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FOREWORD
The Twelfth International Atomic Energy Agency Conference on Plasma
Physics and Controlled Nuclear Fusion Research was characterized by a multitude
of excellent scientific results on virtually all aspects of controlled fusion and fusion
technology. Taken together, these results lay a solid foundation for continued
progress and future steps.
The conference was organized by the IAEA in co-operation with the French
Commissariat a Fe'nergie atomique and the Centre d'Etudes nucle"aires de Cadarache,
to whom the IAEA wishes to express its gratitude. The conference was attended by
over five hundred participants and some eighty observers from 35 countries and two
international organizations.
At the technical sessions, which included seven poster sessions, more than two
hundred papers were presented. Contributions were made on magnetic and inertial
confinement systems, fusion technology, magnetic confinement theory and modelling, alternative confinement approaches and next step concepts (ITER, NET, CIT,
etc.). The traditional Artsimovich Memorial Lecture was given at the beginning of
the conference.
These proceedings, which include all the technical papers and five conference
summaries, are published in English as a supplement to the IAEA journal Nuclear
Fusion.
The IAEA is contributing to international collaboration and exchange of information in the field of nuclear fusion by organizing these biennial conferences and by
holding workshops, technical committee meetings, consultants meetings, etc., on
appropriate topics. Through these activities the IAEA hopes to contribute significantly to the attainment of controlled fusion power as one of the world's future energy
resources.

EDITORIAL NOTE
The Proceedings have been edited by the editorial staff of the IAEA to the extent considered necessary for the reader's assistance. The views expressed remain, however, the responsibility of the named
authors or participants. In addition, the views are not necessarily those of the governments of the
nominating Member States or of the nominating organizations.
Although great care has been taken to maintain the accuracy of information contained in this publication, neither the IAEA nor its Member States assume any responsibility for consequences which may
arise from its use.
The use of particular designations of countries or territories does not imply any judgement by the
publisher, the IAEA, as to the legal status of such countries or territories, of their authorities and institutions or of the delimitation of their boundaries.
The mention of names of specific companies or products (whether or not indicated as registered)
does not imply any intention to infringe proprietary rights, nor should it be construed as an endorsement
or recommendation on the part of the IAEA.
The authors are responsible for having obtained the necessary permission for the IAEA to
reproduce, translate or use material from sources already protected by copyrights.
Material prepared by authors who are in contractual relation with governments is copyrighted
by the IAEA, as publisher, only to the extent permitted by the appropriate national regulations.
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IAEA-CN-50/B-I-1

DIRECT AND INDIRECT IMPLOSION EXPERIMENTS
BY GEKKO XII MULTI-WAVELENGTH LASER
S. NAKAI, Y. IZAWA, Y. KATO, K. MIMA, K. NISHIHARA,
T. YAMANAKA, T. JITSUNO, T. NAKATSUKA, T. NORIMATSU,
T. SASAKI, T. YABE, M. YAMANAKA, K. YOSHIDA, H. AZECHI,
N. MIYANAGA, H. NISHIMURA, A. NISHIGUCHI, H. SHIRAGA,
H. TAKABE, M. TAKAGI, K.A. TANAKA, M. MURAKAMI,
M. NAKAI1, T. KANABE1, C. YAMANAKA1
Institute of Laser Engineering,
Osaka University,
Suita, Osaka,
Japan
Abstract
DIRECT AND INDIRECT IMPLOSION EXPERIMENTS BY GEKKO XH MULTI-WAVELENGTH
LASER.
The experimental achievement of a high density compression of more than 100 times solid
density, the efficient coupling of more than 5% of the laser to the compressed fuel energy and the first
successful demonstration of cryogenic hollow shell pellets are presented, together with details of the
implosion physics and relevant technologies in diagnostics, laser driver and pellet fabrication. The
performance of the GEKKO XII glass laser has been improved in the green (2a>) and blue (3&>)
wavelengths of operation, in the energy balance of the twelve beams (better than 3%), in the irradiation
uniformity on the pellet by beam profile control and random phasing, and in pulse tailoring. Target
design and fabrication have been developed intensively with the aid of experimental databases and
computer simulations. Various targets such as the cannonball target, the large high aspect ratio target
(LHART), the hollow shell target of CD, CDT and CDTH polymers, the cryogenic D2 pellet sustained
by a low density foam shell, and the double shell pellet in the direct or the cannonball target have been
investigated in great detail to characterize implosion performance and physics. The physics of hollow
shell implosion, such as the stagnation-free model, the control of the inflight aspect ratio and the preheating by laser pulse tailoring, and the kinetic description of the non-local energy transport are investigated
and introduced into the simulation code. The results of scaling investigations predict that the D-T fuel
can be ignited at a laser energy of 100 kJ of X = 0.35 ^m, with an illumination non-uniformity of 3 %.
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INTRODUCTION

The key technical issues in driving the pellet implosion and investigating the
physical processes are listed below, with the relevant situation at ILE for each issue:
(1) Energy driver
GEKKO XII upgrade: 100 kJ/3o>, 2 ns, 24 beams (designed)
GEKKO XII: 30 kJ/u, 1 ns, 12 beams and 2w (chamber I), 3w (II)
GEKKO Mil: 2 kJ/w, 1 ns, 2 beams and 3w
GEKKO IV: 400 J/u, 1 ns, 4 beams and 2co, 3w, 4w
(2) Design and fabrication of novel fuel pellet
Direct target
Cannonball target
Gas filled glass microballoon (GMB) with or without coating
Hollow shell of CD, CDT or CDTH polymer
Cryogenic hollow shell with or without polymer coating
(3) Diagnostic techniques for implosion and compressed fuel
Higher order nuclear reactions
Particles knocked-on by neutrons
Activation by neutrons, for high p and pR implosion
(4) Computer simulation
Extention to 2-D and 3-D
Establishment of database on implosion for scaling
The detailed research programmes aiming at ignition and breakeven conditions
have been investigated for each item of the above issues [1].

