neutral density, D is the
diffusion coefficient (perhaps due to some other instability), x > x¡ is the
outer region, Ln = (SN0/2D)l/2,N0
is the peaked neutral density at the
wall (when n -* 0 N -> N0). We consider the simplest ionization instability, where the electrons are Boltzmami ( i.e., ñ/n(x) = e0/T e ), T¿ = 0 and
CJ > k\\Cg. The radial eigen mode equation then may be written as

dx2 -

1+ Cx — +k2~
nuj

2
%mi
n2), - \ 2f -i .!. i -- *i^(l
i^
- ¥ ( l - -3 n3na )) ++ *<£0 v . - ..
¿
2
n
a)
u

(3)
where Q = ù/(ù + ie), û = u)a2/D, x = x/ag, k = ko,„, C„ — kyC),a?jD,
Qi = Q/4 - 1/2, o¿n = ^ina2/D, the term on l.h.s and the third, fourth
and fifth terms on r.h.s represent the polarization, the first and second
terms arise from the change in density due to ExB convection, the seventh
and eighth terms are usual ionization growth and diffusion damping. We
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FIG. 2. Radial mode structure for yin = 0.3, Cs = 2.0, ícy = 0.05.

have introduced a parameter e = Dp/D to model the difference between the
diffusion damping of a finite wavelength perturbation (D P V 2 ) and the diffusive transport of the equilibrium (DV 2 ). The parameter e. can significantly
deviate from unity if the diffusion is produced by some background short
wavelength turbulence, perhaps due to a mechanism other than ionization
instability. This is because the influence of background turbulence on the
long scales associated with the equilibrium and the shorter scales associated
with the instability is unlikely to be identical. We expect the latter to be
weaker and perhaps even non-local in character. The eigen-value equation(3)
is solved numerically using shooting code with appropriate boundary conditions (ñ -> 0, | x |-> co). The local theory indicates[3] that for e = 1 long
wavelength modes (k -» 0) are unstable. However, the radial eigenvalue
calculation demonstrates that the damping due to Dd2n/dx2 always overpowers this growth; thus for e = 1, no unstable modes are recovered. It is
only when e < 1 that an instability is observed. As an example,the mode is
found to be unstable with normalized eigen value (0.00846 -f ¿0.017654) for
ky = 0.05, C9 = 2.0, Yin = 0.3 and e = 0.01. The mode structure is shown in
Fig.(2). It has been observed that by increasing e beyond 0.01 the growth of
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the mode decreases and it slowly loses its eigen-mode nature. We conclude
that the linear ionization driven mode, particularly the drift mode, exists
only for long radial wavelengths and small values of e (i.e. when the diffusive damping of perturbations is assumed to be weaker than the diffusive
transport in the equilibrium).
We now consider some aspects of nonlinear phenomena associated with
intermittency in the edge turbulence. The numerical studies on low frequency magnetized plasma turbulence indicate that the statistics of 0 remain
nearly gaussian for most cases whereas the vorticity Vj_0 reveals strong non
gaussian features. We adopt here the non-perturbative mapping scheme of
Chen et al[ll] to provide an interpretation of these results.
We seek a mapping relationship between </; and a gaussian field 4'o of
known distribution through a map function X such that </; = X((po,t) for
the simplest Hasegawa Mima (HM) equation describing the low frequency
electrostatic turbulence in a magnetized plasma. The statistics of 0 is determined by the relationship P(<fi) = P(4>o)(dX/d(f}[))~1. Using the prescription
of Chen et al(], the equation for X may be written as

Fluctuation amplitude
FIG. 3. Curve A represents the Gaussian PDF having the same standard deviation as that of the
evolved PDF shown in curve B for the model representing the positive kurtosis. Curve C is the plot of
the analytical expression of the PDF and shows excellent agreement with curve B.
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FIG. 4. Curve A represents the Gaussian PDF having the same standard deviation as that of the
evolved PDF shown in curve Bfor our negative kurtosis model. Curve C shows the plot of the analytical
expression and is in excellent agreement with the numerically evolved PDF.

where ()c:ij, denotes conditional expectation, the expression for [V20],::(¿ is
obtained by rules of chain differentiation and the fact that 0o and its various gradients have a multivariate gaussian distribution satifying homogeneity requirements, £j = (V0)2 and the contribution from the only nonlinear term ¡i x V0 • VV20]c:(;6 vanishes because it can be expressed as
a divergence and the turbulence is statistically homogeneous. The mapping equation can be solved by expansion in Hermite functions yielding
X = T,nane'xp{~-fnt)Hn{(pQ) where 0~o = (1/(2 <0g>)) 1/2 0o and -yn =
(TOI/ <£o >)/(<0o> +n <£o>)- T h e coefficients an are determined from
the knowledge of initial mapping and hence the initial distribution of 0. It
is clear that since coefficient of Hi has the slowest rate of decay, any arbitrary
initial distribution will time asymptotically approach a gaussian \iz.X(t -*
oo) ~ Hi{(po) ~ 0o and so P(0) = P(0 o )(5X/a0o) _1 ~ exp{-a(p2). This
explains the observation that the statistics of 0 always tends towards a gaussian. Physically, the nonlinear term in the evolution equation for 0 is only
due to a divergence free convection which produces no strain to alter the
statistics.
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The evolution equation for V2</> shows a competition between nonlinear
strain and dissipative relaxation terms. The amplitude mapping for V 2 0 is
much more complex than Eqm(2) and it can be modelled as:
dX
"d't

d2X
d%

x

dX]
d(f)()\

,vv

(5)

where p is odd and positive; for even p, the nonlinear term is written as
/; | Àr | Xv~l to ensure symmetry for the model distributions. These nonlinear mapping equations are generic and represent a class of problems such
as Rayleigh - Taylor turbulence. HM equation with parallel collisional dynamics on electrons, HM equation with parallel ion dynamics etc. In all
such problems conditional average of certain nonlinear terms do not vanish
simply on homogeneity grounds and hence can be modelled suitably by various power laws. Eqn.(5) has been numerically integrated with b > 0 for an
initially gaussian distribution (i.e. Xt=o ~ 0o)> The results for the evolved
PDF are shown as curve B in Fig.(3). It is clear that the distribution has
acquired extended tails as compared to the gaussian of the same standard
deviation and has a large kurtosis. Curve C shows a plot of the analytic
PDF
vliv-l)

n<i>)

bt(f>p- i

(p-1)

p-i

exp

1

btft*- + (p 1)

obtained by dropping the relatively small 02X/d<¡)2 term in the X equation.
It compares very well with the numerical results and also shows that the
extended tails are due to a power law decay of P(0).
For b < 0, the above equation predicts negative kurtosis distributions
which fall off faster than gaussian. However these distributions become
singular for <>
/ = {{p - 1)/ \ b\ i ) 1 / p - 1 . Such negative kurtosis distributions
are better modeled by another class of nonlinear mapping equations, viz.
d2X
dX_
= (a + bXp)
dt
d<pi

OX

4>o
d(po

(6)

Fig.(4) displays the numerical solutions for p = 1, which show the rapidly
falling tails characteristic of negative kurtosis distributions. Curve C again
displays excellent agreement with the approximate analytic PDF
P{(/>) = (1 + pbt<f?) exp[(a + b^)t - (f>2/2 exp(2(a + b(f?)t)]
obtained by ignoring the d2X/d<j)2 terms which are typically small.
An alternative approach for the description of intermittency in fluids is
to consider time-dependent exact solutions which illustrate the creation of
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vorticity due to nonlinear stretching by various convection terms and its
destruction due to viscous dissipation. The E x B convection in a plasma,
being divergence free, only leads to plasma rotation effects which can be
readily removed by a coordinate transformation. However the parallel compression can lead to vorticity generation. We now present the result of a
calculation describing a non-steady vortex in an equilibrium perpendicular
flow with finite ellipticity [4>o{x,y) = Cl/2 (:z;2/e + ey2)] and a z dependent
parallel flow Vj|0 ~ az. This flow itself could arise due to a long scale vortex in plasma; the V¡|0 could represent the weak residual parallel variation
after we move to a frame moving with the mean parallel velocity. The basic
vorticity equation may be appproximated as
(— + z x V 0 - Vjo? = au +//,V ± 2 o;

(7)

where CJ = (1 + V2±<p)/n is the generalised vorticity, a represents the parallel
compression effects and the damping term includes viscous and diffusive
damping with fi = D, in an approximate form. Writing the equation in
polar co-ordinate (r, #), using the coordinate transformation
p=

K

}

2

0 = t a n ^ ( e t a n 0 ) - fit, T = t

sjê + tan (fi¿ + S)
and assuming axisymmetric flow (d/dO = 0), we may write the time - dependent vortex solution as

where T = (He) - 1 tan -1 [tan(f2í + 6)¡t). This expression shows the generation of vorticity by stretching due to nonlinear parallel compression and its
decay due to viscous effects. The rotation does not contribute to vorticity
generation, as expected.
In conclusion, we have explored several linear and nonlinear aspects of
edge/SOL turbulence in tokamak plasmas. We find that limiter biasing
can significantly modify the SOL equilibrium and the growth rates of relevant instabilities. We also find that the observed intermittency effects in
the experiments and computer simulations can be understood in terms of
the properties of certain nonlinear mapping equations which describe the
competition between the nonlinear strain terms and the viscous/diffusive
relaxation terms.
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DISCUSSION
B. SCOTT: Is it correct that the reason why the 'ionization mode' is stabilized
is that the intrinsic dynamics of the turbulence is much more powerful?
P.K. KAW: The diffusion due to the background turbulence was found to stabilize the linear test mode against the ionization drive.
B. SCOTT: This result does hold in the non-linear regime: the 'ionization drive'
is much too weak to drive turbulence when the profiles are in equilibrium with the
neutral density.
H.L. BERK: What is the physical nature of the cross-field mobility in your
scrape-off layer theory?
P.K. KAW: At the moment, the mobility is simply used as a parameter. We suspect that turbulent fluctuations which give Bohm-like diffusion in the SOL also contribute to a ± r mobility bounded by /x < eDB/T.
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Abstract
SELF-ORGANIZED CRITICAL GRADIENT TRANSPORT AND SHEAR FLOW EFFECTS FOR
THE ION TEMPERATURE GRADIENT MODE IN TOROIDAL PLASMAS.
Non-local turbulence driven by the toroidal ion temperature gradient (ITG) mode is found to provide a strong constraint on plasma relaxation and transport and forces a relaxed state near (but slightly
above) marginal stability. The transport characterized by such a prominent feature is investigated in
terms of a critical gradient model which includes the shear flow effect. The model leads to L mode
scaling with Bohm-like diffusivity when ideal radial modes are well sustained. The radial modes can
be disintegrated into smaller radial islands by the poloidal shear flow, suggesting that the transport
changes from Bohm-like to near gyro-Bohm. Poloidal momentum deposition couples with the turbulent
energy and is found to lead to a new, strongly transport suppressed branch.

1.

INTRODUCTION

It is found in toroidal particle simulations [1-4] that the characteristics of
rj/ion temperature gradient (ITG) instabilities in a toroidal system show remarkable
differences from those in a cylindrical configuration. Specifically, excited modes are
radially extended, encompassing many rational surfaces due to toroidal coupling, and
the resultant turbulence becomes non-local. As a result of this understanding and,
furthermore, of the recent advances in strong plasma flow drives [5, 6], the study of
plasma stability properties in such a flow has become a primary research interest. In
order to investigate such transport, we have carried out toroidal particle simulations
based on the TPC [1]. In this paper, we have found self-organization of the plasma
by the ITG mode and propose a critical gradient model in order to explain this transport theoretically. Furthermore, we take into account the plasma sheared flow both
1
Institute for Fusion Studies, University of Texas at Austin, Austin, Texas, United States
of America.
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in simulation and theory and investigate its role in non-local turbulence. Specifically,
we have found that perpendicular momentum injection leads a new, strongly transport suppressed branch.

2.

TOROIDAL PARTICLE SIMULATION

In the TPC, we primarily employed fully kinetic ions and adiabatic electrons.
We also performed runs using gyrokinetic ions and observed qualitatively similar
results. For a given profile of the safety factor q(r), (q(0) — 0.4 and q(a) — 2.5),
we take toroidal modes |n| = 1-12 and the corresponding possible poloidal harmonics ±m which range over the minor radius. The ion temperature is initially given
by an arctan dependence, while the ion density is uniform. The temperature gradient
eT = LT/R and k^pj) are chosen so that an ITG mode is linearly unstable for
|n| = 8-10.
2.1. Typical simulation result
Figure 1 shows the potential contour in a poloidal cross-section near saturation (a) and in steady state (b). The radially extended non-local mode which has a
prominent ballooning and strongly twisted structure is seen in Fig. 1(a). The potential
becomes rather turbulent in the steady state, but still shows a structure with a long
radial correlation length. From these simulations, the typical radial mode width
and/or the correlation length is estimated as Or = 15-20<p¡>, which is much longer

FIG. 1. Potential structure in the poloidal cross-section at (a) t = 3600 a>~/ and (b) t = 10 000 uj
(steady state). Solid and dashed lines represent the plus and minus signs of the potential. Simulation
parameters: R/a = 4, <p¡)/a = 0.02 and Te/{T¡) - 0.4.
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ud(r)/wci.

than the typical ion gyroradius <p¡>, but smaller than the temperature scale length
Lj. We here write the radial wavenumber as kr — l/p¡1_aLf. We have performed
several parameter runs with different q(r) profiles in order to determine the power
a and concluded that ôr is roughly given by the geometrical mean between p¡ and LT
(a = 0.5), which partially confirms the theoretical studies [7, 8].
Figure 2(a) shows the temperature profile in time. As non-local modes are
excited, the initial profile is quickly relaxed to the exponential form T¡(r) —
exp(-r/Lr). The profile then relaxes towards a steady state while maintaining its
exponential functional form. Thus, the temperature relaxation is subject to a strong
constraint so that the plasma is self-organized. This is due to the fact that the temperature at two different radial locations cannot be changed arbitrarily because different
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locations are correlated with each other by the non-local mode. The mode frequency,
co, is radially constant over ôr and tends to be the magnetic drift frequency given by
cod = (kepàViUR as shown in Fig. 2(b). The relaxed state which hardly deviates
from the exponential profile is sustained slightly above marginal stability by the
balance between non-local weak wave excitation and real space transport. The steady
state heat flux is sustained by the heat reservoir, Pin, near the plasma centre. We call
this relaxed state self-organized criticality, a term that derives from the concept that
large scale vortices exert an organizing influence by quickly transporting away
profile deviations from the critical profile.
2.2. Shear flow effect on the global mode
We here take into account the poloidal shear flow in the simulation and investigate its influence on non-local modes and transport. An electric field is externally
introduced by Er(r) = /3r, where /? is chosen so that the potential difference between
r = 0 and r = a becomes A$ = 0.1 - 0.2Te/e. Because of toroidal geometry, this
gives rise to poloidal shear flow given by ve — (cEr/B0)(l + r/R). Figure 3 shows
the potential structure when the flow direction is same as that of the mode rotation
(j8 > 0) (a) and opposite to it (¡3 < 0) (b). The radial mode width and the saturation
level are found to be reduced by the shear flow in accordance with the theory [9].
As is seen in these figures, we have observed a different response for wave excitation, depending on the direction of the shear flow. The angular frequency of the
non-local mode in the presence of Er is roughly given by 6 ( = d0/dt) = 0piasma +
0ITG = (jS/B0)(l + r/R) + co/nq(r). When the mode rotation and the flow direction

FIG. 3. Potential structure in the presence of a radial electric field at t = 5000 coj for (a) 0 > 0 and
(b) /3 < 0. Parameters are the same as in Fig.l.
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are the same (/3 > 0), the r dependence of 6 becomes weak, and the streamer structure is adjusted in such a way as to undo the twisting behaviour of the mode as is
seen in Fig. 3(a). On the other hand, when the flow direction is opposite, 0 depends
more steeply on r, the twisting motion is enhanced and then waves are hardly excited
(Fig. 3(b)). The radial correlation length and the power a in kr are now functions of
j8. In the present case, 0 is reduced to around 0.1-0.3.

3.

CRITICAL GRADIENT TRANSPORT MODEL

We here describe the transport near the critical gradient observed in the simulation in order to investigate how far the profile deviates from the marginal. The heat
flux is written as Q = x0W (x0 = (piui/2)keLTRe G(w)), where W = |e0/<T¡>|2
and G represent the normalized fluctuation energy and the heat flux, respectively
[2, 3]. Around the critical gradient, the heat flux is kinetically sustained by waveparticle interaction through the elliptic resonances given by cj/cod = (vj + fit/2)2
+ v\l2 — fi2/2, where fit = kiR/k^ [10, 11]. By using the wave breaking condition around the critical gradient (G = cxle-i, c{ is a constant), we scale the intrinsic
heat diffusivity as x¡ a ifi^dPiX~2ot)LT°7R.. When the plasma profile is near marginal
where ideal radial modes (a — 0.5) are sustained, x¡ shows Bohm-like diffusivity.
On the other hand, when the ideal modes are disintegrated for some physical reasons
(such as deviation from the marginal due to strong heating or the shear flow effect
discussed in Section 2.2), x¡ scales according to near gyro-Bohm.
In the self-organized critical state, since global wave excitation balances with
real space transport, the transport equation has to be considered. Here, we present
a critical gradient model described by the coupled dynamical equations for W, ¡x =
l/eT and shear flow energy F = mA2(dux/dr)2/2T¡ (u x is the poloidal flow, ¿> is the
restricted radial region under consideration):

^

| ^

^

= 2[7oO* ~ Mc) ~ 7PF - 7 N W ] W

= - (*W + P ; > + P i n %
= [7pW - iv]F + VF PF

(1)

(2)

(3)

where Pin = Pin/n^; np = R/Lp; Lp = - ( d In P in /dr)"\ the heating scale length;
fic = l/eTc; 7o s c2eTccod; YN = C Î ^ R ) 2 ^ ; X = Xo/r2; yp - D|k^/ojdA2 (DB =
p¡u¡), the anomalous Reynolds coefficient; vnc is the neoclassical collisionality; and
PF s (2/mTj)1/2 (A/ni)(dPm/dr) (Pm is the poloidal momentum deposition). In deriving Eq. (2), we have assumed a self-organized relaxed state, where ¡x is spatially
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independent. Within the two field model where there is no shear flow case, Eqs (1)
and (2) lead to the solution for {¡i, W) in the steady state as

1 +

4p

ÉL

+ 1

(4)

and W = (7 0 /TN) 0* ~ f*c). where p = (Pjx^cXy^yo)different dependence on p for p < pc and p > pc as

Equation (4) provides a

M =

(1 - P)

(1 " P):

jx ( = ¡xlixc) = 1 + (/ip - l)p

(5)

where pc = (1 + 2£p) - V(l - 2/2p)2 - 1 and /Zp s /xpJfic(= L^/Lp). Specifically, (/¿,W) is proportional to Pin for weak heating and to P¡n2 for strong heating.
The change in this dependence takes place above the critical gradient given by
ô(/l[= (¿i - ji*cK] = (V2 - l)/2 - (V2 + l)p c /2. Figure 4 illustrates p. as a
function of p for /}p(= LTc/Lp) = 1.5 and 2.0. The critical power becomes pc
= 0.127 (<5/x = 5.4%) for £„ = 1.5 and pc = 0.101 (bjx - 8.5%) for ¿tp = 2.0.
It is found that the short heating scale length reduces pc and enhances ¡x. For p »
p c , we obtain the heat diffusivity scaling resulting from the mixed time-scale determined by the intrinsic x¡ and the heating rate:

n=RB

(6)

FIG. 4. Temperature gradient ¡i/njs LTc/LT) for normalized input power p for different heating
scale-lengths. &„(= LTc/Lp) = 1.5. The critical point is indicated by the arrow.
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FIG. 5. Dependence of (F, fi, W) on Pin (power deposition) and PF (perpendicular momentum
deposition).

where the transport is Bohm-like (for a = 0.5) and x¡ is proportional to P^ 2 , showing typical L mode scaling. The heat diffusivity depends not only on Pin but also on
the peakedness of the heating through Lp.
In Fig. 5, we schematically show the behaviour of (F, ju., W) for the power
deposition, Pin. The critical power, P*n = (ynho)xvlc/yp, is obtained under the condition that (fi, W) behaves as the L mode with F = 0, as discussed above (region I).
For Pin > P*n (region II), on the other hand, the L mode is saturated where the fluctuation energy becomes independent of Pin, i.e. W = WH ( = vnc/yp). Then, the flow
F and the gradient ¡i increase linearly with Pin as
F = (Y0/X0*'nc)(Pin ~
M = YpPii/XoPnc

PD

(7)

suggesting confinement improvement. Here, we assume that the sheared poloidal
momentum deposition, P F , is turned on at Pin = Pin > P*n. PF is generated by the
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radial electric field as was discussed in Section 2.2 or by direct momentum injection
such as NBI. For weak momentum deposition (P F « (»V7o/x)P¡n)> the improved
L mode (W = WH) is found to split into two branches:

W± = wYl ± ~^~)

(8)

as shown in Fig. 5, where W+ means high W, low ¡i, and W_ designates low W,
high ¿i. Therefore, W_ corresponds to the suppressed transport branch. For strong
momentum deposition (P F >> (íV7o/x)P¡n)> W_ continuously tends to W^SB) =
W
H(^nc7oPin/xPF)> which shows a strongly suppressed branch compared with WH.
Since the condition P F : » (j>nc7o/x)P¡n would be satisfied in a localized region,
WlSSB) can be one of candidates for the transport barrier observed in recent JT-60
experiments [5, 6].

4.

CONCLUDING REMARKS

We see through our toroidal particle simulation that radially extended non-local
turbulence provides a strong constraint on the plasma relaxation and forces the profile
to relax near (but slightly above) marginal stability. In a critical state where ideal
radial modes are well sustained, the transport is characterized by the typical L mode
with Bohm-like diffusivity. The non-local modes are easily affected by the poloidal
shear flow and can disintegrate into smaller radial islands, when the transport would
change from Bohm to gyro-Bohm like. The large temperature gradient deviation from
the marginal by strong heating (e.g. supershot) also can lead to disintegration of the
non-local modes and to transition to gyro-Bohm. The poloidal flow couples with the
ITG turbulence through anomalous Reynolds stress and leads to an improvement over
the L mode (characterized by x¡ <* P/n2) above a certain threshold power. The
improved L mode can further split into two branches, one of which is a strongly suppressed branch (SSB) due to the onset of momentum deposition. We suggest that the
SSB branch represents the recent observation of the internal thermal barrier observed
in JT-60 [5, 6].
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DISCUSSION
R.M.O. GALVÂO: In the usual picture of a self-organized criticality, there is
a simple relationship between neighbouring cells, and the relaxation to a selforganized profile occurs through catastrophic events of different sizes whose frequencies of occurrence follow a characteristic power law. Is there a similarly simple relationship and corresponding power law spectrum for ITG modes?
Y. KISHIMOTO: So far we have no clear answers as regards both the power
law and the creation of an ITG potential vortex but, over the radial region, we do
see catastrophic behaviour between neighbouring potential cells which is organizing
the profile.
P.H. DIAMOND: I would just like to comment that you, like others (e.g.,
P.H. Diamond et al., Phys. Rev. Lett. 72 16 (1994) 2565), are modelling confinement mode transitions via coupled rate equations. If you evolve to reaction-diffusion
equations, by keeping spatial coupling via transport, it is likely that you will find
propagating front solutions similar to the ones found by your JT-60U colleagues in
their H mode studies. This programme is implemented in our paper
IAEA-CN-60/D-13.
A.M. DIMITS: What was the value of the thermal flux seen in your direct simulations, and is it large enough to allow a critical gradient model as an explanation for
the experimental results?
Y. KISHIMOTO: The normalized heat flux and x¡ in the simulation are on the
same level as in the experiments described by M.J. LeBrun et al. (Phys. Fluids B
5 3 (1993) 752). The heat flux as determined by the critical gradient model depends
on the deviation from the critical gradient and the mode structure at that time. The
heat flux sometimes becomes large enough when the non-local mode is well established, even if the gradient is very near critical.
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Abstract
BEHAVIOR OF MAGNETIC ISLANDS IN 3D MHD EQUILIBRIA OF HELICAL DEVICES.
Magnetic island formation in 3D finite-/? equilibria in the H-1 Heliac is studied by using the HINT
code. It is found that the size of a dangerous island should increase with /3 but that destruction of the
equilibrium at low /3 is avoided because the rotational transform evolves to exclude the rational surface
concerned. At higher /? there is evidence of near-resonant flux surface deformations which may lead
to an equilibrium limit. A reconnected equilibrium at still higher /3 exhibits a double island structure
which is similar to homoclinic phase portraits which have been observed after separatrix reconnection
in Hamiltonian systems. The physical mechanisms of island formation in finite-/3 helical equilibria have
been investigated. The HINT code predicts that the global effect of the Pfirsch-Schlüter currents can
lead to self-healing of magnetic islands independent of whether or not the plasma is stable to resistive
interchange modes. This result has been compared with the predictions of a boundary-layer analysis
which has been extended to consider configurations with islands in the vacuum magnetic field.

1. Evolution of magnetic islands in a Heliac
One of the critical issues in obtaining a high-/? plasma for helical devices is
the formation of magnetic islands induced in nonaxisymmetric finite-/? equilibria.
This issue has been studied by the 3D equilibrium code HINT, which does not
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FIG. I. Evolution of magnetic islands and deformation of magnetic surfaces in a Heliac: (a) vacuum
field, (b) rotational transform profile for vacuum field, (c) (30 = 1.5%, (d) /30 = 2.0%, (e) /30 = 3.8%,
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a-priori demand the existence of regular nested magnetic surfaces. It has been
discovered numerically that a breaking of the magnetic surfaces due to the finite/? effect occurs in practical configurations such as heliotron/torsatron [1] and
Helias [2], and often imposes severer limitations on the equilibrium beta than
the Shafranov shift. In addition, an unexpectedly good aspect of magnetic island
evolution, which has been termed "self-healing", has been discovered.
T h e island issue is especially important for the Heliac configuration, which
has a small shear and contains a large number of Fourier harmonics in the magnetic field structure. In this paper, properties of magnetic islands induced due
to finite pressure effects in an H-l Heliac configuration [3] are studied using
HINT. H-l fields have a large degree of flexibility due to an / = 1 helical trim
coil. This flexibility does not, however, seem to extend to varying the phase
of the major, stellar at or-symmetric island chains. In this study we examine a
configuration which includes the island structure corresponding to the i = 6/5
resonance (¿ = 2/5 per field period) in the vacuum field and assume the existence
of stellarator symmetry. A sequence of results from these simulations is shown in
Fig. 1 where one cross-section of the H-l flux surfaces is shown at various plasma
/?'s starting with Fig. 1(a) for the vacuum field. The ¿ profile for the vacuum
field is monotonie and the shear is quite small (Fig. 1(b)).
As ¡3 increases, a minimum of ¿ (with vanishing shear) appears at around half
the minor radius. Depending on the value of this minimum i with respect to 6/5
(the most dangerous low-order rational surface) a variety of topologies appears
for magnetic islands induced in finite /? equilibria. Figure 1(c), at /?o = 1.5%
(</?> « 0.5%), shows that the size of the i = 6/5 island should increase with
plasma pressure to about 1/5 of the plasma radius. If the pressure is increased to
/?o = 2.0%, in Fig. 1(d), the plasma appears to experience a form of self-healing,
however the corresponding i profile shows that this is because the 6/5 surface has
been excluded from the configuration. It is possible that this exclusion might be
due to some self-consistent plasma dynamics and, as such, could be considered
as a (new) form of self-healing. In any case, it is a favorable property of the
H-l configuration that reasonably smooth flux surfaces can be obtained at these
plasma /?'s.
As the pressure is increased further the HINT results show that the minimum
value of t remains just above 6/5, however the flux surfaces show marked signs of
near-resonant deformation (Fig. 1(e)). Figure 1(f) shows the flux surfaces when
the equilibrium pressure has increased to /?o = 4.4%. The flux surfaces have
reconnected to form a double island structure, indicating that the minimum of
i has decreased to 6 / 5 . The topology of this island chain is analogous to the
homoclinic phase portraits observed for Hamiltonian dynamical systems after
separatrix reconnection [4], but appears to be new in the context of stellarator
magnetic fields. The possibility of separatrix reconnection occurring is due to the
corresponding Hamiltonian being degenerate, which, in our case, corresponds to
¿' = 0 across a finite fraction of the plasma radius.
T h e behavior of islands shown in Fig. 1(f) suggests an existence of a new
type of self-organizing process, which is driven by a pressure-driven instability.
Based on an equilibrium obtained by HINT, nonlinear simulations are being performed using a compressible full-MHD model in 3D geometry. An excitation of
a strong pressure-driven instability with a global structure has been observed as
/? increases. There is a interesting tendency of the pressure profile to spontaneously relax to a simple confined structure after a disordered state driven by
the instability.
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2. Physical mechanisms of formation and 'self-healing'
of magnetic islands
A comparative study is being made of some of the computational and analytical results presently available concerning pressure-induced magnetic islands
in 3D equilibria of currentless stellarators. The main goal of this study is to
clarify whether the dominant physical mechanism of island formation is due to
the "local" (current sheets) or the "global" (Pfirsch-Schliiter currents) effects of
the plasma current.
For this purpose, we have examined the behavior of DR (the criterion for the
local resistive interchange mode) and the Jacobian, y/g , for results obtained
by HINT for the self-healing case of Helias [2]. We find that the self-healing process can be consistently explained by supposing that the pressure-induced islands
always have the same phase independent of /? (a "fixed-phase" property). This
fixed-phase property is consistent with the global effect: the field generated by
the Pfirsch-Schlüter currents integrated over the whole plasma volume appears to
have a simple, global, spatial structure which couples with the external magnetic
field of the nonaxisymmetric configuration. We have also analyzed the consistency of the equilibrium on the rational magnetic surface 5/6 which exists in
the Helias configuration for vanishing island thickness and find that the plasma
deforms itself so that the so-called Hamada condition, that J dl/B be constant
on a rational surface, is satisfied with very good numerical accuracy when the
island vanishes completely due to self-healing.
The behavior described above for a Helias configuration occurs with the resistive interchange criterion being satisfied. The importance of the global effect is
further confirmed by computations for resistive-interchange-unstable equilibria
where we observe a similar process of self-healing.
On the other hand, earlier boundary-layer theory [5] has been extended to
include a small vacuum island which may have a different phase to the pressureinduced islands. For a negative DR (resistive-interchange-stable) case, the extended theory predicts complete self-healing at a critical value of beta, when the
vacuum perturbation and the perturbation caused by the Pfirsch-Schlüter currents are exactly out of phase. Beyond this critical value, the islands reappear
but with a flipped phase. This behavior is consistent with the computational
results.
Acknowledgements
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DISCUSSION
K. LACKNER: In the situation where islands grow with increasing ¡3, how
sensitive are the results to the further assumed pressure gradient development within
the islands?
T. HAYASHI: The results are not so sensitive to the fine pressure structure near
the rational surface. This is because the 'global' effect of the plasma current
integrated over the whole plasma volume is important when determining the size of
the magnetic island.
M. WAKATANI: When there are magnetic islands at zero /3, what pressure
profile do you assume initially?
T. HAYASHI: We do not need to adjust the pressure profile for the island structure. The pressure profile is automatically and consistently flattened inside the island
as a result of an incorporated calculation step which makes the pressure uniform
along each field line.
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Abstract
SELF-CONSISTENT SIMULATION OF L AND H MODES IN A TOKAMAK.
The results of L and H mode transport simulation in tokamak discharges with ohmic and NBI
heating are presented. It is shown that confinement in both modes in these discharges can be described
in terms of a single model and with the same plasma transport coefficients, without introduction of any
sudden changes after the L-H transition. The improvement of plasma confinement in this model is
caused by the rearrangement of the radial density profiles and is mainly connected with transient
processes of increasing n and flattening n(r). After the density increase has stopped and the density profile has relaxed to a peaked shape, the energy confinement degrades. In this process, changes in the
convective energy losses given by 2.5TT are important, where Y is the convective flux due to particle
transport and T is the temperature in electronvolts.

1.

SELF-CONSISTENT HEAT/PARTICLE TRANSPORT MODEL

For plasma transport analysis we use the ASTRA code [1] which selfconsistently calculates 2-D equilibrium, 1-D transport of poloidal flux, temperature
and density of charged particles and neutrals, as well as the processes connected with
NBI heating.
The heat flux in the transport equations [2]:
Q = xriVT + 2.5Tr
is calculated by taking account of the convective flux caused by particle transport:
T = DVn + Vn
The coefficients x, D, V are chosen in accordance with the transport model [3],
with neoclassical ion heat conductivity x¡ = Xineo [4] and anomalous electron coefficients [3]: Dean = 0.5xean, Xean = O^CTJAd^ir/Ry^i^qRy1;
(x[m2/s], n(1019m"3],
T[eV], R[m], B[T]).
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The transport model [3] has demonstrated good agreement with a number of
experiments on the TFTR, Alcator, T-ll [3], JET [5] and START [6] tokamaks.
We also simulate the auxiliary transport due to the presence of a resonance surface m/n = 1 (q = 1). The surface position rq = t is determined by the equation of
the poloidal flux evolution. The parameters n and T are uniformly mixed in the entire
zone rs = 1.4rq = t with the ST period given by the experiments, while the particle
and energy contents inside the mixing zone (r < rs) are kept constant.
The NB absorption and the evolution of the suprathermal ion distribution function are calculated by solving the 2-D (in velocity space) Fokker-Planck equation,
in the real geometry of the experiments.

2.

PARTICLE SOURCE BEHAVIOUR AT THE L-H TRANSITIONS

The drop in the Ha(Da) emission during the L-H transition is usually interpreted as a decrease of the particle source. Meanwhile, an analysis of the experimental data has shown that during the L-H transition a particle source (some part of
which corresponds to a direct ion source from the molecule dissociation invisible
in the H a emission) increases in the plasma core, because of the reduction in SOL
opacity [7, 8].
To estimate the scale of particle source growth due to better penetration of
particles from the walls after the L-H transition, we use the experimental density and
temperature profiles [7, 9]. The distribution of the neutrals was calculated from a
kinetic equation in 1-D slab approximation, taking account of ionization, recombination and charge exchange processes and a spatially distributed atom and ion source
from molecule dissociation, keeping constant the molecular flux from the wall.
The calculations demonstrate (Table I) that the total source in the bulk plasma,
Stot, can increase more than 1.5 times after the L-H transition, together with a
growth of the direct dissociative ion source, Sm.¡. Meanwhile, the midplane average

TABLE I. CHANGES IN ION SOURCES AND Da EMISSION
(ASTRA calculations for experimental profiles)
Mode

S tot

Sm.¡

Sa.¡

D a . tot

D„. S 0 L

ASDEX
L

3

0.8

2.2

5.9

7.7

H

5

3.2

1.8

4.1

0.74

DIII-D
L

3.9

0.001

3.9

7.2

4.8

H

7.2

2.0

5.2

5.3

1.4
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FIG. 1. (a) Time evolution of plasma parameters and (b) radial distributions for JET NBI heated
L mode plasma (pulse No. 24 410). -•--•-: ASTRA calculations; -0--0-; experiment; QX(MW): conductive heat flux; Qr(MW): convective heat flux.
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Da.tot emission drops together with the emission beyond the separatrix, Da.S0L- The
ion source due to ionization of the atoms, Sa.¡, changes moderately. This source
growth in the bulk plasma is of the same scale as has been reported in the analysis
of experimental data for DIII-D [7].
3.

TRANSPORT ANALYSIS OF DISCHARGES WITH
L-H AND H-L TRANSITIONS

The ASTRA simulation of JET L mode NBI pulses Nos 24 410 and 26 977 [10]
shows good agreement between experimental and calculated parameters (Fig. 1) for
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FIG. 2. Time evolution of plasma parameters for JET NBI heated H mode plasma (pulse No. 20 981).
-0--0-, -•--•-; ASTRA calculations; — experiment. For the arrows, see Fig. 3.
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FIG. 3. Evolution of plasma density (ne), convective heat flux (Qr) and conductive heat flux (Qx)
radial profiles for JET shot No. 20 981 from ASTRA simulations (at different moments marked by the
arrows in Fig. 2).

both hydrogen and deuterium plasmas. The density is varied insignificantly, and the
calculated density profiles remain rather peaked during the whole discharge.
ASTRA simulations of JET NBI H mode pulse No. 20 981 [11] (Fig. 2) have
confirmed good agreement with the experiment [11] as reported in Ref. [5]. To
explain the reasons for this agreement we analyse the transport dynamics in this discharge. We have obtained the result that in the L mode phase of this discharge
(t < 10.5 s, PNBI = 2 MW) the density profile remains peaked and Q r = Qx
(Fig. 3). After the L-H transition (PNBI = 18 MW), the density increases much
faster than in the L mode, <ñ> = 2 x 1019 m~3-s~'. In the simulation this rise is
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FIG. 4. Energy confinement time TE in COMPASS-D ohmic shots as a Junction of density, ñjt). Dots:
experiment; lines: ASTRA simulation.
; L mode (without jump of particle source in the core);
— : H mode (with different jumps of particle source in the core).

provided by the increase of the particle source at the bulk plasma periphery. This
causes a temporary flattening of the density profile, a drop in the relative convective
loss fraction (Fig. 3) and a corresponding increase in the ion temperature (Fig. 2).
In the JET experiment the inverse H-L transition at t = 11.4 s (Fig. 2) coincides with a strong increase in the carbon influx and plasma density peakedness,
n(0)/<n>. In our simulation we induce the increase of n(0)/<n> by stopping the
increase of the particle source at the periphery (Fig. 2). Because of the density profile
peaking, a steep rise in the convective heat losses (Fig. 3) causes reduction of temperatures, energy content saturation (dWp/dt = 0) and a drop in the energy confinement time, TE = Wp/(Qtot - dWp/dt).
The most pronounced discharge behaviour with such transient improvement of
confinement corresponds to the ohmic H mode in the COMPASS-D tokamak [12],
where the confinement time TE and <n> vary in a jump-like manner after a drop in
the H a emission. We simulate this transition by a fast increase in the particle source.
A further reduction of <ft> causes density profile peaking, an increase in Q r and a
degradation of TE to the value close to the L mode value (Fig. 4). Meanwhile the H a
radiation remains at a low level (i.e. TE degrades while the H mode continues).
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CONCLUSIONS

The drop in the Ha(Da) emission does not imply a reduction in the total particle source within the bulk plasmas, because of the direct ion source from dissociation.
During the L-H transition the particle source shifts from the SOL region into
the plasma core, because of the better penetration of molecules and neutrals caused
by the reduction of SOL opacity.
The particle source growth results in a rapid density rise at the plasma periphery, a flattening of the density profile and an improvement in energy confinement due
to the reduction of the convective losses and plasma transport coefficients, — 1/n.
This type of confinement improvement is transient. The energy confinement
degrades after the peaking of the density profile in the steady state discharge phase.
For the interpretation of the experimental data, the proposed explanation of the
L-H-L transition dynamics in the regimes considered does not require any sudden
changes in the transport coefficients in the bulk plasma under L-H transition.
For a more careful comparison of the confinement in the L and H tokamak
modes, the experimental data obtained in the stationary phases of such discharges
must be analysed.
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DISCUSSION

J.G. CORDE Y : Can this model describe the toroidal field dependence of the
power threshold for the L-H transition?
B.B. KADOMTSEV: No, it was not developed to such a detailed level.
S.I. ITOH: What kind of loss mechanisms caused by the presence of neutrals
are included (e.g. Pcx, Pion, ...)? What xeanom model is used?
B.B. KADOMTSEV: The model takes into account heating power, radiation, charge exchange and ionization. For Xenom» the T-ll model is used with
x anom

a

{/n

R.R. WEYNANTS: It appears that the only trigger you propose for the L-H
transition is a gas puff. Is this so?
B.B. KADOMTSEV: An increase in the particle source at the bulk plasma
periphery was artificially implemented as a trigger.
A. GIBSON: Would your model really predict a sharp reduction in D a light?
After all, even if the opacity of the SOL is reduced, the ionization and Da light will
still occur somewhat further into the plasma.
B.B. KADOMTSEV: The model shows that such a drop takes place.
T. TAMAÑO: What is the mechanism that is causing bifurcation phenomena,
according to this model?
B.B. KADOMTSEV: This model has no internal mechanisms for bifurcation
description.
K. LACKNER: I am puzzled by the model result that molecules in the H regime
should penetrate beyond the separatrix. My recollection is that the cross-sections for
dissociation and the low thermal velocity of molecules would always ensure either
their absorption or, respectively, their breaking up in the SOL.
B.B. KADOMTSEV: The ion source was calculated on the basis of known
atomic data.
F. WAGNER: The transport element in your transition model is the scaling
X « 1/n. I wonder whether this relation applies universally as ohmic H modes can
develop from the neo-Alcator scaling (TE OC n j but the majority of transitions are
initiated from the L mode (rE oc n£).
B.B. KADOMTSEV: The Astra code, which assumes that x <* 1/n, gives a
satisfactory description of the concrete cases discussed in the paper.
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Abstract
DYNAMICS O F L - H TRANSITION, VH-MODE EVOLUTION, EDGE LOCALIZED MODES
AND RF DRIVEN CONFINEMENT CONTROL IN TOKAMAKS.
Several novel theoretical results related to L ~ H transition physics, VH-mode evolution, Edge
Localized Modes and active confinement control are presented. Critical issues are identified, results are
discussed and important unresolved questions are listed. The basic physics is discussed in the contexts
of current experiments and of ITER.

I. )

Introduction

The L-»H transitional is crucial to ITER!2!. Specifically, the confinement
enhancement of the H-mode is necessary for an adequate ignition margin, and ELMs are
323
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required for efficient ash removal. At the same time, giant ELM Da-bursts severely
challenge divertor technology. The recently discovered VH-modePÎ offers even greater
benefits in confinement enhancement but also presents more formidable challenges vis-avis termination due to a (likely) kink-induced "monster" ELM. Hence, both a sound
scientific understanding of H-mode physics and the ability to actively controlC4-5!
confinement regime transitions are necessary.
In this paper, we summarize recent advances in L—>H transition physics. The body
of the paper is organized into four sections which are:
a.)
b.)
c.)
d.)

(Section H) Basic L-»H Transition Mechanism Physics,
(Section DÍ) VH-Mode Evolution,
(Section IV) Edge Localized Mode (ELM) Dynamics,
(Section V) Active Control of Confinement via RF.

In each section, a statement of the fundamental issues is followed by a summary of the
basic model and results obtained from it. Outstanding technical questions are identified and
a description of planned future work is provided. A discussion of the broader unresolved
issues in this work for L-»H transition physics appears in Section VI.
II.)

Basic L—»H Transition Mechanism

Virtually all credible models of the L-»H transition utilize the paradigm of electric
field shear-induced suppression of turbulence to explain the formation of a transport
barriert6-9!. Moreover, this theoretical paradigm is strongly supported by experimental
findings!10]. Hence, the central issue of the L-»H transition mechanism is the origin of the
electric field shear layer. Specific questions include:
a.)

What are the relative contributions of poloidal velocity shear ( Vg I and diamagnetic
velocity \yd j shear to VE = -cEr' /& ?

b.)
c.)
d.)

How do Ve and V¿ evolve in time at and above the L-»H transition threshold?
What is the "seed" which triggers the transition?
What physics determines the L—»H power threshold and the empirically determined
scalings?

To answer these questions, a simple dynamical model for fluctuation intensity (#),
poloidal velocity shear (£/) and pressure gradient (AO evolution has been derived from
fundamental theoretical principles^11>12]. The model equations are:

^- = ËN-Ë2-V2Ë

(1)

^- = aEV-bU
dx

(2)

dN
^r- = -AEN-BN
dx
U = V-CCN2

—
+Q

(3)
(4)
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Here Eqn. (1) describes fluctuation intensity evolution in terms of growth (y ~ V r P ~ N),
nonlinear transfer to dissipation and electric field shear suppression. Eqn. (1) is a
spectrally-integrated wave kinetic equation. Eqn. (2) relates poloidal velocity shear
evolution to the Reynolds stress dynamo!13"15] and magnetic pumping induced dissipation.
Eqn. (3) relates pressure gradient evolution to particle and heat sources (Q), and
fluctuation-induced and neoclassical transport. Eqn. (4) is the ion force-balance equation,
which defines the electric field. Here, pressure gradient evolution is taken to be dominated
by particle transport. Finally, the dimensionless fields and parameters are defined
according to:

(5)
am*ltbmJLtAmJ^

a\

Yo

70W2k

BmJ^tQm^-tam
7QL2

The parameters a\,(X2,(Xz are derived and tabulated (for various turbulence models) in
Table (1) of reference (11).
Eqns. (1-4) correspond to the fluctuation wave kinetic equation, poloidal
momentum equation and particle transport equation radially integrated over one turbulence
spectrum width. They thus constitute a "single spatial scale" model of L-»H dynamics,
and are suitable for describing narrow transport barrier evolution characteristic of
"standard" H-mode plasmas. Indeed, the width of the barrier in such plasmas is
comparable to the width of the turbulence correlation length in L-modet16]. It should also
be noted that the basic structure of these equations is independent of the L-mode turbulence
model.
The predictions of this model vis-a-vis the dynamics of Er and the evolution of the
transition are nicely summarized by Fig. (1), which illustrates the temporal evolution of
E,(VQ)

and N, during a "ramp" of power with time (i.e. Q ~t). At the L—»H transition

(t ~ 200), a sudden drop influctuationintensity is accompanied by rapid growth of (VQ) .
This corresponds to the poloidal velocity dynamo instability, which re-apportions
(pressure) gradient free energy between turbulent fluctuations and the mean flow, thus
improving confinement. At the same time, the reduction in fluctuation level results in an
increase in N, corresponding to a steepening of WP due to decreased transport. However,
self-consistency ultimately asserts itself! As thefluctuationintensity continues to drop, the
Reynolds stress dynamo first saturates, and then (Ve) decays rapidly, as the dynamo term
no longer exceeds magnetic pumping damping. At the same time N (~ VP) increases
rapidly, so that clearly V¿ is the dominant contributor to VE in the "time-asymptotic" Hmode state. In this state the fluctuations are quenched.
Several aspects of the evolution described above merit further discussion. First, the
model clearly suggests a "two-stage" paradigm for the L—>H transition. In the first stage,
which occurs for P~Pthresh* m e A° w dynamo instability is triggered. This results in the
growth of poloidal velocity shear and in a moderate reduction in fluctuation level. Note,
however, that the fluctuation level must be sufficient to drive the Reynolds stress. In this
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FIG. 1. Power increasing with time, showing onset and saturation of Reynolds dynamo followed by
fluctuation quench.

stage, VE i s primarily due to Vg , and the ambient transport is reduced, but not
quenched. Hence, there is some constraint upon VP -steepening, so that an ELM-free Hmode is possible at modest power. In the second stage, for which P>Pthreshi the
fluctuations are quenched. As a consequence, the poloidal flow decays, and the pressure
gradient is the dominant contributor to Er • In this stage, the ambient transport is reduced
to feeble levels, so that the pressure gradient will surely steepen to the ballooning limit,
resulting in the onset of ELMs, which are discussed in Section (IV) of this paper. A
second aspect of the evolution is that the ratio of poloidal flow shear to diamagnetic velocity
shear is given by

Ya.
Ve

b/a-E
Ë

which further illustrates the dominance of Ve near threshold b/a = E, and the dominance
of Vd at high power (Ë -» 0). A third notable aspect of the evolution is that the temporal
duration of the "flow dynamo" phase is sensitive to the rate at which the external power
input is "ramped." Specifically, a rapid power ramp will compress the time duration of the
flow-dynamo phase, and thus may render it unobservable to diagnostics without sufficient
temporal evolution 17 1. Also, as with any bifurcation, the transition time diverges at the
power threshold. Thus, the detailed transition dynamics are best studied at modest power
levels. A fourth interesting aspect of the model is the fact that the ambient L-mode pressure
gradient serves as the "seed" for the transition, by driving a diamagnetic velocity which is
amplified by the flow dynamo, once the power threshold is exceeded. The sign of the seed
VE is determined by the relative magnitudes of Ln and Ln- For Ln < Ln, the sign is
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consistent with an inward electric fieldt^]. The L-*H bifurcation is subcritical. Finally, it
should be noted that this simple model does not address the phenomenon of "dithering."
An improved version, which incorporates explicit correlation time amplitude dependence,
clearly manifests dithering and is discussed elsewhere!19!.
Two urgent concerns for ITER are the physics and associated parameter scalings of
the L—>H power threshold. In this model, the threshold is defined by the competition
between the flow shear dynamo and magnetic pumping!20-!. As the dynamo is fluctuation
driven (and thus tied to input power by transport), a power threshold appears
straightforwardly. For drift-ITG type turbulence, the ratio of local flow shear drive and
damping defines a dimensionless parameter p = (VTHÍ/L>T ^(Ln/Ls)(Ar/Ln)
. Here Ar
refers to the fluctuation correlation length, \i to magnetic pumping damping and the other
notation is standard. The transition occurs when p > 1. The physics of the transition is
thus clearly revealed to be the condition that the edge gradient steepen to the point that the
flow dynamo is triggered. It is interesting to note that p ~ Tf/n, in accord with
experimental findings!21!. The condition that p>\ may be converted into a power
threshold by imposing power balance and utilizing standard drift-ITG transport models.
The result is Pthresh ~ {P^T) . aRLs. Here {pnT).
is to be evaluated using L-mode
edge parameters, just prior to the transition (i.e. fi should be evaluated for plateau or
Pfirsch-Schluter conditions). Note that Pthresh scales with surface area, and is lower
under conditions of strong magnetic shear. Taking T ~ BT yields a scaling in accord with
many experiments.
While this paper is necessarily phenomenological in orientation, two aspects of the
theoretical underpinnings of the model merit further discussion here. First, the flow-shear
dynamo instability is clear a key ingredient for this L—»H transition model. Numerical
solution of the primitive equations has verified the existence of the flow dynamo
instabilityl8b'cl. Recent fundamental work!22! on flow shear amplification has adapted
methodology from magnetic dynamo theory to the Reynolds dynamo problem. A meanfield flow dynamo is indeed predicted for the Hasegawa-Mima system, but requires a finite
\k\pf)- In particular, for isotropic (but not homogeneous) turbulence spectra, no dynamo
is possible in an ordinary 2D-Euler fluid. This finding, confirmed by recent numerical
studies! 23 !, establishes that the results of Ref. [13c] are not general and largely a
consequence of the specialized initial conditions chosen there. It also suggests that the
formation of large scale flows may be related to the presence of finite time singularities in
the turbulence. A second theoretical issue is the physics of shear suppression. Clearly, the
shear suppression model used here is the simplest one consistent with basic parity
symmetry. The model should be extended to include Er curvature, finite amplitude
suppression effects and Er -induced wave absorption.
Several rather straightforward extensions to this model should be implemented in
order to resolve ambiguous issues. These include:
a.)
b. )
c.)
d.)
e.)

neutral influx effects, especially the impact of charge exchange on flow damping
and thus on the power threshold,
simultaneous evolution of particle and temperature profiles,
the effects of turbulence and Er on magnetic pumping damping,
the impact of ballooning fluctuation structure on Er evolution,
the sensitivity of Pthresh t 0 ion VB-drift direction.

These issues will be addressed in future publications.
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III.) VH-Mode Evolution
The discovery of the VH-modet24] is of great significance for two reasons. First, it
represents a regime of confinement enhanced beyond H-mode levels. Second, the VHmode is of scientific importance since it demonstrates that the transport barrier may be
significantly delocalized from the plasma boundary. Thus, transport barrier formation and
development are almost certainly noj; related to orbit losst25! and related effects. This view
is supported by recent findings from JT-60U, where the enhanced confinement regime
develops in the core and propagates radially outward. Thus, the critical issues related to
VH-mode evolution are:
a.)
b.)
c.)
d.)

What is the mechanism of VH-mode build-up? How can the spatio-temporal
evolution of the transport barrier be described?
What roles do VQ , Vd and toroidal rotation f V^J play in the VH-mode electric
field evolution? What controls transport of (v^)?
What constitutes the "seed" for the VH-mode electric field? What determines the
spatial extent of the enhanced confinement region?
Why are ELMs not observed in VH-mode? What triggers termination of VHmode?

Recent progress on these issues is discussed below.
The basic model of the L-H transition (Eqns. (1-4) is local, but may be extended to
include spatial coupling by retaining radial transport of the local order parameters E, U and
N. At the simplest level, this is accomplished by inserting fluctuation-dependent diffusion
into Eqns (1-3). Thus, the transition model is naturally generalized to:

X M£*fi|

=£W

-F£-E

wu-îHuhEv-bu

(6)

(7)

with
U = V-ocN2

(9)

Here, x - X/L±, Do is the L-mode diffusively and L± is the gradient scale length in Lmode. Note that the VH-mode model consists of a set of coupled nonlinear reactiondiffusion equations, withfield-dependentdiffusivities. Such systems are known to exhibit
complex evolutionary behaviort26!.
Considerable basic insight may be obtained by studying a simplified fluctuationflow evolution model, which is obtained from Eqns (6-9) by setting U=V and ignoring N
evolution. This model is the spatially non-local analogue of the "predator-prey" L-»H
transition model advanced in Ref. [11]. This model exhibits a super-critical bifurcation
between L-mode-like and H-mode-like states. As with any super-critical bifurcation, the
transition occurs via an instability of the L-mode root. This instability occurs in the flowshear modulation mode, while the fluctuation modulation mode remains heavily damped.
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Thus, the fluctuation evolution may be "slaved" to flow evolution, described by a single
Ginzburg-Landau equation of the form:

dt °

dx

DoYo
a\

Va

dve

r0

dx
(10)

=

y0AeVe'-^ví

Here Ae = ai/cci - fl/Yo and Ae>0 is the local super-criticality condition. This
equationt 27 l is similar to the KPP and Fisher equations used to describe epidemic
propagation. A leading edge analysis reveals that transition front solutions (i.e.
Ve =Ve ( X - V / i ) ) exist and propagate at speed
y / = 2-^(r 0 A r )(Ae) 1 / 2

0

(11)
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FIG. 2. Poloidal velocity shear profiles showing transition front propagation.
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These solutions connect regions with Ve finite (i.e. H-mode) with Ve = 0 regions.
Obviously Ae > 0 is necessary for propagation, i.e. local super-criticality to the L-»H
bifurcation must be achieved. Note that Vf is not simply due to radial transport, but rather
a hybrid process of diffusion

(YQAI

= Do) and the local L—»H bifurcation instability (i.e.

1/2

Ae ~ (P/Pcrit~l)
)• Thus the front propagates into locally super-critical regions.
The width of the transition layert27! (i.e. front width) is given by
AXf = ^(Ae)-y2

(12)

This expression is derived assuming AXf>ArAXf is analogous to the phase
correlation length in critical phenomena. It should be mentioned that these results are valid
for spatially varying oC s, assuming AXf < ((l/Ae)|i/A£/d!x|) . A typical front is shown
in Fig. (2). The analytical results are supported by numerical solutions of the model
equations.
In considering the effects of pressure gradient evolution, a qualitative change in the
dynamics of propagating transitions occurs. In contrast to the simpler flow-fluctuation
model, the L—>H transition is locally seeded at aU radii by the L-mode pressure gradient (if
Ae > 0). Thus, the evolution of the transition at a particular point may occur via an L—»H
transition front propagating through the region or via a local collapse or quench of the
fluctuations and concomitantly abrupt steepening of VP. The precise route of transition
thus depends on the comparative magnitudes of the poloidal velocity shear and diamagnetic
flow shear, with Ve > Vd indicating a front, and Ve < Vd corresponding to a
"collapse." More precisely, the route to transition is determined by Tr/T/?, where
Tr = L±/Vf is the front transit time and T/? is the fluctuation reduction time. In this
model,

A a2 bl
in

i Í~ )

\I1( (0\U2
a,

7

l/2 3,2

a b aQ

>1/2

-"

(13)

where a = (c í p í /L 2 L )(a2/) 7 o)
> and A = Do/To A?- Note that the extrema Tr « T/j?
and Tr » T/e will appear as a "spatially propagating local" transition and a "global" or
"non-local transport" transition, respectively.
Having developed the basic theory of spatio-temporally propagating transition
fronts, it is now possible to address the issues concerning the VH-mode raised earlier.
First, the VH-mode develops by a spatially propagating (i.e. convective) transition
instability. The dynamics of this instability are a hybrid of local transport and the local
phase transition instability. Propagation can occur either slowly (i.e. Tj- < T/e), in the
form of a localized, but moving, front, or rapidly (i.e. T/e < Tr) in the form of a "nonlocal" collapse. Second, both Ve

an

d Vd contribute to the spatio-temporally evolving
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VE • F ° r TY < Tf£, the electric field is primarily due to rotation. For T/? > Tr» Vrf
dominates. Also, since the spatially localized transition model indicates that the "finite
Vg " s t a g e is usually of limited duration, it follows that the VQ * 0 layer should appear as
an "attached wake," which lags behind (but moves with), the local transition front. In the
case of a "non-local collapse," the extent of this VQ wake shrinks. Thus, detecting
poloidal rotation associated with VH-mode evolution is most feasible when Pâ Pcrit> using
a multi-channel (in space) CER system. Note that toroidal rotation (V^) is not apriori
necessary for a spatially propagating transition. This is consistent with the fact that a VHmode like regime has been achieved on TUMAN niC 28 l Third, the extent of the enhanced
confinement zone is determined by the radial width of the locally super-critical region (i.e.
Ae > 0). Note that this criterion naturally favors conditions of modest density and high ion
temperature (to minimize magnetic pumping), as well as peaked profiles (to maximize
drive). Such conditions are typical of VH-mode discharges. It follows that the VH-mode
should develop from the "seed" region to the periphery of the power deposition region.
Regarding the seed, the model predicts that the VH-mode will develop in all regions where
Ae > 0 and a finite seed Er exists. Thus, "inside-out" development, as recently observed
on JT-60U, is consistent with the model and suggests that in such cases, the local core
plasma VP is the strongest "seed" contributor. Fourth, this model does not explain the
absence of ELMs (see Section IV) in VH-mode discharges. This is most likely due to the

TABLE I. MODEL PREDICTIONS FOR VH-MODE EVOLUTION IN DIII-D
AND JET
Input data:
Dm-D:

Ip = 1.0 MA, B r = 1.2 T
foW

= I2

° eV

("¿edge = l x 1013cm-3

Xg/edge = 2x 104cm2/sec.

W - 1 cm

Lp/edge = 2.7 cm

Power = 3 MW
Ls = 180 cm
Lp/edge =2.7 cm

{Ti)edee=^eV

( » *edge
U -lxl0'3

Ls = 360 cm

X J edge = 4x 104

Transition Time*

Power threshold

Front propagation velocity

Dm-D

4.1ms

2.6Mw

25 m/sec.

JET

2.6ms

23Mw

47 m/sec.

JET:

W = 1 cm

Power = 3 MW

Transition time is the rise time of shearflow,not thefluctuationquench time.
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effect of triangularity, which yields access to the second stability region for ideal ballooning
modest29!. Finally, the VH-mode evolution phenomena discussed here also serve as
paradigms for more general manifestations of non-local spatio-temporal transport and
propagation phenomena.
To make contact with current experiments, a table of the model predictions for VHmode evolution in JET and DIII-D is presented in Table 1. Reasonable semi-quantitative
agreement is found. In evaluating these predictions, keep in mind that neutral friction is
neglected, so that "perfect" wall conditioning is tacitly assumed.
The model discussed above neglects toroidal rotation effects. While V<p evolution
is not an absolute necessity for a VH-mode model, toroidal rotation undoubtedly makes a
significant contribution to Er • Including V<p, the electric-field shearing velocity becomes:
VE =Ve ~

'
\e\BTL,\dr

'

J_[BeVf' + Be'vt]

'
Ln

(14)

BT

Note that VQ enhances VE through its own shear and through synergism with the local
Be(r) and current density.
To calculate the toroidal momentum flux
Tpó = n\VrVè) + V^,rn, it is necessary to evaluate the toroidal Reynolds stress \VrVé)Using standard a fluid model and quasilinear closure yields:

{vrV<p) =

-X<p-^dr
-

V

k

+ —BT

Ti

2

[xsn+xsr]k

< 15a >

*4bH-<^>

where

**"fMv"î)t

(15b)

The first term on the RHS of Eqn. (15a) corresponds to the (diagonal) momentum
diffusivity, first derived by Mattor and Diamond. The second term, due to ion diamagnetic
drift effects, is an off-diagonal contribution (pinch), requiring spectral symmetry breaking
((kek\\)*0)- This symmetry breaking may be induced by finite Er • Such a term
represents the toroidal momentum flux induced by acoustic wave coupling. The third and
fourth terms (also pinch contributions) are due to the ion polarization drift and appear
multiplied by BQ/BT- Throughout, Lk_ is the propagator (including Er ) and x&i a n d
Xsi are the susceptibilities for the non-adiabatic ion density and temperature fluctuations.
Thus, a rather detailed theory of VQ evolution is available and can be added to the L—»H
transition model.
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The principal outstanding issues concerning the VH-mode model include:
a.)
b.)
c.)

implementation of the VQ evolution model discussed above in the front paradigm,
treating both particle and heat transport in a 1-D model, including neutral fueling
and penetration effects,
including triangularity in the associated ELM model (discussed below).

These issues will be addressed in a future publication.
IV.)

Edge Localized Mode (ELM) Dynamics

ELMs£3°] are intrinsic constituents of H-mode plasma dynamics. On one hand,
ELMs are essential to ash and impurity control. However, the peak heat loads associated
with giant ELM bursts severely stress and constrain divertor design and technology. Thus,
unraveling the paradoxical nature of ELMs is crucial to a rational design for ITER.
The basic issues of ELM dynamics may be summarized as:
a.)
b.)
c.)
d.)
e.)

What physics distinguishes the various types of observed ELMs? Can ELMs be
classified logically?
How do ELM frequency ( CUE) and ELM-induced energy losses AE scale with input
power and other control parameters? In particular, what are the requirements for
access to grassy ELM regimes?
Is ELM-free operation possible, and how is it achieved? What distinguishes Type
-III ELMs from giant and grassy ELMs, and from "dithering?"
Why and how can the observed edge pressure gradient exceed the ballooning limit
in H-mode? What role does ballooning instability play in ELM dynamics?
Do ELMs exhibit hysteresis behavior?

