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FOREWORD

Development of nuclear fusion as a practical energy source could provide
great benefits. This fact has been widely recognized and fusion research has
enjoyed a level of international co-operation unusual in other scientific areas.
From its inception, the International Atomic Energy Agency has actively
promoted the international exchange of fusion information.

In this context, the IAEA responded in 1986 to calls for expansion of
international co-operation in fusion energy development expressed at summit
meetings of governmental leaders. At the invitation of the Director General
there was a series of meetings in Vienna during 1987, at which representatives
of the world's four major fusion programmes developed a detailed proposal for
a joint venture called International Thermonuclear Experimental Reactor
(ITER) Conceptual Design Activities (CDA). The Director General then
invited each interested party to co-operate in the CDA in accordance with the
Terms of Reference that had been worked out. All four Parties accepted this
invitation.

The ITER CDA, under the auspices of the IAEA, began in April 1988 and
were successfully completed in December 1990. This work included two
phases, the definition phase and the design phase. In 1988 the first phase
produced a concept with a consistent set of technical characteristics and
preliminary plans for co-ordinated R&D in support of ITER. The design
phase produced a conceptual design, a description of site requirements, and
preliminary construction schedule and cost estimate, as well as an ITER R&D
plan.

The information produced within the CDA has been made available for the
ITER Parties to use either in their own programme or as part of an
international collaboration.

As part of its support of ITER, the IAEA is pleased to publish the
documents that summarize the results of the Conceptual Design Activities.
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PREFACE

This report describes the research and development (R&D) performed
for the International Thermonuclear Experimental Reactor (ITER) during the
period of the Conceptual Design Activities from 1988 through 1990. The report
is presented in two parts; part A is the Physics R&D during the ITER
Conceptual Design and part B is the Technology R&D for the ITER Conceptual
Design.

The Concept Definition of ITER resulted from the Definition Phase of
the ITER Activity conducted from May through September 1988. The results of
that effort are described in two volumes, ITER Concept Definition, ITER
Documentation Series, No. 3. The conceptual design activities were completed in
December 1990 and the final report summarizes all of the conceptual design; see
ITER Conceptual Design Report, ITER Document Series No. 18.

The ITER Activities involve the participation of the European
Communities, Japan, the Union of Soviet Socialist Republics, and the United
States of America under the auspices of the International Atomic Energy
Agency.



PART A. PHYSICS R&D DURING
ITER CONCEPTUAL DESIGN ACTIVITIES



A-I. INTRODUCTION

At the outset of the ITER Conceptual Design Activities in 1988, physics
areas in which the database was insufficient for the design of ITER or which,
at that time, were not sufficiently covered by the ongoing programmes of the
ITER Parties were identified. By the end of 1988, a programme1 of ITER-
rclated physics R&D had been set up for the years 1989-1990. This was
structured in 23 tasks, listed in Table A-I-l, to be carried out by ITER Parties
on a voluntary basis.

About half of the tasks were concerned with questions in three priority
areas:

power and particle exhaust physics (i.e., the combined fields of
plasma edge physics and plasma-wall interaction as well as impurity
behaviour);
characterization aad control of disruptions;
long-pulse operation in regimes with low energy transport (in
particular in the H-mode).

The participation of the research institutions of the four ITER Parties
was excellent. As a consequence, the coverage of the selected physics areas
was very good. Where possible, a broad approach was adopted to make cross-
checking of the results possible. For a few tasks (e.g., characterization of
high-Z materials for plasma-facing components; electron cyclotron and ion
cyclotron current drive), satisfactory coverage was not possible over the period
in question, due primarily to the need to install new or to adjust existing
equipment on various devices, but also, in some cases, to the necessity to
perform the work in a staged approach.

The number of individual contributions received, listed in Table A-I-2,
was considerably beyond what had been anticipated at the start of the
Programme; additional contributors supplied information, and there were
contributions from participating institutions to additional tasks. These
additions outnumbered appreciably the cases where reports could not be made
available as foreseen.

Particularly important for developing the ITER concept has been the
information on:

(1) the analysis, in large tokamaks, of flux swing needs during
optimized inductive current ramp-up, which has had a direct impact
on ITER design, as well as the demonstration of substantial volt-
second saving by lower hybrid wave current rampup assist;

(2) operation with Be coated walls, which has led to the consideration
of Be as a design option as a plasma-facing material in ITER;

1 ITER Technical Report (internal document), "ITER-Related Physics R&D
Programme 1989-1990", ITER-TN-PH-9-2, Garching, 1989.
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TABLE A M . ITER-RELATED PHYSICS R&D TASKS

Task No. Task Title
PH-

01 Power and helium exhaust conditions
02 Helium radial distribution in high-iemperature discharges
03 Viability of a radiative edge
04 Sweeping of the divertor target load
05 Characterization of low-Z materials for plasma-facing components
06 Characterization of high-Z materials for plasma-facing components
07 Characterization of disruptions
08 Disruption control
09 RF plasma formation and preheating
10 RF current initiation
11 Scaling of volt-second consumption during current rampup in large tokamaks
12 Alpha-particle losses induced by the toroidal magnetic field ripple
13 Compatibility of plasma diagnostics with ITER conditions
14 Steady-state operation in enhanced confinement regimes (H-mode and

"enhanced" L-mode)
15 Comparison of theoretical transport models with experimental data
16 Control of MHD activity
17 Density limit
18 Plasma performance at high elongation
19 Alpha-particle simulation experiments
20 Electron cyclotron current drive
21 Ion cyclotron current drive
22 Impact of Alfven wave instability on neutral beam current drive
23 Proof of principle of fuelling by injection of field-reversed compact toroids

(3) the reasons for the appearance of the density limit;
(4) helium transport properties and measurements of the helium

pumping efficiency of pumped limiters and divertors;
(5) feedback control of the 2/1 tearing mode using helical fields;
(6) long-pulse operation in H-mode with "grassy" edge localized modes

(ELMs), avoiding appreciable impurity accumulation, as well as
ways to control ELMs;

(7) the scaling of energy confinement, in particular first results for the
H-mode (showing a similar dependence as typical L-mode scalings)
and the scaling with aspect ratio for the L-mode; and

(8) plasma formation assist by electron cyclotron waves.
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A-II. TASK SUMMARIES

Concise summaries of the results contributed to each of the 23 tasks are
given in this section. Each summary includes a description of the task
objectives and conclusions that evaluate the impact of the results on ITER.
When appropriate, comments on future R&D needs are also included. The
summaries were written by members of the ITER Physics Group, whose names
appear on each of the summaries and are listed in Table A-II-1.

TABLE A-II-1. SUMMARIZERS AND CO-SUMMARIZERS

Task No. Summarizer Co-Summarizer

01

02

03

04

05

06

07

08

09

10

11

12

13

14

15

16

17

18

19

20

21

22

23

H. Pacher

S. Cohen

Yu. Igitkhanov

S. Cohen

S. Cohen

S. Cohen

G. Pacher

T. Tsunematsu

J. Wesley

S. Yamamoto

J. Wesley

S. Putvinskij

S. Yamamoto

V. Mukhovatov

V. Parail

T. Tsunematsu

K. Borrass

T. Tsunematsu

S. Putvinskij

W. Nevins

W. Nevins

W. Nevins

D. Swain

F. Engelmann

H. Pacher

H. Pacher

H. Pacher

H. Pacher

H. Pacher

T. Tsunemaisu

G. Pacher

G. Pacher

G. Pacher

G. Pacher, F. Engelmann

K. Borrass

V. iMukhovatov, F. Engelmann

F. Engelmann, D. Post

F. Engelmann, D. Post

K. Borrass

F. Engelmann

V. Mukhovatov

K Borrass

D. Swain

D. Swain

D. Swain

D. Post
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Task #PH01
Power and Helium Exhaust Conditions

By: H. D. Pacher/F. Engelmann

Task Objective:
Development of an experimental characterization and an
understanding of the physics properties of the plasma in the
scrape-off layer and in the divertor (including impurity
production mechanisms and transport, helium transport,
hydrogen transport, non-ambipolar plasma transport, impact
of edge density and fluctuations, fuelling with gas puffing
and with pellets, recycling properties of different first wall
materials, etc.) for conditions proto-typical cf ITER, including
transient effects, is needed. This would include the
development and validation of models for predicting the
plasma edge conditions that would be expected in ITER. In
addition, methods for actively controlling the plasma edge
conditions need to be explored.

Summary of Results Reported:
Over the period 1989-90, a large number of contributions was
received. More extended summaries are available for each of
the three reporting periods, so that only a few of the most
striking results are highlighted here.
Early experimental determination of transport coefficients
led to the definition of values of edge density, heat
conductivity, diffusion coefficient, and pinch velocity that
were used for ITER modelling. Since then, a number of
experiments (DIII-D, ASDEX, JET) have reported further
results. Scaling of the density scrape-off width with current
(inverse), density (none) and power (indeterminate) has
been reported by JET and some scalings with local parameters
such as the electron temperature exist. However, no universal
picture of the scaling of scrape-off layer transport with
either engineering parameters (e.g. current), typical plasma
parameters (e.g. stagnation point temperature) or local
parameters (e.g Bohm) has yet emerged.
Additions to the experimental database on atomic, molecular,
and chemical processes at the limiting surfaces (TEXTOR,
Tokamak de Varennes, TFTR) as well as descriptions of
successful conditioning, carbonization, and boronization
procedures (TEXTOR, TORE SUPRA, TFTR) were reported.
The call for more information on divertor questions has
received a very significant response. Many of these
measurements have been carried out in ELMy H-mode
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conditions which are anticipated for ITER. Among these
measurements are up-down asymmetry (DIII-D), toroidal
asymmetries (ASDEX), in-out poloidal asymmetries of power
(ASDEX) and power per unit area (DIII-D, ASDEX, JT-60),
experimental demonstration of sweeping of the strike point
(e.g., DIII-D), evaluation of the effect of field errors and
locked modes (heat load bifurcation observed in DIII-D) and
variation of edge density with central density (several
experiments). The growing database on poloidal asymmetries.
to which both divertor (DHI-D, ASDEX, JT-60, JET X-point, JFT
2-M) and limiter (TEXTOR) experiments have contributed,
underline the necessity of including drifts and edge currents
in future modelling for ITER (an example of such modelling
for present experiments was provided by JFT 2-M). In this
context, the observations of thermoelectric currents reported
on ASDEX and DIII-D are also important.
Divertor operating regimes have been investigated in some
detail. High recycling conditions have been obtained on JT-60
and DIII-D. Of particular interest is the observation of remote
radiative cooling of the inner divertor channel on JT-60 as
the density is increased. Cooling by radiation, and relation of
this condition to the density limit, is an important question.
Additional gas puffing near the X-point in DIII-D showed a
very encouraging decrease in peak divertor heat load by 50%,
possibly due to a combination of enhanced radiation and
blocking of the heat conduction channel. Further
experiments in this area are needed, also to show the
compatibility of the scheme with stationary operation and
refuelling requirements.
First experiments with biasing of the divertor plates or
limiters have been reported. Apart from changes in plasma-
wall interaction (TEXTOR, for example), a strong reduction in
the H-mode threshold (JFT 2-M) and a strong increase in
pressure of gas in the exhaust region (DIII-D) are significant.
The database on edge localized modes (ELMs) has been
significantly extended. Measurements of the heat profile
deposition during an ELM (DIII-D and ASDEX) show an L-
mode-like width, with enhanced loss to the inner divertor
(DIII-D), and show further that the between-ELM phase is H-
mode-like. Therefore, time-dependent modelling is needed in
future, also in view of the large observed (ASDEX) difference
in ELM and between-ELM sputtering rates. Some ELM control
was demonstrated by ASDEX and DIII-D as well as JFT 2-M (use
of an ergodic magnetic limiter in the latter instance allowed a
steady-state H-mode).
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Several significant results on impurity transport and
generation have been obtained. Measurement of divertor
retention of rare gases was reported from ASDEX. The
decreased central impurity levels in JET with beryllium
(limiter operation) at unchanged or increased source levels
are attributed to larger gas flow rates necessary to maintain
the density when carbon is replaced with beryllium. Strong
gas puffing into the JET edge plasma reduced impurity
production and delayed the carbon catastrophe. This
underlines the importance of the combination of high edge
density and strong gas flows for impurity control. Impurity
transport in the scrape-off layer remains an area demanding
increased effort in both experiment and modelling. Radial
and parallel impurity transport experiments carried out on
TEXTOR are typical of the required experiments.
Investigations of the cause of radiation enhanced sublimation
and the carbon catastrophe on JET (probe) and TEXTOR (heated
limiter) were important to develop criteria for ITER
operation.

While not directly applicable to the poloidal divertor concept
of ITER, use of an ergodic divertor on TORE SUPRA showed that
an increase of the power scrape-off width by a factor of 2-3 is
possible leading to a decrease in average limiter heat load but
production of some hot spots. Enhanced heat and particle
transport were inferred in the ergodic layer, and first
indications of enhanced impurity efflux were mentioned.
The importance of detailed recycling considerations at the
wall was underlined by TORE SUPRA pumped limiter
experiments in conditions for which the ionization length
was smaller than the SOL width (as will be the case for ITER).

Significant results on helium transport and exhaust have
been reported. JT-60 obtained a helium enrichment (relative
concentration exhaust region to core) of 0.3 increasing to 0.6
with density when helium was introduced into the center
with neutral beam injection, and both hydrogen and helium
pressures increased as n3. A pinch coefficient of 2 was found.

In TEXTOR (pumped limiter with He gas puff), results were
consistent with a He recycling coefficient of 0.9 to 0.92 at full
pumping and a pinch coefficient in the range of 1-2. These
encouraging results, showing that in some conditions edge He
control can be effective in reducing central He
concentration, should be pursued further and confirmed
by detailed profile measurements.

19



Conclus ions :
The working conditions of the divertor are one of the most
critical problems for ITER. Many of the results highlighted
above have had a very considerable impact on the ITER
conceptual design and on the physics specifications of the
various components. The massive response of the fusion
community to detailed questions of divertor conditions,
operating regimes, transport and ELM effects, impurily
transport questions, and helium exhaust has been highly
appreciated. Nevertheless, greatly improved SOL profile
measurements to deduce scaling of SOL transport coefficients
are required, and SOL impurity transport studies are in their
infancy. Promising new avenues of direct edge control
(biasing, X-point gas injection, ergodization, remote radiative
cooling) should be pursued and examined for extrapolability
to ITER. Divertor simulators can make important
contributions provided their parameters are relevant. Helium
transport and exhaust studies need to be amplified.
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Task #PH02
Helium Radial Distribution in High Temperature

Discharges

By: S. A. Cohen/H.D.Pacher

Task Objective:
The radial concentration of helium in the ITER core plasma
must be accurately predicted to evaluate ITER performance
and to specify the pumping speed and configuration required
for adequate helium exhaust. Therefore, the radial
distribution of helium across the minor cross section must be
measured for ITER-relevant parameters and operating modes
(including the ELMy H-mode, elongated divertor
configuration, P i > 0.2 MW/m2, n(0) ~ 1 • 1020 m"3 and T(0) > 5

keV). The measurements of helium radial profiles should be
converted into radially dependent particle diffusivities and
convective velocities and compared with the thermal
conductivity. A scaling to ITER should be developed
(analogously to that for energy transport).

Summary of Results Reported:
Studies of helium radial profiles have been made on TEXTOR,
TFTR, Tuman-3, and TVD, and the central He density during
He gas puffing was measured on JT-60. Similar experiments
are planned for other tokamaks, notably JET. Results from the
low power tokamaks with pump limiter configurations, i.e.,
TEXTOR, TVD, and Tuman-3, show helium recycling
coefficients of RH e ~ 0.92 - 0.94 and ratios of helium
(transport) to energy confinement times of 0.7 < tHe/xE < 2. On

TFTR, experiments at high power in both the (rotating) L-
mode and supershot regimes show x/D ~ I with cv ~ 1-1.5. On
TEXTOR, cv was 0.65-1.6 depending on assumptions, and on JT-
60 (NB-heated L-mode, reported at the summer 1990 Plasma
Control Workshop) cv was 1-2 for He. JT-60 found that the
central He density saturated at 6% of ne (no accumulation).

Conclusions:
ITER studies using 0-d and 1-d numerical plasma transport

models show that the required XH C /TE value must be less than
~ 7 for ignition to be sustained quasi-continuously (0-d

models give more stringent requirements). The required
tHe/TE depends on RHe at the separatrix - the value above is for
RHe < 0.9.
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Thus, the results obtained in TEXTOR and TFTR are favourable
for ITER. Even with a toroidally incomplete pump limiter
configuration, TEXTOR attained Rne = 0-92 and THC/TE of 1-1-4
(2.2 at low density). While direct mapping of these results to
ITER would result in core helium concentrations of ~ 5%, this
approach cannot be justified, and further information is
required. First, the above results are for OH, L-mode, or
supershot plasmas, not the ELMy H-mode specified for ITER,
for which the ratio x to D is unknown. Secondly, the results
obtained are not for elongated DN plasmas in divertor
configurations with high recycling; 2-d flows, particularly in
an unbalanced DN configuration, here could easily alter
helium exhaust. Thirdly, to assess the pumping speed required
to exhaust helium at the divertor duct opening, the helium
density at the separatrix must be known. Finally, 2-d fluid
code simulations of helium flows in the divertor region
predict changes in the required pumping speed, or the ratio
of He density at the separatrix to that at the pump duct, caused
by the displacement of the helium impact profile on the
divertor plate towards the pump duct opening. This effect
should be validated because it would improve ITER operation
by broadening the available operating space or easing the
pumping speed requirements. Measurements of Rne and ihe
helium impact profile are clearly needed.
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Task # PH03
Viability of a Radiative Edge

By: Yu. L. Igitkhanov/H. Pacher

Task Objective:
Under nominal operation conditions, including steady-state
operation, ITER will have to be sufficiently far from the
density and q limits while a significant part of the power flux
from the plasma core must be exhausted by radiation to
mitigate the demanding working conditions of the divertor
plate. The respective power exhaust fluxed to the first wall and
divertor target are an important element in this trade-off.
Detailed knowledge of the physical conditions of the edge
plasma (neighborhood of q=2 surface and scrape-off layer) in
a separatrix-bounded discharge at densities (somewhat) below
the density limit is needed. See also Task # PHI7.

Summary of Results Reported
Contributions to this task covered both detached plasmas and
enhanced divertor radiation.
Detached plasmas (d.p.), in which close to 100% of the heating
power is exhausted by radiation, have been considered as a
means of distributing power losses uniformly on walls in
ITER. Ohmically and neutral beam injection (NBI) heated
detached plasmas are being studied on some tokamaks in order
to help determine the practicality of this concept. A high
level of radiation can be achieved by injection of controlled
amounts of selected impurities. Experiments on TFTR were
done to determine whether the plasma could be maintained
detached under reactor relevant auxiliary heating levels and
whether edge radiation could be enhanced such that an
emissivity of the order of 1 MW/m3 (as would be needed in
ITER) is obtained. Ohmically heated d.p. are formed
reproducibly on TFTR by ramping the plasma current down
while maintaining a high influx of neutral gas and a constant
density. As the current is ramped down, a MARFE is triggered
at some position on the inner periphery of the minor cross-
section of the plasma; this local cold high density plasma cools
the plasma edge further causing the minor radius to shrink
and the plasma to pull away from the walls and limiters. The
MARFE spreads poloidally and within milliseconds becomes a
thin cylindrical shell which is essentially symmetric both
toroidally and poloidally. In this detached state actually about
100% of the input power is radiated away by impurities in the
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edge layer. For OH d.p. relatively flat electron temperature and
density radial profiles in the cold region near the limitcr
were found. When gas puffing was used, NBI heated d.p. with
up to 8.5 MW of beam power remained detached for up to
300 ms.
Under these conditions, a reactor relevant cmissivity of about
0.8 MW/m3, was achieved in TFTR. Toroidal and poloidal
symmetry of the radiating shell could be retained at high
power using gas puffing. Detachment results in a reduction of
the heat flux to the divcrtor/Iimitcr surface without
appreciable change of the energy confinement time and Zeff.
The results also indicate that it might be possible to obtain H-
modc confinement in detached plasmas.
Experimental measurements of the total energy radiated per
impurity particle (C and O) during its whole lifetime were
carried out in TEXTOR. It was shown that this value mainly
depends on the transport properties in the boundary plasma.
In a transport dominated ionization equilibrium, as expected
for C and O at the plasma boundary, the values of the total
emissivity arc nearly 2 orders of magnitude larger than in
corona equilibrium. The dominant parameters which
determined the threshold for developing a d.p. in TEXTOR arc
heating power, average electron density and impurity
density. Strong edge cooling reduces Te and therefore the
toroidal plasma flow to the limiters and enhances particle
fluxes to the carbon wall. Impurity release from the carbon
wall, due to the enhanced particle fluxes, assure a high
radiation level during the d.p. phase. Impurity contamination
in the main plasma increased to more than 3. The
enhancement of Ohmic heating which is correlated with the
increase in Z e f f may be an important mechanism for
stabilizing the d.p. Indications of reduced particle transport,
i.e. an increase of the particle confinement time for H, C and
Fe have been found. The influence of radiative losses on
plasma edge parameters has been investigated. The total
radiative power during the lifetime of C and O impurity ions
was measured and good agreement (within a factor of 2) was
obtained with a 1-D impurity transport code. The "radiation
potential" (defined as the ratio of the radiative flux to the
impurity flux) varies between 2 and 6 keV for non-detached
plasmas and goes up even to 16 keV for detached plasmas.
A strong influence of radiation on the plasma edge
parameters has been observed. The most important result was
the generation of stationary tokamak discharges with a cool
radiative plasma mantle, in the presence of 3-5% C and O at the
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edge and 1.5-2.5% C and 0 (each) in the center (this impurity
level is higher than acceptable in 1TER).
Detached plasmas were also produced in TORE-SUPRA. They
were characterized by ~ reduction of the "effective" radius of
the plasma by 40-50%. A strong decrease of (he recycling flux
and the heat load to the main limiter was observed.
Spectroscopic measurements in JT-60 indicate that 60% of the
divertor radiation can be accounted for by hydrogen
radiation, low-ionization carbon impurity radiation, and
charge-exchange loss. The electron density and temperature
at the edge were 2.4 102 0 nr3 and 26 eV. The result suggests
that a dense, cold and radiative divcrtor plasma can be formed
with strong neutral beam (NB) heating up to 20 MW. The
radiation power from the divertor plasma is then = 20% of the
NB power. Zeff decreases with increasing nc and becomes 1.5

to 2 for ne > 0.8 • 1020 nr3 with an NB power of 20 MW for a C
limiter and wall. The radiated power is less than 30% without a
MARFE and increases to 80 to 100% for high densities where a
MARFE develops.
A 3D Monte-Carlo calculation shows that the oxygen ion
distribution of low and moderate charge states are expected lo
be asymmetric, while the high charge states (O6 to Og) arc
almost symmelrically distributed over the major radius after
the impurity injection.
The power to the divertor plates may also be reduced by strong
deuterium or impurity puffing into the region below the X-
point of single-null divertor discharges (sec also
contributions by DIII-D, JT-60 to Task PH01).
In DIli-D, deuterium gas was injected at a rate of 120 Torr - 1/s
into a single-null divertor discharge with 14.5 MW of NB
heating to maintain H-mode confinement. The heat flux at the
outer divertor plate decreased from 4 MW/m2 down to Irss
than 2 MW/m2-. The energy confinement time decreases
slightly, Z e f f drops, and the density increases slightly.
Furthermore, when nitrogen gas was injected into 1.2 MA
discharges with up to 20 MW of NB power, the target heat flux
was also reduced by a factor of more than 2, but Zeff increased
to 2.4 (compared to 1.8 in a comparable discharge with no
nitrogen injection). The best shielding of the core plasma was
obtained for injection below the X-point. Gas puffing at the
top of the plasma, away from the divertor, did not affect the
divertor heat load appreciably. The observed reduction in
divertor heat loads in these cases is probably due to a
combination of the increase in radiation and a change in SOL
profiles leading to a blocking of the conduction channel.
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Conc lus ions :
New experimental data were obtained during this period. They
indicate that:

detached plasmas can be created and maintained with gas
puffing in discharges with intense neutral beam
heating;
an emissivity of the edge plasma approaching 1 MW/m3

can be obtained;
H-mode confinement in detached plasma operation may
exist.

While these results increase confidence in the possibility of
realizing radiative edge conditions in 1TER, further
investigations are needed to show that the impurity screening
is sufficient to avoid excessive impurity contamination of the
main plasma and that such plasmas have satisfactory thermal
stability properties.

Divertor gas puffing is a promising method to reduce hcai
fluxes by increasing radiation and changing the SOL profiles
in the divcrtor region, but applicability to 1TER conditions
(private flux region opaque to neutrals) must be examined.
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Task #PH04
Sweeping of the Divertor Target Load

By: S.A. Cohen/H.D.Pachcr

Task Objective:
To reduce the peak power load and erosion, il is beneficial lo
widen the area on the divertor plate over which the power is
deposited. Though it would be less complex if the plasma
power scrape-off length were wider, this appears difficult to
attain. Sweeping the position of the separatrix strike point is
another option. A sweeping speed of ~ 1 0 3 m/s would be
adequate for erosion reduction. Strike-point sweeping to
lower the peak plate temperature requires a higher rate,
which depends on the divertor plate design. The main Physics
R&D topics in this context are: a study of the effects of slow
magnetic topology changes on helium exhaust and power load
(especially symmetry); and a study of erosion/redeposition
processes, including hydrogen inventory and desorption, and
deposited film properties.

Summary of Results Reported:
DHI-D reported on NBI heating experiments at up to 4 MW in
which the strike-point location was swept +/-6 cm at ~ 1 Hz.
Strike-point motion reduced the peak divertor plate
temperature rise by a factor of 2. Divertor recycling and
impurity generation were not affected by sweep, whereas the
ELM behaviour and gas fueling requirements changed. No
detailed studies of these latter effects have yet been
undertaken. Studies of the redeposited films, described in
PH05, support the statement that the film properties are
similar to the virgin material in adhesion, H inventory, and
sputter yield, properties important for ITER.
JT-60 reported sweep experiments with 20 MW NB heating at 5
M W / m 2 , 2 Hz, and +1-2 cm with a reduction of surface
temperature rise by 30%. The observed change in in-out
power distribution during sweep should be analyzed further.

Conclusions:
Inclusion of sweeping into ITER operation requires design
analyses, Technical R&D, and Physics R&D. The strike point
must be swept reliably sufficiently rapidly that the surface
temperature excursions are small, and the amplitude must be
optimized relative to helium pumping. The detailed points to
be addressed in the Physics R&D are closely related to the
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validation of edge plasma models. Whether the change in
magnetic field topology and X-point to strike-point distance
(up to 10%) alters the sheath electron temperature or the
helium exhaust efficiency should be investigated
Preliminary results in these areas show little effect at the
small sweeping amplitude considered for ITER. From the
positive DHI-D and JT-60 experiments, it is justified to include
sweeping as a method to reduce the divcrtor plate
temperature rise and erosion. However, code validation, as
described in PH01, is necessary to test the adequacy of ihc
extrapolation to ITER.
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Task #PH05
Characterization of Low-Z Materials

for Plasma-Facing Components

by: S.A. Cohen/H.D.Pachcr

Task Objective
The behaviour of low-Z protection materials (graphites,
carbides, Be, etc.) in interaction with a tokamak plasma must
be investigated under reactor-relevant plasma conditions
and for a range of temperatures anticipated for plasma-
facing components. Issues are: physical and chemical
erosion (including impurity-ion sputtering and self
sputtering), transport in the edge plasma including
redeposition, properties of redeposiled materials, hydrogen
retention, outgassing,, and reaction to intense off-normal
heat loads, e.g., disruptions.

Summary of Results Reported:

I. Carbon
A. Impurity Generation and Transport

1. Radiation enhanced sublimation (RES) is claimed to
be the main source of carbon influx into TEXTOR at high
temperatures, based on influx measurements. At lower
temperature chemical erosion is still the main cause. While
no catastrophic carbon blooms have been reported for
TEXTOR due to local hot areas, hcatec limiter experiments
showed that 15% of the limiter surface could be heated to
only 1200 C before an increase in carbon impurity influx
due to the onset of RES.

2. JT-60 does not see catastrophic carbon blooms in
plasmas with 20 MW of NB injection for 5 s. The measured
plate surface temperature is 700 C and the calculated local
edge temperature is 2100°C. The absence of catastrophic
bloom may be due to use of H rather than D or to the small
extent of the hot region. The observed core C contamination
increases linearly with applied power to 11 MW and more
strongly above (Zerf=1.3-1.8 at 11 MW, rising to Zeff=4 at 20 MW
and densities below 3 x 1019 m 3 ) . JT-60 does see C blooms at
lower plasma density with only 1.5 MW of LH power (2.2 MJ
input energy).

3. DIII-D has not yet seen carbon blooms, even with
carbon limiter / divertor plate temperatures locally above
1500°C.
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4. TFTR sees carbon blooms when small areas (100 cm2)
attain 1600 C. With a CFC bumper limiter, operation without
blooms is possible to 46 MJ input energy, the highest value
used. TFTR has reduced the bloom likelihood (increased the
power/energy threshold a factor of ~ 2) by aligning its inner
limiter CFC tiles to better than 0.2 mm. TFTR docs not sec
blooms from carbon structures which are more than 3 cm
outside the last closed flux surface, even when their
temperatures exceed 1500°C.

5. Measurements by the TEXTOR group of RES related
phenomena show the RES yield is characterized by an
Arrhenius activation energy of 1.4 eV, 50-80% higher than
in beam experiments. This may be due to surface impurities.

6. Studies of CO and CH's in Tokamak dc Varcnncs
(reported in PH01) confirm the importance of chemical
processes at low plasma temperatures. CO production is
correlated with H2O levels in the prefil). The correlation
between C and O levels in the plasma is likely due to O
chemical erosion, i.e., CO formation upon O impact.

7. Cross field diffusion of carbon in the edge plasma of
TEXTOR is characterized by a low diffusivity, 0.2 m2/s.

B. Gas trapping and release
1. Comparative outgassing studies of D-implantcd a-

C/B:D layers (TEXTOR boronization) and a-C/D layers (non-
boronized layer in the laboratory) have been carried out.
The boronized layer had an outgassing rate 5 times larger
than the pure C film, permitting regeneration of pumping
ability at 150°C between runs of TEXTOR.

2. Tritium-loaded (1% T, 99% D) co-deposited C films (in
TPX) were shown to release 100% of the co-deposited T/D at
300°C when exposed to air.

3. Measurements of hydrogen retention properties of
redeposited carbon layers formed in TFTR have shown nearly
identical behaviour to the virgin carbon. Specifically, both
in vacuo and in air outgassing and retention are the same for
both materials. Outgassing occurs at lower temperatures (90%
released by 400°C) in air than in vacuo (90% released by
850°C).

4. Heat-shock damaged (8 MW/m2) pyrolytic graphite
has 6 times higher tritium retention than undamaged.

C. Tile morphology changes
1. Damage to 5 cm x 10 cm regions in the Tore Supra

limiter midplane is attributed to runaway electrons.
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2. Post-mortem analyses of JT-60 diverlor tiles
confirms superior thermal properties for CFCs versus
graphite at surface temperatures below 1000 C. Edge damage
to graphite tiles is attributed to disruption-produced
runaways.

3. Measurements of divertor plate erosion after a
9 month exposure period in DIII-D showed a maximum of
6 micron removed. In contrast, the REDEP code predicted
about 25 micron removed, based on (limited) measurements
of plasma parameters near the divcrtor sheath. Erosion was
dominantly near the outboard strike point; redeposition was
near the inboard strike point.