2.

GEKKO XII GLASS LASER

The GEKKO XII glass laser is one of the drivers where several features
required for implosion experiments are most widely advanced. It delivers 30 kJ at
1 ftm, 20 kJ at 0.53 /xm and 15 kJ at 0.35 /xm wavelength at a pulse width of 1 ns.
A tailored pulse is generated by a pulse stacking technique. The initial pulse shape
is designed from the desired waveform on the target and the system characteristics
of the amplifier chain.
The uniformity of pellet iradiation is controlled by adjusting the focusing conditions and by using random phase plates of 35 cm diameter on each beam. The energy
balance of the twelve beams has been adjusted within 3 %.
According to scaling to ignition, a 100 kJ blue laser system has been designed
on the basis of the present GEKKO XII system. Key components such as large
aperture booster amplifiers and frequency conversion crystals have been developed.
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FIG. 1. Layout of 100 kJ blue system based on GEKKO XII laser. The entire system, including the target chamber, can be constructed in the present GEKKO XII building.
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FIG. 2. Fuel pellet progress.
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The specifications are as follows: pulse energy: 100 kJ, wavelength: 0.35 /tm (blue),
pulse width: 2 ns, illumination non-uniformity: < 3 % , beam number: 24 beams,
beam diameter: 50 cm. The layout of the upgraded GEKKO XII system is illustrated
in Fig. 1.

3.

IMPLOSION OF HOLLOW SHELL TARGET

The implosion schemes are divided into two different categories: the direct and
the indirect, or cannonball, target. Shape and material of the fuel pellets are also
making progress as is shown in Fig. 2, generally from a gas filled pellet to a hollow
shell fuel.
The implosion dynamics of gas filled LHART (large high aspect ratio target)
[2] have been examined in great detail, with respect to the entropy control of the
compression process and the stability of the stagnation phase, by comparing a 1-D
simulation with experimental results. Stable and high efficiency implosion of
stagnation-free made compression has been demonstrated.
As to the hollow shell pellets, the implosion process could be roughly divided
into four phases as is shown in Fig. 3.

Inertlal
Phase

FIG. 3. Shell implosion model. The stability of the acceleration and stagnation phases is a most important issue for a quantitative evaluation of the requirements for ignition and high gain.
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FIG. 4. Implosion velocity measured by X-ray streak image as a function of CD shell thickness. The
pellet diameters are shown by solid squares for 900-1000 pm and by solid circles for 600-700 fim.

1

15
>
«
10 -

2

/

a:a=0
b:a=1
c: a«0.3

/
/
/

c

/"

•

• : Te (Brems.) /
1 ^
/ " /
/
'

3
<9

a.

E
•

i-

c

_o

5

/

I ***/
/

' tm

f

/b

10
Implosion Velocity
(10'cms1)
FIG. 5. Ion temperatures determined by neutron time of flight measurements as functions of implosion
velocities.

The implosion velocity was measured by an X-ray streak camera. As to the
implosion dynamics including the absorption of laser light, the experimental results
seem to agree well with the simulation results.
The variation of the implosion velocity is shown in Fig. 4 as a function of the
shell thickness for the different pellet diameters. The ion temperature which is
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FIG. 6. D-D neutron yields and areal mass densities foR)^ of the compressed core as Junctions of
initial shell thickness. The points labelled by R represent the implosion data with random phased beams
of 5 kill ns. The stars designate 1-D simulation with non-local energy transport by electrons.
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derived from time of flight (TOF) neutron measurements is plotted in Fig. 5 as a
function of the implosion velocity. The ion temperature may be estimated from the
following relation:

= j

(1 + «z)Ti + X,

(1)