The issues are addressed using a "minimal" ELM model discussed below, which is a
straightforward extension of the L-»H transition model presented earlier in this paper.
The key ingredients in a model of ELMs are a successful L—>H transition theory
and an understanding of ideal ballooning mode stability in H-mode edge plasma
environments. The latter requirement follows from the observation that ELMs seem related
to edge-localized MHD activity due to Vp-proximity to the ballooning thresholdt31!.
Briefly summarizing, there are four principal effects which enter the determination of
ballooning mode stability in an H-mode edge plasmat32l. These are:
i.)

electric field shear, which tends to distortfluctuationsvia differential drifts. This is
the strongest effect,

ii.)

poloidal angular momentum stratification (i.e. (r 2 Q#) ), which, as in simple
Taylor-Couette flow, may be stabilizing or destabilizing. For the usual ease of an
inward electric field I Er < 0], the combination of i.) and ii.) shifts the first stability

iii.)
iv.)

boundary toward higher V/?, consistent with the experimentally observed
exceedance of the (Er = 0,Ve = 0) ballooning threshold,
radial centrifugal force due to rotation, which enhances interchange and ballooning
drive,
Kelvin-Helmholtz (shear flow) drive, which couples to ballooning. This effect is
only relevant to regimes of extremely strong velocity shear.

The combined effects (i.)-iv.)) shift and distort the familiar s-a stability diagram.
Indeed, such a diagram must now be interpreted as a two-dimensional "slice" through a 3D
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FIG. 3. s-a diagram including sheared rotation. Curve 1: static plasma. Curve 2: solid body rotation
enhances drive. Curve 3: Sa = -10 (Sa = (r/Q)(dQ/dr)) indicates shear suppression. Curve 4:
SQ = —5 indicates weaker shear suppression. Curve 5: 5 n = 5 indicates enhanced growth due to
poloidal angular momentum stratification. Near the origin, Kelvin-Helmholtz modes appear.

s-a- VE stability "solid" ( y E corresponds to a normalized measure of electric field
shearing velocity). A set of such modified s-a diagrams is shown in Fig. (3). Note that
the magnitude and direction of the shift in the stability boundary is determined by the
normalized shearing parameter.
The ELM model may now be straightforwardly constructed. The central idea is that
the turbulence and fluctuations consist of two constituents: eD, which corresponds to the
intensity of ambient drift-ITG modes, and eM which corresponds to the intensity of MHD
ballooning fluctuations, EM responds to violation of the local ballooning instability
threshold on time scales which are faster than drift wave decorrelation rates, EM "feeds
back" on H-mode dynamics via strongly enhanced heat and particle transport and by
enhanced poloidal momentum transport (i.e. turbulent viscosity, which damps Ve )• Note
that the equality of (fluid) kinetic and magneticfluctuationenergies intrinsic to (Alfvenic)
ballooning modes results in a cancellation between fluid and magnetic Reynolds stress
dynamo terms. Thus, the minimal ELM modeK33! may be written (in normalized variables)
as:
4~ = ^-p\deD

+ dm£M)

(16a)
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- ^ - = £DVE'-{ÏL + £M)Ve'
-^£D = ÏO(P)
-^£M =

£D-a\e2D-a2V'2E
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(16b)
(16c)

à£M{p'-l-bV'2E)

(16d)

-cpu

(16e)

vE =ve

The notation is discussed in Réf. [33], but the correspondence to the L-»H model is
obvious. Note that Vp effects on VE m a v De turned off by c = 0. Similarly, VQ
effects are eliminated by ¡i —» °°. In this way, the results (i.e. model ELM history traces)
may be compared to experiment in such a way as to elucidate the relative contributions of
/

r

r

VQ and V¿ to VE • Note also that this is a single scale (0-D) model, which treats the
entire enhanced confinement zone as a "lump."
The straightforward numerical solution of Eqns. (16a-e) yields interesting results,
in Fig. (4) a "trace" plot shows an L—»H transition followed by an extended ELM-free
period, the duration of which is sensitive to the shape of the power ramp. As Vp steepens
toward V PCrit-> ELMs begin and persist throughout the H-phase. Note that hysteresis of
ELM phenomena is exhibited after "power" is reduced to L-phase levels. This familiar type
of behavior is exhibited by both the VQ -dominated (c-»0) and Vp -dominated {fi.—>°°)

2.5 r

1.5

0.5

-0.5 •

-1

l

FIG. 4. ELM model trace indicating L—H transition, ELM-free period, ELMs and hysteresis. A slow
power ramp extends the ELM-free phase.
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models in Figs (5) and (6), respectively. In Fig. (5), the L->H transition occurs at
t > 200, and an extended ELM-free period persists for 200 < t < 600. This is consistent
with VE ~VQ saturating \p -steepening below the ballooning threshold. <At i>600, the
power is ramped up further, leading to the onset of ELMs. Here, ELMs appear as Vp
sawtooth oscillations (obviously, Vp ~ AE), bursts of MHD activity, and sawteeth in
Vg . In Fig. (6), the L-»H transition occurs at í ~ 75, and ELMs begin almost
immediately. This is a consequence of the fact that VE = Vd > s o m this case Vp must
steepen considerably for the transition to occur. A comparison of Figs (5), (6) then
suggests that extended ELM-free periods, Type-Ill behavior, etc. are related to the role of
rotation in the transition. Note also that as Pinput rises at t ~ 150 in Fig. (6), evolution
from "giant" to "grassy" behavior occurs, in that CUE increases and p oscillations drop.
The ELM frequency ( CUE), MHD fluctuation level, and burst magnitude AE are
t

t

i

t

plotted vs. Pin for the Ve = VE a n d V¿ = VE models, respectively, in Figs (7) and
(8), respectively. Note that both models clearly manifest a trend to evolve from giant and
grassy ELMs at high P¡n. Specifically, C0E~Pin while AE ~ pynl so that éüfAZs is
roughly constant. This behavior is a simple (but important!) consequence of the
increasingly "tight" marginality to the ballooning limit at high power, and is in excellent
agreement with experimental findings(34>35). However, the VE Z Ve model predicts a
"sagging belly" to the CùE\Pin) curve, while the VE z.Vd model predicts an
approximately linear rise of CUE w i t n Pin • The latter is more consistent with experiment,
and confirms our expectation that Vp will dominate Er at high power. The more
interesting contrast between Figs. (7) and (8) appears at low and modest power, and
suggests that plasma mass flow dynamics may play an important role in ELM dynamics,
there. Specifically, while Fig. (8)

\VE

~ Vd ) predicts a simple linear

COE{P),

Fig- (7)

f ses

VE ~VQ\ indicates that CUE i more slowly than linear. (The initial rise in CUE is due
to transport-induced oscillations, which are an artifact of the model.) In this regime of
Pin, AE rises and ultimately reaches a maximum. The interval .5 < P¡n < .7 of Fig. (7)
thus seems to resemble "Type-Ill" ELM behavior, followed by a transition to Type I, giant
ELMs. The rather obscure and somewhat elusive Type-Ill ELM is aflorabest identified by
its d coEl'dP'in < 0 branch. Thus, this sojourn through the botanical garden of ELMs may
be summarized (in terms of a pin-scan) as:
a.)
b.)
c.)

for P^ > Pthresh » dithering may be present, but true ELMs do not occur,
at slightly higher power, "Type-Ill" ELMs (with do)E<dPin<0 appear. The
dynamics of poloidal mass flow appear crucial to the cultivation of Type-Ill ELMs.
for yet higher power, giant ELMs (Type I) sprout vigorously. A continuous
transition from giant to grassy (Type II) ELMs then tracks further increases in /»,-„.
In this interval, VE ~ Vd and (OE\Pin) r'ises linearly, with CÙEAE ~ const..
r

/

/

/

Sample traces of Type III, I, and II ELMs are given for the VE ~ Ve and VE ~ Vd
models, respectively, in Figs (9-11) and Fig. (12), respectively. Note that the VE ~Vd

Text to be continued on p. 345.
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model does not exhibit Type-Ill ELMs or an extended ELM-free period after the L—>H
transition, for the parameters chosen. Finally, it is amusing to note that simple concepts
such as ideal ballooning stability and the L—»H model can semi-quantitatively reproduce the
entire botany of ELMs, without the need for a garden of exotic flora such as resistive
ballooning, surface kinks, tearing modes, bootstrap-current driven islands, etc..
While the study of ELM dynamics is necessarily a computational endeavor, two
aspects of the ELM-paradigm described above merit more detailed, analytical investigation.
The first issue concerns "Type-Ill" ELM behavior-specifically, why does CUE drop with
Pin at low powers? This question may be answered by linearizing Eqn. (16) around the
ELMmg H-mode state, slaving g to y# . Thus:
^ ¥ = 8V'l8p--dm8eM
SV'1 + 5SM=

0

j¡SeM = ¿eg)*' + K^MW)

(17a)
(17b)

(17c)

Here, Ji has been neglected in comparison to the MHD turbulence viscosity. Eqns. (19ac) may then be straightforwardly combined to obtain:
^~Sp' + a)l8p' + Mp'^-8p' = 0
where (ù\- [d+dtmXe^

(18)

is the unperturbed ELM frequency. Note that co is small at

low Pin, since gff is small. More interestingly, the X8p{8p ) term appears as an ELMamplitude-dependent "friction" \Ydiss~^p), which necessarily forces coF to decrease
with increased power. This is characteristic of Type-Ill ELM behavior. In physical terms,
as power increases, e increases and exceeds ¡1 Thus, VQ drops more precipitously at
an ELM sawtooth "crash." Since the flow shear decays further, the recovery time must
also increase correspondingly, resulting in a lower ELM frequency. Note that poloidal
flow shear is crucial to this scenario, thus indicating that the "Type-Ill" phase ends when
Vd>V$.
A second question, of great practical importance, concerns the accessibility of the
grassy ELM regime. First, it should be noted that Type-Ill ELMs are not grassy (i.e. A£
is not small), so one must traverse the forest of Type-Ill and giant ELMs in order to graze
peacefully in the high P¿n grasslands. Specifically, since Type-Ill ELMs have large burst
amplitude, exploiting an ELM-free interval above Pthresh seems unfeasible. Indeed, the
existence and relevance of such an interval are quite sensitive to parameters. Such regimes
are quite likely to be polluted by "dithering," as well. Thus, the threshold power for grassy
ELM operation is straightforwardly given by the P¿n level required for "tight" marginality
to ballooning. This in turn implies that (from a standpoint of practical utility) the question
of "What is the L-»H power threshold?" should be supplemented by the further question,
"How far above the transition threshold must one go in order to get grassy ELMs?". The
answer to the second question is given by the parameter AP/Pm = {Pball ~ PLH)/PLH-
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Here P\,allls m e power for ballooning marginality and p¿# is the L—>H transition power.
Straightforward calculations (using plateau regime fi) yield &P/PLH ~ P7?
[s2l^e\q]

TS

r
for the VE ~ Ve

model and AP/Pui ~ P6ed ^Tfà\Rl4psLn)

»

where

2 < d < 4 , (depending on modelling assumptions) for the VE ~ V¿ model. In both
cases, AP/PLH increases strongly with decreasing edge ¡ÍQ, and increasing aspect ratio.
The implied sensitivity of ELM-type to plasma current (at fixed power) is very clearly
observed in experiment36]. In all cases considered by these authors, AP/PLH » 2 .
Several issues related to ELM physics must still be addressed. Most prominent
among these are:
a.)
b.)
c.)
d.)
V.)

the 1-D structure of ELMs-i.e. how much of the enhanced confinement layer is lost
in a burst? This is likely determined by transport dynamics and by magnetic
structure and topology.
the effects of shaping, most notably triangularity.
the possible role of surface kinks and bootstrap-current-driven modes, particularly
in "second stable" ballooning regimes.
the continued investigation of ELM dynamics near threshold.
Generation of Sheared Plasma Rotation Using Externally Launched
RF Waves

Since the L-»H transition is accompanied by the formation of a radial electric field
in the periphery, a natural question arises as to whether the electric field can be controlled
by external means. One potential candidate is the radio frequency wave, which is already
employed in heating and current drive. RF is a natural candidate because of its nonperturbative nature, easy control of the resonance location, possible synergistic effects with
other uses. We present two related scenarios for electric field generation and discussion of
experimental results. The first is the ion Bernstein wavef37!, for which recent PBX-M
results indicate an RF induced transport barrier. The second involves using fast waves!38!.
a.)

IBW Flow Drive

In previous work!37!, ion Bernstein waves were found to be capable of inducing a
radial electric field via poloidal shear flow. The edge localized radial electricfieldwas
found to point inward, independent of any controlling mechanism. Thus, a radial electric
field is always expected during heating. Using a slab model, with magnetic field in the z
direction, the flow gradient generated by IBW was found to be
(

k

c

^e k

3

/ilO .
(OQ-li

, D
_ \2
v?^\
I.

co -ill HPS)
2

(

RhRir-

x e x p l - ^ ^ l

(19)

This flow corresponds to a torque of Text ~ I1 V8 • We note that this is the dominant
contribution to the poloidal flow, which is due to Reynolds stress, i.e. momentum
transport. Based on the BDT model, the required power to suppressfluctuationsis
.

D

"abs

>

{^(Q)^eT2e(02pek¡8eklLn
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For use below, we define P> Po where Po is t n e right hand side of the equation above.
Using PBX-M parameters, ion Bernstein Waves require relatively low power (-100KW) to
suppress fluctuations.
Still more recent workJ39! has suggested that the above power estimate is somewhat
low. Specifically, the RF drive Reynolds stress, proportional to the RF absorbed power,
must exceed a critical parameter, which is in turn dependent on how far one is away from
the L->H power threshold. In addition, the radial electric field (near torque-free threshold)
is proportional to the one third power of the wave-driven Reynolds stress. We note that in
the case of IBW, heating and radial electric field are likely to occur simultaneously. Since
the torque necessary for L-»H transition depends on heating power away from threshold,
the IBW case is more involved, with heating playing a role far from threshold and radial
electric field drive playing a role near threshold. Using the results of Newman, et. al\40\
and letting the non-self-consistent power for suppression be Po. t n e R F power necessary
to suppress the turbulence is
3/ Z
2
1
Pheat
Prf>Po„ c , A l - Pth
3-V3 ko Ax Pheat
Pth

(21)

where, Pheat is the input (auxiliary) power and P ^ is the threshold power (defined above,
without external torque). Here, kg and Ax are the rms poloidal wave number and radial
correlation length in L-mode, respectively. Typically, for drift waves, kg Ax ~ 1 • We
note that the above condition applies to any external torque gradient, where
' r

i

'

Text [Po\~ Acù/1/koAx where PQ is the power necessary to drive Text • Typically,
Po ~ Text • Crude estimates of this IBW power (assuming we are away from spontaneous
threshold) give about 400KW.
Turning to the experiment, PBX-M observed a core transport barrier during IBW
heating. Such a barrier is consistent with the formation of an edge radial electric field.
Evidence to suggest this include the observation of barrier formation when a core resonance
is present and density peaking at this resonance. These results are consistent with the
theory, including the ~ 600KW of IBW power.
b.)

Fast Wave Flow Drive

In this section, we will consider plasma flow drive using externally launched fast
waves. We choose this fast wave as means of flow drive because first of all, as a mature
technology, the fast wave has been used in many tokamaks around the world as a source of
plasma heating and current drive. It is also proposed to be used in ITER. Secondly,
toroidal plasma rotation has been observed in a recent TFTRICRF experiment41]. Third,
the fast wave flow drive has the merit that both the flow location and width can be easily
controlled externally.
The theoretical analysis of the poloidal and toroidal flow drive in a tokamak using
the externally launched fast waves has been carried outt42> 4 3 l In the following, the results
from these analysis will be described.
i.)

Poloidal Flow Drive

The basic model of plasma poloidal flow drive is that of a poloidal momentum
balance equation:

PTm{§¡(ve)+(v • V ve)} = {pTqËe)+^(('x*),) - vP(v0)

(22)
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where (VQ) is the mean poloidal flow, É and B are thefluctuatingelectromagnetic fields
of the fast wave, v and J are the fast wave induced fluctuating plasma flow and current.
From Eqn. (22), we see that the plasma poloidal flow is driven by a nonlinear inertial force
(Reynolds Stress), the electromagnetic force and damped by a poloidal damping ( vp ) due
to the poloidal variation of the equilibrium magnetic field in a tokamak. The nonlinear
inertial and the electromagnetic force are determined by spatial variations in the fast wave
electromagnetic field (pondermotive force). In a two component plasma with low minority
ion concentration, rapid spatial variation of the fast wave electromagnetic field occurs
across the minority ion resonance layer. As a result, localized plasma poloidal flow can be
generated. The flow is localized near the minority ion resonance point Ro(û) = Q}"(/?o))
and has a width of the minority ion resonance layer width, i.e. Ax = Ro(k\\vi/û)). Since
Ax ~ sJTi, the poloidal flow drive is more effective near the edge of a tokamak where the
plasma temperature is lower.
Various forces in Eqn. (22) can be calculated using hot plasma kinetic theoryt44!.
For example, the fluctuating plasma flow can be expressed as v = (c/B)M • E where M is
the hot plasma mobility tensor; the fluctuating plasma current can be expressed as
J = -(ÍCU/4K)(K -1) • £ where K is the hot plasma dielectric tensor. At steady state, the
total force is balanced by the poloidal damping term. As an example, we have calculated
the spatial profiles of poloidal flow velocity at steady state Ve and its shear d Vg/dr for a
TFTR edge like plasma. The parameters used are: major radius R = 245cm, minor radius
a = 85cm, magnetic field fío - 4T, plasma temperature T = 400eV, plasma (deuterium)
density WD = 1013cm~3, minority ion (hydrogen) concentration HHI'noi = 1%, fast wave
frequency / = 46JMHz, parallel wavenumber jty = 0.075. The results are shown in Figs
(13) and (14) respectively.
Having obtained the spatial profiles of the poloidal velocity and its shear, we can
estimate the power needed for suppression of edge turbulence. The criterion for turbulence
suppression is that the shearing rate of the flow is larger than the turbulent decorrelation
rate: Axk—(Ve)> àcûk- Using edge turbulence parameters, and the results above, we
dx
find that the critical power level is Pc - 450KW. The fact that this number is substantially
smaller than what is typically used in most of the current ICRF heating experiment indicates
the practical feasibility of using fast wave as a means of flow drive in a tokamak.
ii.)

Toroidal Flow Drive

The model for fast wave toroidal flow drive is that of a toroidal momentum balance
equation:
{|(v#) + ( 0 - V V # ) } - ( p ^ ) + i((íxí)#) + ^ ^ ( v

#

)

(23)

where /V^) is the mean toroidal flow, \i^ is the anomalous diffusion rate, while the rest of
the terms have the same meaning as they appear in Eqn. (22). Unlike the plasma poloidal
flow, the plasma toroidal flow does not suffer from poloidal damping. Instead, it suffers
from an anomalous diffusion process. As a result, the toroidal flow generated will not be
localized near the spatial position of momentum input (minority ion resonance layer), it
will diffuse out to other parts of a tokamak and has a very broad spatial profile. The
various forces appearing in Eqn. (23) can be calculated in the same way as the forces in
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FIG. 15. Spatial profile of the toroidal flow velocity V^. The dotted line indicates the spatial position
of the magnetic axis.

Eqn. (22) are calculated. The steady state toroidal flow profile can be obtained by
balancing the total force with the anomalous diffusion term.
We have calculated the spatial profile of plasma toroidal flow at steady state using
parameters employed in a recent TFTRICRF experiment, namely, plasma temperature T =
lOKeV, plasma density n£>=1013, magnetic field Z?o = 47\ wave frequency
f = 6\MHz, toroidal wavenumber n^ = 14, hydrogen minority concentration
nn/riD = 3%, a total 2MW of power is deposited on the magnetic axis, and we assume
I¿A -104cm2Is.
The result is shown in Fig. (15). The peak magnitude of the toroidal
flow velocity of 30Km/s is close to the 20Km/s which is what has been observed in the
experiment.
VI.

Unresolved Issues

Several unresolved issues cut across the topical boundaries set up in this paper.
These include:
a.)
b.)

determining the radial width of the enhanced confinement layer and ELM burst
region. Eqn. (12) gives a promising suggestion, but further work is required.
a systematic means for relating edge parameters to "machine variables." This
requires both core and SOL transport analysis.
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further confinement regimes, such as the PBX IBW-driven CH-mode. In
particular, such experiments should investigate power scaling requirements,
artificial ELMs (via external power modulation) and synergisms with the
spontaneous H-mode. Indeed, it may be more effective to operate ITER in an Lmode supplemented by externally driven and modulated counter-flow shear layers
than in a spontaneous H-mode.

Work on these issues is in progress.
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DISCUSSION
R.R. WEYNANTS: What is the experimental evidence for the Reynolds
dynamo and how would we measure it experimentally?
P.H. DIAMOND: Obviously, one must measure flow shear evolution and the
fluctuation driven Reynolds stress. However, a simpler answer is that the Reynolds
dynamo is the only candidate model which will give a poloidal flow decreasing in
time as VP¡ takes over. Neoclassical models all predict a sustained, spun-up state
due to low magnetic pumping.
J.G. CORDE Y : The one feature that any L-H transition model should
reproduce is the power threshold dependence on toroidal field. Why is this so difficult
to reproduce in the present model?
P.H. DIAMOND: The difficulty is that virtually any L-*H theory will give a
threshold in terms of local edge parameters (i.e. T, n, etc.). These, in turn, must be
related to global machine parameters to validate threshold scalings. It is a bit like x(r)
versus rE. Experimenters can help by giving edge parameter scalings.
S.A. SABBAGH: Can your model reproduce a decrease in ELM frequency for
increasing PNBI, as is sometimes observed?
P.H. DIAMOND: Yes, in fact we did have a case where dWE/dPinput < 0,
much like Type III ELMs. This depends crucially on the role of the poloidal flow
shear, as we have demonstrated.
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S.I. ITOH: Your unified equations still cannot explain all kinds of ELM. In
particular, ELMs whose frequency is a decreasing function of the power remain
unresolved. Do you agree with this?
P.H. DIAMOND: Our model does give dWE/dPin < 0 under certain conditions, i.e. Type III ELMs. However, I agree that there may be other Type III ELMs
that our model does not describe.
F. WAGNER: Experimentally, one can realize situations where the H mode
transition requires more power, e.g. higher field, wrong VB drift or H operation.
Would one not at least expect a relation between Pthr and the frequency of Type III
ELMs in the sense that the ELM frequency would be larger in the less favourable
cases?
P.H. DIAMOND: Yes. In fact, WELM for Type III decreases with power
because turbulent flow viscosity exceeds magnetic pumping. Magnetic pumping
tacitly determines the threshold power. Hence, there is a connection between the
threshold power and WELM (for Type III) in our model.
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ON DIVERTOR DETACHMENT IN CURRENT TOKAMAKS AND ITER, AND KINETIC AND
FLUID DESCRIPTIONS OF EDGE PLASMAS.
Most diverted tokamaks have found detached divertor operating regimes. More than one mechanism may be responsible. Three possible mechanisms are considered: (i) the effects of impurity radiation
losses on plasma-neutral interactions in the divertor region for both fluid and Knudsen neutral models,
(ii) the influence of plasma volume recombination in the divertor, and (iii) the effect of the radial electric
field on scrape-off layer (SOL) plasma flows. With respect to edge models, results are presented on
the following complex edge behavior: (i) neutral-plasma coupling via charge exchange in the fluid limit,
(ii) high-Z impurity transport including the key features of classical multi-charge state transport,
(iii) nonlinear evolution of the radiative-condensation instability in the SOL, (iv) influence of magnetic
stochasticity on impurity penetration into the bulk plasma, and (v) long mean free path, kinetic ion and
electron phenomena in the SOL.
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1. Detachment:
i) Self-consistent analysis of the plasma/neutral flows in the divertor
region is performed for fluid and Knudsen neutral gas flows in the divertor
chamber. For fixed upstream plasma pressure, P u , both models have an S-like
dependence of the plasma temperature near the target T¿ on the heat flux into the
hydrogen recycling region, q r c , bearing out earlier work, [1]. For fluid neutrals
we may use the equations discussed in Sect. 2.i to obtain q ^ the plasma particle
flux onto the target, jd; and the plasma pressure near the target, Pa; as a function
ofT d :
q rc = Pu G(Td),

Jd = Pu J(Td),

Pd = Pu p(Td),

where the functions G(Td), J(Td), and p(T¿) are plotted in Fig. 1 for a deuterium
plasma. For low values of qrC, Td decreases with decreasing q rc so there is no
lower limit of %c and no upper limit of radiation losses in the scrape-off layer
(SOL) plasma as claimed in [2]. The reduction of q rc below its critical value
(determined by the local minimum in G at Td ~ 5 eV) due to impurity radiation
causes plasma parameter bifurcation (the dG/dTd<0 branch is unstable).
Bifurcation results in a transition to a low Td branch of the solution for which jd
and Pd decrease with decreasing q rc . This reduction in jd and Pd is a
consequence of energy balance in the recycling region (the upper bound on the
particle flux is q¡cC/E[ sjd, where Ei ~30 eV is the "ionization cost") and is not
sensitive to particular features of neutral transport models. The mechanisms
decreasing Pd (depending on plasma parameters and divertor geometry) can be
plasma-neutral pressure balance for a fluid neutral gas flow [1], and friction
between the plasma and the neutrals scattered by the sidewalls [3] for a
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FIG. 1. Functions GfTJPo (k\V/cm2),jd = J(Td)P0 (1020 cnf2-^1) and p(Td), where P0 = lO14 crn3
x 100 eV.

357

IAEA-CN-60/D-14

FIG. 2. Neutral flux vectors and electron temperature (eV) contours (x = 0 is the separatrix position).

0

1

2
X (cm)

3

FIG. 3. Radial profiles of poloidal heat flux for different poloidal distances Y (cm) from the target.

Knudsen neutral model. In the Knudsen limit, the neutral density in the divertor
region cannot exceed a maximum value which is of order 10 13 cm -3 for current
experiments. The reduction in Td, Pd, jd, and the heat flux onto the target (<qrc)
due to bifurcation is in agreement with all the main features of detached divertor
regimes in current tokamak experiments.
ii) The gas blanket operating regime of the ITER divertor characterized
by volumetrically recombining plasma can only be established for a highly
dense plasma [4] in which neutral-neutral collisions must be retained. Results of
high density divertor modeling for ITER relevant heat fluxes based on coupling
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the 2D UEDGE plasma code with Navier-Stokes neutrals in rectangular
geometry are presented in Figs. 2,3. To accurately resolve the ionizationrecombination front we model half of the outer SOL of 1.25 m poloidal length,
0.25 m X-point/strike point distance, and 4 cm (1 cm) common (private) region
width. We take B P /B T =0.06, Xe=Xi=2Dj_=l m 2 /s, a separatrix plasma
density of 2x1o 20 nr 3 , and assume no radiation losses. Figure 2 shows the
formation of neutral flow vortices in the low temperature region. The vortices
dominate over neutral gas conduction, effectively spreading the heat flux over
the target and sidewalls (Fig. 3).
iii) We have found solutions of the plasma and electron momentum
balance and continuity equations which exhibit strong suppression of plasma
flow onto the target and strong plasma pressure variation along the magnetic
field due to the influence of the self-consistent ExB drift. The physical picture
of ExB drift influence can be understood by analyzing the integrated plasma
momentum II(y)=/dx(P+MnVpV||BT/Bp)=const., which can be obtained from
the plasma parallel momentum equation (x and y are the radial and poloidal
coordinates, P, Vp and Vu denote plasma pressure, poloidal and parallel
velocities). While the first term in the expression for II is always positive, the
second one, which contains cross field convection due to the ExB drift, can be
negative. An estimate (confirmed by our solutions) of the variation of the
electrostatic potential across the SOL, ÔO, which allows for the balance of the
first term by the second one gives eo<J>/Te=A/ppi, where A is the radial SOL
scale length and ppi the poloidal ion gyroradius. We further note that the role of
potential fluctuations in altering the Reynolds stress MnVpV||Bx/Bp can be
substantial and lead to further balancing of the plasma pressure.
2. Edge Models:
i) Fluid transport equations and coefficients in the short mean free path
limit have been derived for a partially ionized plasma undergoing charge
exchange, ionization, and recombination. We include the influence of the
neutrals on the ion transport coefficients by a charge exchange operator that
gives rise to temperature gradient effects in the neutral-ion friction force R
R = MN vcx(Vi - VN) + 0.24N VT.
Here Vex = 2.93 a cx n(T/M) 1/2 with a c x the charge exchange cross section, n
(N), Vj ( V N ) , and T are the ion (neutral) density, mean velocity, and
temperature. The most striking feature is the enhancement of heat flow and
viscosity arising because charge exchange does not randomize the ion motion.
The resulting heat flow q and viscosity n are
q - [(N + n) / nfqj.Brag. - 2.40(NT / Mv cx )VT - 0. 24NT(V N - V¡ )
ñ = [(N + n) / n] 2 ñi, Br ag. - 1.01(NT / v c x )[VV N + (VV N ) T - (2 / 3)IV • V N ]

where Brag, denotes Braginskii values.
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ii) Coulomb collisions between ions and impurities, as well as atomic
processes, determine the parallel transport of high-Z charge states in the SOL. A
code module (FMOMBAL) has been written to implement the reduced charge
state approach introduced in [5]. This approach is based on the Coulomb
coupling of different isotopes through the reduced flows and heat fluxes which
are n z z 2 -weighted averages over charge states for a fixed isotope. The
factorization into separate charge state and reduced-state isotopic coupling is
exact and expedites the solution for the physical fluxes and friction forces.
FMOMBAL has been coupled with the one-dimensional SOL code NEWT 1-D
[6] to study the effects of impurity transport along the magnetic field lines.
Further simplification of high-Z impurity transport can be obtained by replacing
the discrete continuity equation for individual charge states with certain zaverages ("moments") of the density, namely < n z z >z for k = 0, 1, and 2.
For SOL parameters, these low order moments are expected to give an accurate
approximation of the charge state distribution. Closed, coupled, time evolution
equations for these moments are derived in the continuum limit z » l from the
Fokker-Planck approximation to ionization and recombination terms.
iii) We investigated the effect of the modulation of the heat flux coming
from the bulk plasma (due to the ELM's, sawteeth etc.) on the stability of the
radiating SOL plasma. The collapsing solution of plasma fluid equations (long
wavelength approximation) for a radiatively cooled plasma is found for the
impurity energy radiation loss model of Qradan2/TP, where p is adjustable. This
solution is characterized by shrinking width ôx<x(l-t/tc)a with a plasma density
spike and a temperature hole. For the case when Qrad(T) has two maxima, a
subsonic nonlinear thermal wave solution of the fluid equations for a radiating
plasma is found. This wave switches the plasma from one stable state to
another.
iv) We have shown that magnetic field stochasticity as well as a
magnetic island chain [7] can prevent impurity penetration into the main plasma.
To obtain the expression for the impurity flux across the magnetic flux surface,
Ti, we assume equal impurity and plasma flow velocities along magnetic field
and find the parallel plasma velocity from the MHD equations by accounting for
the effect of the heat flux on the viscous tensor. In terms of magnetic field line
diffusion coefficient Dm, T\ is
ri=2.5nIDma>Bi(AiTi/k*+A2k*)(dlnP/dr),
where Tj=dlnT/dlnn, k* is the typical perpendicular wave number of the
magnetic field line perturbation, A 2 = P Í 2 ( 0 . 5 + T I ) ( 3 + 4 T I ) / ( 1 + T I ) and
Ai=1.2/(l.+0.6ri). We assume that the anomalous impurity transport across the
magnetic field is classical with an enhanced (by £) collision frequency and D m
is due to toroidal ripple. We find the expression for rji=dlnni/dlnn shown in
Fig. 4 as a function of ko=2ji/d for no=1.2 and different Ç values 10 , 50, 100.
Here ro is the ratio of the minor to toroidal coil radii and d the distance between
coils.
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v) A collisionless ion kinetic SOL model balancing parallel streaming
and radial diffusion [8] distinguishes between limited and diverted plasmas by
retaining a private flux region. A simplified single null Cartesian divertor model
is adopted. Ion recycling is modeled by a target reflection coefficient 0sy<l.
Diffusion into the private flux region and both divertor legs (of length Lp along
the magnetic field) is found to be asymmetric about the separatrix. The private
flux region has a SOL width of (LpD/villny l) 1/2 , which is narrower by
[2Lp/(Lc+2Lp)]1/2 than the leg SOL width, and has stronger poloidal variation
than the region beyond the separatrix. Here D, L c and v¡ are the diffusion
coefficient, connection length and ion thermal speed. Consequently, equalizing
the heat load between the private flux region and the leg portions of the target
requires Lp > Lc. The electrons adjust the plate Debye sheath by balancing the
electron radial flux feed from the core with the velocity space diffusive loss to
the plates due to collisional de-trapping. For ambipolar parallel flow to the plate,
the electron de-trapping loss must balance ion streaming giving a sheath
potential <I>S determined by e<^ s /T e rln[(M/m) 1 ^ v / a)b ] > This expression
differs from the conventional result by assuming tob^v, where o>b is the
thermal electron bounce frequency and V=2 3 / 2 JI 1/2 (Zefl-+2)e4neln A /m 1/2 T e 3/2
[9].
Acknowledgments: Work supported in part by the U.S. DoE.
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DISCUSSION
P. GHENDRIH: Boundary conditions are as important as equations, especially
for non-linear systems. You assume Mach 1 as a boundary condition. What would
happen if you made the flow supersonic, especially regarding the pressure equation?
D.J. SIGMAR: Our model allows the use of arbitrary Mach numbers. There
is no major change in the G(Td), J(Td) and p(Td) functions for supersonic plasma
flow at the target since the Mach number appears as a form factor in front of J(Td).
D.E. POST: You showed a graph in which the heat flux increased as the plate
was approached. What source of heat causes the increase in the heat flux?
D.J. SIGMAR: The graph shows the relation between the heat flux in the
recycling region qrc and the plasma temperature Td near the plate. First of all, as Td
decreases (below 10 eV), the equilibrium solution for qrc rises (with rising particle
flux j ; as Td falls). But finally, as Td falls below ~ 3 eV, both qrc and j¡ fall sharply.
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MODELING OF ALCATOR C-MOD
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Abstract
MODELING OF ALCATOR C-MOD DIVERTOR PLASMAS IN HIGH RECYCLING AND
DETACHED REGIMES.
Simulations of high recycling divertor operation in the Alcator C-Mod device are performed using
the DEGAS Monte Carlo neutral transport code; these form the foundation for future simulations of
detached plasmas. The PLANET fluid plasma code is used to provide the initial modeling insight into
those high recycling and detached plasmas. Obtaining the best match to the experimental data with
DEGAS requires an ion flux to the divertor targets which exceeds the measured parallel flux, consistent
with previous investigations of glancing incidence in limiter tokamaks. The qualitative features of both
high recycling and detached Alcator C-Mod discharges are reproduced with PLANET; however,
obtaining quantitative agreement requires larger perpendicular transport coefficients above the X-point
than below it.

1.

INTRODUCTION

The solutions proposed thus far for the ITER divertor have not been
confirmed experimentally. Calibrated models will be required to carry out the
extrapolation to full ITER parametersfl]. In this paper, we discuss the modeling
of two different single-null divertor operating regimes, comparing each against
Alcator C-Mod experiments. Alcator C-Mod has a closed divertor geometry
which minimizes neutral backflow into the confined plasma and is thus closer
to the proposed ITER geometry[2] than other currently operating tokamaks.
Furthermore, the high toroidal magnetic field in Alcator C-Mod allows high
density operation, making it an ideal device for studying radiative and detached
divertor plasma regimes.

1
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FIG. 1. Plasma mesh used in DEGAS simulations ofAlcator C-Mod. The PLANET mesh is restricted
to the cells contained inside the solid area. The ranges of the Divertor and Inner Wall Ha Arrays are
indicated by dashed and dash-dotted lines, respectively.
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PREPARATION OF THE COMPUTATIONAL MESH

The locations of first wall surfaces are combined with an EFIT magnetic
equilibrium to generate, in three steps, a 2D computational mesh. First, the
SONNET[3] code is used to trace out flux surfaces and "orthogonal" surfaces
across them; it deforms the latter away from orthogonality to conform to the
shape of the divertor. However, extending the mesh to meet the inner wall
requires a second step, outside of SONNET, in which the "orthogonal" surfaces
near the inboard boundaries are further modified. In the third step, needed for
DEGAS[4], the space between the last SONNET flux surface and the outboard
wall and upper divertor regions is covered with additional cells. Large cells
filling the core plasma are also added (see Fig. 1). PLANET[5] requires only a
subset of this full mesh, as indicated by the solid region in Fig. 1.

3.
3.1.

DEGAS SIMULATIONS
Models and Assumptions

Plasma density and temperature information are taken from a fast scanning probe in the main scrape-ofF layer and domed probes in the targets. Chordal
H a measurements are made using two absolutely calibrated and toroidally localized arrays with high poloidal resolution[6], one viewing the divertor ("Divertor
Array") and another the inner wall ("Inner Wall Array").
The objective of these simulations is not only to verify the self-consistency
of the experimental measurements, but also to evaluate the accuracy of the
additional assumptions required to compute the H a emission for a given set of
plasma data. The present work focuses on the models required to interpolate
plasma parameters between diagnostics and to relate target and wall particle
fluxes to the measured ones.
We assume a pure deuterium plasma with n» = ne and Ti — Te. The
effects of impurities and T¿ ^ Te will be examined using PLANET.
To fill the gaps between measurements, we assume that power flow in the
scrape-off layer is by conduction only and write
T 7 / 2 = S¿ 2 + £ ¿ + T j / 2 ,

(1)

where i is the distance along a field line, and T0 is the temperature at the
outer divertor target. The source S and coefficient B are determined using
the values of T at the fast scanning probe and the inner divertor target. The
density variation along a field line is determined by assuming that the pressure
is everywhere equal to the value measured by the fast scanning probe.
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Domed probes on the divertor target surface measure the parallel ion flux
JT|| = 0.5riiCs,

(2)

where Cs is the sound speed. One would expect to be able to obtain the fluxes
to the target needed for DEGAS directly from the probe data with
Yt

— 0.5riiCssm6,
= rysinfl,

(3)

where 9 is the magnetic field line angle of incidence.
However, it has been noted, at least in limiter devices, that for glancing
incidence, 6 % 3°, the ion flux to the surface becomes independent of #[7,8]
due to cross-field transport effects. To determine if similar behavior might be
occurring in Alcator C-Mod where 9 ;$ I o (both along the inner wall and in the
divertor; see also Ref. [9,10]), we compare a simulation using Eq. (3) to one with
r t = 0.57iiC*sin(3°).
3.2.

(4)

Results

This subsection focuses on modeling of an ohmically heated, Alcator CMod shot, #940623018 at 0.9 s. For this discharge, Ip = 0.8 MA, BT = 5.4 T,
ne>0 = 1.8 x 1020 m" 3 , Zeïï = 1.2, ne,seP = 1.0 x 1020 m" 3 , Te)Sep = 50 eV; at
the divertor target, rae,t = 5 x 1020 m~ 3 , and Te<t = 7 eV. The power crossing
the separatrix, obtained from the measured values of the ohmic power less the
power radiated inside the last closed flux surface, is 500±50 kW. At the time the
profiles are taken the current, density, temperatures, and Zef[ have all reached
steady-state conditions.
The Divertor Array values shown in Fig. 2 demonstrate that the "9 =
constant" model, Eq. (4), comes closer to matching the observed peak values
and in-out asymmetry than does Eq. (3), implying that the particle flux to the
targets is greater than Ty sin 9. The remaining discrepancy in the peaks is within
the combined uncertainties in the experimental data.
Between the peaks and at large major radius, the observed emissions exceed those computed by DEGAS. This indicates the presence of neutral sources
along the bottom of the divertor and the outer wall which are not yet included
in the model. The divertor emissions might also be sensitive to the details of
the (unmeasured) private flux region plasma.
The broad peak in the Inner Wall Array values (Fig. 3) around Z = 0
appears at the vertical location on the wall where the plasma density and temperature are greatest. The upper peak occurs along chords which are nearly
tangent to the last closed flux surface at the top of the plasma and consequently
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have long path lengths through the emitting regions. The experimental values
fall between those obtained by DEGAS with Eqs. (3) and (4). Emission estimates computed using these two expressions for a number of different discharges
indicate the same tendency. These results imply that the flux to the wall consists of both a parallel component (oc sin#) and a perpendicular component.
Although of lower intensity than the divertor flux, the wall interaction is important because impurities generated there are less well screened than those from
the divertor.

4.

PLANET SIMULATIONS

The PLANET[5] fluid plasma code assumes a Braginskii[ll] description
of the hydrogen plasma and a diffusive model for the neutral gas[12]. Symmetry
has been assumed at the top of the scrape-off layer and along the line dividing
the inner and outer private flux regions. On the main plasma boundary, the
power and particle fluxes have been specified. At the curved neutralizer plate,
an unimpeded flow condition is used[12]. The heat flux to the plate is taken to
be proportional to the particle flux; the proportionality factor is 7 = 6 for the
electrons. The recycling coefficients on the plate and side-walls are treated as
adjustable parameters.
Away from the boundaries parallel transport is assumed to be classical;
perpendicular transport is taken to be anomalous. A number of simulations
have been performed using the (particle) diffusion coefficient D and thermal
diffusivities x ®s free parameters. A constant concentration, coronal equilibrium carbon impurity is included; charge exchange impurity recombination is
accounted for in this model.
Two modes of high density divertor operation have been simulated: high
recycling and detached. The former occurs at low powers and low neutral gas
injection rates; it is characterized by relatively high (10 eV) plate electron temperatures and particle fluxes. The detached plasmas have lower plate electron
temperatures (Te < 5 eV) and a substantial amount of impurity radiation.
The PLANET simulations are in good agreement with the measured
upstream profiles if D = 0.5 m 2 /s for the high recycling case, and D = 2.0 m 2 /s
for the detached case. Both cases require x = 2-0 m 2 /s. However, the resulting
profiles at the plate are too broad. In particular, the densities in the private flux
region are too high. This strongly suggests that the radial transport is, in reality,
much less below the X-point than above it. Good agreement with measurements
at the plate, near the separatrix, can be achieved if the transport coefficients are
reduced by an order of magnitude from the ones required upstream. Examples
of simulations in between these extremes are shown in Figs. 4 and 5.
Qualitatively, the simulations show the same general characteristics as
the experiments. In the high recycling mode, the electron temperature is lowest
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and density highest over the portion of the plate where the power is the highest;
that is, this is where the particle flux from the main plasma and, therefore, the
flux amplification also peak. In this way, the preconditions for radiation and,
subsequently, detachment are established.
In general, due to the geometry of the plate, the simulations are very
sensitive to a number of parameters. For example, the results depend on the
ion temperature (not measured) via the neutral transport model[12]. Taking
into account the molecular hydrogen could also affect the profiles since there are
definite indications that the simulated neutral transport in the vicinity of the
plate is larger than it should be.
Carbon radiation, which peaks at about 10 eV, reduces the heat flux and
the temperature near the plate sufficiently to greatly reduce hydrogen ionization
and, consequently, particle flux amplification, Fig. 5(a). This, together with
the lowering of the plasma density, are the defining characteristics of plasma
detachment. Within the radiation region, which can be anywhere between the
plate and the X-point, the plasma density remains high. However, this region is
always close to the separatrix because only here is the density high enough. The
combination of high upstream and low plate densities and temperatures (Te = 1
- 2 eV) are possible because of the radial loss of momentum, which results in a
plasma pressure drop [Fig. 5(b)].
Due to the simplicity of the impurity model (density proportional to n e ),
only qualitative agreement can be expected. However, the onset temperature
at the plate (5 eV < Te < 10 eV), the radial extent of detachment, and the
location of the radiation front are correctly predicted.

5.

CONCLUSIONS

The fact that the H a intensities obtained from the DEGAS calculations
with constant 9 — 3° fluxes were smaller than measured in the Alcator CMod divertor, but larger along the inner wall may be indicative of the relative
strengths of perpendicular transport near glancing incidence surfaces. In particular, the fact that wall contact occurs well outside the separatrix may play a
role in establishing this behavior. More detailed investigations will be required
to determine the implications for future devices. These simulations should also
endeavor to further improve the agreement with experiment by investigating the
need for additional neutral sources.
The PLANET simulations of high recycling and detached plasmas qualitatively reproduce the features observed in Alcator C-Mod, but obtaining quantitative agreement requires larger transport coefficients above the X-point than
below it. Continuing studies with higher power should help to determine if a
sufficient radiated power fraction can be reached to make impurity radiation a
solution for ITER. The large pressure drop along the field lines, simulated and
observed, is an indication that this may be possible.
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Abstract
ENERGETIC/ALPHA PARTICLE EFFECTS ON MHD MODES AND TRANSPORT.
A nonvariational kinetic-MHD stability code (NOVA-K) has been employed to study TAE stability in TFTR D-T and DIII-D experiments and to achieve understanding of TAE instability drive and
damping mechanisms. Reasonably good agreement between theory and experiment has been obtained.
In these experiments the dominant damping mechanism is due to the thermal ion Landau damping and/or
the beam ion Landau damping. On the basis of ITER EDA parameters, the TAE modes are expected
to be unstable in normal ITER operations. Energetic particle transport has been studied using a test particle code (ORBIT). Energetic particle loss scales linearly with the TAE mode amplitude and can be large
for TFTR and DIII-D for 5Br/B > 10 ~4 because of large banana orbits. From quasi-linear (ORBIT)
and nonlinear kinetic-MHD (MH3D-K) simulations the saturation of TAE modes is due to nonlinear
wave particle trapping and energetic particle profile modification in both radial and energy space.
Finally, a convective bucket transport mechanism by MHD waves with time-dependent frequency is
presented. On the basis of the energy-selective characteristics of the bucket transport mechanism,
undesirable particles such as helium ash can be removed from the plasma core efficiently.

In a fusion reactor any unanticipated loss of energetic/alpha particle power could result in
reduction of plasma beta, serious wall damage, impurity influx, major operational control
problems, or even a failure to sustain ignition. NBI and ICRF experiments in large tokamaks have
shown that collective MHD modes such as the fishbone and TAE modes [1,2] can be strongly
unstable and cause the loss of up to half of the fast beam ions [3,4]. Recent TFTR DT experiments
on TAE mode stability and theoretical NOVA-K code calculations have greatly increased our
understanding of the alpha particle effect on TAE stability. On the other hand, deliberate excitation
of MHD modes such as TAE modes might be employed to remove undesirable particles such as
Helium ash.
1
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The low frequency fishbone modes are the n=l internal kink type modes destabilized by the
co = G)d resonance with energetic trapped particles, where Cud is the energetic trapped particle
bounced-averaged magnetic drift frequency. Since (u¿ is a function of particle velocity, pitch
angle, aspect ratio, plasma beta, and plasma shaping, the magnetic drift reversal domain in the
pitch angle and minor radius space can be significantly enlarged. Alpha particles have a uniform
velocity pitch angle distribution, and their averaged magnetic drift frequency can be significantly
reduced so that the theoretical |3 a threshold for the fishbone instability becomes much lower than
previously thought [5]. This conclusion is also supported by the previous NOVA-K code
calculations of the alpha fishbones for TFTR and ITER plasmas [6].
In this paper we concentrate on the energetic/alpha particle effects on the TAE modes. The
energetic/alpha particle effects on the TAE stability for TFTR DT experiments, DIII-D experiments
and ITER EDA parameters are analyzed with the NOVA-K code [7,8] and given in Section 1. The
energetic/alpha particle transport due to TAE modes by test particle analysis (ORBIT code [9]) as
well as quasi-linear [10] and nonlinear kinetic-MHD (MH3D-K code [11]) simulations are
presented in Section 2. In Section 3 a new convective "bucket" transport mechanism by employing
magnetic perturbations with chirped (time-dependent) frequency, and its application for Helium ash
removal are presented [12,13]. A summary is given in Section 4.

1 Energetic/Alpha Particle Effects on TAE Modes
The TAE modes [1,2] have been shown to exist with discrete frequencies located inside the
shear Alfvén continuum gaps created due to toroidal coupling of different poloidal harmonics. The
analytical expression for continuum gap structure has previously been obtained, and it depends on
the plasma beta, shaping, and aspect ratio [14,15]. The frequency of the TAE mode in the lowest
continuum gap is roughly given by to ~ V/J2qR for all toroidal mode numbers. The existence of
TAE modes depends on the plasma density and q profiles, plasma p\ plasma shaping, and wall
[14,15].
TAE modes can be driven unstable by energetic/alpha particles through wave-particle
resonance by tapping the free energy associated with the energetic/alpha particle pressure gradient
[16-18]. To destabilize the TAE mode, the instability drive associated with the energetic/alpha
particle pressure gradient must overcome velocity space and collisional damping effects due to all
particle species. The NOVA-K code contains linear physics such as ion Landau damping, electron
Landau damping, trapped electron collisional damping, damping or drive from neutral beam ion
and ICRF fast minority ions, alpha particle drive. The effect of finite orbit excursion from the flux
surface is included. If the TAE mode suffers continuum damping, this effect can be computed
with the resistive NOVA-R code [19] and then added to the NOVA-K calculation. The effects due
to finite Larmor radius (FLR) and the parallel electric field are neglected in the NOVA-K code.
One way to reduce or even stabilize the TAE instability is to control the VA(r) and q(r)
profiles so that the radial gap structure does not line up across the minor radius, and the TAE mode
will experience continuum damping. Another way is to increase plasma p\ As the plasma P
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exceeds the ballooning mode P limit or the magnetic shear decreases to zero, the TAE frequency
will move downward into the lower continuum and suffer continuum and radiation damping.
Continuum damping of the TAE modes has been studied numerically with the NOVA-R code, and
the continuum damping rate is typically less than 1% of the real frequency [15].

1.1 TAE Instabilities in TFTR D-T Experiments
The stability of TAE modes for the first phase of TFTR D-T experiments [20,21] has been
analyzed with the NOVA-K code. The plasma profiles are provided by the TRANSP analysis code
which models the D-T supershot plasmas. In most of the high NBI-powered DT discharges alphadriven TAE modes have not been observed. However, in one NBI DT discharges there is an
enhancement in the Alfvén frequency spectrum peak over similar D-D discharges, which suggests
that TAE modes are excited. Theoretical analysis of these DT experiments using the NOVA-K
code agrees well with the TAE experimental results and provides physical insights of the TAE
driving and damping mechanism in each experiment.
The NOVA-K stability calculations of TAE modes with n = 1 - 6 for most high NBIpowered DT supershot plasmas indicate that the TAE modes will be at most marginally stable in
most of these D-T experiments, consistent with the D-T experiments. Consider a TFTR DT
discharge with a 50%-50% mixture of Deuterium and Tritium and 6 MW fusion power (shot #
73268 at 3.4 sec). The plasma parameters are the volume averaged plasma beta <P> = 0.89%,
(3(0) = 4.6%, the volume averaged alpha particle beta <p a > = 0.03%, p a (0) = 0.18%, ne(0) = 7.6
x 10!3 cm-3, T¡(0) = 28 keV, Te(0) = 10.5 keV, q(0) - 0.84, q(a) - 5.1, and Vo/vA(0) - 1.54.
The fixed parameters of TFTR D-T experiments are a circular cross section with the major radius R
= 252 cm, the minor radius a = 87 cm, the toroidal field B = 5T, and the plasma current I p = 2
MA. For this discharge there is only one TAE mode for each toroidal mode number in the range n
= 1-6, and no TAE mode for n > 6. The TAE modes have global radial structure covering from
1/2 minor radius to the plasma edge. The TAE modes that correspond to continuum gaps near the
plasma center do not exist due to large pressure gradient in these supershot plasmas. Figure 1
shows the critical central alpha particle beta Pa(0) for TAE instability versus the toroidal mode
number. The experimental p a (0) value is about 1/3 of the p a (0) threshold for the n = 5 mode.
For the medium-n TAE modes the dominant damping mechanisms are found to be the thermal and
deuterium beam ion Landau damping. The tritium beam Landau damping is much smaller than the
deuterium beam damping due to slower velocity. The electron Landau damping and trapped
electron collisional damping are also smaller than the beam ion Landau damping.
In one NBI-powered DT discharges there is a clear enhancement in the Alfvén frequency
spectrum peak over similar D-D discharges, which suggests that TAE modes are excited by alphas.
NOVA-K calculation shows that in these discharges the TAE modes are found to be localized near
the plasma core (near the q=l surface). Since the existence of the TAE modes and their mode
structure depend sensitively on p'(r), such core localized TAE modes can exist if the plasma
pressure profile is slightly broader. Such core localized TAE modes can be unstable because they
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FIG. 2. Poloidal harmonics of eigenfunction ^ of the n = 5 fixed boundary TAE mode versus square
root of normalized poloidal flux for a TFTR D-T shot (#76770) at 4.31 sec. The frequency of the n = 5
TAE mode is given by (o>/o)A)2 = 4.04, where uA = VA(0)/q(a)R.
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are localized in the region where alpha pressure is highly peaked and the destabilizing contribution
is largest. These core localized TAE modes have very small amplitude near the plasma edge and
their signals detected by the Mirnov coils will be very weak. The alpha loss due to these core
localized TAE modes is also expected to be small. Figure 2 shows the theoretical radial structure
of the poloidal harmonics of radial displacement ^ of the n = 5 fixed boundary TAE mode for a
TFTR D-T shot (#76770 at 4.31 sec) with 7.5 MW peak fusion power. The corresponding plasma
parameters are the volume averaged plasma beta <(3> = 0.82%, p(Ô) ~ 3.1%, the volume averaged
alpha particle beta <p a > = 0.049%, p a (0)»0.24%, ne(0) =7.5 x 10 l 3 cirr^, T¿(0) - 19 keV,
T e (0) - 11 keV, q(0) » 0.88, q(a) - 4.1, and Vo/vA(0) • 1.55. We note that the pressure and
density profiles are relatively broader than in shot #73268. The n = 5 TAE mode frequency is
given by (CO/CÛA)2 = 4.04, where CÛA = VA(0)/q(a)R. The dominant damping mechanism is due to
both the thermal ion Landau damping and the deuterium beam ion Landau damping. The n = 5 and
6 TAE modes are unstable with the alpha drive about a factor of 2 higher than the total damping
rate.
To excite TAE instability in future TFTR D-T experiments, one should try to reduce the
thermal and beam ion Landau damping, and enhance the alpha drive. The beam ion Landau
damping can be reduced with less beam power or lower injection energy. In one case study the
beam damping can be reduced by a factor of 4 if the beam injection energy is reduced by 30%.
Since the thermal ion Landau damping rate decreases rapidly with thermal ion beta roughly
according to Pi"3/2 exp(-l/9{3¡), we can try to reduce the thermal ion beta by reducing either beam
power (or core plasma J3). The thermal ion beta can also be lowered by reducing ion temperature
by either helium gas puffing or pellet injection. To amplify the alpha drive, q(0) can be raised
transiently by ramping the plasma current, pushing the Alfvén continuum gap into the region of
maximum alpha pressure gradient. The discharge evolution can also be tailored so as to produce a
"hollow shell" alpha energy distribution, which should increase the free energy to drive the TAE
mode. Additional TAE instability drive such as ICRH tail ion drive can also enhance the
possibility of TAE instability.
One experiment was performed in TFTR to rapidly reduce the ion temperature and thermal
ion Landau damping of TAE modes in high NBI-powered D-T supershots by puffing He gas or by
injecting D or Li pellets. With He puffs during NBÏ, the central ion temperature was successfully
reduced from 25 keV to 10 keV in about 0.2 sec, while the alpha pressure was reduced about a
factor of two. Increases in MHD activity near the Alfvén frequency were observed after these
cooling perturbations, but similar increases were seen for both D-T and D-D plasmas, implying
that this change was not due to the presence of alpha particles in D-T plasma. Analysis of these
discharges by the NOVA-K code showed that the thermal ion Landau damping was significantly
reduced by the He puff cooling perturbation for n = 1, 2 modes, but the Landau damping from D
beam ions was the dominant damping mechanism in the D-T discharges. The conclusion was that
the alpha beta in the D-T discharges was not sufficiently high to excite alpha-driven TAE
instability, in agreement with the experimental results.
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FIG. 3. (a) TAE mode signal versus toroidal mode number n for a DIll-D shot (#71524); (b) TAE
growth rate versus n computed from the NOVA-K code.

1.2 TAE Instabilities in DIII-D
TAE modes have been excited by injected energetic neutral beam ions in DIII-D. A
discharge (shot # 71524) has been analyzed by the NOVA-K code to compare with the
experimental observation. The plasma parameters of the discharge are given by R = 1.67 m, a =
0.67 m, the ellipticity K = 1.6, the triangularity Ô = 0.25, the toroidal field B = 0.8 T, the plasma
volume averaged beta <|3> = 3.9%, the line averaged electron density <ne> = 3 x 1013 cnr 3 , the
central electron temperature Te(0) = 1.9 keV, the central thermal deuterium ion temperature Ti(0) =
2.3 keV, q(0) « 0.85, and q(a) = 4.95. The deuterium beams are injected at 79 keV of injection
energy with 5 MW of total beam power. As shown in Fig. 3(a) TAE modes with n = 1-5 have
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been observed with signal being the strongest for n = 3 and much weaker for n = 1 or 5 [22]. TAE
modes appear in bursts with repetition rate increasing with beam power and can effectively clamp
the number of energetic ions in the plasma. The experimentally observed frequencies and mode
structures are in reasonable agreement with theoretical solutions of TAE modes obtained from
NOVA-K code. The dominant damping mechanism is the thermal ion Landau damping which
decreases with the toroidal mode number. The beam drive is relatively independent of n so that the
net growth rates of TAE modes increase with n. The TAE growth rate versus n computed from
the NOVA-K code is shown in Fig. 3(b). The n = 1 TAE is near marginal stability, consistent
with experimental observation. The n = 2 TAE mode has been computed to be marginally stable,
in contradiction to experimental observation. Also, higher n (n > 3) TAE modes have been found
to have higher growth rate than experimental observation. Possibilities for the disagreement may
be due to poor knowledge of plasma profiles, the neglect of radiation damping effect in the NOVAK code, or nonlinear effect on TAE saturation. In particular, radiation damping associated with
thermal ion FLR effects can be significant for higher n modes due to relatively weak toroidal field
in the DIQ-D experiments. These will be investigated in the future.

1.3 TAE Instabilities in ITER
Stability of TAE modes in ITER has also been studied based on the ITER EDA design
parameters. Based on PRETOR plasma profiles (very flat pressure and q profiles for r/a < 0.7),
NOVA-K calculation finds that TAE modes are stable. However, the PRETOR profiles are
probably unrealistic and we have employed relatively more realistic plasma profiles for the NOVAK TAE stability calculation. We find that TAE modes can be more easily destabilized than in the
TFTR D-T experiments. One reason is because ITER has higher current (and lower q(a) = 3.5)
and its plasma beta is below the Troyon limit so that TAE modes can exist with more global radial
structure. Another reason is that the expected <Pa> is about one order of magnitude larger than in
TFTR D-T experiments.
To study the TAE instabilities for ITER experiments we will consider a series of equilibria
with varying plasma beta. The fixed parameters of the ITER equilibrium are taken to be the major
radius R = 8.1 m, the minor radius a = 3 m, the ellipticity K = 1.7, the triangularity 5 = 0.3, the
toroidal field B = 5.7 T. The pressure profile is chosen as P = P(0) (l-\j/) 2 , where \j/ is the
normalized poloidal flux. The q-profile is chosen with q(0) = 1.01, q(l) = 3.78, q'(0) ^ 0.5,
q'(l) = 13. The plasma is assumed to consist of thermal electron, thermal D-T ions and alpha
particles. The electron density profile is given by ne = ne(0) (1 - 0.8 y 2 ) . The thermal ions are
assumed to consist of an equal mixture of D and T with equal temperature. We assume n¡ = n e and
T¡ = T e . For ne(0) = 10 14 cm-3 and Te(0) = 28 keV, <p> = 1.5 %. The alpha pressure profile is
chosen to be proportional to P(r)3-5. Based on these ITER equilibria the stability of TAE modes
has been analyzed for n < 20. For an ITER equilibrium the TAE growth rate increases with n, and
thus the critical < P a > decreases with n. The ion Landau damping is the dominant damping
mechanism and increases rapidly with <Pi>. However, the alpha drive also increases with <P¡>.
Figure 4 shows the stability boundary in the ne(0)-T(0) POPCON diagram for n = 15 TAE mode.
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FIG. 4. Stability boundary in the ne(0)-T(0) POPCON diagram for an n = 15 TAE mode in ITER
EDA.

The n = 15 TAE mode will be unstable for ne(0) < 1014 cnr 3 . Higher n (n > 15) TAE modes will
have higher density threshold. Since ITER is expected to operate in the range 2xl0 1 4 cnr 3 £ ne(0)
> 5 x l 0 1 3 cm"3 and 30 keV > T(0) > 10 keV, TAE modes may be destabilized in ITER
experiments.
We note that in actual ITER experiments there may be other high energy particle species
such as ICRH minority tail ions and high energy beam ions, which can contribute additional TAE
instability drive and lower the instability threshold. On the other hand, q(r) and ne(r) profiles can
be controlled to provide continuum damping and stabilize the TAE modes. Therefore, TAE
stability in ITER needs to be investigated further with more realistic plasma profiles and more
particle species.

2. Energetic/Alpha Particle Transport due to TAE Modes
Large energetic particle loss induced by TAE activity as high as 80% has been observed in
tokamak experiments [3,4]. The anomalous energetic/alpha particle loss due to MHD modes such
as TAE modes has been studied by (1) stochastic orbit theories and a Hamiltonian guiding center
orbit code, ORBIT, and (2) quasi-linear and nonlinear kinetic-MHD (MH3D-K code) simulations.