4. Significant redeposition of C (a layer several
microns thick) is observed on the sides of the graphite tiles
of the TFTR inner bumper limiter between tiles.

H. Beryllium
1. Use of beryllium coatings and limiters in JET has

resulted in exceptionally good core plasma parameters. These
include attainment of: hot ion mode discharges with 100 kW
of D-3Hc fusion reactions; a beta limit of 5-6%; Zcff of 1.5 even
with 30 MW of auxiliary healing; H-modcs with NB1 of 5 s
duration; and ICRF-only H-modes of 1.5 s duration.

2. Carbon blooms are not prevented by Be coatings on
carbon limitcrs. Beryllium blooms can occur when beryllium
limitcrs arc used. A total energy of 180 MJ could be injected
into the plasma.

3. Be getters O very well, reducing its concentration
below 0.1%. C influx is also reduced, by a factor 2, even if Be
coats only the walls, not the limiters or divertor plates. This
may be due to a reduction in CO formation, i.e. chemical
sputtering.

4. Transient pumping of both hydrogen and helium
occurs. Be limiters and/or walls retain 10-20% of the D
uptake (compared to 80% of D for C limiters) but the total
numbers of particles retained is the same because of the
higher fuelling in the case of Be.

5. The strong gas puffing required in Be-gettered
discharges is accompanied by impurity screening by the SOL.
Density limits in these discharges occur at Prad~ 0.5 Paux-
Disruption current quench times with Be limiters are often a
factor of 10 slower than with carbon limiters.

6. Recovery ot tokamak discharges after disruptions is
far more rapid when Be is used.

31



III. Boron
A. Bulk Boron loading

1. Bulk B-loadcd graphites with B concentrations up to
30% and densities near 1.2 have been investigated at TEXTOR
and PISCES.

2. Oxidation resistance of high temperature B-loadcd
graphite is clearly superior to that of unloaded graphite. At
10-30% loading, weight loss after 5 hours at 800°C is reduced
from 35% for (most) unloaded graphites to near zero.

3. PISCES measurements of the sputtering of 30 %
B-doped C show physical sputtering and RES yields reduced a
factor of 2-3 in the temperature range 250-1600°C versus the
undoped material. Equal yields were obtained at temperatures
200 C higher with doping than without. No flux dependence
of the erosion rate was found.

4. When exposed to TPX plasmas at SNLL, the T
inventory in hot (T>800°C) 10% B-C is twice less than in pure
POCO AXF and 10 times less than in undoped GB-100 graphite.
This low value is, however, twice as large as that of
undamaged pyrolytic graphite. Heat-shock damaged (8
M W / m 2 ) pyrolytic graphite has more than 6 times higher
tritium retention than undamaged. At lower temperature,
pyrolytic graphite also retains less D.

B. Boron coatings
1. Techniques for surface boronization developed by

the TEXTOR group, including use of trimethylborane and RF-
plasma-assisted CVD, are faster and safer than use of
diborane/methane mixtures. Methods for B deposition
developed by SNL for TFTR have allowed the deposition of
films rich in B.

2. KFA measurements at 2.5 keV show significantly
reduced (by a factor 4-10) hydrocarbon formation for bulk
B-doped (down to 1%) B/C material or pure B films. RES is
slightly reduced below that of C below 1700° C, and is
equivalent above this temperature.

3. The toroidal variation of B layers deposited in
tokamaks has been measured in ASDEX. Deposits near the gas
inlet valve are about 10 times thicker than far from the
valve.

4. The effective lifetime of in situ deposited B films (on
walls) is of the order of a few months. This translates to tens
of thousands of seconds of plasma exposure. B coatings help
to reduce the oxygen content of the plasma. The B coating
must be on the walls - divertor plate or limiter coatings alone
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are insufficient for this purpose. Collector probe
measurements support the reduction of O in the edge plasma
due to boronizalion. Oxygen deposition (TEXTOR) is 10 times
lower with boronized than with carbonized walls.

5. Zeff = 1 has been attained in ASDEX OH discharges
using boron coatings formed without CH4 in the gas used
during plasma deposition. The edge Zeff dropped from about 6
to less than 3. The density limit increased by 25% with
boronization using methane, and by another 10% when no
methane was used.

6. IOC discharges have disappeared after extensive
boronization in ASDEX, a result atlributed to the reduction of
edge radiation which is found to lead to flatter density
profiles. ASDEX has also improved the uniformity of the B
coatings.

7. Analysis of B light from TEXTOR shows that, as
expected, physical sputtering is the main erosion
mechanism. Deposition probes confirm the presence o( little
0 in the SOL, as inferred from spectroscopy. The redepositcd
layer is a factor of 2 less rich in B than the CVD layer.

8. Many properties of the rcdeposited B layer (on
probes in TEXTOR) are the same as those of the virgin layer.
Specifically, the layers are found to be a-C/B:H with density
~ 1.2 and refractive index = 2.4. However, after ~200
discharges the B/C ratio decreases from 0.5 to 0.23, attributed
to diffusion of B into the bulk. This would be improved with
bulk-boronized graphites.

Conclusions:
Plasma-facing component materials must possess a variety of
properties such as: high thermal conductivity (even after
intense neutron irradiation) to allow thick tiles with the
associated increase in lifetime; low erosion rales to increase
lifetime and decrease plasma contamination; low tritium
retention; low chemical reactivity; low activation; resistance
to disruption damage as from thermal shock and runaway
electron impact; and ease of conditioning. They must also
remain compatible with technological considerations such as
bonding, ease of repair, and material compatibility.

Much progress has been made in low-Z material development
to improve selective properties. For example, pyrolytic
graphites do have outstanding thermal conduction
properties and low tritium retention, but these rapidly
degrade upon neutron irradiation and thermal shock.
Similarly, B-loaded carbons have reduced erosion yields and
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reduced chemical reactivity, but thermal conductivity is
usually lower than that of graphite. Beryllium has excellent
gas release, conditioning and oxygen gettering properties,
but is strongly susceptible to melting and thermal shock
damage.

The graphites being considered for ITER (e.g. aerolor) have
overall properties adequate for physics phase operation.
However, improvements in essentially all properties are still
necessary to permit extrapolation to steady-state, and
ultimately reactor, operation.
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Task #PH06
Characterization of High-Z Materials

for Plasma-Facing-Components

By: S.A. Cohen/H.D.Pachcr

Task Objective:
The behaviour of high-Z materials (molybdenum, tungsten,
etc.) as plasma-facing components (PFCs) in tokamaks must be
studied under ITER-relevant conditions. The physics R&D
issues are: erosion, redeposition, impurity transport in the
plasma, impurity migration to other PFCs, hydrogen
retention, reaction under intense off-normal heat loads (e.g.,
disruptions), outgassing, and recycling.

Summary of Results Reported:
JT-60 reported stable NBI-heated (to 20 MW) hydrogen plasma
operation with TiC-coated Mo limiter and divertor plates. (Post
mortem analyses of the plates showed that a large fraction of
the TiC had been removed by erosion, spallation, evaporation,
and/or flaking.) 60% of the input power was observed to be
lost by radiation, mainly from the divertor region. The main
metallic impurity in the plasma was Ti, not Mo. The Ti content
decreased with density and increased with plasma current
and heating power. Zeff was below 2 whenever <n> exceeded
3 1 0 1 9 nr3 . Occasional bursts of Mo radiation were seen, and
2-d thermal analysis of the divertor plates predicted
temperatures up to 2600° C at the leading edges of the Mo
structures. Hence it was concluded that evaporation, not
arcing or sputtering, caused the radiation bursts. The
radiation burst was suppressed by sweeping the separatrix.
Post-mortem analyses of damage areas on the TiC and Mo
showed runaway electron damage to a depth of 300 |im. For
helium plasmas in the same configuration, however, the
radiation burst was not suppressed and a disruption ensued.
Liquid metal (Ga-In-Sn alloy) limiter experiments on T-3M
showed impurity generation at discharge initiation. This was
attributed to non-uniform droplet sizes (small droplets).
Changes were made in the droplet generator which greatly
improved droplet uniformity (on a test stand). Results
included the generation of 20 rows of 3-4 mm diameter
droplets with speeds up to 4m/s in a 1 T magnetic field. As
reported during the Alternative Divertor Concepts Workshop,

1990, general discharge behaviour during the flat top portion
of the T-3M discharges did not depend on whether the limiter
was liquid Ga or solid steel or carbon.
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Conclusions:
The reference ITER Physics and Technology phase operating
scenarios (Al and Bl) are adequate for achieving ignition
(Al) and providing a nuclear testing environment (Bl) and
are compatible with impurity control and divcrtor lifetime in
normal operation, fn these analyses, graphite has been
assumed to be the divertor plate material. Less exhaustive
analyses indicate that high-Z refractory materials under
nominal operation conditions have superior erosion
properties if the divcrtor plasma temperature is sufficiently
low, requiring many fewer tile replacements. While
modelling predicts lower impurity concentrations for high Z,
the acceptable concentration is also much lower. The paucity
of tokamak experience supporting a high-Z option in a
configuration similar to ITER and with ITER relcvani
parameters is one reason for the adoption of low-Z materials
as reference. Thus the main need for high-Z material Physics
R&D is an extensive test in a high power divertor tokamak
currently operating, or soon to operate. In addition, the
extensive list of Physics R&D tasks listed above, scarcely
addressed until now, must be further investigated.

The comments above specifically concern solid high-Z
materials. There is even less tokamak experience to justify the
acceptance of liquid metal divcrtors as an option.
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Task #PH07
Characterisation of Disruptions

By: G. Pacher/T. Tsunemalsu

Task Objective:
The loads on the plasma-facing components caused by, and the
electromechanical consequences of a major plasma disruption
cannot be satisfactorily quantified. Detailed knowledge about
the disruption mechanism and the impact on plasma-facing
components is needed. This includes: time scales of energy and
current quench, energy deposition profiles during both these
phases, losses during current quench, runaway electron
generation and losses, scaling relations. Information
referring to poloidal divertor configurations is of particular
interest.

Summary of Results Reported:
The correlation of data from different experiments in the
course of the physics R&D for ITER has confirmed the picture
of disruptions as an evolution of plasma equilibrium iowards
an unstable state by contraction of the discharge, followed by
growth of MHD modes at the plasma edge. Subsequent locking
of the modes frequently occurs, initiating the thermal quench.
This describes typical density limit disruptions. Precursor
activity is variable from machine to machine and for different
types of disruption in the same machine 'e.g. density limit and
beta limit disruptions in TFTR).
During the thermal quench, the plasma temperature drops
very rapidly, (0.1-1 ms, and even shorter in MTX) to a very low
value, less than 100 eV (e.g. TORE SUPRA). This rapid cooling of
the plasma leads to a redistribution of the current profile,
frequently accompanied by a negative voltage spike. Because
of the many effects occurring almost simultaneously, in some
experiments (e.g. JT-60 with auxiliary healing) the negative
voltage spike is hardly seen.
The high plasma resistance leads to the current quench, whose
minimum duration is found to be approximately 5 ms for the
larger experiments (JET, DIII-D, TFTR, TORE-SUPRA, JT-60), the
current decay rate increasing with plasma current. Typical
values in these same experiments are longer, of the order
of 20 ms. The severity of current quench is strongly affected
by the contamination of the plasma, e.g. it is less severe or
non-existent in JET with Be covered walls.
Heat loss during thermal quench appears to follow the
magnetic geometry, only a fraction of the thermal energy
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content being radiated (JT-60) and the heat deposition appears
to be similar to that in normal discharges (TFTR). During
current quench, most of the power appears to be radiated (JET,
JT-60, RTP).
Disruption statistics have been established on several tokamaks
(JT-60, TFTR). They confirm the picture that most disruptions
can, in principle, be avoided by suitable machine operation,
especially if operation too close to density and beta limits is
avoided. Reliability of the overall system, notably position,
heating, density and current ramp control, is a prerequisite to
good disruption avoidance.
Runaway electron production during current quench is
observed on many tokamaks. The energies involved present a
major problem for plasma-facing components in ITER. The
scaling of runaway current and panicle energies to ITER
remains uncertain. Additional effort is required in this area,
both for analyzing and modelling present experiments and
devising methods for avoiding or reducing the runaway
production.
Investigation of vertical displacements in elongated
configurations, notably in DIII-D, has resulted in a new
characterization of vertical displacement events for ITER. The
salient features are that, after loss of vertical position control,
the plasma drifts vertically with a growth rate determined by
the magnetic configuration. As the plasma surface diminishes,
the safety factor is reduced, but the plasma current and
thermal energy content does not decrease before q=2 is
reached at the edge. A thermal quench occurs after this point,
and the current quench is initiated when the q on the last
closed flux surface equals 1.5. Plasma stability below q=2 is
assisted by currents flowing in the plasma halo outside the last
closed flux surface, which close through the plasma-facing
components. These non-uniform currents, which reach up to
20% of the initial plasma current, may exert large forces on
these components (DIII-D, JET, PBX).
Preparatory experiments for disruption control have been
reported (FT-2, T-10) and some measure of control has been
achieved on DITE by rapid magnetic feedback. Given the short
term nature of the present physics R&D program, and the long
lead time of dedicated experiments, it is not surprising that
disruption control experiments are still at a preliminary stage.
More experimental information will be generated by
experiments in preparation.
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Conclus ions :
Generally, this physics R&D task has resulted in a better
characterization of disruptions and in a clear characterization
of vertical displacement events for ITER. Major uncertainties
remain in heat load deposition, runaway electron
characteristics, and the frequency of disruptions to be
realistically expected. As regards especially the two last points,
control mechanisms remain to be identified and integrated
into the ITER concept in order to reduce the number of
disruptions and their effect on ITER to acceptable values.
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Task #PH08
Disruption Control

By: T. Tsunematsu/G. Pachcr

Task Objective:
Active control of lokamak discharges to reduce the
occurrence of disruptions to a rare fault event would very
much ease ITER design, and will eventually be required for a
tokamak reactor.
Candidate methods for disruption control are current profile
control, both global and local around the q = 2 surface, as well
as feedback control of 2/1 islands around q = 2. The viability of
active disruption control is to be demonstrated.

Summary of Results Reported:
The results reported are categorized into five methods:
- feedback control (DITE),
- application of constant helical field (COMPASS-C and

JFT-2M),
- heating and current drive (Tuman-3 and TO-2),
- suppression of MHD activity by a stabilizing structure

(PBX-M),
- operation far from stability limits (JT-60 and DIII-D).
Related information on the control of MHD activity is reported
under PHI6.

Feedback control:
In DITE, disruption control was demonstrated with a fast
magnetic feedback system. In ohmic discharges, the amplitude
of saturated m = 2 modes was reduced by a factor of 6 and the
density limit was increased by 20%. Feedback control was
perturbed by the effect of sawteeth on m = 2 modes. For
discharges in which the sawteeth were stabilized by lower
hybrid (LH) current drive, the excitation of in = 2 modes could
be reduced by a factor of 8. Concurrently, the m = 1 mode
coupled to them was also reduced and the central confinement
was increased. The control capability is limited by the
combined effect of plasma noise, fast change in the amplitude
of the m = 'L mode induced by a sawtooth, the limit to the
available feedback current and the bandwidth of the system.

Application of constant helical field:
Constant helical fields have been applied in COMPASS-C (with
helicity m/n = 1/1, 3/2, and 3/1) and the density limit was
increased by 15% when a 2/1 perturbation was applied in an
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ohmic discharge with qe<jge = 3.5. Other perturbations did not
affect the MHD activity, and extended precursors were not
observed.
By applying an ergodic magnetic limiter (EML) in JFT-2M
(produced by saddle coils with poloidai mode number of 5 or
11) the density limit was increased by 20% in ohmic
discharges; at the same time, the m/n = 2/1 magnetic
fluctuation level was reduced by 50%, while higher m
fluctuations increase. The reason for these effects was not ycl
identified. The energy confinement was not degraded by the
ergodization of the edge region.

Heating and current drive:
The redistribution of the local current density has been
shown to affect the magnetic fluctuations in Tuman-3 and
TO-2.
In the former, a small rapid increase in total current
(typically qedge S o e s from 3.6 to 3.2), under conditions when
the m = 3 mode is dominant, strongly reduces the fluctuation
level, probably due to the change of the edge current density.
In TO-2 ohmic discharges, edge current (+/- 150A) is added to
the main tokamak current (~ 30 kA) by limiter electrodes.
Depending on the direction relative to the main currem,
magnetic fluctuations in the frequency range of 50 to 100 kHz
are reduced by 50% (for co-direction of the edge current) or
doubled (for counter-direction), in which case the plasma can
disrupt. Local edge healing by Ion Bernstein Waves also
reduces the magnetic perturbations, whereas central heating
has no effect.

Suppression of MHD activity by a stabilizing structure:
The stabilizing shell in PBX- M increases the longest growth
time of n = 1 modes by an order of magnitude compared with
PBX-M, to a value of the order of the L/R time of the shell. The
characteristics of disruptions are also changed, in that the
current quench is appreciably longer, and an increase of the
soft X-ray emission appears more than 5 cm inside the
separatrix (this was not observed on PBX).

Operation far from stability limits:
Careful operation to remain in a stable regime (whose
boundaries in the lj-q plane have been previously
determined) can reliably avoid disruptions, as demonstrated in
DIII-D. Specifically, if lj can be held at a lower than the
critical value for a given q, the discharge is stable. At high
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Troyon factors, the operating range for I; is narrower (at g =
2.5, 0.8 < 1;(1) < 1.1, vs. 0.9 < lj(l) < 1.3 at g = 3.5; for q95 = 4.1).
The maximum stable lj is observed to decrease as q decreases.
In JT-60, analysis of disruption statistics of 9000 neutral beam
heated shots (of which about 30% were disruptive) showed
that most disruptions occurred during transient conditions,
viz. reduction of heating power (12.3%), turn-off of heating
(67.4%), mis-injection of pellets, change of the plasma
configuration, current rampup; or as a consequence of
cooling by impurities or neutral gas injection (including
density limit experiments). Disruptions due to unidentified
causes under well-controlled conditions were rare (<_ 1% of all

neutral beam heated shots).

C o n c l u s i o n s :
The various methods have demonstrated the potential to
reduce the disruption frequency. Except for attempting to
remain in a stable regime, the integration of the diverse
methods into the ITER concept has not yet been performed.
Ergodization of the edge magnetic field and current density
control near the edge may be applicable to ITER to suppress m
= 2 instabilities, but the thermal equilibrium near the edge
may already be violated when the m = 2 mode is strongly
unstable. The beneficial effect of a conducting structure may
help to reduce the severity of disruptions, but the distance
between the shell and the plasma is relatively large for ITER.
Unlocking of locked modes (that are known to cause
disruptions) by parallel neutral beam injection (see PHI 6)
may also be applicable to ITER. For active feedback control, a
major problem persists, in that reliable control requires
reliable input signals, and such signals are not obtained for
every disruption. This concern should also be addressed in the
further characterization of disruptions. Continuing R&D is
therefore necessary in this domain to establish the relevance
of the different concepts to ITER, to indicate the ways to
integrate them into the design. For "passive disruption
control", by operation at a safe distance from disruptive limits,
integration into the design is also necessary, in that the "safe"
operation domain must be verified in ITER.
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Task#PH09
RF Plasma Formation and Preheating

By: J.Wesley/G.W. Pacher

Task Objective:
The ITER concept requires that the discharge can be started
reliably with a maximum induced electric filed of 0.3 V/m.
It is to be demonstrated in a large tokamak that this can be
done routinely if start-up assist by electron cyclotron or
lower hybrid waves is applied. The working conditions
(configuration, gas pressure, stray field, mode and frequency
of RF waves, power requirement, scaling with size of
discharge chamber, etc) must be investigated. Other
techniques, e.g. using ion cyclotron waves, must also be
explored.

Summary of Results Reported:
Experiments on RF plasma formation have been reported for
many devices. These include, for electron cyclotron waves,
Versator II, DIII-D, WT-3, RTP, and T-10, and, for lower hybrid
waves, JT-60, JFT-2M, FT-1 and FT-2.
Electron cyclotron waves (EC) have been shown to produce
plasmas and initial current without an applied electric
field (Versator II, RTP, T-10). The applied power density in
these experiments was of the order of 0.5 MW/ra3. Plasma
densities obtained in these experiments were in the range of
10 1 8 -10 1 9 m'3. Non-inductive currents obtained were of the
order of several kA. Other experiments (DIII-D, WT-3, T-10)
investigated the effect of EC waves on loop voltage and flux
consumption of inductively driven discharges. In DIII-D, low
voltage startup was found to be much more reliable and more
resistant to error field effects when assisted by electron
cyclotron waves. No large effect of EC waves on flux
consumption to flat-top was observed. In T-10, electron
cyclotron assistance provided a similar increase in tolerance
to error fields and initiation reliability. In addition, in T-10
current ramp-up at low loop voltage with near-minimum
resistive flux consumption was demonstrated for EC-assisted
rampup. Electric fields in both experiments were below 0.3
V/m and in T-10 as low as 0.1 V/m.
Startup assist with lower hybrid waves (LH) is also successful
in reducing the required loop voltage (JT-60, FT-1) or
producing a plasma without ohmic current (JFT-2M, FT-1).
However, plasma formation in this latter case was found to be
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somewhat unreliable in JFT-2M. This may be due to the lower
power density compared with the FT-1 experiment, where it
was of the order of 0.3 MW/m3. A theoretical model for plasma
production and current initiation in JFT-2M adequately
describes the observed time evolution. Plasma current
rampup assist with lower hybrid waves to save resistive voh-
seconds is treated under Task PH11.

Conclusion
The present ITER design relies on plasma startup being
possible with an electric field less than 0.3 V/m. The results
of this R&D task confirm that reliable startup at such low
fields is possible with RF assistance. Several tokamaks have
demonstrated that the reliability of startup can be increased
and the sensitivity to error fields can be reduced if electron
cyclotron power densities of the order of 0.05 MW/m3 (D1II-D)
to 0.5 MW/m3 (WT-3, T-10) arc applied. T-10 has in addition
demonstrated that this operation is consistent with the
requirement for low resistive volt-second consumption. The
extrapolated power requirements arc consistent with the
design power in ITER. An issue that requires further study is
the efficacy of EC start-up assist when the plasma initially
fills only a part of the discharge chamber, and in which the
resonance is then at the periphery of the plasma. These
conditions, which will obtain for ITER EC start-up assist
scenario, are not presently investigated in the experiments.

Experiments with lower hybrid waves demonstrate beneficial
effects on initial loop voltage and reliability of discharge
initiation similar to those of EC assist. The power levels to be
installed in ITER are expected to be adequate. Even though the
model which has been developed for JFT-2M can be applied to
ITER to generate startup scenarios, more model validation and
model development is required to provide a reliable
assessment of ITER start-up with LH assist. The issue of
reducing resistive flux consumption by LH current drive is
addressed under Task PH11. Further experiments with LH
assist, for plasma initiation and for rampup, are required to
study especially the effect of aperture expansion on the
startup scenario. This expansion, necessary in ITER to reduce
skin effects, will affect the coupling of LH waves to the
plasma. The coupling is expected to be especially difficult for
startup on the inboard limiter.
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Task #PH10
RF Current Initiation

By: S. Yamamoto/G. Pachcr

Task Objective:
If reliable current initiation by noninductivc means is
possible, the maximum induced electric field needed can be
reduced to 0.1 V/m or less. In this case, the ITER concept can
be further simplified.
It is to be demonstrated in a large or medium-size lokamak
that reliable noninduclivc current initiation is routinely
possible using electron cyclotron and/or lower hybrid waves.
The working conditions (see Task PH09) must be explored.

Summary of Results Reported:
The contributions addressed on the one hand completely non-
inductive current initiation, on the other hand rf assistance
to reduce the startup voltage.
In WT-3, current was produced without ohmic voltage by two
means: injection of lower hybrid (LH) waves into a plasma
created by electron cyclotron resonance (EC), and by using
EC alone in the presence of a weak vertical field. In the
former case a current of up to 25 kA was generated applying
230 kW of LH wave power for 0.1s.
In combination with an electric field from the OH, current
initiation experiments were reported from WT-3, DIII-D, JT-60
and DITE. EC assist in DIII-D and WT-3 reduces the necessary
electric field for breakdown to values less than or of the
order of 0.3 V/m.
In JT-60, lower hybrid current drive assist (LHCD) was
demonstrated to ease breakdown in Taylor-type discharges.
Reliable plasma formation and current initiation were
obtained with an electric field of 0.4 ± 0.25 V/m at a power
level of 1 MW.
Combined LHCD and EC assist to ohmic startup reduced the
necessary electric field to about 0.3 V/m in DITE. For these EC
initiated discharges, adequate coupling of LH waves was
obtained without the necessity of adjusting the phasing of
the antenna. The current was ramped up to 25 kA in 0.5s
using a LH wave power of 55 kW.

Conclusions:
Completely non-inductive generation of current by
radiofrequency waves and the potential of such waves to
reduce the loop voltage required for startup has been
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demonstrated. However, in the experiments with EC assist
reported here, the required electric field could not be
reduced to O.I V/m, as desirable for ITER (note however, that
such a low value was indeed found to be sufficient for EC
assisted discharge initiation in T-10; see Task PH09). Further
optimization of the experiments and clarification of the
results in the ITER context is desirable.
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Task #PH11
Scaling of Volt-Second Consumption During

Current Rampup in Large Tokamaks

By: J.Wesley/G.W. Pacher, F. Engelmann

Task Objective:
The volt-second consumption in clean, optimized discharges
in large tokamaks for inductive current rampup must be
systematically investigated and characterized. Issues to be
resolved are the dependence of resistive and (transient)
inductive flux usage on plasma parameters (size, density,
confinement time, impurity content), and comparison of flux
consumption for "fast" current rise (defined as MHD-
influenced) with that of "slow" (diffusion limited) scenarios.

Summary of Results Reported:
In the course of this R&D activity, data from all large tokamak
experiments has been collected and correlated. The data base
for volt-second consumption originally established by Ejima
is now much more complete and includes optimized ramp-up
scenarios from DIII-D, JET, JT-6O, T-10 and current
penetration studies from TFTR and JET. Volt-second
consumption to a fully penetrated current profile for q^ ~ 3
plasmas is generally found to depend only on device major
radius and final current reached (e.g. TORE SUPRA). Up to the
highest plasma currents presently attained (6.8 MA in JET),
the resistive (Poynting) volt-second consumption can be
minimized near 0.4u0IR in all experiments (with sufficient
operational experience) by proper simultaneous
programming of ramp rate and aperture expansion; a typical
range for "good" startup conditions is given by (0.4 to
O.5)jioIR. Lower resistive volt-second consumption tends to
correlate with higher current ramp rates (>1 -1.5 MA/s, e.g.
JFT 2-M, DIH-D), even though much higher ramp rates (up to
3 MA/s, TFTR) do not seem to further decrease V-s
consumption.
Analysis of the current penetration process using TRANSP
for TFTR and JET discharges indicates that the evolution of
the current profile can be well described by neoclassical
resistivity. This consideration is important for realistic
plasma start-up simulations.
Volt-second consumption during rampdown has been
investigated in DIII-D. The resistive consumption was found
to follow the same scaling as the rampup. For ohmic plasmas,
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0.4H.QIR was also necessary during rampdown, whereas for
neutral beam heated plasmas in which some NB power was
maintained during this stage, the resistive consumption
during rampdown was only half as great. Successful
rampdown has been carried out with ramp rates larger than
those used for rampup, but the final stage of the discharge
termination is normally disruptive at low current (no effort
has been made to extend the rampdown to zero current,
because these low current disruptions are acceptable for
DIII-D).
Electron cyclotron waves have been applied (T-IO) in order to
reduce the loop voltage necessary during start-up. In the
experiments, successful start-up with low electric fields was
obtained, with sur face V-s consumption of 0 .75n o lR ,
comparable to optimum values at higher loop voltage
(surface V-s is the sum of resistive V-s consumption plus the
internal inductive flux equal to approx. 0.35n0IR).
Lower hybrid current drive assist during rampup in JT-60
has demonstrated reduction of V-s consumption. The observed
V-s savings (~2 V-s in JT-60) are consistent the incremental
current drive expected from LH waves during the ramp-up
period. Extrapolation to ITER conditions predicts that several
tens of V-s could be saved.

Conclusions:
The results have conclusively demonstrated the feasibility of
achieving near-minimum V-s consumption, near 0.4u0IR, in
large tokamaks (see Fig. 1). This confirms the validity of the
ITER guideline for resistive volt-second consumption, and the
method of evaluating the volt-seconds available for inductive
burn in ITER design. While the present R&D data
demonstrates the feasibility of obtaining this minimum level
of volt-second consumption, further data and understanding
of physics and operational factors involved in start-up
optimization is needed to specify the precise start-up scenario
that will produce near-minimum consumption start-up in
ITER. The MHD considerations associated with persistent
locked modes (JET) are particularly important in this context.
RF assistance has been demonstrated, on the one hand, to
reduce loop voltage by using EC waves during initiation (see
Task PH09) and rampup without increasing flux consumption,
and, on the other hand, to reduce flux consumption during
rampup by LH current drive. Both of these techniques are
included in the ITER concept. The former technique is
necessary to assure successful startup in ITER, the latter can
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Fig. 1. Data base for optimal volt-second consumption in large tokamaks

increase (almost double) the inductive burn duration. Even
though further investigations are necessary to confirm the
extrapolation to ITER, present results are in good agreement
with the ITER design guidelines.

49



Task #PH12
Alpha-Particle Losses Induced

by Toroidal Magnetic Field Ripple

By: S. Putvinskij/K. Borrass

Task Objective:
The loss of fusion alpha particles is mainly induced by
toroidal magnetic field ripple. The resulting power flux onto
the plasma-facing components represents a potentially
demanding design requirement and at present cannot be
satisfactorily quantified for the range of working conditions
anticipated in ITER.
Experiments on ripple-induced fast ion losses are needed to
validate the models being used to predict ripple-induced
fusion alpha-particle losses in ITER. Also the impact of plasma
fluctuations must be studied.

Summary of Results Reported:
The alpha particle ripple loss in ITER has been studied mainly
by theoretical consideration and orbit-following Monte Carlo
numerical modelling. It was confirmed that the hcai
deposition profile provided by escaping alpha particles is
highly localized at the first wall and that the power loss
fraction is sensitive to the plasma current profile, plasma
density and temperature.
Experimental programmes on superthermal ion ripple loss
were started in 1988 on three experimental devices: the TFTR
(PPPL) and TORE SUPRA (Cadarache) tokamaks and the ATF
(ORNL) torsatron. Results have been reported from TFTR and
ATF.
On TFTR, the losses of DD fusion protons and tritons have been
studied by an array of probes. The main experimental
difficulty is to discriminate the ripple-induced losses from
other loss channels, such as first-orbit losses. The dominating
loss channel is expected to be ripple- induced stochastic
diffusion and therefore the experiments were designed to
search for diffusive losses of ions in the MeV range. For this
purpose an additional probe has been installed on TFTR
especially I evaluate ripple loss effects of 1 MeV DD tritons
and 3 MeV DD protons. The probe was located near the outer
equatorial plane, where the calculated ratio of stochastic to
first-orbit losses was up to ten. The scanning of the losses
with the plasma current and other parameters such as the
plasma density, additional heating power and ripple value is
part of the future experimental programme. The ripple
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profile can be changed in TFTR by moving the plasma along
the major radius to different ripple value regions. Except for
small major radius plasmas and during strong MHD activity,
the measured fast particle losses are consistent with first-
orbit losses.