where Xj is the ionization and a represents the degree of thermal relaxation between
ions and electrons. The solid lines a and b in Fig. 5 correspond to a = 0 and
a = 1 in Eq. (1), where X[ is neglected. The solid circle in Fig. 5 is the electron
temperature estimated from continuum bremsstrahlung radiation, by using time
integrated measurements. The ion temperature as derived from TOF neutron
measurements corresponds to the ion temperature at the time when the nuclear reaction occurs. The fitting of the a = 0.3 curve to the experimental results yields information on the stability of the stagnation phase where the ion and electron
temperatures relax to the equilibrium.
The density-radius products of the compressed core, (pR^i, are shown in
Fig. 6, with the neutron yields as a function of the shell thickness. The (pR)ft,ei
values are estimated from the secondary reaction of the D-D primary reaction and
from protons knocked on by 14 MeV neutrons, for higher pR values of the CDTH
shell target. The pR values with normal beam implosion are lower than the 1-D simulation results, especially in the region of 7 to 10 /xm thickness. The implosions by
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FIG. 7. Experimental hydrodynamic efficiency ijft compared with rocket model as a function of ablated
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random phased beams yield higher values of pR (points with label R in Fig. 6). They
agree well with the 1-D simulation in which the electrons are described by a kinetic
model to represent the non-local energy transport. Compressed core densities of more
than 100 times the liquid density have been achieved.
The coupling efficiency i?c (= E^/EL) and the hydrodynamic efficiency
Vh ( = Ek/?;at)SEL), where ?jabs and EL are the absorption coefficient and the incident
laser energy and Ek and E& are the kinetic energy of the imploding shell and the
thermal energy of the measured core, have been investigated as a function of shell
thickness. The maximum hydrodynamic efficiency reaches 5% as is shown in Fig. 7.
The tailored pulse has been tested to achieve high density compression by
controlling the inflight aspect ratio for the main pulse. The characteristic features of
the results are explained by simulation with non-local transport.

4.

UNIFORM IMPLOSION
IRRADIATION

BY

SPATIALLY

INCOHERENT

LASER

To achieve uniform target irradiation, we have proposed a random phasing (RP)
technique [3], which allows the illumination non-uniformity arising from the intensity
non-uniformity of the laser beams to be smoothed.
There are several mechanisms for improving the drive uniformity when the
RP technique is used. The first is thermal smoothing of small scale interference
non-uniformities, the second is the reduction of effective non-uniformity by movement of the critical surface, and the third is non-linear diffuse scattering of the
incident laser light.
Improvements in the implosion properties have been demonstrated [4]. The
experimental neutron yield YN(exp) normalized by the 1-D calculated neutron yield
YN (1D-CAL) is plotted against the calculated convergence ratio RQ/RF, where RQ
and RF are the initial and the 1-D calculated final radius of the fuel, respectively [5].
Figure 8 shows the present experimental data at ILE, together with our previous data
obtained without RP. There is a tendency that it is easier to obtain Ny(exp) closer to
Ny (1D-CAL) by random phasing, especially at high convergence ratio.
We have also tested the RP beam technique by imploding CD shell targets; drastic improvements have been demonstrated as was described in the previous section.

5.

IMPLOSION OF CRYOGENIC FOAM TARGETS

We report the first implosion experiments of the foam shell targets saturated
with cryogenic deuterium fuel irradiated by the GEKKO XII green laser. Plasma,
visible, X-ray, and nuclear diagnostics have been used to characterize the laser-target
interactions, the implosion dynamics, and the final core condition [6].
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FIG. 8. Experimental neutron yield YN(exp) normalized by 1-D simulation YN(sim) versus calculated
convergence ratio of contact surface. Ro and RF are the initial and the minimum radius of the contact
surface obtained from 1-D simulation. Data from the normal beam experiment are plotted by solid circles and those from the RP beam open circles. The solid lines YN*/YN and YN**/YN are normalized neutron yields by simulation up to the time when the reflected shock hits the pusher and the second bounce
of the shock towards the centre, respectively.

The cryogenic foam targets are obtained by saturating the foam shell with liquid
deuterium and freezing it. We have produced CH and CD foams whose mass density
is 30-40 mg-cnr 3 ; the cell sizes are of the order of 10 >tm. Foam shells used in
the experiments have diameters of 0.7-1 mm and thicknesses of 30-50 jtm. Thin
polymer overcoatins are made to prevent the evaporation of liquified D2 and to
optimize implosion performance.
Reduction in the laser absorption efficiency, but no significant stimulated
Brillouin scattering or stimulated Raman scattering has been observed for wet targets.
The implosion dynamics of the cryogenic foam targets such as implosion velocity and
time have been measured by X-ray and visible light streak cameras. The observed
shell trajectory agrees well with the prediction of the 1-D hydrodynamic simulation
code HISHO. The secondary fusion reactions are measured to evaluate the fuel pR.
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The effects of specific features of the cryogenic hollow shell such as shell
material of low Z and low density, the microcell structure, and the initial gas inside
the hollow shell are being investigated.

6.

CANNONBALL IMPLOSION

New concepts of cannonball targets [7, 8], which utilize the laser produced
short wavelength radiation to implode the fuel pellet [9], have been tested by using
the blue laser light of GEKKO XII. There are the 'cylinder cannon' and the 'closed
cavity cannon', which have been designed on the basis of the fundamental data on
the characteristics of laser X-ray generation [10, 11], the cavity effect of X-ray radiation [12, 13], ablation [14, 15] and implosion [16] of the target by laser produced
X-rays. Table I summarizes typical experimental parameters and results. The X-ray
images of the imploded core show that high implosion symmetry is attained in both
cases. With the closed cavity cannon, the fuel capsule is placed inside a completely
closed cavity composed of a thin gold shell which emits X-ray radiation inside the
cavity as a result of laser irradiation of the outer surface. The flow diagram of the
closed cavity cannonball target is shown in Fig. 9. A quantitative evaluation of the
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FIG. 9. Implosion dynamics ofclosed cavity cannonball target. The outer shell made of thin gold foil
is imploded, emitting radiation into the cavity. The inner fuel pellet is imploded by the radiation in the
cavity.
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FIG. 10. nT-Ti diagram of laser fusion by GEKKO XII.

overall coupling efficiency from laser to compressed core energies and its optimization are the most crucial issues when the performance is compared with direct drive
targets where the non-uniformity problem of irradiation is the main cause of implosion degradation.