2.1 Transport due to TAE Modes
TAE modes destabilized by energetic particles can lead to large loss of energetic particles as
has been found both experimentally and theoretically in both TFTR and DIII-D. As previously
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FIG. 5. Energetic particle loss scaling with the TAE amplitude for (a) TFTR and (b) Dlll-D computed
from the ORBIT code.

pointed out [9,15], there are two basic mechanisms that lead to loss of energetic particles when
interacting with TAE modes: (1) near boundary transient loss and (2) stochastic diffusion loss
across the prompt loss boundary in the phase space of particle energy, pitch angle, and toroidal
angular momentum. These loss mechanisms have been verified by test particle simulation using
the MIT-modified ORBIT code [9] for particle loss due to TAE modes obtained by the NOVA-K
code in both TFTR DT and DIII-D equilibria.
Due to the distorted particle drift orbit by TAE modes, the near boundary loss will last for a
few bounce times of particles trapped in the waves provided that there is no particle source. For
particles trapped inside a well-defined resonant drift orbit island intersecting with the prompt loss
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boundary, their loss rate scales as (5B,/B)1/2. If the particle loss is due to distorted orbit not close
to the resonant drift orbit island, the transient loss rate scales as (8Br/B). The stochastic diffusion
loss will last longer. The diffusion loss mechanism arises from the overlap of particle drift orbit
islands in the Poincare surface of section. The stochastic threshold for a single TAE mode is
(6Br/B) ~ 10"3- When multiple TAE modes are present, the orbit stochasticity threshold can be
substantially reduced to (8Br/B) = 10"4. The stochastic diffusion loss rate has been previously
shown numerically to scale as (ÔBr/B)2, and the loss rate can be drastically increased in case of
multiple modes.
In experiments, the loss rate scaling with the TAE mode amplitude will be a mixture of
these three scalings and will strongly depend on the plasma equilibrium, the TAE mode structure,
and the duration of TAE mode activity. It should be pointed out that within an initial short period
of time, the loss will always be linear with the wave amplitude even if the stochastic threshold is
exceeded. In smaller machines like TFTR and DIII-D where the prompt loss boundary can be
easily reached by energetic particles, it is found that the loss is dominated by the transient loss in
the first 1000 transit time which is about 300 wave periods. As shown in Fig. 5(a) for TFTR and
Fig. 5(b) forDID-D, the total energetic particle loss scales linearly with the wave amplitude. Even
for larger TAE mode amplitude runs where the diffusive loss is also observed, the transient loss
mechanism still accounts for the major portion of the particle loss in the initial 1000 transit times.
For bursting TAE activity, it is more likely that the total energetic particle loss scales linearly with
the wave amplitude, as observed experimentally. However, it is expected that the diffusive loss
mechanism can be more important for saturated large amplitude TAE modes with amplitudes
exceeding the stochastic threshold for a longer duration.

2.2 Quasi-Linear and Nonlinear Transport due to TAE Modes
Energetic/alpha particle transport due to TAE modes and TAE mode saturation have also
been simulated by a quasi-linear (ORBIT) [10] code and a nonlinear kinetic-MHD (MH3D-K) code
[11]. The quasi-linear kinetic-MHD simulations include particle orbit width, nonlinear particle
dynamics and the effects of the TAE modes on the particles. The core plasma is described by ideal
MHD and the hot plasma by the gyro-kinetic equation. Additional damping such as the ion and
electron Landau damping, collisional damping and continuum damping are taken as parameters
supplied by other analyses. Assuming that the TAE mode structure does not change, the mode
amplitude and phase are computed from the complex eigenfrequency of the quasi-linear dispersion
relation and the time-dependent particle distribution function. Typically ten thousand particles are
used in the simulations. The initial spatial distribution is Gaussian and we use a slowing-down
energy distribution with uniform pitch angle. The dispersion relation is solved every 10 particle
transit times (2TÏR/V) which is much smaller than the bounce time in our case. Simulations have
been performed with parameters typical for TFTR and ITER.
Without a strong and steady energetic/alpha particle source, the profile modification is
found to be the most efficient means of achieving TAE mode saturation. Resonant particles
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FIG. 6. Quasi-linear simulation ofTAE amplitude (ÔBJB) versus time for ITER with a 1% alpha particle beta and three different alpha pressure gradient scale lengths.

trapped in the wave produce flattening of the local pressure gradient. Also, the particle energy
gradient becomes steeper since high energy particles lose energy whereas low energy particles do
not interact with the mode, so the mode further loses drive due to increased velocity space Landau
damping and eventually saturates. As in previous studies of TAE mode induced particle loss
[9,15], the dominant loss process is that of barely counter-passing particles losing energy to the
wave, transferring into fat banana orbits, and then hitting the outside wall in the co-moving
direction. The losses are very effective for particles with large banana width. For ITER the
particle loss is very small due to small banana width, and the alpha particles remain in the device
and contribute to mode damping so that TAE modes saturate at very small amplitude as shown in
Fig. 6, which shows the n = 1 TAE mode amplitude versus time for ITER with 1 % alpha particle
beta and three alpha pressure gradient scale lengths. The time scale for the profile modification is
orders of magnitude shorter than the time scale for alpha replenishment, so the additional new
alpha particles would not modify this result. For TFTR the TAE mode can grow until extensive
alpha particle loss is produced because the banana width is large compared with the minor radius.
When there is a strong energetic/alpha source such as in NBI, TAE bursts in time can occur in
TFTR with large loss of energetic particles during each burst
Nonlinear saturation of TAE modes has been studied by the MH3D-K code [11] which
includes both the nonlinear wave-particle interaction and nonlinear MHD mode-coupling physics.
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FIG. 7. MH3D-K code simulation of the TAE saturation amplitude (ôB/B) versus the TAE linear
growth rate (y^03)The MH3D-K code typically requires 200 thousand particles to overcome the statistical noise. In
the simulations the following parameters and profiles are used: R/a=6, q(r)=l .2 + 0.9(r/a)2, nc(r) =
ne(0) [1-0.8 (r/a)2], the central core plasma beta pc(0) = 0.2%, the central hot particle beta ph(0)
is on the order of percents, the hot particle velocity distribution is a Maxwellian in parallel direction
with the thermal velocity equal to the Alfvén speed at the center of plasma, and the perpendicular
velocity is negligible. The TAE modes saturate due to nonlinear particle trapping in the wave
which leads to local density profile flattening in a time scale of 1/cûb, where Cub is the bounce
frequency of particles trapped in the wave. At saturation 0% ~ 7h> where Yh is the linear growth
rate induced by the hot particles. Since nonlinear wave-particle trapping implies that Cub is
proportional to (SBf/B)1/2, the saturation amplitude (ÔBr/B) scales as 7h2- This result is clearly
demonstrated by the nonlinear simulations of MH3D-K code in Fig. 7 which shows the
dependence of the saturated amplitude (ÔB/B) on the growth rate (YhAo). For this simulation it can
be estimated that (cûb/û)) = 3 (8BT/B)M, and (% = 1.2 "ftNonlinear saturation mechanism of high-n TAE modes, mediated via Compton scattering
off the bulk ions, has been investigated [23]. The nonlinear (Jj_xBx) ponderomotive force
produced by TAE's interaction drives sound wave like density fluctuation with low phase velocity
which can resonantly interact with the bulk ion parallel motion. Consequently, energy from an
unstable TAE mode can be transferred to a weakly stable TAE mode of the same toroidal mode
number but with lower frequency near the lower shear Alfvén continuum, leading to nonlinear
saturation. Energy transfer is most efficient if the difference between the TAE frequencies is on the
order of pV/2(vA/2qR). The nonlinear saturation level of the high-n TAE mode is given by
(ÔBr/B)2 = (1+ Te/Tj)2 (TL/CÛA) (r/R)4/47t, where fL is the linear TAE growth rate.
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3. Convective "Bucket" Transport
Particle dynamics in chirped or swept waves (time-dependent frequency waves) has
received great interest recently [12,13]. Particles interacting with a chirped electromagnetic
perturbation will form drift orbit islands with a single-node separatrix, or bucket, in phase space.
The bucket will move in phase space at a rate proportional to that of the frequency change. If the
frequency is varied slowly, particles trapped inside the bucket will convect with it, whereas
circulating particles colliding with the bucket will get a resonant kick. The size of the bucket and
the resonant kick are both strong functions of the chirping parameter a c = <{>/ü)b2, where <|>(t) is
wave phase (0 is the frequency change rate) and a^ is the bounce frequency of particles trapped in
the wave. Bucket size will shrink with increasing occ and vanishes when a c > 1. Therefore, the
existence of the bucket requires that the wave phase acceleration rate should be less than the square
of the bounce frequency in order for particles to be trapped inside a wave. When the bucket
vanishes, particles will still get a kick when colliding with the moving resonant surfaces. When
two buckets collide with each other, some trapped particles will leak out of the bucket, and after the
buckets depart from each other, each will carry some particles along. If the frequency chirping
parameter occ is increasing in time, the bucket size will be shrinking and some particles will be
squeezed out along the way.
A magnetic perturbation in an axisymmetric toroidal system with 8B r = 8B mn (r) sinfmG nÇ - û)(t)t], where m is the poloidal mode number and n is the toroidal mode number, can induce a
particle drift orbit island (or 'bucket') at resonant surface determined by the resonance condition
mcûe - ncoç = û)(t), where (ÛQ = 9, and CÛÇ = Ç. For passing particles one has CÛÇ = v||/R and Q)e ~
v||/qR, and vj¡ is the transit-averaged parallel velocity. Thus, at resonance q(r(a>)) = (m/n)/[l +
(û)/ncûr)]. When a>(t) is varied slowly, a particle in the bucket will move adiabatically with the
bucket at a radial velocity f = q/q' with q = - qûVmcùe .
In terms of a more rigorous Hamiltonian formulation, the radial motion of the bucket and
the nonlinear particle bounce frequency in the chirped wave have been calculated by assuming large
aspect ratio and thin orbit width [12]. For well passing particles we have
<£> = — m _ û W ( i — w h _ ( â . )
r
kii2 r2 Ç1
qRk,,3 r2 Q

and(ûb2 s

2
^2 ôBnvn ^ j _ m S OJ. \
BkliR
qRk,,3 r2 Q

where <r> is the bounce/transit averaged radial particle position, s = rq'/q is the magnetic shear, k„
is the parallel wave vector, Q is the gyro-frequency. For deeply trapped particles we have
<r>
f = - co/[(l-s> + (2-3?)m(ùe - mota
^ _ J
and

Ob2 EE 2 n <s û ; & ^ [ ( l - s ) o ) + ( 2 - 3 9 ) m c o e - m ^ ]
Bk„r
8n(ûr
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FIG. 8. Plot of ensemble-averaged radius of particles versus time, in units of the number of sweeps
applied, for an ensemble of co-going particles initially located in the radial range r/R = 0.01-0.1 with
nine energies E/E0 = {10~2,
10~L75,...,1}.

Note that the bucket existence condition is ctc = Cû/(Db2< 1. For barely trapped particles, their orbits
can easily become stochastic and can lead to leaking of the bucket because there are many closely
packed resonant surfaces. By assuming a positive poloidal mode number, it is typical that particles
inside the bucket will move radially outward while losing energy if the frequency is swept down.
The resulting radial particle flux due to the chirped wave will be proportional to the product of the
frequency chirping rate and the bucket size.
Because of the energy-selective characteristics of the bucket transport, frequency chirping
perturbations may be intentionally applied as a mean to redistribute radially particles of a certain
energy range. There are many potential applications of this mechanism. For instance, the bucket
transport mechanism opens the possibility of helium ash or impurity removal, energetic fuel ion
injection for burn control, profile control of locally produced particles away from particular radial
resonance location to avoid instabilities, and maintaining good confinement of both the fast alphas
and the thermal bulk plasma. The He ash-removal application of the bucket transport mechanism
has been simulated for externally excited perturbations with amplitude below the stochastic
diffusion threshold [12,13]. A single bucket sweep will not capture all the particles in the target
distribution. If the frequency sweeping time tSw is small compared with the alpha particle slowingdown time t s i, many sweeps can be used to access particles of different energy, pitch angle and
radial location. Consider TFTR parameters with a = 96 cm, R = 2.62 m, B = 5T, q(0) = 1, q(a) =
4, and t s i = 200 msec for the alpha birth energy E 0 = 3.5 MeV. The initial particle distribution
consists of 9 monoenergetic ensembles of co-going particles at E/EQ = {10"2, 10"1-75,..., 1}, and
with radii in the range of r/R = 0.01 to 0.1, and pitch angle in the range X = V||/v = 0.6 to 0.9. The
magnetic perturbation has n = 1, m = 2, and ÔBr/B = 4x1o -4 , which is well below the stochastic
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diffusion threshold. The frequency is swept from C0j = 4xl0 3 Clto co2 = - cûj/2 in a sweeping
time of T SW = 200 xç, where tç is the particle toroidal transit time, and Q is the alpha gyrofrequency (TÇ= 4 jisec, Í2 = 2.38x10s s_1). Figure 8 plots the particle ensemble-averaged radius
<r> versus time, in unit of the number of sweeps. Clearly, particles with E/E0*= 0.1 are
selectively transported to large radius.

4. Summary
The NOVA-K code has previously been employed to study TAE stability in NBI and ICRF
experiments in TFTR D-D discharges. Reasonably good agreement between theory and
experiment has been achieved. Further improvements on the physics content of the NOVA-K code
over the past two years have enabled us to analyze the TAE instabilities in TFTR D-T and DIII-D
experiments with better physics understandings of TAE instability drive and damping mechanisms.
We have also studied the TAE stability with ITER EDA parameters and found that TAE modes may
be unstable in normal ITER operations. The energetic particle transport mechanism due to TAE
modes has been investigated and the transport can be large for TFTR and DIII-D for ÔBr/B > KH.
The nonlinear saturation of TAE modes is due to nonlinear wave particle trapping and energetic
particle profile modification in radial and energy space. Finally, a convective bucket transport
mechanism by MHD waves with time dependent frequency is presented. Based on the energyselective characteristics of the bucket transport mechanism, undesirable particles such as helium
ash can be removed from the plasma core.
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DISCUSSION
D. BOUCHER: You made a pretty serious accusation concerning the PRETOR
profiles. Considering that the predicted profiles, which give a mixing radius of about
1/a « 0.9 and not 0.7, were calibrated against experiments and are consistent with
experiments, what do you suggest we should do?
C.Z. CHENG: To study TAE stability in ITER, one should allow various
realistic plasma profiles observed in large tokamak experiments such as TFTR, JET,
DIII-D and JT-60U. The PRETOR code is based on Rebut-Lallia-Watkins scaling,
which is a gyro-Bohm transport model. Systematic experiments on TFTR1 holding
/3* and v* constant while varying p* show that the transport is not consistent with
gyro-Bohm modelling. Similar results were reported by J.G. Cordey for JET 2 .
D.A. SPONG: In the MH3D-K non-linear TAE simulation results, ÔB/B
saturation levels were plotted against the linear growth rate y. Was only a single
toroidal mode number unstable or were multiple numbers linearly unstable in these
runs? Also, these saturation levels seem large relative to the previous estimates of
1

ZARNSTORFF, M.C., et al., in Plasma Physics and Controlled Nuclear Fusion Research
1992 (Proc. 14th Int. Conf. Wiirzburg, 1992), Vol. 1, IAEA, Vienna (1993) 111.
2
JET TEAM, ibid., Vol. 2, p. 161.
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single particle losses in the presence of multiple TAEs. Can you comment on why
they are as large as shown?
C.Z. CHENG: In MH3D-K code simulations, three unstable TAEs with three
different toroidal mode numbers are used. The saturation amplitude is relatively large
(about 10"3), which may be due to low a diffusion in these simulations. In the
future, we will perform more realistic non-linear simulations in order to gain a better
understanding of the relation between the TAE saturation level and a transport.
H.L. BERK: Can you comment on the mode structure in ITER? Are the modes
localized or do they extend throughout the discharge?
C.Z. CHENG: The radial structures of the n = 10-20 TAEs in our ITER analysis are core localized types. However, different n modes are localized at different
radii. Therefore, n = 10-20 TAEs can cover a large radius domain.
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FOR TOROIDAL HELICAL PLASMAS
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H. SANUKI, M. AZUMI1
National Institute for Fusion Science,
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Abstract
ANOMALOUS TRANSPORT THEORY FOR TOROIDAL HELICAL PLASMAS.
Anomalous transport coefficients in toroidal helical plasmas are studied on the basis of a new
theoretical method. Self-sustained turbulence is analysed by balancing the non-linear growth due to
current diffusivity with the non-linear damping by ion viscosity and thermal conductivity. Interchange
and ballooning mode turbulence is investigated, and the geometrical dependence of the anomalous transport coefficient is clarified. Variation of transport due to the geometrical difference in toroidal helical
plasmas is illustrated. A mechanism for confinement improvement is searched for. To verify the nonlinear destabilization and the self-sustained state, a non-linear simulation of the interchange mode
turbulence is performed in a sheared slab. It is demonstrated that non-linear enhancement of the growth
rate occurs when the fluctuation amplitude exceeds a critical level. In the saturation stage, the fluctuation
level becomes higher, in conjunction with the enhanced non-linear growth.

1.

INTRODUCTION

Anomalous transport is the dominant mechanism in determining the plasma
confinement in toroidal helical devices [1]. It is worth while understanding how
differences in geometry can affect anomalous transport. This is a crucial task because
the improvement of energy confinement is the most important issue for toroidal
helical systems. It is the fundamental issue of general plasma physics as well. In this
article, we present the anomalous transport theory based on the self-sustained turbulence approach [2]. The impact of the geometry is clarified. A non-linear numerical
simulation is also performed in order to confirm this theoretical framework.
2.

TRANSPORT COEFFICIENT

2.1. Theory of L mode confinement
A new theoretical approach, the method of self-sustained turbulence, has been
developed [2, 3]. It is found that the current diffusivity X, which is enhanced by
fluctuations, can further enhance mode growth. The stationary state is realized by the
1
2
3

Japan Atomic Energy Research Institute, Ibaraki, Japan.
Research Institute for Applied Mechanics, Kyushu University, Kasuga, Japan.
Faculty of Engineering, Okayama University, Okayama, Japan.
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balance between this non-linear destabilization effect and the non-linear stabilization
effect due to ion viscosity, /*, and thermal conductivity, x- By using a renormalization
on the reduced set of equations and the mean field approximation, analytic
expressions for the self-sustained turbulence and x are obtained as [2-4]
XL =

GÍ-RJS'^CC/C^VAR-1

(1)

where G is a geometrical factor, R the major radius, ¡3 the ratio of plasma to magnetic
pressure, the prime denotes the derivative with respect to the minor radius, c is the
velocity of light, wp the electron plasma frequency, vA the Alfvén velocity, and the
subscript L denotes the L mode.
An analysis of the geometrical factor G requires specification of the magnetic
geometry. We choose an average magnetic curvature, K, a safety factor q, and a
magnetic shear parameter, s = rq'/q. This set of parameters is the simplest set distinguishing heliotron/torsatrons (H/T), classical/advanced stellarators and tokamaks.
Figure 1 illustrates the q and K profiles. For the average hill system (H/T system),
we study the interchange modes. For stellarators (magnetic well), we investigate the
ballooning modes [5]. Table I summarizes the results for heliotron/torsatron and
stellarator (a = — q2Rj3'). The result for the tokamak is also added for reference
purposes. Figure 2 shows the radial shape of the normalized geometrical factor,
G(r)/G(0.7a). The example for the H/T system has the magnetic well in the centre
so that the geometrical factor is largest near the edge. The stellarator has a flatter
profile.

(a)
.
; q(r)
T

-

.

/
S

•

-

.--"'

H

-0.5

i

0.5

r/a

FIG. 1. Typical spatial profiles of safety factor q(r) (a) and magnetic curvature K (b). For the heliotron/torsatron (H/T), we take q(a) = 1, q(0) = 2, a/R = 1/7 and the magnetic well for r/a < 0.5.

393

IAEA-CN-60/D-17

TABLE 1. HELIOTRON/TORSATRON AND STELLARATOR RESULTS

Average
curvature
Magnetic shear
Mode
Formula for G

Tokamaks
(reference)

H/T systems

Stellarators

bad
(except centre)

good

good
(if q > 1)

strong

weak

strong

ballooning

ballooning

interchange
3/2

(/cR/a) qV

2

2

q f(s,a)-'

q 2 f(s, a)" 1

r/a
FIG. 2. Radial shape of normalized geometrical factor G(r)/G(0. 7a). Solid line: heliotron/torsatron
system; dashed line: stellarators. The tokamak case (dotted line) is also shown for reference.

From these results, the following conclusions are derived:
First, the increase in x as a result of the enhanced pressure gradient is a generic
feature of toroidal plasmas, causing power degradation of the energy confinement
time. The effects of the density and pressure profiles lead to the general tendency for
X to increase near the edge. The radial form is affected by the q profile or the
magnetic hill.
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2.2. Theory of the H mode confinement
In connection with the gradients of the radial electric field, the reduction of
anomalous transport has been discussed [6]. This method allows the geometry and
the plasma operation in toroidal helical systems, which provide reduced thermal
conductivity, to be studied in a quantitative manner. The formula is given by

A

[l+g(a,s)o> 2 E ]

where coE = Er'TAp/B, rAp = qR/vA and the coefficient g is explicitly given by the
equilibrium plasma parameters. For H/T systems it is given by g « (a/R)2//c|8' [7].
For stellarators, we have g « 0.8/a in the small a limit and g ~ 1.56a2 in the
large a limit [8]. An improvement in confinement is expected when Er' is in the
range of 100 V/cm2. The formation of Er' was analysed in Ref. [9]. A quantitative
analysis of improved confinement in tokamaks is given in Ref. [10]; it can be applied
to toroidal helical plasmas.

3.

NON-LINEAR SIMULATION

3.1. Simulation model
We study the electrostatic interchange mode in a slab plasma (the x and z axes
are taken in the direction of the pressure gradient and the main magnetic field, respectively). We focus our interest on an investigation of the non-linear mechanism on
electrons [3, 11]. The Ohm's law which we use is given by
d}/dt + [0,j] = -V„<¿ + XCAJ

(5)

A reduced set of equations [12] is employed. The equation of motion and the energy
balance equation, d v i ^ / d t 4- [</>, Vi</>] = V»j - fiVyp + /¿ C V|0 and dp/dt +
[</>, p] + Vy</> = XCAJ.P> a r e used. In the simulation study, we normalize the length
and time by c/oop and rAp, respectively, the operator Vy = d/dy denotes the
influence of the equilibrium gradient in the x direction, Í2 is the drive by curvature,
and [...,...] are Poisson brackets. The terms Xc, ¡xc and Xc denote the transport
coefficients due to Coulomb collisions. (Here we regard them as constant numbers.)
Simulation is done for a fixed background pressure gradient. The range in the
x direction is L, and M Fourier modes in ky are retained. The parameters L = 80
(300 grids) and M = 64 (kymin = 10/64 and kymax = 10) are usually taken for the two
dimensional simulation [13].
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FIG. 3. Temporal evolution of perturbed pressure energy, showing non-linear growth. Non-linear
Ohm's law (a), and linearized Ohm's law (b) are used.
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FIG. 4. Temporal evolution and saturation of interchange mode turbulence, (a) Non-linear Ohm's law
with \c = 0.07, (b) linear Ohm's law with Xc = 0, and (c) non-linear Ohm's law with \c = 0.2.

FIG. 5. ky spectrum of the fluctuations for case (a) of Fig. 4 in the non-linear growth phase (t = 60,
dotted line) and in the saturation phase (t = 200, solid line).
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3.2. Non-linear growth and high saturation level
Figure 3 shows the time evolution of the perturbed pressure WE = <p2>, for
the case of Xc = 0.01, where <p2> = (2L)"1 ¡QL dxM^Elptx.ky)! 2 . The case of
linear Ohm's law (i.e. the [</>, j] term neglected in Eq. (3)) is also shown by the dotted
line. The other parameters are: Í2 = 0.5, s = 0.5, xc = uc = 0.2. The linear
growth of the mode corresponds to an electron inertial interchange instability. If the
convective non-linearity is taken into account in Ohm's law, the growth rate starts
to increase when the fluctuation level exceeds a threshold value. This level of the
threshold amplitude coincides with the theoretical prediction of non-linear instabilities [2,3]. (The mode shows a simple non-linear saturation when linearized
Ohm's law is employed.) Non-linear destabilization is confirmed.
The saturation stage is also investigated. Figure 4 illustrates the result of the
longer time evolution: (a) non-linear Ohm's law with Xc = 0.01; (b) linear Ohm's
law with Xc = 0; and (c) non-linear Ohm's law with Xc = 0.2. In the time asymptotic limit, the saturation is realized. The saturation level for non-linear instability,
(a) and (c), is much higher than in the case of linear Ohm's law (b). It is confirmed
that the convective non-linearity in the electron dynamics gives rise to non-linear
acceleration of the growth rate and an enhanced saturation level. By comparing (a)
and (c), we see that the enhanced saturation level is not much influenced by the linear
growth rate. The theoretical model of self-sustained turbulence is confirmed. (Also
confirmed is the argument based on the scale invariance method [9].) The ky
spectrum in the case of (a) is shown in Fig. 5. In the phase of non-linear growth
(t = 60), the growth takes place in association with the normal cascade of the
spectrum. This cascade works as an effective dissipation of the electron motion,
leading to non-linear instability. When the amplitude has grown sufficiently, an
inverse cascade takes place (t ~ 80 for (a)). In the stationary state (t = 200), the
largest amplitude component appears in the long wavelength region although the nonlinear excitation is stronger for the higher ky components.

4.

SUMMARY

The influence of the magnetic geometry on the transport coefficient is
investigated for L mode as well as for H mode-like plasmas; its features are summarized in the geometrical factor G. The intrinsic feature of anomalous transport,
X « (-R/3')3/2(c/a>p)2vAR-1, is also clarified. A non-linear simulation is performed
on the interchange mode by retaining the electron non-linearity in Ohm's law. The
theoretical model of self-sustained turbulence is confirmed. These studies provide the
basis for future progress in improving toroidal plasma confinement on the basis of
a thorough understanding of the underlying physics.
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DISCUSSION
W.D. DORLAND: It was shown at the 13th IAEA Conference (Washington,
1990) that sheared slab simulations which ignore kinetic effects such as Landau
damping can significantly overestimate the true saturation level in some cases. Have
you made any effort to include wave-particle interactions in your model?
K. ITOH: With regard to the first part of your question, I do not think that this
is the case in our study. The saturated state is governed by the electron and ion
Prandtl numbers, which do not change much under the influence of a kinetic correction. Nevertheless, it would be important to study the kinetic effects in order to obtain
better understanding. This is an ongoing programme.
H.L. BERK: Does your non-linear simulation resolve the physical effects that
produce hyperresistivity?
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K. ITOH: In the non-linear simulation, we tried to resolve in fine scale. Maximum ky is ten times up/c, so the electron non-linearity is treated accurately in the
simulation. In the analytical theory, the current diffusivity is derived by using onepoint renormalization and mean field approximation. These two theoretical methods
are confirmed by simulation.
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Abstract
ANALYTICAL AND NUMERICAL STUDIES OF SAWTOOTH STABILIZATION WITH ON-AXIS
ICRH ON TORE SUPRA.
Sawtooth stabilization has recently been achieved with on-axis ICRH on Tore Supra. Analytical
and numerical tools have been developed that allow analysis of these data, with the emphasis on the
energetic-particle contribution. The latter is calculated on the basis of an original expression for the
hot-ion distribution function, mostly-passing, deduced from theoretical and experimental ICRH studies,
and compared with the usual mostly-trapped model. Both models account for stabilization, but for
different reasons: with the mostly-passing distribution, stabilization is essentially driven by barelypassing hot ions.

1.

INTRODUCTION

Recent experiments with on-axis Ion Cyclotron Resonant Heating (ICRH) on Tore
Supra [1] have provided new results concerning sawtooth stabilization by the suprathermal
population produced by ICRH. An analysis is made using the (m=l,n=l) kink/tearing mode
stability analysis. An analytic model [2] and a numerical code (ORBIT) [3] have been
developed that allow both qualitative and quantitative analyses of the data, with emphasis on the
stabilizing hot-ion contribution. The analytic model is based upon simple parametric studies of
experimental data, in terms of any energetic-ion distribution-function including velocityanisotropy effects. The code ORBIT evaluates the contribution of the high energy ions (the
distribution of which is simulated by Monte-Carlo techniques) to mode stability using orbit
399

FIG. 1. Time evolution of (a) T^, (b) j8p and (c) q0for a typical Tore Supra monster-sawtooth (shot #8871), and (d) associated trajectory in the stability diagram (ef/3*, -àW^f).
The stability boundary (broken line) is adjusted from the indicated typical Ohmic evolution. It is clear from (d) that the entire stabilized phase is in the ideal region, and that a hot-ion contribution àW1^ of the order of
-0.11 is required to account for stabilization with the considered criterion. Note also that q0 continuously decreases during the stabilized phase.
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averaging of motion through Hamiltonian guiding-center equations. These tools complement
one another
- In the analytic model, simplifying hypotheses are made to calculate the energetic-ion
response: circular cross-section, low mode-frequency, zero orbit-width. Then, shape, finite
mode-frequency and finite orbit-width effects may be evaluated by means of the code ORBIT.
The latter may be coupled to comprehensive equilibrium codes, allowing more realistic studies.
- Given its simplicity, the analytic model is much easier to implement. Moreover, it allows a
clear analytical separation between qualitative effects (velocity anisotropy and radial
distribution) and quantitative ones (energy content and spatial scales). On the other hand, it
reduces the number of relevant parameters, which facilitates the identification of the leading
ones, for a given model distribution-function. Then, the code ORBIT allows a refinement of the
results.

2.

ANALYSIS OF A TYPICAL TORE SUPRA SHOT WITH THE ANALYTIC MODEL

Sawtooth stabilization analysis has three contributions: from the layer (associated with
the vicinity of the resonant surface where the safety factor q equals one), and from the MHD
energy response ÔWmhd (related to the MHD domain, outside of the layer), consisting of a part
due to the thermal particles SW^híf» calculated by Bussac et al. [4], and a part due to the
energetic ions SW^hd > which is the focus of this paper. In this section, results obtained with
on-axis ICRH on Tore Supra are illustrated by the analyses of a typical stabilization experiment
(Tore Supra shot #8871).
2.1.

Stability diagram for the (m=l,n=l) kink/tearing mode

First consider the analytic approximate stability criterion deduced from magnetic island
stability analysis in the presence of diamagnetic effects [5], leading to the stability diagram
shown on Fig. l.d, in the plane (-SWmh^eiPp); with (see [2,5] for notations) e\ the inverse
aspect-ratio of the "q=l" surface, p p the local plasma pressure parameter measuring
diamagnetic effects in the layer, and 8Wmhd the normalized MHD domain energy response
(plasma core and energetic tail particles) to the perturbation. Figure l.d displays an ideal
(strongly unstable) region, corresponding to negative values of SW^d, while the resistive
region (positive 8Wmhd) is separated in two domains, indicating that the considered mode is
increasingly stable for larger values of resistivity and diamagnetism (higher OW,^ and P p
values). Despite agreement between the various authors [5 and references 30&31 therein],
concerning the latter qualitative result, the precise position of the hyperbolic frontier between
the two domains is still in question. Thus, in order to analyse ICRH stabilized sawteeth, we
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adjust the position of the stability boundary from an Ohmic sawtooth preceding the ICRH phase
(this is rather reliable due to the small amplitude of the evolution of Ohmic sawteeth in the
stability diagram, with respect to that of a monster sawtooth), see Fig. l.d.
2.2.

Destabilizing plasma core contribution

The plasma core contribution OW^^f has been calculated by Bussac et al. [4]. If we
assume a parabolic safety factor profile, with J3p the global plasma pressure parameter within
the "q=l" volume (see [2] for notations), then SW^SP is a function of the on-axis safety factor
q0 and |5p only. The time evolution of the central electron temperature TeQ, qo and pp, as well
as the associated trajectory in the stability diagram due to SW^ftd5» is shown on Fig. 1 for an
archetype monster sawtooth (Tore Supra shot #8871). It is clear from Fig. l.d that taking into
account only the plasma core contribution the saturated phase corresponding to stabilization is
ideally unstable. Thus, given the position of the stability limit (calculated from the ohmic
regime), the energetic tail contribution SW^hd must be of the order of 0.11 to account for
stabilization.
2.3.

Stabilizing energetic tail contribution

The hot ion population, created by ICRH and responsible for stabilization, is described
in terms of its distribution function F^ot J^Q latter includes velocity-anisotropy effects,
suggested by Hastie et al. [6] as a potential means to improve sawteeth stabilization. The hotion response to the mode is found to be separated in two distinct stabilizing contributions: that
of trapped particles, driven by a rigid current-loop mechanism, and that of passing particles,
driven by an interchange mechanism [7].
Following notations of [2], the hot-ion energy-response ÔW^d is found to be
controlled by three hot-ion parameters: P n o t (pressure), h (peaking of the radial distribution,
assumed to be Gaussian) and A (velocity-anisotropy). Velocity-anisotropy effects have never
been considered quantitatively in the past. Indeed, it is generally considered that the hot ion
distribution F^ot produced by on-axis ICRH contains mostly trapped particles. The latter are
weakly sensitive to anisotropy effects, contrary to the passing particles whose contribution is
essentially due to a small part of phase space near the trapped-passing boundary (associated
with barely-passing particles that spend most of their time in the good-cuvature region).
However, the assumption that the distribution is mostly-trapped has recently been questioned
by Tore Supra experiments.
On the basis of theoretical analyses [8], a description of the energetic-ion distributionfunction F ^ o t has been obtained, for on-axis ICRH, whose P n o t , h and A values may be
easily deduced from Tore Supra experimental data [1]. Such a distribution, referred to as
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mostly-passing (it typically contains 7% trapped particles, compared to 60% for the mostlytrapped distribution) accounts for stabilization, following both the analytic model and the code
ORBIT. The hot ion response S W ^ is found to be of the order of 0.18±0.06, with the error
bar essentially due to the uncertainty in P n o t (evaluated as 2.25±0.75 10"4).

3.
COMPARISON OF MOSTLY-PASSING AND -TRAPPED DISTRIBUTION
EFFECTS WITH THE CODE ORBIT
The code ORBIT has been used to make a comparison between the stabilizing effects of
these two distributions: mostly-passing (MP) (see [1,2] for details), and mostly-trapped (MT),
with a symmetric Gaussian concentration centered with banana tips tangent to the cyclotron
layer in velocity space (see VI.D in [3]), and its anisotropy parameter A adjusted using data
from the TRANSP code [9].
Stability domains (for MP and MT models) are shown on Fig. 2, in the space ((5not,
-ÔWmhdP)» w i t n experimental conditions corresponding to the saturated phase of the monster
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FIG. 2. Stability diagram in the plane (-ôW^,
&h<"), computed with the code ORBIT, for Tore
Supra shot #8871. Stability boundaries for the mostly-trapped (MT) and mostly-passing (MP) distributions are displayed. The stable MT-domain is bounded at high (31"", because of fishbone oscillations.
Both distributions account for stabilization with the monster-sawtooth analyzed in Fig. 1.
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sawtooth analyzed on Fig. 1. Both distributions are found capable of mode stabilization. The
stable domain associated with the MT distribution is bounded at high ph ot by the onset of
fishbone oscillations, not produced by the MP distribution. Although the stabilization
thresholds differ, uncertainties in experimental data do not allow from this a clear determination
of the form of the distribution function.
4.

STABILIZATION IMPROVEMENT WITH COMBINED ICRH AND LHCD

A parametric study of Tore Supra stabilized sawteeth, with the analytical model
(controlled by six parameters: qo, Pp, P p , P n o t , h and A), reveals that once stabilization is
achieved with on-axis ICRH, the only varying relevant-parameter of the model is the central
safety-factor qo. The latter keeps decreasing during the "monster sawtooth" (until the crash).
Since stabilization is found to be rather marginal and weakened by a decrease in qo, this might
be a good candidate for the trigger of the final phase of the instability that leads to the crash.
This idea is supported by the fact that when Lower Hybrid Current Drive is applied, in addition
to on-axis ICRH, the time-evolution of qo is observed to be nearly frozen, simultaneously with
a lengthening of the sawtooth-free period [1].
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DISCUSSION
J.-M. NOTERDAEME: It has been reported previously that on Tore Supra the
power required to stabilize the sawteeth decreases with increasing density. Can you
point to the main effect that makes it easier to stabilize the sawteeth at higher density?
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M. ZABIEGO: Our model allows us to identify the leading parameters driving
stabilization. Among these, the parameter that measures the kinetic anisotropy of the
distribution (A) may play a role in the density effect you mention. Indeed, modifying
density induces a change in collisionality and thus in the hot ion kinetic anisotropy.
However, an effect of this kind cannot be measured at present in Tore Supra experiments owing to a high uncertainty in the hot ion energy content (j3Hot). Nevertheless, the density modification may also significantly affect the energy transfer from
hot ions to thermal particles. If more energy is transferred to the core plasma, this
may increase the destabilizing thermal contribution. Another possible ingredient
might be the density of minority ions in the discharge, which may affect the hot ion
distribution if substantially modified.
C.Z. CHENG: What is the physics basis for the 'mostly passing' particle model
for m = 1 stabilization in ICRH experiments in Tore Supra? Is this due to the large
ripple loss in Tore Supra?
M. ZABIEGO: The 'mostly trapped' model is based upon a resolution of the
Fokker-Planck equation (to calculate the hot ion distribution) which emphasizes the
collision operator (Stix, 1975). However, in present-day experimental situations, the
heating operator is found to play a dominant role. Thus, a different resolution scheme
has been developed (see Ref. [8]) that seems much more suitable and leads to the
'mostly passing' model distribution. This model has been used with Tore Supra data
and indeed leads to a large amount of passing particles in the hot ion distribution.
The physics behind this result is probably very complicated; at least, it is not yet fully
understood. Preliminary indications can be found in Ref. [1]. Some ingredients of
the answer to your question are the minority ion density (higher in Tore Supra than
in other machines) and the adiabatic barrier (lower in Tore Supra than in JET, for
instance), but these are probably only part of the story.
F.W. PERKINS: In tokamaks with low q, the radius of the sawtooth region can
be large. Does your theory indicate that fast particle stabilization of sawteeth will be
most effective if the ion cyclotron resonance is placed on the outside part of the sawtooth region, on the magnetic axis, or on the inside part of the sawtooth region?
M. ZABIEGO: Moving the position of the cyclotron layer off-axis will mainly
modify the radial distribution of hot ions: the latter will extend both absolutely and
relatively to the radius of the q = 1 surface. This extension relative to the q = 1
surface is known to be strongly destabilizing. This is the main reason why ICRH
stabilization is performed on-axis (where it is most efficient). However, efficient
stabilization is also achieved by phasing the ICF antenna and positioning the cyclotron layer on the q = 1 surface. But this is a different scenario.

IAEA-CN-60/D-19

ONSET AND STABILIZATION OF
SAWTOOTH OSCILLATIONS IN TOKAMAKS
L.E. ZAKHAROV1, F.M. LEVINTON2, S.H. BATHA2, R.V. BUDNY1,
M.C. ZARNSTORFF1, S. MIGLIUOLO3, B. ROGERS4
1

Plasma Physics Laboratory,
Princeton University,
Princeton, New Jersey

2

Fusion Physics and Technology,
Torrance, California

3

Massachusetts Institute of Technology,
Cambridge, Massachusetts

4

University of Maryland,
College Park, Maryland
United States of America
Abstract

ONSET AND STABILIZATION OF SAWTOOTH OSCILLATIONS IN TOKAMAKS.
Analysis of the onset and stabilization of sawtooth oscillations in TFTR supershots reveals
inconsistency between experimental data and conventional ideal linear theory. The latter is often found
to predict instability due to the contribution from an ideal m = 1 mode even in sawtooth-free discharges.
A new theoretical picture based on this analysis implies that for finite amplitude perturbations the
influence of the ideal mode disappears and the criterion of co.-stabilization of the collisionless m = 1
reconnection mode determines the sawtooth-free operational space in tokamaks.

1.

Criterion of sawtooth stabilization in TFTR

A better understanding of sawtooth behavior is vitally important for the realistic assessment of tokamak performance in advanced devices such as ITER.
The sawteeth [1] are characterized by a periodic collapse of the pressure in the
plasma core and play a crucial role in the formation of the temperature, density
and current profiles at the plasma center in tokamak-reactors. These oscillations
have continuously stimulated extensive experimental and theoretical investigations since they exemplify magnetic reconnection[2] in a laboratory environment.
Nevertheless, the theory of this phenomenon is still not well enough developed
to answer basic questions concerning the nature of sawteeth and in some cases is
inconsistent with the experimentally observed behavior.
407
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TFTR[3] provides a good variety of regimes for analysis of onset and stabilization of sawtooth oscillations. Measurements of the local magnetic pitch angle
Bg(R)/B, based on the motional Stark effect (MSE), is now a routine diagnostic
in TFTR[4] (B$, B are the poloidal and toroidal magnetic fields, R is the major
radius). Together with TRANSP[5] analyses of plasma profiles (of the density
n, ion and electron pressures p t>e , and pressure Phot of hot beam particles), MSE
data allow a reliable reconstruction of the plasma current profile and the magnetic
configuration.
In this paper we apply a two-fluid theory to analyze the behavior of sawteeth
in a number of well diagnosed T F T R discharges (64541, 64547, 65601 — 65603,
65610 — 65613, 68257, 68262, 68263) with ç-profiles reconstructed from the
MSE measurements. They include DD cases with go in the range of 0.7 - 0.95,
plasma currents of 1.4 - 1.8 MA and neutral beam heating of 10 - 18 MW. While
the sawtooth oscillations are typically present in L-mode regimes, in supershots
either oscillations with extended or irregular period or sawtooth-free behavior
have been observed.
The two-fluid model was chosen because it agrees with linear kinetic theory
and readily allows analysis of the nonlinear stage of m = 1 reconnection. Earlier,
with two-fluid calculations [6] it was realized that in high-temperature tokamaks
the ion-sound Larmor radius, ps = y/(Ti + T e )/(m¿í)«), plays the role of an
effective scale length of reconnection {Ti,Te are the ion and electron temperatures,
mi is the ion mass, and Qci is the ion cyclotron frequency). This provided an
explanation of the fast sawtooth crash time ~ TA/WPS)There are several types of modes related to reconnection: ideal, collisionless
and resistive m = 1 modes. The growth rate 7/ of the ideal m = 1 mode[7] is
UTA = çiAfr/v^,

TA = RV^niTUi/B,

(1)

XH

-h*oi),

(2)

^~^R^y°'z

pi,poi-—^j—,

where r\ is the radius of the mode resonant surface (ç(ri) = 1), q[ = dq(r)/dr\Tl
is the shear, and < p > is the averaged total pressure, p = pe + Pi + Phou inside
the q — 1 surface. The width of the inertial singular layer \H relates to the
Bussac ideal stability criterion, \H < 0.
The collisionless reconnection mode has a linear growth rate[8, 9, 10]
1/3
1TA = qiPs (
\-KpsJ

,

de = —
Upe

(3)

in the regimes with p3/de = \fP\mi/{2me)
> 1 (me is the electron mass, de
is the collisionless skin depth, and the local /?i = 8xp/B2 is calculated at the
g = l surface). For TFTR, ps ~ 0.5 cm. The resistive analog of this mode is
unimportant on TFTR in comparison with the collisionless mode.
Two-fluid[ll] as well as kinetic[8, 9] linear theory predicts a stabilization of
the collisionless reconnection mode as well as the ideal mode by uveffects. The
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FIG. 1. (a) /Sy po], (b) XH, and (c) theoretical criteria for stable supershot 65611.
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stability condition can be written in a symbolic form
(4)

where the right hand side is the shear reconstructed from MSE, the left hand
side is a complicated function of its parameters, calculated numerically[12] and
-cPirí

-cPi

3 2

n

XK

CPe

U*e =

uC =

u*

/rA /

8?r

n

z

( T\>

2

,

V*„ —

cTeri

(5)

,

Parameter A# includes in a simplified manner the kinetic effects of energetic
beam particles[13].
Results indicated significant contradictions between ideal linear theory and
experiments. In the most stable supershots, the Bussac ideal limit for f3ijPO¡ was
exceeded by a factor of 3 or 4 (Fig. la). For TFTR supershots the typical value
of A/f is positive and about 1-2 cm (Fig. lb).
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FIG. 2. Comparison of criterion (7) with TFTR MSE + TRANSP data[14].
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Three versions of criterion (4) have been compared against the experimental data. The first n^j
= F I Í C T I A H ^ A / ^ O > r i ? ! and the second ritf^/j =
r
iQ'cr\\H^O,xK^o > i*i?i are found to be violated in stable discharges during their
supershot phases. For stable shot 65611, theoretical values of qlcrI q^jj are correspondingly about three and two times less than the actual value of q[ (Fig. lc).
In the third version of criterion (4) we put A# = 0 and A^- = 0, thus neglecting
the (dominant) ideal mode
nq'crjn = riq'cr\\H=\K=o

-

1A

2/3

P\

n'R 2/3 p'R

1/3

q=l

q=l

>

riqv

(7)

Criterion (7) (which is inconsistent with linear theory in the present case)
is found to be in good quantitative agreement with the analyzed shots. It is
fulfilled in the supershot phases of discharges 64541, 65611, 68257, which have
no sawteeth, and is violated in the shot 64547, which has large sawteeth during
the heating phase. Moreover, criterion (7) predicts reasonably well the time
of transition from the sawtooth-free to the sawtoothing phase in shots 6561065612, 68262, 68263. In shots 65601-65603, where criterion (7) is marginal, the
sawteeth exhibit enhanced but irregular period. Fig. 2 summarizes a comparison
of criterion (7) with the above mentioned set of data. The region in the upper
part of the graph is predicted to be sawtooth-stable, while the region below the
solid line should be sawtooth unstable (see more discussion on this comparison
in Ref. [14]).

2.

Theoretical interpretation

This analysis leads us to a new concept concerning sawtooth oscillations, in
which nonlinear properties of the m = 1 mode play a crucial role [15]. It can be
described by a model equation for the evolution of the central core displacement
£o, where we assume for simplicity that the growth rate of the ideal m = 1 mode
is additive to that of the collisionless mode
TA

dto

dt = - / I ( ? U - ? ' ) M 0 +

dU(to)

/ 2 ? ' ^ ^ v/S
d£o

(8)

Here, the function / i = fi(£o/p3) describes the transition of the collisionless reconnection mode from linear, /i(0) = [2de/p3)]llz, to nonlinear regime, /i(£o/p a >
1) = O(l), while the function f2 = /2^0/Afr), /2(0) = 1, describes the cancelation of the effect of the ideal mode during the nonlinear stage, f2(£o/\ii > 1) = 0.
The first term on the right hand side of (8) determines the nonlinear stability with respect to the sawtooth crash itself. The second term determines the
influence of the ideal m = 1 mode during the linear phase, £0 < A#. When
q'crjii > q'\, the plasma is stable with respect to reconnection (Fig. 3a) and when
tfcr m < 9i> i t 1 S prepared for sawteeth (Fig. 3b).
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FIG. 3. (a) Sawtooth-stable case related to TFTR supershots, (b) metastable (sawtoothing) case, and
(c) contours of electron cyclotron emissivity T e (R, t) = const indicating the presence of a saturated
m = 1 mode in shot 65611 (with a superimposed high frequency mode).
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For TFTR stable {q'crjn > ?í) supershots, the second term is destabilizing,
Aff + \K > 0, and Eq. (8) predicts the existence of a saturated m — \ mode
(Fig. 3a) with an amplitude related to the \H parameter. For shot 65611, A# ~
2.5 cm and a harmless m = 1 mode was observed (Fig. 3c), thus supporting the
concept (For other shots A# ~ 1 cm, this mode was not observed).
According to Eq.(8), sawtooth crashes occur only when criterion (7) is violated. In that case the second term may provide stability to small perturbations if
A J Í + A K < 0 (ideal mode is stabilized). But this state is expected to be metastable
at best (Fig. 3b) and any finite perturbation or violation of linear stability will
trigger a crash. This scenario is consistent with previously proposed triggering
mechanisms of the fast crash[6, 16].
3.

Summary

About 150 discharges from the recent TFTR DT campaigns have been analyzed
with use of the g-profiles from the TRANSP plasma analysis. Although without
MSE data this comparison is subject to larger uncertainty, this allows to test our
theory in new regimes with higher plasma current (up to 2.5 MA), with both
DD and DT plasmas (Fig. 4a), with the combination of NBI and ICRF heating
(Fig. 4b). The sawtooth model that is typically used in TRANSP implies a
partial reconnection which is synchronized with the observed sawtooth oscillations. This generates oscillations on the shear r\q' derived from TRANSP. When
criterion (7) is marginal, the period of sawtooth oscillations becomes irregular
(Fig. 4c).
With a few exceptions (one of them is mentioned in Ref. [14]), the criterion
of sawtooth stabilization works also in presence of other MHD activities like
fishbones (Fig. 4d) and minor disruptions (Fig. 4e). In these two cases the pattern
recognition routine used by TRANSP did not distinguish these phenomena from
the ordinary sawteeth. Criterion (7) allows to increase /? up to the disruption
level (Fig. 4f) without sawteeth.
Based on these results it can be concluded that a much improved understanding of sawtooth suppression in tokamaks has emerged. Although many
issues of sawtooth oscillations remain still unresolved, this theory determines the
sawtooth-free operational space and, in particular, the achievable values of the
central safety factor as a function of the peakedness of the plasma profiles (e.g.,
for parabolic q(r) near the center, q(0) ~ 1 - O.briq'^ IU). It can be used to reliably predict stable q- and plasma profiles in ITER and future tokamak-reactors.
This work was supported by United States Department of Energy Contracts
No. DE-AC02-76-CHO-3073, and DE-FG02-91ER-54109 and by the U.S.D.O.E.
Fusion Energy Post-Doctoral Research Program.
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Abstract
NON-LINEAR COLLISIONLESS MAGNETIC RECONNECTION AND FAST RELAXATIONS.
The non-linear stage of magnetic reconnection in collisionless and weakly collisional regimes is
analysed. The reconnection time turns out to be at least an order of magnitude shorter than the
Sweet-Parker-Kadomtsev time for values of the skin depth and of the magnetic Reynolds number
typical of the core of large tokamaks.

1.

INTRODUCTION

Laboratory plasmas close to thermonuclear conditions exhibit a variety of
relaxation phenomena involving strong magnetic activity, the most intensively
studied being probably sawtooth oscillations [1]. A common feature of these
phenomena is the fact that they become sharper in the largest, hottest devices such
as JET [2].
Interest in the sawtooth crash problem was renewed by the observation that at
the high plasma temperatures in these experiments sawteeth can occur on a time-scale
that is shorter than the electron-ion collision time. For example, Fig. 1 shows the
position of the peak of the soft X ray emissivity during a typical sawtooth crash in
JET. By interpreting the position of the peak as the position of the magnetic axis, we
see that the displacement behaves roughly exponentially with time, covering a large
fraction of the plasma radius on a time-scale of the order of 100 /xs.
Since the sawtooth phenomenon is initiated by a reconnecting mode, the m = 1
internal kink, these experimental findings have generated considerable interest in the
problem of magnetic reconnection in collisionless or weakly collisional regimes,
where electron inertia is responsible for the decoupling of the plasma motion from
that of the magnetic field (see Refs [3, 4] for an extended list of references).
The time-scale predicted by the linear theory of m = 1 kink tearing modes is
in good agreemeent with that observed in the experiments [3]. However, the validity
of the linear theory is limited by the condition that the displacement of the magnetic
axis does not exceed the width of the reconnecting layer, in practice, the electron skin
depth or the ion Larmor radius, whichever is larger. In order to explain experimental
results such as those shown in Fig. 1, a non-linear analysis is required. In particular,
417
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FIG. 1. Evolution of peak position of soft X ray emissivity during a fast sawtooth crash in JET.

we have to understand the dynamics in the early non-linear stage, ¿Iinear «. X « a,
where X is the displacement, ôlinear the width of the reconnection layer as given by
the linear theory and a is the plasma radius.

2.

MODEL AND RESULTS

Our study of collisionless reconnection employs an extension of reduced MHD
to a two dimensional slab, where the electron inertia term, proportional to the square
of the electron skin depth, de = c/cOpe, is added in Ohm's law. Larmor radius terms,
although formally of the same order as the skin depth terms, are initially neglected
as they are not sufficient to decouple the motion of the plasma from the magnetic field
lines. We therefore consider the coupled equations:
3tU + [<P, V] = [J, fl +
2

3tF + [<p, F] = VV W

2

ftV

- i/u) -

U

(1)
fcVV

(2)

where [A, B] s ez- VA X VB, with ez the unit vector along the z direction, U =
V V the fluid vorticity, <p the stream function, J = - V2\¡/ the current density along
z, \p the magnetic flux function, \p0 the equilibrium flux function, F = ^ + d2 J the
total electron canonical momentum in the toroidal direction and d the skin depth. The
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dissipative effects we have included are the ion viscosity /¿¡, the electrical resistivity
77 and the electron viscosity ¿ie. Since the equations are normalized these dissipation
coefficients must be interpreted as the inverse of Rey nods-like numbers.
The co-ordinates x and y vary in the intervals x € [-L x , LJ and y G [-L y ,
L y ], with the slab aspect ratio e = Lx/Ly < 1 (here, we choose e = 1/2). Periodic
boundary conditions are imposed at the edge of these intervals. Length and times are
normalized to the slab width and to the (poloidal) Alfvén time, respectively.
The initial condition is a tearing unstable equilibrium without flow, J0 = \f/0
= cos x (Lx = it), with the addition of a small m = 1 perturbation in the unstable
direction. Most of our studies were carried out with d/2Lx = 0.04, so that the
logarithmic jump A' of the linear eigenfunction across the reconnecting layers is such
that A'd > 1. In this large A' regime the mode structure has global character, resembling the eigenfunctions of the m = 1 internal kink, pL « (pœ sign x, everywhere
except in narrow layers near the reconnecting surfaces. Moreover, with our choice
of e, only the m = 1 mode is unstable.
The collisionless equations (/¿j = /xe = 77 = 0) were studied numerically and
analytically in Ref. [4]. Here, we only summarize the main results.
Initially, in the linear stage, the system evolves exponentially with a growth rate
7 = d until X ~ d. By this time, the current density perturbation ÔJ = J — Jeq
around the X point has become of the order of the equilibrium current density.
In the non-linear stage a current spike of width d develops around the X point.
An analytic calculation based on the conservation of F shows that ÔJ behaves like
ÔJ ~ (X/d)ln(d/x) at a distance x from the X point, x < d. The logarithmic singularity is cut off by a new non-linear time dependent microscale ô(t) = d exp[-X(t)/d]
so that at the X point <5JX « (X/d)2. No singularity occurs in the flux function to the
leading order: ôipx ~ X2 for x < X.
In the non-linear stage the reconnection proceeds faster than exponentially as
far as numerically observable and arguable until the displacement reaches a macroscopic size. This is confirmed by an analytic equation for X which predicts an explosive time dependence in the early non-linear stage. Thus the overall reconnection
time in the purely collisionless case scales like rrec « d~l, in substantial agreement
with Ref. [5].
The non-linear microscale Ô rapidly becomes small. Thus, additional physical
effects not included in the simple collisionless model eventually come into play and
Ô is replaced by some other scale-length as a cut-off. In order to understand the
experimental results one must identify which of the many possible cut-off mechanisms is relevant in a particular situation. Moreover, it is crucial to verify whether the
reconnection can proceed at a fast rate even in the presence of spike limiting
mechanisms.
Here, we discuss the role of a small amount of dissipation in the form given in
Eqs (1) and (2). A variety of cases with /¿e ^ 0 and/or 17 ^ 0 have been considered,
all of them possessing the same linear eigenfunctions and growth rate but differing
in the non-linear phase (Fig. 2).
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A purely resistive case (77 = 3 x 10"3 and d = 0) is found to follow the
Sweet-Parker scenario. By contrast, a moderately resistive case with finite electron
inertia (i¡ = 1.5 x 10"3 and d/2Lx = 0.028) behaves essentially in a collisionless
fashion: resistivity (at this value) is not effective as a cut-off mechanism. This is
understood by inspecting Ohm's law (2), using the previously given expressions for
the flux function and for the current. We see that the resistive term in the spike region
is bounded to 0(r/X2/d2), which is smaller than the left hand side of Eq. (2) as long
as 77 < Tunear^2 ( o r Vm < d) (the resistivity term is a regular perturbation). When
this occurs the resistivity can also be neglected in the linear theory and is never
important.
On the other hand, the electron viscosity term is 0[/¿e(X/d)(l/x2)] and can
balance the leading collisionless terms at a sufficiently close distance from the
X point for any value of /¿e. Thus the electron viscosity is an efficient cut-off
mechanism. Note that not only the true (collisional) viscosity but also any process
acting as a current hyperresistivity would be an equally effective candidate. This idea
has been confirmed by running simulations with /¿e in the range of 4 X 10"7 < /¿e
< 6.4 x 10"6 (with d = 1/4). We see that the microscale (Fig. 2(a)) is strongly
affected by the viscosity. On the other hand, the growth of ÔJX is not slower than
exponential even when the viscosity is switched on (Fig. 2(b)). Thus the total reconnection time is substantially unaffected. Therefore, the presence of a viscous cut-off
(as long as it is smaller than the skin depth) does not alter the conclusion that reconnection continues to proceed at a fast rate in the non-linear stage.
For higher resistivity, when d < rj1/3, the electron inertia is negligible in the
linear phase, and the displacement grows with jimear ~ 771/3 until it is of the order
of the width of the linear layer, X « ôIinear « 771/3. In the non-lineare stage the
system is expected to follow the Sweet-Parker scenario with the layer width
shrinking as <5non-iinear ~ (17/X)1/2 while the displacement grows as a power law
X « rçt2. If d < 771/2 (strong collisionality) the displacement reaches macroscopic
size, X « 1, where ¿>non.linear » (T?)1/2, in the characteristic Sweet-Parker-Kadomtsev
time TSPK « r)~V2 « (TAifvénVsistive)1/2- If, however, the skin depth falls in the intermediate range of 771/2 < d < 77U3 (moderate collisionality), the electron inertia
becomes again important when ônon.linear « d [6]. This occurs at some value of the
displacement X* « 17/d2 after a time t* « d"1. Afterwards, we expect that the
reconnection will proceed essentially in a collisionless fashion until X « 1. The
reconnection time is, therefore, controlled by the electron inertia, Trec = d~' <5C
1/2
T SPK , as long as d < 77 , throughout the collisionless and the moderate collisionality regimes. The borderline between these regimes is typical of large tokamak
sawteeth and therefore of special experimental interest. Here the reconnection time
turns out to be at least an order of magnitude shorter than the Sweet-ParkerKadomtsev time: Trec/TSPK = 771/6 < 10"'.
For typical high temperature JET parameters, 771/3 « d « 3.0 x 10"3 (the skin
depth is normalized to the q = 1 radius). After a linear phase, where resistivity and
electron inertia are of comparable importance, the non-linear evolution of m = 1

422

OTTAVIANI and PORCELLI

modes is controlled by collisionless effects. The reconnection time rrec « rA/d is of
the order of 100 /AS. Ion Larmor radius effects can shorten this time by up to a factor
of three [3, 7, 8].
The fluid model we have investigated has a number of limitations, as is discussed in Ref. [9]. However, the indications from our analysis are that the occurrence of a rapid non-linear stage where the system evolves faster than the
Sweet-Parker-Kadomtsev time-scale is a fairly general phenomenon in weakly collisional systems characterized by large values of the A parameter.
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Abstract
SCRAPE-OFF LAYER PLASMA MODELLING FOR THE DIII-D TOKAMAK.
The behaviour of the scrape-off layer (SOL) region in tokamaks is believed to play an important
role in determining the overall device performance. In addition, control of the exhaust power has
become one of the most important issues in the design of future devices such as ITER and TPX. The
paper presents the results of application of 2-D fluid models to the DIII-D tokamak, and research into
the importance of processes which are inadequately treated in the fluid models. Comparison of measured
and simulated profiles of SOL plasma parameters suggests that the physics model contained in the
UEDGE code is sufficient to simulate plasmas which are attached to the divertor plates. Experimental
evidence suggests the presence of enhanced plasma recombination and momentum removal leading to
the existence of detached plasma states. UEDGE simulation of these plasmas obtains a bifurcation to
a low temperature plasma at the divertor, but the plasma remains attached. Understanding the physics
of this detachment is important for the design of future devices. Analytic studies of the behaviour of
SOL plasmas enhance our understanding beyond that achieved with fluid modelling. Analysis of the
effect of drifts on sheath structure suggests that these drifts may play a role in the detachment process.
Analysis of the turbulent transport equations indicates a bifurcation which is qualitatively similar to the
experimentally different behaviour of the L and H mode SOL. Electrostatic simulations of conducting
wall modes suggest possible control of the SOL width by biasing.
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UEDGE CODE VALIDATION RESULTS

Fluid SOL codes must be validated against data from present diverted tokamaks
to demonstrate their applicability. The validated codes can then be used to design
future divertor configurations. We report the results of UEDGE [1] code validation
against data from the DIII-D tokamak here. The application of the code to divertor
design has been described by Fenstermacher [2]. The SOL of DIII-D is well diagnosed to determine the relevant plasma parameters at several poloidal locations. The
electron density (n,,) and temperature (Te) are measured by Thomson scattering, a
retractable Langmuir probe array near the mid plane (Z = 0), and a Langmuir probe
array which spans the lower divertor. The ion temperature (T¡) is determined by
charge exchange recombination (CER) at Z « 0. The power deposited on the
divertor floors and the centre post is measured with infrared camera systems (IRTV).
Hydrogen recycling is measured by observing Ha emission with both photo diode
arrays and TV systems. Data from these diagnostics are compared with simulations
using the UEDGE code for H mode (both ELM free and ELMy), and L mode
plasmas. UEDGE assumes classical physics for energy and particle transport along
the magnetic field B and anomalous transport across B.
Perpendicular transport coefficients for thermal energy are adjusted to obtain
consistency with Te and T¡ profiles measured near the outer midplane of DIII-D. We
find 0.1 < Xe ^ 0-3 m2/s for the H mode, and up to an order of magnitude larger
for the L mode. The experimentally measured T¡ in the SOL is higher than Te, and
the radial scale-length of the variation of T¡ is longer than that of Te. We find it
necessary to set x¡ > Xe to simulate the measured profiles, with H mode ion thermal
transport coefficients up to 1 m 2 /s. We find that both Xi and xe increase roughly
linearly with neutral beam heating power for fixed plasma current.
The perpendicular particle transport coefficient, D x , is varied to obtain consistency with the measured density profile. The determination of this coefficient is
more problematic than that of the thermal transport coefficients because of the uncertainty in the particle flux into the SOL. The upstream radial profile of the density is
determined by a combination of D ± and the particle recycling coefficient at the
divertor floor, RP. In steady state, the particle throughput in the simulation is determined by the assumed particle removal rate, i.e. by RP and the neutral particle
albedo at the outer wall. We estimate the particle throughput from the rate of rise
of the core density at the L to H mode transition. The measured density rise implies
a source rate in the range of 100-300 T • L/s at the L to H mode transition. At steady
state, we expect the particle flux into the SOL to be similar to this source rate. We
obtain consistency between these estimates of the particle throughput and simulations
with 0.05 < D ± < 0.25 m 2 /s, and 0.975 < RP < 0.985 for H mode plasmas. We
find that D x increases with neutral beam heating power, and is roughly a factor of
4-5 higher in L mode than in H mode.
The effect of impurity radiation in the SOL can be modelled in several ways
with the UEDGE code, including multi-species fluid modelling [3]. To date, we have
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used a constant impurity density fraction to model the effect of impurities in our
detailed code validation effort. The radiated power uses emission rates which take
into account finite impurity lifetime and charge exchange recombination with the
hydrogenic neutrals. We find that a carbon impurity fraction of 0.5% to 1.0% is
sufficient to provide radiated power consistent with that measured on bolometer
arrays on DIII-D.
We have also used force balance impurity transport models to study the effects
of carbon and neon flows for parameters similar to those of DIII-D. Simulations in
2-D show enhanced impurities at the midplane due to radial transport and flow
reversal compared to 1-D simulations that only include parallel friction and thermal
force effects. Carbon radiation concentrates near the divertor plate, while neon
radiation is spread throughout the SOL.
Outer Strike Point
250

FIG. 1. Comparison of the experimentally measured profiles of divertor power at the outer strike point
(a), and Ha emission across the divertor floor (b) with UEDGE simulation.
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The simulated plasmas obtained with the transport coefficients and impurity
fractions described above are consistent with other experimental data: the total power
flowing across the separatrix; the amplitude and shape of the heat flux profile at the
outer strike point of single null configurations; and the intensity of H a emission near
both the inner and outer divertor strike points. The measured and simulated profiles
of heat flux and Lyman-a emission are shown in Fig. 1. The consistency between
experiment and model which has been obtained to date provides confidence in the
applicability of UEDGE to DIII-D divertor design.