In addition, the following experimental results have been
reported:
The "shadowing" experiments made by moving the probe
in the shadow of the "RF limiter" or by inserting a
second probe radially behind the detector probe indicate
a sharp increase of the ion flux at the edge of the limiter.
In the case of the second probe, the radial decay length
of the flux was found to be about 0.1 m, suggesting a
large diffusion coefficient D > 10m2/s, comparable to
what is expected for stochastic ripple diffusion.
The flux depends sensitively on the plasma current
(increase by a factor of 10 to 100, depending on the
detector position, if Ip is increased from 0.8 to 2 MA).
With the probe located inside the RF limiter, a decrease of
the loss fraction was observed which was correlated with
the NB power.

The measurements with the bottom detector indicate a
correlation between triton losses and MHD activity. When
strong coherent MHD activity is present, the average triton
signal can increase by a factor of up to 10 above the first orbit
loss level. An examination of the time dependence of the
triton flux always shows that this fluctuates with the same
frequency as the MHD mode. Theoretical analysis of this
phenomenon is in progress, but due to the small number of
detectors used in the experiment it is difficult to distinguish
whether it is caused by a change in the total loss or a
redistribution of the flux over the first wall.
Various MHD-induced losses were also observed with the
additional midplane probe, including fishbone-type and
sawtooth-modulated losses.
Further analysis of the experimental results is now in
progress.
The confinement of superthermal ions has been studied in the
ATF torsatron. Fast protons with energies of up to 10 keV were
produced by ion cyclotron minority heating of hydrogen,
and measured with a two-dimensional scanning neutral
particle analyzer. The magnetic field geometry and particle
orbits in stellarators are very different from those in
tokamaks, and therefore the experimental results cannot be
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directly carried over to tokamaks. It was, however, confirmed
that the experimental results are consistent with classical
single-particle orbit losses, justifying the use of OFMC codes
for ripple loss calculations.
Until now there has been no possibility to calculate rippled
free-boundary ITER equilibria. The ATF torsatron programme
at ORNL has stimulated the development of codes capable of
treating non-axisymmctric configuration. This has made the
calculation of ITER ripple equilibria possible. Comparison of
low-beta (0%) and high-beta (13%) equilibria show that the
finite beta does not cause a significant increase of the ripple.

Conclusions:
The impact of TFTR experimental results on ITER can only
definitely be assessed after detailed analysis of the
experimental results, including numerical modelling of
ripple losses in TFTR. A direct way of discriminating the
ripple losses from other loss channels will be to vary the
ripple profile, with the other plasma parameters being kepi
fixed. In a lokamak geometry this may be achieved by
horizontal and vertical plasma displacement.

Comprehensive analysis of the rippled ITER equilibrium is of
interest but the accuracy of the present models for evaluation
of ripple-induced alpha particle losses is too low to make the
finite-beta effect significant.
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Task #PII13
Compatibility of Plasma Diagnostics

with ITER Conditions

By: S. Yamamoto/V. Mukhovatov, F. Engclmann

Task Objective:
Plasma diagnostics in ITER must be consistent with the
working conditions of a reactor. The main issues are
compatibility with neutron and gamma irradiation as well as
the presence of tritium, reliability, remote maintainability,
lifetime, and adequacy for long steady-state pulse.
An assessment of the critical issues must be performed to be
able to define the development needs in time.

Summary of Results Reported:
Note: Only fragmentary contributions have been received
since most of the work on diagnostics for ITER was
channelled into the pre-conceptual design activity
performed during 1989-1990.

The following areas were covered:
- reliability of diagnostic components,
- effect of neutron and gamma radiation, and
- specific diagnostic systems.

Reliability:
Reliability assessments of diagnostic components were
provided by TFTR and JT-60 (for deuterium and hydrogen
operation). In general, diagnostics work very reliably. On
TFTR maintenance typically requires one week over a period
of six weeks. JT-60 did identify the causes for failure in detail,
classifying them according to whether they occurred in the
initial phase, after a long period of operation, or were
intrinsic to the concept.

Neutron and gamma radiation:
Only from TFTR operational experience (at a level of up to
4 10 1 6 neutrons per second) was reported. Calculated and
measured levels of radiation-induced noise did agree
satisfactorily.

Specific systems:
Using fibre optical sensors for Faraday retention diagnostics
of the current profile was analyzed. First results from the
FT-1 tokamak were reported.
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The approaches used to measure the density on DIII-D and on
the Gasdynamic Trap (Novosibirsk) were extrapolated to ITER
conditions and shown to have attractive features, in
particular in thai they may not require a vibration-isolated
structure.
Also a method for the detection of runaway electrons was
proposed which is based on the excitation of electron plasma
waves that can be monitored by CO2 laser light scattering.
The method is used on GOL-M (Novosibirsk).

C o n c l u s i o n s :
A detailed R and D Programme for ITER plasma diagnostics is
being generated on the basis of the pre-conceptual design
activity conducted in the period 1989 - 1990, documented in
IAEA/ITER/DS/33, Vienna (1991). This report also contains a
summary of the R and D needs. The status is described in
more detail in the document "Plan for ITER-Related Plasma
Diagnostics R and D during the Detailed Design Phase 1991-
1995 (and beyond)", ITER-TN-PH-0-4.
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Task #PH14
Steady-state Operation in Enhanced Confinement

Regimes (H-Mode and "Enhanced" L-Mode)

By: V. Mukhovatov/F. Engelmann, D. Post

Task Objective:
The development, characterization and demonstration of
steady-state operation with energy confinement enhanced
over "L-mode", and acceptable impurity levels at low and
high plasma beta, is required on a large lokarnak with high
power auxiliary heating. The identification and
characterization of techniques for enhancing the
confinement, such as divertor operation (in both L-modc and
H-mode), and the characterization of the role of profile
effects (such as the heating and density profile) in
determining confinement as a function of plasma current,
size, aspect ratio and elongation is crucial. The compatibility
of enhanced confinement regimes with plasma heating
schemes like ion cyclotron and lower hybrid heating must be
demonstrated. Approaches for the active control of energy
and impurity confinement also require investigation.

Summary of Results Reported:
Maximum fusion performance:
In JET, a fusion parameter nD(0)xETi(0) =(8-9) • 1 0 2 0 m 3 s keV
has been reported, which is by about a factor of 3.5 above the
maximum value achieved in 1987. This value was obtained
both in the hot ion mode with NBI heating (6MW at 140 kcV
and 11 MW at 80 keV) and in H-mode discharges, heated
mainly by ICRW (9MW, and 2.5 MW of NBI), with pellet
injection. The maximum neutron yield reached in JET is
3.51016 s'1, i.e. Q D D = 2 - 4 - 103, corresponding to QD T=0.8.

The installation of carbon fibre composite tiles on the main
bumper limiter of TFTR has allowed operation with up to 32
MW cf NBI for 1 s [or, alternatively, 25 MW for 2 s] without
degradation of plasma performance by "carbon bloom". The
plasma parameters have been extended to Tj(O)= 35 keV, Te(0)=
12 keV, ne(0)= 1.2 • 1020 n r 3 in deuterium; the neutron
production was 4.4 • 1016 n/s. For the product ne(0)T£Ti(0)
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a value of 4.4-1020 m ' 3 s keV was reached in supershot
plasmas. The best TFTR deuterium supershols had QDD=1.9 10"3

corresponding to QDT => 0.34.

Long-pulse H-mode:
Long-pulse H-mode operation has been obtained in DIII-D
with both hydrogen and deuterium beam injection into a
deuterium plasma. H-mode pulses of 3.5 s at 1.65 MA, 5.0 s at
1.25 MA, and recently 10. s (= 100 confinement times) at
0.7 MA have been achieved, limited only by the power supply
capability. Regular and frequent ELMs did limit both the
density and impurity accumulation. The ELM frequency was
controled through adjustment of the plasma shape, current,
and input power. The power radiated from within the
separatrix remained less than 20 to 30% of the power input
for all long-pulse discharges. In the longest H-modc
discharge (with high frequency ELMs), the confinement
enhancement over the ITER L-mode power law scaling was
1.4, compared to an average enhancement factor of 1.7 for the
DIII-D data contained in the ITER H-modc database. The value
of xE did increase with the plasma current when Ip was
low [I (MA)/B ( (T) < 1] and saturated or even decreased for
larger I . This is apparently caused by the increasingly non-
central heat deposition profile (there is a positive correlation
between current and density) and by the effect of a widening
of the volume affected by sawteeth. An improvement in the
energy confinement time at low q of up to 40% is suggested
for central heating and modest sawtooth activity (e.g., a
sawtooth period > 3 t E ) .
The quality of the H-mode on ASDEX was found to benefit from
operation with boronized walls. A confinement enhancement
fH over the ITER L-mode power law scaling of 1.6 to 2.8 has
been achieved, depending on the divertor configuration, the
wall conditions, ELM behaviour and the plasma ion species.
Attempts to obtain the quiescent H-mode (H*) under
stationary conditions were unsuccessful. The longest H*-
phases were obtained with boronized walls (duration < 0.22 s).
Transient H*-mode operation was possible, without change in
the confinement scaling with current, at qa values as low as
2.2. Quasi-steady H-discharges with ELMs did require an
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optimized, constant (to within ± 10%) ELM frequency.
Optimization of the ELM frequency (determined by the trade-
off between impurity accumulation and confinement
degradation) was done by careful radial and vertical
positioning of the plasma column. A movement of 0.5 cm in
vertical direction and 1 cm in horizontal direction led to a
change from the H- to the H*-mode. A long quasi-steady H-
phase of 3.5 s (= 80 confinement times) was obtained with TE =
44 ms, TE/Ip= 0.16 s/MA, fH=1.9, p7PTroyon=0.7, and ELM period =
5.5 ms. In the quasi-steady H-mode, TE typically is reduced by
20% with respect to H* operation.
The best fusion performance in JET was obtained in a
transient state. Long-pulse (>5s) H-phases have been
produced with Be-evaporation onto the surface of the
graphite tiles, as well as sweeping of the X-point and strong
gas-puffing in the X-point region to delay the temperature
rise of the lop and bottom dump tiles (leading lo the carbon
catastrophe). The strong gas puffing (up to 3.7- 1022 atoms/s)
contributed significantly to delaying the onset of strong
carbon influx. The energy confinement time of such H-modcs
was not significantly degraded, while the fusion performance
was. After beryllium gettering and with a beryllium antenna
screen, the H-mode could be maintained for periods in excess
of 1 s using ICRH alone. The threshold power, edge behaviour
and confinement were similar to those in H-modes obtained
with neutral beam injection. The energy confinement times
were similar to the NBI cases and reached two limes Goldston
L-mode scaling.
In JT-60, nearly stationary ELM-free H-mode operation was
demonstrated for a duration up to 3.3 s in hydrogen limiter
discharges at Ip = 1.5 MA and Bt - 4.5 T with lower hybrid
current drive (LHCD). The improvement of particle
confinement was significant, while that of the energy
confinement was only 30%. A moderate impurity
accumulation (Zeff going from = 4 to 5) was observed during
the ELM-free phase. The H-mode with LHCD could not be
achieved in the lower X-point configuration. In experiments
with NBI heating, H-mode transitions have been observed
both in outer and lower X-point configurations. The H-mode

57



phase did not, however, last long, and the improvement in
energy confinement was only 10%. In the case of the lower X-
point configuration, frequent ELMs appeared. The threshold
power for the H-transition was quite high (Pabs = 18 MW at
B t =4T) in both configurations. Although the location of the
lower X-point was in the V B direction, there was no
appreciable difference in the power threshold as compared to
the outer X-point configuration.
In JFT-2M, the effect of an ergodic magnetic structure
(generated by special coils) on the H-mode plasma with NBI
heating in open single-null divertor configurations has been
investigated. The increase of density and radiation loss was
suppressed and stationary H-modes with Da bursts were
realized. High m/low m and even n/odd n modes appeared
when the coil current direction was changed. The transport
coefficient for stochastic magnetic diffusion is estimated to be
about 3 m2/s for the high m/odd n case. The stationary H-
mode operation was obtained for high m/odd n and even n
MHD activity.
H-mode behaviour has been induced in ohmic plasmas by
polarization of the plasma edge in TEXTOR. A biasing electrode
was introduced as far as 6 cm beyond the toroidal belt limitcr.
It has been found that (i) H-mode behaviour can be set-up
with both positive and negative radial electric fields; (ii) the
H-mode behavior can be sustained in the presence of
auxiliary heating; (iii) improvement in the energy
confinement of up to about 1.4 and in the particle
confinement of 2 to 2.5 is obtained with positive bias.
Under conditions of low hydrogen recycling at the limiter, in
TFTR H-mode plasmas with peaked density profiles have been
obtained having TE /TE

G o l d s t o n > 2.5. The transition is usually
from a supershot to the H-mode (rather than the usual L to H
transition). These H-modes appear to be intrinsically
stationary. No impurity accumulation or secular increase in
density has been observed over time periods extending to
more than 10 T E . Local energy transport in the plasma core up
to about r = 60 cm is similar to that in the preceding supcrshot
phase. Effectively, these H-mode plasmas are supershots with
an extra edge pedestal of stored electron (and possibly ion)
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energy provided by a transport barrier at the plasma edge.
The onset of ELMs shortly after the transition appears to
clamp the improvement in edge confinement. Limiter H-
modes have been obtained for up to 1.5 s.

Improved L-mode:
A systematic, strong improvement (1.4 to 2 times above ITER-
P89 and Goldston scalings) of the total confinement time
(thermal and nonthermal components) in NB1 and ICRH
experiments was observed in TEXTOR. The confinement times
of the thermal component are considerably lower than the
total one at low density and approach the total t E at ne= 0.4 to
0.5 • 1020 nv3, being then by a factor 1.15-1.3 above the 1TER-
P89 scaling. These results clearly demonstrate the necessity to
improve the L-mcae confinement analysis, discriminating
between the thermal and total plasma energy contents.
Improved divertor confinement (IDC) without a transition to
the H-mode was observed in the lower X-poinl configuration
of JT-60 only when the ion VB drift was towards the X-point. A
reduction in oxygen impurity content was seen when the
heating power exceeded a threshold power of about 10 MW.
The carbon impurities accumulated near the X-point which
enhances the divertor radiation to up to 50% of the input
power. The energy confinement time improvement was 20%;
it was correlated with an improvement in particle
confinement.

A stationary improved confinement mode (IL-mode) was
obtained after termination of an ELM-free H-mode in JFT-2M.
Edge phenomena (particle and energy transport) are similar
to those in the L-mode. The IL-mode has a highly peaked
density profile. The profiles of electron temperature and
density show an increase of plasma energy in the core
region; also the ion temperature profile and the toroidal
rotation profile do peak at the centre. Impurity transport is
also improved in the core region; therefore the radiation
losses also have a peaked profile. The energy confinement
time in the IL-mode is roughly the same as that in the H-
mode. The sawtooth period increases and sometimes sawteeth
disappear while large m/n=l/l oscillations grow. This is
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necessary to obtain long-pulse IL-modcs. There are some
examples of IL-modcs where sawteeth did exist. However, in
these cases, the IL-modc terminated by an L-H transition
induced by a sawtooth heat pulse. The IL-mode has been
obtained in single-null divertor configuration when the
safely factor was nearly 3 in a single null divertor case. It is
also possible to achieve the IL-mode in a limiter discharge.
The favorable attribute of the L-mode regime is its
straightforward extrapolation to stationary operation since
density control and impurity accumulation are not
problematic. Recent experiments on TFTR with current ramp-
up suggest that neither global nor local energy transport is
linked to the total plasma current; over time scales long
compared to an energy confinement time (but short
compared to the current penetration time), t j : remained at its
2-MA L-mode value after the current had been reduced
to 1 MA. The implications of this for steady-state operation in
an enhanced confinement regime arc that (a) it may be
possible to realize an improvement by a factor of about 2 in
global energy confinement even in L-modc plasmas by
proper tailoring of the shape of the current density profile,
and conversely that (b) the modification of j(r) produced by
various noninductive current drive schemes (bootstrap
current, beam- and RF current drive) may cause
corresponding changes in energy confinement which do nol
follow from the regression studies of the present L-mode and
H-mode data. Generally, it appears that a peaked current
profile offers improved confinement, and a flat current
profile yields deteriorated confinement.

Scaling with aspect ratio:
Aspect ratio scaling experiments have been performed on
TFTR with plasmas on the inner and the outer limiter
controlling parameters such as minor radius, plasma current,
q j , injected beam power and plasma density. The plasma size
was varied by more than a factor of two (a=0.4 to 0.9 m; R=2.08
to 3.2 m) and the corresponding lange in aspect ratio was 2.8
to 8.0. Power-law regression was performed on a subset of the
data constrained by the requirements Pb^ 3 MW and
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W b e a m / W t o i - 0-3. A rather strong scaling of the plasma
energy content with major radius (Wtoi a R a with a = 1.44 to
1.78) and a weak scaling with minor radius (Wtot a a"Y with y -
0.04 to 0.22) was observed. The product <nT> x{; was found to be
approximately constant when I and R/a were varied so as to
keep I R/a constant. The profile analysis shows that the local
% i{ seems to depend upon the local r/R rather than r/a.

C o n c l u s i o n s :
The fusion parameter nD(0)iRTj(0) = (8-9) • 10 2 0 m' 3 s keV
recently achieved in JET is 3.5 times higher than the best
results in 1987; it is within a factor of 8 of that required in
ITER. This enhances the confidence in extrapolations of
plasma performance from present devices to ITER.

Recent results from DIII-D, ASDEX, JT-60, JFT-2M and TFTR
support the possibility of steady-state operation in an H-modc
with ELMs, which has been adopted as the candidate
operation regime in ITER. In particular, the an H-phasc with
regular ELMs of 10 s duration (100 times longer than the
energy confinement time) has been demonstrated in the D° ->
D + injection experiments on DIII-D. On the other hand, in JET
obtention of steady H-mode conditions is difficult. Therefore,
further work is needed before the viability of H-modc
operation in ITER can be considered proven. The quiescent H-
mode does not seem to be suitable for steady-state operation
although it might be appropriate for reaching ignition.

Experiments with an ergodic magnetic structure in JFT-2M
demonstrate the possibility of active control of the H-mode
and are therefore of particular interest for ITER. More
detailed studies of this technique are needed. Application to
ITER parameters should be assessed. Also other methods that
allow to affect confinement via controlling ihe edge
conditions must be further developed.

JT-60 results on the limiter H-mode with LHCD could be
important for ITER operation with LH current ramp-up assist
as appearance of the H-mode under such conditions would
decrease the upper limit of the current ramp-up rate.
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While the H-mode with peaked density profile realized in
TFTR again is of interest for approaching ignition, it is not
appropriate for stationary operation conditions.

The analysis of the scaling of t E as a function of I in DIII-D is
of interest for ITER because it highlights the importance of
taking account of the heating profile and sawtooth effects in
global confinement scalings, and it illustrates the magnitude
of the improvement possible through central heating and
control of sawteeth.

The improved L-mode observed in JFT-2M and the improved
divertor mode seen in JT-60 have to be further investigated.
They show interesting features (improved confinement,
peaked density profile, radiation characteristics), but more
information is needed to assess their potential for ITER.
Important information on the scaling of L-modc confinement
with aspect ratio was obtained on TFTR. The new data
generally agree with the ITER-P89 scaling (a somewhat
stronger scaling of TE with major radius was found, while the
scaling with minor radius was somewhat weaker). The results
agree well with a recent analysis of JT-60 data (ITER-IL-PH-4-
O-J-02; note, however, that the scaling of t E with plasma
current in these two experiments was significantly
different)- Thus, further analysis of the data from TFTR and
JT-60, and more data with large variation in the size factor, fs
= 0.3 R a " 0 7 5 K 0 - 5 , from other machines arc needed to
determine with sufficient accuracy the dependence of tE on
the plasma current, aspect ratio and elongation in the L-
mode.

In the further work, the following areas are of particular
importance:
(i) scaling of the energy confinement time with the

plasma parameters in stationary H-mode discharges,
especially with respect to size, aspect ratio, elongation,
plasma current, plasma density and heating power;

(ii) accumulation and steady-state profiles of impurities in
the H-mode;

(iii) techniques for controlling the H-mode.
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Task #PH15
Comparison of Theoretical Transport Models

with Experimental Data

By: V. Parail/F. Engelmann, D. Post

Task Objective:
Achievement of the objectives of ITER (ignition and long
pulse burn at Q > 5) will require a level of energy
confinement consistent with moderately favourable
extrapolations of the confinement data from present tokamak
experiments.
To develop an understanding of the relevant transport
mechanisms in tokamak plasmas, a systematic comparison of
theoretical transport models and experimental data from well
documented tokamak discharges must be performed. (Note
that this also requires that the appropriate information from
experiments be made available and easily accessible for
theoretical analysis.)

Summary of Results Reported:
Comparison of theoretical transport models with
experimental results has recently received increasing
attention. Various groups have contributed to the work.
The energy transport properties of JET plasmas in different
regimes were analyzed. The ion heat conductivity Xi w a s

found to be lower than the electron heat conductivity %c n c a r

the centre in the hot ion H-mode and monster sawtooth
discharges. Conversely, Xi IS equal or larger than x c 'n l n c

outer part of the plasma for all regimes except for the hot ion
H-mode where the ratio xJX\ can be between 0.3 and 1.8. In
any case, %\ ' s larger than its neoclassical value throughout
but approaches the neoclassical value at the plasma centre
when a peaked density profile is established. The momentum
conductivity appears to behave roughly as xe- Also sawtooth
induced heat and density pulses were analyzed. The
correlation of particle and heat transport (i.e. of the
incremental particle and heat diffusivity) was confirmed. No
significant changes in the values of the incremental
diffusivities were found for ohmic, L-mode and H-modc
plasmas. From the measurements transport matrices were
derived; it resulted that Xinc *s by a n Ofder of magnitude
larger than D j n c (which also was found to fit with
experiments in TEXT). Various theoretical models have been
tested against experimental data of various plasma
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discharges. The tested models did include the Tijinodc, the
critical electron gradient mode, the resistive ballooning mode
and the neoclassical pressure gradient driven turbulence
model. None of these models did fit the radial behaviour of
the measured heat flux in all the considered JET pulses
satisfactorily.
A transport model, based on the quasilincar description of (lie
anomalous heat flux caused by the excitation of the T\[ and the
trapped electron mode was also analyzed. The model has been
tested against the experimental results of FT, ASDEX and TFTR.
For ohmic discharges the agreement is good. Also for plasmas
with additional heating the agreement is satisfactory, except
for very strong heating. The obtained results arc sensitive to
the exact value of the stability limit in j]{.
Density fluctuations obtained by collective scattering in
TORTUR and reflectomctry in JET were analyzed to determine
the fractal dimension of the chaos attractor. For fluctuations
in the centre of the plasma a very high value of this
dimension (6-8) was found, indicating that many more
plasma quantities are involved in the fluctuation properties
than is normally assumed in theories. In the edge plasma
lower dimensions arc found, in agreement with other
analyses.
A comparison of measurements with thcoreticajly predicted
transport coefficients for the electron and ion energy as well
as for angular momentum in ASDEX plasmas was presented. It
had been shown previously that these coefficients arc
strongly coupled, supporting the assumption of a related
anomalous transport contribution to all coefficients.
Recently, it was shown that Onsager-symmelric off-diagonal
diffusivities in the particle and energy fluxes have the same
parameter dependences and a radial profile similar to those
of the diagonal coefficients x a"d D.
Accumulation of impurities (metallic, Ar and C) has been
s.udied in ASDEX. The main results are on C and heavy
impurity accumulation in the central part of the plasma
column in discharges with high density. The analysis shows
that a combination of neoclassical and anomalous transport
can explain the experimental results if one supposes that the
anomalous diffusion coefficients drops in the central part of
plasma column as density rises.
Results of a comparison of ASDEX discharges with gas puffing
and pellet injection under various heating conditions have
been summarized. Improvement of the confinement time
during pellet injection was observed. It was also shown that,
with pellet injection, the confinement deteriorates with
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heating power faster than with gas fuelling. It was reported
that pellet injection in LH current driven discharges leads to
a markedly peaked electron density profile, despite the
shallow pellet penetration.
Kinetic equations to derive the evolution of the relevant
macroscopic characteristics of electrons and ions in
turbulent, axisymmelric plasmas of low collisionality have
been derived and presented. The intention is to lay down firm
foundations for first principle anomalous transport theories.

A self-consistent transport code that includes a full toroidal
treatment of both the toroidal T| i drift mode and the
collisionless trapped electron drift mode was elaborated and
presented. The predicted theoretical transport coefficients
were compared with those inferred from experimental
profiles. Several features of the theoretical results were
found to be in agreement with the experiments (specifically
the radial profiles of the diffusion coefficients for TFTR and
ASDEX). It was also shown that the developed model can
explain the L-H transition and reduced transport in the hot
ion mode (considering just collisionless drift waves).
The ion temperature profiles calculated from a model based
on Tijinode turbulence have been compared with JT-60
experimental data. It has been shown that best agreement is
obtained if transport is enhanced in the plasma periphery by
adding the trapped electron mode turbulence contribution.

Although outside the scope of this task, a detailed statistical
analysis of the existing scalings for energy confinement
based on the ITER L-mode data base, supplemented by 30 ECRH
shots from T-10, was reported. The results of this analysis
were instrumental in establishing the ITER power law
scaling for the energy confinement time. From T-10, also a
study of the propagation of electron heat pulses caused by
ECRH pulses and sawteeth was presented. It was shown that
the value of the electron heat conductivity can cither
increase or decrease at the ECRH heat front, depending on the
electron temperature profile before heat pulse initiation.

A comprehensive analysis of heat, particle and momentum
transport properties of lhc plasma in TFTR L-mode and
supershot discharges was made. In both the L-modc and hot
ion regimes it was observed that x$ ~ Xi^ Xc> a s expected from
electrostatic turbulence. All x's strongly increase with minor
radius. The analysis of the transport coefficients showed that
local transport in the L-mode increases strongly with
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temperature (at least as T ), over most or all the plasma
confinement zone. Local transport analyses of steady-state Ip
scans indicate that both ion and electron energy transport is
reduced by increasing current (for and only for steady-state
conditions), and that this improvement extends over the
entire plasma cross section.

The results of H-mode and hot ion L-modc cxpcrimcnis
carried out in DHI-D were summarized. It was demonstrated
that the H-mode confinement improvement is due to both a
transport barrier at the plasma edge and a confincmeni
improvement in the bulk plasma. All three diffusivities %;, xc

and x$ were shown to be reduced after the transition. In the
center of a hoi ion H-modc plasma, x ' s a l ; r i c neoclassical
level. Comparison of these results with a theory based on
electrostatic drift wave turbulence shows significant
quantitative and qualitative disagreement. Electromagnetic
turbulence models agree better with the experiment, but
there are also significant problem areas.
Measurements of fluctuations in the electron density and
plasma potential and the associated fluctuation driven
particle flux in the stcllarator ATF were reported. A
comparison with similar measurements in the TEXT tokamak
was made. The overall similarity of the results for /.ero-
currcnt plasmas in ATF and ohmically heated plasmas in TEXT
suggest that the plasma current and the applied toroidal
electric field are not the dominant cause for edge turbulence.
The strong variation of the turbulence characteristics found
in the vicinity of the shear layer suggests that shear flow
effects are important in driving and/or stabilizing the edge
fluctuations. Bootstrap current studies in ATF were also
described. The main conclusion was that both quantitatively
and with respect to the parametric dependencies the
experimental value of the bootstrap current agrees with
neoclassical theory, despite the presence of anomalies in the
particle and heat flows.
A comprehensive study of density and temperature
fluctuations has been performed on TEXT. The level and
spectrum of the fluctuations were shown to be consistent
with measured power and particle flows. The changes in the
electron temperature, density, and density fluctuation
profiles during ECH in a high-q (qa = 5.5) discharge were
discussed. Specifically, it was shown that the relative densiiy
fluctuation strength, 5n/n, increases monotonically from
r/a = 0 to 0.6. This increase in the fluctuation level is over a
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much broader range than the very localized electron
heating, which suggests that the change in fluctuations is
not driven by changes in the local Te. It also is suggested by
experiments that the central fluctuations may be driven by
the change in the plasma edge conditions.

Conclusions:
From the results presented, the following general
conclusions can be drawn:
-By now, no microturbulcnce based theoretical model can
satisfactorily reproduce the whole range of experiment!
results, while each of these models can explain some features
of particular experiments.
-It was shown in many experiments that all the diagonal
transport coefficients (xc; Xji X«,'< D) are anomalous with very
similar dependences on plasma parameters.
-From some experiments it was reported that both transport
coefficients and density fluctuations might depend on global
(or volume averaged) plasma parameters (such as
temperature, current) rather than on local ones.
-The dependence of local confinement properties on
magnetic and velocity shear near the plasma edge was
demonstrated in a number of experiments (this phenomenon
appears to be related to the nature of the L-H transition).

In future, still more intense and systematic efforts in
comparing theoretical transport models with experiments arc
needed to be able to develop insight in the mechanisms that
dominate transport in tokamaks.
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Task #PH16
Control of MHD Activity

By: T. Tsuncmatsu/K. Borrass

Task Objective:
Significant MHD activity (sawteeth, fishbones) in the hoi
plasma core impairs the overall confinement properties of
the discharge. Conversely, some amount of activity is
beneficial in counteracting impurity accumulation in the
plasma interior.

Ways to control the MHD activity in the core plasma must be
investigated. This includes, e.g., noninduclive current drive
to optimize the current profile and generation of an
appropriate population of fast ions.

Summary of Results Reported:
Major progress presented includes:
- sawtooth control (ASDEX, JET, TFTR, DI11-D and JT-60) and
confinement improvement (ASDEX and JET),
- suppression and relaxation of MHD activity related to
precursors of disruption (ASDEX, Dlll-D, COMPASS-C, PBX-M
and TO-2), and
- profile control for high Hcta (DIII-D).

Sawtooth suppression:
In ASDEX, the m=l mode is stabilized by LH current drive with
low 1^(1^=1.8) at 2.45GHz for PLH > 750kW and lp=420kA. As
the power is increased, the sawtooth period becomes longer
and finally is stabilized. At even higher powers, the m = 1
mode can also be stabilized. The effect is strongest for low N^
(N/y=1.8). No change is seen with symmetric LH spectra a(
high N^ (Nyy=4.4) and opposite current drive (N/^2.2). As the
power increases, the internal inductance 1; decreases.
Stabilization by Ac suprathermal electrons can be ruled out,
because a larger population of suprathermal electrons is
produced for symmetric spectra with N//=2.2 (where no
stabilization is seen) than for the corresponding current-
drive spectrum. The stabilization is rather due to the
flattening of the current density profile near the plasma
center. Much stronger flattening of the profile (and
stabilization of the m = 1 mode) was obtained by combined
lower N/f and high N/y symmetric spectra.
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Stabilization of the m=I mode is also achieved by LH current
drive during neutral beam heating. After the suppression of
the m = 1 mode the central electron temperature increases
strongly. The increase in the diamagnetic stored energy is
greater than the increase in healing power, indicating an
improvement of the energy confinement. However, for high
density (ne~3 1O19/m3), suppression of the sawtooth leads to
impurity accumulation followed by a radiative ecliapse. The
m=2 mode is often destabilized after stabilization of the m = 1
mode. Current profile measurements show that the region
with steep current density gradient extends to the location of
the q=2 surface.
The disruption induced by an m=2 mode during LH-currcnt
drive is characterized by a preceding long period (several
10 ms) with slew growth of the amplitude before locking.
Unlocking of the mode can be obtained by inducing plasma
rotation by unidirectional neutral-beam injection.
In JET, various techniques of sawtooth stabilization have been
investigated: pellet injection, on-axis ICRF heating and
combined ICRF-NBI heating. Sawteeth have been suppressed
for up to 5 s by pellet injection. Polarimciric measurements
of q0 indicate that the suppression is due to a broad current
profile (qo >1). For the case of ICRF heating, stabilization is
most efficient when the heating resonance is located at the
magnetic axis. Stabilization is observed at low minority
concentration when the stored energy in the fast particle
population is minimized. The stabilization becomes more
difficult for low q (qv < 4). Extending stabilization up to fp=5 to
6 MA (qv < 4) was possible by using auxiliary heating during
the current rise phase, either before or just after sawteeth
start.