7.

SUMMARY

High density compression by laser has made progress with improved pellet
irradiation and with quantitative diagnostics of implosion dynamics and compressed
core. Databases on implosion physics have been set up for optimized pellet design.
100 times liquid density and ( p R ) ^ of 25-40 mg-cm"2 have been demonstrated by
hollow shell pellet implosion. Cryogenic fuel shells have been imploded successfully
as a first demonstration; the pertinent physics has been clarified. The nr-T diagram
for laser fusion is shown in Fig. 10, where the ignition and reactor conditions are
set as goals to be reached experimentally.
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Abstract
HIGH DENSITY DIRECT DRIVE CRYOGENIC IMPLOSION EXPERIMENTS.
Direct drive implosion experiments at the University of Rochester's Laboratory for Laser Energetics using the OMEGA laser facility have demonstrated the compression of thermonuclear fuel to
100-200 times liquid density (XLD) using the first direct measurement of the areal density of highly
compressed DT. These ablatively driven implosion experiments were carried out on the 24 beam,
0.35 p.m, OMEGA laser system using frozen fuel, DT filled glass shell targets. Distributed phase plates
(DPPs) were used to improve the irradiation uniformity level on target. Each of the 24 DPPs contain
an array of 10 000 hexagons with randomly assigned phase values of 0 or -K. The overall irradiation
uniformity achieved with these 240 000 beamlets on target was measured to be ±10% (rms). Measurements of energy coupling to the target confirmed the expected high level of coJlisional absorption and
efficient conversion of the absorbed energy to pusher kinetic energy expected with short wavelength
laser illumination. Measured absorption fractions were in the range of 60% to 80% of the incident laser
energy as predicted. The shell radius versus time was measured by means of fast gated (125 ps) x-ray
pinhole photography and found to be in agreement with one-dimensional simulations. Track detectors
were used to measure the elastically scattered fuel ions, fuel areal densities in the range of 20 to
35 mg-cm" 2 were directly measured, implying neutron averaged fuel densities in the range of 20 to
40 mg-cm" 3 (100 to 200 XLD). The inferred fuel densities are the highest attained for any laser fusion
experiment. Beam smoothing by spectral dispersion is expected to result in improved uniformity levels
(approaching 1%) on a proposed 60 beam 30 kJ UV upgrade of OMEGA. Theoretical calculations of
target performance indicate that it may be possible to achieve thermonuclear ignition conditions with
the upgraded OMEGA system.

1.

INTRODUCTION

Proof of the scientific feasibility of inertial fusion
requires the demonstration of high gain (>100). To achieve
such high gains at drive energies <10 MJ requires the
compression of fusion fuel to densities approaching 1000
times the density of liquid DT (200 g-cm-3 or 1000 XLD) [1].
17
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A high degree of drive uniformity and symmetry and an
ablative, low entropy, implosion of fuel capsules are
prerequisites for high density compression. One approach to
inertial fusion involves the conversion of laser energy to
x-rays to drive the implosion (indirect or hohlraum drive)
[2], The alternative approach, direct laser irradiation of
capsules, may be more energy efficient than indirect drive if
stringent drive uniformity requirements are achieved [3]. A
critical test of the potential of direct drive to meet these
requirements has been carried out in cryogenic target
experiments conducted on the OMEGA laser facility at the
University of Rochester.
These experiments, using a
comprehensive set of diagnostics to characterize the time
history of the implosion and compressed fuel conditions,
have resulted in the first direct, unambiguous measurement
of high areal density fusion fuel.
The measurements
indicate compressed
DT
fuel
densities
in
the range of 20 to
40 g- cm"3 (100 to 200 XLD) were achieved, the highest fuel
density attained in inertial fusion experiments.
Gas filled as well as solid fuel target experiments
were carried out.
The gas filled targets were used to
develop, activate, and calibrate diagnostics to characterize
the acceleration phase of the target implosion and to
measure the core conditions at the time of neutron
production. A detailed comparison of experiments and
theoretical calculations was carried out using these
measurements, resulting in fuel densities greater than
50 XLD [4].
Substantial improvements in both target
irradiation and diagnostic techniques, in combination with
cryogenic cooling to produce solid fuel targets, led to the
achievement of greatly increased compressed fuel densities
(100-200 XLD).
Previous experiments [5] with x-ray driven targets
have reported compressed fuel densities in the range of
50-120 XLD using nuclear activation techniques to measure
the shell areal density (pAR) of the material surrounding the
thermonuclear fuel.
The compressed fuel density was
deduced using the assumptions of mass conservation, a onedimensional model of the compressed core, and pressure
balance to relate the shell areal density to that of the fuel.
In the experiments reported here, the fuel areal density
(pR) is measured directly during the time of neutron
production. This measurement is insensitive to the shell
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areal density and to the temperature of the imploded
material and is independent of the amount of shell material
mixed within the fuel region; it is the first such
measurement of highly compressed thermonuclear fuel.
2.