2.

SIMULATION OF EXPERIMENTALLY DETACHED PLASMAS

The simulations of DIII-D plasmas described in the previous section typically
indicate power and ion currents to the inner strike point which are much larger than
those measured. We find that the introduction of impurity radiation reduces the
power to the inner plate more than to the outer because of the inherently lower
temperature and higher density at the inner plate. Indeed, when impurity radiation
is introduced in the code we obtain a thermally collapsed solution with Te less than
1 eV at the inner plate. Collapse is often associated with a bifurcation in the solution
where three solutions can exist for the same parameters; two being stable, and one
unstable. The plasma pressure is roughly constant along a flux surface; hence there
is a high plasma density in the region of low Te. There is a high ion current to the
inner plate because of recycling. Most of the simulated power to the inner plate arises
from recombination of the ions in the plate. In contrast, the ion current measured by
Langmuir probes is low, and the electron pressure at the inner plate is of the order
of 50 times lower than that measured at the midplane or at the outer plate. This
experimental state is referred to as a detached plasma.
Experimentally, we typically observe this detached state at the inner divertor
plate, and a corresponding low divertor power. The addition of gas, either hydrogen
or impurity, leads to detachment at the outer strike point in the experiment although
the plasma remains attached at larger radii. We obtain a thermally collapsed plasma
state at the outer strike point in the UEDGE simulation of these plasmas when we
add gas injection similar to that used in the experiment. We believe there is a relation
between the simulated collapsed state and the experimentally observed detached state.
As in the experiment, the poloidal location of the gas puff is relatively unimportant.
The peak heat flux is reduced by a factor of two, similar to the experiment. However,
the plasma density is at least a factor often higher than seen experimentally. An upper
bound model where each charge exchange collision removes all of the ion drift
momentum reduces the density by only a factor of two. Initial calculations show that
carbon radiation reduces the density further. The experimental results suggest the
existence of a recombination process which is faster than the radiative and three-body
processes used in the simulation. The observation of a reduction in the plasma
pressure seen in the experiment also suggests an enhanced momentum removal rate.
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EXTENDED ANALYSIS OF SOL PHYSICS

We consider several theoretical issues to better understand the underlying
physics mechanisms and to improve transport code models.
The aforementioned disparity in transport coefficients (and the corresponding
disparity in SOL widths) between L and H mode may be related to a bistable property
of the coupled turbulence-transport equations. As the SOL Te width A is decreased,
the minimum radial mode number increases, increasing the polarization response.
This, combined with energy end loss and ion diamagnetism, tends to decrease the
growth rate and mixing length flux for modes driven by plasma rotation, curvature,
or a combination; for small-enough A, this effect overcomes the increased instability
drive. This is illustrated in Fig. 2 for a point model of DIII-D in single null operation.
The equilibrium points Q = P are stable (unstable) for dQ/dA < ( > ) 0. For still
smaller A, some other mechanism (here, a simple model for dvB/dr driven turbulence) provides a second stable root. For the wider stable root, radial transport from
curvature and rotation driven turbulence balances end loss, as discussed in Ref. [4].
Figure 2 also shows a power threshold for the disappearance of the wider root,
suggesting a possible L-H transition mechanism (the narrower SOL would naturally
lead to a stronger shear layer inside the separatrix, suppressing turbulence there as
in the usual models of the L-H transition). However, this is speculative since the
power dependence comes mainly from approximately treated finite @, non-flute
effects. For moderate parameter variations away from those of Fig. 2, we find the
power threshold scaling roughly as B/q 055 , reasonably consistent with DIII-D
measurements [5]. We are testing an implementation of this model in UEDGE.

FIG. 2. Mixing length flux Q normalized to the power density P across the separatrix versus SOL
width A. The temperature has been eliminated by using power balance.
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Linear stability analysis of the ionization front of a thermally collapsed and/or
detached plasma state indicates that the radiative condensation instability, familiar
from astrophysical calculations, is important in forming a MARFE-like solution. In
addition, a perturbation of this front, such as would be expected from an ELM, could
excite a Richtmeyer-Meshkov instability which will reconnect the plasma to the
divertor plate. Other instabilities which may play a role in the formation of a detached
state include Rayleigh-Taylor mode driven by braking forces parallel to B, and in
the direction of decreasing density; and a Kelvin-Helmoltz instability resulting from
the interaction of the toroidally rotating plasma interfacing with a dense divertor
plasma.
Analytical studies of drift wave mode structure near an X point indicate that
standard 'flute ordered' eikonal expansions break down in such regions. Analysis
using a full 3-D mode equation in X point geometry indicates that the rays deviate
significantly from 'flute ordered' behaviour, and the amplitude is greatly diminished
near the X point, suggesting small perpendicular transport in that region.
A series of 2-D electrostatic simulations of the conducting wall mode have been
done to analyse both RF biasing of the divertor plate to broaden the SOL and effects
of radially sheared drift velocity. Resonant biasing of e</>bias/Te = 0.5 doubles the
radial heat flux. The E x B drift profile resulting from close coupling of the
equilibrium <f> and Te in the SOL reduces the turbulence flux by 71% and the root
mean square magnitude of fluctuating density by 31 %. However, in the case of negative biasing with e<£bias/Te = —3, the velocity shear increases the turbulence flux by
230% and the root mean square fluctuating density by 36%.
We consider the effect of drifts on sheath structure and flows for a toroidal
limiter or poloidal divertor. A current produced by the E x B drift across the sheath
and the accompanying density asymmetry produces an appreciable parallel current
through the SOL. When v E x B > cs sin0, where 6 is the angle between B and the
plates, the plasma nearly detaches from one plate. The diamagnetic drifts do not
contribute to the asymmetries of the plasma flow to the plates. The closing of the
electron diamagnetic current occurs by its transformation (within the sheath) into the
parallel electron current. If the 0's at opposite ends of a field line are not properly
mutually adjusted, then the conditions for closing of the electron currents on the
opposite plates do not match each other, giving rise to electron convection.
The thermally collapsed plasma with high neutral density near the divertor plate
is optically thick to the line radiation and results in reduced power fluxes to the
divertor plate. We use the CRETIN [6] code to model hydrogen radiation transport
for UEDGE simulations of DIII-D gas puff parameters, and find the Lyman a line
is strongly reabsorbed. Ignoring the reabsorption of the line radiation results in
significant overestimates of the hydrogen radiation flux to the divertor plate.
A three dimensional (distance along the field + 2-v) Fokker-Planck code [7]
is being used to determine the parallel electron heat flux for a plasma terminating on
a wall. Work in progress includes comparison of the results with various analytic
models, including one which specifically includes boundary effects [8].
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Abstract
MODELLING OF IMPURITY AND PLASMA TRANSPORT FOR A RADIATIVE DIVERTOR.
A two dimensional impurity code based on Monte Carlo techniques (IMPMC) has been developed
in order to study the impurity behaviour in divertor plasmas. This model is applied to the carbon impurity in JT-60U neutral beam heated plasmas. The impurity source profiles in low density plasmas can
be explained by deuterium ion physical sputtering and self-sputtering. However, in high density
plasmas, chemical sputtering by neutral particles which strike the wall in the private region becomes
dominant. It is found that methane sputtered from the wall in the private region enhances the radiation
near the X point. This enhanced radiation near the X point possibly triggers a MARFE. Comparison
of the calculated spatial profile of C IV line radiation with the measured one indicates that the diffusion
coefficient D x is around 1 m 2 /s.

1.

INTRODUCTION

The high heat load onto the divertor plates is one of the most crucial issues for
the design of a tokamak fusion reactor. Remote radiative cooling by cold and dense
divertor plasmas is the most promising method for reducing the heat load onto the
divertor plates. However, in discharges with such divertor plasmas, radiation near
the X point is enhanced locally and often leads to a MARFE. The main plasma is
cooled directly because of deterioration of the impurity shielding effect, which occasionally leads to a density limit disruption. Therefore it is necessary to investigate
the conditions of the formation of a cold and dense divertor plasma without triggering
a MARFE.
A two dimensional impurity code based on Monte Carlo techniques (IMPMC)
which does not include chemical sputtering has been developed to study the impurity
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behaviour in the divertor plasma. The calculated profile of the C II line (6580 Á)
( 1 À = 1 0 - I 0 m ) emission reproduced the experimentally measured profile except in
the private region in the case of low density divertor plasmas [1], The plasma
parameters were calculated with an interpretative divertor code [2]. Carbon chemical
sputtering has been incorporated into the IMPMC code in order to investigate
the effects of chemical sputtering in high density divertor plasmas close to the
MARFE onset.

2.

IMPURITY TRANSPORT MODELLING

The IMPMC code [1] includes the following processes: (1) impurity generation,
(2) atomic/molecular processes, (3) parallel motion of impurity ions along the field
lines, (4) anomalous diffusion across the flux surfaces, and (5) Coulomb scattering.
Impurity neutrals are originally sputtered from a divertor plate by physical sputtering
of deuterium ions. Some of the sputtered impurities return to the plate and cause selfsputtering. With sputtering yields and incident fluxes onto the target plates taken into
account, the sputtered outfluxes are determined self-consistently. In order to incorporate the angular dependence of the sputtering, the normal incidence yields are
enhanced by a factor of 2.0 and 1.5 for physical and self-sputtering, respectively.
These values correspond to an incidence angle of about 30° [3]. In a simple model
which is widely used for self-sputtering, the incident energy of impurities onto the
target plates is assumed to be E¿imple = (5/2)T¡ + ( l ^ m ^ 2 + eZ0 s , where cs is the
sound speed and <£s is the sheath potential. This simple model overestimates the flux
of self-sputtering by a factor of 5-6 compared with the self-consistent calculation,
because of overestimation of Eoimple. The impurity ions which return to the target
plates cannot gain a flow velocity close to that of the background plasma, because
the dominant ions hitting the plates are C 2+ and the ion thermal force directed
upstream overcomes the friction force. This result indicates that the Monte Carlo
approach is indispensable for evaluation of the self-sputtering process.
The neutral particles which hit the wall cause physical sputtering or chemical
sputtering, depending on the incident energy. The chemical sputtering yield strongly
depends on the wall temperature (Tw) and the incident energy (Eo). As shown later,
the methane sputtered from the wall in the private region is the most important for
penetration of the carbon impurity into the X point region. The wall temperature in
the private region is about 300 °C and the mean energy of neutral particles which
sputter methane is about 50 eV. In the case where Tw = 600 K and EQ < 50 eV,
the chemical sputtering yield by deuterium neutrals is in the range 0.04-0.06 [3].
Hence the chemical sputtering yield is set at 0.05. The dissociation process of
methane sputtered by chemical sputtering and the dynamics of dissociation products,
such as CD4+, CD3 and CD3+, are also included in our model.
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FIG. 1. (a) Time evolution of plasma parameters in a neutral beam heated discharge with a M ARFE.
The MARFE started at 7.8 s. (b) Time evolution of C II line intensity profiles in the divertor region.
The inner and outer separatrix strike points are shown by arrows. The peak at the inner separatrix strike
point drops and the intensity near the X point increases gradually as the plasma density increases owing
to the gas puff. After a MARFE starts at 7.8 s, the intensity in the vicinity of the X point increases rapidly
within 0.1 s.

434

SHIMIZU et al.

3.

SIMULATION RESULTS AND COMPARISON WITH EXPERIMENTS

3.1. Experimental observations in high density plasmas
The interesting phenomenon of a drastic change in the profile of C II line
radiation before and after the start of a M ARFE was observed in high density divertor
plasmas of JT-60U [4], as shown in Fig. 1. The profile becomes broader as the
density increases. The electron temperature in front of the plates measured with
Langmuir probes is around 20 eV before the M ARFE onset at 7.8 s. The ionization
rate in the SOL plasma with parameters of ^ > 1019 m -3 and Te > 20 eV indicates
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FIG. 2. Carbon flux density for deuterium ion physical sputtering and chemical sputtering in low
density and high density plasmas. The figure shows flux density normal to the target plate and the wall,
i.e. the values are multiplied by the pitch of the magnetic field lines.
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FIG. 3. (a) Calculated profile of CII line intensity in a high density plasma. The measured profile is
plotted with closed circles, (b) Calculated profile ofC II line intensity due to physical and chemical sputtering. The experimentally measured intensity near the X point cannot be explained without chemical
sputtering.

that all the carbon impurities are ionized to C 3 + ions before they reach near the
X point. Therefore, the change in the C II line radiation profile observed in discharges with strong gas puffing cannot be explained by physical sputtering at the
target plates alone.
3.2.

Impurity generation in high density plasmas

Simulations have been carried out with the new IMPMC code including
chemical sputtering. Figure 2 shows the spatial distribution of the calculated carbon
flux density by physical and chemical sputtering in low and high density plasmas. The
physical sputtering in the high density plasma is reduced because of the low incident
energy of deuterium ions. On the other hand, the charge exchange process becomes
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FIG. 4. Contour map of radiation of carbon originating from (a) physical sputtering and (b) chemical
sputtering at the wall in the private region. The increment between broken contours is 0.1 MW/m3, and
the increment between solid lines is 0.5 MW/m3.

dominant in the neutral transport and the influx of neutrals to the wall increases with
the plasma density. The neutral particles which hit the wall cause physical sputtering
or chemical sputtering, depending on the incident energy. The fraction of the particle
flux with an incident energy above 100 eV is less than 10% and the mean energy of
the influx is about 20 eV on the target plates and 50 eV on the wall in the private
region. The energy is small for physical sputtering. It can therefore be assumed that
the neutral particles cause only chemical sputtering which produces methane (CD4).
Chemical sputtering becomes dominant in the high density plasma, as shown in
Fig. 2(b). The rate coefficients for CD4 dissociation processes in Ref. [5] are used.
Only 10% of the CD4 released from the target plates can become C + ions. Dissociation and ionization events of CD4 take place in the vicinity of the plates, and the
ions, such as CD4+ and CDJ, quickly return to the plates through the diffusion
process. In addition, some of the remaining neutral hydrocarbons return to the wall
since the velocity direction is randomized at neutralization. It should be noted that
the small fraction of the methane released from the target plates makes a contribution
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to the C II line radiation. In contrast, half of the CD4 released from the wall in the
private region is finally dissociated to C + ions, because it is ionized and dissociated
away from the target plates. These hydrocarbons penetrate into the SOL.
Figure 3 shows the calculated profiles of C II line radiation. The agreement
with the measured profile is fairly good. The intensity near the X point cannot be
explained without chemical sputtering, as shown in Fig. 3(b). Figure 4 displays the
radiation distribution of carbons originating from physical sputtering at the target
plates and from chemical sputtering at the wall in the private region. The radiation
of physically sputtered carbon ions is localized at the target plates, while the radiation
of carbon ions originating from chemical sputtering has peaks between the X point
and the separatrix strike points. This result is consistent with the experimental observation that the radiation peaks appear between the X point and the strike points before
the start of a MARFE.
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FIG. 5. (a) Calculated profile of CII line intensity in a low density plasma. The measured profile is
plotted with closed circles, (b) CIV line intensity profiles calculated with various values of the
cross-field diffusion coefficient D±. Comparison with the measured profile indicates that D± is
around I m2/s.
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3.3. Impurity generation in low density plasmas
The carbon impurity transport in a low density divertor plasma was reanalysed
with the IMPMC code including chemical sputtering. The calculated C II profile
agrees fairly well with the experimentally measured profile even in the private
region, as shown in Fig. 5(a). We confirmed the conclusion in Ref. [6] that the
carbon generation is principally caused by deuterium physical sputtering and selfsputtering and that the contribution of chemical sputtering is small in low density
plasmas. The profile of the calculated C IV line emission indicates that the cross-field
diffusion coefficient is around 1 m 2 /s, as shown in Fig. 5(b).

4.

CONCLUSIONS

A two dimensional impurity code based on Monte Carlo techniques (IMPMC)
has been developed to investigate the impurity behaviour in divertor plasmas. Using
this model, carbon impurity behaviour in JT-60U neutral beam heated plasmas has
been investigated. The impurity source profiles in low density plasmas can be
explained by deuterium ion physical sputtering and self-sputtering. In contrast, in
high density plasmas, the physically sputtered impurities from the target plates are
reduced because of the low incident energy of deuterium ions. In high density
plasmas, chemical sputtering by neutral particles which strike the wall in the private
region becomes dominant and enhances the radiation near the X point. This enhanced
radiation near the X point is considered to trigger a M ARFE. Since the shielding is
less effective for the carbon originating from the private region, it is necessary to
reduce the neutral flux to the wall in the private region to avoid a M ARFE. One
method is to close the private region with a dome-like structure [7]. The effectiveness
of this structure is now under investigation with the present code.
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Abstract
TRANSITION TO DETACHMENT IN THE AXISYMMETRIC DIVERTOR.
A 1-D model is used to analyse detached plasmas. Bifurcations in the location of the ionization
front are shown to be a signature of neutral confinement within the divertor volume. Above a critical
density the ionization front is shown to detach from the divertor floor. The Mach 1 front is also detached
to a position located between the ionization front and the divertor floor.

1.

INTRODUCTION

The control of the heat load on the divertor target plates is recognized to be crucial for ITER. A coherent solution is to use the divertor volume to spread the power
on the largest possible surface with no perturbation of the core confinement. In order
to achieve this goal, one has either to rely on increased transverse transport, via an
increase in the edge turbulence, or on a transfer of the energy to non-confined particles, i.e. photons and neutrals. Present experiments focus on the latter process, and
large deuterium injection allows a regime of lowered peak heat flux on the target plate
with little perturbation of the core plasma to be reached. Such a transition is observed
in most diverted tokamaks but with different signatures. On DIII-D [1] and Cmod
[2] the transition is sharp enough to be analysed in terms of a bifurcation. On JET
[3] the transition is gradual.

2. GENERAL FEATURES OF THE DETACHMENT OF THE IONIZATION
FRONT
A 1-D analysis of the transport along the field line (abscissa s), together with
transverse losses associated with charge exchange, allows the location of the ionization front to be determined [4]. Using the definition of the total plasma pressure,
7T = nT (1 + M 2 ), with density n, T = Te + T¡, Mach number M, and a constant
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particle flux between the ionization front, s = A, and the divertor floor, s = 0,
T = nMcs, Cs = T/nij being the isothermal sound velocity, we find:

n ^ _ M| l j L M i > w.th n, = M, fiT
nA7rA

MA 1 + Mg

nA

M0 \ T 0

In order to reduce the heat flux to the divertor floor, the plasma pressure is reduced
by transverse dumping of momentum to the walls via charge exchange. In this case,
the density does not strongly increase as the temperature decreases. The regime of
interest is characterized by the two constraints: no/nA > 1 and TT0/TTA <^ 1; thus,
T0/TA < M A / M Q < 1, with MA — 1. Given these constraints, we find that the
M = 1 front must also be detached from the divertor floor and T¡ ^> Te. Indeed,
T0 <4 TA can only be achieved if T¡(0) <^ T¡(A) since Te is nearly constant,
Te(0) < Te(A), Te(A) ~ 10 eV by definition of the ionization front and Te(0) is
larger than the deuterium recombination front [4], Te(0) > 2 eV. The small electron temperature gradient between the ionization front and the divertor floor leads to
a balance between the equilibrium term and the radiation term (impurities and
neutrals):
Ti/Te « 1 + cz (miFR(Te)/ce(Te)/T2)

(2)

For carbon, we find, therefore, that T¡ > Te, even at low impurity concentrations,
cz ~ 1%. The electron temperature profile in the detached plasma is then determined by the ion temperature profile (Eq. (2)) and the impurity transport which
governs cz. There is no direct dependence on the density. It is interesting to note
that the ion temperature at the ionization front only depends on the impurity concentration at this location. Ahead of the ionization front, radiation will provide the
required energy sink for the electron channel [5]:
Te > 10 eV

!

dTeczn2FR(Te) Ke(Te); qe = Qe -

7erTe

(3)

Te = 10 eV

Here, Qe is the total electron energy flux, ye ~ 5/2, so that qe is the conductive
electron energy flux assumed to dominate in the regime of reduced particle flux ahead
of the ionization front. In Eq. (3), qe(A) ~ 0 (vanishing electron temperature
gradient for s < A) and qe(s = Lx) ~ QeX, where QeX is the total energy flux on
the electron channel at the X-point located at s = Lx. On the ion channel, part of
the energy is dissipated by radiation via the ion-electron equipartition term, Eq. (2),
while the largest fraction must be removed by charge exchange cross-field convection
to the side walls [5]. In the limit of a purely convective ion energy flux with
M2/3 < 1, Qj — YiTTj (y¡ = 5/2), the ion energy balance equation leads to a relationship between the ion temperature and the particle flux T:
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Ti(s) ir(s)l f = T¡(A) lr(A)l f ; s > A and f = 1 +

3 / 2 <gV>cx

(4)

Ahead of the ionization front, s > A, the ratio of the charge exchange, <<rv>cx, and
ionization, <ov>j, rates is assumed constant so that f is also a constant. Behind the
ionization front, s < A, solving the ion energy balance equation yields the ion temperature profile and hence the electron temperature profile through Eq. (2).
The particle flux is constant behind the ionization front, T(s) = T(A) for
s < A, so that the total plasma pressure IT increases linearly with the distance from
the divertor floor, reaching a value 7rA at the ionization front:
TTA = m^N <ov>cx ir A lA

(5)

The neutral density of primary neutrals nN is assumed constant in the domain
0 < s < Lx, which defines the private flux region [4]. If the particle flux decreases
rapidly ahead of the ionization front, the plasma pressure ahead of the ionization front
is constant and is given by Eq. (5). This explicit dependence on the ionization front
location at s = A is a key feature of the bifurcation phenomenon. Conversely,
large particle sources ahead of the X-point leading to a significant buildup of the particle flux at s > Lx will modify this relationship and, therefore, the signature of the
transition to detachment in the divertor in terms of a bifurcation. Control of the location of the particle sources would then explain the different observations [1, 3].

3.

PARTICLE FLUX BUILDUP AHEAD OF THE IONIZATION FRONT

The closure of the system which determines the location of the ionization front
is given by the behaviour of the particle flux ahead of the ionization front, s > A:
— = nnN (a\)1

(6)

OS

n = £ , = (1 - eM (1 - a¿) 1/2 ); « M = - — ;
2T
ircs

e¿ = 1

(7)

If 7T ~ 7TA, these equations yield:

«vr^.Lrf'A^/ry
ds

2LY \r AA

/ \r

1 -

4(r/rA) 2-f
/32(A/LX)'

(8)

T ~ T¡ is given by Eq. (4), and the control parameter of the bifurcation [4],
j8 = nN <crv >Lx/cA, is introduced; cA is the sound velocity at the ionization front,
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and the atomic rate, <ov> « 10"14 m 3 -s _1 , is the geometrical mean of the ionization
(Te > 10 eV) and charge exchange rates. The simplified solution obtained in the
subsonic regime, eM = - 1 with aM <^ 1, exhibits the second order structure of the
equation of the ionization front location, A/Lx:

The explicit dependence of this equation on the particle flux at the X-point is a new
feature which underlines the importance of the particle flow pattern in the detachment. Solving Eq. (9) introduces a dependence of A/Lx on the ion energy flux since
QÍX ~ 7ir x T ix . The complete steady state solution with no external neutral source
will relate the particle flux Tx at the X-point to the transparency of the X-point
domain with respect to the neutral flow.

4.

DETACHMENT OF THE M = 1 FRONT

In Section 2, the requirement MA/M0 <^ 1 with MA — 1 is derived. A large
Mach number at the divertor floor, M0 > 1 at the sheath entrance, satisfies the
Bohm boundary condition and requires that the M = 1 front should also be detached
from the divertor floor. In a regime where the conductive flux is still significant,
i.e. a non-adiabatic regime, the Mach number is also a function of the parameter
ctM = -2rT/(7T cs), Eq. (7):
M = — ( 1 + eM(l - a¿)" 2 ); e¿ = 1

(10)

aM is bounded by 1 and aM — 0 yields M — 0 in the subsonic regime (eM = - 1 ) ,
while aM — 0 yields M — oo in the supersonic regime (eM = 1). The variation of
aM governs the location of the M = 1 front, which corresponds to the maximum
value of aM, aM = 1. At the detached M = 1 front, two conditions must be met:
daM/ds = 0 and aM = 1. In the framework of the bifurcation model [4], aM is a
simple function of the ion temperature and the particle flux profiles:
F
a

™=

c

(S)
,,;

u, N
F(s) =

i1"
—

<
A^
(s = A)

«M

Fmax(s)

\

TA

(H)
Fmax(s) = 4
A

for s

"

A;

F

™«<s) = ^f for s > A

r

At the ionization front, F(A) = aM (s = A), aM (s = A) = 0.94 at the bifurcation
threshold, and Fmax(A) = 1. The location of the M = 1 front is then governed by
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the ion temperature profile and by the particle flux which determines the convective
energy flux. Owing to the rapid increase of Fmax for s > A ( i y r A <^ 1), the
M = 1 front is most likely to be located behind the ionization front where the ion
temperature gradient can be large enough to meet the requirement on the derivative
of aM. We then derive an upper bound to the location of the front:
% - ' < aM (s = A); * M (s = A) = - ^ ,
A
j3A

i.e. ^
Lx

< -|
|8

(12)

Using Ref. (4), we find AM=Î/LX < 0.7 at the threshold to detachment. In the case
of a well controlled recycling pattern ( i y r A < 1), the only possible location of the
M = 1 front is thus in the detached region s < A. The Mach number at the ionization front is smaller than 1, which selects the subsonic branch as the relevant branch
of the ionization front location [4]. The transition through the M = 1 front is driven
by the ion temperature gradient, Eq. (11). The existence of a significant conductive
energy flux at this location validates the isothermal definition of the sound velocity.
Near the target plate where the convective energy flux dominates (adiabatic regime),
M0 > 1, so that the flow remains supersonic despite the change in the sound
velocity.

5.

CONCLUSIONS

The conditions which must be met to sustain a detached plasma with a strong
decrease of heat flux are analysed in terms of a 1-D model. They indicate that the
particle flux is an important feature of the process. In a case where the neutrals are
well confined inside a specific volume so that the particle flux at the X-point is small
compared to the particle flux at the ionization front, a bifurcation of the location of
the ionization front will be found. In this regime the Mach number at the ionization
front is smaller but close to unity. The Mach 1 front is shown to have also detached
from the divertor floor. The existence of this Mach 1 front is related to the ion temperature gradient in a regime of constant particle flux and hence low electron temperature, typically, Te ~ 10 eV. If the X-point particle flux is comparable to the
particle flux at the ionization front, the ionization front does not control the region
where the particle flux is significant so that there is no constraint on the location of
the front. The bifurcation features of the detachment would then be a signature for
the quality of confinement of the neutrals within the divertor volume.
Analysis of the energy balance indicates that impurity and/or neutral radiation
is essential as a sink of the electron conducted power ahead of the ionization front.
Furthermore, radiation remains important behind the ionization front for radiating the
power transferred from the ions to the electrons (equipartition). In the ion channel,
charge exchange provides the dominant energy sink. The exact dependence of the
critical neutral density on the power flux from the core is still under investigation.
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Abstract
RECENT RESULTS ON LOCAL AND GLOBAL COMPUTATION OF SELF-CONSISTENT
TRANSPORT SCENARIOS.
Several important implications from recent computational work using self-consistent model
equations are described: (1) A new 'transcollisional' model finds that collisional drift wave turbulence
retains its character deep into the weakly collisional regime; (2) in the electromagnetic collisional model,
transport due to the attendant magnetic fluctuations is negligible compared to that from the E x B turbulence, even when the magnetic fluctuation amplitude is appreciable; (3) work with a two dimensional
'drift plane' model of finite regions of the tokamak finds a realistic quasi-steady state using only
collisional drift wave dynamics; (4) a negligible effect of neutral ionization directly on the turbulence;
(5) noticeable but not dominant effect of the magnetic curvature; and (6) a strong tendency to spin up
a transonic E x B shear layer is effectively suppressed by rotation damping due to magnetic pumping.
The last result is particularly interesting: for the L-H transition, the important issue may be not what
causes the E x B shear layer, but how in detail the normally effective suppression mechanism is lifted.

1.

INTRODUCTION AND SUMMARY

The transport of particles and energy in a confined, magnetized plasma by
turbulent fluctuations in the electric and magnetic fields and plasma state variables
is sufficiently complex for serious advances in the theory of this process to be mostly
due to computational studies. A characteristic feature of the dynamical system giving
rise to this situation is the fact that the average fluxes depend on several variables
which are related to each other in a way that cannot be modelled by simple prescriptions. Self-consistent computation in which any fluctuating quantity playing a role in
the process is advanced according to its own dynamical equation allows the amplitude
and phase relations which determine the mean fluxes to evolve naturally, independent
of popular preconceptions. In this work, the label 'drift wave' does not imply any
definite mode structure (such as, e.g. adiabatic electrons with a small densitypotential phase shift), but describes the fact that the model system arises from the
fluid drift approximation to the plasma dynamics in general.
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This paper reports results that affect several ideas or conjectures on drift wave
turbulence. It is widely believed that the results of collisional drift wave turbulence
[1] are limited to the regime of formal validity of the Braginskii two-fluid equations
[2]. A model system incorporating the Landau fluid equations which refer to the collisionless limit [3] and the Braginskii equations in a single 'transcollisional' model has
been constructed to treat the frequently occurring case that the collision frequency
falls within the turbulence spectrum and the mean free path is larger than the system
[4]. The result is that the non-linear mode structure of the turbulence is the same in
all regimes since Landau damping plays the same role as resistivity and thermal
conduction. As long as the resistivity remains important at long wavelengths, the
quantitative collisional results can be carried over without any substantial change.
Another open question is the extent to which drift turbulence driven by profile gradients remains electrostatic when the attendant magnetic fluctuations, An, are
included in the model. By computing in the fully electromagnetic version of the electron fluid drift equations, it is found that the transport caused by ÂB, even if it is
appreciable, is negligible compared to that arising from the E x B turbulence. The
reason is a randomization of the phase of Â[ relative to the fluctuating current and
heat flux: in the absence of any energetic gain which would be caused by any definite
value of the relative phase between two fluctuating variables, this phase is random.
A similar result was obtained earlier in a local-periodic simulation [5], but this is the
first time that it has been shown to hold in a sheared magnetic field with no periodic
constraint perpendicular to a flux surface.
The remainder of this paper is devoted to a two dimensional 'drift plane' model
of a finite edge region of the tokamak, including the scrape-off layer (SOL). The
profiles become time dependent variables treated on equal footing with the fluctuations, and the parameters now vary significantly over the computational domain.
The results reported here are: (1) Ionization of neutrals has a negligible effect on the
turbulence. Neutral gas effects observed in experiments [6] are likely to be due to
changes in profiles and, hence, in the parameters, or in the impurity dynamics. There
is likely to be no 'ionization mode'. (2) Magnetic curvature is not dominant as a
driving mechanism, with or without SOL. Curvature enhances the transport, but only
marginally. (3) Rotation damping by magnetic pumping [7] prevents the generation
of a transonic (v ~ 0.5c s )E x B shear layer. This is especially interesting because
it inverts the usual line of inquiry into the cause of the L-H transition in tokamaks:
we need to investigate in detail how a suppression mechanism is lifted, not how a
generation mechanism becomes important.
the drift plane computations have been done for typical TEXT parameters [8]:
reference parameters were density n = 3 X 1012 cm"3, temperature T = 30 eV,
magnetic field B = 2.2 T, minor radius a = 27 cm, and major radius R = 108 cm.
The equations were those of the electrostatic collisional fluid drift dynamics with cold
ions providing inertia. The 'zeroth result' is the most interesting: very realistic
profiles, fluctuation levels, and particle and heat fluxes are produced, with the single
exception that an effective particle pinch is lacking. Effort is under way to extend
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this result to the transcollisional regime, to incorporate the magnetic fluctuations and
to introduce a gyrofluid model for thermal ion dynamics. It is hoped that this will
be sufficient to deliver a self-consistent L-H transition.

2.

THE DRIFT PLANE MODEL FOR TRANSPORT COMPUTATION

The equations of cold/ion, electrostatic fluid drift dynamics form the basis for
this study [9]. All quantities are normalized in terms of reference parameters: no,
T0, B0, and a. These define a sound velocity, CQ = ZeT0/Mj, and a drift parameter,
<50 = cZeT0/eB0c0a; note that ô0 gives ps/a for reference parameters. Deuterium ions
and Ze = 2 are assumed. Time is normalized to a/c 0 , and space to a. The dependent
variables are 0, n, T, and uu, normalized to T 0 /e, no, T 0 , and c 0 , respectively.
Parallel advective terms such as u¡ V | or J| V | are neglected. Perpendicular divergence terms entering only through VB are retained. For the drift plane model, all
terms except E x B advection are linearized.
The equations are written in field aligned, unit Jacobian flux co-ordinates [10],
denoted by (V, d, £), where V is the flux surface volume, £ = £" — qd, and 6 and
f are the Hamada angles on the periodic domain [0,1]. In this co-ordinate system
V| oc (d/dd), and V ± involves only (3/3V) and (d/dO up to 0(k|,/k ± ) unless (d/6£)
vanishes. The transformation to £ gives rise to an important boundary condition in
6 which enforces periodicity: for a Fourier decomposition in £ in terms of mode numbers e = [0, 1,...], each mode must satisfy f,(V,0 + 1) = ff(V,0)exp(-i27r£q),
with q in general irrational; when fq is an integer at some V, the mode Î is resonant
at that V. The ( = 0 components are termed 'profiles', and the rest 'fluctuations'.
The computational domain is an annulus of the torus, bounded by two flux surfaces, V¡ and V 0 , with the reference surface midway in between. Charged particle
fluxes at both boundaries are taken to vanish. The particle source is a uniform inward
flux, T s , across V0 of neutrals of density N which are ionized by collisions with
electrons. This gives rise to a source term, S = nN(ov)!, in the density equation
and, because of the energy 'cost' to ionize and then thermalize an electron, to a sink
term, Q = — nN(T + TI)(ov)I, in the temperature equation, where T^ = 13.6 eV.
The heat source is an energy flux, T Q , across V¡. The global sinks arise from the
SOL in the outer quarter of the domain. Here, fluxes out of the system follow from
assuming Debye fluxes at the field line ends, 27rqR apart, with uniform variation in
between. These are analytically perturbed to achieve the effects on the fluctuations.
The fluctuations are artificially damped in a narrow layer near each boundary, and
in this layer the profiles are given diffusion in order to couple the turbulent transport
to the boundary surfaces. Additionally, a rotation damping term is included in the
E X B vorticity equation to model magnetic pumping [7]. Since the ions are cold in
the present model, 0 is damped by the pumping term towards pe rather than p¡,
which is zero. The damping is of the form V x -^(nVj.^ — V ± p e ). Unnormalized,
the coefficient vd is of the form cs2/0.042j>eiR2, flux limited to cs/R as T rises. It is
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important to note that the strong changes in physical parameters such as the collisional dissipation rate vary strongly over the domain. For example, this rate is
Du = D0T5/2/n in normalized units, with D0 = (Co/VoaHZeirie/Mi) = 1000 at
reference parameters.
A three dimensional simulation in this co-ordinate system is being set up, but
in the meantime the drift plane model is constructed as follows: the periodicity
constraint imposes a minimum kB = k$(V,Z) on each mode t This minimum is
assumed for the electron dynamics because of the electron speed. For ion dynamics
the minimum is multiplied by 30 in order to place the measured ion sound damping
at the same general level as in the slab. The full complexity of the system in the V-£
plane, called the drift plane, is retained, including all the effects of multiple rational
surfaces. Effects which must be crudely modelled include ballooning of the fluctuations to the outside of the torus, poloidal asymmetries and any shock type effects in
the SOL. Of these, only the first is modelled herein: VB is set equal to half of its
unfavourable maximum in the VB terms.
The computations run so far have suppressed the generation of a mean u» and
have neglected charge exchange; these phenomena will be added when the dynamics
of warm ions are incorporated.

3

COMPUTATIONS AND RESULTS

Computations in the drift plane model were performed for the parameters listed
in the introduction. The extent of the domain was 0.2 a, centred at the reference
radius r = a. The source fluxes were TQ = 0.04 and T s = N0vN = 0.1 x 0.01.
The q profile was quadratic in r, with q0 = 2.4 and s = 1.0 at r = a. Note that the
transport is at the Bohm level, with a flux surface averaged neutral density of
3 x 10" cm"3. Most of the neutrals are ionized in the SOL, with few of them
penetrating to the interior. The fluctuation spectrum peaked at i « 15, but the drive
at i » 50. These values correspond to k x p s ~ 0.07 and 0.25, respectively. The
measured radial correlation length for <f> was about 10 p s . The temperature was close
to the reference T « T0 at r = a, with an average gradient of about 8.0, corresponding to a scale-length of LT ~ 3.5 cm. An E x B shear layer was found, with
0 well tied to T by the Debye sheath dissipation in the SOL but somewhat variable
in the interior; more details on this feature will be given a bit later. This was the
nominal case, to which all others were compared.
All of the above corresponds quite realistically to the situation as is usually
observed in the TEXT edge [8]. A noteworthy result for which this is not the case
is the near total lack of a density gradient, which strongly indicates that the particle
pinch generally observed in tokamaks is not caused by electron drift dynamics. This
is in contrast to the result obtained by sheared slab computation [11].
The most interesting result so far was obtained by setting the rotation damping
to zero. In the nominal case this was sufficient to keep the E x B mean flow at
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diamagnetic level, but when it was removed a powerful E X B shear layer developed
in the region within about 1.5 cm of the last closed flux surface. The 0 profile was
still tied to T in the SOL, but rose to a level near 20 at V¡. The E X B velocity, v E ,
varied from low values in the SOL to 0.5 c0 in the interior! Half of this rise took
place within 160 ¿is, and, after 500 ¿is, L-r was below 1 cm. Owing to the inner
boundary condition that V x 0 should vanish, vE = 0 at V¡. This case will obviously
have to be run again, over a global domain with the transcollisional electron model.
One will then know whether a self-consistent, realistic L-H transition can be
delivered by a model containing only electron physics.
A test of the flow generation mechanism was attempted. In neutral fluid turbulence, this has been shown to proceed according to a simple tilting instability [12],
which amounts simply to a manifestation of the inertial cascade tendency of a two
dimensional fluid due to non-linear vorticity conservation [13]. An alternative explanation would be that the mean flow would tilt ñ most strongly, and 4> would in turn
be excited through V]J|. With ñ tilted, <j> would be born in an energy losing relation
with respect to vE. By removing the VnJ» term in the density and vorticity equations, this was found not to be an important consideration: the neutral fluid
mechanism worked equally well in both cases. One should note that the symmetry
considerations made by Diamond and Kim [14] are not important since the finite
inhomogeneity of the profiles guarantees asymmetry. For this reason no 'seed flow'
is necessary: even in cases without SOL the mean E x B flow grew rapidly in the
absence of rotation damping. Note that in all these runs the mean flow is initially
zero.
It is interesting to note that the neutrals have a negligible effect directly on the
fluctuations. This was found by measuring the terms in the fluctuation energy equation, in which the evolution of E = (1/2)(|V±<£|2 + |ñ| 2 + (3/2)|T| 2 + |ûB|2) is
governed according to the system equations. The drive due to the profile gradients
and the source terms was measured, with the result that the drive of fl due to
ionization was forced close to zero by the relative phase a(T, ñ) and the dominant
contribution from the neutrals was found to be the sink caused by the energy costs
represented by Q. But even this was more than ten times smaller than collisional
dissipation. Moreover, a test run repeating the nominal case with the ionization drives
on the fluctuations set to zero produced no measurable changes in profiles, fluctuation
amplitudes or spectra, or source and sink spectra.
To simulate a perturbative gas puff experiment [6], N was abruptly doubled.
This caused a rapid rise in n and a drop in T, by factors of about three and two,
respectively, in about 4 ms. Both <>
/ and T dropped, following T, but ñ rose by a
factor of about two. The measured 'ionization drive' was still negligible, however,
and although the ionization sink doubled it was still only about 0.04 of the total drive.
These results are consistent with the interpretation that ñ rose because the system
became more collisional (Du dropped by a factor of more than ten), and a measured
increase of about 30% in LT is consistent with the system adjusting to carry the
same flux with the increased nT product. These 'numerical experiments' show that
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FIG. 1. Collisional drift wave cases in a sheared slab for weakly collisional parameters:
vei = 0.3cs/Ln. The collisional model did not support non-linear self-sustainment, but the transcollisional did. Long mean free path effects at the still collisional long wavelengths reduce thermal
conduction, making the non-linear mechanism inherently more powerful.
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FIG. 2. Comparison of heat flux due to E X B (with vx) and magnetic (with Bx) turbulence, for collisional drift wave turbulence at ASDEX L mode parameters. Since the phase ofBx is randomized by the
turbulence, the electromagnetic contribution to the total flux is negligible.
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FIG. 3. Quasi-steady temperature profile in the drift plane tokamak edge model for the nominal case.
Neglect of the VB terms weakens the turbulence since the role of the magnetic curvature and gradient
is to increase the phases of ñ and f relative to 4>. At constant power, a steeper gradient results.

1000

FIG. 4. Spectra of the relative fluctuation amplitude (with 4>), energetic drive due to the gradient (V,)
and energetic collisional dissipation (Tc), against Fourier component I The spectrum peak corresponds to k±ps ~ 0.07, with the drive peak at k±ps ~ 0.25. The radial correlation length was 10 ps.
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all observations of Hidalgo et al. [6] can be explained by the effects of neutrals on
the profiles, with no direct effect on the fluctuations. Although there may be additional effects due to impurities (e.g., neon [6]), there is likely to be no 'ionization
mode' in tokamak edges, quite contrary to a recently popular scenario [15].
The role of the VB terms was tested by setting them to zero in a repeat of the
nominal case. All basic features remained. The principal change was steepening of
VT by about 50%, signifying a weakening of the transport (r Q was not changed).
Only very weak effects were measured in the fluctuations: no changes at all in any
spectra, a slightly greater amplitude but a slightly lower gradient drive rate. This is
due to the fact that the role of VB and curvature in drift wave dynamics is to excite
a phase shift between the ñ and f, on the one hand, and between ñ and 0, on the
other hand; there is no energy source associated with the inhomogeneous magnetic
field [16].
Figures 1 to 5 show our results in a comprehensive way.
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Abstract
GYROKINETIC AND GLOBAL FLUID SIMULATIONS OF TOKAMAK MICROTURBULENCE
AND TRANSPORT.
Results are presented from the first systematic non-linear kinetic simulation study of the scalings
and parameter dependences of toroidal ion temperature gradient (ITG) turbulence and transport, and
from the first such study that includes sheared toroidal flows. Key results include the observation of
clear gyroBohm scaling of the turbulent transport and of a surprisingly weak dependence of the transport
on toroidal flow shear. On the basis of the simulation results, a parameterization of the transport is given
that includes the dependence on all relevant physical parameters. The transition from local to non-local
transport as a function of the profile scale length has been investigated by using two dimensional global
fluid simulations of dissipative drift wave turbulence. Local gyroBohm scaling is observed, except at
very short profile scale lengths.

1.

GYROKINETIC SIMULATIONS OF ION TEMPERATURE GRADIENT
TURBULENCE

Transport in tokamaks is observed to be anomalous for one or more of the
quantities heat, particles and momentum. Efforts to understand this transport generally involve some compromise between tractability and realistic transport. The
development of various advanced algorithm components has allowed non-linear
toroidal gyrokinetic simulations to reach a level where practical simulations of
turbulent phenomena for realistic parameter values are possible. Results from such
simulations of ion temperature gradient (ITG) driven turbulence are reported here.
The physical model used consists of a single non-linear gyrokinetic ion species,
with equilibrium temperature, density, and toroidal velocity gradients, and adiabatic
electrons. The electron response to the flux surface averaged potential is taken to be
zero [1]. The model is fully toroidal, incorporating the magnetic drifts and trapped
ions. The resulting equations are solved by using the partially linearized Of particle
method [2].
* Work performed by LLNL for the US Department of Energy under Contract No.
W-7405-ENG-48.
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The field quantities in the code are defined on a quasi-ballooning co-ordinate
grid as described in Ref. [3]. This allows a smooth implementation of the toroidal
periodicity condition across the parallel boundary and has optimal resolution. The
simulation domain used is a flux tube of small perpendicular extent, but spanning one
or more poloidal circuits in the parallel direction. The parallel periodicity condition
applied to the flux tube ends corresponds to the true physical tokamak toroidal
periodicity condition.
Quasi-linear relaxation [1] is avoided by using a generalization of Kotschenreuther's twist shift radial periodicity condition [4]. This generalization works even
in the presence of sheared toroidal or perpendicular flows by allowing the radial
boundaries to move relative to each other with a speed equal to the difference between
the external flow speeds at the two boundaries. This periodicity condition gives our
code a unique ability to simulate ITG turbulence in the presence of controlled sheared
flows.
These methods allow simulations for realistic tokamak parameter values of the
order of an hour of C-90 wallclock time.
Many simulation runs have been completed in what is the first systematic kinetic
non-linear simulation study of the scalings and parameter dependences of toroidal
ITG turbulence and transport. The parameter values have been varied one at a time
from a base simulation case which represents conditions in a TFTR L mode discharge
at a minor radius of r = 0.5a, where a is the minor radius of the last closed flux
surface. These parameters are T/¡ = Ln/LT = 4, where Lr is the ion temperature
scale length and Ln the density scale length, the magnetic safety factor q = 2.4,
s s (r/q)dq/dr = 1.5, where r is the minor radius, eT = LT/Ro = 0.1, where RQ
is the major radius at the minor axis, and eB = r/Ro = 0.21.
Covergence has been checked and was found adequate with respect to particle
number, grid and particle sizes in all three directions, and with respect to the number
of poloidal circuits traversed by the flux tube.
Figure 1 shows that for sufficiently large box sizes, which are shorter than
typical profile scale lengths, the thermal diffusivity normalized to XGB = PsCjl^,
where ps and cs are respectively the mean ion gyroradius and the thermal velocity at
the electron temperature, becomes independent of the box size. The transport therefore has a clear gyroBohm scaling. Self-generated flows regulate the turbulence
levels and transport rates. For the base case parameter set, zeroing out the selfgenerated flows gives a clean saturated state with x¡ — 3XGBA parameterization of ion thermal diffusivity has been obtained from many
simulation runs, the parameters being varied about the base case parameter set:

X, - (6 ~ 8) ^ L X Um, - K £ , eT, 6B, ^ - )
Ro

\

L

T

i i

C

s

(1)

/

where Ls = qRo/s is the magnetic shear length, Te and T¡ are the electron and ion
temperatures, and V¿ is the toroidal velocity shear. The dependence of x on each of
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FIG. 1. Dependence of the normalized thermal diffusivity on the perpendicular box size, r)¡, and s.
The physical parameters are as for the base case, with the exception of the given parameter. The
Lz = 4nqR case refers to a run in which the simulation flux tube is made of two poloidal circuits. The
perpendicular box size variations have the same box sizes in the two perpendicular directions and are
done at fixed particle density.

the quantities q, r/¡, eB, and T e /T¡, with the other parameters set at the base case
values, is shown in Fig. 2. The eT dependence of x is weak for 0.04 < eT < 0.2.
This result is about a factor of two lower than the experimental value at the r/a
= 0.5 flux surface of a sample TFTR L mode discharge, and has an overall decrease
in the diffusivity as a function of minor radius, which is opposite to that seen in
experiments so that, further out, the ratio of the experimental to the simulated diffusivity is even greater. Thus, mechanisms must be found that increase the overall
transport rates. A marginal stability argument could then account for the L mode
diffusivity profiles. Candidates include trapped electrons and additional poloidal flow
damping mechanisms. Impurity effects have been found to be stabilizing so that they
are unlikely to help account for the difference.
This is the first simulation study of toroidal ITG turbulence in the presence of
sheared toroidal flows that does not have an artificial radial boundary or radial
discontinuity in the flow profile. Toroidal flow shear is an important ingredient in
the DIII-D VH mode [5]. Surprisingly, for V[LT/cs = 1.15 and 2.3, with the other
parameters as for the base case, \ is hardly changed from the Vf = 0 value. The
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FIG. 2. Dependences of x os defined in Eq. (1) diffusivity on q, T\¡, eB, and Te/T¡. On each of the
plots, only the selected parameter is varied. All other parameters are at the base case values.

parallel component of the flow shear is strongly destabilizing since, for these values
of the toroidal flow shear, the perpendicular component of the flow shear by itself
completely stabilizes all modes present in our simulations. The toroidal momentum
diffusivity is found to be slightly larger than the thermal diffusivity.
We have derived and implemented a set of non-linear quasi-ballooning coordinate gyrokinetic equations for realistic non-circular cross-section equilibria,
extending an existing linear ballooning co-ordinate formulation which was used in
linear gyrokinetic simulations by Hua, Xu and Fowler [6]. This will be added to the
sheared toroidal flow capability to study the toroidal spin up observed in the VH
mode. Work is also underway to include trapped electron effects, non-local effects
and collisions in the code.
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GLOBAL FLUID SIMULATIONS OF DISSIPATIVE DRIFT WAVE
TURBULENCE

A 2d(x,y) fluid code has been developed in order to explore non-local dissipative drift wave turbulence [5], anomalous transport and any transitions between
local gyroBohm and non-local transport. The simulation consists of a set of fluid
equations (in the electrostatic limit) for the vorticity Vl</>, and the density n in a
shearless plasma slab. In order to obtain steady state turbulence, we force the y
averaged density fluctuation (n) to be zero in simulations, thus avoiding the difficulty
of choosing proper sources and sinks in turbulence simulation codes.
If Ln > L c , where Ln is the density scale length and Lc is the turbulence correlation length, the results agree with 'local' turbulence simulations [6]. However, for
Ln ~ L c , 'local' turbulence codes are found to overestimate the flux. For a family
of hyperbolic tangent background density profiles, no(x) = nm — n¡ tanh[(2x — L x )/
2An] with n[ < 0.5nm, we have demonstrated that the non-locality of the turbulence leads to a transition from local gyroBohm [Dlocal = 7.6(Te/eB)(ps/Ln(x)) x
(alc(x)/0.01)"1/3], where a lc (x) = CX(X)/K(X) < 1, to non-local gyroBohm transport
scaling [Dnon-local = 7.6(Te/eB)(n,ps/nmAn)(anl70.01)-1/3(An/40ps)2/5 for anlc(x) =
«/«max < 1J K(X) = Ps/Ln(x) and a = k]xe/fij]. The transition to non-local transport with non-local gyroBohm scaling is observed at very short profile scales, less
than roughly 10ps, where ps is the mean ion gyroradius at the electron temperature.
The key factor in the non-locality of the dissipative drift wave turbulence in shearless
slab geometry is the adiabaticity layer thickness (or the smallest equilibrium scale
length, whichever is comparable to the radial correlation length of the turbulence).
When the non-local effects play an important role, we observe that the profiles of
turbulence flux and the root mean square fluctuation amplitudes are broader than the
predictions of local simulations and the peak values are smaller. The physical reason
for this is that, as the eddy size is large compared with the adiabaticity layer
thickness, the averaged parallel damping (o;lc) is increased so that turbulence is
suppressed.
In the local analysis, the usual assumption is that the effect of the density profile on the polarization drift is small ((m¡c2/eB2) V x -[n(x)dV x 0/dt] = [n(x)m¡c2/
eB2] V x -(dV x <£/dt), and Vxn(x)-(Vx</>/dt) < V x -[n(x)dV x 0/dt]]. In wave
propagation theory, however, this term is a key factor in the amplification of the
wave amplitudes as the waves propagate in space [7]. We have implemented this term
in the fluid code to explore wave propagation phenomena for dissipative drift wave
turbulence. In the hydrodynamic limit, we found that, for Ln > L c , the V x n(x)(V x 0/dt) term makes a small contribution and the results agree with the usual
'local' turbulence simulations. In the adiabatic limit, we have not seen any evidence
of the enhancement of the edge turbulence either.
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Abstract
COMPARISONS OF NONLINEAR TOROIDAL TURBULENCE SIMULATIONS WITH
EXPERIMENT.
The anomalously large thermal transport observed in tokamak experiments is the outstanding
physics based obstacle in the path to a commercially viable fusion reactor. Although decades of
experimental and theoretical work indicate that anomalous transport and collective instabilities in the
gyrokinetic regime are linked, no widely accepted description of this transport exists so far. Here,
detailed comparisons of first-principles gyrofluid and gyrokinetic simulations of tokamak microinstabilities with experimental data are presented. With no adjustable parameters, more than 50 TFTR
L mode discharges have been simulated with encouraging success. Given the local plasma parameters
and the temperatures at r/a = 0.8, the simulations typically predict T¡(r) and Te(r) within ±25%
throughout the core and confinement zones. In these zones, the predicted thermal diffusivity increases
robustly with minor radius. For parameters typical of r/a > 0.8, toroidal stability studies confirm the
importance of impurity density gradients as a source of free energy potentially strong enough to explain
the large edge thermal diffusivity, as first emphasized by Coppi and his coworkers. Advanced confinement discharges have also been simulated. The dramatic increase of T¡(0) observed in supershots
(from 5 to 30 keV) is recovered by our model for dozens of simulated experiments. Finally, simulations
of VH and PEP mode-like plasmas show that velocity-shear stabilization of toroidal microinstabilities
is quantitatively significant for realistic experimental parameters.

Introduction
Well-developed theoretical tools relevant to the description of anomalous
transport (the gyrokinetic equation, the ballooning transform, collision
operators, etc.) are readily available from the literature. However, numerical studies of anomalous transport that effectively utilize these tools
1
2
3
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for realistic parameters have until recently addressed only linear stability
thresholds and quasilinear fluxes. Built upon existing theoretical foundations, recent advances in physics models[l, 2, 3, 4] have made numerical
calculations of fully turbulent plasma processes more relevant and reliable. In this paper, we present detailed comparisons of first-principles
simulations[1, 2, 3, 4, 5, 6, 7] of anomalous transport with experimental
data. The general level of agreement found is very encouraging, especially since models of a few potentially important physical processes {e.g.,
non-adiabatic electrons, sheared flows, general geometry, impurity density
gradients, etc.) remain to be fully integrated into the comparison study
described here.
We first describe the simulation models that were employed in the present study, and then present our findings. Each of the gyrofluid and gyrokinetic codes used has been carefully benchmarked (linearly and nonlinearly,
as appropriate) with related codes in the community, both as part of the
US Numerical Tokamak Project and otherwise.
Gyrofluid Models
The nonlinear multispecies gyrofluid models utilized here describe waveparticle resonances[1], magnetic shear[2], FLR orbit-averaging[2], and toroidal drifts[3, 4], all in toroidal field-line-following coordinates[4, 3]. Nonlinear gyrofluid trapped electron models and general-geometry coordinates
have been developed, [4] but are not employed here. Sheared flows are
included with either time-dependent ballooning transforms [5] or spatially
varying equilibrium potentials[3].
The nonlinear simulations completed for this study typically have 20004000 independent modes (fcr, h) on a 32-64 point field-line-following grid[3,
4]. The simulated volume is typically 63/?,- x 63/?,- x 6.3ci? (i.e., ~ 1.5%
of the total TFTR plasma volume), and the total simulated time is typically 50-100 growth times, or 250Ln/vt cz 0.5 msec for typical tokamak
conditions. Larger-scale and longer-time simulations have been completed
to demonstrate convergence[3, 4].
Gyrokinetic Models
A comprehensive linear electromagnetic (6A{) gyrokinetic code that utilizes a unique implicit integration scheme has also been developed[6]. With
fully gyrokinetic descriptions of four ion species and electrons (including
trapped particle dynamics and a Lorentz collision operator), this balloon-
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ing code calculates linear and quasilinear quantities in general geometry;
the only significant approximations to the exact gyrokinetic dynamics are
numerical, and can therefore be made arbitrarily small. Sheared flows are
accounted for with a time-dependent ballooning transform. We also have
a linear gyrokinetic integral eigenmode code[8] with which useful benchmarks and parameter scans have been completed.

TFTR L mode Confinement
Comprehensive linear gyrokinetic simulations of dozens of experimental
profiles indicate that ion temperature gradient (ITG) driven modes are
almost always the only linear instability present in the confinement zone
(r/a < 0.85) of TFTR L mode discharges. Consequently, we focused first
on distilling nonlinear ITG simulation results for x% a s a function of a
small number of relevant local plasma parameters into an approximate
interpolation formula. The result is:

in which Co = 14 and G{x) = min
is a Heaviside
function. The notation {pj} indicates the set of local plasma parameters,
and
F({Pj}) = 2 ^ ¡ ( 1 " nb/ne)(l

e/3)f{Z^T)

+

( 1 + O.I/T
z;ff<3
/ = i 2(3.5 - Z;ff) + 0.1/T
3 < Z;ff < 3.5
1 0.2(Z;ff - 3.5)/r + 0.1/r 3.5 < Ze*ff
The critical ion temperature gradient is approximately
(l - O.SSe/J1'4)

- = 4 - = 2.8^/1/2 + l/q G({Pj})
G({Pj})

=

g({Pj})h(s,R/Ln)

/
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y*(z;s)

T

j -

= 1.26 + \Z:ñ - 3| (-0.27 + 0.075 Ze*ff - 0.044 Z$)
92(Z*a) = 0.61 -

'
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and
h = jO.1976 - 0.4550s + 0.1616R/L n \ 0 - 7 6 9 + 0.7813 + 0.2762i 4- 0.3967i 2 .
The temperature ratio r = Ti/Tej the hot ion (beam) density is n¡,, and
Z* =

Zeñ

~

nb ne

/

1 — 7ib/ne

upon assuming carbon is the only impurity and that the hot ions are
hydrogenic. The remainder of the notation is standard.
Eq. (1) was found with the nonlinear gyrofluid codes. Eq. (2) was found
with the implicit linear gyrokinetic code. Qualitatively, Eqs. (1) and (2)
are unsurprising; stabilizing trends for ITG modes from s, T¿/T e , Zeff,
<7-1 oc Ip, and R/Ln are familiar from the literature. Several simplifying assumptions (generally consistent with T F T R L mode transport) were
used in deriving Eqs. (1) and (2), including adiabatic electrons, jd = 0,
circular flux surfaces, and zero velocity (and diamagnetic) shear. Significant dependences of T and Lxcñt on velocity shear, the carbon density
gradient, non-carbon impurities, etc. are not included in these interpolation formulae. For the moderate collisionalities typical of T F T R L modes,
we find that including the proper non-adiabatic electron response typically doubles the growth rate[3] without significantly affecting Ljcût or the
quasilinear ratio of x%/Xe] the simplest estimate of this effect based on linear and preliminary nonlinear simulations[4] would therefore be to double
C0. Interestingly, changes to Co and T are of less consequence than one
might have initially guessed. In the collisionless regime, trapped electron
modes can significantly affect Ljcriu a n d are therefore potentially more
important.
S e n s i t i v i t y . The gyro-Bohm form of Eq. (1) implies that the local
temperature is relatively insensitive to Co. In steady state, the power
deposited inside a flux surface must equal the heat flux through that surface; for a gyro-Bohm process, this implies P<iep oc CoT5/2. As a result,
T oc (Co/Pdep) - • Moreover, for typical profiles, CQT3^2 is large enough
in the center of the discharge to enforce marginality. Our profile simulations indicate that, together, these effects typically result in To oc Co .
The central temperature is usually much more sensitive to variations in
Lxcrit- Fortunately, this is a linear parameter that can be more reliably
calculated.
Criticality. We emphasize that Eqs. (1) and (2) are theoretically derived results from numerical toroidal simulations; no features of this model
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FIG. 1. Comparison of theory with experimental TFTR data taken from the MFE database.

were obtained by referring to experimental data. Our estimate for the ion
thermal diffusivity can be written as the product of a parameter-dependent
coefficient and a function of the deviation of the temperature gradient from
marginality; Xi = Xo ¿/(-¿Tcrit/^T —1)- In Fig. (1) we compare this estimate
with experimental data taken from the Magnetic Fusion Energy Database.
Eleven radial points (0.3 < r/a < 0.7) from each of fifty-four T F T R discharges (all post-1988 M F E D B shots from T F T R ) are included. The solid
line represents the theoretical expectation; the dashed lines indicate variations in LT of factors of 2, our rough estimate of experimental uncertainty.
When Xo is large compared to the experimentally inferred x, one expects
and finds that LT ~ ¿Tent- For r/a > 0.5, xo falls with the decreasing
temperature and the departure from marginality is pronounced. Our theoretical estimate of the thermal diffusivity encompasses both regimes.
P o w e r B a l a n c e Calculation
We have used Eqs. (1) and (2) in two independent steady-state power balance codes that predict the temperature profiles with comparable results.
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FIG. 2. TFTR current scan. The predicted quantities T¡ (r) and Te (r) compare well with experiment as
the current is varied by a factor of two. Only one electron temperature profile is shown to increase
legibility.