In TFTR, the effect of changing the current density profile
using neutral beam current drive has been demonstrated by
preceding the phase of the full power heating (-20MW) in
1.0 MA supershots with 0.7 s of 10MW co-, counter-, or
balanced injection. A change in the MHD activity (e.g. from
the m=2/n=l to the 3/2m mode) is observed by varying the
beam-driven current. This confirms that the current density
profile strongly influences the characteristics of the MHD
activity. TFTR results also confirm that the sawteeth can be
stabilized (for up to 2 s) with neutral beam heating. In the
case of counter-injection, sawtooth suppression was achieved
only for q = 7 and PN B>12MW.
A preliminary result on sawtooth suppression by ICRF
heating was also reported. The sawtooth was stabilized for up
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to 0.8 s with 2.9MW of RF power at lp=1.8MA and q=3.7. Not
enough data are available to extract the characteristics and
scaling results.
TFTR has demonstrated a variety of plasma start-up
techniques by using different current ramp-up rales and
programmed plasma growth to modify the initial current
density profile. Analysis of the resultant MHD stability due to
the change in the current density is underway.
In JT-60, sawteeth are suppressed in neutral-beam heated (5
to 20MW) discharges by 2MW LH current drive. The maximum
time of the quiescent period is 1.8 s. The suppression is more
effective for low N/f (N//=1.3) than for higher N//(. The global
current profile does not seem to change during the sawtooth
suppression, because the sawtooth inversion radius is at the
same position before and after the sawtooth-free period.
Therefore the current density profile seems to be modified
only near the center or, alternatively, the intense
suprathermal electron population may be responsible for the
suppression. Detailed analysis is not yet available.
A preliminary experiment in DIII-D shows a relaxation of the
sawtooth activity when EC waves are launched from the
inboard side. The sawtooth period increases from 20ms in the
Ohmic phase to 80ms for a 500ms ECH pulse, but the effect on
the sawtooth period is smaller than in earlier experiments
with an outside-launch system.

Suppression and relaxation of MHD activity:
In ASDEX, m=2 modes are destabilized when the current
density is broadened by LH-current drive. The modes grow,
lock, and finally lead to disruption. Additional injection of
neutral beams during the locking phase can unlock the m=2
modes by inducing plasma rotation. The amplitude of the
mode then saturates at a stationary level.
The TO-2 tokamak has demonstrated the redistribution of the
current density by driving an additional current near the
edge and by electron heating using Ion Bernstein Waves
(IBW). In the former experiments, the edge current is
generated by using limiter electrodes. If the edge current is
parallel to the plasma current, the level of high- frequency
(50 to 100 kHz) magnetic perturbations is reduced to half of
the original amplitude. In the case of a counter-current at
the edge, the magnetic fluctuations increase by a factor of 2
and the plasma disrupts. The additional current is up to ± 15 0 A,
for a plasma current of 30 - 40 kA. By using IBW heating near
the plasma edge (with 18MHz for Bt=1.2T), the magnetic
perturbations are reduced while in the case of central

70



heating (22.7MHz for Bt=lT) the fluctuation ?vei does not
change.
In COMPASS-C, resonant magnetic perturbations have been
applied at the density limit. The helicity is m/n=l/l, 3/2 or
VI. The perturbation levels are typically 10 Gauss, while the
error field is reduced lo less than 0.5 Gauss. For q(a^=3.5 the
density Mmit is increased by 15% when a 2/1 perturbation is
applied in an Ohmic discharge. Other perturbations do not
affect the MHD activity. There is no extended period of
Oscillatory precursors. An initial experiment with second
harmonic X-mode ECRH shows that the sawteeth disappear
after 1-2 sawtooth periods when the resonance is located close
to the q=2 surface.
In DIII-D, an external correction field can prevent the onset
of n=l locked modes, particularly those that occur at low
density. A wider operational space in the low density region is
achieved for an optimum value of the n=l coil current, as this
allows to avoid the formation of a locked mode. The effect is
appreciable for low q.
In PBX-M, the growth rate of the n=l disruption precursors is
reduced by an order of magnitude, relative to PBX. The
observed growth rates are comparable to the L/R time of the
Cu conducting shell. In PBX-M, n=2 modes are frequently
observed, while the dominant mode was n=l in PBX.
Theoretical analyses presented suggest that the n=l mode is
stabilized by the passive shell.

Profile control for high beta:
Through the use of impurity (argon) injection in DIII-D it
was shown that the threshold for the instability of n=2 and
n=3 modes is reduced to lower values of beta with increasing
argon impurity content which causes a shrinkage of the
profiles of electron temperature and current density. This is
a preliminary confirmation that broader current and
pressure profiles are desirable for avoiding low-n
instabilities.

Conclusions:
Suppression of sawteeth by neutral beam injection and LH
current drive may be applicable in ITER. The suppression by
using high energy ions may also be applicable as an
alternative method. The effect of fast alpha-particles will
have to be assessed (mainly by theory).

The peaked temperature profile observed in ASDEX and JET
during sawtooth suppression is compatible with the physics
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assumptions for ITER. However, sawtooth suppression
generally causes impurity accumulation. A trade-off between
confinement improvement and impurity accumulation has to
he made. Unlocking of the locked mode by using neutral
beam injection may be applicable to ITER as part of a
disruption control scheme. More experiments and
comparison with theory are needed to extrapolate this method
to ITER. Experiments with localized heating and pellet
injection are needed to confirm the ITER guideline on MHD
limits.

Sawtooth suppression by using LH current drive with low N/f
was demonstrated in ASDEX and JT-60. However, the physics
of the effect is different. In ASDEX, the suppression is due to a
slightly flattened current density profile near the plasma
center. In JT-60, a q=l surface probably exists even during
the quiescent period. The effect of suprathermal electrons
has to be evaluated. In both ASDEX and JT-60, a peaked
temperature profile (electron temperature in ASDEX and ion
temperature in JT-60) is observed and the central
confinement is improved. However, the energy loss due to a
sawtooth was not quantified. Sawtooth behavior at high
toroidal or poloidal beta has still to be assessed. The methods of
mode control reported by DIII-D and COMPASS-C may be
applicable to disruption control (PH08). Experiments in TFTR
and TO-2 also provide interesting information on the
dependence of MHD activity on the current density profile.
The experiments may help to devise a scenario to produce a
favorable current density distribution when approaching
ignition.
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Task #PH17
Density Limits

By: K. Borrass/F. Engelmann

Task Objective:
The necessity of achieving a prescribed wall load or fusion
power essentially ietermines the plasma pressure in a device
like ITER. The r^nge of operation densities and temperatures
compatible with this condition is constrained by the problems
of power exhaust and density limits. The maximum allowable
heat loads on the divertor plates and the maximum allowable
sheath edge temperature, as well as considerations of
pumping speed, impurity reduction, and runaway production
impose a lower limit on the operating densities, whereas the
density limit imposes an upper limit. For most of the density
limit scalings proposed in the past an overlap of the two
constraints or at best a very narrow accessible density range
is predicted for ITER. Safe prediction of the densities
accessible in ITER is therefore crucial for achieving the
projected performance of ITER.

Summary of Results Reported:
Density limit studies have to aim at detailed empirical analysis
of the underlying physical mechanisms and complementary
systematic scans to identify the relevant parameters and
establish empirical scaling relations for the critical density.

L-mode density limit
General picture:
In the overwhelming majority of L-mode discharges the
density limit is disruptive. A widely accepted picture of the
general mechanism that triggers high-density disruptions
and thus determines the density limit has evolved. In this
picture cooling of the plasma edge leads to shrinking of the
current channel, which destabilizes the m/n = 2/1 tearing
mode when the qv = 2 surface is reached. Recent TEXTOR
studies of the time evolution prior to the energy quench
confirm this picture. In principle, a variety of mechanisms
may cause edge cooling. Charge exchange and ionization
losses as well as anomalous heat conduction may be important
in addition to impurity radiation.

General aspects:
One of the most important results obtained during the past
years has been the direct experimental confirmation that the
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density limit is an edge density limit (ASDEX , JET, JT-60,
TFTR). In particular, improvement of the line average
density limit as observed on ASDEX in confinement regions
with peaked density profiles and generally in pellet-fuelled
discharges is naturally explained as a profile effect.
The question of the radiative power fraction at the density
limit has recently gained considerable interest. This interest
was triggered by the observation made on JET carbon limiter
discharges ("radiative edge") that:
i) P r a d = P in holds at the limit (where P in is the total input
power and Prad is the radiated power predominantly lost from
the plasma periphery).
ii) The radiation mantle grows inwards and the disruption
occurs when the qv = 2 surface is reached.
There is now strong evidence from different devices (JET,
JT-60, ASDEX, T-3) that Prad/P;n m a y b e considerably below
unity when the disruptive process develops. This rules out the
radiative edge concept as the unique triggering mechanism.
In this context it is essentiai to distinguish between Pra<j/Pin
at the onset of the disruptive phase and later, when 100%
radiation is always found (JT-60). This latter case seems to be
associated with high Ze f f but is obviously not intrinsic to
limiter configurations, as suggested by previous results (JET,
TEXTOR, TFTR). ASDEX observations strongly support a
divertor-based picture. The strong impact of recycling on the
density limit in TUMAN-3 as well as the interpretation of T-10
results point in the same direction. Despite some progress, the
problem of the underlying triggering mechanism remains
unresolved. In particular, it is not clear whether a universal
triggering mechanism exists at all.

Scaling studies:
Experimental scaling relations, together with model
predictions, provide the basis for extrapolation to ITER. From
the general picture it is concluded that the for critical
(separatrix or plasma boundary) density

n< r i t = ns
ciit (a,R,K,q,Bt,Pin>...) (1)

should hold, provided that a simple description by global
parameters is possible. Scaling studies, including systematic
experimental scans and statistical analysis of accidental data,
are reported from practically all tokamaks. Apart from a size
scaling study on DIII-D, these investigations are typically
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restricted to variations of q (safety factor), B, (toroidal field),
Pin (input power) and K (elongation). In the ohmic domain a
Hugill-type scaling is generally observed (ncrit ~ Bt/qR; there
is some difference in the q definition applied (qv, qj, qc), but
in most cases the "current q", i.e.

2n Bta2 1+K2

seems to be the most appropriate scaling parameter). Studies
in the ohmic domain are hampered by the intrinsic
dependence of P in on q, B p ..., and results from discharges
with strong additional heating are therefore needed to
determine the power dependence of n c m . Considerable
divergence is observed in the power scaling (n c n t ~ Pa). Very
weak power dependence is observed in DIll-D and JFT-2M
(a = 0.1 - 0.3). JET, JT-60 and TEXTOR, on the other hand,
report a ~ 0.5. A particular situation is given in ASDEX, where
a ~ 1/2 has been observed in the "old" divertor configuration,
while a much weaker power dependence is observed in the
present divertor configuration, which is characterized by a
reduced escape probability of neutrals. The whole set of data
also suggests a correlation between the power and q-
dependence. While in the "old" ASDEX, JET and TEXTOR the q-
dependence is weak (ncri t ~ 1/q0-2"0-4), one has ncr i t ~ 1/q i n
cases where a is small (= 0.1 - 0.3, "new" ASDEX, Dlll-D, JFT-
2M). Typically the latter group seems to be described by a
Hugill/Greenwald-type scaling, while devices of the first
grour) clearly violate this kind of scaling. Recently, edge-
based density limit models have been proposed which predict
both kinds of behaviour. Scaling relations such as the Hugill
scaling

-crit "t
ns = S R 1 (2)

(g = 2 for ncrit in 1020 nr3 , Bt in T and R in m) and the
Greenwald scaling

(3)

(10 2 0 m~ 3 ; MAm"2, K the elongation and J the mean plasma
current density; a ~ 1) are hampered by the fact that they do
not reflect the observed power dependence and that the
density limit is an edge limit. Furthermore, the beneficial
scaling with elongation, as predicted by the Greenwald
scaling, has not been confirmed in dedicated studies on

75



JFT-2M. Thus the proposed scalings, though adequate in
certain cases, do not provide a universal description of the
experimental observations and hence do not provide a
reliable basis for extrapolation to ITER.
Discrete parameters include first-wall or limiter material
(JET, ASDEX, TEXTOR, JFT-2M), the working gas (ASDEX, JET,
JFT-2M) and the magnetic configuration (X-point/limher;
JFT-2M). The main impact of different first-wall conditions
seems to occur through the effect on the bulk plasma purity,
which determines the power flux into the plasma edge. The
improvement usually observed with higher purity would thus
essentially reflect the power dependence. The impact of the
working gas and the configuration on the critical density
seems to be moderate. Generally, these discrete parameters do
not seem to affect the scaling of the critical density. Pellet
refuelling versus gas puffing studies have been reported
from ASDEX, JET, JT-60, JFT-2M and TFTR. Pellet refuelling
generally leads to significantly higher line average
densities, but no effect on the critical edge density is
observed (ASDEX, JET, JT-60, TFTR), confirming that the
density limits are edge limits.

H-mode density limits
Experimental data on the H-mode density limit are very
scarce. Studies have been performed on Dlll-D, JFT-2M ASDEX
and JET.
On DIII-D the H-mode density limit seems to be disruptive and,
if expressed in terms of the line average density, seems to
obey the same scaling as the L-mode limit. A limited number
of H-mode density limit shots were performed in the new
ASDEX divertor configuration. The discharges terminate in a
disruption without H-L transition, at densities somewhat
higher than expected for L-mode discharges under similar
conditions. While this improvement is consistent with results
reported from JFT-2M and TUMAN 3, the JET H-mode limit
seems to show some degradation over the L-mode limit. Profile
changes associated with the H-L transitions are a possible
cause of this discrepancy. Moderate improvement of the H-
mode density limit over the L-mode limit is also predicted by
edge-based models.
These results seem to indicate that with sufficiently clean
discharges the H-mode density limit is disruptive and that the
achievable line average densities are comparable to or
higher than those achieved under L-mode conditions. In the
light of the comparatively flatter shape of H-mode density
profiles this indicates a gain in edge density. Considerable
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improvement of the H-mode density limit database is needed
to clarify the situation.

C o n c l u s i o n s :
As a universal empirical scaling does not seem to exist,
extrapolation has to rely on modelling. Projections to ITER are
approximately comparable to what is derived from divcrtor
design requirements. While the L-mode density limit database
is sufficiently broad, the H-mode density limit database is
almost non-existent. Clarification of the nature of the H-mode
density limits and the relation between H-mode and L-mode
density limits should be given highest priority. Systematic H-
mode density limit scans would be of particular importance to
achieve this.
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Task #PH18
Plasma Performance at High Elongation

By: T. Tsunematsu/V. Mukhovatov

Task Objective:
Operating tokamak plasmas at an elongation beyond 2,
typically up to 2.5, may be attractive to improve plasma
performance.
The impact of operation at high elongation on confinement,
operational limits (beta, safety factor, density) and the MHD
behavior of the plasma must be explored and operational
experience with highly elongated discharges must be
obtained.

Summary of Results Reported:
Experiments with an elongation up to K=2 .5 were reported
from DIII-D. A new hybrid inboard/outboard coil positional
control system allows operation of DIII-D up to 97% of the
ideal stability limit. For low triangularity and high intcrn.-'l
inductance (lj>l), the rigid body model for vertical stability
agrees with experiments. For lower Ij (l;~0.9) and for a
double-null configuration with high elongation, the plasma
can be operated up to 80% of the decay index. The achievable
value of |n/nc| decreases as lj decreases and the triangularity
increases, where ln/nc 1=1 is a good approximation for the
rigid-body stability limit. Analysis using a full MHD model
indicates that the plasma is destabilized by the coupling of the
m=3 mode to the m=l mode.
For K = 2 . 3 , the highest beta value obtained is 11%. The
increased elongation allows Ip/aB t = 3.1MA/m/T and g=3.5 is
maintained.
In PBX-M, an elongation of 2.8 (measured along the arc of the
cross section) with 28% indentation was obtained. An
improvement of the beta limit and of confinement was
obtained, but details were not reported.
In TVD, vertical instability appears when an elongation of
1.4-1.5 is reached for quasi-stationary discharges. An
elongation of 1.6 is obtained by using the secondary current
ramp-up technique. Theoretical analysis suggests that the
limit coincides with that obtained for a peaked current density
profile. A flat current density profile appears to be beneficial
to attain a stable discharge.
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Conclusions:
The three results reported show the importance of the
optimization of the active control system for vertical
positional stability. More detailed information is needed to
justify the model used in the ITER design definitely.

By using careful control, a configuration up to K=2.5, close to
the ideal (vertical) stability limit, is obtained. This is a very
useful result for the design of the position control system in
ITER. In future, the impact of an elongated (shaped)
configuration on confinement and MHD behaviour, especially
on sawteeth, has to be assessed.
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Task #PH19
Alpha-Particle Simulation Experiments

By: S. Putvinskij/K. Borrass

Task Objective:
The presence of a significant amount of fusion alpha-
particles in a tokamak plasma may have an important effect
on the stability properties of the plasma itself and affect the
transport of the alpha-particles and the energy transfer
from the alpha particles to the plasma.
Simulation experiments using neutral beam injection and/or
ion cyclotron minority heating appear to be a way to provide
early experimental information on these issues. The potential
of such experiments must be further analyzed and
experiments conceived and performed as far as possible.

Summary of Results Reported:
Experiments with ICRH minority heating (JET, TFTR) and
triton burnup studies (DIII-D) produce today the most
relevant experimental information on high energy single
particle behaviour in tokamak plasmas.

JET simulation experiments:
Ion cyclotron minority heating has been used to produce
1-5 MeV He3 ions with an energy content up to 2.4 MJ
corresponding to almost 50% of total plasma energy. The
achieved parameters of the superthermal component are
shown and compared with those of the alpha-particle
population in ITER in the following table:

Parameter
n fas t / n eo

<Efast>
<Pfast>/3

P±/P||

Pe/a
Vfast/VA

Achieved in JET
1 - 3%

1 - 5 MeV
50%

10 - 50%
0.3

2 - 4
1

Expected in ITER
0.1 - 2%
1-2 MeV

30%
1

0.1

1.7 - 2.5
-

The parameter range achieved in JET covers that expected in
ITER except for the high anisotropy and relatively large
banana width in JET. Magnetic measurements were used to
determine the anisotropic contribution to the plasma energy
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produced by superthermal minority ions with an energy
exceeding the Alfven energy. The major part of the
presented results corresponds to sawtooth-free (monster), L-
mode discharges where the complications of fast ion
redistribution by sawteeth are absent.
It was found tha' the superthermal ion energy Wf follows
the scaling W = kPrfts(0) where Prf is the ICRH power, T S ( 0 )
the slowing-down time at the plasma centre and k is a form
factor for the fast ion radial distribution, showing that the
slowing-down is collisional. Exceptions were found for low
plasma current discharges.
The termination of the sawtooth-free period, however, leads
to a significant fast ion transport. Typically 50% of the fast
ions are expelled from the plasma core in a large sawtooth
crash. After the crash, the remaining ions continue to slow
down at approximately the collisional rate.
Theoretical analyses of the JET alpha-panicle simulation
experimens have been carried out. The main emphasis was
on correcting the slowing-down time for the finite orbit
width of fast particles, which allows ihe ions to access the
cool outer regions of the plasma where the energy loss rate
substantially increases. These effects arc important,
especially for low plasma current discharges.
The predictions of the theoretical model based on classical
fast ion slowing-down with orbit corrections were found to
be in excellent agreement with the experimental data. Note
that the TF ripple is very low in JET, so that ripple-induced
losses of high energy ions are negligibly small.

TFTR experiments:
The loss and transport of 0.5 to 1 MeV protons produced by
ICRF hydrogen minority heating was observed using
detectors for escaping particles at four different poloidal
angles and a vertical array of charge exchange analysers.
Preliminary analysis of the latter measurements is consistent
with a very small diffusion rate of about 0.1 m2/s.
When the ICRH resonance layer location was centred on axis,
the loss of high-energy protons, as seen by the detectors, was
strongly peaked towards the outer equatorial plane. However,
when the resonance layer location was moved outward to R =
3.23 m, the proton loss was about 3 times larger at 60° than at
45°. This result is not understood but apparently indicates an
anomalous high energy ion loss. The sawtooth characteristics
of high energy proton losses have been correlated with the
central electron temperature sawteeth. The time dependence
of the escaping particle flux and the phase shift with respect
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to the central electron temperature sawtoothii.c were found
to change with the plasma parameters. Probably this
phenomenon is a consequence of a complicated spatial
structure of the anomalous losses.
Experiments with helium minority heating were also carried
out on TFTR. No loss of fast helium ions was seen by the
detectors. However, a large signal from escaping 3.7 MeV
alpha-particles was observed, corresponding to a D-3H e
reaction rate generating about 1018 alpha-particles per
second.

DHI-D experiments:
Diagnostics for measurements of 0.8 MeV 3He ions and 1 MeV
tritons have been installed on D1II-D. These consist of a 15
MeV proton probe employing a silicon diode and an
activation system for 14 MeV neutron fluence measurements.
Development of the 15 MeV proton diagnostics on DIII-D aims
at a study of the confinement of 0.8 MeV 3He ions in high
beta plasmas using the burnup technique. A second study
planned is to compare 3He ion transport in the L-mode, H-
modc and during ELMs.
Initial experimental results indicate a collisional behaviour
of tritons in high-field (2 T) H-mode discharges, but an
anomalous behaviour in low field, high beta discharges.

Conclusions:
The analysis of JET and TFTR alpha-particle simulation
experiments indicates that the alpha-particle confinement
time in ITER will be at least one order of magnitude greater
than the slowing-down time so that almost all the alpha-
particle energy is transferred to the plasma. These results,
being obtained in JET for a parameter range of the fast ions
which is similar to that expected in ITER, give support to the
theoretical models used for alpha-particle confinement
prediction in ITER. However, the method used for the alpha-
particle simulation in JET and also in TFTR leads to very
anisotropic (vj » VJJ> fast ion tails and therefore is unable to
trigger Alfven wave instabilities which could be dangerous
for alpha-particle confinement in ITER. A systematic
programme to determine the role of Alfven instabilities in
ITER is necessary in the near future. There is an indication
(DIII-D) that in high beta discharges the transport of fast
ions may be anomalous. The sawtoothing phenomena seen
for escaping fast particles in TFTR indicates that sawteeth in
ITER will lead to a radial redistribution of the fast alpha-
particles and, hence, presumably to an enhancement of
alpha-particle losses.
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Task #PH20
Electron Cyclotron Current Drive

by: W.M. Nevins/D. Swain

Task Objective:
If efficient electron cyclotron current drive is possible, it
would be an attractive option for maintaining the plasma
current in the core of the discharge, and for local control of
the current profile, e.g., to control disruptions.
A proof-of-principle of non-inductive current drive by
electron cyclotron waves and an investigation of its working
conditions is needed. This includes continuous/low power
flux as well as pulsed/high power flux operation. Important
questions are the current drive efficiency (mainly for
upshifted modes), its scaling, a comparison of the
experimental results with theory, and application of electron
cyclotron current drive to current profile control.

Summary of Results Reported:
Second harmonic electron cyclotron current drive
experiments were performed on WT-3. This is a small
tokamak in which the thermal plasma is optically thin (the
thermal plasma in ITER will be optically thick to the electron
cyclotron waves). While not directly applicable to ITER,
interesting results were obtained. Up to 70 kA of plasma
current was sustained with electron cyclotron power only.
Surprisingly, the driven current was observed to be
independent of the direction of wave injection. Prior to the
injection of the electron cyclotron power the tokamak was in
the "slide-away" regime. It was suggested that most of the
electron cyclotron power was absorbed on the unidirectional
tail in the initial target plasma, and that this initial
asymmetry determines the direction of the driven current.
The observed current drive figure-of-merit was rather low,
in the range (0.0032 to 0.0064)-1020A/m2W (for comparison,
theoretical estimates of the electron cyclotron current drive
figure - of - merit for ITER are in the range
(0.2-0.3)-1020A/m2W). This low value was attributed, in part,
to the radial loss of energetic tail electrons. Electron
cyclotron power was also observed to delay or eliminate the
sawtooth oscillations on WT-3. This effect depended on the
location of the electron cyclotron resonance relative to the
q=l surface. Electron cyclotron power was most effective in
eliminating sawtooth oscillations when applied at the high-
field-side of the q=l surface.
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The report from JFT-2M also described experiments in which
the extraordinary mode at the second cyclotron harmonic was
launched from the low field side of the torus. Although no
information was given about the electron temperature, it
seems likely that Te 5 I keV in this experiment. It then follows
that the experiment was in the optically thin regime ( T < 1 ) ,
where the usual theory predicts little or no driven current.
However, these experiments reproduced the very puzzling
results previously reported from WT-3 in which the electron
cyclotron power was apparently able to support nearly all of
the plasma current. However, this result was independent of
the direction of the electron cyclotron wave propagation
relative to the plasma current, contrary to all theoretical
predictions. Further analysis of both this and the previous
experiments in WT-3 appears warranted.
Budget shortages delayed the installation of a top-launch ECH
system in JFT-2M. Information from this system is expected
as part of the future programme.
ITER will be in the optically thick (T>1) regime for clcciron
cyclotron current drive. This is a difficult regime to access in
present experiments when launching the electron cyclotron
waves from the low field side (as is envisioned in ITER).
Future experiments on DIII-D and T-10 and will operalc in
the optically thick regime with low field side launch.
However, it is also possible to obtain an optically thick plasma
by launching the extraordinary mode near the fundamental
cyclotron harmonic from the high field side. This was
attempted both at DITE and DIII-D. The results from DITE
reported so far are inconclusive. Further analysis (currently
in progress) should yield interesting results. The high-field
side launch experiments on DIII-D were more conclusive.
The extraordinary mode is strongly absorbed at the
fundamental resonance, so these experiments were in the
optically thick regime. These were the first electron
cyclotron current drive experiments combining strong first
pass absorption, localized deposition of the rf power, and t|:
much longer than the slowing-down lime of the rf-generatcd
current carrying electrons. Up to 70 kA of rf-driven current
was produced in discharges with total plasma currents in the
range 200-500 kA. While there was not sufficient rf power
available to drive the entire plasma current, partial current
drive was convincingly demonstrated by using measuiemcnts
of the changes in density, temperature, and impurity profiles
in the presence of the rf to compute the change in the loop
voltage to be expected from changes in the plasma resistivity.
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Still more importantly, Fokker-Planck calculations of the
expected current were in good agreement with the observed
electron cyclotron driven current. Non-thermal electron
cyclotron emissions observed in the experiment were also in
general agreement with the electron cyclotron emission
spectrum computed by the Fokkcr-Planck code. DIII-D has
plans to install a new electron cyclotron system at 110 GHz.
This system will launch power from the outside, allowing a
direct test of ITER electron cyclotron current drive scenarios.
Further input from DIII-D as part of the programme will be
most valuable.
A new set of gyrotrons for electron cyclotron current drive
experiments on T-10 have been installed. This new system
should deliver up to 2.7 MW of power to the plasma in the 0-
mode at the first harmonic, allowing a direct test of the ITER
electron cyclotron current drive scenarios. New
experimental results from T-10 are expected as part of the
future programme.
Versator-II reported on experiments aimed at developing a
new diagnostic for measuring the energetic tail on the
electron distribution function associated with RF
noninductive current drive methods. Such a diagnostic would
be very useful for all RF current drive techniques. It was
shown that an electron cyclotron transmission diagnostic can
be effective in measuring fe(pn), and is suitable for ITER
conditions. Work on this diagnostic should continue, but
should be coordinated with future ITER diagnostics R&D.

C o n c l u s i o n s :
The results from DIII-D together with previous results from
DITE provide a demonstration of the principle of electron
cyclotron current drive. However, an investigation of the
low-field-side launch scenario proposed for ITER is still
needed. It appears likely that these results will be available
within the next few years from experiments on T-10 and
DIII-D.
In addition to a demonstration of electron cyclotron current
drive scenarios, attention should shift to studies of current
profile control during future programme. It has been
proposed to use electron cyclotron current drive to modify
the current profile in the neighborhood of the q=2 surface,
thereby stabilizing 2/1 tearing modes that are known to be a
precursor to major disruptions (see Task PH08). This
disruption control scenario requires experimental study.
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Task #PH21
Ion Cyclotron Current Drive

By: W.M. Nevins/D. Swain

Task Objective:
If efficient ion cyclotron current drive is possible, it would
be an attractive option for maintaining the plasma current in
the core of the discharge.

A proof-of-principle for the various possible current drive
modes (via coupling to electrons or minority ions) and
investigation of their working conditions is needed in a large
tokamak. This includes the current drive figure-of-merit, its
scaling, and a comparison with theory; as well as application
to current profile control.

Summary of Results Reported:
Experiments on JET show direct electron heating by transii-
time magnetic pumping (TTMP). These experiments showed
only heating and no current drive due to the (O,Jt) antenna
phasing. Transit-time magnetic pumping is the wave-
particle interaction mechanism expected in ITER fast-wave
current drive scenarios. Hence, these experiments have
greatly reduced the uncertainty for fast-wave current drive
in ITER. The ion cyclotron antenna currently installed on JET
does not provide adequate directivity for a definitive fast
wave current drive experiment. However, work is
proceeding on designing a new antenna for JET that should
provide excellent directivity and allow a definitive fast wave
current drive experiment to be performed as part of the
future programme.
The experiments on JET also showed a reduction in the power
absorption near the q=l surface which is thought to be
associated with increased separation between resonances in
velocity space for rational values of q. This effect requires
more investigation (both theoretical and experimental) in
order to access its impact on proposed fast wave current drive
experiments and on ITER operating scenarios.
JT-60 reported experiments showing direct electron heating
by fast magnetosonic waves. These experiments further
verify the theory of wave damping by magnetic transit-time
pumping. Current drive experiments have not been possible
because the antenna system on JT-60 is not able to launch a
spectrum with sufficient directivity. Additional experiments
in which lower hybrid waves were combined with
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magnetosonic waves showed that the absorption of fast
magnetosonic waves can be enhanced by the super-thermal
tail on the electron distribution function produced by the
lower hybrid waves. However, in all cases the power
absorbed by the electrons is less than or of order of one tenth
of the ion cyclotron power launched into the plasma. One
dimensional modeling of the fast wave absorption led to the
conclusion that there was considerable power loss at the
plasma edge, presumably associated with multiple reflections
of the fast waves before they are absorbed. It seems likely
that an increase in the plasma temperature (to the range 6 to
10 keV) will lead to substantially stronger absorption of the
fast wave by the electrons on each pass, and hence, a
substantial increase in the fraction of the fast wave power
deposited on the electrons and available for fast wave current
drive.
A definitive fast wave current drive experiment on JFT-2M
was not possible, probably due to low single pass absorption
when the antenna is phased for current drive. This problem
may be circumvented in future experiments in which the
single pass absorption will be improved by using them in
conjunction with electron cyclotron power (which should
improve the absorption by increasing the electron
temperature). In addition, a new fast wave antenna, which
should give better coupling when phased for current drive,
has been fabricated and installed on JFT-2M. Further fast
wave current drive experiments on JFT-2M as part of the
future programme will be of great interest.
A fast wave antenna capable of launching a spectrum with a
directivity of (P+- P.)/ (P+ + P.)>0.6 has been fabricated, and
has been installed on DIII-D. Strong electron and ion heating
has been observed during initial power conditioning
experiments in which up to 1.1 MW of rf power has been
launched into the plasma wiih this new antenna. It is
expected that this antenna will ultimately be able to launch
2 MW of fast wave power (in the frequency range
30 to 60 MHz) into DIII-D. Experimental results on fast wave
current drive are expected in early '91. An rf-driven current
of up to 250 kA is anticipated.