EXPERIMENTS

The OMEGA laser is a 24 beam Nd:phosphate glass
laser that is frequency tripled to operate in the ultraviolet
(UV) (0.35 |im) using the polarization mismatch scheme [6].
Experiments were performed by irradiating targets with
1000 to 1500 J of UV radiation delivered in 600 to 700 ps
(FWHM) Gaussian shaped laser pulses.
In order to increase the uniformity of target
irradiation, a technique originally suggested by Kato et al.
[7], which modifies the phase fronts of the laser beams to
produce ~240 000 overlapping "beamlets" on target, was
implemented through the use of two-level distributed phase
plates (DPPs) [8]. (A DPP is composed of an ordered array of
transparent hexagonal elements in which phase retardation
is randomly distributed among the elements by introducing
optical path differences using a thin-film layer.)
The overall target irradiation uniformity is computed
by superposing the intensities from all 24 beams of the
OMEGA system. The resulting intensity pattern can then be
decomposed into spherical harmonics.
With DPPs, the
intensity nonuniformity, CJrms (%), is improved by a factor of
6 for low order modes (2 < S. <, 20) and by a factor of 4 for
modes 2 through 60. In the calculation, smoothing in the
plasma by 1% of the beam diameter (~3 Jim) is assumed. For
these experiments beam to beam energy balance was
approximately 5%, beam to beam timing error was <3 ps,
and the individual beam placement on target was accurate
to <10 |J,m. Based on the above measured quantities and the
calculated superposition, the illumination nonuniformity was
estimated to be $12% (CJ rms ) for the entire series of
experiments.
An integrated cryogenic system was used in the
experiments for producing, positioning, protecting and
documenting glass shells containing a frozen DT layer, which
used the fast refreeze technique [9]. The target positioning
and viewing system allows for three-dimensional
positioning of the cryogenically cooled target to within
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±5 u.m and measurement of the frozen fuel layer thickness
and uniformity to within ±1 ^m. The targets employed in
these experiments were glass shells with a 200 to 300 ]Xm
diameter, 3 to 7 |J,m wall thickness, and filled with 100 atm
of DT, which forms a layer ~5 |J,m thick next to the glass shell
when cooled below 19 K. The targets were held at the
center of the OMEGA target chamber by spider silk fibers
(<0.5 |lm in diameter) drawn across a U-shaped mount. The
target and fiber assembly was coated with a 0.2 p,m thick
layer of parylene to ensure mechanical stability.
The
mounted target was cooled to below the DT freezing
temperature in a liquid He cooled shroud. The frozen DT
layer was further prepared by repeated heating with an
Ar ion laser followed by rapid cooling, until a layer with a
thickness variation <20% was obtained.
Approximately
40 ras before target irradiation, the cooling shroud was
rapidly retracted exposing the target to the ambient
environment for ~10 ms. (The length of time required for
the DT layer to melt was ~30 ms.)
A number of complementary nuclear, x-ray, and
particle diagnostic systems, including a four frame high
speed x-ray framing camera and polycarbonate (CR-39)
nuclear track detectors, were used to measure
simultaneously the target performance [4].
3.

EXPERIMENTAL RESULTS

Measurements of absorption and the fractional
conversion of the absorbed energy into x-rays were found
to be in good agreement with
one-dimensional
hydrodynamic code simulations of targets used in these
experiments. Typically, 60% to 80% of the incident laser
energy was absorbed by the target [4], Measurements of
the x-ray conversion efficiency show that ~15% to 20% of the
absorbed energy was converted to x-rays with energies
below 9 keV [4]. Time and space resolved measurements
of the x-ray emission were used to measure the time
history of the implosion. The results are in general
agreement with the one-dimensional code predictions,
implying that the actual target drive (absorbed energy
converted to kinetic energy of the pusher) is close to that
predicted by the simulations. Figure 1 shows the result of a
series of x-ray pinhole photographs obtained on a single

IAEA-CN-50/B-I-2

21

t o +250ps

t o +500ps

t o +750ps

FIG. 1. Set of x-ray images taken on cryogenic target experiment (shot 16054) with four-frame gated
intensifier system coupled to an x-ray pinhole camera. The temporal separation between frames is
250 ps; the frame width is 125 ps. For reference, the first image is taken as zero time. These images
have not been corrected for spatial non-uniformity in the intensifier gain. The darker shaded regions
correspond to the highest x-ray emission. Small scale features are principally due to noise from
microchannel plate intensifier.

shot with a four frame x-ray framing camera [10]. Analysis
of this data and comparison to the code prediction are
shown in Fig. 2. The good agreement between the observed
and predicted shell radius as a function of time confirms the
accuracy of the theoretical modeling of the fractional
incident laser energy converted into shell kinetic energy.
The fuel condition at the time of neutron production
was measured with the 'knock-on' diagnostic [11]. In this
technique, the number of deuterium and tritium ions,
scattered by 14.1 MeV fusion neutrons, are detected using a
series of polycarbonate (CR-39) track detector foils. The
number of such ions (knock-ons) are directly proportional to
the fuel p R.
Three sets of knock-on detectors were
positioned at nearly mutually orthogonal positions about the
target to increase collecting solid angle and to provide a
representative sample of the average knock-on flux. The
diameter and length of tracks in the CR-39 foils were used
to separate knock-ons from background protons.
This
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OMEGA Shot 16011