[With a quasilinear parameterization of the electron thermal diffusivity
that was obtained from the gyrokinetic code (x c = 0.27r°- 7 Xt) we may
also predict Te{r).\
The more complete power balance code runs as a post-processor to both
SNAP and TRANSP, using measured or calculated values for ns{r), q(r),
^rad(r), beam deposition profiles, neoclassical conductivity, electron-ion
equilibration, etc. Because the predicted thermal diffusiyity is often too
small in the edge region of the plasma, we use the experimentally determined temperature at r/a ~ 0.8 as a boundary condition.
L mode Results
We have simulated more than 50 T F T R L mode discharges (including the
p* scans) with reasonable success; the X¿(r) [and X^r)] profiles are usually within ± 2 0 % of the experimental measurements. In Figs. (2) and
(3) we show the predicted ion temperature profiles and the experimental
measurements from current and power scans. We also show the predicted
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FIG. 3. TFTR power scan. The predicted T¡(r) profiles agree reasonably well with the measured
profiles as the power is varied by a factor of four. Moreover, the predicted values of \¡ increase
robustly with minor radius.

and experimentally inferred x*'(r)> and a representative Te(r) profile. For
Xe ~ Xtj Te(r) is determined primarily by electron-ion equilibration, obscuring possible errors in our estimate of Xe- It is the increasing departure
from marginality that overcomes the T 3 / 2 dependence of x a n d leads to
x ( r ) ' s increase with minor radius. This result is a robust consequence of
the form of x-

Advanced Confinement Regimes
Our simulations are also consistent with several improved confinement
regimes.
L m o d e / S u p e r s h o t Transition
A puzzling aspect of T F T R supershots is the dependence of plasma performance on the recycling state of the limiter. Without addressing the
edge conditions directly, simulations of low and high recycling discharges
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TABLE I. LOW AND HIGH RECYCLING DISCHARGES
Shot P A ( M W )
19.3
68719
68244
20.7

/ P (MA)
2.0
1.6

ne Exp. TE (ms) Th.TE
87
84
5.8
4.3
125
116

BT(T)

4.8
4.8

30 -

i

1

"-v

>

1

1

•

T—

Exp.T.(O)
4
30

1

Th. r,(o)
4
26

^

L mode

20

¿4

10
„

i

•

3.3

0.01

0.75

FIG. 4. TFTR L mode supershot comparison. The simulations capture much of the enormous variation
in the ion temperature between supershots and L modes. Nonlinear simulations that include trapped
electron dynamics will find a weaker critical gradient and will probably fit the data better.

that are otherwise very similar (see Table I) qualitatively recover the dramatic improvement in supershot performance. The simulations use the
measured T(r/a = 0.8) as a boundary condition. The simulation results
are shown in Fig. (4); without nonlinear estimates of trapped electron
mode contributions to the thermal difFusivity in the presence of sheared
toroidal rotation, we expect and find that we over-estimate the stored energy somewhat. In the supershot simulation, Xi increases by two orders of
magnitude across the minor radius even though T 3 / 2 decreases by a factor
of fifty. The improvement in performance in the supershot discharges we
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have examined comes about from the complex dependences of L^cut on
r , R/Ln, the charge fraction of thermal deuterium (through n¿ and Zen),
and the edge boundary condition. The latter effects are amplified by the
r dependences of T and LT,¡crit- Some earlier analytic theories produced
similar conclusions [9]. We have simulated more than twenty supershots
with comparable success. The important conclusion is that the strong r
dependences are causal; high Ti/Te improves the ion thermal confinement,
regardless of how it arises.
While Eqs. (1) and (2) have utility, they nevertheless represent significant approximations to the fundamental simulations and consequently are
the weakest component of this study. Within the simulation paradigm, it
is a straightforward exercise to include additional physical effects. However, the extended parameter space one is led to consider is too large to
map reliably; one is forced instead to consider individual scenarios.

I m p u r i t y D e n s i t y Gradient M o d e s
We have not attempted to include the effects of impurity density gradient
(IDG) modes in Eqs. (1) and (2), although their potential importance has
long been known from local and sheared slab estimates[8]. Our gyrokinetic
toroidal simulations confirm that impurity profiles more inwardly peaked
than the electron profiles are stabilizing, and that more outwardly peaked
impurity density gradients are strongly destabilizing.
Several experimental phenomena may be closely related to IDG modes.
For example, our formulae produce thermal diffusivities that are often too
small in the outer region of the plasma (r/a > 0.85). For typical parameters, however, (Zeg = 2.5, etc.) toroidal simulations indicate that gradients
as gentle as Lnc/Lne
— —1 can increase the growth rate of the I T G / I D G
mode by a factor of 5. We thus confirm[8] that IDG modes are good candidates to explain the large x» near the edge. Quantitative experimental
comparisons require a detailed description of the charge state distribution
of carbon in the edge plasma. Pellet-injection experiments on TFTR[10]
designed to test the marginality of plasmas to ITG modes are also strongly
affected by inwardly peaked carbon gradients in the plasma core. The postinjection carbon gradient stabilization is quantitatively sufficient to bring
the experimental results into agreement with the ITG results here.
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V H m o d e Simulations
Eqs. (1) and (2) do not include the effect of velocity shear. We have,
however, performed many toroidal nonlinear simulations including sheared
flows with spatial equilibrium potentials[3] and with time-dependent ballooning transforms[5]. In the plasma core, where the plasma flow is almost purely toroidal, there is a stabilizing perpendicular shear rate, with
7x = (r/q) d(y<f)lR)/dr and a destabilizing parallel shear rate, such that
7n ~ (Rq/r)^^.
[Here, time is normalized by a/vt). Toroidal nonlinear
simulations show that if 7 ± is comparable to the growth rate of the fastestgrowing mode (including the parallel shear destabilization), ITG modes are
stabilized[3]. Analysis of DIII-D VH mode discharges (with and without
magnetic braking to control plasma rotation) with the linear gyrokinetic
stability code[6] shows that 7 ± ~ 7 m a x for cases in which the rotation has
a demonstrable effect on the confinement. Finally, we find that for sufficiently high Be/B (or low Rq/r), the external torque on the plasma from
the neutral beams can cause a bifurcation to appear, so that a steeper
temperature gradient can be supported against the same power flow. This
bifurcation may explain the H-VH transition.

P E P m o d e Simulations
Linear simulations show that ITG modes can be weakened or stabilized
by relatively small levels of velocity shear if the magnetic shear is small.
Substantially enhanced confinement in J E T P E P modes is in good quantitative agreement with this stabilization mechanism. P E P mode discharges
have a hollow or very flat q profile in the center so that the magnetic shear
is small over a significant region (r/a < 1/3). Experimentally, the temperature gradient is found to increase strongly around the low shear region,
indicating a substantial reduction in x«- The transition to this improved
confinement region occurs over a short distance, Ar/a ~ 0.05 — 0.1. In
this region, linear calculations indicate that diamagnetic levels of velocity
shear can greatly weaken or stabilize ITG modes. The predicted location
and sharpness of the transition regime agrees with experiment.
Preliminary nonlinear simulations confirm an enhancement (due to weak
magnetic shear) of shear flow damping over the estimate described above,
although the effect is weaker than linear simulations indicate. In these
simulations, stabilization occurs for 7x/7max ~ min(0.5,5). Nonlinear simulations also indicate that reversed magnetic shear is intrinsically stabiliz-
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ing for toroidal ITG modes. More work is needed to quantify the relative
importance of these two stabilization mechanisms relevant to J E T P E P
mode discharges.

Conclusions
Comprehensive linear stability studies show that the ion temperature gradient is the dominant microinstability drive in T F T R L-mode plasmas;
high-resolution nonlinear ITG simulations show that the associated thermal diiFusivity is reasonably close to that inferred from experimental power
balance calculations. Despite the strong decrease in temperature with minor radius, the predicted thermal diffusivities are found to increase robustly
(for r/a < 0.85).
The existence of supershots (and hot-ion modes in general) may be understood from the parametric dependences of x-> especially T{/Te. Nonlinear simulations that include trapped electron modes and velocity shear
will make this comparison more quantitative. The improved confinement
observed in P E P modes and VH modes may be attributed to velocityshear stabilization. In the former case, the stabilizing effects of the radial
electric field are amplified by the weak magnetic shear. In the latter case,
the observed toroidal rotation profile is sufficient to stabilize toroidal ITG
modes that would otherwise be unstable. Finally, reversed magnetic shear
may also play an intrinsic role in some advancement confinement regimes,
as it has been found to be stabilizing in nonlinear simulations.
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Abstract
ESSENTIALS IN IMPROVED CONFINEMENT IN TOKAMAKS.
A unified transport model has been developed to explain various kinds of confinement improvement in tokamaks. Thermal diffusivity based on the current diffusive ballooning mode has been
employed in the transport simulation. Mutual coupling between current and pressure profiles explains
the confinement improvement in the core region of a high j3p plasma. A transport code including radial
electric field and plasma rotation has also been developed in order to clarify particle transport and the
mechanism of L-H transition in the peripheral region. Two essential mechanisms closely related to the
radial electric field profile and the magnetic shear profile are demonstrated quantitatively.

1.

INTRODUCTION

Various types of improved confinement have been observed in tokamaks. They
are categorized into two groups: core transport reduction (e.g. the high /Sp mode)
and edge transport barrier (e.g. the H mode). Experimental observations suggest that
the former relates to the reduction of magnetic shear and the latter to the increase of
rotation shear. We have developed a unified transport model which describes both
categories of confinement improvement as well as the L mode. Transport simulation
based on this model enables us to clarify the essential mechanisms of improved
confinement. In this article, we present the simulation results of heat transport,
particle transport and edge transport barrier formation.
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FIG. J. Dependence of the transport coefficient on magnetic shear s and pressure gradient a. The
dashed line indicates the stability boundary of the ideal MHD modes.

2.

TRANSPORT MODEL

On the basis of the theory of self-sustained turbulence [1], the marginal stability
condition of the current diffusive high n ballooning mode yields the thermal diffusivity [1, 2]:

X = F(s, a,

K, h)cr

VA

qR

(1)

where s is the magnetic shear (r/q)(dq/dr), a is the normalized pressure gradient
-q 2 R(d/3/dr), K is the magnetic curvature -(r/R)(l - 1/q2), and h is the E x B
rotation shear (qR/vA)(dEr/Bdr). Other notations are standard. Figure 1 shows
the equi-contour of the normalized value of x in an s-a plane for K = —0.1 and
h = 0. The dashed line indicates the stability boundary for the ideal MHD high n
ballooning mode. The thermal diffusivity x becomes low near the second stability
region of the ideal MHD mode, i.e. x reduces in the region of low or negative
magnetic shear. The E x B rotation shear also reduces x- The analytic evaluation
as a function of h and a for s = 0.3 is illustrated in Fig. 2.
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FIG. 2. Dependence of the transport coefficient on rotation shear h and pressure gradient a.

3.

CORE TRANSPORT REDUCTION

We have carried out a one dimensional heat transport simulation using the above
transport model. Transport equations for electron temperature T e , ion temperature
T¡ and poloidal magnetic field Be are solved. The thermal diffusivity is assumed to
be a sum of neoclassical and turbulent diffusivities (see Eq. (1)). When the plasma
current Ip is large enough, the parameter dependence of the thermal energy confinement time is close to the L mode scaling [3], as is predicted from the zero dimensional
analysis [1]. When Ip is reduced and /3p exceeds unity, however, the confinement is
improved [4].
Figure 3 shows the pressure and x profiles for Ip = 1 MA; R = 3 m,
a = 1.2 m and Bt = 3 T. With heating power, P in , higher than 10 MW, the
temperature profile has a steeper gradient in the central part of the plasma column.
In the case of Pin = 20 MW (/3p = 3.2), the change in the temperature gradient is
observed more clearly. The bootstrap current induced by the pressure gradient flattens the q profile and reduces s. The increase of the pressure gradient, a, also
contributes to reducing F(s, a, K) through the Shafranov shift. Reduction of the trans-
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FIG. 3. Temperature and thermal diffusivity profiles for various heating powers with low I

port coefficient due to low s — a sustains the steep gradient. The mutual coupling
between current and pressure profiles is essential in the core transport reduction in
a high /5p plasma.
Figure 4 shows the /3p dependence of the confinement improvement factor,
^hermai/^TER-89 \y n en ]Sp exceeds unity, the improvement factor approximately
scales as /3p76. The hatched region indicates the improvement factor of the thermal
energy component observed in JT-60U [5]. The simulation results agree well with
the experimental observation.
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FIG. 4. /3p dependence of the confinement improvement factor. Hatched region: range of experimental
observation.

To sustain the high /3p plasma, we need a rather high heating power. Otherwise, the steep gradient region shifts towards the plasma centre on the time-scale of
current diffusion, and the confinement improvement decreases gradually.
The isotope dependence of TE is more prominent in the high j3p regime. The
thermal diffusivity (1) has a weak mass dependence, x œ A 0 2 . In the case of a DT
plasma, x in the L mode is 5% less than that of a DD plasma. Since better confinement enhances /3p, the confinement improvement factor for the DT plasma increases
from 5 to 20% as /3p exceeds unity. This result is consistent with the DT plasma
experiment on TFTR [6].
We have examined two schemes to externally control the current profile;
current ramp-down and off-axis lower hybrid current drive. During the current rampdown, the confinement improvement factor increases almost linearly with the internal
inductance. By the off-axis current drive, we obtain a peaking of the electron
temperature profile. These results are in qualitative agreement with the current rampdown experiments [7, 8] and the current drive experiments [9, 10].
We have also simulated enhanced confinement associated with pellet injection
[11], using a particle diffusion coefficient proportional to x- The bootstrap current
which is enhanced by a peaked density profile flattens the q profile, and x is reduced
in the core region. Increase and decay of the stored energy occur on a time-scale that
is much longer than the particle diffusion time.
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PARTICLE TRANSPORT

The important role of toroidal and poloidal rotation and the radial electric field
in the particle transport has been recognized both experimentally and theoretically.
We have developed a new type of transport simulation including the plasma rotation
and the radial electric field [12]. It is based on the two-fluid equations and the
Maxwell equations averaged over the magnetic surface. The evolution of density,
radial, poloidal and toroidal velocities, and electron and ion temperatures is computed. Neoclassical effects (diffusion, resistivity, bootstrap current and Ware pinch)
as well as interactions with turbulent electric field are included. The latter may
enhance the particle pinch and sustain a peaked density profile.
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FIG. 5. Time evolution of density and radial electric field profiles during transition from co- to counterNBI. Time interval between solid lines: 20 ms.
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We have carried out a particle transport simulation on the density peaking
accompanied with counter-NBI. The time evolution of the density and radial electric
field profiles is shown in Fig. 5. The turbulent diffusion and viscosity coefficients
have been chosen as 0.3 m2/s and 3 m 2 /s, respectively. The change of the injection
direction from co- to counter- causes density peaking and strong modification of the
radial electric field. The simulation results agree well with the experimental observation on JFT-2M [13].

5.

EDGE TRANSPORT BARRIER

The transport barrier near the plasma edge is closely related to the poloidal
rotation and the radial electric field [14]. The thermal diffusivity given in Eq. (1)
decreases with the increase of the poloidal E X B rotation shear. Local analysis
predicts bifurcation of the transport state and formation of a transport barrier near
the edge [2].
We have adopted the diffusivity (1) in the transport simulation, including the
rotation and the radial electric field. The simulation result shows a reduction of the
transport coefficient near the plasma edge where the radial electric field has a large
gradient.
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Abstract
THE L-H TRIGGER: A TRANSITION FROM RESISTIVE BALLOONING TO TOROIDAL DRIFT
WAVE TRANSPORT.
Computer simulations of tokamak edge plasma and parallel analytic calculations are presented
which suggest that resistive ballooning drives transport in ohmic and L-mode discharges and the H-mode
trigger results from the abrupt diamagnetic stabilization of resistive ballooning and subsequent growth
of weak toroidal drift wave turbulence. A bifurcation scenario of the transition is presented with
threshold predictions. The generation of sheared poloidal rotation in toroidal geometry and its impact
on edge turbulence and the L-H transition are discussed.

1

Introduction

Tokamak confinement is now characterized by two operating regimes, the L and
H modes [1]. The transition between these two operating regimes occurs on a
short time scale (~ 100 fis) and is characterized by the suppression of magnetic,
density and potential fluctuations just inside the last closed flux surface (LCFS)
at the plasma edge [2]. The resultant formation of a local transport barrier
allows the local temperature and density gradients to steepen, forming pedestallike profiles. Measurements of sheared poloidal rotation in the location of the
transport barrier [3] supports theories of the L-H transition [4-6] based on shearflow suppression of turbulence. Whether the sheared flow is generated by orbit
loss [7], the Stringer mechanism [5], Reynold's stress [8-9], or the ion pressure
gradient [6] is not yet clear. The formulation of a satisfactory theory of the
transition has been handicapped by the lack of consensus on the mechanism of
edge transport in the L-mode.
1
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In this paper we present analytic calculations and high resolution simulations of toroidal plasma with realistic parameters which demonstrate that
resistive-ballooning turbulence is surprisingly strong and is fully consistent
with observations in ohmic and L-mode plasma. Depending on parameters,
e(p/Te ~ 10 — 40% > ñ/n0 with transport rates exceeding lm 2 /s. Transport is
dominated by the outward flux of high density blobs localized in the bad curvature region. The nature of the turbulence is controlled by a single parameter
a which is a measure of the diamagnetism of the edge [10]. For a < 0.5 the
turbulence has a resistive ballooning character. For a > 1.0 the fluctuations
become toroidal drift waves with e<p/Te ~ ñ/n0 and the transport decreases
by an order of magnitude. Steep edge gradients drive a upward. Thus a > 1.0
in the H-mode edge plasma. The bifurcation at the L-H transition becomes
clear. In the L-mode local steepening of the pressure gradient increases a and
reduces transport, allowing the gradient to steepen further. A detailed bifurcation model is presented with threshold predictions. The generation of sheared
flow in toroidal plasma and its role in the bifurcation is also discussed.

2

Toroidal Fluid Simulations

The picture of resistive-ballooning turbulence which emerges from present theory
and simulations differs greatly from the earlier view of these fluctuations as
slowly growing and weakly ballooning [11]. The dominant fluctuations balloon
strongly and have linear growth and eddy turnover times equal to the ideal
ballooning time t0 = (RLn/2)1/2/cs,
with Ln the density scale length and cs =
[(Te + T^/rrii]1/2 [10,12]. The characteristic transverse (perpendicular to B)
scale length L0 = 2itqa(veiRps/2Q,e)ll2(R/
Ln)1!* of the turbulence follows from
the quasineutrality condition for disturbances with V|| ~ L~l = (2itqaR)~l and
d/dt ~ i" 1 . This is the intrinsic transverse scale length of ballooning turbulence
in toroidal plasma.
Since edge turbulence in tokamaks has a poloidal correlation length which
is short compared with the circumference, and the parallel correlation length
is long, the calculations are carried out in a flux tube based coordinate system
consisting of a poloidally and radially localized domain which winds around
the torus [13]. In a toroidal shifted-circular model of the flux surfaces, the
normalized equations for the perturbed density ñ, electrostatic potential (p and
parallel velocity vz are
d ~ d<P ^ ,
-n+^-fnC*+a
^ViV+V1-(Vdí-V)Vj_V

£

d2 .
d
n
n ^ +7 - ^ = 0
+ Cñ + ^

!'* + 7¿* = 0

=0

,„.
(1)
(2)

(3)
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with C the curvature operator,
C — [cos(2irz) + 2%s(z — z0)sin{2-Kz) — e]d/dy
+ sin(2Tz)d/dx

(4)

VÍ = ¿ + 27r^-^)¿]2 + ¿

(5)

where z lies along the local magnetic field, x is radial, y is poloidal, d/dt =
d/dt + z x Vy> -V,tp = (p- añ,vdi = -ar(y - z x Vñ),7 = cst0/Lz,en
=
2Ln/R, e = a/i?, a = pscst0/LnL0(l
+ r), and r = Ti/Te. The normalization of
the equations is given by d/dt~t~1,Vj_~L~1,d/dz~L~1,ñ~
n0Lo/'Ln,(p~
BLl/ct0,vz~csL0/Ln,
so that the transport is [10]
D0 = (27rc a )V>e¿(l + r)R/Ln

(6)
1/2

In these units the ion Larmor radius ps = c s /íí¿ = atL0€n' . Thus, since €n < < 1
while a ~ 1, L0 >> ps.
In the 3D simulations (1), (2) and (3) are stepped in time with the d2ip/dz2
terms treated implicitly. Periodic boundary conditions are imposed in the transverse direction with convection terms treated either with a fourth-order, finitedifference or a pseudo-spectral scheme. In the z direction the system is split
into modules of length Az = 1, corresponding to a full period of the curvature.
The solutions at the boundary of each module are mapped to the adjacent module. The results are insensitive to the number of modules if the number exceeds
three. All of the results presented are carried out on a 128 x 128 X 90 grid
consisting of three modules, corresponding to a flux tube which winds around
the torus three times in the poloidal direction.
It will become clear that the critical control parameter in these equations is
the diamagnetic parameter a. This can be seen clearly in the linear dispersion
relation for resistive ballooning modes. Particularly simple is the limit of high
ky in which the modes are strongly ballooning and the dispersion relation is
obtained by expanding the curvature operator around z — 0 and solving the
resulting equation for bounded modes. The result is [12]
Ait2

[UJ{UJ

+ w*t) + l] 2 = T2~( w _ w*e)[2i - 1 +

S2OJ(U)

+ u+i)]

(7)

Ky

with u>*i = kyar and u>*e — kya. For large ky the RHS of (7) can be neglected
and the dispersion relation is u>(u>+w*i) = — 1, which is identical to the dispersion
relation for the ideal ballooning mode. Ion diamagnetic stabilization occurs for
uj*i > 2. Even for r = 0, when ion diamagnetic stabilization is absent, the
electron diamagnetic terms on the RHS of (7) are stabilizing unless ky > A-K2a.
Thus, large a forces the strong ballooning modes to shorter scale lengths, thereby
reducing transport. This is confirmed in the simulations in which r — 0 and
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TABLE I. TYPICAL PARAMETER VALUES OF ASDEX
L-mode

H-mode

R (cm)

165

165

*„CD

2.2

2.2

Te (eV)

100

200

n (cm"3)

5 x 1012

3 x 1012

Zeff

4

4

Ln (cm)

2.0

1.0

?a

3.5

3.5

0.26

0.17

A) (cm)

1.7

0.56

a
2

D0 (cm -s"')
2

D (cm -s"')

1.0 x 10

s

8.8 x 104

3

- 2 . 6 X 103

~ 8 x 10

transport is greatly reduced when a is large. Other parameters are s = 1.0, en =
0.04, and 7 = 0.02. The diamagnetic parameter a strongly impacts both the
qualitative and quantitative structure of the turbulence. Thus, simulations have
been completed for a range of values of this parameter. For reference, in Table
I we present typical values of parameters in the closed flux region of the edge of
ASDEX just prior and subsequent to the L-H transition [14], Noteworthy are
the reduction in the transverse scale length L0 (because of increased Te) and
the increase of a (a consequence of the steeper gradient) at the transition.
On the left side of Fig. 1 we present greyscale plots of the density perturbations in the poloidal plane in the region of bad curvature early (top) and
after a steady state is reached (bottom) from a simulation with a = 0.5 in a
7.6 x 8.0 X 3.0 box. In these plots the outside of the torus is to the right and
poloidal angle increases upwards. High density is light and low density dark.
Early in the simulation the high density plasma flows outward and low density
inward in radially extended streams. As the function of z (not shown), the
disturbances are strongly ballooning and twist in the poloidal plane with the
magnetic field. The streams in the top left plot in Fig. 1 are beginning to break
up as the radial flow becomes Kelvin-Helmholtz unstable. At late time in the
lower plot the radial streams have broken up and formed mushroom-like high
(low) density blobs which flow outward (inward). The local density gradients
at the edges of these blobs become very sharp as the flows carry the high density material into the low density region. The potential by contrast is much
smoother. For a < 0.5, the adiabatic relation is not well satisfied and typically
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FIG. 2. Steady state particlefluxin normalized units as a Junction of the diamagnetic parameter a.

e<p/Te > ñ¡n0. In normalized units ñ ~2.0 which for the parameters of Table I
corresponds to ñ/n0 ~ 26%. A movie of this turbulence reveals that there is
very little diamagnetic propagation of the structures. At the bottom of Fig. 2
we show the particle flux averaged over the x — y plane as a function of the
distance z along the flux tube. The flux is peaked in the three bad curvature
regions at 0.5, 1.5 and 2.5 with a peak of 0.08, corresponding to a transport rate
of ~ 8 X I03cm2/s for the data of Table I.
On the RHS of Fig. 1 we present results for the case a = 1.5 in a 5.7 x 6.0 x
3.0 box. At early time the density disturbances are again radially extended,
though at shorter scale lengths than for a = 0.5 and again they are strongly
ballooning. At late time for a = 1.5 the density structures have cascaded to
longer wavelength, reveal none of the mushroom-like structure apparent for a =
0.5 and are much smoother. In this case at saturation ñ ~ 0.9, corresponding
to ñ/n0 ~ 15% for the H mode data in Table I. In this case the fluctuations
propagate at the diamagnetic frequency and the adiabatic relation ñ / n 0 ~ ey?/Te
is satisfied. The flux for a = 1.5 in Fig. 1 peaks around 0.03 corresponding to a
transport rate of ~ 2.6 X 10 3 cm 2 /s. The ballooning of the transport rate is much
less pronounced for a = 1.5 than in the case of a = 0.5 with the peaks in the
flux generally occurring at the top a bottom of the torus. The characteristics
and spatial localization are consistent with previous descriptions of toroidal drift
waves [15].
A note of caution is that in comparing turbulence before and after the LH transition, the scale lengths L0 and Ln both change significantly. Thus,
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although the scale lengths of the turbulence for a = 1.5 are larger than for
a = 0.5 in normalized units, in physical units the correlation lengths in H-mode
are comparable or smaller
In Fig. 2 we summarize the a dependence of the particle flux. The error
bars reflect the time variation and the difference of the transport in adjacent
bad curvature cells. For the case a = 0.0 the sheared poloidal flow affects the
dynamics strongly. The flux actually peaks at around 0.6 and then drops to
around 0.2 as shown in Fig. 2 after the onset of the sheared flow. Relatively
little sheared flow is observed at the other values of a. The development of
sheared poloidal rotation in these simulations is observed but is much weaker
than in previous toroidal resistive-ballooning [10] and slab drift-wave simulations [16]. The sheared flow develops locally and reduces transport but never
becomes strong enough to completely stabilize the turbulence. This result is a
consequence of the toroidicity. Along a single flux tube in a torus are regions of
good and bad curvature. The turbulence in successive regions of bad curvature,
because of strong ballooning, is largely uncorrelated. Sheared flow tends to develop in dipole-like layers (as a function of r) of oppositely directed poloidal
rotation [10]. Since there is no preferred location for these dipoles as a function
of r, the sheared flow produced in successive regions of bad curvature along the
flux table tend to cancel. The sheared flow is substantially stronger when the
simulation is completed with only one cell. In an actual experiment, of course,
the separatrix creates an inhomogeneity in the radial dependence of the turbulence and thus may seed the sheared flow generation in regions of successive bad
curvature. Thus, the development of sheared flow may be stronger.

3

L-H Bifurcation

Experiments over the past several years have confirmed the enhancement of
sheared flow at the L-H transition [3] and produced evidence that the sheared
flow weakens the turbulence in the region just inside of the separatrix where
the edge transport barrier forms, supporting the sheared-flow-suppression-ofturbulence mechanism for the L-H bifurcation. There therefore seems to be
little doubt that sheared flow is important. On the other hand, our simulations
strongly suggest that diamagnetic stabilization of the turbulence occurs at the
L-H transition. When the diamagnetic and E x B drifts are comparable, as
seems to be the case in experiments [17], the diamagnetic drift should impact
the turbulence first. This is because only the shear in the E x B drift is stabilizing
— the local E X B drift can be eliminated by shifting to the moving frame. The
local diamagnetic drift cannot be similarly transformed away [e.g. see eq.(7)]
and therefore is stabilizing even if there is no shear in the diamagnetic drift. We
now show that, as discussed in the introduction, diamagnetic stabilization of
resistive ballooning turbulence produces a clear bifurcation as seen in the L-H
transition. Our hypothesis is therefore that the diamagnetic stabilization acts as
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D

2/3

a
FIG. 3. Anomalous particle diffusion rate as a junction of diamagnetic parameter a, illustrating the
bifurcation at the L-H transition (at a = 2/33/2).

the trigger for the transition while sheared flow generation becomes important
as the gradients become very steep. For simplicity, we therefore drop the sheared
flow in the following discussion.
To construct a model of the L-H transition based on electron or ion diamagnetic stabilization, we calculate the coupling of the resistive ballooning driven
transport Df, with the local density profile n. In our normalized units
Db = 2(1 -

an')n'll2Dh

2DI
77/V2

(8)

d_

(9)
dt
or or
where D = Di + D¿ with D¿ « 1 the residual toroidal drift wave transport.
We have explicitly extracted the n' = dn/dr dependence from our normalized
variables since it is the change in the local gradient which triggers the transition.
The time and space scales in (8)-(9) are normalized to L-mode values so that
n' = 1 in L-mode. For simplicity we take n' to be positive.
On the RHS of (8) are the linear drive, diamagnetic stabilization and nonlinear stabilization terms. To show the presence of a bifurcation in the transport,
we look for steady state solutions in which a constant flux r — 1 feeds into the
turbulent suppression zone. Thus, Eq.(9) yields 1 = Dn'. This equation yields
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n' as a function of D¡, which is inserted into (8) to yield a nonlinear equation
for D,

D D+1

= ' { -î)h

(10)

The solution for D(a) is shown in Fig. 3. For a < Dd « 1 there is a single
solution with D ~ 1, corresponding to L-mode transport. For D¿ < a <
2/3 3 / 2 there are two stable solutions corresponding to L-mode (topline) and
H-mode (D = Dd) and an unstable root (middle line). For a > 2/3 3 / 2 , the
L-mode solution is absent and the transport is given by D = Dd- If the plasma
is in L-mode and a is raised by increasing the edge temperature, the plasma
transport slowly decreases (n' slowly increases) until a reaches 2/3 3 / 2 , where
the transport abruptly drops and n' increases. As the diamagnetic parameter a
is reduced in H-mode, the plasma remains in the H-mode until a < Dd, where
the system reverts to the L-mode. A bifurcation diagram such as in Fig. 3
therefore produces the well-known hysteresis of the power threshold for the L-H
transition — more power is required to achieve the H-mode than to remain in
the H-mode. This bifurcation theory is being extended to include sheared low
generation and stabilization. The threshold condition for L-H transition requires
that the diamagnetic parameter a exceed a value of order unity. In dimensional
units this translates to
^

> 27TÇa(l +

Ti/Te)(L2JRLp)1/\me/m{)1^

where Lp is the pressure scale length and all parameters are to be evaluated
in the X-mode just inside of the separatrix or LCFS. In shaped plasmas the
connection length 2-KqaR must be modified to reflect the magnetic geometry. A
comparison of this threshold condition with experimental observations is being
undertaken.

4

Conclusions

We have presented the results of 3-D fluid simulations of tokamak edge turbulence demonstrating that resistive ballooning turbulence is strong in L-mode
and evolves into weaker toroidal drift wave turbulence with reduced transport
in the H-mode. A simple analytic model of the edge turbulence and transport
based on resistive ballooning yields a bifurcation of the edge transport as seen at
the L-H transition. A prediction for the L-H transition threshold is presented.
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Abstract
SELF-ORGANIZATION AND TRANSPORT IN THE ELECTROSTATIC TURBULENCE OF A
TOKAMAK SCRAPE-OFF LAYER.
A model of turbulence driven by resistive interchange instability in the tokamak scrape-off layer
is proposed and investigated numerically. Large scale coherent structures are observed in the saturated
regime of turbulence. The use of these biorthogonal decomposition and conditional sampling allows the
coherent structures to be extracted and identified. It also clarifies the role played by these structures
in the radial transport. These results, which are derived from a simplified model of turbulence, are compared with experimental data.

For future thermonuclear reactors such as ITER, control of the heat load on the
divertor or the limiter is considered to be a major issue as the plasma facing components will have to absorb tremendous power fluxes. A turbulent transport in the
scrape-off layer (SOL) can homogenize this power deposition. A correct understanding of SOL turbulence is therefore fundamental to the design of future tokamaks.
Experiments show that fluctuations of density and electric potential contribute a
major portion of the radial particle transport in the SOL. Different models of electrostatic fluctuations have been proposed, involving two basic mechanisms: curvature
and polarization drift [1], and temperature gradient drive [2]. The linear modes are
493
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found to be flute-like, i.e. they are constant along the field lines, in agreement with
recent experimental observations [3].
Motivated by these applications, in this paper we investigate the non-linear evolution of two dimensional turbulence driven by the resistive interchange instability.
Our particular interest is an examination of the saturated non-linear turbulent state,
starting from arbitrary initial conditions. For this purpose we develop a set of two
dimensional model equations in the fluid approximation and carry out a detailed

FIG. 1. Density and potential contour plots. Twenty contour lines are equally spaced between extremum amplitudes. Dashed lines correspond to negative values.
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FIG. 2. Semilog plot of radial flux versus time, density-potential phase shift and cross-coherence. The
curve PHASE (LINEAR) is derived from the analytical linear dispersion relation.
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FIG. 3. Distribution of BD weights for potential and density.

numerical solution of these equations. The main emphasis is on the study of the statistics of this turbulence and of the mechanisms of self-organization. The statistical
analysis is performed by using the biorthogonal decomposition (BD) [4] and the conditional sampling [5] methods. The results of these simulations are compared with
experimental data from the ADITYA [6] and ASDEX [3] tokamaks.
The interchange instability occurs in the tokamak edge region, where the
curvature of the magnetic field acts as a gravitational force opposing the direction of
the radial density gradient. The electrostatic potential <p and the fluctuations of
density n are described by the set of equations [7] :
(dt - DV 2 x )n + dy<p + <r,n = [n, <p]
(dt - rdy - \V2±)V\<p

(la)

+ g5yn + a2n - o2<p

= [V 2 X ^, <p + rn] + T[V±<P,

V ± n]

(lb)

where x and y are radial and poloidal variables, time is measured in Ln/cs, space
in p s (then, the drift velocity is 1) and the fluctuation amplitudes are multiplied
by a factor Ln/ps, T = T¡/Te, g is linked to the curvature effect, and the terms in a
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FIG. 4. Spatial and temporal BD components (1, 3 and 30) of the density.

derive from the parallel current related to the sheath at the divertor plates, with
a, = a2 + a3.
The numerical integration of Eq. (1) is performed by using a pseudospectral
method on a 2-D periodic grid (256 X 256). The integration domain is a square box
of dimensions 128ps. Typical parameter values are g = 0.1, T = 1 and v = D =
0.01-0.05. Two sets of a values were used in order to compare the evolution
with different sheath parameter values: (I) a{ = 0.1, a2 = 0.05 and <r3 = 0.05;
(II) ox = 0.05, o2 - 0 and a3 = 0.05; a2 is proportional to the equilibrium sheath
current. Case I corresponds to the presence of an equilibrium parallel current,
which vanishes in the second case. For these parameters, the maximum growth rate
is 7 « 0.1. We have chosen a Gaussian random initial field for both potential
and density.
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RADIAL FLUX

FIG. 5. Conditional average of density, potential and flux (the condition on n is used to sample <p
and T).

Figure 1 shows density and potential fluctuations in the stationary saturated
state regime for the two sheath parameters. In both cases we observe localized structures, which are dynamically robust and are separated by stretched gradients. The
anisotropy at large scales reflects the anisotropy which already exists in the linear
growth rate. Indeed, the growth rate is maximum for kx « 0 and finite ky, yielding
an elongated pattern in the radial direction on which coherent structures evolve. The
size of the structures and the saturation levels differs, however, with the sheath
parameters. We have found that the evolution of the system depends on the large
scale dissipation rate. The saturation levels are, therefore, very sensitive to the sheath
conditions: in Case I the density and potential amplitudes are of the same order while
in Case II we have \n/.<p\ = 2.
The computer visualization of the system shows that it follows several stages.
The first stage consists in a rapid rearrangement where small structures merge into
larger ones, as in an inverse cascade process. Second, a pattern appears in respect
of the linear instability: as in convection in fluids, cells are formed with sizes related
to the wavelengths of unstable modes. Third, this pattern is progressively broken by
the generation of long lived coherent structures which dominate the behaviour. The
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FIG. 6. Flux calculated for each BD component of the density, normalized to its BD weight.

dynamics of these structures is characterized by merging, breaking and dissipation
processes, which are governed by the selection of a characteristic scale. This selection is typical of the non-linear effects and independent of boundary conditions and
box size. Each structure is only weakly perturbed by its neighbourhood and simply
moves until it is dissipated.
In Fig. 2, we observe that the radial flux, T(t) = — <nvr>, grows exponentially during the growth phase of the instability for Case I. The saturation level of
the flux is comparable to the one found in the Hasegawa-Wakatani model. The
dependence of the n-<¡¿> phase shift on the poloidal wavenumber in the saturated
regime is mainly reproduced by that of the linear dispersion relation. We remark that
in Case II (a2 = 0) the phase shift is ir/2 in the linear approximation at small
wavenumbers while it is almost locked at w/2 in the saturated regime [8]. The
cross-coherence level is very high in the k domain (0.8) and somewhat lower in the
frequency domain (0.6).
We have also performed a statistical analysis of the spatial-temporal signal
generated by numerical simulation of Case I (a study of Case II is reported in

501

IAEA-CN-60/D-P9

POLOIDAL AUTOCORRELATION
1
0.8

0.6
0.4
0.2
0
-0.2
-0.4
ADITYA
ASDEX
SIMULATION

-0.6
-0.8
-1

10

15

20

25

30

Ps

TEMPORAL AUTOCORRELATION
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Réf. [8]). The density and potential fluctuations were recorded on a 64 x 64 spatial
grid for 200 periods. Using the BD, the data were decomposed into a set of 200
orthonormal spatial and temporal components, whose weights are displayed in
Fig. 3. The steepness of the weight distribution provides a measure for spatialtemporal correlation and shows that most of the dynamics can be described by a few
terms only. Some characteristic density components are plotted in Fig. 4; they
provide the appropriate basis functions for describing the dynamics and can be used
as such to characterize the coherent vortices [8]. The spatial and temporal scales of
these components decrease for growing mode numbers, and their shape eventually
becomes Fourier-like. Such a concentration of large scales in heavily weighted components provides direct evidence for the existence of coherent structures. We note
that these structures are elongated in the radial direction, reflecting the anisotropy of
the instability source. The temporal modes also show the non-stationarity of the signal; we can, in particular, observe the initial energy growing stage. It is worth noting
that the BD method is not limited to stationary signals.
The shape of typical coherent structures is revealed by the conditional average
technique. Figure 5 displays the structures obtained for the density, the potential and
the flux using an averaging that was conditioned by the density. We note that the
potential is shifted with respect to the density and the maximum of the flux coincides
with the coherent structure. This result is strongly supported by the analysis of the
partial fluxes associated with the BD components of the density. Figure 6 shows that
most of the flux is carried by components that represent large scales; coherent structures thus dominate the radial transport.
Finally, Fig. 7 shows the experimental and simulated correlation functions (in
physical units). The characteristic spatial ( » 10ps) and temporal (10-20Ln/cs) scales
observed in the simulations are in good agreement with results obtained in the
ADIT Y A [6] and ASDEX [3] tokamaks.
In conclusion, we may state that a model for turbulence driven by resistive
interchange instability (Eqs 1(a) and (b)) reveals the emergence of self-organization
with a strong impact on the transport properties in the SOL. The radial flux is carried
by the large coherent structures. This model also shows the sensitivity of the transport
and characteristic scales of turbulence to the sheath conditions. To assess the role of
coherent structures in transport, the biorthogonal decomposition and the conditional
sampling technique were found to be appropriate. Although the model has strong
limitations (geometry, boundary conditions, temperature fluctuations), good agreement with experimental results is obtained.
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Abstract
EFFECTS OF SHEARED POLOIDAL FLOW AND LOWER HYBRID WAVE DRIVEN H MODE
IN TOKAMAK PLASMAS.
The effects of radially sheared poloidal rotation on neoclassical rippling modes and the structure
of neoclassical resistivity gradient driven turbulence (NRGDT) are investigated in some detail. It is
shown that the growth rate of rippling instabilities decreases as the rotation shear increases and the poloidal shearing flow can reduce the turbulent fluctuation levels such that turbulence suppression occurs.
By solving the transport equations numerically with the ion thermal conductivity given by a model taking
the effects of E X B flow into account, a current profile in the H mode case is obtained. Examination
of the MHD perturbations by using a quasi-linear theory of the tearing mode indicates that the Mirnov
oscillations are suppressed when the E x B flow is introduced. A model for actively suppressing
tokamak edge turbulence and hence inducing an L-H transition with the lower hybrid wave (LHW) is
proposed. From the model it is found that the threshold LHW power required for edge turbulence
suppression is proportional to A(co) = (CJ/WLH)2|(W/CÜLH)2 — l|.

1.

INTRODUCTION

As experiments have shown that the L-H transition is accompanied by the onset
of a rapid poloidal rotation at the plasma boundary, it is believed that sheared poloidal
flow plays a critical role in the experimentally observed suppression of edge turbulence and MHD perturbations during the H mode phase. To understand the mechanism of the L-H transition, we first investigate the effects of radially sheared poloidal
rotation on the neoclassical rippling modes and the structure of neoclassical resistivity
gradient driven turbulence (NRGDT) in some detail by using the neoclassical MHD
equations, which are valid in the experimentally relevant banana plateau regime. The
MHD perturbations were examined in terms of a quasi-linear theory of the tearing
mode, in which the effects of E X B flow are taken into account in the plasma transport computation. Secondly, we show that poloidal plasma rotation can be driven by
the ponderomotive potential and induced magnetization resulting from a lower hybrid
wave (LHW) electric field, and the model is used to explain the JT-60 experiment
in which the H mode was obtained in a limiter discharge with lower hybrid current
drive (LHCD) [1].
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NRGDT IN THE PRESENCE OF POLOIDAL FLOW

NRGDT is described by neoclassical Ohm's law, the vorticity evolution
equation, and the density and temperature evolution equations [2]. The operator
(\e/r)d/dd is included in the differentiation operator d/dr in the presence of sheared
poloidal rotation. Linearizing the NRGDT equations in terms of Fourier analysis
perturbations:
<t> = YJ 0mn(x)exp[i(m0 - nz/R - wt)]

(1)

m, n

we obtain for the eigenmode equation with rotation shear:

x_!
dX :

ôtX
1 - bsX + btX2

4

1 - bsX
ônX
1 - b,X + bnX2

1 +

dtX2
1 - bJi + b,X<

¿k = 0

(2)

where bs = k^véxR/oj, v¿ = dve(rs)/dr — ve(rs)/rs is the shear of the poloidal rotation.
The other quantities are the same as in Ref. [2], but — iw is substituted for y. Here,
V i « d2/dx2 is used and electron diamagnetic effects are neglected, hence giving
rise to a finite real frequency. The first term in Eq. (2) is the inertia, and the second
term represents the field line bending which has a stabilizing effect. The third and
fourth terms represent the drives resulting from the temperature gradient (<5t) and
the density gradient (ôn), respectively, through the dependence of neoclassical
resistivity on plasma temperature and density. The dt factor describes the coupling
of temperature evolution to density evolution.
Equation (2) is solved numerically by means of phase integral methods [3]. It
is shown that the linear growth rate of the rippling mode decreases as the poloidal
rotation shear increases, and is stabilized by the rotation when S « 1 and remains
stable for large S (Fig. 1).
The radial asymmetry in the mode structure develops further during the nonlinear evolution, resulting in negligible current fluctuation in the region of interest.
Hence, the vorticity equation drops out of our analysis. By employing the standard
one-point DIA theory to iteratively renormalize the dominant E x B convective nonlinearities, the renormalized equations describing NRGDT become [4]:
dt

T ek + x»k?T ek + ik«,v¿xTek
Ep kgTe

Bz k,L,

Ct

d¿
no

(3)
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FIG. 1. Normalized growth rate of rippling mode versus shear of poloidal rotation, y
S = keVgXR0/y0. All quantities with subscript 0 are calculated for bs — bn — b, = d, = 0.
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iho<

d2
nk + Xnk|nk + ik^v¿xnk - DJJ —-¿ nk

B7 k„Ln \ » Te

+ Cr

(4)

where the renormalized turbulent diffusion coefficient Dj « <vr2>/Acokr and D k «
<vr2>/Acok with <vr2> = E k S k¿2|0k-|2. Estimating the decorrelation rate to be given
by Ao>kT « (DkT)7(AkT)2, AcoU « (Dg)7(Aï)2, we obtain <vr2> « |DkT|2/(AkT)2 «
|Dkn|2/(A^)2. Here, A£(a = T, n) is the characteristic length of turbulence. The
natural radial scales for turbulent fluctuations at saturation are determined by the
asymptotic balance of both parallel dissipation and poloidal shearing with turbulent
diffusion. From Eqs (3) and (4), we have
DkT = (XBki/L2)(AkT)4 + ik,v¿(AkT)3, Dkn = (Xnk^/L2)(Akn)4 + ik*v¿(Ak")
which leads to
<v2> = (x,|kÍ/Ls2)2(AkT)6 + ik*v¿(AkT)4 = (Xnki/LS2)2(AJD6 + iW(Ak»)4
To determine the fluctuation levels at saturation, Eqs (3) and (4) are multiplied by
ñ* and integrated over x so as to yield a close set of coupled algebraic equations for
the quantities J dxñ* Te and \ dx|ñ| 2 . In order ot obtain a non-trivial solution, the
determinant should vanish, yielding <vr2> m = (E0Ls/BzLn)(Cn + Ct7je). Then, A£ =
Si /6 F 1/2 (S a )A^ (a = T, n), where A^ is the characteristic length of turbulence in
the absence of poloidal shearing,
ST = (k,v^)6/27<vr2>(xi,kI/L2)4, Sn = (W)6/27<vr2>(x„ki/Ls2)4
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and
2cos

F(Sa)

3cos

{-

> 1/4

» ^a

2SJ

1/3

- 1 +

2S„

-v

1/3

+

2Sa

')]

AJSa\4Sa

0 < S a < 1/4

Thus the diffusion coefficient of turbulence is given by Re(Dk) = S 2/3 F 2 (S a )D^,
where D^ is the diffusion coefficient in the absence of poloidal shearing. The
electron temperature and density fluctuation levels at saturation are estimated
as (Te/Te)rms « Sl /6 F 1/2 (S T )(t e /T e )^ s and (ñ/no)rms « srF1/2(Sn)(ñ7no)£>s, where
(Te/Te)(r^s and (ñ/no)(r^s are the temperature and density fluctuation levels in the
absence of rotation shear. When the shear parameter Sa is small enough, i.e.
S<y6F1/2(Sa) — 1, all quantities are the same as in Ref. [2]. In the strong shear limit
(SB » 1/4),
Re(DkT) = [(E0Ls/BzLn)(Cn + C t ^] 2 ( X ,|k|/L 2 )(k,v¿)- 2

(5)

Re(Dkn)

2

(6)

1/2

(7)

2

= [(E0Ls/BzLn)(Cn + Ctr7e)] (Xnk|/L^(kev^),/2

(t/T,)™ « Lt-'[(E0Ls/BzLn)(Cn + Ctife)]

|W|"

(ñ/no)rms « L-'tEoWB.LJCC,, + CtVe)]m |k,v¿|->/2

(8)

The turbulent diffusion coefficients vary with (k^)" 2 , which implies a much
stronger dependence on the shear of the poloidal velocity than was found in the earlier
study [5]. All fluctuation quantities are reduced as poloidal shear increases. We note
the ST < 1/4 criterion, i.e. |k<,v¿| > 1.375<vr2>1/6(xlkg/Lg2)2/3, which is similar to
that in the strong shear limit described in Ref. [5]. The transition from the weak to
the strong shear regime will first occur for low m modes. Also, the fluctuation level
of the temperature is lower than that of the density, even in the presence of poloidal
shearing, and the sign of poloidal shearing does not affect turbulent diffusion, fluctuation levels or transport fluxes, etc.

3.

MHD PERTURBATIONS WITH E X B FLOW

Previously, in the HL-1 tokamak, an electrode was inserted well into the ohmically heated plasma (BT = 2.2-2.6 T, Ip = 90-110 kA, ^ = 0.5-1.5 X 1019 m"3),
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with its carbon head small enough not to form a limiter, to investgiate the enhancement of plasma confinement. With electrode biasing, X transition to an ohmic
H mode has been observed. During the H mode phase the Mirnov oscillations were
reduced significantly for some discharges.
It is generally thought that the Mirnov oscillations observed outside the plasma
are due to tearing mode instabilities with low m mode number. The conditions for
these instabilities to develop depend upon the current profile which, in its turn,
depends on the distribution of the electrical conductivity and, hence, on the electron
temperature profile. To obtain the current profiles, the plasma transport equations are
solved numerically in the steady state. As is well known, in spite of intensive scientific effort, the fundamentals of anomalous transport still remain unexplained. In the
transport computation, we use a model for the ion thermal conductivity as given
by Hinton [6]:
K

'\ ~

K

in ~*~

(9)

1 + 7a(dv,/dr)2

where nm is the ion neoclassical contribution and Kia is the anomalous contribution
modified by poloidal rotation shear. With the rotation shear given by standard
neoclassical theory, the thermal conductivity is a function of the temperature gradient, which causes strong non-linearity in the transport equations. By using iteration,
the transport equations for selected discharges in HL-1 were calculated with the
electron thermal conductivity dominated by anomalous transport. For discharges with
E X B flow introduced by the biased electrode, H mode-like ion temperature profiles
were obtained (Fig. 2). Then we examined the MHD perturbations by using a quasilinear theory of the tearing mode [7]. When qa = 4.5-5.0 and ñ « 1.0 X 1019 m"3,
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FIG. 2. Profiles of ion temperature and plasma current with and without radial electric field.
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the m = 2/n = 1 mode is unstable both with and without biasing electrode, but the
fluctuation of the poloidal field for the discharge with biasing electrode inserted is
reduced by an order of magnitude compared with the discharge without biasing electrode. The m = 3/n = 1 mode, which is unstable in the case without imposed radial
electric field, is marginally stable when the biasing electrode is introduced. The other
resonant low m modes are all stable. The computational results reasonably explain
the suppression of the Mirnov oscillations observed in some HL-1 discharges with
imposed Er.

4.

LIMITER H MODE DRIVEN WITH LH WAVE

In the JT-60 experiment, the H mode was achieved in limiter discharges with
LHCD (Tsuij et al. [1]). The two most significant results in the experiment are that
the threshold lower hybrid wave (LHW) power required for edge turbulence suppression is as low as the ohmic heating power with hydrogen plasma, and the simultaneous application of the radiofrequency wave at two different frequencies such as 1.74
and 2.23 GHz or 1.74 and 2.0 GHz appears to be more effective in attaining the
H mode. We first show that the poloidal sheared velocity v9(r) of the edge plasma
can be driven by the ponderomotive potential and induced magnetization resulting
from the LHW electric field E(r). That is, the injected LHW drives the tokamak
plasma to rotate poloidally with velocity
v*(r) = T4MT 2^co—
ci

(œ2 + co2¡) dE2(r)
f(a>
i 2 - o>TT2
—drr? ^
2
cy

(10)

where OJ is the injected wave frequency. By using the shear of \e necessary to
quench the instability entirely, which is derived in Ref. [8], we have
d 2 E 2 _ 4M2rec2coci(co2 - <4) 2
dr2
LsPiVie2(co2 + co2¡)
Since the LHW resonance layer is not located at the tokamak plasma edge, we can
set d2E2/dr2 ~ k^E 2 at the edge. Furthermore, at the edge, the following formula
holds approximately [9]:
V2

Vielle
Ope + W 2 e )|w 2 -

,2
0)lH\

,.2
'

_

^ce^ci
1 + W2ce/0)2
pe

n r

>

Noting that E 2 <x P (the injected LHW power) at the edge and co ~ coLH » coci, we
find for the threshold LHW power required for edge turbulence suppression:
Pthreshoid « A(C0) = (co/w LH ) 2 1(o)/c0 LH ) 2 ~ l|

(13)
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This new result enables us to explain Tsuij's experiment in the JT-60 tokamak
with LHCD [1]. Substituting the experimental parameters f, = 1.74, f2 = 2.0, f3 =
2.23 and fLH = 2.18 GHz (estimated from the experimental data), we have
A(co,) = 0.23, A(co2) = 0.13, A(o>3) = 0.05
Hence,
A(«,) > |[A(co,) + A(co2)3

or

|[A(co,) + A(co3)]

The results show that we can make Pthreshoid as low as possible through a suitable
choice of co within the range of coLH, in agreement with the first of the two most significant conclusions in Tsuji's experiment; and one of our conclusions is obviously
consistent with Tsuji's second result. Further detailed comparisons with the
experimental data show that Eq. (13) is in good agreement with the experiment.

5.

CONCLUSIONS

(1) The eigenmode equation of the neoclassical rippling mode is solved
numerically in the presence of sheared poloidal rotation. It is shown that the mode
growth rate decreases as the rotation shear increases.
(2) The effects of sheared poloidal rotation on the structure of NRGDT are
investigated. The result is that poloidal shearing flow can reduce the fluctuation levels
such that turbulence suppression occurs. In the strong shear limit, the fluctuation
levels vary with Ik^v^j ~1/2, while the transport fluxes vary with (k^Vg)-2.
(3) We examined the MHD perturbations for a current profile which is
obtained by taking the effect of E x B flow into account in the transport computation.
The computational results indicate that the Mirnov oscillations are suppressed when
E X B flow is introduced.
(4) We showed that poloidal sheared flow of the edge plasma can be driven by
the ponderomotive potential and induced magnetization resulting from an LHW electric field, leading to the threshold LHW power required for edge turbulence suppression, Pthreshoid <* (^/^LH) 2 I(^/^LH) 2 — l|- This enables us to explain Tsuji's
experiment in which the H mode is induced by LHCD.
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IN THE L-H TRANSITION
H. SUGAMA
National Institute for Fusion Science,
Nagoya, Japan
W. HORTON
Institute for Fusion Studies,
University of Texas at Austin,
Austin, Texas,
United States of America
Abstract
DYNAMICAL MODEL OF PRESSURE-GRADIENT-DRIVEN TURBULENCE AND SHEAR
FLOW GENERATION IN THE L-H TRANSITION.
A dynamical model for the L-H transition consisting of three ordinary differential equations is
presented. This model describes temporal evolutions of three characteristic variables — the free energy
contained in the pressure gradient, the turbulent kinetic energy and the shear flow energy in the resistive
pressure-gradient-driven turbulence. The model equations have stationary solutions corresponding to the
L and H modes and their stabilities depend on the energy input to the peripheral region. Changing the
energy input parameter yields the L to H and H to L transitions. The parameter region is found in which
the H mode stationary solution becomes unstable and bifurcates to the limit cycle, which shows periodic
oscillations such as ELMs. It depends on the viscosity for the shear flow whether the type of the L-H
transition is a first-order or second-order transition.

1. I N T R O D U C T I O N
Various theoretical models have been proposed in recent years in order to
explain the mechanism of the L-H transitions observed in many tokamaks and
in some stellarators. The key points, which such models attempt to describe, are
how the radial electric field or the poloidal shear flow suppresses the turbulence
and anomalous transport and how the electric field or the shear flow is produced.
Concerning the mechanism of the shear flow generation, some models are based
on the particle orbit loss processes [1,2] and others are based on the turbulent
processes or Reynolds stress [3-8]. In the latter, the divergence of the Reynolds
stress or the nonlinear convective term in the momentum equation drives the
plasma flow. In the L-H transition model presented in this work, the Reynolds
stress is considered to be the cause of the shear flow generation. Diamond et
al. [5,6] presented a simple L-H transition model consisting of two ordinary
513
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differential equations which describes the temporal behavior of the turbulent
fluctuation and the shearflowalthough the pressure gradient isfixedas a control
parameter. In actual experiments, the pressure gradient also changes at the LH transition according to the change in the transport. Therefore, our model
extends their model by including the pressure gradient as a basic variable as
well as the fluctuation and the flow. Then the physically novel features, not
contained in theirs, appear in ours as is described later.

2. MODEL EQUATIONS AND STABILITY OF STATIONARY
SOLUTIONS
Basic variables for our dynamical model of L-H transition are the turbulent
kinetic energy K, the background shear flow kinetic energy F, and the potential
energy related to the pressure profile i7, which are defined by
1

0
irO

11

»r.

11

/"O
/*U

11 „n

11

rO
/-U

|( _ £ )

p0

Lc norm

(1)

respectively, where we define the peripheral region by — Ô < x < 0. Here, the
angle bracket {•) denotes the average over the (?/, ,z)-plane (or the magnetic surface). The velocity and the pressure are divided into the ^-dependent average
parts and the fluctuating parts as v = VQ(X) + V and p = po(x) +p, respectively.
The average mass density is denoted by nom*. The unfavorable magnetic curvature is represented by 1/LC and is assumed to be constant. Prom the reduced
resistive MHD equations [7-9] in the electrostatic approximation, we obtain the
following energy balance equations
dU/dt = Pu-PK
dK/dt = PK-PF-CK
dF/dt = PF-€F

(2)
(3)
(4)

where the production and dissipation terms in the right-hand sides are given by
_ (pv~x)\x=-6 p _ l / ° . (pvx)
Pu = ——!
, PK = dx,
D

p _ 1 Z"0 . ,- - ,dvQ
PF = - I dxivxVy)-^-

Here ¡J. denotes the (kinematic) viscosity, 77 the resistivity and J\\ = 77-1V||$
the parallel current. The electrostatic potential <j> gives the velocity as v =
— (c/£o)V<£ x z in the reduced MHD model. In the temporal evolution equation
for U, we have neglected the collisions! dissipation term by assuming that the
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turbulent thermal transport is much larger than the collisional one. The potential energy production Pu is given by the energy input to the peripheral region
through the inner boundary at x = — 6, the turbulent energy production P& is
expressed in terms of the pressure transport multiplied by the unfavorable curvature, which is originally from the potential energy, and the background flow
production is represented by the product of the Reynolds stress and the flow
shear, which comes from the turbulent kinetic energy. As for the dissipation
terms, €K stands for the viscous and Joule dissipations of the fluctuation, and
eF the viscous dissipation of the average flow.
Estimating the time scale r c in the g or ballooning mode turbulence as r c ~
[t] = (LcnQirn/ldPo/dxl)1/2 and approximating U ~ Ô2 \dPo/dx\ /(£ c nom,) yield
r c ~ 8U~ll2. Giving the anomalous pressure diffusivity as D ~ rcK, we have
PK ~ D\dPo/dx\/(Lcnomi)
~ r~lK ~ 6~lUll2K. Prom similar approximations for the Reynolds stress {vxvy) ~ rcK(dvo/dx) and the shear flow energy
F ~ 62{dv0/dx)2, we obtain PF ~ TcK(dv0/dx)2 ~ 6~lU~ll2FK.
Assuming
that the Joule dissipation is dominant in €K, the turbulent energy dissipation
can be written as e# ~ Dj}K2 where DL = DL(U) is the L-mode anomalous
diffusivity [10] and a function of U through its dependence on the background
temperature. This form of the turbulent energy dissipation GK OC if 2 .is the same
as in the Diamond model [5,6]. Finally the background flow energy dissipation
is written as €p ~ i¿8~2F where the ion collisional viscosity [L = ¡JL(U) is also
given as a function of U. Thus a closed set of the equations for U, K and F are
obtained as follows
dU/dt

=

PU-CKS~1U1/2K
l

l 2

dK/dt

= CK6- U l K

dF/dt

= CF6-lU-l'2FK

(5)
l

ll2

-CF6- U- FK

l

2

-C'KD-L K

-C'Fè-2iiF

(6)
(7)

where the potential energy input Pu(> 0) is regarded as an external or control
parameter and C's are nondimensional numerical constants.
Introducing the following normalized variables, functions and parameters
f = F/Ucl,
r = CK6-lul(2t
m{u) = C^C'pd^U^tiU)

u = U/Ud,
k = K/Ucl,
d(u) = CKC'¿H-^I2DL{JJ),
Q = C^èU^Pu,

(8)

C^CFJCK

Eqs.(5)-(7) are rewritten as
du/dr
dk/dr
df/dr

=

q-ull2k
l 2

(9)
l 2

l

= u l k-m- l fk-d- {u)k
= cu-1/2fk-cm(u)f.

2

(10)
(11)

Stationary solutions corresponding to the L and H mode stationary points
are give by ( Í ¿ I , A ; ¿ , / ¿ ) and (uH,kn,fH) respectively, where k¿ = u¿ /2 d(u¿),
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F/G. 7. Stationary solutions in the (u, q)-plane. (a) Case I (^ < 1), (b) Case II (vH ~1). Solid and
dashed curves correspond to stable and unstable solutions, respectively.