Conclusions:
An experimental demonstration of fast wave current drive is
required to support the ITER alternative current drive and
heating scenario (ion cyclotron waves for central current
drive and heating, lower hybrid waves for edge current
drive, and electron cyclotron waves for start-up and detailed
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profile control). If this has not occurred by the start of ITER
construction (-1995), this alternative scenario for the ITER
current drive and heating and heating system could not be
chosen. It is prudent to maintain this alternative scenario
because of the technological uncertainties in developing the
neutral beam system required for the ITER reference
scenario (which differs from the alternative scenario in that
the neutral beams are used for central current drive and
heat ing) .

A definitive ion cyclotron current drive experiment was not
yet. Hence, it is necessary to continue work on ion cyclotron
current drive as part of the future programme. It is hoped
that on-going work at JET, DIII-D and JFT-2M will yield
definitive results within the next few years.

A decrease in fast wave heating of electrons near the q=l
surface was attributed to an increase in the separation
between resonances in the electron phase space near
rational surfaces. This effect requires further experimental
and theoretical investigation.

Recent modeling results for ITER indicate that it may be
advantageous to couple to fast wave eigenmodes, as this will
provide an acceptable antenna loading for waves with high
phase velocities that are weakly damped. An experimental
investigation of the feasibility of maintaining coupling to
weakly-damped fast wave eigenmodes in the presence of
unavoidable, small variations in the density and density
profile would be useful in evaluating the feasibility of using
eigenmodes for fast wave current drive, and in defining the
requirements on the matching network.
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Task #PH22
Impact of Alfvln Wave Instability

on Neutral Beam Current Drive

by: W.M. Nevins/D. Swain

Task Objective:
The current drive efficiency of neutral deuterium beams, at
particle energies exceeding significantly 0.5 MeV, may be
strongly deteriorated by the presence of Alfven wave
instability.
The stability conditions for Alfven waves in the presence of
fast ions and the consequences of Alfven instability on fast
ion behavior and on current drive efficiency must be
investigated.

Summary of Results Reported:
Experiments from TFTR showed the presence of both magnetic
fluctuations (measured by the Mirnov coils) and fluctuations
in the core density (measured by beam emission
spectroscopy) when the beam injection velocity exceeds the
Alfv6n velocity. This instability has been tentatively
identified as a toroidal Alfven eigenmode (or TAE mode)
because the observed frequency was in the range expected
for TAE modes, frequency variations with q were as
anticipated for TAE modes, and because the mode was
evidently destabilized by energetic ions with velocities in
excess of the Alfven velocity. The presence of magnetic
fluctuations correlated with a decrease in the neutron
emission and a D a spike, suggesting that the instability leads
to the ejection of beam ions from the plasma.
Experiments carried out on DIII-D, in which the beam
velocity was substantially larger than the Alfven velocity,
showed evidence of instability only when the volume-
averaged P of the beam ions exceeded 2%. The apparent
threshold for TAE modes was an order of magnitude greater
than predicted by the local expression of Fu and Van Dam
(Phys. Fluids B 1, 1949 (1989)]. When the paral'el beam
velocity was near the Alfven speed, and the beam beta was
large, localized propagating modes with n=3 to 9 were
observed. These modes have dominant poloidal mode numbers
m=n+l and m=n+2, and may be related to TAE modes. No
evidence of global Alfve'n modes was observed under any
conditions.
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Conc lus ions :
The issue is important for both ignition scenarios and
neutral beam current drive for ITER. Recent theoretical work
suggests that the most dangerous modes are the toroidicity-
induced Alfvdn gap eigenmodes (TAE modes), and that radial
gradients in the fast ion density are important to the stability
of this mode. The TAE mode has evidently been observed on
TFTR and DIII-D. However, the stability threshold observed
in DIII-D was substantially higher than some theoretical
predictions.

Further experimental and theoretical analysis of the TAE
modes are needed. These analyses should focus on the
conditions for onset of TAE instabilities to that accurate
predictions can be made for ITER operating scenarios.
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Task #PH23
Proof of Principle of Fuelling by Injection

of Field-Reversed Compact Torcids
By: D. Swain/D. Post

Task Objective:
If feasible, injection of field-reversed compact toroids could
be a means for deep fuelling and density profile control in
the core plasma of ITER.
A proof of principle of this scheme must be given before this
option can be takui in consideration.

Summary of Results Reported:
Contributions were received from J. Terry et al. at MIT,
concerning Lithium Pellet Injection into TFTR. As such, it did
not provide information relevant to the topic of this R&D
task, if strictly interpreted, although it did provide
information on particle transport.
However, it did provide information on an experiment done
in TFTR, similar to one performed on Alcator C previously,
that indicates that Li pellets can penetrate well into a plasma,
and can cause electron density increases similar to deuterium
pellet injection. In addition, when the Li pellets were injected
approximately 1 s before the initiation of intense neutral
beam heating, the plasma parameters obtained during the NB
heating appeared to be increased over the shots without Li
injection; the hypothesis was that the Li was deposited on
plasma-facing surfaces and was acting as a getter, and also
reduces the carbon influx.

Conclusions
No work has been reported on compact toroid injection to
date. Therefore, the choice of compact toroid injection should
not be made for ITER, since there is no data base of
experimental results for this concept.

The results of the Li pellet experiment are interesting, and
might be useful in ITER if the Li gettering effect is deemed to
be advantageous. More experiments on this topic are needed,
to demonstrate in greater detail the causes of the observed
effects, and to extrapolate them to ITER conditions.
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A-III. CONTRIBUTIONS AND PRINCIPAL INVESTIGATORS

Setting up and executing the [TER-Related Physics R&D Programme
1989-1990 was possible only through the dedicated and efficient help of
research workers, both from experimental teams and theory groups, of the
fusion programmes of the four ITER Parties. A very large number of
colleagues gave advice in the definition of the R&D needs, many more
contributed through their scientific work that generated the work summarized
in the foregoing section. Particular mention should be made of all those who,
during this process, ensured the liaison between the contributing institutions
and the ITER Physics Group, which did the overall coordination of the efforts.

Contributing institutions and the experimental devices operated are
listed in Table A-IIM. Table A-III-2 lists for each task me principal
investigator and contributing institution. In addition, many research groups at
universities all over the world contributed to the Programme through the listed
institutions.

TABLE A-III-1. CONTRIBUTING INSTITUTIONS AND
EXPERIMENTAL DEVICES OF EACH ITER PARTY

Party

EC

JA

SV

US

Contributing Institution

AEA, Culham, UK
CCFM, Varennes, Canada
CEA, Cadarache, France
ENEA, Frascati, Italy
ERM-KMS, Brussels, Belgium
FOM, Nieuwegein, Netherlands
IPP, Garching, Germany
JET, Abingdon, UK
KFA, Juelich, Germany
NFR, Gothenburg, Sweden

JAERI, Naka and Tokai
Kyoto University
Nagoya University

INP, Novosibirsk
Ioffe Inst., Leningrad
Kurchatov Inst., Moscow
S1A Energia, Shatura

FRC, Austin
GA, San Diego
LLNL, Livermore
MIT, Cambridge
ORNL, Oak Ridge
PPPL, Princeton

Device

DITE, COMPASS
TdV
Tore Supra
FTU

RTP
ASDEX
JET
TEXTOR

JT-60, JFT-2M
WT-3
NAGDIS

GDT, GOL-M
FT-1, FT-2, Tuman-3
T-10, TO-2, TVD
T-3M

TEXT
DIII-D
MTX
VERSATOR II
ATF
TFTR, PBX/M
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TABLE A-III-2. PRINCIPAL INVESTIGATORS AND
INSTITUTIONS CONTRIBUTING TO ITER PHYSICS R&D

Task
PH01

PH02

PH03

PH04

Ref.
El
E2
E3
E4-5
E6

E7-9
E10
Jl
J2
J3
J4
Ul
U2
U3

U4
E2
E3

Jl
SI

S2
U2
U3
51
E2
Jl
J l

U2
Jl
J l

| Principal Investigator(s)
M. Watkins
A. Grosman
J. Neuhauser
U. Samm
U. Samm
D. Hillis, P. Mioduszewski
U. Samm
B. Terreault
H. Nakamura
T. Shoju
S. Takamura
T. Takizuka
M. Ulrickson, A. Ramsey, D. Manos
N.Sauthoff
J. Luxon
D. Hill
W. Langer, M. Petravic, B. Braams
G. Janeschitz
K. Dippel
D. Hillis, P. Mioduszewski
H. Nakamura
E. Berezovskij, N. Ivanov,
A.Kislov, V. Vershkov
A. Izvozchikov
N. Brevnov, L. Khimchenko
B. Stratton
N. Sauthoff
A. Grosman
U. Samm
T. Hirayama
C. Bush, D. Mueller
J. Luxon, A. Mahdavi
R. Yoshino
j . Luxon
D.Hill

| Institution
JET
CEA Cadarache
IPP Garching
KFA Julich
KFA Julich
ORNL
KFA Julich
CCFM Varennes
JAERI
JAERI
Nagoya University
JAERI
PPPL
PPPL
GA
GA/LLNL/SNLL
PPPL
IPP Garching
KFA Julich
ORNL
JAERI
IAE

Ioffe Institute
Ioffe Institute
PPPL
PPPL
CEA Cadarache
KFA Julich
JAERI
PPPL
GA
JAERI
GA
GA/LLNL/SNLL
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TABLE A-III-2 (cont.)

Task
PH05

PH06

PH07

PH08

H Ref.
II E l

E3
E4-9
Jl
Ul

U2

U3
Jl
SI
El
E2
E3
E4
Jl
J2
SI
S2
S3
Ul
U2
U3
U4
U5
E2
E3
Jl
J2
S2
S3

Ul
U2

[ Principal Investigators
K.J. Dietz
J. Roth
J. Winter
H. Nakamura
M. Ulrickson
K. Wilson
B. Doyle
Y. Hirooka
J. Luxon
D. Hill
W. Langer
H. Nakamura, T. Ando
S. Mirnov, V. Demjanenko
P. Stott
L. Laurent
F.C. Schueller
J. Kalnavarns, M. Shoucri
R. Yoshino
M. Mori
A. Kislov, N. Ivanov
S. Mirnov, V. Demjanenko
K. Shakovets, R. Litunovski|
M. Ulrickson, E. Fredrickson
N. Sauthoff
J. Luxon, T. Taylor
K. Thomassen
D.L. Brower
J. Hugill
T. Todd
R. Yoshino
M. Mori
N. ivanov
K. Shakovets, N. Sakharov,
M. Gryaznevich
N. Sauthoff
J. Luxon, T. Taylor

| Institution
JET
IPP Garching
KFA Julich
JAERI
PPPL
SNLL
SNLA
UCLA
GA
GA/LLNL/SNLL
PPPL
JAERI
SIA Energia
JET
CEA Cadarache
FOM Nieuwegein
CCRF Varennes
JAERI
JAERI
IAE
SIA Energia
Ioffe Institute
PPPL
PPPL
GA
LLNL
FRC
AEA Culham
AEA Culham
JAERI
JAERI
IAE
Ioffe Institute

PPPL
GA
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TABLE A-III-2 (cont.)

Task
PH09

PH10

PH11

PH12

PH13

Ref.
E2
Jl
J2
J3
SI

S2
U2

U3
El
Jl
J2
Ul

El
E2
E3
E4
Jl
J2
SI

U2

Ul
U2
Jl
SI
S2

S3
Ul
U2

| Principal Investigators
R. Polman
K. Ushigusa
T. Yaman.oto
S. Tanaka
V. Alikaev, A. Kislov,
G. Pereverzev
M. Larionov, V. Budnikov
J. Luxon.G. Jackson
B. Lloyd
S. Luckhardt, M. Porkolab
B. Lioyd
K. Ushigusa
S. Tanaka
J. Luxon, R. Harvey
R. James
P. Lomas
D. Moreau
F. Leuterer
F. Crisanti
H. Ninomiya
T. Matsuda
V. Alikaev, A. Kislov,
G. Pereverzev
M. ZarnstorlV
J. Luxon, T. Taylor
J. Hogan
S. Zweben, G. Hammett
J. Lyon, J. Rome
T. Matoba
V.A. Belyakov
B.N. Breizman, E. P. Kruglyakov,
L.N. Vyacheslavov
V. P. Drachev, P.A. Bagryanskij
D. Manos, K. Young
R. Snider, T. Carlstrom

| Institution
FOM Nieuwegein
JAERJ
JAERI
Kyoto University
IAE

loffe Institute
GA
AEA Culham
MIT/PFC
AEA Culham
JAERI
Kyoto University
GA
LLNL
JET
CEA Cadarache
IPP Garching
ENEA Frascati
JAERI
JAERI
IAE

--PPPX —
GA
ORNL
PPPL
ORNL
JAERI
loffe Institute
INP Novosibirsk

INP Novosibirsk
PPPL
GA
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TABLE A-III-2 (cont.)

Task
PH14

PH15

Ref.
El
E2

E3
Jl
J2
J3
Ul
U2
U3
U4
El
E2
E3
E4
E5
E6
E7

E8
Jl
J3
SI
Ul
U2
U3
U4
U5
U6
U7
U8
119
U10
U l l

JJPrincipal Investigators
P. Thomas
R. Weynants

F. Wagner
S. Tsuji
M. Mori
J. Luxon, A. Howald
S. Scott, M. Zamstorff
J. Luxon, P. Gohil
N. Sauthoff
L. Grisham
J.G. Cordey
F. Romanelli
N. J. Lopes Cardozo
0. Gruber
G. Fussmann
V. Mertens
A. Rogister

J. Weiland
H. Yoshida
M. Azumi
P. Yushmanov, Yu. Esipchuk
S. Scott, M. Zarnstorff
J. Luxon, K. Burrell
G. Neilson, M. Murakami
R. Bravenec
D. Brower
B. Richards
C. Ritz, H. Tsui
C. Ritz, H. Tsui
C. Ritz
W. Rowan
D. Sing

J Institution
JET
ERM-KMS
Brussels
IPP Garching
JAERI
JAERI
GA and JAERI
PPPL
GA
PPPL
PPPL
JET
ENEA Frascati
FOM Nieuwegein
IPP Garching
IPP Garching
IPP Garching
KFA Jiilich and
ERM/KMS
Brussels
NFR Gothenburg
JAERI
JAERI
IAE
PPPL
GA
ORNL
FRC
FRC
FRC
FRC
FRC
FRC
FRC
FRC



TABLE A-III-2 (cont.)

Task
PH16

PH17

PHI 8

PH19

PH20

Rer.
El
E3
E4
Jl
J2
Si
S2
Ul
U2
U3
El
E2
E3
Jl
J2
SI
Ul
U2
U3
SI
Ul
U2

El
Ul
U2

E3
Jl
J2
SI

Ul

U3

| Principal Investigator
D. Campbell
F.X. Soldner
W. Morris
T. Imai
T. Yamamoto
V. Alikaev, N. Ivanov, A. Kislov
N. Ivanov
E. Fredrickson, K. McGuire
N. Sauthoff
J. Luxon, E. Strait
P. Stott
H. Niedermeyer
G. Waidmann
Y. Kamada
N. Suzuki
S.Lebedev.V. Budnikov, L. Askinazi
M. Bell, G. Schmidt
J. Luxon, T. Petrie
L. Horton, H. Howe
N. Brevnov, L. Khimchenko
N. Sauthoff
J. Luxon
E. Lazarus
D. Start
S. Zweben, G. Hammett
J. Luxon, R. Fisher
B. Heidbrink
B. Lloyd
K. Hoshino
S. Tanaka
V. Alikaev, K. Razumova,
Yu. Esipchuk, A. Kislov
J. Luxon, P. Politzer
R. James
S. Luckhardt, I. Hutchinson

| Institution
JET
IPP Garching
AEA Culham
JAERI
JAERI
IAE
IAE
PPPL
PPPL
GA
JET
IPP Garching
KFA Jiilich
JAERI
JAERI
loffe Institute
PPPL
GA
ORNL
IAE
PPPL
GA
ORNL
JET
PPPL
GA
UC Irvine
AEA Culham
JAERI
Kyoto University
IAE

GA
LLNL
MIT/PFC
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TABLE A-III-2 (cont.)

Task
PH21

PH22

PH23

Ret.
El
Jl
J2
Ul

Ul
U2

Ul

| Principal Investigator
J. Jacquinot
T. Fujii
Y. Uesugi
J. Luxon, F. Politzer, M. Mayberry
D. Hoffman
K.L- Wong
J. Luxon
B. Heidbrink
J. Terry
K. Thomassen

| Institution
JET
JAERI
JAERI
GA
ORNL
PPPL
GA
UC Irvine
MIT/PFC
LLNL
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PART B. TECHNOLOGY R&D
FOR ITER CONCEPTUAL DESIGN



B-I. INTRODUCTION

This Part covers the technology R&D tasks undertaken by the ITER
Parlies during the three years of the CDA. The tasks reported here were
agreed to by (he ITER Parties in 1988 as meeting the ; uidelines in the ITER
CDA Terms of Reference1. These guidelines arc as follows.

"The R&D effort specific to ITER should focus on the feasibility issues
critical to a conceptual design that meets the ITER objectives. The
R&D tasks will include the physics and the engineering technology
required for the realization of ignition, and also the development of a
physics data base, the auxiliary current drive technology and the nuclear
technology required for the realization of steady-state operations and
testing. The R&D plan should include a definition of the ITER
specific R&D tasks; a division/sharing of the tasks between the Parties,
a specification of the R&D milesones; required results and schedule.
Such R&D will need to be identified promptly and conducted
cxpeditiously in order to provide the results in time for the design
work. Each Party will make equal contributions to the R&D activities
anticipated to be equivalent to approximately USS10M per year."

Workshops early in the ITER CDA identified a set of technology R&D
tasks that were divided into six areas, corresponding to ITER Design Unit
responsibilities. For each area, a rationale for the R&D was developed and
a set of Task Forms written. Both the rationale and the Task Forms were
documented in the ITER Concept Definition Report2. The ITER Design Unit
Leader for each area was assigned the responsibility for monitoring and
reporting the progress of the R&D tasks in his area. (See Table B-I-l.)

The set of Task Forms was subsequently expanded to include a set of
sub-tasks that provided more detailed descriptions of the work, defined
individual responsibilities, set milestones and were used as a basis for
monitoring and reporting progress. The Task Forms and Sub-Task Forms for
technology R&D are documented in internal document ITER-IL-1-0-5, ITER-
Related Technology R&D Task Descriptions.

There are 23 tasks and 182 sub-tasks that were identified as ITER
Technology R&D. A listing of tasks and co-ordinators is given in Table B-I-
2. Each co-ordinator was responsible for monitoring and reporting the status
of the R&D work done by his home team on his assigned task.

1 INTERNATIONAL ATOMIC ENERGY AGENCY, Establishment of ITER:
Relevant Documents, ITER Documentation Series, No. 1, Vienna (1988)

: INTERNATIONAL ATOMIC ENERGY AGENCY, ITER Concept Definition,
Vols. 1 and 2, ITER Documentation Series, No. 3, IAEA, Vienna (1989)

101



TABLE B-I-l. TASK AREA LEADERS

Task Area/Design Unit R&D
Sub-tasks

44

48

37

24

18

11

Leader

D. Smith

G. Vieider

J. Miller

P. Dinner

V. Parail

T. Honda

Blanket

Plasma Facing Components

Magnets

Fuel Cycle

Keating and Current Drive

Maintenance

TABLE B-I-2. TECHNOLOGY R&D COORDINATORS

Task Area

Blanket

Subject

Ceramic Breeder

Lithium-Lead Blanket

Water Solution Breeder

Neutron Multiplier - Beryllium

Structural Material

Task No.

BBl-EC
BB1-JA
BB1-US

BB2-EC
BB2-US

BB3-EC
BB3-US

BM-US

BS-EC
BS-SU

BS-US

Co-ordinator

W. Daenner
H. Yoshida
C. Johnson

W. Daenner
Y. Strebkov

W. Daenner
D. Smith

D. Smith

J Boutard
I. Altovsky/

V. Rybin
A. Rowcliffe
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TABLE B-I-2. TECHNOLOGY R&D CO-ORDINATORS (cont'd.)

Task Area Subject Task No. Co-ordinator

Plasma lacing Low-Z Material
components

High-Z Material

First Wall Test

Divertor Plates Test

Magnets Toroidai Coil

Poloidal Coil

Coil Insulation Materials

Structural-Casing Materials

Radiation Tolerant Magnets

Large Capacity Systems

Fuel Cycle Fuelling

PCI-EC
PC1-JA
PC1-SU
PCl-US

PC2-JA
PC2-SU

PC3-EC
PC3-JA

G.
M.
M.
R.

M.
G.

G.
M.

Vieider
Scki
Guseva
Nygren

Seki
Saksagansky

Vieider
Seki

PC4-EC G. Vieider
PC4-JA M. Seki
PC4-US N. Nygren

MT-EC L. Bottura
MT-JA T. Ando
MT-SU G. Trohachev

MP-EC
MP-JA

MI-EC
MI-JA
MI-SU
MI-US

MS-EC
MS-SU

MA-US

MC-JA
MC-SU

FC1-EC
FC1-JA
FC1-SU
FC1-US

L. Bottura
K. Okuno

R. Poehlchen
K. Yoshida
G. Churakov
L. Summers

R. Poehlchen
Y. Spirchenkov

J. Miller/
S. Summers/
S. Shen

E. Tada
I. Butkevitch

P. Dinner
S. Kasai
V. Skripunov
M. Gouge
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TABLE B-I-2. TECHNOLOGY R&D CO-ORDINATORS (confd.)

Task Area

Fuel Cycle

Healing and
Ourreni Drive

Subject

Pumping

Fuel Purification/
Isotope Separation

Electron Cyclotron

Task No.

FC2-EC
FC2-JA

FC3-EC

HD1-EC
HD1-SU
HD1-US

Co-ordinator

P. Dinner
Y. Murakami

P. Dinner

J. Wegrowe
V. Alikaev
B. Kulke

Lower Hybrid

Neutral Beams, Negative Ion
Source and Accelerator

Maintenance Component Qualification

In-Vessel Operations

HD2-EC J. Wegrowe

IID3-EC J. Wegrowe
HD3-JA Y. Ohara
HD3-SU V. Kulygin
HD3-US W. Cooper

RH1-EC C. Maisonnicr

RH2-EC C. Maisonnier
RH2-JA K. Shibanuma
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B-II. TECHNOLOGY R&D SUMMARIES

The content of this Section consists of a statement of objective and a
brief summary of the work completed in each technology R&D task. It should
be noted that most of the sub-tasks were part of ongoing R&D of the Parties
and therefore some did not reached completion during the period of ihe ITER
CDA. The summaries were distilled from the more extensive reports by the
Task Co-ordinators from each Party, which represent the work of many
Principal Investigators. Therefore, this report only highlights the most
significant results and points out areas for further work; it does not provide
a detailed report of results for any of the 182 sub-tasks.
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Summary of ITER Related Technology R&D

Task BB1

Ceramic Breeder Material
By: D. Smith

Task Objective:

To develop additional data base on preparation and manufacturing of ceramic
materials and to assess their performance under ITER operating conditions.

- Temperature Control for the Breeder Inside Tube (BIT) Water Cooled
Ceramic Blanket Concept

- In-Rcactor Compatibility Testir.g of Beryllium/Ceramic and
Beryllium/Steel Compacts

- Beryllium/Structure Materials Capability
- Vapor Phase Mass Transfer of Lithium Ceramics
- Lithium Oxide/Water Reactions
- Measurement of the Thermal Conductivity of a Lithium Ceramic Pebble

Bed
- In Reactor Compatibility Testing of Beryllium-Ceramic Breeder

Compacts
- Purge Gas Flow Experiments and Models for Packrd Bed for ITER
- Vaporization Characteristics of the Li2O/H2O System
- Experiments and Models for Prediction and Control of Thermal

Conductance Gap of the ITER Blanket

Summary of Contributions for the Final Report

Party Coordinator
EC W. Daenncr
JA H. Yoshida
US C. Johnson

Summary of Results and Facility Descriptions:

Two small scale blanket mock-ups have been fabricated and assembled for
performing temperature control tests on a breeder-in-tube concept using q- LiA102.
Preliminary tests show that nuclear heating in the blanket can be simulated by use
of electrical heaters. The design of the medium scale blanket mock-up (2 m length)
has been completed. This mock-up is representative of the first row module of the
BIT blanket concept. Four separate instrumented section tests are designed to
investigate the top, equatorial, and bottom sections of the blanket module, the spacer
region and sections affected by helium gap eccentricity. The construction of the
medium scale mockup is expected by May 1991. These data are critical to designing
an integral in-pile test of a breeder-in-tube water cooled ceramic blanket module.

This in-reactor compatibility tes* addresses the problems between
beryllium/ceramic breeder (Li2O, LiA!O2, Li4S:O4, LiZrO3) and beryllium/steel
(316L and 1.4914) compacts in a neutron environment. The irradiation experiment

106



performed in the in-pile tritium extraction facility in the SILOE reactor ai Grenoble,
France, is completed. The samples have been held at 500C or 1700 hours, to a
fluence of 5.5 1020 n/cm2 (E > 1 MeV). The specimens will be sent for detailed
post-irradiation examination (PiE) by January 1991. The PiE will focus on the
interaction between beryllium and ceramic, and beryllium and steel, the tritium and
helium retention characteristics of the beryllium and ceramic, and the distribution of
tritium between Be and BeO phases. The results of these PiE are expected by
September 1991. A complementary laboratory study carried out on identical couples
at the same temperature and for the time period will provide baseline data
independent of the neutron environment

Metal lographic measurements of compatibility tests using the hot pressed
beryllium and steels (SS-316 and SS-316L) have shown that migration of the
elements Fc, Ni, Cr from steel into the beryllium. Penetration of beryllium into
the steel can become substantial and a corrosion product layer can form on the
surface of steel at temperatures higher than 600C. The microstructure revealed large
columnar grains developed perpendicular to the direction of the stainless steel plate.
The thickness and microstructure of the corrosion layer was not effected by the
presence of up to 50 ppm of moisture in the helium gas flow. Quantitative
determination of the corrosion rate will be carried out in future experiments.

Vapor phase mass transfer of three ceramic breeder candidate materials
(Li2O, Li4SiO4 and Li2ZrO3) were measured under dilferent helium gas flow rates
(0.68 cm/s, 2.7 cm/s and 8.5 cm/s) at a constant moisture concentration
(2000 ppm). The ceramic breeder materials were fabricated as sintered pellets having
density of about 80% TD. The test temperatures were 500C, 650C, and 75OC.
Lithium oxide was shown to exhibit the largest rate of lithium mass transfer, and
lithium zirconalc the smallest. The rale of mass transfer of lithium (from Li2O) as
a function of temperature and helium flow rate is given by the following:

W = 0.5(PM/RT)u

Here W is the mass transfer rale (g/hr) P is the partial pressure of LiOH (aim), M is
the molecular weight of U.2O (g/mol); R is the gas constant
(82.056 atm. cc/molK), T is the temperature (K), and u is the helium gas flow rate
(cc/hr).

The chemical affinity of lithium ceramics for water is one of the important
concerns for the water cooled ceramic blanket concept. Measurement of the rate of
dissolution of lithium oxide pebbles in stagnant water (25C- 80C), and
measurements of transient phenomena on a packed bed of lithium oxide pebbles by
injection of different amounts of water were performed. The characteristics of the
pebbles are: pebble diameter, 5 mm; density, about 85% TD; specific surface are a
0.125 m2/g-Li2O. The dissolution solution rates in static water increased linearly
with temperature; the rate was 0.8 wt%/s at 60C and 0.11 wt%/s at 80C. Serious
damage of the packed bed can occur above 470C by formation of fused phase of
lithium hydroxide. A complex relationship was observed between the temperature of
the packed bed (370C- 680C) and the pressure of the helium purge gas. It can be
concluded that in designing of a lithium oxide blanket one should be careful to avoid
contact with water including accidental in-leakage of water.

The measurement of the effective thermal conductivity of a packed ceramic
breeder pebble bed was initiated in the course of the pebble fabrication technology
development. Preliminary measurements of a packed bed (packing fraction 0.55) of
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large size lithium oxide pebbles (5 mm in diameter) was conducted for temperature
range between 200C and 600C. The temperature dependence and helium purge gas
flow effects on the thermal conductivity were examined in detail. Further
experiments with small sizes (0.2 mm - 1 mm in diameter) of typical candidates
such as Li2O, Li4SiO4, and Li2ZrO3 will follow these experiments. Development
of their fabrication technology has recently been enhanced. Fabrication and
characteristic experiments of beryllium pebble (0.5 mm-1 mm) have also been
carried oul for ihc thermal conductivity measurement.

The SIBELIUS experiment is an EC/USA collaborative scoping test to
assess the compatibility of beryllium/ceramic and bcryllium/stcci compacts in a
neutron environment. The irradiation vehicle is comprised of eight capsules, seven
of which are independently purged with a Hc/0.1% H2 gas mixture. The strategy is
to examine compatibility of beryllium with several ceramics (Li2O, UAI02,
Li4SiO4, and Li2ZrO3) as well as beryllium with steels (316-L and 1.4914). Two
capsules containing ceramic only (Li2O and LiAIO2) will be used for comparing
tritium release characteristics between capsules with and without beryllium. One
capsule contains beryllium pellets to obtain information on lifetime void swelling
and one capsule contains 0.5 mm dia Li4SiO4 pebbles in contact with beryllium
discs. The experiment has recently completed its 2000 hr irradiation period in the
SILOE reactor in Grenoble, France. The post-irradiation campaign will be initiated
in early calendar 1991. Thus far, no unusual behavior has been observed.

Analysis of the purge flow hydraulics based on the experimental and
modeling results have shown the importance of accounting for the purge pressure
drop and velocity profile for packed bed solid breeder design application. In
particular,

- Pressure drop is an important factor when deciding between binary and
single-size beds. Pressure drop imposes an upper limit on helium
purge flow rate and tritium partial pressure imposes a lower limit.
To maintain an acceptable tritium inventory, the pressure drop can be
as high as 0.06 MPa, which is a substantial fraction of the base
pressure.

- The pressure drop estimate from the Blake-Kozeny expression is
generally valid, but becomes less accurate for binary cases with high
particle size ratio (dl/d2) and low h/dl ratio.

- The characteristic velocity profile with all jets is beneficial for
reducing tritium partial pressure near the wall and, hence, tritium
permeation. Calculations show a reduction of up to a factor of 2 in
the permeation rate as a result of the existence of wall jets [ IJ.
The effect on enhancement of heat transfer at the wall, if any, is a
topic for future work.

- Based on analysis supported by observations of keff vs. flow rate,
the required flow rate to obtain significant control over keff in
high-conductivity binary beds results in unacceptable, high pressure
gradients.
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The transport of lithium by vaporization of LiOH from lithium ceramics,
particularly Li2O, poses a constraint on the maximum operating temperature of the
blanket. Experimental measurements have shown that, depending on temperature,
moisture pressure, and proximity of structural steels, the lithium transport process is
complex. For conditions wherein the Li2O is "free standing" the lithium
vaporization is controlled by the U2O/H2O system thermodynamics that arc already
well established. Simply stated lithium transport as LiOH(g) increases with
increasing temperature and high partial pressures of moisture. In the proximity of
stainless steel there is an added LiNiO2 corrosion products. The transport of LiOH
to the stainless steel is driven by the concentration gradient of LiOH from that at the
Li2O surface and that at the steel surface. This gas-solid reaction becomes important
for situations where the structural steel is very close to the Li2O ceramic.