OMEGA Shol 16054

OMEGA Shol 16105

200

Time (ns)
FIG. 2. Radius of peak x-ray emission versus time for three cryogenic targets having (a) 3 pm,
(b) 5 pm, and (c) 6 pm thick glass walls determined from time gated x-ray images, compared to LILAC
predictions.

method of background discrimination was tested on low pR
implosions for which there should not be any significant
slowing down of the knock-ons in the target; the expected
knock-on spectrum is well known from the n-D and n-T
elastic scattering cross-sections [12]. The measured results
were in good agreement with the theoretically predicted
spectrum [11].
The track selection criteria limit the number of knockons detected by a single foil to a discrete energy window
which includes only a fraction of the knock-on spectrum.
This fraction depends on the distortion of the knock-on
spectrum caused by energy loss of the particles as they pass
through the target. In general, the knock-on energy loss is a
function of pR, pAR, and temperature. We used a five foil
configuration, which detects a nearly constant fraction of the
knock-on flux, independent of pR, pAR, and temperature.
The deuterons have a larger range than the tritons and
therefore can penetrate a higher value of total areal density
(pR t o t a l = pR + pAR). For low fuel density cases (pR to tal 20 mg • cm"2), the peak of the deuteron spectrum (produced
from near head-on collisions between deuterons and
neutrons) lies in the window of the thicker foils, while for
high density cases the deuteron peak shifts to the thinner
foil windows. Although the fraction of deuterons detected in
any one of the thicker four foils differs depending on the
degree of slowing-down in the target, the sum of knock-ons

IAEA-CN-50/B-I-2

23

detected in these foils is nearly a constant fraction, / D , of the
total knock-on number.
The fraction is / D = 0.085, to
within ±5%, for pR tota i ^ 50 nig-cnr2. This is an upper bound
on / D and is independent of the amount of slowing-down.
For higher pR t o l a l , / D will always be <0.085 as the deuterons
are slowed down out of the windows of the foils. The fuel
areal density can be obtained from the number of detected
deuteron knock-on tracks by:
pR =

33 n

47

^

where KD is the sum of knock-on tracks detected in foils 2
through 5, AQ is the solid angle subtended by the foils, and
Y N is the neutron yield. Since / D appears in the denominator
of this expression, by using its upper bound, we are able to
obtain a lower bound for pR.
The fuel density, averaged over the time of
thermonuclear burn (neutron averaged density), can be
estimated from the measured p R by assuming a simple
model for the distribution of the fuel in the burn region.
One such model (the "ice-block" model) assumes that the
fuel is uniformly compressed into a region of radius R, and
neutron production occurs at the center of this region [13].
Under the assumption that all of the initial mass of fuel, M,
is compressed into this region,
the fuel density can be
expressed as p = ( 4 ^ : / 3 M ) 1 / 2 ( p R ) 3 / 2 . If any of the
assumptions of the model are relaxed, a higher fuel density
estimate results. For example, if the neutron production
were constant across the fuel volume, the resulting inferred
density is ~50% higher than is estimated on the basis of the
ice block model. Numerical models of the implosion always
suggest a higher fuel density at the edge of the core due to a
near pressure balance at the time of stagnation. This effect
will always produce higher average densities for the same
pR than those predicted by the ice block model.
Measurements of the neutron averaged fuel areal
density were made on a series of cryogenic target
experiments. The measured fuel areal densities (obtained
from the knock-on diagnostic) and the fuel mass densities
inferred using the ice-block model are shown in Fig. 3. (The
error bars are calculated from the combined relative errors
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FIG. 3. (a) Measured fuel areal density plotted as a junction of calculated convergence ratio (Cg) for
cryogenic target experiments (the convergence ratio is defined as initial fuel-pusher interface radius
divided by the minimum fuel-pusher interface radius), (b) Fuel density inferredfrom measured fuel areal
density plotted as a function of CR assuming the ice-block [13] model for the fuel and neutron burn
distribution.

in measurement of the neutron yield and the knock-on flux.)
The highest2 values of fuel pR are in the range 20 to
35 mg-cm" .
The corresponding fuel densities inferred
from these
experimental
results are in the range 20 to
40 g.cm- 3 .
The observed neutron yields (106 to 1082) and neutron
weighted fuel areal densities (20 to 35 mg-cnr ) were below
those predicted
by one-dimensional simulations. The yields
were ~10"3 of predicted values while the fuel areal densities
were typically 0.2 to 0.5 of the predicted values. While the
reasons for these discrepancies are still being investigated,
we tentatively conclude that departures from onedimensional performance are primarily due to residual
imperfections in the level of illumination uniformity
presently attained with the OMEGA system.
4.