¡L = 0, kn = u¿ m{uH) and / # = c~lui¡d~l(uH){d{uH) - m(uH)). Here
UL and UH are ñinctions of the control parameter q defined by uid(uL) —
Uffiniun) = <?• The condition for the existence of the H-mode stationary solution is written as d(un) > m(uH)- The critical value qc\ is given by solving
ucid(uci) = ucim(uci) = qc\. Here we define the normalization unit Vc\ such
that uc\ = 1. We consider the two cases where ud(u) and um{u) are functions of u as shown in Figs.1(a) and (b). In the case of Fig.l(b), the condition d(un) > rniun) is equivalent to q > qc\. In the case of Fig.l(a), the
H-mode solution exists for q > q& where q¿¿ is the minimum value of um(u) at
u — Uc2(> Ud = 1). In this case, for qC2 < q < <7ci, the equation um(u) = q
has two solutions UH- and UH+(> UH~) where w#_ is unstable and UH+ corresponds to the real H-mode.
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Next, we examine linear stabilities of the L and H-mode stationary solutions.
The eigenvalues of the matrix obtained by linearizing the model equations
around the L-mode solution are given by A¿i = c(d¿ -mi), A¿+ and A¿_ where
\L+ and XL- are the solutions of the quadratic equations
A2 + (¿dL + 4 / 2 ) A + Uj/2{uLdL)'

= 0.

(12)

Here di = d(u[,), rni = m(w¿), d'L = d'{uL) and ' denotes the derivative with
respect to u. We find that ReA¿ + < 0 and ReA¿_ < 0 since (ud)' > 0 is assumed
as seen in Figs. 1(a) and (b). The eigenvectors corresponding to X¿+ and X¿are both tangential to the (u, A;)-plane defined by / = 0 and the L-mode solution
(UL, ki, 0) is a sink for the orbits on this plane. The L-mode solution is unstable
if and only if dt > TTIL which is equivalent to the condition q > qciThe eigenvalues of the matrix obtained by linearizing the model equations
around the L-mode solution are given by the solutions of
X3 + AX2 + BX + C = 0
where A = mH ( l / 2 + uj/ 2 /dff), B -

(13)

u¿2mH{(l+c)(l-mHIdH)+rn,H{uHdH)'/d2H),

C = cu¿ mHiuHmffYil — ma/da), dn = d(uH), ™>H = Tn(v>H) and m'H =
m!{uH)- Here we consider the case in which the condition for the existence of
the H-mode solution dn > rriH is satisfied. It is found that both A and B
are positive. In the case of UH = UH- in Fig. 1(a) where qC2 < q < qc\, we
obtain C < 0 since (um)f < 0 for uc\ < u < uC2- Then the stationary point
(UH-, kH-, ÍH-) is unstable since Eq.(13) has one real and positive solution for
C < 0. For the H-mode stationary point in Fig. 1(b) and for that at u > uC2
in Fig. 1(a), we have C > 0 and therefore at least one real and negative solution of Eq.(13). In these cases where C > 0, other two solutions of Eq.(13) are
both real and negative or a pair of complex conjugate values since both A and
B are positive. Thus the marginal stability of the H-mode solution except for
(uH-,kH-yfH-)
occurs when C = AB which implies that Eq.(13) has a pair of
pure imaginary solutions. Then these H-mode solutions become unstable when
C > AB which is rewritten as
(uHmH)'

rriH

>

/

\

+ c_!+ c_!

mH/dH

l-mH/dH

{uHdH)'\

dH

il

+

J \2

uf\

dH J '

This criterion for the instability of the H-mode depends on the values of q
(through UH = un(q)), c as well as the functional forms of d(u) and m(u).
There appears a Hopf-bifurcation from the stable H-mode solution to the limit
cycle around the unstable H-mode solution just when (14) is satisfied.
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3. NUMERICAL MODELING AND DISCUSSION
Here numerical solutions of Eqs.(9)-(11) axe given for two cases of the functions d(u) and m(u) based on neoclassical and turbulent viscosities. The dimensional analysis [11] gives the anomalous diffusivity in the resistive g and
ballooning mode turbulence proportional to the pressure gradient, and we use
d(u) = u in all the numerical calculations reported here. The turbulent viscosity resulting from the small scale part of the turbulent inertia term is dominant
for larger pressure gradients and given as ~ cMw where the positive constant
cM is small since we consider that the low wavenumber part of the turbulent
inertia term or the Reynolds stress generates shear flow against the viscous
damping. For smaller pressure gradients, the neoclassical viscosity [12] given by
fine = RqvTiV+i/10- + v*i)0- + <=3/2z/*,-)] with !/„• = Rqui/vn^2 is dominant for
the damping of the mean shear flow. Here we model the temperature dependence
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FIG. 2. Numerical solutions for Case I where the energy input is temporally varied, (a) Energy input
parameter q as a Junction of time, (b) Temporal dependence of (u,k,f).
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FIG. 3. Numerical solutions for Case II where the energy input is temporally varied, (a) Energy input
parameter q as a Junction of time, (b) Temporal dependence of (u,k,fj.

of the viscosity by taking u proportional to T¿ and introduce m(u) « u - 3 / 2 for
small u in Case I as in the banana regime {v±i < 1) and m{u) « u~l for low u in
Case II as in the transitional regime (z^*t- ~ 1). Thus, for the numerical studies
we take m(u) = w _3 / 2 (0.95 + 0.05u5/2) for Case I and m(u) = u _ i (0.97+0.03u 2 )
for Case II. Case I and Case II correspond to the cases in Figs. 1(a) and (b),
respectively. We put c = 5 for which we can satisfy the H mode instability
criterion (14) for some values of q.
For Case I, we have uc\ = 1, qc\ = 1, w£i = 3-01, uci = 1.86, u*2 = 0.93,
qc2 = 0.87, ucz = 4.40 and qcz = 1.42, which are shown in Fig. 1(a). Here
(çC3,tiC3) denotes the critical point for the bifurcation of the H mode into the
limit cycle associated with ELM state. The solid and dashed curves in Fig. 1
correspond to the stable and unstable stationary solutions, respectively. For
q < <7c2, there exists only one stationary solution, i.e., the stable L mode solution.
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For qC2 < q < q&, the L mode stationary solution remains stable while there
appears one stable H mode solution and another unstable stationary solution.
For qc\ < q < qC3, the L mode stationary solution is unstable and the stable H
mode solution appears. For q > gC3, the L mode remains unstable and the H
mode also becomes unstable. There appears a limit cycle around this unstable
H mode solution. Thus we obtain the Hopf-bifurcation at q — q& = 1.42. Let
us regard a value of u for the stable stationary solution as an 'order parameter'
in our system and consider it as a function u = u{q) of the control parameter
q. Due to the parameter region qC2 < Q < Qd where the two stable stationary
solutions exist, we obtain the hysteresis curve of the order parameter u = u(q)
as shown by arrows in Fig. 1(a). At the critical points q = qc\ and q — q¿¿ of the
L to H and H to L transitions, the order parameter u changes discontinuously
with respect to q as uc\ —> u*i and wC2 —• u*c2. Thus the L-H transition is like a
first-order phase transition for Case I where v*i < 1 is required. In Fig. 2, we find
the results where the control parameter is temporally varied, which corresponds
to ramping up and down additional plasma heating power. Figure 2(a) shows
the control parameter q = q(r) as a function of time. The temporal dependence
of (u, k, / ) are shown in Figs. 2(b). The hysteresis nature can be clearly seen in
that the L to H transition occurs when q > qc\ = 1 while the H to L transition
occurs when q < qC2 = 0.87. We can also see that, while q > qcz = 1.42, the
ELM-like instability grows approaching to the periodic oscillation represented
by the limit cycle.
For Case II, we have uc\ = 1, qc\ = 1> ucz = 6.28 and qc% = 2.15, which are
shown in Fig. 1(b). For q < qci, there exists only one stationary solution, i.e.,
the stable L mode solution similar to that for q < qci in Case I. For qci < q < qcz
and q > qC3, the stability of the L and H stationary solutions is the same as in
the corresponding parameter regions for Case I. The Hopf-bifurcation is again
found at q = qC3 = 2.15. At the critical point q = qc\, the order parameter u as
a function of the control parameter q is continuous while the its first derivative
du/dq is not. No hysteresis is obtained. Thus the L-H transition in Case II is like
a second-order phase transition. Finite change in q is required for finite change
in u. In Fig. 3, the results where the control parameter is temporally varied
are shown in the same way as in Fig. 2. Even though this case corresponds
to the second-order transition, we find clear L to H and H to L transitions
since certain time lag required to reach the bifurcated stable solution causes the
finite difference in q and accordingly sudden changes in (u, k, / ) . The ELM-like
oscillations are also seen for q > qC3 = 2.15.
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Abstract
DITHERING TRANSITIONS IN RESISTIVE PRESSURE GRADIENT DRIVEN TURBULENCE.
A self-consistent model of the L to H transition has been derived from coupled non-linear envelope equations for the fluctuation level, and radial electric field shear, E'T. This model is based on
general properties of the coupling between turbulence and averaged sheared flows. To extract these
generic properties several turbulence models have been investigated. Here, some of the results obtained
with the resistive pressure gradient driven turbulence are presented with special emphasis on the
structure of the Reynolds stress and the existence of limit cycle solutions.

1.

INTRODUCTION

Recently, a phase transition model [1] has been proposed to explain the transition from the low confinement mode (L mode) to the high confinement mode
(H mode) [2] in toroidal devices. The model describes the simultaneous evolution of
the fluctuation spectrum and the mean flow shear. In this model, the L to H transition
appears as a second order phase transition for which the order parameter is the radial
electric field shear, E¿. This model is based on general properties of the coupling
between turbulence and averaged sheared flows. To extract these generic properties
several turbulence models have been investigated in detail, in particular, the parallel
ion flow gradient driven instability that was discussed in Ref. [3] and the resistive
pressure gradient driven turbulence. Some of the results obtained with the latter are
presented in this paper.
1
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Previous results [4] of resistive pressure gradient driven turbulence coupled
with averaged sheared flow evolution show that self-consistent sheared flow
(V¿ = O and V¿' = O at the resonance surface) does not suppress turbulence in the
non-linear regime. However, curvature flows (V¿ = 0 and Wë = 0 at the resonance
surface) are effective in turbulence suppression. These results were obtained with a
fixed pressure gradient leading to high fluctuation levels (ñ/rio > 0.1). Fluctuation
suppression by an externally applied sheared flow [5] requires sheared flow levels
an order of magnitude higher than what was expected from the sheared flow suppression theory of Biglari et al. [6]. In this paper, a different regime with low fluctuation
levels (ñ/no < 0.03) is ivestigated. This regime has been achieved by letting the
averaged pressure gradient evolve in time. In this regime, there are second order
phase transitions of the type described by the model in Ref. [1]. Close to marginal
stability, the Reynolds stress can be calculated. It consists of the so called a term as
in the case of AKA instabilities [7] and an amplitude dependent turbulent viscosity
term. At high fluctuation level, these two terms cancel each other. This cancellation
explains the lack of second order transitions in the high fluctuation level regime.
The detailed dependence of the Reynolds stress and the shear suppression terms
on the fluctuation amplitude is critical in explaining a dithering behaviour of the
transition for very low (very high) viscosity (power).

2.

RESISTIVE PRESSURE GRADIENT DRIVEN TURBULENCE
EQUATIONS

From the renormalized set of equations [8, 9] and by averaging over the radius,
assuming Gaussian dependence for the eigenfunctions, a system of two equations can
be derived for the evolution of the fluctuation envelope. To these equations, we must
add the poloidal shear flow and averaged pressure evolution equations. A detailed
derivation of these equations will be given elsewhere. The four equations are
3E
dt
dP
dt

dt
dN
at

W2

w?
1+

N

V16 W2,

*

ë

= Q - 4DN -

+ 3/Z + 1.1XE +

o,2
2 (2D + E)

(1)
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1
6(¿Z + XE/3)
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1
NE2
2D + E

QSE2 - -=- Q.
To

(4)
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where E = kg |<$|/(70W) and P = |p|/(—Wpéq) are the normalized velocity stream
function and pressure fluctuation envelopes, fis = k^<Ve>'W/70 is the normalized
shearing rate [6], and N = <p>'/p^, is the normalized averaged pressure gradient.
Here, 70 is the linear instability growth rate in the absence of collisional dissipation
and sheared flow effects, W and W0 are the mode widths with and without dissipation, respectively, kg is the poloidal component of the wavenumber vector, péq is
the equilibrium pressure gradient, and X = ke/(k|]1/2. Here, the curly brackets, ( ],
indicate spectral average and the angular brackets, ( ), spatial average over the
poloidal and toroidal angles. The normalized collisional dissipation coefficients are
jl = ¿t0/(27oW2) and D = D0/(270W2). In Eq. (3), p, is the flow damping coefficient due to magnetic pumping and the prime indicate radial derivative. The function
g is g = [3/1 + D + 0.5(3\ + l)E]/[(jü + XE/3)2(D + 0.5E)2].
These four equations, Eqs (1) to (4), are the basic model equations. The phase
transition model [1] equations are a simplified version of this model. The fixed points
of this system of equations are essentially the same as for the equations in Ref. [1].
In this case, it is not possible to obtain compact analytical expressions. There are two
types of stable fixed points, a fixed point with Qs = 0, the L mode type solution,
and one with Í2S 9e 0, the H mode solution. The first fixed point is independent of
p. but the second depends on ¡x. The fluctuation amplitude E is a continuous function
of //. with non-continuous derivative at the critical point. This behaviour is characteristic of a second order phase transition. The critical point is

Merit -

To

1 W2
1
g(EL)NL6(jZ + XEL/3)
16 W2,

E2L

(5)

where the subscript L indicates that the L mode value for E and N should be used
in evaluating Eq. (5).
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FIG. 1. Level of fluctuations E at saturation versus p. for &0/2e2 = 0.0075.
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FIG. 2. The a and /3 terms of the Reynolds stress versus ¡30/2e2 for the equilibrium parameters of
Réf. [4].

Numerical calculations using the full system of equations in Ref. [8] with
coupled evolution of the averaged poloidal flow and averaged pressure show the same
characteristic behaviour. In Fig. 1, we show the level of fluctuations E at saturation
as a function of ¡x for the same equilibrium parameters as in Ref. [7], with
/¿o = 0.2a 2 /r R , D0 = 0.05a 2 /r R , and jf30/2e2 = 0.0075. The critical transition point
ÍS Acrit = 2.0/TR.
In deriving Eq. (3), we have found that the Reynolds stress has two terms: one
is proportional to the poloidal flow velocity and the other one proportional to its
second derivative:
- 4z T (r2<VrV*>)|x=0 = (VrÜ)|x = 0 = «(V,) + |3 - ^2 ~
r dr
dr

(6)

Here, a and (3 are positive coefficients. The a term leads to a dynamo instability and
the generation of flow. The /3 term is an effective turbulent viscosity that damps the
poloidal flow. When an external sheared flow, Vfl = x V , is applied, the second
term is zero and sheared flow is generated. However, since the generated flow has
no longer the linear x dependence, the /3 term becomes increasingly important and
cannot be neglected in the self-consistent flow evolution. For large fluctuations,
E > 1, the two terms in Eq. (6) cancel, and there is no flow generation. In this
regime the resistive interchange instability remains always in the L mode state, as
was found in Ref. [4]. For lower values of E, the cancellation is only partial. In
general, the a term dominates, and there is a potential increase in the sheared flow.
The balance of the Reynolds stress with the velocity damping term gives the critical
transition point. However, since both the a and (3 terms are large and of similar

IAEA-CN-60/D-P12

527

magnitude it is difficult to make an accurate prediction of the critical point based on
this approximate model.
In calculating the correlation between the fluctuating radial velocity and the
fluctuating vorticity, the a term comes from the instability drive in the fluctuation
evolution equation while the ¡3 term is due to the Kelvin-Helmholtz term. The association of the (i term with the Kelvin-Helmholtz term allows us to test the structure
of the Reynolds stress. To do so, we calculate the critical transition point with and
without the Kelvin-Helmholtz term by using the full equations. In the first case, the
transition is given by the two terms in Eq. (6) while, in the second case, it is only
given by the a. term. The numerical results for a and a - j3/Wv2 calculated in this
way are given in Fig. 2. Here, Wv is the characteristic width of the velocity profile.

3.

DITHERING SOLUTIONS

For H mode type solutions and when /I decreases, a new regime characterized
by the oscillatory behaviour of the solutions is reached. This happens for both the
full equation solution (Fig. 3) and the model set forth in Section 2. By carefully
analysing the model, it is possible to identify the oscillatory behaviour with the
non-linear modification of the shearing term in the $ fluctuation equation. We can
understand this by using a further simplified model:
_3E_
dt

dt

1 - E -

= ailE - ML

0.a
E
Ô+E

(7)

(8)

FIG. 3. Time evolution of level of fluctuations E (solid line) and normalized shearing rate (broken line)
for /30/2e2 = 0.01 and A = r'R'.
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FIG. 4. Frequency of the oscillations versus ¡i, obtained from numerical calculations and analytical
expression (9).

This model is a modification of the one given in Ref. [1] by adding the nonlinear weakening of the shearing effect in Eq. (7). This system of equations has
the usual three fixed points: (1) E = fis = 0, the trivial equilibrium solution;
(2) fis = 0 and E = 1, the L mode solution; and (3) E = b/a and Ü¡ = (Ô + b/a) x
(1 - b/a), the H mode solutions. The basic properties of the first two fixed points are
discussed in Ref. [1]. For the H mode fixed point, this system of equations verifies
the conditions of the Kolmogorov theorem. Therefore, the H mode solution is either
a stable fixed point or a stable limit cycle. Linearizing Eqs (7) and (8), we test the
local stability properties of the H mode fixed point. For Ô > 1 - 2b/a, the H mode
fixed point is locally stable. Therefore, when ô < 1 - 2b/a, the stable solution is
a limit cycle. The numerical solution of Eqs (7) and (8) confirms these results. The
numerical calculations clearly show the existence of such solutions, and the bifurcation threshold, ¿¿,c, from a stable fixed point to a limit cycle is compatible with the
relationship derived with the two-equation model, jxk = ¡iCT¡t(\ ~ T)0/y¿W2)/2. To
reach this threshold, a growth rate (power) more than a factor of two larger than its
critical value at the L to H transition is needed. Close to the bifurcation point to a
limit cycle, the oscillation frequency can be estimated by a two-scale expansion of
Eqs (7) and (8), yielding

7o

V

a

+

b
a

1 - ô - 2b/a
Ô + b/a

(9)

Near the bifurcation point, co « v2y0fi. Since Y0 increases with power and ¡x
decreases with increasing edge temperature, it is not possible to ascertain the
frequency scaling with power without using detailed transport model. The amplitude
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of the oscillations is such that at most the fluctuation level goes back to L mode level.
Figure 4 shows a comparison between the numerical results for co and the analytical
expression (9) as a function of ¿L The numerical solution of Eqs (7) and (8) shows
that the number of cycles depends on the rate of increase of power. This type of
behaviour is similar to the dithering observed at the L to H transition [10].
4.

CONCLUSIONS

In this paper, we have investigated a self-consistent model of the L to H transition by using primitive equations for the resistive interchange turbulence coupled
with averaged sheared flow evolution.
For low fluctuation levels, there are second order phase transitions between L
and H mode type solutions. For large fluctuations, there is no flow generation. These
results are consistent with the structure of the Reynolds stress.
A dithering behaviour of the transition appears for very low viscosity (or high
power). This behaviour is due to the non-linear modification of the shearing term in
the fluctuation equations.
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Abstract
MONTE CARLO SIMULATION FOR ICRF HEATING IN HELIOTRON/TORSATRONS.
A Monte Carlo simulation code has been developed for studying ICRF minority heating in
heliotron/torsatrons that includes complicated orbits of high energy particles, Coulomb collisions,
interactions between the particles and the applied RF field, and the self-determined radial electric field
in the finite /? equilibrium. Calculations have been carried out using the code to study the physics of
ICRF minority heating in heliotron/torsatrons, taking the Large Helical Device as an example. The
radial electric field is self-consistently determined, taking into account the orbit loss of accelerated
minority ions. Common characteristics of the physics of ICRF minority heating in heliotron/torsatrons,
such as the effects of finite ¡3, location of the resonance layer, finite k|, minority species and the radial
electric field, are clarified.

1.

INTRODUCTION

Experiments on ICRF heating have been carried out (Heliotron-E [1, 2], ATF
[3] and CHS [4]) and the possibility of using this heating method in heliotron/
torsatrons has been demonstrated. We expect that ICRF heating will be a powerful
means to heat the plasma of the Large Helical Device (LHD) [5]. We are developing
ICRF heating antennas for the LHD with output power of 12 MW (10 s) and 3 MW
(steady state). The frequency f can be varied from 25 to 95 MHz to realize different
types of ICRF heating. The antennas for fast wave heating are installed near the
helical coil on the larger major radius side where the plasma cross-sections are vertically elliptic. The two ion hybrid resonance is located in the central region of the
plasma when f = 45 MHz and B = 3 T, and direct electron heating may be possible
through mode conversion. Minority heating (H or 3He) is also possible when the
minority concentration is small. If the frequency is raised, only ion heating takes
place, which is similar to the case of low field side launch in tokamaks. For
f = 54 MHz and B = 3 T, the resonance surface is located only on the inside of the
torus, and trapped particles heated by the RF wave would be localized and less particle orbit loss may be expected.
In heliotron/torsatrons, the magnetic field configurations are so complicated
that the orbits of high energy particles deviate greatly from the magnetic flux surface.
531
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The field configuration becomes more complicated as the plasma (3 value increases
to enhance the loss of trapped particles. Accordingly, it is necessary to perform an
orbit following Monte Carlo simulation to take orbit effects into account correctly in
studying ICRF heating.
In this paper we study the physics of ICRF heating of the plasma in heliotron/
torsatrons taking the LHD as an example and using the Monte Carlo simulation code
MOMOCO, in which finite /? effects, complicated orbits of high energy particles,
Coulomb collisions, interactions between the particles and the RF field, and the selfdetermined radial electric field, are included [6, 7]. The effects of finite k» and k x
are also included in this study.
The LHD is a helical system with an L = 2 and M = 10 heliotron/torsatron
configuration, where R = 3.9 m, âp = 0.55-0.65 m, a = 0.1 (a is the pitch
modulation parameter of the winding law) and yc = 1.25 (7C is the pitch parameter). We use here the LHD configuration called the 'standard configuration', in which
the shift of the vacuum magnetic axis position, A, is -0.15 m (0.15 m inward shift)
and the toroidally averaged magnetic surfaces are nearly circular in the vacuum field.
This configuration satisfies the requirements for high plasma performance, i.e. good
bulk particle confinement, high plasma /3 and the creation of a divertor configuration.
Using the vacuum magnetic field configuration, we solve the three dimensional
finite j3 MHD equilibrium with the VMEC code [8] under the fixed boundary condition and P = P0(l - Wa) 2 - We also study the effects of finite 0 on the ICRF
minority heating on the basis of the obtained MHD equilibrium.
Effects of the radial electric field are also studied. In helical systems the radial
electric field E¿ greatly affects particle motions not only at the plasma periphery but
also near the centre of the plasma [9, 10]. Some of the trapped high energy minority
ions accelerated by the RF field may escape outside the last closed magnetic surface,
resulting in a large particle flux in the radial direction. This must contribute to
creating the radial electric field, together with majority ions and electrons. The radial
electric field will be determined self-consistently, including escaping energetic
minority ions.
2.

EFFICIENCY OF ICRF MINORITY HEATING

We perform a large number of simulation runs, changing the plasma /3, the
strength of the wave electric field ERF, and the position of the resonance layer.
The velocity and pitch angle of the minority ions are changed through interaction with the RF wave, and the transition of particle motions from untrapped to
trapped or vice versa occurs. Figure 1 shows typical trajectories of minority ions in
the calculations, including collisions and interactions with the RF wave, for two
different b values, /30 = 0.0% and 6.0%. The radial electric field is not contained.
The transition of the particle motion due to the RF wave can be seen. Additionally,
in the case of ¡80 = 6.0%, loss of the minority ions is found because the configuration changes owing to finite /3 effects.
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FIG. 1. Typical orbits ofminority ions in the case oflCRF heating for two different plasma $ configurations: (a) |8 = 0.0% and (b) 0 = 6.0%.

We next show the finite j8 effect on the heating efficiency of the ICRF minority
heating. We define the heating efficiency by Ptrans/Pabs> where Ptrans and Pabs are the
power transferred from the minority ions to the background plasma and the RF wave
power absorbed by the minority ions, respectively. We set Zeff = 1 . 0 and the
parameters at the plasma centre as % = 1.0 x 1020 m"3, T^ = 1.0 keV and
Ti0 = 1.0 keV, and we assume H or 3He minority ion species and 3% minority ion
fraction. Figure 2 shows plots of heating efficiency versus Pabs. The strengths of the
resonance magnetic field are set to the value at the magnetic axis. The absorption
power is changed by changing the RF electric field on the resonance layer from
ERF = 1.0 X 103 V/m to ERF = 3.0 X 103 V/m in this figure. In the case of
0o = 0.0% and H minority, the heating efficiency is 92% for Pabs = 2 MW and
decreases monotonically with increasing Pabs. For finite /3 values (J30 = 4.0% and
6.0%) the heating efficiency is around 70% when Pabs < 5 MW. However, no
remarkable differences in heating efficiency are found for different ¡3 values
(/30 = 0.0%, 4.0% and 6.0%) in the region of high absorption power
(Pabs > 5 MW). It is found that the heating efficiencies for the 3He minority cases
are up to 30% higher than those of the H minority cases, and a large increase in the
transferred power to the majority ions is found in the 3He minority cases.
The radial profile of the power transferred from accelerated minority ions to
majority ions and electrons, the deposition profile, is different for a finite (3 plasma
than for a vacuum plasma. In the case of /30 = 0, the deposition profile has a peak
near the centre and decreases roughly monotonically with the plasma radius. On the
other hand, a second peak appears near the plasma periphery in addition to that near
the centre in the case of jS0 = 6%. This fact shows that the deposition profile
changes for a finite ¡3 plasma can be attributed to the topological change of the trapped
particles. Deeply trapped particles (contour of mod B^n) have a bean shaped trajectory because of the finite /3 effect.
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FIG. 2. Heating efficiency as a junction of absorption power for different plasma /S and minority
species.

The influence of the position of the resonance layer on the heating efficiency
is also studied by changing the applied wave frequency. In the case of /30 = 0.0%
the heating efficiency does not change greatly even if Bres (= 27rfm/q) deviates from
Baxis, but the transferred power to the majority ions and electrons decreases in the
central region. In the finite ¡3 case the heating efficiency is reduced if the position
of the resonance layer is moved from the layer with Bres = Baxis. The maximum
heating efficiency can be obtained when the frequency is adjusted to the magnetic
field strength at the axis.
The inclusion of finite ko does not change the heating efficiency greatly and a
small degradation of the heating efficiency is found in the large kB case. However,
a small increase in the heating efficiency (—10%) can be seen when multiple kB
waves are applied.

3.

SELF-DETERMINED RADIAL ELECTRIC FIELD

Since energetic minority ions, owing to their interactions with RF fields, have
a large gyroradius and drift velocity, their particle flux across the flux surface has
significant effects on the radial electric field, which is determined by the ambipolar
condition. Here an equation determining the radial electric field in the presence of
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fast ions (energetic minority ions in the present case) is proposed. The main assumptions for the background thermal species are: (1) standard small gyroradius ordering,
(2) transport ordering, (3) drift ordering, (4) no inductive electric field, and (5) fast
time variation of the radial electric field in comparison with the background density
and pressure.
Finally, we treat the effects of the fast ions on the thermal species as the external
force. Since the behaviour of the fast ions is calculated by the Monte Carlo simulation, the effects of the fast ions enter the final equation as the radial flux and the
Coulomb interaction (friction) with the background thermal species in terms of the
external force. Note that the inductive electric field is neglected. As a result of these
assumptions, we have the following equation in the Boozer co-ordinate system

eod + e . X l v ^ l 2 ) A C ^ - \
\

Y

= e f r* + £ ejtf + £ Raf
a

/

(1)

a

where the summation is taken only for the thermal species, and Tf is the radial flux
of the fast ions and Tf the radial flux of the thermal species a due to XIv ripple
diffusion. Note that Tf (= <nfü*f- Vi/-» includes the fast ion particle loss. The
residual term SaRaf is the Coulomb frictional flux of the fast ions with the thermal
species and is neglected in this calculation.
Other quantities are defined as follows:
&

:

€rr

=

|v*l

+

J

dG
dd

<vi>

dG

K

c2

ww>

vi = ^

(2)
(3)

The functions G and g2 are given as the solutions of the following equations:

••«-AÍ5H
«.,({S).»x„.,(¿)
Both are determined only by the magnetic field configuration.
We study the ICRF minority heating for the LHD including the self-consistent
radial electric field. We use Eq. (1) with cylindrical approximation for the time
development of the radial electric field E¿. We calculate the radial particle fluxes
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FIG. 3. Buildup of the radial electric field including the flux of energetic minority ions; /3 = 0.0% and
Pabs = 5.2 MW.

for electrons T^ and for majority ions Ff using the neoclassical diffusion theory. The
radial flux for energetic minority ions T^is calculated by the Monte Carlo simulation code MOMOCO. Figure 3 shows the time development of the radial electric
field during ICRF heating with Pabs = 5.2 MW and with other parameters the same
as in Fig. 2. We find an enhancement of the strong negative radial electric field at
the periphery due to the radial flux of energetic minority ions escaping outside the
last closed magnetic surface, and | E j is larger for higher /3 plasmas because of the
large loss region of high energy ions. We also find an improvement of the heating
efficiency of more than 10% compared with that of the case with no radial electric
field. Moreover, it should be noted that the neoclassical ion flux can become inward
at the plasma periphery as the radial electric field increases, as seen in Fig. 4. Thus
the possibility has been shown that a large electric field enhanced by the loss of energetic ions can control the plasma transport. To investigate the influence of energetic
ions on the profile of the majority ions and electrons, the simulation is carried out
incorporating a transport code with the above mentioned Monte Carlo code.
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ENHANCED CURRENT DRIVE WITH
LOWER HYBRID AND ION BERNSTEIN WAVES*
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Massachusetts Institute of Technology,
Cambridge, Massachusetts,
United States of America
Abstract
ENHANCED CURRENT DRIVE WITH LOWER HYBRID AND ION BERNSTEIN WAVES.
The lower hybrid current drive (LHCD) efficiency in ICRF heated plasmas is enhanced by mode
converted ion Bernstein waves (IBWs) when the mode conversion region is in the central part of the
plasma. This interaction could be responsible for the observed 'synergy' in JET. An analytical model
which parameterizes the conditions for enhanced mode conversion is derived and results for some
tokamak scenarios are presented.

1.

INTRODUCTION

Radio frequency (RF) waves are, at present, a significant means of heating
plasmas and driving currents in tokamaks. RF waves are expected to play an important and significant role in future tokamaks, e.g. TPX and ITER. Combining the
effects of two RF schemes at different frequencies and with different propagation and
interaction properties has proved beneficial in some experiments. It has been shown
in JET that there is an enhancement in the lower hybrid current drive (LHCD)
efficiency in the presence of ICRF heating [1]. A similar effect was also observed
in PBX-M when LHCD was used in the presence of ion Bernstein waves (IBWs) [2].
We show that the LHCD efficiency in JET was likely to be enhanced by the interaction of the mode converted IBWs with the suprathermal electrons generated by
LHCD. The enhancement in the CD efficiency was limited since only a fraction of
the input power (at most, 20%) was mode converted. If, however, the power mode
converted can be enhanced then the interaction of IBWs with LHCD will become
more efficient. We show that a fast Alfvén wave (FAW) cut-off on the high magnetic
field side (HFS) of the ion-ion hybrid resonance (IHR) can effectively modify the
mode conversion coefficient so that, in principle, it is possible to mode convert all
the incoming power.

* Work supported in part by US Department of Energy Contract No. DE-FG02-91-ER-54109,
and by CCFM, Atomic Energy of Canada Limited, Hydro-Québec, and the Institut national de
recherche scientifique.
1
Centre canadien de fusion magnétique, Varennes, Québec, Canada.
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INTERACTION OF ION BERNSTEIN WAVES WITH LHCD

In JET, the ICRF waves were launched with a symmetric kj spectrum so that
there could be no net generation of current by the ICRF waves alone, it was observed
that, in order to achieve enhancement in the LHCD efficiency, the ICRF antennas
had to be in a monopole configuration so that most of the launched power was in the
smaller ki values, and that the IHR had to be inside the plasma. The LHCD generated electron distribution function had an energetic, suprathermal electron population. One then expects that the LHCD efficiency would be enhanced if the symmetric
ICRF wave spectrum could increase this asymmetry in the electron distribution
function. Results from our extensive analytical and computational work [3-6] show
that this is indeed the case. It is, however, the mode converted IBWs, not the FAWs,
that lead to an effective increase in the CD efficiency. The computational results,
using CQL3D [7, 8], were obtained by solving the two dimensional Fokker-Planck
equation. We outline the main conclusions from our studies that have been reported
elsewhere [3-6].
For JET type parameters we find that the FAW diffusion coefficient is very
small so that the FAW interacts weakly with the LHCD electron distribution
function. The IBW diffusion coefficient, however, which is of the same order as the
FAW diffusion coefficient at and near the mode conversion, increases rapidly with
an increase in | k( | and | kx | as the IBWs propagate away from the conversion
region [9]. The IBWs, which are electromagnetic near mode conversion, acquire a
large electrostatic component during their toroidal excursion so that the diffusion
coefficient is dominated by the Landau contribution (as is the case for lower hybrid
waves (LHWs)) instead of the transit time magnetic pumping contribution (as is the
case for FAWs). For parameters discussed in Ref. [6] we find that, for one megawatt
of power in a given ray, the normalized diffusion coefficients for LHWs, IBWs and
FAWs are of the order of 102, 1, and 10-2, respectively. Using the full quasi-linear
diffusion coefficients in CQL3D, we find that a symmetric spectrum of IBWs modifies the LHCD electron distribution function significantly (Fig. 1), enough to lead
to an enhancement (factor of four for JET type parameters) in the (physics) CD
efficiency as observed in the experiments.
In advanced, high temperature tokamaks, the penetration to the central plasma
of FAWs and IBWs is much less restricted than for LHWs. The IBWs are strongly
damped for w/(k|Vte) « 2 while the FAWs are strongly damped for co/(k|V,e) « 1 so
that the IBWs are interacting with the less collisional part of the distribution function
than the FAWs. In addition, the IBW diffusion coefficient is larger than the FAW
diffusion coefficient so that the IBWs could have a more effective interaction with
LHCD (near the edge of the plasma) for modification of the current profile, or be
effective in driving central plasma currents. Most importantly, the (engineering) CD
efficiency of this interaction (which is low in JET as most of the FAW power went
into ion heating) can be enhanced if most of the input ICRF power can be converted
to IBWs.
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FIG. J. Parallel (to the magnetic field) electron distribution Junction (integrated over perpendicular
momentum) for the case of LHWs only and for the combined case of LHWs and IBWs. Parameters:
electron density = 2 X 1019 m'3, magnetic field = 3.7 T, plasma temperature = 4 keV, 3% hydrogen
minority in deuterium plasma, LH frequency = 3.7 GHz, ICRF frequency = 48 MHz, D^1 = 20,
D'0BW = 10 (see Ref [4] for details).

3.

EFFICIENT MODE CONVERSION TO IBWs

For efficient mode conversion of the ICRF-FAW power to IBWs the fundamental ion cyclotron layers should be near the edge or outside the plasma, and the
IHR layer should be in the central region of the plasma. In the simplest, one dimensional (equatorial plane) description of the FAW, the local cold plasma dispersion
relation is:
n2

=

(L-n?)(R-n|)

(1)

where n ± = ck±/co, n¡ = ck||/a>, and S, R, L are the usual Stix tensor elements.
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R = n] gives the positions of the right hand cut-offs (RHC). There are usually two
such cut-offs: one on the low magnetic field side (LFS), usually near the antenna,
and another on the HFS. The positions where L = n | and S = n | correspond to the
left hand cut-off (LHC) and IHR, respectively. Usually, the LHC and IHR are close
to each other and define the Budden type cut-off resonance pair. In the vicinity of
this region, local analysis leading to relation (1) breaks down, and the propagation
of FAWs is described by a differential equation:

^

+ Q(x)Ey = 0

(2)

where Ey is the normalized (poloidal) component of the electric field, x is the
normalized spatial co-ordinate along the equatorial plane, and Q(x) is the potential
function [10], which for a cold plasma is equal to the right hand side of relation (1).

27T(

1

1

1

1

1

1

1

1

1

1

1

1

1

i

1

1

1

1

r

FIG. 2. Theoretical contours of per cent power reflection in the (<¡>, r¡) plane; the figure is 2ir periodic
in <j>. For large conversion (small reflections), the range of rj values is relatively narrow.
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For the Budden type cut-off resonance pair, Q(x) = y - j8/x, where 7 is related to
n^ of relation (1), and ¡3 characterizes the LHC. The usual Budden result for power
transmission coefficient is TB = exp(-7r?7), where r¡ = /3/Vy [11]. The power
reflection and power mode conversion coefficients are RB = (1 - T B ) 2 and
QB = TB(1 — T B ), respectively. Thus, the maximum power mode conversion
coefficient can be only 25 %.
However, reflection of the FAW at the HFS-RHC can increase the mode
conversion significantly if the placement of the HFS-RHC with respect to the IHR
layer is well chosen. Let us assume that the FAW that transmits through the
IHR-LHC pair does not undergo any damping and is completely reflected at the
HFS-RHC. This introduces only a phase difference between the transmitted FAW
incident on the HFS-RHC and its subsequent reflection at this point. Let this phase

fey (m- 1 )
FIG. 3. Mode conversion power coefficient as a Junction of kt for TFTR type experimental
parameters: R0 = 2.62 m, a = 0.95 m, (D, 3He, 4He10.31, 0.14, 0.2), B0 = 4.8 T, f = 43 MHz,
ne0 = 3.5 x 1019 m'3 (parabolic profile), Te0 = 6 keV, and Ti0 = 7 keV (parabolic-squared profile).
The 'theory' curve is from analytic results on the assumption of no damping. The 'computation' curve
is from numerical integration of Eq. (2) in which Q(x) accounts approximately for electron and ion
damping.
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difference be TT + <j>. The power reflection coefficient for the cut-off-resonance-cutoff triplet is then given by [6, 12]:
Rt = T | + (1 - T B ) 2 - 2TB(1 - T B )cos( 7 + 20)

(3)

where \p is the phase of T(-irj/2) and T is the gamma function. If there is no damping
of the FAW between the antenna and the IHR-LHC pair, then 1 - R, = Ct gives
the fraction of the total ICRF power that is mode converted to IBWs and/or damped
in the mode conversion region. It is easy to see that Ct = 1 for (¡> + 2\J/ = 0 and
TB = 1/2. The physics leading to this is similar to the behaviour of a transmission
line coupled to a dissipative resonator: complete absorption results when the incident
FAW is critically coupled to the resonator formed by the LHC-IHR-RHC plasma
system; the HFS-RHC adjusts the resonator while the LHC-IHR adjusts the
coupling. Figure 2 shows contours of constant reflection as a function of <f> and r¡.

FIG. 4. Contours of constant -q giving the indicated minimum per cent reflection in (ne, kt) space for
TPX type parameters: R0 = 2.25 m, a = 0.5 m, (D, 3He/0.5, 0.5), B0 = 4 T, f = 35 MHz.
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APPLICATIONS TO PRESENT AND FUTURE EXPERIMENTS

Figure 3 shows the mode conversion coefficient for parameters relevant
to recent TFTR experiments [13]. The theoretical curve is the result obtained
from expression (3) with the phase <f> given by the integral of VQ(x) between the
HFS-RHC and the IHR layer [12]. The numerical value is obtained by integrating
Eq. (2) with the complete Q(x) including thermal effects. The effect of the total phase
in expression (3) is evident in Fig. 3. The conversion efficiency can be as high as
90% if the antenna kj values are in the appropriate range.
For given tokamak parameters one can find the range of k| values and densities that would optimize the choice of r¡. Figure 4 shows, for TPX type parameters,
contours of constant rj as a function of electron density and kB. The curves are
labelled to indicate the minimum power reflection coefficient (3) for that particular
r¡. High mode conversion at high densities in large (major radius) tokamaks require
high k|| values that may entail significant ion damping. Compromise scenarios will
have to be worked out by carefully evaluating this damping.
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Abstract
ALFVÉN WAVE INTERACTION WITH ENERGETIC ALPHA PARTICLES.
Results are presented for the linear stability and nonlinear evolution of Alfvén waves excited by
alpha particles. The stability analysis incorporates finite beta, nonideal, and finite alpha particle orbit
width effects. Application to ITER is discussed. A self-consistent simulation for the nonlinear development of the instability in a model system predicts bursting behavior of the wave energy and shows that
resonance overlap leads to enhanced alpha particle diffusion.

1.

B E T A A N D O R B I T W I D T H E F F E C T S O N TAE A N D K T A E

The dispersion relation for the TAE and KTAE modes results from matching the ideal
MHD solutions for the outer mode structure to the solution for the inner layer, where the
inner solution takes into account toroidal coupling and nonideal effects. Previously, this procedure has been implemented in the zero beta limit with the use of two different techniques,
both for multiple gaps: one based on 2-D ballooning formalisms [l]-[3], the other a treatment
in configuration space [4, 5] extended to finite mode numbers [6].
Here, we present results that include finite beta effects. We find that when the pressure
gradient exceeds a certain critical value, which is particularly small in the low-shear region,
the modification of the dispersion relation shifts the spectrum of the localized modes into
1

Also at Budker Institute of Nuclear Physics, Novosibirsk, Russian Federation.
Permanent address: Institute of Nuclear Fusion, Russian Research Centre, Kurchatov
Institute, Moscow, Russian Federation.
2
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the continuum where strong damping occurs. This low sheax result had previously been
obtained elsewhere in the ballooning limit, valid for very high n [7, 8]. Our work extends it
to moderate n values and also describes the transition from ideal TAE to the KTAE branch
as the mode enters the continuum.
Define a normalized pressure gradient P = -Snj/Rq2/(s2B2).
We find that, in the
low pressure limit, the inner layer equations are unaltered from the zero-pressure ( P = 0)
limit (at least for the s — a equilibrium). The finite pressure effect enters the dispersion
relation only through the outer solutions. Near the ro-th gap, the outer eigenmode solution,
$ m ( r ) exp(in<p — imO — itot), has the form $ m ( r ) —> Cm\n(n\q - qm\) as r —• rm, where
qm = q{rm) = (m + 1/2)/n, and Cm measures the mode amplitude. In addition, the outer
solution has a jump across the gap layer. This jump, due to toroidicity-induced coupling to
poloidal sidebands, can be significantly changed by even a small pressure gradient. Matching
the outer and inner layer jumps leads to the following generalization (valid for s2P «C 1) of
the previously known [4]-[6] three-term recursion-type eigenmode equation:
AnA m G m -f-i

A~m-f a m

+

2

+Ûm-

m

+

(Pm - Â m ) 2
S m + am

/?m-iAm-iCm_i
A~m_i + a m _ i

Â m Â m _!
A~m_i + a m _i

= 0

In the low-shear limit (s <C 1), the various A quantities are given by A"m = 7rs m /4, A m =
e -1 /* m , and A m = A" m P m . The quantities am and @m, defined later, are functions of the
mode frequency u and the nonideal parameter Am, given by
Am —

AmSmPu

'3

rm£m

1
L.4
*

+

Te /

L
J {
T
ii \

i2v
i2vAAveSy1/2

v^uthe\h\).

l

where pim = c(MiTi) ^/eB
is the thermal ion Larmor radius, veg is the effective electron
collision frequency, and em = 5<r m r m /2ño with a m « 1 . 0 - 1 . 5 depending on the precise
Shafranov shift.
1.1

Ideal Limit

In the ideal case (Am = 0), the quantities am and (3m are given by am = - 5 m / ( l — 9m)1^2
and (3m — - 1 / ( 1 — 9m)^2, with gm = (u>2 - u>^^imu^ the mismatch from the gap frequency
um = VA(rm)/2qmRo. When the parameter m e A / S , which in the low-shear limit is given by
(rrie/s) e -1 /*, is small, the mode is localized near a single gap and primarily consists of two
poloidal harmonics, with exponentially small damping. We find that this ideal TAE mode
shifts into the continuum and is lost when Pm > 1. Below the critical value (PTO < 1), the
eigenfrequency for mode numbers ro<l/[é"msm(l — P m ) 2 ] is determined by
gm = - 1 +

12
2„2
n's: l-(l - P f - ms {\ - P ) 1 + (mem) '
m
m
m

,-2/*m

where the imaginary part is an interpolation in rmm. In the opposite limit, m » 1/
[ê m s m (l — Pin)2]> the mode has an extended radial structure, and its damping rate is roughly
given by Im u/u « exp [—memsm(l — P m ) 2 /8].
In addition, the growth rate has a multiplier with rapid oscillatory structure in mem
(previously found in the zero-beta limit [4]), which must be calculated differently in the
limits 5"2(1 - P m ) " 2 < mim « sm\l - Pm)~l e1'"» and msm » « ^ ( l - P m )- X e 1 ^ - .
The latter is the limit in which the ballooning approximation is valid. In this limit, a recent
zero-beta calculation [3] with a 2-D ballooning transformation has also shown the oscillations
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in the damping. When averaged over the oscillatory structure, the damping rate reduces to
that of Ref. [8] with finite beta. Note, however, that when shear is small and/or the TAE
critical beta is approached (Pm —• 1), the ballooning mode limit requires extremely high m
for validity.
For lower mode numbers, an analytic continuation procedure for incorporating the TAE
continuum damping into large 2-D codes has been developed [9]. An extension of this method
to include nonideal effects is underway.

1.2

Nonideal Effects

When nonideal effects are taken into account (with Am «C1), the most interesting case in
the low-shear limit occurs at the edges of the gap (gm « ±1), for which am =
^\{Am—l/Am)
and pm = -\{Am + l/Am), with
m

~ (2V2Am)i/2 r ( f + Sf)

;

^ -

e x

P

=rw)

(lTin,)/v^Af

As before, we consider the mode localized at a single gap. When nonideal effects are
perturbative to the TAE modes, then the total growth rate 7 is given by
7 _ TTAE(1 - Pm)

£m

(j

2

u

2ImA 2 n (l + P m )
7^2,(1 - PmY

*»£(!-/*)

f-lC3sl(l

"H

~

8V2Am

Pm?\

J

Here, TTAE is the energetic particle drive (in the zero-beta limit), which for an isotropic
slowing-down distribution (e.g. alpha particles) is given by

and for a beam-type slowing-down distribution with {v±) = 0 is given by

where ¡3' is the radial derivative of the ratio of energetic particle kinetic energy density to
magnetic field energy density; £ m = (vA/v0)m, with vQ the energetic particle birth speed; and
6{x) is the step function [10].
In actual beam injection experiments, (i/j.) is finite. For example, if {v\/v2) = 0.2, we
find that the drive due to a beam distribution is about 3 times stronger than that from an
isotropic distribution (e.g., alphas) with the same energy density [11].
As Pm increases, the destabilizing drive decreases and damping increases. A careful
evaluation of the root shows that the mode attains a structure characteristic of nonideal
modes with gm « — 1, but with significant damping.
Therefore, it is also of interest to examine the KTAE roots which exist for g > 1 and for
which the damping is found to be insensitive to finite pressure effects. When the nonideal
parameter is sufficiently small (Am <tC s^), a pair of KTAE roots occurs near each frequency
g=l + y/2Xm(2t + 3/2), with t = 0,1,2,.... In the intermediate limit when 5^ < Am < 1,
the upshifted root of each pair is unaltered, whereas the downshifted root becomes g «
1 + y/2 Am(2i + 1/2). Since Am is generally complex, these roots are damped.
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The downshifted KTAE mode always has a stronger drive from energetic particles than
the upshifted mode. For an isotropic slowing-down distribution, the growth rate for the
downshifted mode is

(2t+l)! / A \ 3 / 2

32
2l/47r7/2

22í(í!)2

1
Pm)2'

for

A<52

7KTAE = 7TAE *

2s/4
(2¿ + 1 ) !
^2(<!)2(2t+l)22t

for

s2 < A < 1

We find (12] that the KTAE is more strongly driven than the TAE when X/s2 > 1. Also,
the KTAE modes persist even at the critical beta value P m w l .
Finally, if the alpha particle orbit width exceeds the outer scale length rm/m of the
eigenmode, both TAE and KTAE growth rates are reduced by a multiplicative factor [12]
which is approximately the square of the ratio of the outer mode width to the particle orbit
width.
2.

S T A B I L I T Y ANALYSIS F O R I T E R

The results of the preceding section have been applied to an ITER configuration with
parameters RQ = 821 cm, a = 300 cm, B0 = 5.89 T, and Ze/f = 2. The safety factor,

1.5
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FIG. 1. Ignition curves (I and 2) and m = n = 10 TAE instability boundaries for ITER with He
recycling coefficients R = 0.98 (dashed curves) and R = 0.80 (solid curves).
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FIG. 2. Growth rates for three families of TAE modes in ITER, each characterized by a fixed value
of the toroidal mode number, n. The calculations include ion Landau damping, electron collisions and
finite-orbit-width alpha effects. Modes below the horizontal line are stable.

electron and ion temperature, and electron and beryllium density profiles are taken from
Ref[13].
An iteration scheme was developed to calculate the helium concentration as a function
of (n e ), (T), and the helium recycling coefficient R, with the values for R chosen to match
ignition curves. A TAE stability analysis was then done for modes with m « nq, for ç-values
corresponding to gaps where d(3a/dr is maximal. The shear is assumed to be small enough so
that different gaps are decoupled. The local dispersion relation without background pressure
effects was used, with i = 2.8rm/R. The alpha particle drive was calculated in the limit
when their orbit width exceeds the inner mode width but is still smaller than the outer mode
width [10]. This treatment is valid up to rather high mode numbers, m < 20, after which
the drive decreases [12], particularly when qpa > l/nq^.
This single-gap TAE stability analysis for P = 0 shows that modes with 4 < m < 20 can
be driven unstable for these ITER parameters. The principal damping of intermediate-m
modes is the ion Landau damping due to deuterium ions; high-m modes are stabilized due
to radiative damping and trapped electron collisional damping. TAE instability regions are
shown in Fig. 1, together with different ITER ignition curves that are determined by the
helium recycling coefficient. The TAE modes are stable at very low densities because the
condition oj*a < UJ for the alpha particle drive is satisfied. At high densities and temperatures,
ion Landau damping becomes stronger than the drive. The TAE instability region is not
very sensitive to the helium concentration; however, the helium concentration is important
to determine whether the ignition curves intersect the instability zone.
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There is significant stabilization with finite P. For ITER parameters, P varies from 0.34
to 0.68, while stability for m = 0 arises for P > 0.2. Intermediate mode numbers, m = 4 — 6,
are found to be marginally stable.
A numerical code based on the asymptotic matching of outer fluid equations to inner
kinetic equations has also been developed [14] and used to study zero-beta (P = 0) TAE
modes in proposed ITER discharges. The model is able to treat eigênmodes with arbitrary
shear, toroidal mode number, and fast-particle orbit width (to the extent that the alpha orbits
do not overlap many resonant surfaces), and requires a sufficiently small coupling parameter,
e m , for validity. Calculations using ITER profiles show that typical mode structures are
radially global, extending from regions of low to relatively high shear.
A general feature of various PRETOR-type ITER profiles is a strong tendency towards
instability for modes with moderate to high values of n. While low-n modes appear to be
stabilized by ion Landau and electron collisional damping, modes with higher values of n are
more susceptible to excitation through u;*a a m. Although damping from nonideal effects
also has a strong scaling with m through Am and guarantees TAE stability for sufficiently
large n, the large machine size and field strength reduce this effect substantially in comparison
with TFTR, for example. Indeed, the range 6 < n < 60 can be unstable [15] with many
unstable modes occurring for a given n, as illustrated in Fig. 2. This is in qualitative
agreement with the conclusions of the independent local analysis presented in the first part
of this section.
3.

N O N L I N E A R B E H A V I O R A N D P A R T I C L E LOSS

The essential mechanism for the nonlinear evolution of alpha-particle-excited Alfvén
waves is their collective interaction with resonant particles. Since the alpha particle density is small compared with the background ion density, the time evolution of the unstable
modes can be described by a weak turbulence theory that takes into account the specific
wave-particle interaction, together with a weak source of energetic particles and classical
transport processes (drag and pitch angle scattering). The key parameters are: the growth
rate induced by the alpha particles, the spectral intervals between the unstable modes, the
mode damping rate due to background plasma dissipation, the intensity of the source that
introduces new particles into the system, and the rate at which classical relaxation mechanisms balance the source to establish an equilibrium particle distribution without instability.
The values of these parameters universally define the various types of nonlinear behavior,
including not only benign steady waves and pulsating waves, but also "explosive" pulsating
waves that cause resonant particles to quickly diffuse over a large region of phase space.
Typically, for a fusion-type tokamak plasma, pulsating behavior is predicted [16]; this is
a plausible explanation for the bursts of energetic particle losses that have already been
observed in fast-ion beam experiments.
Quantitative results are obtained from a new numerical code that simulates the interaction of resonant particles with linear waves, based on a self-consistent wave-particle Lagrangian mapping approach. By using the action-angle variables for the unperturbed energetic particle and linear Alfvén modes, we reduce the basic Lagrangian of the system to the
following form:
particles

+ 2 Re

modes

£
particles
modes
sidebands I

Ae-^Kipe,

pje-*-***"»*»
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FIG. 3. Time evolution of the total wave energy for the nonlinear bursts of two overlapped modes.

Here 6 and (p are the generalized poloidal and toroidal angles, respectively; p$ and pv are
the poloidal and toroidal momenta (action variables for the particles); H{j>e,pv) is the unperturbed guiding center Hamiltonian; A and a are the mode amplitude and phase; u and
n are the mode frequency and toroidal number; and Vi{po,pv) is the matrix element that
describes the wave particle interaction [for a given mode structure, Vi(p0,pv) is a known
function of pe and pv\. Prom this Lagrangian, we construct an area-preserving map that
allows the energetic particles to be rapidly processed on the time scale of the inverse instability growth rate; this is much more efficient than following the particle dynamics on the
inverse mode frequency time scale. Background wave damping, particle sources, and classical relaxation processes are superimposed on this map to allow appropriate simulation of
the collective transport of the alphas on a reactor-relevant time scale. The particle source is
included in the code by modifying the macro-particle weighting, rather than by introducing
new particles. A similar approach can be used to simulate the classical relaxation processes.
As the first step in our simulations, we are studying a one-dimensional model system,
to which the original 2-D problem reduces in the limit u* » u when the displacement of
the alpha particle orbit due to the perturbation is more important than the change in the
alpha particle energy. The toroidal motion of the passing alpha particles in a large-aspectratio tokamak can then be treated as a given motion, without any change arising from the
perturbation. The corresponding reduced Lagrangian, in which pv is now a parameter rather
than a dynamical variable, makes the Alfvén-wave/alpha-particle problem mathematically
equivalent to the 1-D bump-on-tail instability problem for plasma waves where destabilizing
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near the resonances with each mode); (b) merging of the two resonant regions during the burst (t = 70);
(c) globally flattened distribution immediately after the burst (t = 80).

energetic particles axe continually being injected. At present we have obtained reliable
numerical results for the bump-on-tail problem, which are presented in Figs. 3-5.
These simulations were performed for two modes that can overlap and produce global
flattening of the distribution function for the particles that resonate with the modes. No significant change in the distribution function has been observed outside the resonance region.
For the bump-on-tail problem, the particle distribution flattens in velocity space. When
translated to the alpha-particle/Alfvén-mode problem, this means that the distribution flattens in real space at fixed energy and magnetic moment, by an amount determined by the
width of the resonant area.
For TV unstable modes in the alpha particle problem, the criterion for resonance overlap
and global flattening can be roughly written as N > u/i « l/(q2r{3'a). This condition is not
very difficult to satisfy, especially since large mode numbers may be unstable (cf. Fig. 2).
If the resonances extend all the way to the plasma boundary, the flattening may cause
considerably enhanced losses of the alpha particles. Otherwise, the particles may redistribute
radially without producing any serious damage to the wall. The situation can be even more
favorable if the modes saturate at a level below the threshold of resonance overlapping. This
would only cause local flattening of the particle distribution near every single resonance,
without affecting the average gradient of the alpha particle pressure.
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FIG. 5. Comparison of numerical and analytical results for the average burst energy as a function of
the linear growth rate.

The results of our simulations show that saturation levels, pulse repetition rates, and
phase space transport leading to particle loss at boundaries are in agreement with the predicted scenario. In particular, an explicit scaling for the average burst energy in terms of key
parameters is quantitatively confirmed (see Fig. 5). We have also benchmarked our results
against earlier simulations of the bump-on-tail problem without a source [17].
Our conclusion that nonlinear flattening of the resonant energetic particle distribution is
the dominant saturation mechanism has been recently confirmed elsewhere by results from
a large hybrid fluid-gyrokinetic code [18], which exhibit the initial phase of a pulsation.
4.

CONCLUSIONS

A major issue for tokamak ignition experiments is the possibility that toroidal shear
Alfvén waves can be resonantly destabilized by fusion-product alpha particles, grow to a
nonlinear level, and lead to significant alpha particle losses.
Progress has been made in predicting stability thresholds by quantifying the effects of
finite plasma beta and finite alpha particle orbit width. In the low-shear regime, where the
analytical approximations are quite good, and which is experimentally relevant since most
of the alpha particles reside in the central region of the plasma, finite beta effects can be
significant; the ensuing damping is primarily described by kinetic, rather than ideal, effects.
Efforts to incorporate nonideal effects in large-scale 2-D codes should continue.
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Application to ITER parameters and profiles shows that modes with higher mode numbers can be unstable. Since the existing large-scale 2-D codes cannot handle large mode
numbers very well, this indicates the need for a ballooning-type calculation with 1/n corrections, but without a large-aspect-ratio expansion or the assumption of circular flux surfaces.
The nonlinear simulations described herein for an analogous model system are in the
process of being extended to the actual Alfvén-wave/alpha-particle problem. The qualitative results for saturation mechanisms, pulsation behavior, and phase-space transport are
expected to be similar. Furthermore, this nonlinear theory provides a unified approach for
handling a number of other problems as well (e.g., nonlinear fishbone dynamics).
For large-minor-radius ignition devices like ITER, the theory predicts that when there is
mode overlap, potential radial losses of alpha particles will be diffusive in nature. This is in
contrast to the mostly "convective" [19, 20] loss of an orbit interacting with a single mode
resonance, which is perhaps observed in present experiments. The most desirable regimes
for ITER would therefore be those in which the diffusion is supressed either by separation
of the resonances or by avoidance of unstable Alfvén modes. To determine whether this
is possible, more precise linear calculations and detailed simulations are needed for specific
ITER geometry.
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Abstract

FINITE ORBIT WIDTH EFFECTS ON FAST ION DISTRIBUTIONS AND STABILITY OF TAEs
IN TOKAMAKS.
Space and velocity distributions of fast ions in tokamaks, which are strongly affected by orbital
motion, are found. The orbit transformation of fast ions due to electron drag is predicted. A new general
expression for the growth rate of instability on toroidal Alfvén eigenmodes is obtained and applied for
the analytical study of special cases, e.g. for the instability excited by trapped particles with
Arb P- Lw, Arb and Lw being the banana width and the width of wave localization, respectively. The
influence of finite Arb on the instability through a non-disturbed distribution function is investigated.

1.

INTRODUCTION

The finite orbit width of fast ions, Arb, can strongly influence the physical
processes in a tokamak plasma. It affects, for example, the superthermal ion cyclotron emission [1, 2], the stability of toroidal Alfvén eigenmodes (TAEs) [3-5] and
the thermonuclear cone instability [6]. The aims of this work are, first, to study the
equilibrium space and velocity distributions of fast ions, and second, to contribute
to the theory of destabilization of TAEs, taking into account finite Arb.
2.

EQUILIBRIUM (NON-DISTURBED) DISTRIBUTIONS OF FAST IONS

2.1. Banana distribution function
We consider fast ions assuming that their distribution function is determined by
(i) the character of their source Sa; (ii) collisional slowing down; (iii) orbital motion
559
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in a tokamak magnetic field. Then the bounce averaged kinetic equation can be written as [7]
^

d

J

3
r„if\
j.

l

d

V

0V

~ ^
(v fb) + —
^ - — A,3f
(v%)x _= _-v„ 22S a (J,v,X,a)

OV

7%

(1)

where the distribution function fb (which we refer to as 'banana distribution' despite
the fact that it may describe circulating particles, too) depends on drift constants of
motion J,v,X, a (J = \¡/ — Vih/wB, ^ — \h dre/q, h' = 1 + ecos0, e = r/R, q is
the safety factor, X = /¿Bs/S, Bs = B(r = 0), fi is the particle magnetic moment,
8 = mv2/2, o = sgn vj), the orbit averaging is defined by

(...) = -

^r(-)
(2)

rb = 2 ;

if

\f = di^/dt = vd- Vi/', vd is the toroidal drift velocity, and ^min and i^max are the
smallest and the largest values of \¡/ along a particle drift orbit with given J, v, X, a.
Using the method of characteristics we find a solution of Eq. (1) in the form

fb(v,J,X,a) = - 33

v JJ ,v

dv, v , 2 - ^

V

(3)

T

s

where both S and T¡1 depend on the variables J] = J^v^J.v.X, a), vl5X, a, the
dependence Ji(v,) being defined by the following characteristic equation:

v,^ ^-

=W - W

(4)

J) = J for v, = v. An approximate solution of Eq. (4) can be obtained analytically.
For instance, for the well trapped particles we find

J, =

3Vqv2

/V _

(5)

where q is taken at some point along the orbit. It follows from Eq. (5) that
ÔJ,/ÔV] < 0, i.e. the collisional slowing down leads to the increase of J of trapped
particles (this is true for both the well trapped and the marginally trapped particles
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with K < 0.826, K2 = [1 + \(e - l)]/2eX). Note that the collisional change of J
described by Eq. (4) affects the dependence of fb on v.
In the case of a monoenergetic source, Sa = S(5i,\,a)ô(\{ — v a ), Eq. (3)
takes the form
rb(J,v,A, a) = - j ==f
V T,s

(6)

(J|,V|,X,<r)

2.2. Guiding centre distribution
Changing variables we find the guiding centre distribution function fg in terms
offh:
f g GM,v,X,a) =

I—|- I

fb(W,6,v,\,o),v,\,a)

1 1 1 |

1 1 "1 1 |

(7)
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FIG. 1. Orbit transformation of a particles, produced with dbinh = 0, vt = 0, during slowing down
to 500 keVin a JET-like tokamak. 1, 2: regions of semitrapped particles; a, b: boundary of region with
<P = 0 and 6 = 0, respectively; solid lines a, b correspond to 8 = 3.5 MeV, dashed lines to
S = 500 keV.
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FIG. 2. Transformation ofpoloidally trapped a particles to (a) circulating and (b) trapped during slowing down in a JET-like tokamak. The point marked x corresponds to t = 0, x and y are Cartesian coordinates normalized to plasma radius; (a) X = 0.85, (b) X = 1.0.