The experimental results and model analysis have demonstrated the
attractiveness of a packed bed of Be/He as a mechanism for decoupling the solid
breeder and coolant temperatures in an ITER blanket. Significant control of keff can
be achieved through helium pressure adjustment (in the range of 0.2 atm to 2 atm)
for both binary and single-size packed beds. Gas composition change can provide
even more control of keff. However, flow rate changes for ITER application docs
not seem to provide substantial control over keff for metallic beds in a flow regime
suitable for ITER.

Because of the higher density and thermal conductivity that it provides,
beryllium in sintered block form is also of particular interest for ITER. However, a
key issue is the contact resistance at the beryllium/cladding interface, in particular its
characterization during ITER operation. Thermal control of the solid breeder can be
seriously affected by variation in this interface thermal resistance.

Impact of Results on ITER and Additional R&D Needs:

Chemical compatibility, ihcrmodynamic stability and temperature control
of the ceramic breeder and irradiation effects on swelling and tritium transport were
identified as critical performance issues for the tritium breeding blanket for ITER.
Results obtained from the ongoing R&D provide important information on the
operating temperature limits and lifetime of the of different design configurations for
controlling the temperatures. Since much of this effort involves irradiation effects,
the radiation exposures are in progress or have been completed but evaluation of the
results is still in progress.

Future work will include completion of these experiments, evaluation of the
results and initiation of small-scale mockup tests. The small-scale mockup effort
will validate fabrication methods for blanket assemblies and verify the calculational
models used to predict performance of a large scale blanket module.
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Summary or ITER Related Technology R&D

Task BB2

Lithium Lead Breeder
By: D. Smith

Task Objective:

To develop additional data base on LiPb and it's interactions with other materials
(eg. steel, water). Assessment of Tritium recovery systems.
The specific objectives of this task arc:

to develop ITER specific properties data base on 17LI83Pb eutectic
to develop semi-industrial eutectic preparation technology
provide data on safety related aspects of lithium-lead blanket option design
develop tritium extraction technology
Studies to support this objective have to include in-pile and out-of-pile

cutectic properties testing, thermo-mechanical testing of representative blanket unit
mock-ups and a development of pilot units of tritium extraction equipment. Results
of this study are aimed to justify a choice of 17Li83Pb eutectic is a breeder material
for ITER driver blanket.

Summary of Contributions for the Final Repori

Party Coordinator
EC W. Daenner
SU Y. Strebkov

Summary of Results and Facility Descriptions:

Eutectic preparation technology has been developed using a vacuum
induction furnace equipped with special casting rigs. The used technology permits to
melt the ingots up to 30 kg by weight and to use them for investigations. Melting
was carried out in high purity argon atmosphere. The oxygen, hydrogen and nitrogen
contents in eutectic on the level of 0.004,0.0001 and 0.002 wt.% correspondingly.

The investigation of obtained ingot composition showed that there is some
inhomogeneity in ingots in spite of measures taken to mix the melt during its
filling into mold. The deviation from stoichiometric lithium content was within
(0.68 +/-0.07) wt %.

Baseline physical, thermal and mechanical properties of 17Li83Pb eutectic
were measured for the eutectic solid an liquid states. Major results include
measurements of density, viscosity, melting temperature with a dependence of
composition, fusion and specific heat, electrical resistance, tensile and compressive
properties. Effects of the eutectic structural stability were investigated in the
following conditions.:

- temperature of melt-down stability and subsequent cooling rate changes
- isothermal treatment in solid and liquid aggregate state
- exposure in the vertical channel
- cycling between solid and liquid state.
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The long-term exposure of alloys in liquid stale and the subsequent slow
cooling result in macro and microstructural inhomogeneity. In this case the sub-
eutcctic alloys prove to be more inclined to exhibition of structural inhomogencily
of both types. The effect of chemical composition on alloy structure was found
insignificant. Eutectic structure was investigated following the isothermal exposure
at 373 - 473 K for up to 4000 h.

Tests of alloys with eutectic composition were carried out in the vertical
channel 20 mm dia and 1000 mm height at 623 K for 2000 hr. It was determined
that the relative amount of a - phase increases while going down and 50 % near the
bottom. Phases of lower density with higher melting point than euteclic appear in
the upper part of the tube.

Thermal-cycling experiments were carried-oul in range 373-573 K
(50 cycles). Changes in aggregate state gives rise to an increase in tendency to a -
solid solution crystal sedimentation.

Corrosion rales and liquid metal embrittlement effects were determined for
austenitic 04X16H11M3T steel and ferritic-martensitic 05X12H2M steel, flow rate
0.1-1.5 m/s, temperature 32O-5OO°C, test duration 3000 hours. Meial surface layers
were uniformly dissolved bu no local corrosion was found.

The corrosion test of 04X16H11M3T and 05X12H2M steels were
performed for weldments. It is shown, that weld metal corrosion resistance of both
steels is approximately equal to base metal corrosion resistance. Corrosion tests
were also carried out in slrained specimens (s = s Q 2). Corrosion rate in this case
increases approximately by 3 times. Meiallographic investigations show a frontal
character of corrosion of tested specimens.

The ampoule irradiation was performed in the reactor with a thermal
13 2

neutron spectrum (w~ 10 n/cm s) at controllable temperature ~ 100°C up to
20 2fluence - 1.3x10 n/cm . Tritium concentration in the irradiated eutectic was equal

_2
8x10 Ci/g. While irradiating the ampule in a free volume, ~ 0.1 % He and
0.001 % were released. More than 95 % tritium was released in the form of HT and
T . molecules. The change of the phase eutectic composition was observed

(emergence of a few phases with higher lithium content LLPb, LLPb2). Grid
_2

spacing of a- phase was increased anisotropically (on average 2.5x 10 %) and gas
bubbles were formed. While irradiating, eutectic swells by ~ 0.4 % volumetric.
Swelling increased up to 1.1 % at temperature at 215 °C during a post-irradiation
annealing. Tritium diffusion coefficient in the irradiated eutectic was found to be in

the range of ( U ^ x l O ^ c m V 1 .
The first in-reactor experiments were performed also to study tritium

permeation from the liquid eutectic (250-300°C) through austenitic SS wall of
0.5 mm. The equilibrium permeation rate is close to the tritium production rale.

The investigation of the eutectic cyclic thermomechanic behavior was
performed while melting and solidification in the mock-ups of breeding channel.
During the uniform heating from the lateral surface of the channel the eutectic
melting did not effect on the channel walls because of availability of the shrinking
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gap between the wall and eutectic ingot The liquid eutectic excess was pressed out
into a free space over the ingot, and there was no channel wall strain. When only the
lower part of the channel was heated plastic deformation of the channel walls was
observed. Testing of the modified channel design divided by separate compartments
is in progress.

Set of parameters essential for tritium recovery of LiPb cuteclic was
studied. It was shown that major effect on recovery is created by a transport through
the liquid-gas phase boundary. The attenuation coefficient was determined by the
saturation and vacuum degassing method with a use of H. isotope, depending on
surface conditions, eutectic preparation conditions, temperature etc. The strongest
effect is created by him formation on the surface. Extrapolation to ITER conditions

shows that the attenuation coefficient should be over 10 .
A pilot apparatus of vacuum eutectic degassing in a form of plate column

and a liquid metal loops were designed:
- dimension, mm 9000 x 600 x 500
- feed eutectics, kg 35
- capacity, kg/s up to 3
- degree of single-cycle

tritium recovery, % 90-95

A value of 10 for attenuation coefficient was obtained in this column
with a molybdenium crucible and inductive heating.

Pb-17Li/water interaction experiments simulating a large break in a liquid
metal blanket module have been performed in the BLAST installed at the JRC Ispra-
Laboratory. Simulation of large breaks with the BLAST facility has shown that the
mixing is the governing factor in the Pb-17Li/water interaction process. The
BLAST experiments perforned at different injection pressures with a connection
tube of 50 mm diameter between the reaction vessel and the expansion system
showed that the pressurizalion in the reaction vessel did not exceed the actual water-
injection pressure; even if a tube bank was mounted in the centre of the reaction
vessel to intensify the mixing between the melt and the water, similar results were
obtained. The melt temperature increase from 350°C to 500°C does not appear to
have much influence on the pressurizalion history of the reaction vessel but these
measurements show that the maximum temperature increase near the tube bank did
not exceed 180°C at 500°C melt temperature and 100°C at 350°C melt temperature.
All the BLAST experiments indicate that the chemical reaction is self-limiting and,
due to the hydrogen generation and production of solid LiOH and LLO, the melt is

partially insulated against the water so that energetic vapor explosions appear
unlikely

Reaction kinetics studies have been carried out with Pb-17Li, Li5OPb5O,
Li7Pb2 and Lithium, the melt was contacted with steam whose temperature was in
the range 35O°C to 550°C. During the experiments, the melt temperature had initial
values of 350 to 55O°C but these subsequently increased according to the chemical
reaction. The reaction rate of Pb-17Li is melt temperature-dependent. It increases up
to about 400°C. Between 400°C and 500°C the mean value remains apparently
constant However, the scattering range increases significantly.

112



Since the self-sustaining reaction temperature of Li50Pb50 is above the
melting point of LiOH, the reaction rate seems not to be influenced (within the
•emperature range measured) by the melt temperature. The reaction of Li with steam
is about three orders of magnitude higher than that of Li 17Pb83. The reaction shows
also aerosol formation.
The measured rates are:

(Pb-17Li) at 400°C n = 0.05 mol/(m2s)

(Li50Pb50) at 55O°C n = 0.95mol/(m2s)

(Li7Pb2) at 550°C n = 1.2 mol/(m2s)

(Li) at 400°C n = 4.0 mol/(m2s)

Impact of Results on ITER and Additional R&D Needs:

It was shown during 1988-90 study that critical issues of structural material
corrosion and of an eutectic interaction with water and; -t in the accident conditions
are satisfactory solved in the ITER eutectic blanket design. First thermo-mechanical
tests indicate a necessity for a design change of the breeding channel.

Still more efforts are required in almost all studies made during CDA. On-
going R&D needs to continue for 2-3 years for the final justification of the eutectic
breeder concept.
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Summary of ITER Related Technology R&D

Task BB3

Water Lithium Solution Breeder
By: D. Smith

Task Objective:

To develop additional data base on water lithium salt solution breeder and on
interaction with other materials (eg. steel, beryllium). Assessment of Tritium
recovery systems.

Summary of Contributions for the Final Report

Party Coordinator
EC W. Daenner
US D. Smith

Summary of Results and Facility Descriptions:

Aqueous Stress Corrosion of Austenitic Steel

Stress corrosion cracking (SCC) susceptibility of Types 316NG, 316, and 304
stainless steels (SS) was investigated in slow-strain-rate tests (SSRTs) in
oxygenated water that simulates important parameters anticipated in first-
wall/blanket systems. The water chemistry was based on a computer code which
yielded the nominal concentrations of radiolytic species produced in an aqueous
environment under ITER-type conditions. Actual SSRTs were performed in a less
benign, more oxidizing reference cnviro
nment. Over 45 SSRTs were performed on both crevice and non-crevice specimens
in oxygenated water with H2O2 and/or H2SO4 at strain rates of 1 to 3 x 10~7 s"1

and temperatures of 52 ,95,105, and 150°C.
Only ductile fracture was observed in Type 316 SS and non-sensitized Type

304 SS SSRT specimens strained to failure in a reference ITER water chemistry.
The failure behavior of Type 304 SS specimens heat-treated to yield sensilizalion
values of 2 or 20 coulomb/cm^ by the electrochemical potentiokinetic reactivation
(EPR) technique, demonstrated that the degree of sensitization had a dramatic effect
on intergranular stress corrosion cracking (IGSCC) susceptibility. Type 304 SS
specimens sensitized
to EPR 20 exhibited shorter failure times, lower breaking stresses, and lower

reduction in area values compared to results on less sensitized (EPR 2) Type 304 SS
or Type 316NG SS specimens.

Ranking by both electron microscopy and stress ratio for resistance to SCC in
simulated ITER water is:
304SS (EPR= 20 < 2 < 0 C/cm2 ) < 316NG SS.

Corrosion and Stress Corrosion Studies of Stainless Steel for the ALSB

Electrochemical polarization experiments, performed as a function of solution
chemistry, solution concentration, and temperature, demonstrated susceptibility of
Type 316 SS to localized corrosion in lithium nitrate solutions. No susceptibility
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to localized corrosion was indicated in any concentration of lithium hydroxide at any
temperature or in basic (pH 12) solutions of lithium nitrate, although pitting was
observed in immersion tests in neutral nitrate solutions.

From the ALSB study, results suggest that a blanket utilizing 10% LiOH will
not cause catastrophic failure of Type 316 SS by either stress corrosion cracking or
localized corrosion; that the general corrosion rate will be less than 40^m/yr and that
the maximum amount of hydrogen generated by electrolysis is expected to be small
compared to that expected to be produced by radiolysis.

Lithium Salt Solution Breeder

Property Data for Lithium Salts

A literature review of the LiOH and LiN(>3 thermophysical property data base
and new measurements for LiOH have been completed. The solubilities of
hydrogen and oxygen in concentrated lithium salt solution have been measured.
The solubility of hydrogen at one atmosphere partial pressure of gas for LiOH
(2.2 mol/l), LiNO3 (2 mol/I) and Li2SO4 (2 mol/1) at 70°C are 3.1, 4.7, and
1.8 x 10"4 mol/1 respectively. In the same conditions, the solubilities of oxygen
are: 2.8, 5.2, and 2.2 x 10'4 mol/1.

Measurements of the thermal conductivity and the heat capacity have also been
performed for LiOH and LiNO3- F o r I T E R conditions, LiNO3 has about 10%
lower thermal conductivity and 30% lower heat capacity than LiOH.

Corrosion Experiment

Corrosion experiments were performed on AISI 316L and DIN 1.4914 SS,
conventional heat exchanger materials (Ni-base alloys and A106 carbon steel), and
tungsten in a corrosion test loop, electrochemical cells, and in slow strain rate test
(SSRT) facilities. Additionally, Be specimens were subjected to exposure tests in
LiOH and LiNO3 solutions. Ranking by exposure tests for resistance to general
corrosion in 5M deaerated or hydrogenated LiOH at 95°C is: Ni-base alloy
(few jim/y) > A106 (=400 pm/y) > Be (some mm/y).

SSRT results indicate that Type 316L SS was observed to be immune to SCC
in 4.2M LiOH and in LiNO3 solutions at 95°C as long as the corrosion potential is
in the primary passivation range of the metal, selected on the basis of cyclic
potentiodynamic polarization measurements and controlled by the addition of a
reducing agent (ie., dissolved H). No significant differences were found in the SCC
susceptibilities of solution annealed Type 316L SS and sensitized (heat treated at
650oCfor24h)Type31
6LSS.

U-bend exposure tests at 95°C confirmed these results. In 250°C U-bend
tests, SCC was observed on Type 316L SS immersed in 4.2M LiOH but not on
Type 316L SS immersed in 2.9-5.8 M L1NO3 solutions.

Radiolysis Investigation

An assessment was made of the gas produced by radiolysis in the NET ALSB
on the basis of capsule irradiation tests conducted in the BR1 and BR2 reactors
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(MOL) and in a gamma source ai Chalk River National Laboratory (CRNL). The
MOL experiments were conducted at maximum dose rates of 0.005 MRad/s and
doses up to 100 MRad whereas the CRNL experiments were conducted at maximum
dose rates of 0.4 MRad/s and doses up to 96 MRad.

In-reactor capsule experiment *>n 4.3-4.5 M LiOH solutions indicate that the
formation rates of H2 (G(H2)) are about 0.6 to 1.4 molecules per 100 eV while
G(O2) arc about 0.25 to 0.6. For 4.35 M LiNO3 solution, a higher 02 formation
rate was observed.

The possible suppression of radiolytic gas production by the application of
hydrogen overpressure by the breakdown of a methanol additive in the lithium sail
solution was investigated. In-reactor irradiation (50°C) of closed-capsules
containing 4.6M LiOH/ 0.01 M CH3OH indicated complete suppression of O2
formation with a calculated corresponding H2 overpressure of < 2 bars. This is
consistent with computer simulations suggest that a hydrogen overpressure of
1-2 bars should be sufficient to suppress radiolysis.

Impact of Results on ITER and Additional R&D Needs:

Results in this area are important because aqueous corrosion may constrain
the operational conditions of the ITER driver blanket. From the high-purity water
study, results suggest that under the limited conditions examined experimentally,
SCC of Type 316NG SS should not be a critical issue.

Since the ALSB is no longer considered in the ITER design, corrosion
research in support of the ALSB is being completed and the facilities and personnel
redirected to work relevant to the water-cooled stainless steel blanket concept. The
most important remaining programmatic task with respect to aqueous corrosion
focuses on establishing a reliable data base concerning the following parameters:

Reference materials (Types 316, 316L, and 316NG SS; solution annealed/
cold worked).

Water chemistry (high-purity water with stable radiolysis/electrolysis
products, e.g., dissolved O2, H2O2 , H2 (at ppm levels) and flow rate < 5m/s,

Temperature (nominally 60 - 150°C) with periodic increases due to 250°C
(conditioning) or 350°C (bakeout).

Stress conditions to simulate high thermal stresses (exceeding yield), static
and cyclic operation (ITER- 10^ cycles), and tensile residual stresses,
• Microstructure/coolant channel geometry including weldments (both diffusion
and fusion welds) and crevice/notch sensitivity
• Radiation type (gamma, electron, neutron), dose (fast neutron fluencc to

5 x lO2^ nvt), and effects (up to 2500 appm hydrogen generation)
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Summary of ITER Related Technology R&D

Task BM

Neutron Multiplier: Beryllium

By: D. Smith
M.C. Billone

Task Objective:

To develop further data base on beryllium properties particularly under
irradiation with high He produclion and to assess preparation and fabrication methods
of Be elements.

ITER conceptual blanket designs call for the use of large quantities
(200 MT) of Be to act as a neutron multiplier and, in some cases, as a thermal
barrier between coolant and breeder. It is important from a safety perspective to be
able to predict the behavior of the tritium (2 kg) which will be generated in the Be
and from a thermomechanical/lifetime perspective to predict the He-induced swelling
and mechanical response of the Be. Thus, the overall objectives of this task are to
increase the data base on tritium and helium behavior in Be, as well as the
mechanical properties of irradiated Be. A part of the task objectives are to fabricate
Be samples in the porosity range of 0-20% by means that optimize the performance
of Be. These samples are then used in irradiation tests.

Summary of Contributions for the Final Report

Party Coordinator
US M. Billone

Summary of Results and Facility Descriptions:

Five Be samples (85% dense) were fabricated and shipped to the FFTF
reactor at Hanford for irradiation (Jan. 1990). Six 80% and six 97% dense samples
were fabricated and irradiated in ATR at INEL (April-August 1990) to a fast fluence
of
2.6 x lO^1 n/cm^ (2480 appm He and 350 appm tritium). One of each of these has
been shipped to (and received by PNL) for tritium testing and He determination. The
report "Beryllium Fabrication/Cost Assessment for ITER" (EGG-FSP-9I20) was
issued in June 1990.

Tritium release from highly irradiated Be (5 xlO2 2 n/cm2 fast fluence,
30,000 appm He, and 2500 appm tritium) was measured for stepped-anneals at
300-C, 400'C, 500'C, and 600"C. These tests showed that for T F 500*C, <2% of
the retained tritium was released. After f7 hours at 611C, 98% of the tritium was
released in a burst mode associated with He bubble inter-linkage. This hypothesis
was partially substantiated by SEM photographs which showed large He bubble
formation after the 61TC anneal. These results were reported at the ICFRM-4
meeting in Kyoto, Japan, December 4-8, 1989 ("Tritium Release from Irradiated
Beryllium at Elevated Temperatures"). During the current year, a long (700 h)
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anneal at 500*C was completed to provide better data for modeling, SEM
photographs were taken to characterize the growth cf He bubbles during the anneal,
and the He content (30,000 appm for 5 xlO^Z n/cm^ fast fluence, giving 6000 appm
(He) per 10^2 n(E > 1 meV)/cm^ for ATR samples) was measured. These results
were reported at the 9th Topical meeting on the Technology of Fusion Energy, Oak
Brook, IL, USA, October 7-11, 1990 (M.C. Billone, C.C. Lin, and D.L. Baldwin,
"Trilium and Helium Behavior in Irradiated Beryllium"). Models were also
developed, in cooperation with ANL, and employed in data analysis to determine
diffusivity and surface desorption coefficients.

Impact of Results on ITER and Additional R&D Needs:

The Be in ITER conceptual designs has densities in the range of 65-100%,
temperatures in the range of 100-500'C, He content 15,000 appm at the end-of-life,
and tritium content <100 appm. The data generated thus far, based on 100% dense
Be with fl.7 wt.% BeO, suggest that essentially all of the tritium (>98%) will be
retained for T=500'C. The retention of this tritium at T=500'C and possible release
rates as a function of time at temperature for off- normal T > 500'C have very
important safety consequences for ITER. The effect of as-fabricated porosity (as well
as oxygen content) on these results, which is to be determined in future experiments,
is very important for ITER design analysis. Also, the determination of the He-to-
fast-fluence ratio for ATR samples has a significant impact on ITER swelling
calculations. Additional work which is required (and planned) includes post-
irradiation-anncal tritium tests for porous Be at lower tritium/helium levels,
irradiation at temperature (400-600*C) to determine in-reactor swelling and trilium
behavior, and post-irradiation mechanical properties determination.
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Summary of ITER Related Technology R&D

Task BS

Blanket Structural Materials
By: D. Smith

Task Objective:

Determine ihe extent of irradiation induced embrittlement of austenitic steel structure
at projected operating temperatures (<300°C).

Summary of Contributions for the Final Report

Party Coordinator
EC J. Boutard
SU I. Altovsky, V. Rybin
US A. Rowcliffe

Summary of Results and Facility Descriptions:

The Task titles and objectives carried out by during the ITER CDA arc
given in Table I with the corresponding completion dates. The main results obtained
so far are summarized below.

A series of experimental Cr-Mn steels have been produced upon a
Fe-20Mn-12Cr-0.25C composition. Additional alloying and strengthening were
achieved with addition of Ti, V, W, B and P. Full austenite stabilization was
achieved with Mn and C alone without the use of high Ni or N concentrations.
Thermal stability and mechanical properties measurements on these experimental
alloys established the feasibility of developing austenitic alloy which would meet
the 10CFR61 US regulation for shallow land burial of radioactive waste. A heat of
45 kg of the most promising composition was produced and thermal diffusivity,
specific heat, thermal expansion and tensile properties measured. Thermal physical
properties are similar to 316. Tensile strength of manganese steel in SA condition
(1050°C) is 30 to 40% higher than 316 on the whole range of temperatures
investigated (RT to 600°C). Using the ASTM modified Strauss test, it was shown
that the relatively low Cr and high C concentrations make this manganese alloy
particularly sensitive to intergranular stress corrosion cracking in an aqueous
environment. This indicates a very poor resistance to intergranular stress corrosion
cracking for use as structural material in the water-cooled FW and blanket of ITER.
Relaxing the restrictions on N and Ni to improve resistance to SCC will result in
moving outside the 10CFR61 guidelines, the safety concerns related to the decay
heat of Mn being still present

Miniaturized specimens of 12.5 mm diameter and 4 mm thick have been
proved suitable for fracture toughness measurements as shown by tests on HT9
ferritic martensitic steel used as surrogate material. Using this specimen design, the
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design of two HFIR irradiation capsules has been completed. One will operate in the
range 60 to 125°C, the other from 250 to 300°C with 26 and 63 fracture toughness
specimens respectively The target dose will be 3 dpa with He/dpa ratio close to that
of 1T2R. The primary uojective is to obtain data on the reference structural material
for FW and Blanket of ITER with possible other materials such as 20% CW 316,
SAandCW316Ti.

22
After neutron irradiation in the BOR 60 reactor at 320-340°C upto 1x10
22 2

and 2x10 n/cm (7 and 13 dpa respectively) O4XI6H11M3T austenitic stainless
steel in the solution-annealed condition show the expected hardening and loss of
ductility. Tensile results on the same material after irradiation at 80°C in SM-2

22 2
reactor upto 4x 10 n/cm will be available in December 1990.

Implanting He using cyclotron (E =40 MeV) does not result in significant
a

variation of stress or ductility of SA 04X16HIIT steel tested at the implantation
f\ 0 1

temperature, 100 to 300°C, using a strain rate from 10 to 10 s and He content
upto 100 appm.

Tensile tests of H implanted 04X16H11M3T sieel show negligible effect of
H-contcnt uplo 100 appm. Similar results are obtained if H is introduced by cathodic
method prior to tensile testing. On the contrary a reduction of ductility ~ 30% is
obtained if cathodic charging is applied during tensile testing. Specimens of
04X16H11M3T simultaneously implanted by He and H upto 100 appm for each
species show significant decrease in yield strength and ductility for low strain rate
~ 10 s .

EB welding He implanted with non-irradiated 04XI6H11M3T steel does not
lead to cracks in the fusion or heat affected zone for He content in the range 0.1 to
1 appm He.

Low cycle fatigue testing of EC reference 316L steel and welds after
irradiation (i) upto 4 dpa at 600,700 and 800K,and (ii) upto 10 dpa at 525 and 705K
has been completed and reported. The main results are the following:
- effect of irradiation on the post-irradiation fatigue life is found to bu relatively

small. Around Det~l% the fatigue life is decreased by a factor < 2. At Det~0.5%
irradiation hardly affects life time.

- the irradiated material suffers softening during testing but retains a substantial part
of the irradiation hardening. Therefore if post-irradiation lifetimes are compared at a
given plastic strain range, it is found that irradiation decreases the fatigue life by
many orders of magnitude, especially at low total strain range ~ 0.5% i.e. in the
regime where lifetime of non-irradiated 316 is controlled by the crack initiation
phase. SEM examinations of failures surface of irradiated material have shown
large areas with 45° inclined cristallographic-like facets in this regime, which do
not exist for non-irradiated material. These facets are very similar to those observed
in superalloys and are believed to be due to dislocation channeling. The effec> of
irradiation on the crack initiation phase is being assessed by specimen surface
SEM examination.

- lowering frequency or increasing hold time hardly affect the lifetimes of SA 316L
in irradiated and non-irradiated condition (T<800 K).
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The irradiation of low cycle fatigue specimens at 500, 600 and 700 K up to
10 dpa has been achieved. Testing has started.

Fatigue crack growth testing of (large) CT specimens (W=50mm, B=6mm)
before and after irradiation upio 5 dpa at 700K shows that irradiation hardly affects
the growth rale of EC ref 316L steel at a given DK value. At high DK values,
irradiated material exhibit a tendency lo lower growth rale due to a transition from
mode I to shear mode with slant crack plane.

The irradiation upto 10 dpa at 500, 600 and 700 K with miniaturized CT
specimens (W=20mm, B=2.5mm) of EC rcf 316L has been completed. Preliminary
fatigue crack growth testing shows results similar to those obtained with large CT.

The irradiation series of fracture toughness CT specimens (W=50mm,
B=12.5mm) of EC reference 316L and EB welds have started in April 90.
Exploratory testing of non-irradiated EB welds shows that the material at the
boundary between HAZ and molten zone is the weakest one.

Tensile testing of ref EC 316L in solution-annealed, MIG and EB welded
condition irradiated upto 15 dpa at 525 and 575 K will take place in the second half
of 1991.

The determination of tensile properties of AMCr in SA and welded
condition after 10 dpa at 525K will be carried out by the end of 1991. In beam
fatigue crack growth tests on AMCR under protons at 375, 475 and 575K will be
completed by the end of 1991.

BS ITER TASKS: Structural Materials

Task Title identification Task Objective

Austenitic To determine the feasibility of developing a reduced-
Steel activation Mn-stabilized stainless steel as alternate
for ITER material for FW and Blanket. (JAN 91)

To determine the radiation-induced changes in the
fracture toughness austenitic stainless steels irradiated at
temperatures in the range in (he range 60-250°C to
~ 10 dpa. Materials include the reference 316L, USPCA
and a reduced activation Mn stabilized steel. (DEC 91)

Blanket To determine the tensile properties of S A 316 Ti before

structural and after irradiation (i) at 80°C upto 10 and
22 2

materials 4x10 n/cm in mixed neutron spectrum and (ii) at
22 2

320-340°C upto 10 n/cm in fast neutron spectrum.
(DEC 91)

To determine the effect of H, He and H+He content
typical of ITER on ductility and strength of SA 316Ti
type steel. To determine the effect of He on re-
weldability.(OCT90)
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BS ITER TASKS: Structural Materials

Task Title identification Task Objective

Structural To determine the low cycle fatigue properties of materials
316L and welds irradiated upto a

minimum dose of 10 dpa at temperatures - 500,~ 60C
and700K. (DEC 91)

To determine fatigue crack growth of EC 316L and
welds for maximum dose up to 10 dpa at 500,600 and
700K. (OCT91)

To determine fracture toughness of EC 316L and welds
irradiated at 0.3 dpa upto 35OK. (NOV 91)

Determination of the extent of irradiation induced
hardening and embrittlement of EC 316L, MIG and EB
welds irradiated below 575K up to 15 dpa. (NOV 91)

Determination of the extent of irradiation induced
hardening and embriulemenl of Mn steels (AMCr) in
SA and welded condition upto 10 dpa at 525K.
(DEC 91)

Impact or Results on ITER and Additional R&D Needs

Results from these tasks are required to validate the performance of
austinitic stainless steel (Type 316) as the first wall/blanket structural material. Of
particular importance is the effect of radiation on the fracture toughness and fatigue
of austenitic steel at low temperature. This task closely relates to the aqueous stress
corrosion (BB-3). Verification of acceptable performance of the Type 316 stainless
steel under projected ITER conditions is essential to the feasibility of ITER.

Future work in the area is necessary, particularly to investigate effects of
weldments and chemical environment and the effects of radiation with relevant
simulation of transmutation, via He and H.
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Summary of ITER Related Technology R&D

Task PCI

Low-Z Protection Materials: graphite and carbon composites
By G. Vieider

J.G.van der Laan
Task Objective :

Study of graphite and carbon composites : Tritium retention and diffusion, erosion,
fatigue, irradiation and interaction with air and water.

Summary of Contributions for the Final Report:

Party Coordinator
EC G.Viekter
JA M.Seki
SU M. Guseva
US R.Nygren

Summary of Results and Facility Descriptions :

At n-fluences of 5-30 dpa and T = 400-1200*C in HFR the deformation rate
of fine grain graphites is lower for grades with lower density and SiC coated
graphite. Mechanical properties of CFC were measured after n-irradiation in JRR-2
and JMTR (lxlO25 n/nP). CC-312 shows 10% increase of Young's modulus at
800'C. Neutron effects on CFC seem to be smaller compared to graphites. The
dimensional stability of 10 CFC's, irradiated to 10-12 dpa in FFTF, varied from
-1 % to 80 %.