SMOOTHING BY SPECTRAL DISPERSION

The DPP technique used to improve the irradiation
uniformity in these experiments does not achieve the
required degree of uniformity due to the interference
structure created by the overlap of the several thousand
beamlets on target. The ISI technique [14], whereby each
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FIG. 4. Schematic of proposed beam smoothing system using spectral dispersion.

beamlet is delayed by one or more coherence times so that
the interference pattern on target fluctuates in time, can
substantially improve the time averaged
intensity
distribution on target. However, a spectrally broad laser
pulse is required for ISI (i.e. short coherence time). Due to
the narrow spectral bandwidth required to achieve highefficiency frequency tripling, the application of ISI has to
date been ruled out for frequency tripled systems.
A new technique [15] has been proposed to provide
smoothing of the interference pattern but still permit
efficient frequency conversion. Like ISI, a broad bandwidth
is required, but the spectrum is now dispersed spatially.
Smoothing by spectral dispersion (SSD) is achieved by the
rapid temporal oscillations that result from the interference
of beamlets of different frequency resulting from the use of
a DPP. If the spectrum is not chaotic and high spectral
dispersion is used, SSD may produce faster smoothing than
the superposition of the random intensity patterns achieved
in ISI. High efficiency conversion can be achieved by
encoding, through dispersion, a specific angle for each
wavelength.
A simplified schematic of one proposed
manifestation of the SSD approach is shown in Fig. 4.
Computer code simulations for a frequency tripled
system show that after 50-100 coherence times the beam
pattern on target is nearly modulation-free.
For the
smoothing
time
to
be
50
ps
to
100
ps,
a
bandwidth
of
10 cm"1 at 1.054 jxm is required. We are currently working
to implement SSD on the OMEGA system.
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Theoretical calculations of target performance based
on OMEGA experiments indicate that it may be possible to
achieve conditions close 2to those required for thermonuclear
ignition (pR = 0.3 g.cm- ;T=: 5 keV) on a proposed 30 kj
upgrade of OMEGA.
This 60-beam upgrade will be
implemented with the SSD technique and is expected to
produce uniformity levels approaching 1% (rms).
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Abstract
INERTIAL FUSION RESULTS FROM NOVA AND IMPLICATION FOR THE FUTURE OF ICF.
A key objective of the U.S. Inertial Confinement Fusion Program is to obtain high yield
(100-1000 MJ) implosions in a laboratory environment. This requires high gain from an inertial fusion
target from a driver capable of delivering about 10 MJ. Recent results have been sufficiently encouraging that the U.S. Department of Energy is planning for such a capability called the Laboratory Microfusion Facility. In the past two years, the authors have conducted implosion related experiments with
approximately 20 kJ of 0.35 nm laser light in 1 ns temporally flat-topped pulses. These experiments
were done with the Nova laser, the primary U.S. facility devoted to radiatively driven inertial confinement fusion. The results show that a significant fraction of the phenomena required to obtain the fuel
conditions needed for high gain can be modeled accurately. Both the x-ray conversion efficiency and
the growth of Rayleigh-Taylor hydrodynamic instabilities are shown to be at acceptable levels. Targets
designed so that the shape of the stagnated fuel can be imaged show that the x-ray drive in the hohlraums
can be made isotropic to better than 3%. With this optimized drive and temporally unshaped laser
pulses, many critical implosion parameters are measured on targets designed for higher density. Good
agreement is obtained with one-dimensional simulations. Maximum compressions of between 20 and
30 in. radius are measured with a variety of diagnostics. Improvements in the driver technology are
demonstrated; operation of Nova at the 50 kJ level at 3 cu is anticipated.

1.

INTRODUCTION

Of the four approaches to inertial fusion containment, the two
laser driven schemes using direct and indirect irradiation have
received more experimental attention than the two schemes using
particle drive [1,2], At Lawrence Livermore National Laboratory we use
the Nova laser to perform experiments with the indirect drive scheme,
29
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in which laser energy is converted to x-rays in a small hohlraum and
the x-rays ablate and implode a target inside the hohlraum. Among
the advantages of this scheme are the absence of a need for a large
number of laser beams or for spatially smoothed beams because the xrays make the drive more homogeneous and isotropic. Moreover, in
this scheme the fuel in the targets is less prone to preheating before it
is compressed and less prone to hydrodynamic instabilities than in the
direct drive approaches. The main disadvantage is the power loss in
the conversion of laser energy to x-rays.
The principal goal of the U.S. ICF program is to demonstrate high
gain in laboratory ICF. There are several requirements for high gain
in indirectly driven targets. In this paper many of the physical
phenomena relevant to high gain are directly measured, and
implosions that are as demanding in convergence as those required for
high gain are described. Other phenomena involved in high gain
targets, such as ignition and burn physics, cannot be fully examined
by lasers of the size of Nova.
We show that high absorption and acceptable x-ray conversion
efficiency [3] and low electron preheat [4] result from laser irradiation
at 0.35 nm. An adequate radiation temperature and a low level of
nonthermal x-rays [5] are seen from hohlraums that demonstrate a
drive symmetry of 2-3%, adequate for radial convergences of
approximately 30. The growth rate of Rayleigh-Taylor instabilities
measured for radiatively driven foils [6] shows the stabilizing effect of
ablative flow in x-ray driven ablation. High compression of gaseous
fuels is directly measured, with maximum radial fuel convergences in
the range 20-30.
Although we have not yet demonstrated a complete understanding of all the critical phenomena of high convergence implosions,
there is acceptable agreement between all of our measurements and
one-dimensional simulations with the LASNEX code. This agreement
demonstrates our good understanding of the physics of implosions that
are as demanding in convergence as the planned high gain
implosions.
Recent developments in foam shells that can be wetted by
cyrogenic deuterium-tritium [7] provide an acceptable substitute for a
liquid DT shell; all possibly detrimental issues for ICF therefore seem
under control. The U.S. ICF Program is poised to take the next step,
the construction of a Laboratory Microfusion Facility to demonstrate
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high gain in the laboratory. The extremely rapid progress in the past
two years has demonstrated that no crucial physics issues are
unresolved for implosions as demanding as high gain implosions.
2.