Then we can write the expressions for the fast ion density profile na(\J/), the energy
content w a (^), and the energy deposition profile Pa(<A) [8]. It follows from them that
in the case of a very peaked source function (when the half-width of Sa(r) is less
than Arb) the profile shapes of n a (r), wa(r) and Pa(r) can be very different from the
shape of Sa(r), being, for example, non-monotonic. Moreover, it was found that the
resulting profiles evolve considerably during the transition to steady state.
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The essential features of fast ion distributions can be explained by studying the
particle motion during slowing down. Numerical integration of drift equations of ion
motion in the presence of collisional slowing down dominated by electron drag has
shown the following [8]:
(a)

(b)

There is an approximate collisional constant of motion for trapped particles
and for the vast majority of the circulating particles, the value rm =
0-5(rmax + rmin) « const. Here, rmax and rmin are the maximum and the minimum values of the radial co-ordinate for one period of the particle motion in
the poloidal direction.
The electron drag leads to orbit transformation for certain groups of particles
(Fig. 1). The first group comprises marginally co-passing particles, which may
be transformed to trapped. The second group comprises particles that are
trapped only in the poloidal or toroidal direction (we refer to these particles as
'semitrapped'). They constitute a significant fraction of the high energy ions
passing through the near axis region. These particles undergo transformation to
both trapped and co-passing. Most of the semitrapped particles are trapped in
the poloidal direction. During the initial slowing down after birth they approach
the magnetic axis, which implies that rm is not conserved. But after transformation rm is approximately conserved and thus, depending on the energy at
which the transformation occurs, rm may or may not be a good constant of
motion (Fig. 2).

From this it follows that in the case of a very peaked source Sa(r) and
rm ~ const, the fast ion population in the vicinity of r = 0 and r = r max (SJ
(8 a = Mv^/2 is the energy of the produced ions) will consist only of ions with energies near 8 a , whereas particles of all energies are present at r « rm. Consequently,
dna/dr > 0 for r < rm and dna/dr < 0 for r > rm.

3.

DESTABILIZATION OF TAEs

The stability of TAEs is sensitive to the width of the fast ion orbits because the
finite value of Arb may affect, first, the non-disturbed part of the distribution function, and second, the disturbed part of the distribution. Below we allow for both these
facts.
We have obtained a general expression for the instability growth rate as
27T3e2 £s,m,g J dJdvv 3 d\vb-lô(Q - sa;b)JGml2nfb
Y = —2
C CO

£m \ rdr

m
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Here
Gr

V

fr = o)
II

d

$'m sin0 + — $ m cos0 ) exp(-ij{) Odtj) —
r
/
rb

D

n

i1

de,

5

(9)

McoBR dJ

fi = co — m0 + nçb,

Q = co - omco^/c2 - 1) H

Vu
R
$ m is the amplitude of the perturbed part of the electric potential, prime indicates
derivative over r, m and n are poloidal and toroidal wavenumbers, the orbit averaging
is defined by Eq. (2), cob = 2ir/Th, T/(X) = fioo<5(y) dy, 6 and <p are determined by
the drift equations of particle motion, VQ = [(/¿Bs/M) + v]]/coBR.
It follows from Eq. (9) that the driving term is proportional to the toroidal
wavenumber rather than to the poloidal one. Thus we agree with the dependence of
7 on the wavenumber obtained in Ref. [9] (see also Refs [10, 11]) and disagree with
Refs [5, 12-14] and others.
Equations (8, 9) are appropriate for description of the TAE destabilization by
both circulating and trapped fast ions without any restrictions on the particle orbit
widths and the localization of waves.
(a)

The limit case of Arb < Lw < r corresponds to the local approximation. In
this case we obtain (only the driving term is written; the frequency associated
with the particle precession is assumed to be small):
7f _ 87T3q3Mn
&o
BscoBR
7Í _ 7r3q3Mv£
co0

BS2COB<E3

i:
K4

s - v?

dv ± v

vr = v A , V A / 3

n

dJ

+

^

A

(10)
V| = V r , J = \¡l

(11)
V = v A /V2e, J = \¡>

Equation (10) represents the growth rate associated with well circulating
particles, cf. Refs [9,13,14]. Equation (11) is associated with the well trapped
particles and takes into account only the resonance o) = cob.
(b) The limit case of Lw < Arb is of interest first of all in connection with the
trapped particles. Approximating $ ' as $ ' = ( $ / V T L W ) exp{ —[(r — r,)/Lw]2}
and assuming Arb < r, s = 1, we obtain
7J _
co0

32(27r) 3/2 L w q 2 vjM^ ax n

dfh

9e2B2

ÔJ

(12)
v = v A /VTe, J = it-*
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It follows from Eqs (11, 12) that
Jl

=

I- ^ r b. max

(13)

where k = 0.28, Arb> max = 2qvA/cmax/ewB is the maximum banana width of particles
interacting with waves through the s = 1 resonance.
We see that despite Arb > Lw the growth rate y\ is not necessarily small in
comparison with 7} because k <^ 1. Calculations show that this conclusion remains
valid and even becomes stronger (k drops substantially) in the case of the s = 2
resonance, i.e. when 0.5 < (va/vA)V2e < 1,where v a is the velocity of the produced ions. This seems to be in disagreement with the results of numerical calculations for NBI experiments on TFTR in Ref. [5], where vb/vA satisfies the written
condition but 71/72 ~ 10. A possible explanation is that the toroidal precession
neglected in Eqs (11,12) plays an important role in the TFTR experiment, providing
wave-particle interaction through the s = 1 resonance. Taking s = 1, Arb ~
50 cm and Lw « 4 cm (see Fig. 1 in Ref. [5] for m = n = 2), we obtain from
Eq. (13) 71/72 « 3.5, which is in qualitative agreement with Ref. [5]. The factor
of 3 difference is probably due to an additional contribution of the drift term.

4.0 -,

,

0 . 0 -j—1—1—1—1—1—1—1—1—1—1—r-i—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—1—r

0.0

0.2

0.4

0.6

FIG. 3. Ratio of dSa/dJ\j = ^ to dSJdxj/ versus \p in a TFTR-like tokamak. X = 1.0, v = 2 (solid
line), 4 (dotted line) and 8 (dashed line).
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Finite orbit width changes 7, affecting dfb/5J. In the simplest case when the
resonance velocities are close to v a , J! is close to J (see Eq. (5)), and according
to Eqs (10-12, 6), 7 is proportional to dSa/dJ|j = ^. The results of calculation of this
derivative normalized to dSJd\p are shown for a particles in a TFTR-like tokamak
(R = 250 cm, a = 80 cm, pa = 5.4 cm, q0 = 1, qa = 3) and Sa « (1 - r 2 /a 2 )"
in Fig. 3. We observe a stabilizing effect except for the plasma periphery in the case
of very peaked Sa(r) when finite Arb can substantially increase dfb/dJ. Calculations
show that the stabilizing effect grows for the waves interacting with more deeply
trapped particles.
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Abstract
ENERGETIC PARTICLE DESTABILIZATION OF SHEAR ALFVÉN WAVES IN STELLARATORS AND TOKAMAKS.
An important issue for ignited devices is the resonant destabilization of shear Alfvén waves by
energetic populations. These instabilities have been observed in a variety of toroidal plasma experiments
in recent years, including: beam destabilized toroidal Alfvén instabilities (TAE) in low magnetic field
tokamaks, ICRF destabilized TAEs in higher field tokamaks, and global Alfvén instabilities (GAE)
in low shear stellarators. In addition, excitation and study of these modes is a significant goal of the
TFTR DT program and a component of the ITER physics tasks. A gyrofluid model has been developed
which includes the wave-particle resonances necessary to excite such instabilities. The TAE linear mode
structure is calculated non-perturbatively, including many of the relevant damping mechanisms, such
as continuum damping, non-ideal effects (ion FLR and electron collisionality), and ion/electron Landau
damping. This model has been applied to both linear and non-linear regimes for a range of experimental
cases using measured profiles.

1. Gyrofluid Model
In order to analyze both the linear [1] and nonlinear [2] phases of shear Alfvén
instabilities within a unified approach, we have developed a gyrofluid model with
Landau closure based on a two-pole approximation to the plasma dispersion relation.
By construction, this includes the inverse Landau growth effects necessary to drive
the otherwise stable toroidal and global Alfvén eigenmodes unstable. The linear
model used for the background plasma and fields consists of an Ohm's law and
vorticity equation, as given below:

a

m^A

co

J
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Here 2;ry?, U and - 0 / B o are the fluctuating poloidal magnetic flux, toroidal
component of vorticity and electrostatic potential, respectively. The vorticity
equation (2) includes a finite ion FLR term and Landau damping on the background
ions and electrons. In order to model the global Alfvén instability, which is observed
in rather collisional conditions on W7AS, ion and electron collisions are included in
the Landau damping terms. These tend to broaden and reduce the maxima in the ion
and electron resonances. The Ohm's law includes a generalized resistivity which
takes into account both the usual collisional resistive effects as well as collisionless
effects, consistent with the presence of a finite E||. These nonideal collisionless
effects arise due to the high frequency, non-resonant (k|| ï 0) nature of the Alfvén
modes and the resulting incomplete cancellation of E|| by the thermal electrons. The
fast ion species (denoted by subscript a) is described by the following two equations
for its perturbed density ( ñ a ) and parallel velocity moments ( V„a):

<W-L«7Î
¿V,Ha
à

L

0a

MAa

P,(v I B )-

1¿¿

K^2

MRL„ r dO - I —I

— n V(0)V
n

0a

v

II

v

lla

(3)

(0)
v, IV V te - -^V¡°>ñ a (4)

Here L~n'a = n;¿dn0a / dr ; also, n 0a , T0a, M a , Í2 ca , q a , and vTa are the fast ion
density, temperature, mass, cyclotron frequency, charge, and thermal velocity,
respectively. The Landau resonance arises from the third term on the right-hand side
of equation (4). This system of equations is solved as an initial value problem for the
3-D mode structure in a straight field line coordinate system based on a toroidal,
finite p equilibrium.
2. Toroidal Alfvén Instabilities
TAE instabilities occur in the gaps induced by toroidicity when two adjacent
cylindrical shear Alfvén continua cross [3]; they involve the coupling of at least two
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FIG. 1. Growth rates for TAE instabilities in a TFTR DT supershot versus the central 0a value for a
supershot with low q(0) (dashed curves) and for a higher q(0) case (solid curves). The shaded rectangular region represents the range of achieved central ¡3a values.

poloidal harmonics and have been driven in tokamaks both by neutral beams [4-5]
and ICRF produced tails [6]. We also predict TAE s to be accessible in moderate
shear stellarators (e.g., ATF) and in low shear stellarators above a minimum toroidal
mode number (e.g., n > 3 in W7-AS); however, none have yet been observed. An
important topic currently under investigation is whether Alfvén instabilities can be
driven by alpha populations in the DT phase of TFTR [7]. In Fig. 1 we show growth
rates vs. the peak pa for n = 2, 3 and 4 TAE instabilities in a typical TFTR DT
supershot (dashed curves, #76770). As can be seen, the thresholds are significantly
above the achieved values of pa(0).
This is consistent with experimental
observations showing a lack of any new TAE activity in DT operation [7,8]. One
possible way to enhance the accessibility of alpha-driven TAE's is through increasing
the q(0) value. This moves the radial location of the TAE gaps inward, and aligns
them more closely with the location of the maximum alpha pressure gradient. The
effect of such profile changes is shown by the solid curves in Fig. 1 where
MSE-measured q profiles [9] of an enhanced q(0) TFTR case (#75963) are used.
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FIG. 2. Time dependence of n = 2, 3, and 4 TAE $a thresholds, along with the experimentally
achieved /3a for a TFTR DT case where helium was puffed in to cool the ions transiently.

Higher growth rates and lower Pa(0) thresholds are obtained which fall within the
¡3a range already achieved in TFTR. Such techniques for destabilizing TAE's in the
central region of a tokamak can also be of interest in future ignited devices for ash
removal through q-profile control. An alternate way to lower TAE thresholds is to
lower the ion temperature, thus decreasing ion Landau damping. In Fig. 2 predicted
TAE thresholds and achieved /?„(0)'s are shown for a TFTR discharge (#75932)
where a helium-puff was used in order to transiently cool the ions. However, as
indicated, the achieved /3a(0) remained subcritical for driving TAE instabilities.
3. Global Alfvén Instabilities
Global Alfvén instabilities exist as discrete roots below minima in the shear
Alfvén continua ; they tend to be dominated by a single poloidal mode number and
have a global mode structure. Our model predicts that GAE modes may be excited in
tokamaks which have central, slightly negative low shear regions. An example is
shown in Fig. 3 for TFTR parameters. Such modes may become especially likely in
devices such as TPX and ITER where significant bootstrap currents can create weak
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FIG. 4. Dependence of real frequencies (dashed curves) and growth rates (solid curves) of an n = 2
GAE instability in W7-AS on the edge iota as the iota profile is uniformly changed (here, 7Hp =
R</VA(0».

negative shear regions which will be in the same location as the maximum pressure
gradient in the fast ion population.
GAE modes have been observed in the W7AS stellarator experiment [10] which
operates with low values of magnetic shear. Their phase velocity is somewhat lower
than the TAE mode, allowing them to be excited for < v^^ > / vA(0) =0.15 to 0.4.
Also, they are slightly off-resonant with the equilibrium magnetic field helicity
(k|| * 0). Even though the ideal MHD, p = 0 gaps close off as rational iotas enter the
plasma, we observe peaks in the growth rates and minima in the real frequencies near
rational iota values (Fig. 4); this is due to a discretization of the continuum by the
nonideal effects included in our model (i.e., ion FLR, resistivity, etc.) and the effect
of the finite fast ion pressure. Since the instability also persists away from the
rational iota values, it cannot be avoided simply by keeping iota in between the low
order rationals. In W7AS the GAE instability is observed to disappear at high pV, the
gyrofluid model indicates a possible cause for this stabilization is the increased shear
in the iota profile with increasing f3, with somewhat lesser effects coming from
increased Landau damping on the ambient plasma. An important issue for future
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higher shear, higher P stellarators is whether there will be a stable window between
the disappearance of the GAE (due to increasing shear) and the onset of the TAE
instability.
4. Nonlinear TAE/GAE Behavior
The nonlinear gyrofluid model has been applied to TAE and GAE instabilities on
both TFTR and W7-AS. A Fourier analysis of the simulated edge magnetic
fluctuations has been compared with experiments and shows reasonably good
agreement with measured spectra. An example of such a time evolving frequency
spectrum for TFTR parameters is shown in Fig. 5. The spectra are typically
dominated by a peak at the main TAE frequency with higher harmonic peaks
generated nonlinearly as the instability saturates. In the early stages of the nonlinear
evolution, the mode number spectrum is dominated by the toroidal mode numbers
with the highest growth rates; as a saturated state is reached, the nonlinearly
generated n = 0 component typically dominates. This component results in profile
modifications and E x B flow velocities. The saturation mechanisms have been
analyzed [2], indicating that sheared velocity flow amplification and q-profile
modification (through magnetic island formation) are the essential components
necessary to achieve a saturated nonlinear state . This suggests a possible way of
controlling the TAE using RF generated flows [11].

FIG. 5. Time evolving frequency spectrum of edge magnetic fluctuations in a non-linear gyrofluid
simulation of a TAE instability.
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5. Conclusions
A gyrofluid model using Landau closure has proven to be a powerful technique
for analyzing fast ion destabilized shear Alfvén instabilities such as the TAE and
GAE. Applying this both to tokamaks and the low shear stellarator W7-AS we find
that both types of modes can exist in either device under the appropriate conditions.
The model has predicted that the typical TFTR DT supershot should be below the /3a
threshold for alpha-driven TAE instabilities, but if q-profiles with higher q(0)'s can
be generated, this threshold can be substantially reduced into a range of ¡3a that has
been realized experimentally. Finally, the gyrofluid model has indicated that the
TAE can achieve nonlinear saturation through mechanisms such as amplification of
sheared flow velocities and quasilinear modification of the q-profile.
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Abstract
ALFVÉN EIGENMODES AND ALPHA PARTICLE LOSSES IN JET.
Fast alpha particle losses in JET D-T discharges are studied in the context of neoclassical transport and anomalous losses of super-Alfvénic alpha-particles in the presence of unstable TAEs. It is found
that in the Fokker-Planck treatment large orbit width effects need to be taken into account, which leads
to broader n a profiles. In high performance JET discharges with nD « nT, typically, n = 3 TAE can
be driven unstable. Such instabilities cause prompt alpha losses scaling linearly with the TAE amplitude.
Above the stochasticity threshold, which is fairly high in this case, anomalous alpha particle diffusion
sets in.

1.

INTRODUCTION

The physics of cc-particles in tokamaks is of particular interest and importance now
that research into controlled fusion has reached thermonuclear parameters and D-T
fuel has been used in JET and TFTR. One key issue for burning plasmas is transport.
The magnitude of slow a-particle transport will determine the "Helium ash" content
and therefore the dilution of the plasma. The level of fast a-particle transport, which
is considered in this paper, will determine both the radial dependence of the source
of Helium ash and the plasma heating profile. Studies of a-particle transport and
losses feature in the TFTR D-T campaign [1] and are likely to feature in further D-T
experiments in JET. In this paper we consider, for typical JET conditions, firstly fast
a-particle neo-classical transport allowing for large drift orbit effects. Secondly,
anomalous losses of super-Alfvénic a-particles in the presence of unstable TAEmodes are studied. The relevance of TAE-excitation in actual JET discharges can be
verified experimentally by the Alfvén Eigenmode Active Diagnostic experiments in
JET [2]. However, the problem whether unstable TAE's can cause significant
anomalous losses of a-particles is of principal interest in itself. For this purpose we
suppose some TAE's to be driven unstable and analyse the a-particle behaviour in
the presence of finite-amplitude TAE's.
1
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NEO-CLASSICAL ALPHA-PARTICLE TRANSPORT

The a-particle distribution fa is calculated as a function of position, speed and pitchangle using the FPP code [3]. The code solves the 3D trajectory-averaged FokkerPlanck equation [4] with terms for the a-particle source and the full collision
operator including the neo-classical transport terms. The code has been tested by
comparison with standard expressions for neo-classical ion fluxes, bootstrap current
and toroidal conductivity, but is not restricted to large aspect ratios nor to
distributions close to Maxwellian, unlike most neo-classical treatments. The collision
operator can be integrated either over the full a-particle trajectories or over flux
surfaces allowing an assessment of the importance of finite drift effects. Collisions
are with background electron, deuterium and tritium Maxwellians. The a-particle
source is isotropic in pitch-angle and monoenergetic (at 3.5MeV) with magnitude
and profile determined by the background deuterium and tritium density and
temperature profiles. Here we restrict the source to thermal-thermal fusion and
neglect orbit losses. Also, the results here are steady-state, though a time-dependent
simulation is used for the TFTR comparison and may be necessary for similar JET
comparisons. Parameters typical of JET were used for the simulations : R=3m;
a=1.07m; K=1.5; I =1, 3 and 5 MA; B.=3T; ne(r)=(0.9(l-r2/a2)1/2+0.1) 5xl0 19 nr 3 ;
n D = nr =0.4n e; Te(r)=(0.95(l-r2/a2)+0.05) x 10 keV; TD=TT=2Tp; j(r)~(l-(r/a) 2 ) 2
(which gives'q0~l for IR=3MA). Figure 1 shows the predicted profiles of a-particle
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Contours offa as Junctions of speed and pitch-angle for Ip=3MA for the
(a) outside and (b) inside of the flux surface with r**al2. The minimum
and maximum energies plotted are 0.6 and 4 MeV.

density and plasma heating by the a-particles (which is largely electron heating) for
Ip=l and 3 MA.
On each graph the results of calculations with both flux surface- and trajectory averaging are shown. As expected, the a-particle density rises with increasing I as
the neo-classical transport drops. Also, the differences between surface- and
trajectory-averaging reduce as I rises since the orbit widths drop. The trajectory averaging gives a broader n a (r) demonstrating the importance of including all large
orbit width effects in the calculation. In the cases considered the transport time was
long compared with the collision time and the a-particles had almost thermalised
(energies ~102 keV) by the time they left the plasma edge. Consequently the heating
profile if orbit excursions are neglected is close to that deduced from the a-particle
source (Figures 1 (b) and 1 (d)), though the orbit excursions significantly broaden the
profile. These trends were confirmed by calculations for Ip=5MA (not illustrated).
Figure 2 shows, for the trajectory-averaged I =3MA case, velocity space contours of
fa at the inside and outside of the flux surface with r«=a/2. There is significant
anisotropy in pitch-angle, unlike in standard slowing down approximations for fa,
showing that such approximations are inadequate for comparisons with a-particle
measurements and that a fuller treatment as described here is required.
3.

ALFVÉN EIGENMODE SPECTRA AND PARTICLE LOSSES

In order to analyse the super-Alfvénic a-particle losses due to TAE's, the most
unstable TAE's need to be identified. For typical JET parameters we calculate TAEspectra, mode structure and continuum damping effect using the toroidal linear
spectral code CASTOR [5]. For the analysis of driving and various damping
mechanisms (ion Landau [6], trapped electron collisional [7,8] and radiative [9]
dampings) a hybrid kinetic - MHD model is employed. The local TAE-stability
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analysis reveals that for low-m TAE-modes in JET ion Landau damping plays a
dominant role; high-m TAE's are strongly suppressed by radiative and trapped
electron collisional damping effects, and therefore TAE's of intermediate mode
numbers, m ~ 3 -*- 6, are the most dangerous. In particular, the TAE stability of a
high performance deuterium JET discharge (#26087) was analysed, assuming
n D = n T . It is found for this case that a modest decrease in density (and increase in
temperature) destabilises the Alfvén modes, and thus would permit their effects to be
studied. The most likely candidates for TAE instability are found to be the n=3
modes. These n=3 eigenfunctions are used as input to a Hamiltonian guiding centre
code with which collisionless losses due to TAE modes have been studied by Monte Carlo simulations of 50,000 a-particles. The ct-particles have a slowing down
distribution with energies in the range 3.5MeV to 1.5MeV, a radial distribution
varying as (1-W)3 and a random distribution in pitch, poloidal and toroidal angle. For
these studies three n=3 TAE modes with normalised frequencies co/u)A=0.41, 0.51
and 0.58 have been used. Since these eigenmodes have been obtained from a linear
simulation their amplitudes are arbitrary; here they are normalised so each
eigenfunction has the same maximum radial field amplitude. As in Ref. [10] these
Monte-Carlo simulations show two distinct classes of lost particles due to the n=3
TAE modes. Firstly there is a prompt loss of a-particles born near a loss boundary;
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co- and counter-passing particle prompt losses peak at ~3p,s and trapped losses at
~6jis. These losses scale linearly with the applied TAE perturbation. Secondly above
a stochastic threshold there is a steady long term loss of cc-particles by stochastic
diffusion into a loss boundary.
It can be seen from Fig 3 (d) that the majority of particles are lost just below the
outboard mid-plane for the particular VB-drift direction used; this is due mainly to
co-directed trapped particle orbits (see Fig 3(c)) intercepting the 'wall' (at 6 ~ 0).
We now examine the stochastic losses and diffusion in more detail. For passing
particles the stochastic diffusion occurs in the presence of the TAE perturbations
because the particle orbits and flux surfaces are relatively displaced causing sideband resonances. Stochasticity occurs when the particle excursions due to the
primary and side-band [11] resonances overlap. With multiple TAE perturbations (of
different frequency) stochasticity must be determined by the particle diffusion (or
loss) which the TAE perturbations cause. As in Ref. [10] diffusion is measured by
evaluating for an initially mono-energetic and mono-P^ particle distribution, the
spread of (APj) = (Pj) — (P<t>)2 in time (where () denotes an ensemble average).
Figure 4 (a) snows for the same n=3 TAE perturbations as used for Fig 3 the
variation of (Ai^) with time for 8B,./B=3xl0-3 and 5xl0 -4 ; for these cases 500
particles are launched with an initial E=2.5MeV, PA=3.6xl0_19kgm2-s"' and the
particles are randomly distributed in pitch, poloidal and toroidal angles. For this case
the stochasticity threshold is fairly high since the n=3 eigenmodes peak in a low
shear region which increases the field amplitude required for island overlap [11].
Figure 4(b) shows for the 8B r /B=3xl0 3 case the number of particles experiencing a
given variation in P^. The smaller class experiencing a large variation are passing
particles while the trapped particles have a small variation in P^.
ACKNOWLEDGEMENT
The UKAEA authors were funded by the UK Department of Trade and Industry and
by Euratom.

REFERENCES
[I]

STRACHAN, J.D., et al., Physical Review Letters 72 (1994) 3526-3529.
HAWRYLUK, R.J., et al., ibid. 3530-3533.
[2] FASOLI, A., et al. to be published, also: JET Progress Report 1993, EURJET-PRll,p.51.
[3] O'BRIEN, M.R., COX M., WARRICK, CD., ZAITSEV, F.S., Proceedings of
the IAEA Technical Committee Meeting on Advances in Simulation and
Modelling of Thermonuclear Plasmas, Montreal 1992, IAEA (1993), p527.
[4] ZAITSEV, F.S., O'BRIEN, M.R., COX, M., Physics of Fluids B 5 (1993) 509519.
[5] KERNER, W., et al., Plasma Phys. Contr. Fus. 36 (1994), 911.
[6] BETTI, R., FREIDBERG, J.P., Phys. Fluids B 4, ( 1992) 1465.
[7] GORELENKOV, N.N., SHARAPOV,S.E., Phys. Scr. 45, (1992) 163.
[8] CANDY, J., ROSENBLUTH, M.N. Phys. of Plasmas 1, (1994) 356.
[9] METT, R.R. ,MAHAJAN, S., Phys. Fluids B4 (1992) 2885.
[ 10] SIGMAR, D.J., HSU, C.T., WHITE, R., CHEING, C.Z., Physics of Fluids B 4
(1992) 1506.
[II] BERK, H.L., BREIZMAN, B.N., Ye, H., Physics of Fluids B 5 (1993) 1506.

IAEA-CN-60/D-P19

SIMULATIONS OF RF CURRENT DRIVE AND
INTERACTION OF ALPHA PARTICLES
WITH WAVES IN TOKAMAKS
M.J. ALAVA 1 , O. DUMBRAJS 1 , J.A. HEIKKINEN 2 , T. HELLSTEN 3 ,
S.J. KARTTUNEN 2 , T. KURKI-SUONIO «, M. MANTSINEN 1 ,
T.J.H. PÀTTIKANGAS 2 , R.R.E. SALOMAA 1 , S.K. SIPILÀ 1
1

Department of Technical Physics,
Helsinki University of Technology,
Espoo, Finland

2

VTT Energy,
Espoo, Finland

3

Alfvén Laboratory,
Royal Institute of Technology,
Stockholm, Sweden

Abstract
SIMULATIONS OF RF CURRENT DRIVE AND INTERACTION OF ALPHA
PARTICLES WITH WAVES IN TOKAMAKS.
The effect of the Alfvén resonance on the power deposition in fast wave current drive scenarios of ITER and possible efficiency enhancement of lower hybrid (LH)
current drive by alpha particles are investigated. The mode conversion from the fast
wave to the slow wave is found to remain smaller than 20%. Monte Carlo simulations
show that for ITER parameters the power transfer from the alpha particles to the LH
wave can be 15% of the alpha power if the LH waves can penetrate to the flux surface
p/a = 0.5.

1. I N T R O D U C T I O N
There are two major problems in lower hybrid current drive (LHCD).
Firstly, a somewhat low current drive efficiency, which is a common feature
of all rf a n d b e a m based current drive methods, and secondly, poor propagation
characteristics in dense hot plasmas. For current drive by fast waves ( F W C D )
in t h e ion cyclotron range of frequencies, n o accessibility problem exists b u t
in the low frequency scenarios some concern is caused by the weak single pass
electron absorption. Lower hybrid or ion Bernstein wave amplification in tokamak fusion reactors m a y occur when outward diffusing energetic alpha particles
interact with waves having a poloidally asymmetric wavenumber spectrum [1].
581

582

ÁLAVA et al.

In the present work, we address the two problems described above: the
effect of the Alfvén resonance [2] on the power deposition in FWCD scenarios
of ITER, and the possible enhancement of the efficiency in LHCD by the alpha
particles and, respectively, the diffusion of alpha particles in the presence of LH
waves.

2. THE EFFECT OF ALFVÉN RESONANCE ON FWCD
The use of frequencies below the ion cyclotron frequency of the minority ion
species or below the second harmonic of the majority species has been proposed
for FWCD. In these scenarios, the Alfvén resonance can appear on the high
field side of a tokamak, which may cause parasitic absorption competing with
the electron Landau damping and transit time magnetic pumping responsible
for the fast wave current drive. The problem has previously been studied in JET
and ITER configurations [2,3]. In the following, the absorbed fraction of the
incident energy flux at the Alfvén resonance is evaluated by solving numerically
[2] the one-dimensional finite Larmor radius wave equations along the radial
direction [4,5].
We adopt a reference set of parameters presently planned for ITER: major radius R=7.75 m, minor radius a=2.8 m, magnetic field on axis 6.16 T,
central temperature 18 keV, central density 1.4xl0 2 ° m~ 3 , tritium concentration ratio n r / n e = 5 / 7 , and deuterium concentration ratio 2/7. We have
assumed the radial profiles T,n = T0, no X [1 - (r/a)2]aT<n for r < r9 and
T,n = T r j , nr, x exp [-(r - ra)/LT,n] for r > rs, where an — ar=0.26, ¿ n =0.02
m - 1 , JDr=0.03 m - 1 and ra is the separatrix radius.
The mode conversion coefficient at the Alfvén resonance for the reference
configuration is shown in Fig. 1(a). With the present parameters, the maximum mode conversion coefficient appears in the frequency range 30-40 MHz.
Conversion fractions of 20-25% are obtained for the largest parallel wavenumbers kz used in the calculations. The reduction in the conversion at low frequencies can be attributed to the scaling of the converted energy flux [2] as
A I ~ 7r(jD 2 /|5'|)|E y | 2 , where \Ey\ is the amplitude of the poloidal component
of the wave electric field at the resonance. The dielectric tensor elements D
and S are evaluated at the resonance, and the prime denotes the spatial derivative with respect to xv/c. Above 46 MHz, the conversion is strongly reduced
as the tritium cyclotron resonance moves close to the plasma boundary, where
the Alfvén resonance disappears. At low frequencies of 12-14 MHz, a region of
large conversion at the Alfvén resonance is found for intermediate values of kz
from 5 to 7 m _ 1 . In Fig. 1(b), it is shown that the conversion at the ion-ion
hybrid resonance does not become significant in the present kz range until at
frequencies around 65 MHz, where the resonance and the accompanying cut-off
approach the plasma edge.
To avoid deleterious mode conversion at the Alfvén resonance, large single
pass absorption at the center is required. For current drive at 22 MHz the
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FIG. 1. Contours of the conversion fraction of the incident power on the wavenumber-frequency plane
for the parameters of ITER, (a) Alfvén resonance, (b) ion-ion hybrid resonance.

single pass absorption is in the range 20-60%. For the worst case of 10% mode
conversion and 20% of single pass absorption, the total conversion fraction [3]
becomes 20%. If the single pass absorption is 80% and the conversion between
5% and 10%, the total conversion lies between 3% and 6%.
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3. THE EFFECT OF ALPHA PARTICLES ON LHCD
The wave amplification by fusion alpha particle power has been previously studied by Fokker-Planck calculations by assuming a one-dimensional
slab model for the plasma and a delta function alpha particle source in perpendicular energy, space and time [1,6]. In the present work, a full Monte Carlo
simulation [7] of the wave-alpha interaction in a toroidal configuration is presented. It describes self-consistently effects due to alpha particle distribution in
velocity and configuration space, finite orbit phenomena and radial diffusion in
an ITER-type magnetic configuration.
Our Monte Carlo code ASCOT [8] includes operators for collisional slowing-down, pitch angle scattering, energy diffusion of particles, and LH wave
interaction with alphas from steady-state DT fusion reactions. The alpha-wave
interaction is described using a model [1,7] which predicts the changes of alpha
particle perpendicular energy and position at magnetic surface coordinate p during a time step Ai. Energy diffusion of alphas is modelled by the quasilinear
diffusion coefficient [9]
(u;/fey)2
n-1(a
F V
{qaE
- 2 »> (*»„*-0,2)1/*'

D

m
W

where v± is the perpendicular velocity, Ey is the poloidal LH field component,
and u; and ky are the angular frequency and the poloidal wavenumber, respectively.
In our simulations, the initial coordinates of the alphas are evenly distributed on the poloidal cross-section of an axisymmetric plasma in proportion
to the local DT reaction rate. The monoenergetic (3.5 MeV) alphas are evenly
distributed in pitch vy/v, and they are followed until they escape the plasma
or become thermalized. ITER reference parameters I = 15 MA, Tifi — 20 keV,
ne = 1.5 X 10 20 m - 3 are chosen. An elongation K = 1.6 of the cross-section
with parabolic current density and pressure profiles and equal deuterium and
tritium concentrations with no impurities are assumed. The lower hybrid wave
is modelled with a single poloidal wavenumber and a frequency of 3.7 GHz. The
Gaussian wave \Ey\ — \Eyo\exp[—(p — Po)2/Pdl 1S centered at po = 1.4 m and
has the width p¿ = 0.42 m. For the wave we have chosen the wavenumbers
kz = 220 m - 1 and ky = 6085 m - 1 , which with EZQ = 3 kV/m correspond to
\Eyo\ = 83 kV/m at the wave maximum.
Figure 2(a) shows the cumulative perpendicular energy exchange of the
alpha particles with the wave averaged over the total ensemble of simulated
particles as a function of time for different electric fields Ezo. The average
cumulative energy transfer from the particles to the wave saturates at a positive
value roughly within the collisional slowing-down time i> -1 which is about 0.5 s
at the wave centre. In the shown field amplitude range, the transferred energy
fraction varies between 7% and 15%. Consequently, from the total fusion alpha
power of 811 MW produced with the present reference parameters some 56
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profiles of the alpha particles for the cases in Fig. 2(a).

to 120 MW is transferred from the alphas to the lower hybrid waves. With
increasing field amplitude, the power transfer appears to saturate at a level of
about 100 MW for \Ez0\ > 9 kV/m.
No rapid increase in the energy transfer as a function of time is found at
the initial stage even for the high diffusion coefficients. Therefore, possibly no
benefit is obtained from using [6] short rf pulses to absorb alpha power with the
present mechanism.
In Fig. 2(b), the wave power deposition profiles of the alphas are shown
for the cases of Fig. 2(a). For small field amplitudes, the power transfer from
the alphas to the wave is positive everywhere and roughly proportional to D.
At large 2?, however, energy appears to be absorbed from the wave in the outer
layers of the wave regime.
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FIG. 3. (a) Normalized velocity diffusion coefficient as a Junction of perpendicular alpha velocity when
the amplitude of the wave is (qaELky)/(mJ[lao)) = 0.4. (b) Velocity diffusion coefficient versus wave
amplitude when the alpha velocity is v x = 7.2co/ky. The frequency ratio is «Aî a = 131 in both cases.
The dashed line gives the quasilinear result ofEq. (1). Each dot corresponds to an ensemble average
of 100 test particles.
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4. DIFFUSION OF ALPHA PARTICLES IN INTENSE LH FIELDS
The alpha particles interact with lower hybrid waves in the current drive
regime if the perpendicular phase velocity u>/k± is lower than the maximum
velocity of the fusion alphas va = 0.0432 c. The interaction requires a fairly
high value of n± > 25 so that k±v±/u > 1. At typical LH frequencies w > iî a ,
the perpendicular wavelength of the lower hybrid wave is small compared to the
Larmor radius of a fusion alpha. The alpha particle interacts with the poloidal
LH field Ey cos(kyy — tot) at two resonance points, where the alpha velocity vy
equals the phase velocity w/ky. If the wave field is intense enough, the motion
of the alpha particles becomes stochastic, leading to alpha diffusion [9]. The
quasilinear limit of the energy diffusion coefficient is given in Eq. (1).
The validity range of Eq. (1) is explored with test particle calculations by
solving the equations of motion for alpha particles. Integrating the trajectories
of an ensemble of randomly phased alphas over one Larmor period, we find
the velocity diffusion coefficient D shown in Fig. 3. The diffusion coefficient
decreases rapidly at velocities below the phase velocity. At high field strengths,
however, the trapping width extends to lower velocities, and even waves with
n± ~ 20 interact with alphas. The quasilinear approximation fails at high
wave intensities, and the growth of the diffusion coefficient saturates. For the
parameters of the simulation in Section 3, these nonlinear effects only start at
amplitudes \Ey\ > 10 MV/m, which justifies our use of the quasilinear diffusion
coefficient.
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Abstract
NON-LINEAR DYNAMICS OF EXTERNALLY DRIVEN MAGNETIC ISLANDS IN A TOKAMAK PLASMA.
Non-linear equations for the evolution of the amplitude and rotation frequency of low poloidal
mode number magnetic islands interacting with external fields are derived within a two fluid magnetohydrodynamic description. The inhomogeneous boundary value problem for the perturbed magnetic flux
function is solved numerically and analytically without 'tenuous plasma' approximations, explaining the
screening effect on the penetrated field driven by external coils. The island rotation is governed by the
toroidal momentum balance equation which includes the electrodynamical forces due to the resonant
external fields and viscous damping. It is shown that, in addition to perpendicular viscosity, a neoclassical parallel viscous damping force, important for large islands, arises from the broken axisymmetry of
the magnetic field. The effects of viscosity on the non-linear evolution of the width of a rotating island
are found to be different from previous results. Implications for the problems of feedback control of
rotating islands are discussed.

1.

INTRODUCTION

Active stabilization of low m (poloidal mode number) non-linear resistive
modes and avoidance of error field induced locked modes is of great importance for
current tokamak research and may be crucial for the next generation of tokamak
589
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devices. A time dependent non-linear model of magnetic island dynamics is developed to describe the interaction with external resonant magnetic perturbations. The
effects of plasma inertia and plasma viscosity have been included in a Rutherford type
model for the magnetic island evolution [1, 2], and the critical magnitude of the
external field leading to a bifurcation of the equilibrium into a state with finite island
width has been determined. The toroidal momentum balance of the plasma subject
to electrodynamical forces and viscous damping determines the mode rotation. The
change of toroidal velocity Vf depends on the profile of the electrostatic potential
perturbation $ determined from the quasi-neutrality constraint [1]. The poloidal
plasma rotation velocity Y9 is strongly damped by the neoclassical ion viscosity and
the change in Ve associated with the changes in $ is compensated for by a variation
in the parallel flow velocity V t ; therefore, the radial profile of Ve is assumed to
be determined by the neoclassical expression with the temperature gradient modified
by the island. It is also shown that an additional parallel viscous damping of V¿arises as a consequence of the loss of axisymmetry due to finite helical magnetic
perturbations.

2.

MODEL OF NON-LINEAR ISLAND GROWTH WITH FLR EFFECTS

A helical magnetic field perturbation with poloidal and toroidal mode numbers
(m, n), propagating on top of an equilibrium magnetic configuration, in the neighbourhood of a rational surface q(r = rs) = m/n can be desribed by the flux function
iWr.t) = -

(r

~Lrs)

B0 + Ut) cos*(t)

where ^s(t) is the reconnected flux, Ls = (q2R/q'rs) is the shear length and the variable £ is defined in terms of the helical co-ordinate â = 6 - £/q and the island
instantaneous phase, £(f) = mê - ^«(Odt'. In the non-linear island region around
the rational surface, the parallel current density JB is determined by the quasineutrality condition V • J = 0 with inclusion of ion finite Larmor radius (FLR) inertial and viscosity effects in a two fluid reduced magnetohydrodynamic model. The
driven evolution for the reconnected flux follows from matching the parameter

Aí-

^rL l *' ( r ' + í ) "*' ( r -- í ) 1 &í) d t

(1)

of the outer linear inhomogeneous solution with the analogous quantity
COS

xJ f *"
^-jjd^irí!
Mo*nk
J J " " " (sin £
s

(2)
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of the inner solution calculated from integrating Ampere's law across the non-linear
island region. The evolution of the magnetic island is controlled by the longitudinal
current induced in a layer with finite resistivity by the time dependence of 0s(t).
Contrary to the Rutherford theory in which plasma inertia is neglected, J| is not a
surface function of ty and depends on plasma inertia through the ion polarization drift
and FLR gyroviscous effects [1]. The perpendicular current J x due to ion polarization drift becomes a source term for the equation for J| and modifies the 'inner' A'.
By expressing J ± in terms of the perpendicular ion drift flow the equation for J¡,
B-V(J||/B) = — V x -J x can be solved [1] passing from the co-ordinates (r, d) to
the island co-ordinates (V, £). Consistency with Faraday-Ohm's law leads to a nonlinear equation for the flux reconnected at the rational surface [1]. By using the
matching conditions (1) and (2), the equation for the island growth is obtained:

^
dt

=

1
L, _ 32G3 / Lsrs V
2Moa|G, [c
W 3 V mVAe J

X (co — coE) (ÍO — wE — co^ — kco|.) [

(3)

where W is the full island width, coE, co*, wf are the electric and ion diamagnetic
drift frequencies, k ~ 1.17 and the coefficients G, 3 are ~ 1. The new inertial term
can be stabilizing or destabilizing.

3.

MOMENTUM BALANCE AND ISLAND ROTATION

In general, the phase velocity of a magnetic island is different from that of an
external field and from the velocity of the bulk plasma. As the field lines close to
the rational surface keep reconnecting, an increasing mass of plasma becomes
trapped within the island and moves with it. The island rotation is determined by the
plasma momentum balance equations in the region around the rational surface:
m i i i i - ^ = F EM - + < e r V - n > +
dt

M a mAVÎV f

mA - ^ i - = FeEM- + < e r V -II> + ^ m ^ V l V,
dt

(4)

(5)

where F¡ EM = e¡-J X B are the components of the electrodynamical force and fxa
is a phenomenological anomalous viscosity coefficient, giving rise to the momentum
loss. However, the neoclassical viscous force is a dominant term in Eq. (5) so that
V0 does not change on the time-scale imposed by the time varying external forces.
In the toroidal momentum balance, the dominant term is the electrodynamic force.
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We have also found a new slowing-down mechanism due to the neoclassical toroidal
viscous force, which is non-zero in the helically modulated magnetic field associated
with the islands and is estimated as

< e t . v . n > , m A ^ ( ^ ) ( t - ) ( 0 i w v f = „,(?)m,nivf
(6)
and, although generally small, becomes non-negligible for large islands and high
temperatures. The overall perturbed toroidal momentum balance integrated over the
island region gives the mode rotation equation:

W

d[W(co - o E - a* - kco*)]
dt

=

1 _ / r A 4 /nq'rA 2 W_4 y 2
32V2 \R)
\ q / rs4 A

s

(7)

w*

— 24GV -~ (00 — coE — w^ — kcof.) — Un — (co — wE — co^ — koo£.)
w
rs
Here, Gw and Gv are numerical coefficients of the order 0(1). In the absence of
external forces, the island rotation relaxes to a natural frequency coD =
coE + co* + koa£. The driving force depends on the odd moment As' and tends to
'lock' the island O point at ma = -K out of phase relative to the external field [3].

4.

FIELD STRUCTURE IN THE IDEAL MHD REGION

In the ideal MHD region, I r - rs I > W, the reduced MHD equation for the
helical flux perturbation takes the well-known form:
ví*

r-&
B„

1 -

_
nq(r)N

* = ^ ( t ) iÍLf-^-

(8)

m
where an external ideal helical current sheet of arbitrary frequency c*>v(t) has been
included at a location outside the plasma at b > a [3]. The second order problem has
a solution for rs < r < a of the form

2m
+

\b/

is(t) - Dtg(,)n < *V

F+(a)

<F-w-^»
F+(a)-[-J

F.(a)

(9)
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where F ± are two linearly independent solutions of the homogeneous problem, normalized to 1 at r = rs, and

i _ | A 2 m F -( a >

Moly(t)

g(t) = Vs(t)F_(a)

2m

r/

F+(a)

and
D[g(t)] = — \ ' d t ' e O O g(t')
describe the effect of eddy currents in the wall at r = d. The first term represents
the undriven plasma mode, the second is the 'penetrated' external field, which vanishes at the rational surface (perfect shielding), and the last term represents the
dephasing effects of a wall of finite conductivity set at r = d > b. From expression
(9), the external even and odd stability parameters for Eqs (3) and (7) are calculated:
A' =

A;c, mode

+ A;c, eddy

/¿oly(t) ^_a .

+

T)

_

b

_V m

2m&(t) V b

(A'_(t) - A+(r))
F + (a)

. j

cos ô$(t)

P-W

«-wá&Gn-er
x

(A'_(r) - A'+(r))
F+(a)

sin ôi»(t)

2m F (a)

i) -

where ô$(t) = \ [wv(t') — co(t')]dt' is the phase difference between the external
Jto

field and the island.

5.

CRITICAL MAGNETIC FIELD FOR BIFURCATION OF ISLAND TYPE
EQUILIBRIUM

In the case of initially stable tearing modes (A'_ < 0) and in the absence of the
stabilizing intertial effect associated with rotation, an external helical magnetic
perturbation ('error' field), resonant with the q = m/n rational surface, leads to the
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formation of a finite island with the width defined by the condition A¿ = 0, with a
plasma amplification of the 'vacuum' field amplitude:
T2 _

r<2

W2 = P
B,

16LS

B0

= i -

f

[ÍQLV

r2

f);

\ 2m

tj

V

A + J F + (a)'

F_(a)A'_
F + (a)A' +

The first order rate equation (3) R = dW/dt and the momentum equation (7) show
a bifurcation of the steady state (equilibrium) solution at a critical value of the applied
external field, expressed by
T4Wt =

4G

_qR_\
nSrJ

2

2

2

f2'

4

ÏA«D

-2r s A'_

under the condition 2g10 + 2g7 - 4g 4 - 3f2 = 0. Here, z characterizes the effects
of viscosity. For vanishing viscosity the result is:
3G32/3

2

4/3

nq 4 / 3

a7
V¥
R/

(-rsAl) 1
(nS),/3

0A«D)

4/3

F_(a) - F + (a)
rs(A_ - A + )

For large viscosity the threshold field is higher

Bo

V5G# 5 (-r s A'_) 13/15 rs / n S r ^ 1 7 5
14/15-5 1/10
R

2

*A«D

q 2 r? X2/5 F_(a) - F+(a)
——
rs(A'_ - A'+)
Ma

Viscosity produces also a phase delayed response similar to that produced by the
resistive wall:
tan ô$o =

6.

Gf3
nSrJ

{rt^s)

2/3
2 . . 2 , (-2r s A'_)
(rá.cüé) 2
g (2 + g3)

FEEDBACK STABILIZATION

The control of the size W of a magnetic island relies on the action of a restraining field of amplitude proportional to W 2 , which must essentially be in phase with
the rotating island [3]. It is apparent that Eq. (7) for the frequency is unstable around
the point ô$ = 0 and a closed control loop is required to keep the appropriate frequency and phase relation. In Fig. 1, an example of phase instability [3] in an
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FIG. 1. Full line: amplitude W(t) of an island versus t (a.u.) under the effect of an error field initially
in phase with the island. Dotted line: waveform of external field coils current, Iv(t).
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FIG. 2. Illustration of phase instability for the case of Fig. I.
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FIG. 3. Island amplitude W(t) in a successful feedback case with phase locking.

'error' field is given; without controlling the phase the island width grows to a higher
saturated value, after an initial reduction. In Fig. 2 the initial phase difference is seen
to grow up to 7T. The example of a successful feedback when <5$ is locked to zero
is shown in Fig. 3. Locking on rotating fields reduces also the possibility of island
formation by error fields.
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Abstract
STUDIES ON NON-LINEAR GROWTH OF THE TEARING MODE.
The paper consists of three parts. In part A the effect of particle transport on magnetic island
growth is investigated. A critical condition on the convective velocity is found for the existence of island
saturation. In part B the non-linear growth of the m/n = 2/1 tearing mode is investigated in the presence
of an m/n = 4/2 error field. It is shown that a small static m/n = 4/2 field can reduce the m/n = 2/1
mode amplitude. In part C it is found that a new algebraic behaviour can become dominant in the nonlinear phase owing to the quasi-linear effect of the magnetic field, provided the linear tearing mode is
quite unstable.

PART A.

EFFECT OF PARTICLE TRANSPORT ON MAGNETIC ISLAND
GROWTH AND THE DENSITY LIMIT

Qingquan Yu
A tokamak plasma is subjected to major disruptions when the plasma density
exceeds a critical value [1]. Understanding of the physical processes leading to the
density limit is very important.
The present work shows that particle transport plays an important role in magnetic island growth. The mechanism is the following. The particle transport leads to
an equilibrium convective velocity in the direction perpendicular to the magnetic surface. This velocity can be 2-3 orders larger than the neoclassical values for a low
/3P plasma, owing to the anomalous particle pinch [2]. It couples with the poloidal
magnetic perturbations of the tearing mode to yield a toroidal electric field perturbation, which affects the magnetic island growth.
With a derivation similar to that of Ref. [3], we find that the island width
growth takes the form
dw/dt = l.66r¡(A'0 - a0w) + (p - va)(3w
where w is the island width, 17 is the plasma resistivity, v is the net input rate
of plasma, vz = Ta/rsnx, Ta is the turbulent diffusive particle flux at r = rs,
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/3 = s<n>rs/nxC!, <n> and nx are the volume average density and the local density at
the island separatrix, rs is the minor radius of the singular surface, s = -\l/[/\p\ > 0
[3,4], cl = 8(1 + c2), c2 = LsRD/rs, Ls is the poloidal length of the stochastic
region near the x point of the island, RD is the ratio of the perpendicular convective
particle flux at the x point and at the midpoint on the separatrix. When v = va, the
above expression for island growth is the same as in Ref. [3].
The above equation reveals that the island growth rate and the saturated
island width are decreased for v < ua and increased for v > va. When v > va
+ l.66rjoc0/l3, the island grows exponentially with time without saturation,
w « exp{[0 - i>a)/3 - 1.667?a0]t}.
Numerical simulations of the resistive MHD equations are also carried out. The
particle transport is considered by adopting a radial convective velocity V0r. The
equilibrium plasma current is taken to be the same in the calculation. We find that
the island growth rate and the saturated island width are larger for positive V0r and
smaller for negative V0r. When f = V0rrR/a > 100 (a is the minor radius, TR is the
resistive time), the island continues its growth without saturation. The numerical
results agree with the above analytical results.
The present results reveal that there is a critical condition on v for the existence
of island saturation even for the same equilibrium current profile. These results give
a new understanding about the density limit of tokamak plasmas.
PART B. EFFECT OF AN m/n = 4/2 ERROR FIELD ON THE m/n = 2/1
TEARING MODE
Qingquan Yu, Wenjin Mao, Sizheng Zhu
In recent years the error field or the non-axisymmetric resonant magnetic perturbations (RMP) have attracted a great deal of research interest [5-7]. However,
previous theoretical studies were limited to the case that the error field and the tearing
mode have the same mode numbers [5, 6].
In the present work we investigate the growth of the m/n = 2/1 tearing mode
in the presence of an m/n = 4/2 error field (m/n are the poloidal/toroidal mode
numbers). Numerical simulations of the reduced MHD equations are carried out.
The m/n = 4/2 RMP is considered by adopting the boundary condition
€4/2 = ^4/2(r=a)/aIBt ^ 0, where rj/^ is the m/n component of magnetic flux perturbations and Bt is the toroidal magnetic field. We find that:
(1)

(2)

When €4/2 > (of a.)2 (<5 is the singular current layer width), the coupling
between the m/n = 2/1 and m/n = 4/2 perturbations becomes important in the
tearing mode growth.
Excitation of the oscillation of |^2/il is found when e4/2 — 10~4, with its oscillating amplitude of the order of w2/I « ô/a and its period of the resistive
time TR.
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0.2-W2/l,W4/2'W

0.1 -

FIG. 1. Non-linear saturated amplitude of w2/¡ (open squares), w4/2 (triangles) and W (closed
squares) versus e4/2.

(3)

When the o point of the m/n = 2/1 island coincides with the x point and o point
of the m/n = 4/2 island (positive e4/2), w2/1 and W are smaller than those with
€4/2 = 0 (wmn = 4a|(\í'mn/il£'¿')r=rsl1/2, W is the overall island width). \J/2n is
reduced to about 1/10 of its original value (Fig. 1).
(4) When the x point of the m/n = 2/1 island coincides with the x point and o point
of the m/n = 4/2 island (negative e4/2), w2/1 and W increase with increasing
magnitude of e4/2. However, when e4/2 < - 2 . 3 x 10"4, w2/1 is decreased
again, with a minimum value of w2/1 = 0.033 at e4/2 = 2.4 x 10~4 (Fig. 1).
In the presence of a sufficiently large e4/2, large m/n = 2/1 perturbation is
impeded because it tends to increase the magnetic energy of the system.
The m/n = 2/1 tearing mode is the most dangerous mode with respect to tokamak plasma disruption. This mode can be stabilized by an m/n = 2/1 magnetic
feedback, and a few tens of megawatts of power are expected for a tokamak
reactor [7, 8].
The present work shows that a small static m/n = 4/2 error field can significantly reduce the amplitude of the m/n = 2/1 tearing mode, and essentially no power
is required. The above results will be of practical interest for tokamak plasma disruption control.
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PART C. NEW BEHAVIOUR OF THE NON-LINEAR TEARING MODE
Ding Li
Rutherford [9] proposed that the effect of the quasi-linearly modified current
density 5J0 can reduce the exponential growth of the tearing mode to the algebraic
growth when the magnetic island width w exceeds the linear mode width ô0 [10].
This analysis was extended to the non-linear saturation phase of the tearing mode [3].
However, another important effect due to the quasi-linearly modified magnetic field
ôB0, produced by ôJ0 with Ampere's law, was flux averaged out. This effect will
produce a non-linear Lorentz force opposing the linear driven force and reduce the
induced electric field. A new behaviour should exist when this effect becomes the
dominant damping mechanism. Recently experiments on the TEXT tokamak [11]
have shown, that there indeed emerge two types of temporal behaviour for the
m/n = 2/1 tearing mode in the non-linear phase before the saturation. The first type,
in which w a t , can be recognized as the Rutherford regime. However, the second
type, in which w <x t a (a < 1), cannot be explained by the Rutherford model.
An analytical model is developed in the present work for the temporal evolution
of the tearing modes in the non-linear phase. The quasi-linear effects of both ÔJ0 and
5B0 have been considered. It is found that a new behaviour can become dominant in
the non-linear phase, provided the tearing mode in the linear phase is quite unstable,
namely, TJA'2 >

d/dt.

In comparison with the previous models [3, 9], some aspects have been
improved: (i) strictly standard perturbation theory is used; (ii) the assumption
d/dt < r]/ô2 is dropped so that the non-linear tearing mode can be self-consistently
described; (iii) both the tearing mode equations (Eqs (7, 8) in Ref. [12]) are dealt
with so that the vortex flow is taken into account; (iv) there is no assumption for the
current profile within the island.
The total magnetic flux V is assumed as * = V0(r) + à%(r, t) +' ^ ( r , t)
cos(m0 - n£) and the stream function as $ = $i(r, t) sin(m0 - n£). After eliminating the space variable by the familiar 'constant V approximation [10] and use of the
method of asymptotic matching, a non-linear evolution equation is derived as

(a)

(b)

where Cj and C2 are constants. The time evolution of the tearing mode in the nonlinear phase before the saturation can be completely determined by this equation for
the given initial condition. The term (a) is attributed to the effect of 5J0, the term
(b) to the effect of <5B0. This equation can be exactly solved. The solutions for various q0 profiles can recover the related experimental results on the TEXT
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tokamak [11]. The non-linear evolution is the combination of two types of algebraic
growth, ^ ! a t 2 and ^ oc t. Which algebraic growth becomes dominant depends
on the stability of the linear mode. If the linear mode is marginally unstable, namely
d/dt > 17A'2, the Rutherford behaviour is dominant. In contrast, if the linear mode
is quite unstable, namely, d/dt < r/A'2, the new behaviour becomes dominant,
which is mainly possible for the m/n = 2/1 mode in a tokamak discharge.
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Abstract
TRANSPORT SIMULATION OF NEGATIVE MAGNETIC SHEAR DISCHARGES.
Simulations are presented which show that hollow current profiles can be maintained by
combining bootstrap current and neutral beam and rf current drive. In these simulations, ECH, ICH,
and electron cyclotron and fast wave current drive are used. Several energy transport models are
employed. The modeling results show that high confinement, high normalized beta and a high bootstrap
fraction can be achieved. The simulations are extended to apply the results to a compact fusion power
plant.

1.