Preparation of hot-cell e-beam facility is on schedule. Installation of
equipment for thermal conductivity measurements has been completed. Ion damaged
samples of graphite showed increase of trap-density from 20 appm to 35 appm at
0.002 dpa and 300 appm at 0.02 dpa. The trap level saturates at 600 appm. Neutron
damaged samples showed comparable and higher trapping levels. RES of graphite
depends nearly linear (power 0.91) on flux in the flux range
lO^-io1? H+ cm^/s. Physical sputtering yield increases for off-normal angles of
incidence by a factor of 2 for technical grades of graphite up to 10 for polished
HOPG. Erosion of graphites containing B, Si, Ti and B4C is lower compared to
graphites, depending on actual composition and manufacturing. The dopes also seem
to increase the resistivity to RES, but some results did not confirm this. Adding
thermal H to C-ion beams a strong increase of erosion was observed at off-normal
angles of incidence. This effect reduces the temperature at which the self-sputtering
exceeds unity (Chemical Enhanced Self-sputtering).

High heat flux tests on graphites and CFC's were performed in the electron
beam, ion beam, laser beam and plasma gun facilities. Normal and off-normal heat
load parameters were considered.
- 31 grades of carbon base materials have been investigated in the plasma flame
facility at 15 MW/m2 for several seconds. Cyclic loadings were applied up to 1000
cycles. CFC with and without SiC impregnation was studied up to 10000 cycles.
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- A range of fine grained and pyrolytic graphites, CFC's, Boronated graphites, B4C-
coatings and some brazed samples of graphite to Mo-alloys were tested in ion-,
electron- and laser beam facilities. It was shown that some boron containing
materials are comparable to fine grain graphites.
- Heat flux tests on graphite and CFC showed that the erosion rate increases with
increasing heat flux and exceeds the predicted mono-atomic evaporation up to a factor
5, due to carbon cluster and particle emission.
- Initial tests were made with a new plasma gun facility delivering 10 kJ in
10-100 jis and first results of heat flux tests upto 10 MJ/m^ jn 0.1 ms by electron
gun on graphites are being evaluated.
- Manufacturing of brazed samples of graphites and CFC on Mo alloys and Cu-
alloys is in progress. Various types of CFC bonded on metal substrates were made
for thermal cycling tests. Six grades of CFC and 3 graphites are successfully brazed
on OFHC Cu with and without Mo interlayers. Test specimens survived 1000
thermal cycles in the ion beam facility at 16 MW/m^ for 1-2 seconds. This gives
similar temperatures at the interface as for steady state heat flux of 10-12.5 MW/m^.

Graphite-steam interaction was studied on a range of carbon base materials
up to 1700"C. Reaction rates are highly temperature sensitive, decreasing rapidly
below 1300*C. Boronated graphites have reaction rates similar to H-451 and N3M.

An initial assessment was made of H-reiention properties of redeposited
carbon layers. Hydrogen would not be retained in layers with a temperature exceeding
600'C.

Impact of Results on ITER and Additional R&D Needs :

The design efforts on the ITER Divertor have shown the need for a CFC-
based armour with very high conductivity in order to obtain a reasonable lifetime.
Improvements in bonding techniques for CFC are needed for heat fluxes exceeding
10 MW/m^. Carbon base materials containing certain amounts of boron are
promising with respect to the reduced chemical erosii n. However, RES, CES,
H-isotope retention and outgassing properties of these and other doped (Ti, Si)
materials have to be studied in more detail. Their present thermo-physical and
thermal shock properties would probably allow to use them for FW armour.
Application as Divertor armour is less likely. Development of advanced high
conductivity CFC should have high priority. It has become clear that the erosion
characteristic of CFC is quite complicated under high heat fluxes. The development
of analytical tools and more detailed experiments is required. The results strongly
effects the estimated lifetimes of carbon base PFC armours.

Degradration of properties at fairly low n-doses is of concern. A data base
of n-irradiation effects on CFC is strongly required. T retention in ITER could be
significant in Physics Phase already. Minimization could be achieved by keeping the
carbon temperature low (800'C) or very high (>1500'C). H-generation by graphite-
steam interaction is most significant at high temperatures, and thus very sensitive to
the way the armour is attached to the wall.

Redeposited carbon could increase the T-inventory significantly and also be
a source of gas release during disruptions.
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Summary of ITER Related Technology R&D

Task PC2

High-Z Materials : W, Ta, Mo
By: G. Vieider

J.G.van der Laan

Task Objective :

Study of chemical erosion, radiation effects, Tritium retention and permeation and
effects of disruptions.

Summary of Contributions for the Final Report

Party Coordinator
JA M.Seki
SU G.Saksagansky

Summary of Results and Facility Descriptions:

Properties of W, W-Re alloys W 7.7%Cu, Mo, Mo-Re alloys, Mo-Zr-C
were investigated before and after n-irradiation. Materials considered showed strong
decrease of mechanical properties for T >400*C at n-irradiation. Re additions increase
the irradiation embrittlement.

Adding Re increases the erosion coefficients of W and decreases the erosion
of Mo. The erosion coefficient increases with a facior of 3 when an additional flux of
5% oxygen is added. Several brazing procedures have been developed for these
materials, as well to each other as on OFHC Cu and DS-Cu. W/Cu specimens (as
part of divertor plate in task #PC4) have undergone thennal cycles at heat fluxes of
5-30 MW/m^ for 1 second in ion beam facility. The bond was not damaged up to
8 MW/m2. Samples of W, W 2%Re, Mo, Ta, Ta 10%W were subjected to
disruption simulations. Experiments with a 30 eV plasma source with
E"= 4-12 MJ/m^ in 0.1 ms showed considerably lower erosion losses when
compared to calculations. The absorption coefficient is typically about 0.1. The
reduced erosion is likely due to the interaction of incident plasma flow with a plasma
vapor shield, created by evaporated material. Experiments with a pulsed electron
beam of 0.1 ms and E" = 1.5-4 MJ/m2 showed reductions of about a factor of 2
compared to calculations. The affected surface showed a significant increase in
roughness. Cracking was most pronounced for W, less for Mo, and not found on
Ta-surfaces. Test with an electron beam facility at heat load durations typical for
current quench revealed craters with smooth surfaces.
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Impact or Results on ITCR and Additional R&D Needs

The irradiation embrittlement of Mo-Re and W-Re alloys will affect the
ITER divertor design. Measurement of more mechanical properties is required.
Bonding of W/Cu needs further improvement to withstand 15 MW/m^.

It has become clear that the erosion characteristics of melals is quite
complicated under high heat fluxes. The development of analytical tools and more
detailed experiments is required, i g. on the stability of the melt layer. The results
strongly effect the estimated lifetimes of PFC armour.
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Summary or ITER Related Technology R&D

Task PC3

First Wall Test
By: G.Vieider

RJakeman

Task Objective:

To develop technologies for structure fabrication and for tile (graphite and c/c
composite) manufacturing and attachment of first wall (metallurgically bonded,
mechanically attached): to test the perfonnance of the first wall and to verify analysis
methods.

Summary of Contributions for the Final Report

Party Coordinator
EC G. Vieider
JA M. Seki

Summary of Results and Facility Descriptions:

Manufacturing technology for first wall components
Framatome has completed the manufacture and instrumentation of a second

test section (TS2), which is fully prototypical of the ITER reference first wall. The
optimal brazing conditions were determined, the influence of the following
parameters on braze quality was investigated: gap size, the use of a channel
containing braze products, and type of braze alloy. Development of non-destructive
testing equipment was made as part of the brazing study; brazing flaws down to
lmm can be detected. KfK Karlsruhe have tested two Aluminal3%Titania coatings,
used to increase surface emissivity, one vacuum sprayed (20mm) and the other
atmosphere sprayed (300mm), the tests showed that both coatings retained their
mechanical integrity when subjected to a heat flux > 2MW/m2 for 5000 cycles.

JAERI has manufactured and tested conductively and radiatively cooled first
walls with graphite or CFC armors and hipped (HIP=Hot Isostatically Pressed)
stainless steel substrates with square coolant channels. Further a (60x20)cm first
wall panel with coolant collectors (without tiles) has been manufactured but not
tested.

Testing facilities
Thermal fatigue: JRC Ispra (150 kW); flux <1MW/ m2, <0.2 m2

KfK (300 kW) for tiles up to 1800°C with surface <0.3 m2

JEBIS;(400kW);max. surface 0.18 m2; max. heat flux
1000MW/m2
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JAERI ion beam facility;8O<heat flux<250 MW/m2;
6(ktime<250ms 8(k area<250 m m2

Eleclromagnetic: Univ. of Tokyo coil test facility.

Testing of first wall assemblies
The medium sized test section (TS1) which contains no prototypical welds

or brazes was tested at the Thermal Fatigue Testing Facility JRC Ispra for 1065
cycles at a peak heat flux of 0.42 MW/m2. The AIuminal3%Titania coating suffered
no visible damage. The transducer readings (51 strain gauges, 40 thermocouples and
2 platinum resistance thermometers) are currently being analysed and compared with
numerical calculation. Testing of 3 small scale specimens (250x80mm), which have
features typical of first wall components, is underway at JRC Ispra. The specimens
have been tested for 36000, 27000 and 9000 cycles at a peak heat flux of
0.5MW/m2 ; no evidence of fatigue damage of the heated surface was detected by
visual inspection. Strain measurement techniques such as 'neutron diffraction' and
'geometric Moire fringe' are being developed within this programme. This testing
programme is the basis for the first IAEA benchmark on lifetime prediction of first
wall components.

Conductively and radiatively cooled first wall assemblies have been tested at
JAERI with heat fluxes of 0.2 and 0.6 MW/m2, respectively, for 3600 seconds and
50 to 70 cycles in the JEBIS. The armors and substrates can endure z. O.2MW/m2

heat flux for approximately 20 minutes over 50 cycles, however further modification
to the tile attachment components for the radialively cooled assembly is required
before it can accommodate 0.6MW/m2. Thermal shock tests of stainless steels were
performed with heat fluxes of 68 to 210MW/m2 for 40 to 250 ms in the ion beam
facility. Topography of the resolidified surface depends on the type of SS: 316SS,
PCA and 304SS show a rough melt surface, but 316F SS shows a smooth melting
surface.

Analytical tools for lifetime assessment of first wall components
A two-dimensional code was developed by JAERI for the electromagnetic

force analysis and good agreement was found with experimental results.

Impact of Results on ITER and Additional R&D Needs:
1. Medium sized test sections have proved the viability of manufacturing processes
and will provide comparison with thermal fatigue lifetime given by FE/design codes.
2. Small scale specimens tested in thermal cycling have been used to develop new
methods of strain measurement. An IAEA benchmark on lifetime of first wall
components, based on these tests, indicates large conservatisms in the design codes.
The experimental results show that the stainless steel substrate should meet ITER
requirements for number of cycles.
3. Crack growth in ITER conditions is a critical mechanism determining lifetime. A
future programme of cyclic thermal testing on small specimens will include the
testing of pre-cracked specimens since the prediction of crack growth for a plastified
material in a cyclic thermal field does not yet have a reliable or fully acceptable
calculation or code procedure.
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4. Non-destructive examination, flaw detection and measurement of crack growth
should be given high priority in future work.
5. The effects of combined thermal loads (due to normal operation) and the
intermittent disruption loads will require development of experimental and
analytical/numerical procedures.
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Summary of ITER Related Technology R&D

Task PC4

Divertor Plates: Test
By: G. Vieider

A. Cardella

Task Objective:

To develop manufacturing technology for duplex structure such as CFC/Mo,
graphite/Cu, CFC/Cu etc. and monolithic structure of Mo to test performance and
verify analysis methods. Proof of principle of unconventional and advanced divertor
plates.

Summary of Contributions tor the Final Report

Party Coordinator
EC G. Vieider
JA M. Seki
US R. Nygren

Summary of Results and Facility Descriptions:

Trial manufacturing of Monobloc samples and mick-ups are in progress
considering CFC on Molybdenum and DS Copper. Actively cooled pyrolytic
graphite "monoblock design" brazed to OFHC copper has been manufactured and
tested up to 15 MW/m- giving a peak temperature of 1000'C. Mock-ups consisting
of flat CFC tiles brazed onto a Molybdenum alloy actively cooled heat sink (0.3m
length) have been produced. Some have been tested for maximum performance and
thermal fatigue using an electron beam facility. Tiles resisted to a maximum heat
flux of 13 MW/m2 (detected in the coolant). Lifetime was about 1000 cycles at
~8 MW/m2. Other large mock-ups (0.6m) are being completed. Actively cooled
samples made of tungsten flat tiles on copper have been manufactured and tested
with electron beam facilities: below 8-10 MW/m^ (for 2000 cycles) no visible
damage was found. CFC on copper bonded structures were manufactured and tested
up to 1000 cycles at 10 MW/m2 (equivalent) without damage.

Plasma sprayed beryllium armour on actively cooled copper or stainless
steel has been manufactured but tests have not yet given satisfactory results.

Thermal hydraulic tests have been performed using the subcooled technique
with turbulence promoters such as twisted tapes and porous coatings. CHF values
of 50 to 60 MW/m^ have been obtained.

Impact of Results on ITER and Additional R&D Needs:

The manufacturing trials and the thermomechanical tests have demonstrated
that the majority of the design concepts under development can resist to about
10 MW/nA The on-going technological development attempts to reach the design
specification which is to obtain reliable components that can withstand to
15 MW/m2 steady state.
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Summary of ITER Related Technology R&D

Task MT

Toroidal Coil

By: J. R. Milter

Task Objective:

Prove that a TF conductor relevant for an ITER TF coil can be successfully operated
at ITER-relevant conditions and determine the conductor mechanical, electrical and
thermal characteristics. Develop coil-manufacturing techniques, construct and test
prototype solenoid-pancake section in the ITER-relevant conditions.

Summary of Contributions for the Final Report:

Party Coordinator
EC L. Bottura
JA T. Ando
SU G. Trohachev

Summary of Results and Facility Descriptions:

2
Wires have been produced by bronze route, capable of 600 A/mm at 12 T,

2
4.2 K. Internal-tin-process wires capable of 800 A/mm at 12 T, 4.2 K have also
been produced. The latter is consistent with the design criteria of the CDA.

The capability of manufacturing complex conductor systems comprising
composite cables, stabilizer elements, helium containment/flow channels, and steel-
reinforcement elements has been demonstrated on prototypical, industrial assembly
lines. Conductors with designed current ratings at 30 - 35 kA have been produced in
short lengths. The assembly lines appear suitable for producing conductors in 500 -
1000-m lengths.

Facilities have been constructed for testing full- or near-full-size conductors
at fields to 12 T and currents exceeding 30 kA. Facilities that are presently
operational (e.g. LIS-12 in the Efrimov Institute and SETF at JAERI) have high-
field regions of 150-mm diameter, and facilities are under construction (e.g. BFS-12
at the Kurchatov Institute) with up to 600-mm-diameter high-field regions. A
number of smaller facilities have been put in service for a variety of important
specialized measurements, including: critical current vs strain in subsize model
conductors, ac losses at reduced field, and mechanical properties.

Several full-scale conductors designed for 30 kA operation at 12T have been
successfully tested to full design current, but all aspects of the planned test programs
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are not complete on any of the conductors. More numerous tests have been reported
on conductors with capacity around 20 kA. In some instances, the selection process
is starting to work with the development of particular conductor options being put
on hold in favor of more promising options.

Impact of Results on ITCR and Additional R&D Needs:

The TF conductor development to this point has demonstrated that a variety
of options for complex conductor systems similar to those required in ITER can be
manufactured by industrial techniques. Although there are some early indications
that the performance of these conductors will meet expectations, a rigorous test
program must be defined for these conductors (and the next generation, more
specifically tailored for ITER needs), and that program must be expedited in facilities
capable of testing them to their full performance. In short, the conductor develop
program to date has shown great promise. Now we need (in order): adaptation of the
present concepts to ITER requirements, characterization according to standard tests in
facilities established or being established in the present programs, and confirmation
in appropriately defined model coils.
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Summary of ITER Related Technology R&D

Task MP

Poloidal Coil

By: J. Miller

Task Objective:

Prove that conductors relevant for an ITER poloidal coil can be successfully operated
at ITER-relevant conditions, and determine the conductor mechanical, electrical, and
thermal characteristics. Develop coil manufacturing techniques, construct and lest
prototype solenoid-pancake section in the ITER-relevant conditions.

Summary of Contributions for the Final Report:

Party Coordinator
EC L. Bottura
JA K. Okuno

Summary of Results and Facility Descriptions:

The development programs for PF conductors have produced, by industrial
means, both full-scale (nearly identical to ITER requirements) and subsize-modcl
conductors. The processes appear capable of producing lengths appropriate at least
for the CS (~200-m lengths required). Among the full-scale conductors are Nb-Sn,

cable-in-conduit conductors designed for the CS, and specialized cablc-in-conduit
conductors with NbTi strands and enlarged cooling passages for improved flow. The
Nb3Sn conductors produced by ABB in the Europe are rated at 40 kA. A 10 kA
Nb3Sn conductor has been fabricated and tested in Japan.

The full-scale conductors have been characterized by a variety of small-scale
tests to assess flow characteristics, suppression of sintering and coupling among
strands, etc., but testing to full capacity awaits completion of facilities
simultaneously capable of the required field (12 - 14 T) and current (40 kA).

Smaller model conductors, alternately using Nb.Sn or NbTi, have been

both manufactured and tested to full capacity in model coils, where they were
subjected to extremely high-field-ramping rates (7 T/s), but moderate maximum
fields (7 T). In these model-coil tests, the information gained both from the tests
and the testing (i.e. operation of the facility) is deemed to be extremely valuable to
the development of PF magnet systems for ITER. As in any development program
there have been varying degrees of success in the model-coil testing, e.g.: the NbTi
conductors exhibited extremely low loss, but local instabilities were observed in
high ramp-rate testing; the Nb-Sn conductor was operated to 180% of its design

current, albeit at a maximum test field of 7.1 T.
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Impact of Results on ITER and Additional R&D Needs:

Conductor concepts that are expected to be applicable to ITER PF magnets
have been demonstrated to be industrially manufacturable, in full size and in lengths
appropriate at least for the CS. As with TF development, the program to adapt,
characterize, and confirm the conductor and coil designs for ITER PF systems
needs to be expedited.
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Summary of ITER Related Technology R&D

Task MI

Development of Coil Insulation Materials

By: J. Miller

Task Objective:

Determination of allowable radiation dose limits for coil insulation systems (e.g.
epoxy/fiber, polyimide).

Summary of Contributions for the Final Report:

Party Coordinator
EC R. Poehlchen
JA K. Yoshida
SU G. Churakov
US L. Summers

Summary of Results ?nd Facility Descriptions:

Surveys of a wide variety of insulation systems have been made. For the
special problem of the TF magnets, which will receive a high dose of neutrons and
gammas, approaches that attempt to identify among the more conventional magnet
insulation systems ones with acceptable radiation tolerance and that attempt to adapt
systems with known radiation tolerance to the requirements of ITER magnet
construction and operation have both been tried.

Facilities have been committed and special cryostats constructed to allow
both irradiation and mechanical testing at cryogenic temperatures (~ 10 K).

The programs have concentrated on tests of static mechanical properties
after irradiation, although measurements of static electrical breakdown characteristics
have also been done.

At present there are many alternatives that have been clearly demonstrated
to meet some (even most) of the requirements of an insulation sysivtn for each of
the ITER magnets: some insulations meet all strength and process-compatibility
requirements at doses of 5 MGy and just need confirmation at the ITER requirement
of 50 MGy; others have been tested against some of the requirements (e.g.
compressive strength > 900 MPa) after a dose of 50 MGy and need confirmation of
shear strength; in still other cases, the appropriateness of the composition of the
radiation, the temperature of the sample at irradiation, or the test temperature needs
confirmation. However, full confirmation—with compatible materials and
processes, at the appropriate irradiation/temperature environment, and with proper
mechanical loading—is still incomplete.
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Impact of Results on ITER and Additional R&D Needs:

There is ample reason to be optimistic that the design basis chosen for
ITER magnets with respect to their insulation systems is proper. However, full
confirmation is lacking even on laboratory specimens. In particular, more emphasis
is needed on cyclic testing of mechanical and electrical performance. It is critical in
the next phase of R&D that this work be completed on a selection of the most
promising candidate systems and that further confirmation be achieved by testing
them in situ, in the actual windings of a model coil, where their performance in
concert with the other engineering materials and against actual multi-axial and cyclic
mechanical loads can be proven.
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Summary of ITER Related Technology R&D

Task MS

Qualification of Structural-Casing Materials

By: J. Miller

Task Objective:

QualiFication of structural materials for use as magnet coil structures operating under
fatigue loading at 4 K.

Summary of Contributions for the Final Report:

Party Coordinator
EC R. Poehlchen
SU Y. Spirchenkov

Summary of Results and Facility Descriptions:

Steels v îth high yield strength and high fracture toughness have been
selected for detailed characterization and for evaluation as regards suitability for large-
scale production, good properties control in large quantities, and weldabilily.

The goal of 1200-MPa yield at 4 K has been exceeded in nitrogen-
strengthened, Cr-Ni and Cr-Mn, austenitic steels. The Cr-Ni steel was 10% short of

the fracture toughness goal of 200 MPa«m and the Cr-Mn steel was 43% short,
but both are still quite respectable values. These steels have been produced in 12-
and 8-t heats, respectively. Low-cycle fatigue tests suggest that the Cr-Ni steel may
be more fatigue tolerant, and there is more experience in its manufacture and
welding.

Steels appropriate for the conduit of Nb-Sn, cable-in-conduil conductors

have also been characterized, especially for fatigue-crack-growth-rate (FCGR)
performance. Both base metals and welds have been examined at temperatures from
295 down to 7 K and at load ratios from 0.1 to 0.7.

Impact of Results on ITER and Additional R&D Needs:

The steels tested all show performance compatible with the design basis for
ITER in the CDA. However, much larger heats (- 50 t) may be needed for the
efficient and reliable manufacture of ITER TF-coil cases. The thicknesses of rolled
plates produced may already be adequate. The FCGR performance of conduit steels
is sufficiently important to the fatigue life of PF coils, especially the CS, that it
still warrants further characterization, especially against variation of the heat-
treatment schedules for forming Nb-Sn.
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Summary of ITER Related Technology R&D

Task MA

Radiation Tolerant Magnets

By: J. Miller

Task Objective:

Demonstration of feasibility of high-performance, radiation-tolerant magnets using
non-conventional bonding/insulating procedures.

Summary of Contributions for the Final Report:

Party Coordinator
US J. Miller, L. Summers, and S. Shen

Summary of Results and Facility Descriptions:

A production order of over 0.7 t of high-performance, intemal-tin-proccss,
Nb.Sn was completed. Critical-current performance of the wire exceeds the

assumptions in the ITER design basis for the CD A, i.e. 800 A/mm^ over the non-
copper fraction of the conductor at 12 T, 4.2 K. The wire has been fully
characterized vs longitudinal strain, Held, and temperature.

The FENIX Test Facility - providing nearly 14 T background field, 40 kA
current, and variable-temperature, forced-flow cooling for the test of straight
conductors, loops, or pancakes - is nearing completion (operational in the December
1990 - January 1991 time frame).

Subsize cable-in-conduit conductors (5 kA at 15 T) have been fabricated
using seamless conduit segments (to be used in the manufacture and lest of small
model coil).

A multi-purpose, thermal-fluids, computer code has been developed for
prediction and analysis of thermal margins in the presence of high, lime-varying heat
loads, stability, and quench. The code was benchmarked against experimental data
for quench and stability with good results.

A detailed model was developed for predicting the critical-current
performance of Nb_Sn superconductors vs field, temperature, mechanical strain, and

radiation damage. The model was tested against data in the literature as well as new
data on state-of-the-art wires obtained as part of the overall program. It was
demonstrated to have excellent predictive capability allowing accurate extrapolations
over a broad range of parameters afler only a few key measurements.

Designs for two model coils were completed and manufacture on one
begun. Both will be used for testing the performance of real coils in the presence of
simulated nuclear heating. Coil component tests (e.g. joints designed to operate in
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relatively high field with minimum wasted space near the windings) have been
successfully completed. Models to prove the insulate-wind-react-imprcgnate
technique selected for both coils have also be made. Components, and model coils
themselves, to be tested in 2-m OD solenoid providing approximately 11 T in a
0.4-m bore and 8 T in a 1-m bore. Facility has a 0.3-m ID test well providing a
separate cryogenic environment from the magnet.

Impact or Results on ITER and Additional R&D Needs:

The general emphasis of the program is the attainment of high-field, high-
current-density performance, even in the presence of and untraditionally high
radiation-heating and -damage environment, through the proper selection and detailed
characterization of critical materials, carefully coordinated improvements in the
designs of conductors and other coil components, and precise analyses verified by
well-chosen model coil tests.
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Summary of ITER Related Technology R&D

Task MC

Critical Components of Large Capacity Systems

By: J. Miller

Task Objective:

Develop full-size cryogenic components such as turbo-expander and cryogenic pump
for constructing large cryogenic systems with a capacity of more than 30 kW at 4 K.

Summary of Contributions for the Final Report:

Party Coordinator
JA E.Tada
SU I. Butkevitch

Summary of Results and Facility Descriptions:

Large-scale, fully operational cryogenic refrigeration systems have been
manufactured and tested in conjunction with the construction and operation of the
T-15 tokamak. In these tests, oil-flooded screw compressors have been operated
with discharge pressures in the l.S to 2.5 MPa range and suction pressures in the
0.01 to 0.1 MPa range (i.e. decidedly subatmospheric).

Refrigeration systems were operated with multiple turbo-expanders,
sometimes with the last expander operating in the liquid/vapor phase. The
attainment of design-performance goals in these components was compromised by a
failure in a main compressor that precluded operation at the full design inlet pressure
to the turbines.

A cryogenic-component test bench has been designed that will have a flow
capacity of a few kg/s. This facility will support the development of key
components (large turbo-expanders and cryogenic pumps) appropriate for a 30 kW
unit of an ITER refrigeration system.

The thermal efficiencies of scalable models of both types of components
have been measured and form the basis of completed designs (construction planned
for 1992). The measured efficiencies of both the pump and turbo-expander models
exceeded 70 %.

Impact of Results on ITER and Additional R&D Needs:
The technology required for ITER cryogenic systems exists, but needs

extrapolation to larger scale. Improvement in the efficiencies of key components
appears practical, which will be beneficial to the economics operation. Overall
systems reliability needs improvement, which should come with a steady increase in
operational experience on machines dedicated to the large fusion experiments and
technology test facilities.
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Summary of ITER Related Technology R&D

Task FC1

Fuelling
By: O. Kveton

Task Objective:

To develop a reliable pellet injector with repetition rates and injection velocities
necessary for ITER. Proof of principle of advanced/unconventional concepts of fuel
injectors.
- Experimental study of pellet acceleration;
- Development of pellet prep, multi-pellet acceleration;
- Single barrel prototype test stand;
- Guide tube experiments;
- Injector dev. and reliability tests;
- Multi-pellet injector;
- Light gas pellets;
- Electron Beam Development, feasibility evaluation.

Summary of Contributions for the Final Report

Party Coordinator
EC P. Dinner
JA S. Kasai
SU V. Skripunov
US M. Gouge

Summary of Results and Facility Descriptions:

JET: A test stand trial launcher has produced 600 shots with the same piston
without launcher maintenance. Pusher sabots in combination with bare pellets can
be reliably separated at 4+-0.3 km/s as demonstrated by 30 successive shots in
series. On the basis of this success a prototype two-stage gun for 10 pellets per
condensation cycle and with a 100 sabot magazine has been assembled on the test
stand outside the torus hall and is undergoing mechanical and cryogenic
commissioning for integrated testing to take place imminently. The JET Torus hall
preparation to receive the launcher is complete.

JAERI: A 2 Hz extruder for 3 mm diameter and 4 mm long pellets was successfully
tested. Single shot tests accelerated these pellets to a velocity of 1.5 - 1.6 km/s.
The R&D tasks for a very high speed pellet injector are being defined.

Polytechnical Leningrad: Pellets 4 mm diameter and 4 - 1 0 mm long have been
accelerated 0.6 to 1.25 km/s. With the same test stand, mass and velocity loss in a
straight guide tube up to 30 m long were measured. The weight loss was not more
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than 8% for 90% of the pellets. Successful tests were also done with 2 mm
diameter and 2 mm long pellets in 70 pellet series at 1 and 2 Hz frequency and
injection velocity of to 1.3 km/s for the T-15 Tokamak.

ORNL: Cylindrical (4 mm diameter) pellets of frozen hydrogen (12 mm long) and
frozen deuterium (18 mm long) have been formed and injected from a pipe-gun type
freezing cell into an accelerator guide rails and detected by optical pellet monitors.
Pellets were accelerated by ablating the back of the pellet with magnetically
compressed intense electron beams. A 14~keV,~0.4~A beam applied and 1.11 ms to
a pellet placed in the 0.4 m long acceleration path. This produced incremental speed
increases of 300-400 m/s with maximum speed of 575 m/s compared with the
program objective of 10000 m/s. The electron gun formed intense beams of
14 keV, 11 A and 300 microseconds. The magnetically compressed 3 mm cleciron
beam has a current density above 100 A/cm^ and a power density of above
1.4 MW/cm^. A number of burn velocities from 1 to 4 m/s was measured and it
approximately increases with the square of beam voltage.

Impact of Results on ITER and Additional R&D Needs:

Evaluation of results with the JET pellet injector will be used to prepare
design specifications for a very high velocity PI fo- ITER.

There is a need to develop an extruding mechanism for a solid hydrogen
filament.

The development of a fast open and closed magnetic valve is required for
obtaining high gas velocity and for reducing propellant consumption.

The following R&D programs are required:
- long term testing of repetitive injector at ITER-like parameters for high reliability;
- integration of T and DT technologies, remote from the machine.

Additional R&D needs are documented as task group FCY-1 in the fuel
cycle long term R&D report ITER-FC-1.3-0-22, namely:
- Fast acting valves for gas puffing;
- Continuous formation of D2 pellet test, continuous extrusion and acceleration in a
one stage gun;
- Single shot saboted pellet at >3 km/s, accelerate multiple D2 pellets 3-5 km/s;
- Alternate acceleration techniques if gas guns not fully successful such as
centrifuge, compact toroid and rail gun.
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Summary of ITER Related Technology R&D

Task FC2

Pumping

By: O. Kvetun

Task Objective:

To demonstrate reliability of He-pumping cryopanels. To demonstrate scale-up of
turbomolecular pumps to ITER-relevant throughput that are suitable to the ITER
nuclear and magnetic environment.
- Large scale turbo-molecular pumps;
- Ceramic rotor pump;
- Sorbents, bonds and substrate development and testing;
- He cryo-pumping tests, optimum panel selection;
- Ar spray pumps design;
- Critical aspects of bearing performance.

Summary of Contributions for the Final Report

Party Coordinator
EC P. Dinner
JA Y. Murakami

Summary of Results and Facility Descriptions:

KfK: Fabrication technology of inorganic bonded cryo-sorption panels has been
developed. Feasible methods are cementing, brazing, plasma spraying and
mechanical fixing. A total of 412 different specimens of 50 mm diameter and
20 panels up to 400 mm diameter, have been fabricated.

A total of 330 specimens were cycled 100 times between 78 and 573 K
(425 for carbon) to investigate their resistance to thermal stresses. 238 specimens
(71 %) passed these tests successfully.

Pumping speed and cryosorption test capacity screening tests were carried
out with a representative group of 50 specimens, the best results have been achieved
with activated charcoal, followed by molecular sieves. Cementing produced better
results than other bonding methods.

Cryopanel tests (400 mm diameter) included studies of the poisoning
behavior with impurities assumed to be characteristic of ITER. In 84 pumping
/regeneration cycles simulating one week of non-stop ITER operation no reduction
of pumping speed was experienced. It was concluded that there is no need for a
separation barrier between the condensation and sorption zone during regeneration.
The maximum pumping speed measured for helium was 4.18 l/s.cm2.
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CFFTP: A tritium absorption lest is in progress with a lubricated turbomolecular
pump. The pump bearings failed after the operating time in excess of 7600 hours of
which 4000 hours was at the pump discharge pressure limit. This is considered 10
represent a natural life span the pump bearings. The last 1320 hours were operated
with tritium during which 3 % of the tritium was absorbed by the oil which then
contained 0.15 Ci/1. During the tritium operation the bearing temperature rose by
IOC.

The test pump has been dismantled and is undergoing inspection. The
bearings will be replaced with greased bearings for restarting the test.

JAERI: Fabrication and performance testing of a ceramic rotor vacuum pump have
been completed. Although loo small for ITER torus evacuation, the tests have
demonstrated its suitability for the ITER environment and for further scale-up. Two
pumps have been developed: a ceramic turbomolecular pump and a new ceramic
turbo- viscous pump designated for "roughing" applications. The turbo- molecular
pump features 16 Si3N4 disks 210 mm diameter on a ceramic shaft, levitated by gas
bearings and is driven by a gas impulse turbine at 25000 RPM. A non-contact
spiral groove seal isolates the vacuum from the pressure side. The two pumps in
series have a throughput of 0.5 m-fys. The construction of the turbo-viscous pump
is similar. It has 11 discs of 150 mm diameter.

Impact of Results on ITER and Additional R&D Needs:

The present size of the ceramic rotor pumps is too small for ITER torus
evacuation. However, it is projected that they can be scaled for performing other
duties on the machine. The turbo- viscous pump in particular is capable of scaling
to 10 m^/min.

Development emphasis for torus evacuation has shifted to a 25\m-Vs
magnetic bearing TMP, which has already been run with oil lubricated bearings.

Additional R&D needs are documented as task group FCY-2 in the fuel
cycle long term R&D report ITER-FC-1.3-0-22, namely:
- Poisoning, pumping speed and capacity test of cryo-panels;
- Turbo-molecular components including magnetic and emergency bearings,
including test with tritium.
- ITER relevant scale modules tested in integrated service..
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Summary of ITER Related Technology R&D

Task FC3

Fuel Purification and Isotope Separation

By: O. Kveton

Task Objective:

To demonstrate the performance of essential elements for a flexible high capacity
extraction process for impurities in the fuel and blanket loops, and for separation of
hydrogen isotopes.
- Quantitative separation of He from hydrogen by cryo-transfer;
- Trapping of various impurities by cryo-sorption on molecular sieves;
- Tritiated water effects on corrosion of 304 and 3161 stainless steel;
- Tritium extraction from He by pressure swing sorption.

Summary of Contributions for the Final Report

Party Coordinator
EC P. Dinner

Summary of Results and Facility Descriptions:

NET: The design of an Argon spray cryo-transfer pump for separation of Argon
downstream of the Argon spray compound cryo-pumps was completed with the
following design parameters. The pumping system consist of three trains each
having three condensers, one train is pumping, the second is in regeneration and the
third in stand-by. The first pump stage, designated for collecting water, ammonia and
CO2, has diameter and length 0.9 m. The second stage, designated to collect CO,
oxygen and methane, has 0.9 m diameter and is 2 m long. The third stage has the
same size as the second stage and collects H, DT and N. The refrigeration
requirements and operating temperatures for the first, second and third stage are
350 W, 80 K; 600 W, 30 K; and 200 W at 4.5 K respectively. Regeneration
temperatures for the first stage is 300 K, and for the second and third stages 90 K.

CEA: Fuel purification tests were undertaken at a molecular sieve based test loop
with impurities such as nitrogen, oxygen, methane, carbon oxides and argon. The
method purified fuel with se. oral percent levels of impurities to less than 10 vpm at
80 K as limited by the cryostat. It was observed that up to 60 ml of DT was
cryotrapped per gram of sieves at 90 K and a temperature correlation of this was
produced. Regeneration succeeded in full separation of DT by releasing it from the
bed at less than 160 K i.e. before any impurities are released.

Tritium oxidation studies were undertaken and samples examined by optical
and electronic microscopy and Auger spectroscopy. Austenitic steel Z6 CNM 18-10

145



examined under X-ray showed corrosion layers of 50 micrometers thick which
precipitated in the weld region between the melted and heat affected zones. This is
explained by chromium precipitating as carbides in the weld affected zones. This
hypothesis is supported by the observation of chromium depletion in the weld
affected zone. The preliminary experiments also indicated that austenitic stainless
steels such as 316 L or 304 L could be corroded even at room temperature, in
particular in the weld region.

CFFTP: The development of a Thermally Coupled Pressure Swing Adsorption
(TCPS A) process for separating hydrogen from breeder purge gas and for separating
impurities from fuel culminated by successfully demonstrating the process with two
rigs, one small scale single stage separator and one multistage compound separator,
both with conventional adsorbents. Almost pure products were obtained.
Extrapolation of the experimental program to ITER conditions would result in a size
characterized by the swept volume of displacers in the 300 litre range. Latest
evaluation of the experimental program results lead to an idea to divert the attention
to the Vacuum Swing Process which would be used as complimenting or directly
displacing the TCPSA process. The VSA promises to be significantly simpler with
the exception of valves, has no moving parts.

Impact of Results on ITER and Additional R&D Needs:

Future development program for the Argon spray cryo-iransfer pump need
to include: optimization of the condenser for pressure drop, developing cryogenic
valves to reduce refrigerant use and testing for DT trapping by Ar frost at 30 K in
the lO'^mbar range.

There is a need for obtaining 77 K sorption isotherms for the Vacuum
Swing Sorption process.

Additional R&D needs are documented as task group FCY-3, 4, and 5 in
the fuel cycle long term R&D report ITER-FC-1.3-0-22, namely:
- Integrated catalytic reactor - Pd membrane with water/gas shift +catalytic cracker
development;
- Cryo-sorption on molecular sieves - oxidizer cold trap + electrolysis cell
development;
- Alternatives such as intermetallic beds or high temperature exchange process.
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Summary or ITER Related Technology R&D

Task HD1

Electron Cyclotron, Source
By: V. Parail

Task Objective:

Demonstrate the feasibility of; an EC wave source which operates at 140 GHz, with
a power rating of 1 MW, CW and the main components for an ITER like EC wave
transmission line.
The objectives of the R&D conducted during the CDA included;
1. demonstrate an EC wave source with a frequency of 140 Ghz, 1 MW, pulsed,
2. study possible ways for improving the efficiency of the EC source, 3. assess the
feasibility of frequency tuning of the EC source, 4. study the feasibility of gyrotron
windows with a power rating of 1 MW, CW, and 5. develop a conceptual design for
the main components of the transmission line and antenna .

Summary of Contributions for the Final Report

Party Coordinator
EC J. Wegrowe
SU V. Alikaev
US B. Kulkc

Summary of Results and Facility Descriptions:

The main ITER subtasks that were to be completed by the end of 1990
were:

- develop a source with a frequency of 140 GHz, 1 MW, pulsed and a quasi-
optical transmission line with control of wave polarization and directivity.
- assess the potential for a quasi-optical gyrotron, develop a tunable gyrotron in
(he 100-200 GHz range, and perform a conceptual study for efficiency
enhancement of an EC source.
- develop a tunable BWO gyrotron.

I.V. Kurchatov Inst., IAP (Nijniy Novgorod) and "Torij" have demonstrated
a gyrotron with a frequency of 140 GHz, a power of 0.94 MW and a pulse length of
0.3 s. A new quasi-optical converter has been developed, giving an efficiency greater
than 95%. The possibility of frequency step tuning (about 8 GHz) has been
demonstrated with a reduction in output power of < 20%. Experimental studies of
matching optics and quasi-optical transmission line components have been
conducted.

CRPP Lausanne demonstrated single longitudinal mode operation of a
quasi-optical gyrotron with continuous tunability from 98 to 103 GHz at constant
power. Three methods for efficiency enhancement have been studied: three stage
depressed collector, sheet beam gun and pre-bunching cavity with sheet beam.
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LLNL demonstrated basic a device which displayed backward wave
operation with voltage tunability.

Good progress was made in gyrotron development giving confidence for
achieving the ITER goals. A potential for gyrotron efficiency enhancement was
shown, frequency tunability without significant degradation of output power was
demonstrated. It was demonstrated that a sapphire window, edge cooled by liquid
nitrogen, can transmit 0.5 MW at 140 GHz.

Impact of Results on ITER and Additional R&D Needs:

The use of quasi-optical gyrotrons in ITER could give a wider flexibility at
the system because of the possibility of frequency tuning. The improvements in the
efficiency of this kind of source in future R&D, could make of this kind of source a
serious alternative to cylindrical cavity gyrotrons.

Demonstration of the feasibility of a 1 MW, CW gyrotron and the nru;in
components of a transmission line and antenna is fundamental to the design of the
ITER EC wave system. The development of a 120-140 GHz gyrotron should be
continued including; the implementation of an efficient converter, a cryogenically-
cooled window and, and a collector design which supports CW operation at 1 MW.

The collaboration, in EC wave sys'.em design, should also be continued as
it was during the CDA.
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Summary of ITER Related Technology R&D

Task HD2

Lower Hybrid, Source
By: V. Parail

Task Objective:

To develop a LH source, 6-8 GHz, -1 MW power.

Summary of Contributions for the Final Report

Party Coordinator
EC J. Wegrowe

Summary of Results and Facility Descriptions:

Development of a gyrotron for 8 GHz, 1 MW, pulse length Is (as
intermediate step in the development of gyrolrons for a frequency in the range of 4 to
8 GHz with a power > 2-3 MW, CW).

The tested prototype system include a 1 MW tube oscillating in the TE51
mode and some special components of the transmission line (main components:
mode converter to TE01, smooth bend, 12 ways power divider). The measured total
power in the TE01 mode was 1018 kW, the total power in the 12 TE!0 mode
reclangular waveguides was 801 kW. Pulse length of Is and duty cycle 1/600. The
frequency pulling due to a 4:1 VSWR was limited to +/- 2 MHz. The peak power
for this VSWR at 1 s pulse length was of 700 kW. The successful results of the
prototype will allow the use of this system on FTU-Frascati for LHRH
experiments.

Impact of Results on ITER and Additional R&D Needs:

The high potential of a gyrotron oscillator at low frequencies has been
demonstrated. For a concrete use in the ITER LH system it should be necessary to
develop in the future R&D a gyrotron amplifier at frequencies down to 5-6 GHz with
phase control, having high efficiency and with the advantage of high unit power.
This could decrease the number of transmission lines but more stringent
requirements would be needed for the power supply.

149



Summary of ITER Related Technology R&D

Task HD3

Neutral Beams, Negative Ion Source and Accelerator

By: W. Lindquist

Task Objective:

To demonstrate ion source and accelerator technology which supports the ITER
requirement (1.3 MeV, 10 MW).

Summary of Contributions for the Final Report

Party Coordinator
EC J. Wegrowe
JA Y. Ohara
SU V. Kulygin
US W. Cooper

Summary of Results and Facility Descriptions:

The overall objective of the neutral beam R&D was to develop technology
supportive of the ITER requirement (1.3 MeV, 10 MW), with focus on negative ion
source technology. The goal of the ion source R&D was to maximize current
density, uniformity and lifetime while minimizing gas pressure (stripping loss in
the accelerator), electron content, ion transverse energy (divergence) and impurities.

The ITER milestones that were to be completed by the end of 1990 were:
Culham Laboratory; operate an ion source and accelerator to 200 keV, 4 A, 2 s,
D" and a beamline to 200 keV, 2 A, 2 s, D°
JAERI; operate an ion source to 75 KeV, 7.5 A, 0.2 s, H' and a single channel
accelerator to 500 keV, 0.02 A, H", < 5mrad
Kurchatov Institute; operate an ion source to 20 kV, 10 A, DC and an
accelerator to 500 keV, 1 A, 5 ms, H"
Lawrence Berkeley Laboratory; operate an ion source to 10 keV, 0.5 A, 10 s, D~
and an accelerator to 200 keV, 0.2 A, 1 s, D"

The same groups that conducted neutral beam research also developed
conceptual designs for ITER, i.e. the research was directed toward the ITER
application.

Summary of Contributions:

Culham Laboratory extracted, through a 1.5 mm aperture, a peak current
density of 33 mA/cm^ with deuterium from a pure volume ion source. And with the
same source, through a 24 mm aperture, extracted and accelerated to 83 keV, a peak
current of 135 mA (31 mA/cm^) with hydrogen. The current decreased to 60 mA
(13 mA/cm^) to achieve a divergence of 3 mrad.
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JAERI demonstrated a peak current of 10 A from a ccsiated ion source with
hydrogen for 0.1 s at 75 keV. (peak current density of 50 mA/cm^ extracted and
36 mA/cm^ accelerated, uniformity marginal) Demonstrated a single aperture
accelerator to 200 keV, 6.3 mA, 3 s with a divergence of 3 mrad.

Kurchatov Institute demonstrated a cesialcd hollow cathode source with
100 mA/cm^, H", with a total current of 3 A for minutes. Also demonstrated a
cesiated volume source with 1 A extracted for 7 hours per day for a week.

Lawrence Berkeley Laboratory demonstrated a Ba surface converter (6 cm in
diameter) source to 145 mA, D~, with 15% impurities and a single aperture
accelerator to 200 keV, 42 mA, 0.2 s, H\

Summary of Results:

Good progress was made in negative ion neutral beam development,
especially with regard to developing concepts which could satisfy the ITER
requirement.

Pure volume and cesiated volume source technology has been demonstrated.
Pure volume sources will produce a nominal current density of 10 mA/cm^ (D~, 1
Pa). Adding cesium vapor increases the current density lo nominally 20 mA/ctvr
(D~, 1 Pa). The pure volume and cesiated volume sources form the base technology
for negative ion sources and demonstrate feasibility, though improvements are
needed to suit the ITER application .

Advanced ion sources based on a ccsiated hollow cathode and on a barium
surface converter are under development which could produce higher current densities
at low gas pressure.

Accelerator development is in a formative stage and will be addressed under
the ITER Long Term Technology R&D program.

Impact of Results on ITER and Additional R&D Needs:

The ion source development conducted is adequate to demonstrate feasibility
but should be continued to ensure a technology demonstration. Some of the
parameters required have been demonstrated, e.g. current density, low gas pressure
and low electron to ion ratio. Given additional ion source .1&D and an improved
data base, it will be possible to demonstrate all the required parameters with a single
ion source, thereby demonstrating the ion source technology required for ITER. The
ion sources under development are specific to neutral beam system conceptual
designs and demonstration of an ion source by itself is insufficient. It is not clear at
this time which ion source technology is best suited to the ITER application.

Accelerator technology, which will reliably accelerate negative ion beams
to 1.3 MeV, is yet to be demonstrated. The ITER Long Term Technology R&D
plan calls for the demonstration of the two types of accelerators: the electrostatic
type and the electrostatic quadrupole type. The level of risk is sufficiently high that
plan calls for the demonstration of the two types of accelerators: the electrostatic
type and the electrostatic quadrupole type. The level of risk is sufficiently high that
parallel approaches should be supported to ensure a viable option for the ITER
application at the earliest date practical. New facilities will be required to
demonstrate feasibility (nominal level of 1.3 MeV, 1 A, 2 s, H').
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Finally, operation of a model beamline will be required to demonstrate that
all the technology will function as required in an integrated array, (nominal level of
1.3 MeV, 2 A, DC, D°)
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Summary of ITER Related Technology R&D

Task RH1

Component Qualification
By: T. Honda

Task Objective:

Development of in-vessel viewing and inspection systems for a highly activated and
contaminated environment (10° R level) and high temperature.

Summary of Contributions for the Final Report

Party Coordinator
EC D. Maisonnier

Summary of Results and Facility Descriptions:

To evaluate radiation effects and possibly improve the lifetime of sensitive
components a number of components and machine elements have and will be
irradiated and tested under typical ITER maintenance conditions.
Components have been selected from manipulator drives, control elements and TV
cameras, including:

Position sensors for In Vessel Handling Units (IVHU)
Camera electronics for Viewing Systems
Drive components for IVHU
Drive components for Master Slave Servo-Manipulators (MSSM)

Although there have been some logistical difficulties in setting up the
testing program, these have been overcome and the test work is proceeding.

Position Sensors
For the qualification of the position sensing components a test facility

using a gamma source and an oven was built to produce the following conditions:
- gamma dose rate 3 Mrad/h (30 kGy/h)
- temperature 100 - 200"C
- test period Corresponding to a typical maintenance period,

e.g. 300h (-lGrad or lOMGy)

Testing has or will be completed on capacitive, inductive and ultrasonic
proximity detectors. In addition testing is or will be completed on resolvers,
inclinometers, optical sensors, fiber optics and multiplexers

Camera Electronics
Components for testing and the test facility have been specified. The

testing will commence with the completion of preparations. The goal is
3xl010 Rads at a temperature of 150 'C.
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Drive Components for IVHU
An irradiation campaign on various plastics and a resoiver was completed.

The irradiation temperatures varied from 70 to 150*C. The dose for the plastics was
1.2x10^ Rad and 1x10^ for the resoiver. The plastics were: Viton, AP-540, Radox,
Ultrason, Ultraplex, Tefzel and Kapton. Only he Kapton met the test goal. The
Radox survived but became brittle to the point wt.ere it could not be flexed without
cracking.

Also during this period sub-components of e.'ectric motors were irradiated to
test their ability to operate under ITER conditions. Th^ sensitive components of the
motors were found to be the grease (limited to less Jiau 6x10** rad and Radox
insulated cables with a limit of 1x10^ rad.

Drive components for Master Slave Servo-Manipulators (MSSM)
A testing program for qualifying the sensitive components of MSSM's has

been specified and is now being implemented. The sensitive components were
identified as the: electromagnetic devices, cables, lubricants, electronic components,
video cameras, optical fibers, lenses, mechanical devices, seals and gaitering. The
required test dose is 3xl0*> rad^h at a temperature of 150'C.

Impact of Results on ITER and Additional R&D Needs:

Although the testing program is not complete it has pointed out the
magnitude of the design problems in providing reliable long life components for use
in the hostile environment in ITER. Testing has shown that many of the materials
incorporated in servo and optical systems are not suitable for use in ITER. It has
also been shown that some materials will meet ITER needs. The requirements for
these materials and components have been determined. A long program of
qualification will be needed and it is included in as part of the long term ITER R&D.
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Summary of ITER Related Technology R&D

Task RH2

In-Vessel Operations Demonstration
By: T. Honda

Task Objective:

To manufacture a mock-up of the vessel and prototype of the handling tools to be
used for the demonstration of the feasibility of the in-vessel component maintenance
operation.

Summary of Contributions for the Final Report

Party Coordinator
EC D. Maisonnier
JA K. Shibanuma

Summary of Results and Facility Descriptions:

The Joint Research Institute at Ispra undertook to do an in-vessel
manipulator computer simulation, the construction of a 1/3 size model of an in-
vessel handling system and the fabrication and test of a double U-Joint cutter/welder.
The cuter/welder work w as successfully completed which demonstrated the viability
of the approach to making and repairing vacuum tight joints remotely.

The in-vessei manipulator work was slow in starting due to the late arrival
of design data. The present schedule calls for completion of the mock-up in Ihe last
quarter of 1990 with testing early in 1991.

A 1/5 scale in-vessel vehicle model was completed and tested at JAERI.
This system was used to demonstrate the feasibility of replacing the ITER divcrtor
plates remotely. The rail and vehicle were successfully deployed in the ITER
mockup. This particular design has sma'1 deflections under load which enhances the
precision in handling the very large divertor modules.

A 1/5 scale model of a blanket handling system is under fabrication at
JAERI and testing will begin early in 1991.

Impact of Results on ITER and Additional R&D Needs:

The work to date is just the beginning of and extensive development
program for ITER remote maintenance. Since all work inside the plasma vacuum
vessel and much of the work in the ITER building must be done remotely there are
several hundreds of remote handling tasks for which tooling and expertise must be
developed. These tasks have been characterized and the development of appropriate
tooling and proceedures is included in the program of future R&D.
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B-UI. PRINCIPAL INVESTIGATORS
AND INSTITUTIONS

Table B-III-1 lists for each of the 182 sub-tasks the principal
investigator and his institution.

TABLE B-III-1. PRINCIPAL INVESTIGATORS AND
INSTITUTIONS

Task

Blanket

BBl JA
BBl JA
BBl JA
BBl JA
BBl US
BBl US
BB] US
BBl US
BBl.lEC
BBl.lEC
BBl.lEC
BB1.2EC
BB2EC
BB2SU
BB2SU
BB2SU
BB2SU
BB2 SU
BB2SU
BB3 EC
BB3 EC
BB3 EC
BB3 EC
BB3US
BB3 US
BM US
BMUS
BS SU
BSSU
BSSU

Subtask

1
2
3
4
1
2
3
4
1
2
3

1
1

2
3
4
5
6
1

2
3
A.

1
2
1
2
1
2
3

Principal Investigator

H. Yoshida
H. Yoshida
H. Yoshida
H. Yoshida
C. E. Johnson
C. E. Johnson
M. A. Abdou
M. A- Abdou
G. Simbolotti
G. Simbolotti
P. Gierszewski

H. Kottowski
V. P. Bondarenko
G.M. Kalinin
Y.G. Klabukov
N. B. Odintsov
N. B. Odintsov
V. N. Tebus
P. Gierszewski
W. Bogaerts
A. Bruggeman
A. Bruggeman
T. F. Kassner
D. J. Duquette
L. G. Miller
G. W. Hollenberg
N. B. Odintsev
S. A. Fabritsiev
S. A. Fabritsiev

PI Institution

JAERI
JAERI
JAERI
JAERI
ANL
ANL
UCLA
UCLA
ENEA
ENEA
CFFTP
CEA Saclay (F), KfK (G)
JRC Ispra (I)
IIM, Moscow
ENTEK, Moscow
IIM, Moscow
GRISM, Leningrad
GRISM, Leningrad
IIM, Moscow
CFFTP (CA)
Univ. Leuven (B)
SCK/CEN Mol (B)
SCK/CEN Mol (B)
ANL
RPI
INEL
PNL
GRISM, Leningrad
GRISM, Leningrad
GRISM, Leningrad
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TABLE B-III-1 (cont'd.)

BS SU
BS US
BS US
BSl EC
BSl EC
BSl EC
BSl EC
BS2 EC
BS2 EC
BS2 EC
BS3 EC
BS4EC
BS4 EC
BS4 EC
FC1 EC
FC1 EC
FC1 JA
FC1 SU
FC1 SU
FC1 SU
FC1 US
FC1 US
FC1 US
FC2 JA
FC2 JA
FC2.1EC
FC2.1EC
FC2.1EC
FC2.1EC
FC2.2EC
FC3 EC
FC3EC
FC3 EC
FC3 EC
FC3EC
HD1 EC
HD1 EC
HD1 SU
HD1 SU
HD1 US
HD1 US
HD2EC
HD3EC
HD3 JA

4
1

2
1
2
3
4
1

2
3
1
1

2
3
1
2
1

1
2
3
2
3
4
1
2
1
2
3
4

2
1
2
3
4
5
1
2
1
2
1
2
2
1
1

S. A. Fabritsiev
R. L. Kluch
M. L. Grossbeck
W. Vandermeulen
B. Van der Schaaf
M. de Vries
M. de Vries
M. de Vries
M. de Vries
M. de Vries
P. Fenici
P. Fenici
P. Fenici
P. Fenici
P. Kurschus
P. Kurschus
S. Kasai
A. P. Andreev
A. P. Andreev
B. V. Kuteev
C. A. Foster
C. A. Foster
C. A. Foster
T. Abe
T. Abe
D. Perenic
D. Perenic
D. Perenic
D. Perenic
W. Shmayda
J. C. Boissin
B. Hircq
B. Hircq
C. Latge
S. Sood
M. Q. Tran
M. Q. Tran
V. A. Ftyagin
M. I. Petelin
W. Guss
M. Caplan
ENEA
A. J. T. Holmes
Y. Okumura

GRISM, Leningrad
ORNL
ORNL
SCK/CEN Moi (B)
ECN Petten (NL)
ECN Petten (NL)
ECN Petten (NL)
ECN Pettcn (NL)
ECN Petten (NL)
ECN Petten (NL)
JRC Ispra (I)
JRC Ispra (I)
JRC Ispra (I)
JRC Ispra (I)
JET (UK)
JET (UK)
JAERI
LPI, Leningrad
LPI, Leningrad
LPI, Leningrad
ORNL
ORNL
ORNL
JAERI
JAERI
K1K(G)
KfK(G)
KfK(G)
KfK(G)
CFFTP
L'Air Liquide
CEA Bruyeres Le Chatel (F)
CEA Bruyeres Le Chatel (F)
CEA Cadarache (F)
CFFTP
CRPP Lausanne (CH)
CRPP Lausanne (CH)
Institute of Applied Physics
Institute of Applied Physics
MIT Plasma Fusion Center
LLNL
ENEA Frascati (I)
UKAEA Culham (UK)
JAERI
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TABLE B-1II-1 (cont'd.)

HD3 JA
HD3 JA
HD3 SU
HD3 SU
HD3 SU

HD3 SU
HD3US

HD3 US

HD3 US
MA US
MA VS
MA VS
MA US
MC JA
MC JA
MCI SU
MCI SU
MCI SU
MCI SU
Ml EC
Ml EC
Ml EC
Ml JA
Ml SU
Ml SU
Ml US
MPEC
MP EC
MP EC
MP EC
MP JA
MP JA
MS EC
MSEC
MSSU
MSSU
MS SU
MS SU

MS SU
MSSU

2
3
1
2
3

4
1

2

3
1
2
3
4
1
2
1
2
3
4
1
2
3
1
1
2
1
1
2
3
1
1
2
1
2
1/7
2/7
3/7
4/7

5/7
6/7

Y. Okumura
K. Watanabe
L. I. Elizarov
V. V. Kuznetsov
J. I. Belchenko/
G. I. Dimov
V. A. Smirnov
A. F. Lietzke/
K. N. Leung
O. A. Anderson/
J. W. Kwan
P. Purgalis
J. R. Miller
L. T. Summers
J. R. Miller
S. S. Shen
E. Tada
E. Tada
L. T. Karaganov
J. I. Dukhanin
J. I. Dukhanin
J. I. Dukhanin
R. Poehlchen
R. Poehlchen
Chabert
K. Yoshida
I. P. Borzova
A. N. Stepanov
L. T. Summers
J. Minervini
J. Minervini
B. Turck
B. Turck
S. Shimamoto
S. Shimamoto
Nyilas
Nyilas
S. V. Gavrilov
S. V. Gavrilov
V. A. Strizhalo
A. Naskidashwili

Y. M. Sobolev
K. A. Yushchenko

JAER1
JAERI
Kurchatov Institute
Kurchatov Institute

Inst. of Nuclear Phys., Novosibirsk
Moscow Radio-Tech. Institute

LBL

LBL
LBL
LLNL
LLNL
LLNL
LLNL
JAERI
JAERI
Cryogenmash, Balashikha
Cryogenmash, Balashikha
Cryogenmash, Balashikha
Cryogenmash, Balashikha
NET
NET
CEN/SBT Grenoble (F)
JAERI
Efremov Institute
Efremov Institute
LLNL
NET
NET
CEA Cadarche (F)
CEA Cadarche (F)
JAERI
JAERI
KfK(G)
KfK(G)
Efromov Institute
Efromov Institute
Institute of Mat. Strength
Phys.Inst.of the Academy of Sciences
of the Georgian SSR, Tbilisi
"Izhoreky Zavod"
Paton Inst. of Electrical Welding
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TABLE B-III-1 (cont'd.)

MS SU
MTEC
MTEC
MTJA
MTJA
MTJA
MTSU
MTSU
PCI JA
PCI JA
PCI JA
PCI JA
PCI SU
PCI US
PCI US
PCI US
PCI US
PCI US
PCl.lEC
PCl.lEC
PCl.lEC
PC1.2EC
PC1.3EC
PC2 JA
PC2 JA
PC2SU
PC2SU
PC2SU
PC2SU
PC2SU
PC2SU
PC2SU
PC3 JA
PC3 JA
PC3.1EC
PC4EC
PC4 EC
PC4EC
PC4 JA
PCI SU
PCI SU
PCI SU
PCI SU
PCI SU

7/7
i
2
1
2
3
1
2
1
2
3
4
1
1
2
3
4
5
1
2
3
2
1
1
2
1
2
3
4
5
6
7
1
2
1
1
2
3
1
1
2
3
4
5

Y. V. Spirchenko
R. Flukiger
G. Vecsey
M. Nishi
Y. Takahasbi
K. Yoshida
V. A. Tishchenko
G. F. Churakov
M. Seki
M. Eto
M. Seki
M. Seki
M. I. Guseva
T. D. Burchell
J. B. Whitley
R. Causey
D. Slagle
S. Piet
J. Linke
J. P. Bonal
B. Thiele
K. Kleefeldt/J. Linke
A. A. Haasz
A Hishinuma
M. Seki
S. A Fabritsiev
V. F. Vinokurov
V. F. Vinokurov
S. A. Fabrietsiev
V. R. Barabash
V. L. Komarov
V. R. Barabash
M. Seki
K. Miya
R. Matera/G. Hoffmann
A. Cardella
D. Croessmann
J. Linke
M. Seki
S. A. Fabritsiev
V. F. Vinokurov
V. F. Vinokurov
S. A. Fabritsiev
V. R. Barabash

Efremov Institute
KfK(G)
PSI Villingen (CH)
JAERI
JAERI
JAERI
Efremov Institute
Efremov Institute
JAERI
JAERI
7AERI
JAERI
Kurchatov Institute
ORNL
Sandia National Laboratory
Sandia National Laboratory
PNL
INEL
KFA Juelich (G)
CEA Saclay (F)
KfK(G)
KfK/KFA Juelich (G)
University of Toronto
JAERI
JAERI
GRISM, Leningrad
GRISM, Leningrad
GRISM, Leningrad
GRISM, Leningrad
Efremov Institute
Efremov Institute
Efremov Institute
JAERI
JAERI
JRC Ispra (I)
NET
SNLA (US)
KFA Juelich (G)
JAERI
GRISM, Leningrad
GRISM, Leningrad
GRISM, Leningrad
GRISM, Leningrad
Efremov Institute
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TABLE B-III-1 (cont'd.)

PCI SU
PCI SU
PCI US
PCI US
PCI US
PCI US
PCI US
PCI US
PCI US
PCI US
PCI US
RH1 EC
RH1 EC
RH1 EC
RH1 EC
RH2 JA
RH2 JA
RH2.1EC
RH2.1EC
RH2.1EC
RH2.2EC
RH2.2EC

6
7
1
2
3
3.1
4
5
7.1
7.2
8
1
2
3
4
1
2
1
2
3
1
2

V. Komarov/A. Ogurskij
V. R. Barabash
J. Koski
J. Brooks
J. Brooks/W. Hsu
K. R. Schultz
Y. Hirooka
A. J. Russo
D. Smith
S. Cohen
L. Schmitz
M. Decreton
M. Decreton
M. Decreton
S. Bevilacqua
K. Shibanuma
K_ Shibanuma
F. Farfaletli-Casali
L. Van Loon
L. Van Loon
L. Van Loon
L. Van Loon

Efremov Institute
Efremov Institute
Sandia National laboratories
ANL
ANL/SNL
General Atomics
UCLA
Sandia National Laboratory
ANL
PPPL
UCLA
CK/CEN Mol (B)
CK/CEN Mol (B)
CK/CEN Moi (B)
ENEA Casaccia (I)
JAERI
JAERI
JRC Ispra (I)
JRC Ispra (I)
JRC Ispra (I)
JRC Ispra (I)
JRC Ispra (I)

o
?
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