INTRODUCTION

Simultaneous achievement of high energy confinement and high plasma
b e t a could lead to an economically attractive compact tokamak fusion power
plant [1]. High plasma performance regimes have been obtained in D I I I - D with
H = TE/TITER-89P
= 4, terminated by MHD stability limits at high b e t a [2].
In D I I I - D hollow current profiles, or second stable core (SSC) discharges, have
been obtained with central b e t a values u p to 44%. Improved confinement in
J E T - P E P m o d e discharges has been obtained with hollow current profiles [3].
In t h e present work we present simulations which show t h a t t h e hollow current profile can be maintained in quasi-steady state through a self-consistently
determined combination of bootstrap current and neutral beam and rf current
drive. Controllability of the q profile is demonstrated by eliminating low m/n
mode number instabilities from these discharges by maintaining q > 1.5 at all
times,starting from appropriate initial conditions. At moderately high {3P, the
b o o t s t r a p current can be a substantial fraction of t h e total current and the
ability to maintain the proper total current density profile depends on t h e boots t r a p current profile and t h e availability of suitable localized heating and current drive. In these simulations,we use electron cyclotron heating (ECH), ion
cyclotron heating (ICH), and electron cyclotron and fast wave current drive
( E C C D , F W C D ) . T h e ability to maintain the profiles is demonstrated using
several energy transport models. Self-consistent transport simulations are used
to model t h e SSC discharges using the O N E T W O [4] transport code coupled
to rf heating and current drive packages FASTWAVE [5] and T O R A Y [6]. To
* Work supported by the US Department of Energy under Contract No. DE-AC0389ER51114.
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accurately model inductive and driven current profile evolution, the additional
source terms that arise in Faraday's law due to internal flux surface motion are
included by coupling the transport calculations to a fixed boundary equilibrium
code. To test the sensitivity of our results to the transport model used, we
model DIII-D discharges using thermal conductivities consistent with improved
confinement DIII-D discharges, and with the Rebut-Lallia-Watkins [7] model of
energy transport. The density profiles in our simulations are chosen based on
measured VH-mode profiles. The modeling results indicate that simultaneous
achievement of high confinement, H > 3.5, high normalized beta, /5JV > 5.0 and
high bootstrap fraction, is possible in DIII-D with these transport models. We
have extended our simulations to demonstrate the applicability of these results
to a compact fusion power plant. Using the RLW model of energy confinement
it is shown that modest FWCD power applied near the hot (~50 keV) center of
such a power plant provides the necessary current drive control near the magnetic axis. Fast wave heating of the electrons and ions in the region of the high
bootstrap current caused by the sharp turn on of the RLW model allows some
moderate control over the q profile using a single, economically competitive fast
wave heating system.
In the results presented below the electron density and Zeff profile are held
constant at prescribed initital values. The electron and ion temperature profiles
together with Ampere's and Faraday's laws are evolved self-consistently including the effects of flux surface motion. The electron and ion energy equations
can both be written in the form
dTte,t
2

_1 A

at + Ip

dp

Ip

T

[ Qe,i + ó
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where e, i means electron or (total) ion quantities are to be taken. The source
term Se,i includes the standard sources and sinks including neutral beam and
radio frequency heating contributions. Faraday's law takes the flux surface
average form
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where the terms in the gradient of n¿, Te, T¿, and Dj, Dlj are related to the bootstrap current, Bpo is the poloidal magnetic field given by BPQ = (l/Ro)(dip/dp)
and the flux surface average geometry dependent factors are
F = RoBto/fty(p))

G=((Vp)2I%/R2)

,

I = F/(Rl/R2)

,

(3)

The coefficients F, G, and I are explicit functions of the radial flux coordinate rho (taken here as proportional to the square root of the toroidal flux)
and implicit functions of time. In our calculations the time dependencies of
F, G, and H are assumed to be linear in between MHD equilibrium calculations. This time dependence, together with the appear anee of the parameter d,
which represents the speed of flux surfaces relative to the magnetic axis,give s
rise to the additional source terms in Eqs (1) and (2). In the present work
the equilibrium calculations are taken to be fixed plasma boundary up/down
symmetric cases only (failure to assume up/down symmetry from the start was
found to often cause vertical oscillations in the equilibrium calculations for the
inverted q profile cases presented below). The function / / ' which appears in
the Grad-Shafranov (GS) equation is given by

ff-(^H^)

pT)

(4)

where the pressure gradient P' and flux surface average toroidal current density
( *R°) are determined from solution of Eqs (1) and (2). Closure of the system
of equations is achieved by taking Ohm's law in the form

«•«-'("M^)

(5)

r¡ is the parallel neoclassical resistivity, .ño, Bto are reference major radius and
magnetic field values, and Eo is the ohmic electric field (in steady state .Eo is
related to the loop voltage by Vioop = 2TTROEQ). The parallel ohmic current is
given in terms of the total, bootstrap and auxiliary driven currents by
/ J ohm ' B \

/ J 'B \

/ Jboot ' B \

Bto I

\ Bt0 I

\

\

Bto I

/ J aux ' &

\

B,Ho

(6)

Where the total parallel current is determined from Ampere's law, the auxiliary
driven current is determined from beam and rf current drive models, and the
bootstrap is taken as the small inverse aspect ratio, collisional model of Hirshman [11]. In the flux surface average formulation presented here the total
toroidal current inside a flux surface and the safety factor are

I (p) = 2

GI B

P PO

GIp2
>

Q= g

~^

I{p)

(7a, b)
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2. D I I I - D S I M U L A T I O N S
The up/down symmetric, fixed boundary, (n = 2.1, 6 = 0.8, Ra = 1.9 m)
DIII-D type discharge shape used in the analysis is shown in Fig. 1 with the
initial and final (near steady state) flux surfaces generated using the Hsieh [10]
model of confinement. The initial MHD equilibrium configuration is given by
the solid contours in the figure and was the same for all three confinement
models presented below. The final configuration, indicated by dashed lines in
the figure, in addition to being an MHD equilibrium state, is also a transport
equilibrium state where the temperatures are constant in time and the electric
field, EQ, is constant in rho. The rearrangement of the flux surfaces is typical
of the cases presented here and is indicative of the effects of including transport
calculations in our simulations. We have observed that failure to evolve the
equilibrium with the transport leads to final states which do not satisfy the GS
equation and hence are states that could not be achieved experimentally. The
geometric factors F, G, J, appearing in Eqs (1) and (2) can vary substantially
during the evolution. For the case illustrated in Fig. 1 a maximum relative
change of 30 percent occur red in the G function, near the magnetic axis, during
the 12 second simulation of the evolving plasma. The changes in F are more

PSI Contours

1.06

2.31
m

FIG. 1. Motion offlux surfaces during the simulation. Solid contours represent starting configuration,
dashed contours represent the final MHD/transport equilibrium configuration for the Hsieh confinement
model.
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benign, amounting to about 4 percent near the axis, while the factor /. changed a
maximum of 8 percent, also near the axis. The additional sources in Eqs (1) and
(2) amounted to a maximum of 4 and 9 percent of the RHS of these equations
respectively,due to the dominance of auxiliary heating and current drive. Much
larger variations than these can be expected during the active shaping of the
hollow current profile (which could be achieved by elongating the plasma and/or
using FW current to decrease the beam driven current near the axis). The
present paper does not address these startup issues.
A VH-mode type electron density profile, with a line average density of
5.80 x 10 19 /m 3 , was used to satisfy the Greenwald [8] limit. Three different
energy confinement models, representative of Bohm, gyro-Bohm, and nonlinear
grad Te dependent diffusion were used in the calculations. The simplest (Bohm)
model, consistent with observed transport in DIII-D, has an electron thermal
diffusivity given by INTOR scaling

Xe

_
5.0 x io 1 9
" n e [ i - o.8 (p/a)2}

fm2\
\ ~ )

The ion conductivity was taken as Xi = 2-6Xi,neo where the factor of 2.6 was
chosen to yield temperature profiles that are representative of VH-mode and
high confinement H-mode discharges [8]. A representative gyro-Bohm case is

Table 1
Results for the D I I I - D and Plower Plant Simulations

0N
PP

H
Ip (kA)
hoot
IRF
¿beam
¿ohm

PFW(MW)
PECH
PNBI

7*

k
W(MJ)
Qmin

*7 =

INTOR

RLW

Hsieh

Power
Plant

5.7
2.52
3.6
1,600
1,070
309
172
49
6.5
7.0
6.5
0.04
0.57
3.8
2.57

5.2
2.50
3.5
1,600
975
349
266
9
6.5
8.0
6.5
0.04
0.84
3.6
1.86

5.4
2.45
3.8
1,600
1,170
286
181
-39
6.5
8.0
4.5
0.03
0.64
3.6
2.54

6.2
3.3
4.1
11,500
11,200
337
0
-87
27
0
0
0.45
0.86
912
2.06

T^IRFRO/PRF,

A/W/M2/10:
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the RLW model of confinement [7] which features a large and rapid increase in
the diffusivity when the magnetic shear becomes positive. This leads to very
steep temperature gradients for SSC discharges as is shown below. Finally, a
recently developed model based on analysis of L-mode data by Hsieh [10] is
of the nonlinear grad Te variety investigated by Dnestrovskij [13] and indicates
that the electron and ion diffusivities are well fit by the formulae

Xe — XHsieh T Xe,neo

Xi — CtXHsieh + Xi,neo

where

-r
XHsieh-O e

!^£ Í!Í\ ( l
B2

[RJ

[Te

aTe

V

Qp)

Ce and d are adjustable constants. The value used for Ce is approximately 0.1
times the value determined by fitting to experimental data in L-mode discharges
and was chosen to give the representative VH-mode temperature profiles.
The result of the combined equilibrium and transport simulations is summarized in Table I. The three confinement models for DIII-D each relied on
6.5 MW of FW heating deposited near the magnetic axis, using two oppositely
directed FW channels so as to drive no current. The necessary current near
the magnetic axis is supplied by the neutral beam. By changing the FW power
balance in the two channels it is possible to modulate the current density near
the magnetic axis, providing the necessary control of q(0). Seven or eight MW
of ECH power deposited near p = 0.5 was used to maintain the inverted q
profile for these cases.
The hollow q profiles for the three confinement models are shown in Fig. 2,
and the corresponding steady state total toroidal current profiles are given in
Fig. 3. The electron and ion diffusivities are shown in Fig. 4 for the three
confinement models. Each of the models yields a rapid rise in the diffusivity
near the magnetic axis due to the relatively small current density and hence
poloidal magnetic field. The diffusivity of the RLW model suddenly increases
by more than an order of magnitude due to the step function Vq dependence
of that model. As indicated in Fig. 4 we have taken the neoclassical background for the electron diffusivity in the RLW and Hsieh model to be equal to
the ion neoclassical diffusivity. We find that such an adjustment is necessary in
order to avoid hollow electron temperature profiles during simulation of off axis
ECH heated discharges. Evolution of the electron and ion energy using Eq. (1),
magnetic and electric fields using Eqs (2) to (6) and the GS equation, and
the assumed fixed particle densities yields the electron and ion temperatures
shown in Fig. 5 for the three models. The RLW model is seen to produce a very
sharp temperature gradient due to the rapid rise in the electron and ion thermal
conductivities as we pass from the region of negative to positive magnetic shear,
see Fig. 2. Such steep temperature gradients have been observed experimentally,
see for example the reversed magnetic shear PEP mode results of Hugon [3].
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FIG. 2. The safety factor profile for the three energy confinement models discussed in the text.
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FIG. 3. The current profiles associated with the q profiles of Fig. 2.
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FIG. 4. The electron and ion thermal conductivities for the INTOR, Hsieh, and RLW confinement
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INTOR
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Hsieh

0.0

0.5
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1.0

0.0

0.5
R/A

1.0

FIG. 5. Final steady-state electron and ion temperatures for the confinement models of Fig. 4.

Current Profiles

FIG. 6. The total, bootstrap, ECCD, beam, and ohmic current profiles for the DIII-D RLW simulation.

A characteristic feature of the RLW model is that it produces lower values
of minimum q than the other confinement models examined here. Due to the
large and rapid rise of the bootstrap current as the region of reversed magnetic
shear is crossed,there is an initial rapid rise of the total enclosed current. This
leads to a sharp decrease in q by way of Eq. (7b). One could move the value of
rho at which the minimum q occurs closer to the magnetic axis, thereby moving
the temperature gradient and associated peak in the bootstrap current into regions of smaller volume. This decreases the total enclosed current and raises the
minimum value of q. However the total bootstrap current is thereby also lowered
so that larger amounts of ohmic and/or rf current will be required for a given
total plasma current. The ohmic bootstrap, beam, and ECCD contribution to
the total plasma current profile for the RLW case is shown in Fig. 6. Note the
ECCD current required near the peak of the bootstrap current to bring the total
ohmic current down to near zero. The secondary peak in the RLW bootstrap
and total current profile, centered near p = 0.9 in Fig. 6, is due to the boundary
condition used for Eq. (1) at the plasma edge. This boundary condition, which

IAEA-CN-60/D-P22

611

specifies the value of Te (and T¿) was set to the typical DIII-D value of 0.1 keV.
Raising this value to 0.3 keV would eliminate the secondary current peak.
The INTOR, RLW and Hsieh models were each evolved from the same
initial state with a fixed plasma current. As a consequence we find that the
near steady state RLW model has a minimum q value that drops below 2 and
thus a region of instability not present in the INTOR and Hsieh models is
introduced. If the constraint on the total plasma current is relaxed it is possible
to find solutions with a minimum q value above 2. An example relevant for
power plant conditions is given in the next section. With the exception of the
RLW model these discharges are stable to n = 1,2. A detailed account of the
stability properties of such discharges is given by Turnbull [12].
As summarized in Table I we have identified attractive second stable core
scenarios applicable to DIII-D operation, with high confinement, high beta, and
with a large, properly aligned, bootstrap current fraction. The simultaneous
achievement of these properties experimentally is part of the DIII-D Advanced
Tokamak program. According to our simulations the planned availability of
8 MW FW and 10 MW ECCH will be sufficient to achieve these goals.
3. COMPACT P O W E R P L A N T SCENARIO
The high core temperatures that will be present in fusion power plants can
be advantageously used in FWCD scenarios. Included in Table I are the parameters of a compact scaled up DIII-D power plant (with the same elongation and
triangularity as DIII-D and a major radius of 5.9 m). Using a fixed electron
density profile scaled up from DIII-D VH-mode density profiles (at about 1.1
times the Greenwald limit) and modeling energy confinement with the RLW
model we have generated a reactor scenario which is close to 100% bootstrap
current driven. Using 6.75 MW of FW power at 20 MHz it is possible with

Current Profiles
Total 11.55 MA
Boot 11.2 kA
Rf337kA
Ohmic 9.43 kA

275.0

175.0
CM

E
75.0
-25.0
0.0

0.2

0.4

0.6

0.8

1.0

R/A

FIG. 7. The total, bootstrap, FWCD, and ohmic current profiles for the compact power plant.
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FIG. 8. The electron and ion temperatures at four different FW heating power levels.
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FIG. 9. The safety factor profile at the four power levels corresponding to Fig. 8.
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Current Profiles

FIG. 10. The total current profile at the four power levels of Fig. 8.

off-axis ECH to drive 20 A/cm 2 of FW current at the magnetic axis in such
a reactor, see Fig. 7, where the current profile and its constituent bootstrap,
FW and ohmic contributions are shown. The bootstrap current is of sufficient
magnitude to supply essentially all of the plasma current (Table 1) . Electron
and ion temperature profiles due to FW heating at four power levels are seen
in Fig. 8. The FW heating at 140 MHz (about 1/3 the power absorbed by
electrons and 2/3 absorbed by ions) is used to shape the temperature profile
as indicated in the figure. The resulting modulation of the bootstrap current
gives rise to the safety factor and current profiles shown in Figs 9 and 10. By
sweeping the off-axis FW power from zero to 50 MW the minimum q value rises
from 1.68 to 2.13 . However for more than about 20 MW of FW heating the
current profile becomes quite narrow near qmin and a shallow second minimum
in q develops, see the 50 MW cases in Figs. 9 and 10. Hence we may expect that
an approximate 20 percent variation in qmin can be achieved using this profile
method.
4.

CONCLUSION

Improved confinement discharges have properties such as relatively low internal inductance, high edge pressure gradients and high edge bootstrap currents
that are unfavorable for high beta. However using negative central shear with
the minimum q value slightly above rational values leads to stable operating
regimes. The model discharges presented here can be stabilized at high beta by
having a wall sufficiently close to the plasma. Attractive DIII-D second stable
core scenarios have been identified which should be confirmable experimentally
in the near furture. Although the details of the results depend on the energy
confinement model used, the INTOR, Hsieh, and RLW models all confirm that
it should be possible to maintain a second stable core with high confinement, H
greater than 3.5, and high normalized beta, (3M > 5. The results do not require
unresonable amounts of fast wave and ECH power in order to be achieved. After initial establishment of a hollow current profile it is still necessary to evolve
the equilibrium and transport equations simultaneously in order to ensure that
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the slowly evolving equilibrium state satisfies the GS equation. Even for fixed
boundary equilibria the rearrangement of the internal flux surfaces is sufficient
to change the equilibrium and hence stability properties of the discharge.
Scaled up DIII-D compact power plant scenarios are still under investigation. At present we have found a reversed shear, high performance scenario with
essentially 100% bootstrap current. It appears that the necessary control over
the q profile in such reactors can be achieved using only fast wave heating and
small amounts of current drive, given that such a configuration was established
initially.
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Abstract
KINETIC PROCESSES IN THE REVERSED FIELD PINCH TURBULENCE.
Recent experiments with reversed field pinch (RFP) plasmas shed light on kinetic effects in
electromagnetic fluctuations. Low frequency Alfvénic modes can interact with electrons through the
Landau resonance when the wavelength perpendicular to the magnetic field is as small as the ion
gyroradius. Such kinetic Alfvén waves induce simultaneous diffusion (double diffusion) in the coordinate and velocity spaces, and produce a field aligned superthermal electron beam in the edge region.
The electron beam drives microinstabilities in the ion cyclotron frequency range. These processes result
in a frequency-up conversion of the fluctuation energy. Ions also play an essential role in an RFP. The
most important damping mechanism is the transit time damping induced by magnetic compression in
kink type fluctuations. This dissipation mechanism does not change the helicity, while it dissipates
the fluctuation energy into the ions (direct ion heating), and hence results in Taylor relaxation in a
collisionless plasma.

1. I N T R O D U C T I O N
Reversed field pinch (RFP) plasmas are characterized by high level electromagnetic fluctuations associated with the dynamo effect. Since the poloidal
beta is typically of order 0.1, the magnetic free energy is predominant, and hence
the magnetic fluctuation dominates various anomalous transport phenomena, in
contrast to the tokamak plasma where electrostatic fluctuation dominates. Because of a very low safety factor ç, the magnetic field connection length, which
is of order q x major radius, is small, so the collision-less interactions are important. When the temperature is of order 1 keV and the density is of order
1019 m~ 3 , the mean free paths of electrons and ions are of order 1 km. Even
the edge region is almost collisionless because of low densities and the short
connection length. Observations of direct ion heating through fluctuations [1],
production of superthermal electrons [2], and appearance of magnetic fluctuations in the range of the ion cyclotron frequency uci [3] are current interests
invoking kinetic theory of plasma turbulence.
1
Faculty of Engineering, Osaka University, Suita, Osaka, Japan.
" Plasma Physics Laboratory, Kyoto University, Uji, Japan.

615

616

YOSHIDA et al.

The direct ion heating is related to the self-organization process accompanying
magnetohydrodynamic (MHD) fluctuations. The energy loss normalized by the
mean magnetic energy is, in steady state, ¡3/TE = 102 ~ 1035ec~1 (/3-.beta ratio,
TE: energy confinement time), which is compared with the dissipation rate of
magnetic fluctuations « (B/Bo)2/rd (B: magnetic fluctuation, B0: ambient
magnetic field, r¿: dissipation time). To account for a significant anomalous
heating, both should have the same magnitudes. Only the low frequency part of
fluctuations, where (B/B0)2 = 10~3 ~ 10~4, can contribute such a large power.
The transit time damping dissipates the low frequency perturbations (Sec. 2).
Fast electrons are observed both in the core and edge regions and play an
essential role in various anomalous transports and microinstabilities. A strong
Ohmic drive generates an appreciable amount of slide-away electrons in the core
region, while in the edge region the field aligned direction is almost poloidal,
so that an indirect acceleration mechanism should exist. Kinetic Alfvén wave
turbulence generates superthermal electrons in the edge region (Sec. 3). On
the other hand, beam electrons induce microinstabilities to excite ion cyclotron
waves (Sec. 4). Through this process the fluctuation energy in the MHD
frequency range is transported to the Ud range.
2. SELF-ORGANIZATION A N D DIRECT ION HEATING
A large plasma current in an RFP excites kink-type magnetic fluctuations,
which are characterized by k\\/k± « €* (fcy: wave number parallel to J5 0 , &j.:
perpendicular wave number, £*: inverse aspect ratio of the resonant magnetic
surface), and the real frequency w = k±V£> (VD: ion diamagnetic drift velocity). The Cherenkov resonance condition for ions with parallel velocity v^ is
approximated by u — k\\v\\ = 0, which now reads

where Vi¿h is the ion thermal speed, p\ is the ion gyroradius, and o is the minor
radius. Since the right-hand side is of the order of unity, the population of
resonant ions is appreciably large.
The effective parallel force to accelerate resonant ions is - / i V n 5 | | (/¿: magnetic
moment). In a fast reconnection process By due to the transverse electric field
of the fluctuations becomes finite. The damping rate (heating power) is given
by [4]

where V{ith is the ion thermal velocity and /3,- is the ion beta ratio. For a numerical
example, assume T¿ = 1 keV, /3¿ = 0.05, k± = 10 m" 1 , and e* = 0.1. Then,
we obtain the heating power «
150C(2?||/£0)2 MW/m 3 , where ( is the field-line
screw-up factor, which is typically of order 10.
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Since this collisionless dissipation mechanism is equivalent to the ion viscosity,
it does not change the helicity, and the preferential dissipation of the energy
results in the self-organization of the RFP (Taylor relaxation).
3. P R O D U C T I O N O F FAST E L E C T R O N S
The kinetic Alfvén wave (KAW), which is characterized by k±pi = 0(1), has
a finite parallel electric field and interacts with electrons through the Landau
resonance. By a quasilinear theory, we obtain the double diffusion in the phase
space of the radial coordinate x and the velocity vu [5]. The acceleration occurs
when electrons diffuse radially, as described by real solutions of
dvl]=±fmiy/*kllvlívlth-v¡\1/2
dx
\me)
v|| ^ t?jj -vA J
where m,- and m e are respectively the ion and electron mass, veith is the electron thermal velocity and v¿ is the Alfvén velocity [6]. Figure 1 shows the

V||/v e ,i/i(0.8)

x
0.8

0.82

0.84

0.86

0.88

0.9

FIG. 1. Diffusion path in JC-V( space. V| is normalized by ve lh of x = 0.8 (0.8 of the minor radius).
As an electron moves outward, it moves along a curve in the phase space; hence, its parallel velocity
increases. The vA curve limits the diffusion path. Here, peaked profiles are assumed for electron
temperature and density.

diffusion path in the x — v\\ space. The double diffusion produces field aligned
superthermal electrons in the edge region. Since superthermal electrons are in
the resonance with KAW, the diffusion is much enhanced if there is a significant
slide-away effect in the inner region, and then a net current appears.
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4. MICROINSTABILITIES D U E TO FAST ELECTRONS
Superthermal electrons excite various microinstabilities. When we combine
the microinstability theory and the electron acceleration mechanism discussed
in Sec. 3, we obtain a model of wave energy transport from the MHD frequency
regime to a higher frequency regime. For example, the electrostatic ion cyclotron
waves (ESICW; obliquely propagating ion Bernstein waves) are excited by superthermal electron beams. This wave is characterized by \k\\\ < \k±\ « l/ptand oj>nu}d (n = 1,2," •) and is"accompanied by a finite magnetic perturbation in a finite beta plasma. The electromagnetic branch (EMICW; left-hand
circularly polarized mode) may also be excited by the beam, which is characterized by |fcj|| < \kj_\ « If pi and w<wc,-. These frequency-up conversions of
the wave energy are driven by superthermal electrons which move radially with
changing the energy.
A super-Alfvénic electron beam can produce Alfvén waves (u> ~ 105 Hz in
typical parameters) through Cherenkov emission. The produced waves have
wave-number anisotropy, which reflects the polarity of the background helicity.
The phase propagates in the preferential direction opposite to the mean current, which agrees with experimental observations. [7]. An interesting effect of
the large helicity in an RFP appears in determining the critical velocity of the
Cherenkov emission. The plasma helicity yields a frequency shift in the Alfvén
eigenmodes, and, when a point spectrum (corresponding to a nonsingular eigenmode) occurs, it can be excited by a sub-Alfvénic electron beam [8].

5. S U M M A R Y
We have studied the kinetic resonance conditions for various electromagnetic
fluctuations and derived energy dissipation and instability conditions; see Table
1.
Kinetic interactions of ions and magnetic fluctuations play an essential role in
the relaxation process of an RFP. The transit time damping into ions dissipates
the low frequency kink type magnetic fluctuations. This dissipation mechanism
does not change the helicity, while it dissipates the fluctuation energy to result
in the self-organization of the RFP. It also explains the direct heating of ions.
A wide spectrum of magnetic fluctuations is observed in experiments, and
some data show instabilities (peaks in the energy spectrum) in the uc{ range.
These microinstabilities are considered to be excited by fast electrons. Fast
electrons can be produced through the double diffusion in the coordinate and
velocity spaces induced by the KAW turbulence. Other possible mechanisms
of driving superthermal electrons may also induce the beam-plasma instability
and excite ion cyclotron waves. The runaway effect is important for the core
plasma in some RFP experiments. This effect may influence the edge region as
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TABLE I. ELECTROMAGNETIC AND QUASI-ELECTROSTATIC WAVES
ABLE TO INTERACT WITH ELECTRONS AND IONS IN A HIGH
TEMPERATURE RFP.
AIC stands for Aljvén ion cyclotron wave, 8 is the number ratio of beam to bulk
particles. The threshold velocity needed to excite the Aljvén wave (AW) is highly
reduced in an RFP.
Wave

co

k

ESICW

CO i £ C0„;

R„ <

EMICW

co ;S co„;

ki <? k x « 1/Pi

AIC

CO ¡ S C0„;

ki

KAW

CO <

C0 ci

k„ «

AW

CO <

C0 ci

ki « ôv,coci/v^

œ

k x * 1/pj

Excitation mechanism
Electrons with vB <, vA
Electrons with v¡ <, vA

"CAA

Ions in cyclotron resonance

k x « 1/pi

Electrons with V| á vA
Electrons with vB > vA

well through a stochastic diffusion [9]. The present theory of double diffusion
differs from the stochastic diffusion. The characteristic velocity of the beam is
determined by the local Alfvén speed.
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Abstract
STELLARATOR EQUILIBRIUM STUDIES WITH THE PIES CODE.
Equilibrium studies with the PIES code for the Wendelstein 7-X (W7-X) configuration, the MHH
(modular helias-like heliac), and the TJ-II device are presented. For equilibria with no islands present
the solutions are compared with solutions obtained with the VMEC code, which assumes nested
magnetic surfaces. The finite-/3 island behaviour is studied. First results of the PIES+NESTOR freeboundary code are presented.

1. Introduction
The PIES code [1] solves the MHD equilibrium equations
J x B = Vp,

V x B = J,

V-B = 0

for general toroidal domains with prescribed values of B-n at the boundary.
The equilibrium solution is found by an iterative, nonvariational technique.
The equilibrium solution may have islands or stochastic regions. Applications to the W7-X configuration [2], the MHH (modular helias-like heliac)
configuration [3], the latter serving as a basis for a stellarator power plant
reactor study, and the TJ-II device [4] are presented. For cases with no
islands present the results are compared with the solutions of the VMEC
code [5] . If islands are present, their behaviour with ft is discussed.
1
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FIG. 1. Flux surfaces (red) of a fixed boundary W7-X equilibrium with </3> =5% obtained with the
PIES code. Number of coloidal, toroidal modes: m < 10, \n\ < 7; radial mesh points: k = 25. For
comparison the flux surfaces (green) obtained with the VMEC code are shown.

Combining the PIES code and the NESTOR vacuum code [6] yields a
code that solves the free-boundary equilibrium problem where the plasma
equilibrium is computed in a given external magnetic field produced by
the coil currents. First results of the PIES+NESTOR free-boundary code
are presented.
2. Fixed-boundary results
The PIES code has been applied to the W7-X device [2], the MHH configuration [3], and the TJ-II configuration [4]. In Fig.l, a fixed-boundary
equilibrium for W7-X with a significant value of (/3) = 5% and an i profile
0.85 < ¿ < 1.04 is shown. The Shafranov shift of the equilibrium is small
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FIG. 2. Rotational transforms t versus yfs (s is the normalized toroidal magnetic flux) for the equilibria shown in Fig. 1.

because of the strongly reduced parallel currents. The Poincaré plot of
the field computed with PIES shows no major islands for this equilibrium,
with the ¿-profile shown in Fig.2, although the 5/5 island chain is contained
in the ¿-profile. For comparison, the flux surfaces (green) of the solution
obtained with the VMEC code [6] are plotted.
The VMEC equilibrium code assumes nested magnetic surfaces. For
the remaining small differences in flux surface shape see conclusions.
Of particular interest are the properties of magnetic islands induced
by finite-pressure effects. In Fig.3 flux surfaces in the triangular crosssection of fixed boundary W7-X equilibria with (/3) = 0, 0.82 < ¿ < 0.98
and {(3) = 3.75%, 0.78 < i < 0.95 are shown. At the value of the rotational
transform ¿ = 5/6 the associated island chain appears. Note that its width
is small compared with the plasma radius although it is located in the lowshear region of the ¿-profile. The < ¡3 > dependence of the island width
is insignificant. If any, there is only a small shrinkage in island width
with increasing shear towards the boundary as one of the possible driving
ingredients. Approximately the same result was obtained for a case with
reversed phase of the islands (x- and o-points interchanged).
Neither a dramatic increase of the island width nor a so-called 'selfhealing' effect as was found in computations with the HINT code [7] could
be observed. One possible explanation may be the fact that the HINT code
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^^âSK^sti

mm^
FIG. 3. <#> dependence of the island width for a fixed boundary W7-X equilibrium. Flux surfaces in
the triangular cross-section are plotted for </3> = 0 (left) and </3> =3.75 (right). Number ofpoloidal,
toroidal modes: m < 10, |n| < 7; radial mesh points: k = 49.

FIG. 4. Magnetic surfaces in a fixed-boundary MHH equilibrium with </3> = 2.35% as obtained with
the PIES (red) and VMEC (green) codes.
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FIG. 5. Rotational transform i for a fixed-boundary MHH equilibrium with </3>

=2.35%.

computes free-boundary solutions, while - in the preliminary application
carried out here - the equilibria obtained from PIES are fixed-boundary
solutions.
The MHH device is a stellarator configuration with N = 4 periods [4].
The PIES code is being used to investigate the N = 4 period MHH configuration. The first application was to compare equilibria obtained with
the PIES code with ones obtained with the VMEC code, which assumes
nested magnetic surfaces. Results for relatively low values of pressure,
(¡3) — 2.35%, are shown in Figs. 4 and 5. Several sets of magnetic islands
are present at this value of (/?), one of which is so large that it caused
the code to flatten the profiles locally. Even with these magnetic islands
present, the two codes are in good agreement. As ((3) is increased above
this value, the rotational transform at the magnetic axis continues to decrease and passes through unity. Numerical problems have made it difficult
to pass this point, but this is being pursued.
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FIG. 6. Magnetic surfaces in a fixed-boundary TJ-II equilibrium with (30 = 1 % as obtained with the
PIES code.
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The PIES code has also been applied to the TJ-II heliac under construction at CIEMAT, Madrid. TJ-II is a flexible Heliac device with N — 4
periods providing a wide range of attainable parameters (0.96 < ¿ < 2.5,
-.01 < magn.well < .06).
Here we report the study of a special configuration with a large thirdorder island even at ft = 0 due to the resonance at ¿ = 4/3. (For the
standard configuration, with no significant islands at ft = 0, see [9].) Formerly [8], convergence problems occurred at fto = 0.5%, resulting in a
large spurious resonant effect with large oscillations between successive
iterations. This problem was solved by using an improved iteration technique (large blending ratio), and equilibria have now been obtained up to
values of fto = 1% without convergence problems (Fig. 6). For all values
of fto we have studied, ranging from 0 to 1%, the only island appearing is
the large one with n/m = 1/3 because the adjacent low-order values 1/4
and 1/2 do not occur within the ¿-profile, see Fig. 7, where the ¿-profiles
are plotted versus y/s for fto = 0,0.2%,0.5%,0.7%,1%.
The width of the island is maximum at fto = 0, then rapidly decreases
so that for the curves shown it is minimum at fto = 0.2% , and subsequently
increases monotonically with fto until at fto = 1% it is close to the value
at fto = 0.

3. PIES+NESTOR Free-boundary code
The combined PIES+NESTOR code solves the free-boundary equilibrium problem in a given external magnetic field. A toroidal control surface
is introduced in the vacuum region between the plasma domain and the
coils. In the interior of the domain bounded by the control surface PIES
computes the plasma equilibrium, while in the exterior the vacuum field
is computed with NESTOR by an integral equation technique. In contrast to the fixed-boundary case, it is not assumed that the control surface
is a flux surface. The part of the iteration scheme connecting PIES and
NESTOR can be described as follows: Ampere's law is solved with PIES
and NESTOR
VxBWp=jWp,VxB^V=jc,
where y-1'p and j c are the plasma and coil currents, respectively, and Í
is the iteration index. The fields B ^ p and B ^ V are computed with
prescribed normal components on the boundary:
B^p • n = B^v • n
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so that the normal component of the magnetic field B is continuous on
the control surface. Furthermore it is required that the poloidally and
toroidally closed integrals f dl • B are continuous on the boundary

/ d l - B ^ P = /dl-B^V
The equilibrium condition on the control surface is that the magnetic
field be continuous on the control surface: Bp = By. As long as the
equilibrium condition is not reached, the resulting parallel components of
the computed fields on the control surface differ. This parallel discontinuity
gives rise to a surface current

j«> = n x (BM, - B«V),
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FIG. 8. Flux surfaces (red) of an t = 2 stellarator free-boundary equilibrium with </3> = 0.2%.
Number of periods: N = 5; number ofpoloidal, toroidal modes: m < 6, | n | < 4. The plasma-vacuum
control surface is chosen as an axisymmetric torus (green circle). For comparison the flux surfaces
(blue) of the vacuum field are shown.
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producing the field B 8 , which is given by

where Bà • n = 0 only if js = 0. In the next iteration this field B¿ ' is
subtracted from the field B ^ by solving Ampere's law for the new fields
Bp ' and 3y ' with boundary conditions
B£+1> • n = ( B « - BW) • n,
B(í + 1 ».n = ( B M - B Í í ' ) . „ .
The surface current ys ' vanishes if the solution converges.
The combined PIES+NESTOR free-boundary equilibrium code was
applied to an I — 2 stellarator configuration with an external field generated by Dommaschk potentials [10]. In Fig. 8 flux surfaces of a solution
with a value of (f3) = 0.2% (/?o = 0.6%) is shown which in this type of
configuration leads to a significant plasma shift for fixed external currents.

4.Conclusions
Applications of the PIES fixed-boundary code for the W7-X, MHH
and TJ-II configurations have been presented. In particular, the poloidal
and toroidal Fourier representations of PIES and VMEC need to be tested
to clarify the origin of the small residual differences in flux surface shape,
which are not likely to be caused by island formation. The origin of the
non-monotonic island-width behaviour in TJ-II also needs to be clarified.
First results of the PIES+NESTOR free-boundary code have been obtained. Further tests and convergence studies are necessary. The freeboundary code will be particularly useful in several respects. PIES is the
only code at present which can treat the free-boundary problem for a W7X coil configuration. It is further useful for investigations of configurations
where magnetic islands exist inside and near the plasma-vacuum interface.
The presence of magnetic islands near the surface is considered to be part
of the design for the MHH and W7-X applications because of divertor
considerations. This necessitates the use of the PIES code. The MHH
configuration is not optimized to eliminate bootstrap current as the W7-X
configuration was, so that it is necessary to investigate the effect of these
currents on the equilibrium configuration. PIES is particularly suited to
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this problem because it allows a nonvanishing toroidal current. Again, the
code is being modified so that this application can be pursued.
Other extensions and applications are also possible. Since the equilibrium is calculated by following the magnetic field lines, it should be easy
to incorporate a calculation of the Mercier criterion and an integration of
the ballooning mode equations into the code. This, too, is being done.
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Abstract
IMPROVED STELLARATOR SYSTEMS.
Possibilities of improvement of stellarator systems with and without shear are considered. For
shearless stellarators, by expansion along the minor radius: (1) the region of existence of various types
of quasi-symmetric system differing by the number of revolutions n, of elliptical cross-sections of
magnetic surfaces at one period of the helical-like magnetic axis, and (2) the dependences of equilibrium
and Mercier stable ¡3 limits on the configuration parameters are obtained. For stellarators with shear,
by using the stellarator expansion: (1) the possibility of fulfilling the quasi-symmetry condition at some
peripheral magnetic surface is analysed, and (2) criteria for plasma stability due to a net toroidal current
with hollow distribution are obtained.

1.

INTRODUCTION

The search for stellarator systems where the equations of drift motion are
integrable as in tokamaks led Nührenberg and Zille to the concept of quasisymmetrical (QS) stellarators [1]. The distinctive feature of these systems is the
essential reduction of neoclassical transport and also a possibility of substantially
reducing the secondary currents. The quasi-symmetry condition formulated earlier by
Boozer [2] as the independence of the magnetic field strength B from one of the
angles in Boozer co-ordinates [3] was almost satisfied in Helias type systems, as
found from the condition of minimizing the secondary currents. The QS condition
can also be expressed in an invariant form [4] as constancy of B along some direction
Q on a magnetic surface:
QVB 2 = 0

(1)

Here, F and \¡/ are the properly determined external poloidal current and the magnetic
flux, respectively.
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Satisfying the QS condition in the entire plasma column exactly is impossible
[5]; it can only be satisfied asymptotically near the magnetic axis or near some magnetic surface. For long period, shear free systems, however, such as W VII-X or
HSX, the QS condition can be fulfilled everywhere with sufficient accuracy.
The topology of the B = const lines on near axis magnetic surfaces in such
configurations is determined by the parameters of the magnetic axis [4]. Hence, to
determine the parameter space where QS systems of different types exist, and to estimate the limiting @ values, we can use an expansion in powers of the distance from
the magnetic axis (Section 2).
For systems with shear it is natural to analyse the possibility of 'restoring' the
symmetry inherent to a straight system with a single helical harmonic at some
peripheral magnetic surface. Such a problem will be considered in Section 3, in the
framework of the stellarator expansion.
In Section 4 the possibility of plasma stabilization by the longitudinal current
in stellarators with shear, when for a hollow current density profile the sufficient stability criterion can be fulfilled [6, 7], will be investigated.
2.

SHEARLESS QUASI-SYMMETRICAL STELLARATORS

In contrast to a full 3-D numerical simulation [1, 8], expansion in powers of the
distance from the magnetic axis does not yield full information on the configuration,
but allows a search over a wide region of various parameters to be carried out and
the main dependences to be found.
Our investigations aim at determining the regions of existence of various types
of QS system and comparing the limiting values of /3 = 2<p>/<B2> in these
systems.
As in Refs [1, 9], let us consider the magnetic axis as the helical line in the
torus. In the following, we will restrict ourselves to the simplest case where the crosssection of such a torus is circular and the magnetic axis in the cylindrical co-ordinate
system R, <p, Z is described by R = RQ + rcosN<p, Z = rsinN<p. Here, r, RQ are
the minor and major radii of the torus, and N is the number of periods of the system.
The magnetic surfaces will be represented in parametric form (see, for example,
Ref. [10]). Initially, we select the co-ordinate system x, y, ¿"connected with the magnetic axis. Here, x and y are the distances along the principal normal and along the
binormal to the axis; the longitudinal co-ordinate £" is related to the axis arc length
by df = 27rds/L, where L is the total length of the magnetic axis. The transformation
from the co-ordinates x, y turned by an angle 0(f) with respect to the initial coordinates is described in parametric form:
x = ~

[cos0 + a(£' + 4a,sin 2 0) + ....]

y = a VÉ [sin^ + a(£2 - 4a 2 cos 2 0) + ....]
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Here, a = const is the label of the magnetic surface, E = ly/lx is the ratio of the
semiaxes of the near axis magnetic surface elliptical cross-sections, £] and £2 are the
components of the magnetic surface shift, and a{ and a2 are corresponding
triangularities.
The constraint that the magnetic field along the axis must be constant, which
follows from the QS condition in the zero approximation in the a power expansion,
is already satisfied in expressions (3). The shape of the magnetic surfaces necessary
to satisfy the quasi-symmetry condition in the first approximation in a is determined
from the QS equations for the functions E(£) and <5(£) [5, 9]. The number of magnetic
surface cross-section ellipse rotations relative to the principal normal n = njN cannot be given arbitrarily but is defined by the solution of the QS equation for <5(£).
When the QS condition is fulfilled, the lines B = const on the magnetic surfaces
can be used as co-ordinate lines for the poloidal angle 6, so that B = B(a, 6). Near
the magnetic axis, B 2 = BQ(1 + 2kx), so, evidently, the B = const lines and,
correspondingly, the 6 = const lines follow, on the average, the trace of the principal
normal to the magnetic axis on the magnetic surface. The values of F and \p calculated
for such a poloidal membrane enter into Eq. (2), and it is just the poloidal flux \p and
the corresponding rotational transform ¿i s i/2ir = —\p'l$' which determine the
value of the secondary current j P S [4] represented explicitly for QS systems as:
jPS = F p

W

( 1 - ^

B

(4)

The total current density is expressed by the simple formula:
J = 2 , S Q

d^

+

? B

(5)

d\p

The free parameters in the first approximation are the values characterizing the
magnetic axis (in our case, r/Ro, N) and the values of E0 = E(0) and ÔQ = 0(0),
characterizing the paraxial magnetic surface shape at some starting point, f = 0. In
the following, we set this starting point as the point of maximum curvature k.
The regions of existence of different types of QS system are shown in Fig. 1,
where the 'effective' rotational transform values are given as functions of E0 for the
fixed value of rN/Ro and for different N. For large values of E0 and N, configurations with n[ = 0 are realized. We can say that here the distortion of the straightaxis-system symmetry is small, and it is possible to 'restore' the symmetry by E and
ô variations. For smaller E0 and N, the transition occurs to configurations with
n, = —1/2 which have no straight counterpart. Here, we do not speak of the restoration of a straight-axis-system symmetry, but of establishing a new type of symmetry: in this case, the lines B = const do not follow the rotation of the elliptical
cross-section as in a straight system, but the trace of the magnetic axis principal normal which goes half-turn ahead in one period. We note that this situation is typical
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FIG. 1. Rotational transform of the initial elongation as a Junction of the magnetic surface crosssection, E0 = E(0), for given values rN/R0 = 0.15, ô(0) = 0 and various values ofN. Dashed lines
and co-ordinate axes divide regions with different values of n¡.

of conventional stellarators: the magnetic axis is twisted when it is shifted, and
although the cross-section ellipse makes a half-turn in one period the normal to the
magnetic axis must make the complete turn. The rotational transform, which in this
approximation has the form

U2r - (2E ™ ¿

^f2'

) - n

(6)

is larger in systems with nt = - 1 / 2 , because the slower rotation of the ellipse
increases the lag of the magnetic field line from the principal normal existing even
at circular magnetic surfaces. Here, K is the torsion of the magnetic axis, and
n = ^ N is the total number of ellipse revolutions relative to the normal.
For much smaller values of E0 and N, as can be seen from Fig. 1, configurations with n{ = +1/2 appear, where the fast ellipse rotation decreases the rotational
transform. The same type of configuration is realized for N = 6 (Fig. 1). In this
case, the principal normal to the magnetic axis does not rotate when moving along
the axis, but only oscillates. Hence, the rotational transform is negative; it is counted
from the membrane closing the hole of the torus. Here, in contrast to other configurations, the QS direction is not helical but axial.
With increasing rN/Ro the region of existence of configurations with nt = 0
expands (the symmetry distortions are smaller), but with n, = ±1/2 it becomes
narrow.
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FIG. 2. Limiting values of (5 versus E0for rN/R0 = 0.5, 6(0) = 0 and various values of the period
number. These configurations are of the n, = 0 type.

/?(%)
60

N-10
n^O

40

20

n - -1/2

A

I

I

-1

I

1

I

I

1

- l " -••-i-

-i

i

7

i

E

o

FIG. 3. Limiting values of ¡3 versus E0for rN/R0 = 0.35, 6(0) = 0 and N = 10. The two maxima of
/3 correspond to optimal configurations with n¡ = 0 and n¡ = —1/2.

In our approximations it is impossible to determine the limiting value of the
plasma pressure in the configurations achieved. From general considerations, we
expect that configurations with nx = - 1 / 2 are better than systems with nj = 0, as
far as equilibrium conditions are concerned, because they have a larger rotational
transform. It seems, however, that they are less favourable from the point of view
of stability because the orientation of the magnetic surfaces relative to the principal
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FIG. 4. Limiting values of (i versus the period number for rN/R0 — 0.2, ô(0) = 0 with optimal values
of E0. Here, the configurations have n¡ = -1/2.

normal of the magnetic axis changes along the torus. To calculate the limiting values
of j(3 we should take the next approximation in a into account. Some estimates
obtained by using quadratic terms in a in the expression for B will be given below.
In this approximation, the plasma pressure has a parabolic profile so that the average
value of ¡3 in these figures is twice as low as /3(0). The QS equations in this second
approximation can be satisfied [10, 11]. Here, the parameters a^O) and a2(0)
characterizing the triangularity of the paraxial cross-sections are added to the free
parameters r/Ro, N, E0 and ô0 given earlier.
We have assumed a2(0) = 0, and the value of o¡i(0) was chosen so as to
ensure Mercier stability in our configuration. The radius of the boundary magnetic
surface was determined from the condition kmaxb = 0.1. The criterion for the existence of the configuration was the 'nestedness' of the magnetic surfaces in the entire
plasma volume.
The dependences of the average value of jS in Mercier stable configurations with
n] = 0 on the initial elongation are shown for rN/Ro = 0.5 in Fig. 2. We see that
the optimal values of the initial elongation are higher than in symmetrical systems,
even for N = 20, which shows the strong influence of toroidicity, even for a large
number of periods. For lower values of rN/Ro, when two types of configuration are
possible, two peaks in the dependence /3(E0) appear (Fig. 3). We note that, for
n, = - 1 / 2 configurations, the optimal initial elongation E0 corresponds to a
value which is rather far from the threshold of transition between the two types. For
such values of E0, the ellipticity changes weakly along the system axis.
In Fig. 4 the optimal values of (3 obtained are shown as a function of the period
number for n, = - 1 / 2 configurations with rN/Ro = 0-2.
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An analysis of the results shows that, for systems with n! = - 1 / 2 , configurations with almost constant cross-section elongation are optimal. These configurations
are realized for values of E0 which are rather far from the transition zone from configurations with nj = 0 and nj = +1/2. In configurations with n! = 0, high values
of j8 are possible. They can also be realized far from the transition boundary, hence
for large values of E0 (Fig. 1). To decrease the optimal values of E0, one should
move towards the transition boundary on the side of small E0. This can be achieved
by increasing the parameter TN/RQ. In this case, however, the inclination angle of
the magnetic axis turns out to be far from optimal as in the analogous straight system
with helical symmetry. Thus, the limiting values of /3 are not large here.

3.

LOCAL QUASI-SYMMETRY IN STELLARATORS WITH SHEAR

To optimize neoclassical transport in a stellarator, the helical satellite harmonics
I ± n should be added to the main one, L The axis shift due to these satellites may
dominate the shift due to axis curvature. Thus, in conventional stellarators we must,
from the very beginning, take the optimizing harmonics into account.
The QS condition for conventional stellarators with approximately circular
averaged magnetic surfaces can be reduced to the equations:

N

ar
1 -\
p

1 + ( — + A' } cosu ^ + A s i n u ^ = 0
ou
op

(7)

cosu I - — h A sinu — H = - 2 — sinu
I du
op
R

(8)

where <p is the potential of the vacuum helical field, A is the magnetic surface shift,
p and u are quasi-cylindrical co-ordinates counted from the geometrical axis r = R,
N is the number of periods, and

4

HI- l) f
For small IAI /a, the first equation can be satisfied if there are two nearest satellites (t ± 1, m) to the main helical harmonic <p^p) sin(Ai - m£) with amplitudes
2ipt-x

= <p[A + g<pe I— + A '
P

and
2<pe+l = <p'(A - ùpt [ — + A ' )

(10)
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These satellites themselves produce a shift A of the magnetic surfaces. When taken
into account, this leads to the conclusion that, to satisfy these equations, we must
put 7 f+1 = 7f_!, B x = 0 . Here, yk are the amplitude coefficients in
<Pk = Bo7k — Ik(x), x = mp/R
m

(11)

B x is the vertical field.
For ye+l = yi-1, the equations for <p(±i are satisfied in the entire region far
from the magnetic axis. At this condition, however, the 1&Ü hand side of the second
QS equation vanishes, which means that it is impossible to suppress the toroidal
asymmetry of B 2 by two satellites, restoring at the same time 'helical symmetry'
even at a single magnetic surface.
In any case, these configurations may be an interesting object of future studies
because they are quasi-symmetric in the linear approximation over IBl/B 0 (i.e. taking into account the satellite effect in favour of the curvature effect). This property
can be used in investigations of plasma stability and transport.
4.

PLASMA STABILIZATION BY CURRENT
IN STELLARATORS WITH SHEAR

As was shown in Refs [6, 7], by using stellarator expansion, in a straight
stellarator with shear, the longitudinal current with a hollow distribution with
jiij(a) < ¿¿h(a) - fih(0) can not only be stable itself, but can also stabilize the pressure gradient driven ideal MHD modes. Here, /¿j and pih are, respectively, the current and the helical contributions to the rotational transform, (i = t/2ir = n¡ + /¿hThe effect of the current on plasma stability in toroidal systems was studied in
terms of analytical expressions for systems with almost circular magnetic surfaces.
We have obtained the next expressions for sufficient stability:
p'R

f + (a2/»i)'

p'Ra

2fi

i

Mh

(12)
V0*(*)Bg + - ^ ^ A
/¿a

+ ^ A '
fx

< 0

and, for the g mode stability criteria,
2(i}
Mh

(aVi)'
p'Ra

VS(*)B§ +

to3)'
/¿a3

(13)
A +

^ A '

< 0

639

IAEA-CN-60/D-P25

Later on, these criteria will be compared with the Mercier criterion in the same
approximation [12, 13]:
ap
V

+

p^Ra
B^2

'o5
3\;
Vff(*)B§ + Ma )
¡X2LJ

(14)

> 0

In expression (12),
sin20

f = max \ 1 + 2

A(a) is the shift of the magnetic surfaces, A < 0 corresponds to an outward shift,
VQ(*) is the part of V"($) corresponding to the straight stellarator. In deriving the
sufficient stability criterion, only main terms with a current were taken into account,
and corrections of the order of /¿jA'2 were omitted. Vacuum magnetic surfaces are
considered non-shifted; thus, the vacuum configuration with A = 0 always has a
magnetic hill.
We easily see from expressions (12) to (14) that, in the limit of a straight system
with a current density allowing the condition (a2/¿j)' = a2/n72 to be satisfied, all
three criteria coincide.
To study the effect of a current in toroidal systems, we have considered, as an
example, an t = 2 stellarator with a helical field potential given by expression (11),

(S(%)

0.2

0.4

0.6

0.8,

,

1.0

FIG. 5. Values of 0 limited by the Mercier, sufficient and g modes criteria versus fij(b) for a
stellarator with y2 = 0.64, m = 19, Rib = 10.
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with parameters y2 0.64, m = 19, R/b = 10 (similar to the parameters of
Heliotron-E). The beta limits due to the Mercier, (3M, sufficient, j8suf, and g mode,
/3g, criteria are shown in Fig. 5 as functions of the net current. The current density
was prescribed by j = j 0 a 2 (l - a 2 /b 2 ) 02 /b 2 , and the pressure profile was determined to have a maximal 0 value under the sufficient stability criterion. The shift
of the last magnetic surface was taken to be A(b) = —0.2b. Here, a characteristic
feature is the narrowing of the gap between /3M and /3suf, /3g at 0.4 < ¿ij(b) < 0.8.
For stellarators with a smaller shear of the stellarator rotational transform, j8suf
turns out to be smaller.
The example considered demonstrates the possibility of improving plasma stability in stellarators by means of the net toroidal current. It is worth while keeping
in mind such a possibility when optimizing stellarator systems, in particular when the
QS condition is considered in stellarators with shear.

5.

SUMMARY

An analysis carried out in near axis approximation has shown that quasisymmetrical systems of various types can exist, differing by the number n! of turns
of elliptical cross-sections of magnetic surfaces relative to the principal normal of the
magnetic axis at one period of the system. Maximal values of ¡3 in systems with
n] = —1/2 can be achieved in configurations where the ellipticity of the crosssections is almost constant over the toroidal axis. This fact may substantially simplify
the search for optimal configurations when a wider class of helical lines chosen as
magnetic axis is considered. High limiting values of /3 are possible in configurations
with n, = 0, but in these systems with moderate period numbers, larger elongations
of magnetic surface cross-sections are needed than in n[ = —1/2 configurations.
In the stellarator approximation, the QS condition was analysed in its application to conventional stellarators. To 'restore' the helical symmetry at least at a single
peripheral magnetic surface, it is necessary to suppress the toroidal inhomogeneity
of the magnetic field. We expect that a shift of the magnetic surface is necessary for
this. This shift, however, by itself violates 'helical symmetry' in the lowest approximation. To avoid this, two satellite helical harmonics are necessary (see Eq. (10)).
With these harmonics the configuration remains helically symmetric in the linear
approximation in IBI /B 0 , but fails to satisfy the QS condition in the next order. At
the same time, these harmonics do not make any contribution to the second order QS
equation. An analysis was performed for the case where only two satellite harmonics
and the vertical field were used as a means of optimization.
In the stellarator approximation, on the assumption that the deformations of the
magnetic surfaces are small, expressions for sufficient and g mode stability criteria
have been obtained for systems with a net toroidal current. It is shown that, for a hollow profile of the current density, the stabilizing effect of the vacuum shear (due to
the helical field) may manifest itself for the sufficient stability criterion or may be
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restored for the g modes. Probably, this effect can help avoid an increase in transport
when local quasi-symmetry is imposed in a region without magnetic well in stellarators with shear.
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PLASMA TRANSPORT BARRIER:
UNDERLYING PROCESSES
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Abstract
PLASMA TRANSPORT BARRIER: UNDERLYING PROCESSES.
The observation of a barrier for ion thermal energy transport in record high temperature experiments is described by a transport equation that includes a 'normal' diffusion term which depends on
the ion temperature gradient and by another ('off-diagonal' in the transport matrix) that gives an energy
inflow and is attributed to the excitation of a mode driven by the shear of the toroidal plasma flow
velocity. The mode is dissipative and relies on the pre-existence of an effective longitudinal viscosity
that is associated with long wavelength, low levelfluctuationsthat can be excited at the 'q-integer'
surface closest to the surface of maximum velocity shear. The presence of an effective finite longitudinal
electron thermal conductivity is shown to enhance the rate of inward particle flow associated with this
mode and the relevant convection of thermal energy, over that resulting from electron Landau damping.

1. I n t r o d u c t i o n
The recent discovery of an energy transport barrier, in the record high ion temperature experiments [1] carried out by the JT-60U machine, and its analysis have
opened up the issue of finding an interpretation for this and possibly for different
experiments that have found other kinds of barriers. We mention among these
the particle transport barrier [2] observed in pellet injection experiments by the
JT-60 machine and, more recently, the electron thermal energy barrier found by
the RTP machine when electron cyclotron heating is applied [3] and, under Ohmic
heating conditions, by the FTU machine [4].
In the last three cases the transport barrier was found to be centered approximately around the magnetic surface where the magnetic twist parameter i/[r¡j) = 1,
while in the case of the ion thermal (JT-60U experiments) transport, the barrier
was centered approximately around the surface where ^(0) = 1/3 and toroidal
rotation was induced by neutral beam injection. The maximum velocity shear
was observed to occur within the region where the ion thermal transport barrier is formed. No toroidal rotation was induced in either the RTP or the FTU
experiments. Enhanced confinement conditions were found in pellet injection experiments with ICRH by the JET machine [5] but it is not clear whether these are
to be attributed to the formation of a well defined barrier.
The theoretical model that is suggested for the ion thermal barrier is analogous
to that underlying the theoretical explanation and the transport equation which
643
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have been proposed, in Refs. [6] and [7] respectively, to describe the particle
transport in high density well confined plasmas. The main characteristic of this,
which was pointed out in Refs. [6] and [7], is the presence of an inflow transport
process and the necessity to write the relevant transport equation as

r

_ (dn

p

+ap 2 r \

"=- -U ^)

(). .

Here VfN = —2apVpr/a2 is the inflow velocity and the coefficient ap can be deduced from the measurements of the density profile around the center column
where
—- ~ -2aJr = 0)rn/a2
dr
According to the explanation given in Ref. [6], the inflow process is caused by the
excitation of ion-mixing modes at the edge of the plasma column whose primary
effect is the outward transport of the ion thermal energy. These modes are driven
by the ion temperature gradient, tend to be stabilized by the density gradient and
have a phase velocity in the direction of the ion diamagnetic velocity, a feature
that has been confirmed by the fluctuation measurements in ion inflow velocity
experiments carried out by the PLT machine at Princeton. Since, following this
interpretation, the inward transport ultimately depends on the ion temperature
gradient, it may be said that consideration of an "off-diagonal" term in the transport matrix is necessary.

2. Model Transport Equation and Relevant Mode Excitation
Thus, we assume that the thermal energy flow ft in the barrier region is described
by
* ^~^i~+

V?N(rB)e-l'-r°WA'Tin

(2)

Here r = TQ is the surface on which the barrier is centered, A is the width of the
barrier region, VfN is the inflow velocity of ion thermal energy. Both A and rjg
can be estimated from the experiments. In addition, we note that since within the
barrier region T<(r) has a steep temperature gradient, VfN can be evaluated from
the condition of continuity of <ft(r) as Vj"N c¿ Ki(dTi/dr)/(nTi).
We consider the inflow term in Eq. (2) as an "off-diagonal" term, in the
transport matrix, that is driven by a factor other than the ion temperature gradient. In fact, we may argue that the excited modes which can produce the relevant
transport should preferably have a phase velocity in the direction of the electron
diamagnetic velocity unlike those due to the ion temperature gradient. We consider as one of the most likely driving factors the toroidal flow velocity shear. In
addition, the influence of this factor on ion temperature gradient driven modes
that are thought to be responsible for the ion thermal conductivity [8] should be
analyzed [9].
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A mode with the desired features that transports angular momentum in the
direction of — dV^/dr has been found theoretically. In fact, this is dissipative in
character as it depends on the finiteness of the inverse of the longitudinal ion
viscosity [10], [11] and its growth rate is insensitive to the sign of dV^/dr, a factor
that has not been seen to influence the appearance of the ion thermal barrier.
In regard to the presence of dissipative processes we observe that "g-integer"
magnetic surfaces (where q{t()) = l/f/(xf))) can be seeds of relatively long wavelength
e.m. turbulence, that can be driven by the current density gradient with relatively
low levels of the locally perturbed fields [11]. The toroidal mode with m° = 3 and
n° = 1 observed in JT-60U [1] following the plasma pressure build up that is a
consequence of the onset of the thermal barrier requires in fact the pre-existence
of a state of low level turbulence on the surface q = 3. We note also that modes
(with m° = 4 , n° = 3) having the same requirement have been observed in the
collisionless plasma regimes produced by the TFTR machine [12]. Thus, we argue
that an effective finite longitudinal viscosity which affects the considered modes is
present in the neighborhood of the "ç-integer" surface that is closest to the surface
where the velocity shear is maximum. The spatial localization of the mode then
should depend on the radial distribution of both the effective viscosity and of the
velocity shear. A finite effective longitudinal electron conductivity associated with
the same state of turbulence can influence the considered mode. As a consequence,
a significant inward particle transport that involves convection of thermal energy
is found. This can in fact be considerably larger than that resulting from the effect
of electron Landau damping.

3. Spatially Localized Mode
The derivation of the relevant dispersion equation follows closely that given in Refs.
[10] and [11] where, on the other hand, the issue of spatial localization and that of
the origin of the longitudinal viscosity are not addressed. We consider, for simplicity, a plane geometry where B ^ BQez and x is the direction of inhomogeneity. A
flow velocity Vj| = Vy (x)eg is present in the equilibrium state and the relevant electrostatic modes with E = —V$ are of the form $ = <j>(x)exp(—iut + ikyy + tfcp).
We consider the phase velocity range Vthi < w/k» < Vthe and the following set of
perturbed equations
hi
— =

w * e e<j>

ku _

T^r H — - U f i i -

e4>,
—-b.

1 + — ( l + Tfc);-

(3)

where bs = k\{Te/mi)/n%,
w*e = -kycTe{d¿nn/dx)/{eB)
, m = {dínTi/dx)/
{denn/dx) ; 0 = w - lfc||V¡| and k\ = k\ - d2/dx2 ; n¿ ~ ñ c ^ {e<j>/Te)n ;

-iwuiii +*Ex-¿£ = -kPfîui\\ - P±k±üi\\

(4)

646

COPPI

where VEX = ~ikyc<f>jB . Equation (3) is derived from the ion conservation equation and Eq.(4) from the ion longitudinal momentum conservation. The diffusion
coefficients VH and P± correspond to the effective longitudinal and transverse viscosity, respectively. The remaining symbols are of common usage.
The main effect of the instability that is described by these equations is to
produce a finite transverse viscosity and a by-product of this should be an inflow
of ion thermal energy as we shall argue on the basis of the model thermal energy
balance equation that shall be given. We deal only in a rather rudimentary form
with the issue of the mode spatial localization as we expect it to depend on a variety
of physical factors. In particular, we assume that at the outset D±k\ •< ^n^if •
Then we have
1
- dVll

*® = ÍG>-klDfE*1¿

(5)

This gives
1 = — - - / - . t.2nU ~ b* i1 + ~ i 1 + W) ^F)
(6)
w
(¿{w + tkSPfi)
\
w
'TeJ
where DB = cTe/{eB) and we take &¡|fcyV¡í > 0. We define rf = k\\kyDBVÙ that
is reasonable to assume to be smaller than OJ2. Then we obtain
<jj ~

a/*

l - ^ - 7 7 H ñ í i i ? - * . ( l + 5 r ( l + w))

«2. + ( W

^« II II

V Te

We note that the growth rate is maximum for uc — k?\D» — w*e- In addition the
location of the surface x = xB around which the mode is localized and the possible
values offcnand ky are characterized by these conditions: d(i/£)€v) /dx = 0, where
ev = 7 2 / (o/2e + v%) , and k\\dV\\/dx + d[u*e (1 - e„)] /dx = 0 . This implies that

W*e

^*e

and, considering c„ < l,\u'D/uD\

VD

VD

> u'+e/ijj*e. In addition,

€«

implies that VQ « w*e at z = x ^
becomes

1f2

W2e + l/¿

. Thus the equation for the mode profile

P?£?U(*)«0

(8)

where 1/L2, = (l/2)d 2 c v /dx 2 _, p 2 = p 2 [1 + (Ü/T,) (1 + if,)), and p2 = [T./rm)
n 2 f . The relevant solution is <f> = &>exp \-o(x — xB)2/2], where a 2 = €t,/(ptlr£>)2,
corresponding to a mode width A ~ {ptL¡))ll2 ¡tj . We note that, for r n =
— (d£nn/dx) _ 1 , e„ ~ fc||Vj[rn/u/«,e. We observe also that the condition w*e >
k\\Vthi implies D»k2 > k\\Vthi and, if we define ueJJ through V§ = V2hi/i/ejf,
< *||VÏ/w.

ue/f
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4. Thermal E n e r g y F l u x

We evaluate a component of the thermal energy flux by the quasilinear approximation as qf = n < TÍVEX >> where T» is the ion temperature perturbation resulting
from the excitation of the considered mode. For this we adopt the following model
thermal energy balance equation:

3

id-

dTi

5" U '
cirniVl

iJ+nTiVjiui,

dV\\ A
dx

dx

(dü>%\\
\ ox

dvKx
az

)]

(9)

where the term on the r.h.s. is the thermal energy source resulting from viscous
dissipation. Then we obtain
i

(iTi

-VÍ.L-

2Tjdn\

, 4 VI (V¡¡) V

dvE,
dx

- ¡ ( 7 - ¿B«)r,2 - ¿PTrn, [(K,;)2 + 27„2
where 7 is the growth rate and consider that (Vjf)2 > 7 2 . Then we can see that
Ti is composed of an even and an odd part in the variable x — XB • In particular,
for Ti = Todd + Tev,
(7 - «WRJTWW as

-

4Pj;m<(Vy 2 <K; g{C
dx
3 Ztf
A;2

and
ídTj
(7 - *Wiî) í.,, ~iky — 4>
\ dx

2Tjrdn\
2e<j>
+
3 ~~dx)
n
zTe

(T - to«)2; + Pi** (v,f)'

Then

/m

^
e0

feyc/dr¿

~
l

2Tidn\

2

n„

i\2

(Vjf)

Y+UR

Since G>R ~ -ky(cTe/eB)dtnn/dx

we see that the flow is inward if

IV)2
q
Kmi-^->i-{m-i)
where r/¿ = (dtnTi/dr)
we have

/ (dtnn/dr).

qj ~ n < t í s s T á + 5 ^ T C „ > £
where V«,c = w+c/ky

.

If we consider this condition to be well satisfied

< »E« r>
v? e + 72/^2

(10)
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We observe that a flow of thermal energy directed inward can be found when
a source of thermal energy proportional to n/n or Ti/T becomes significant, in the
thermal energy balance equation, and the proportionality coefficient is positive.
In order to estimate the order of magnitude of q\n we may assume that the mode
amplitude saturation occurs when \kyñ\ ~ ixr){~g£')- Then

Finally we note that if we include the effect of electron Landau damping or
that of a finite effective longitudinal electron electron thermal conductivity [6] the
considered mode is found to produce a net particle inflow. This is, roughly

r, «<*.«.>« <|... | > 5 5 r s . ^ < o
where Aj£ is the longitudinal effective diffusion coefficient for the electron thermal
energy. Thus the ion thermal energy that is convected inward with this particle
flux should be given proper consideration and the relevant flux, q?, added to qj.
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