THE NOVA LASER SYSTEM

The Nova neodymium glass laser [8] has ten beams and routinely
delivers 50 kJ of 1.05-um light that is converted to 20 kJ of 0.35-um light
in a 1-ns laser pulse. A temporally flat-topped output laser pulse is
achieved by temporally shaping the oscillator output to allow for gain
saturation in the amplifiers. The ability to use a temporally ramped
(shaped) pulse to achieve a low adiabat implosion exists and will be
used later.
Nova's output energy is currently limited by platinum inclusions
in the amplifiers, which nucleate bulk damage in the glass at high
laser fluence. The glass in several beamlines has been replaced by
inclusion-free glass, and one of those beamlines has been operated
without damage at a peak output energy of 13 kJ at 1.05 urn, which is
converted to 8 kJ of 0.35-(im laser light. All beamlines will be operated
at this higher energy by early 1989, giving routine operation at the 50kJ level at 0.35
3.

DRIVE ISSUES

Hot (suprathermal) electron production was the dominant issue
for laser drive at 1.05 |im, because the resulting fuel preheating[9]
causes compression to occur on a high adiabat. However, hot electron
production by stimulated Raman scattering is small for 0.35-(i.m
irradiation, because the concomitant plasma wave is heavily damped
by the high collision frequency. Measurements show Raman fractions
as low as 0.1% (compared to several percent for longer wavelength
interactions) for typical collision frequencies in hohlraums [4], This is a
low enough level of preheat that the fuel is compressed on a low
adiabat.
A second issue for indirectly driven implosions is the efficiency of
conversion of laser light into x-rays. Indirectly driven targets at 0.35
urn use hohlraums made of high-Z material and so the absorption
fraction of laser light exceeds 90% [l]. For 1-ns laser pulses incident on
gold targets, the x-ray conversion efficiency falls from 70% to 40% as
the irradiance increases from 1014 - 1015 W/cm2. Modeling indicates
that the excess energy goes into hydrodynamic flow and sideways loss
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FIG. 1. Integrated x-ray conversion efficiency in the photon band 0-1.5 keV versus laser pulse length
for irradiances of (3.5-7) x I014 W-cm'2 and 0.35 urn laser light. Also shown is the higher conversion efficiency attained from the use of smoother beams than the present Nova beams at the University
of Rochester.

of energy from the finite size laser spot. However, for longer (2-3 ns)
pulses we measure an integrated x-ray conversion efficiency rising to
70% (Fig. 1). This is because the size of the x-ray-emitting area grows
in time. Moreover, results from smooth beam experiments at the
University of Rochester's Laboratory for Laser Energetics [3] at 1 ns
show a 20% improvement in the conversion effficiency over the the
present Nova experiments with their 10:1 laser beam intensity
variation. High gain implosions will use 5-10 ns pulses and smoothbeam irradiation with larger areas at irradiances of about 1014 W/cm2.
Under these conditions we project x-ray conversion efficiencies in the
range 70-80%, which is acceptable for high gain from a 10-MJ driver.
Accurate knowledge of the x-ray drive temperature inside
hohlraums and of deviations of the drive spectrum from the blackbody
shape is required. We measure the x-ray drive temperature directly by
time integrating and time resolving x-ray diagnostics, by shock
propagation measurements, and indirectly by foil and by shell
dynamics. Consistency between the three methods is obtained within
about 20% in the drive flux. Given the measured laser-to-x-ray
conversion efficiencies, a three-dimensional model of the hohlraum
can accurately predict the measured temperatures.

33

IAEA-CN-50/B-I-3

4.

HYDRODYNAMIC INSTABILITIES

The major limitation of any implosion scheme is the number of
shell thicknesses by which a shell can be imploded before it is broken
up by the Rayleigh-Taylor instability. When ablative flow is
included [10] the growth rate can be reduced from the classical rate
to

y=

where V a is the ablation velocity, A is the Atwood number, and 1 is the
density scalelength at the ablation front. Decreasing the wavelength of
the laser drive increases the stabilizing effect of ablative flow [lO];in the
wavelength limit of x-ray drive the growth rate is expected to be much
less than classical, and the ablation front can even be stable.
To demonstrate the stablizing effect of ablative flow in x-ray drive
we radiatively accelerated planar fluorosilicone foils. We chose
fluorosilicone because it is relatively opaque to x-rays and because the
steep ablation front causes a much higher predicted growth rate than

I Fluorosilicone
I package

2-ns
backlighting

beam

x-ray
streak

Drive

Target
support

time
resolving
slit

FIG. 2. Schematic of single mode Rayleigh-Taylor growth rate experiment.
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FIG. 3. Comparison of growth in contrast and Fourier modes for 50 jim (left) and 100 yim [right)
wavelength perturbations. Fourier analysis (lower images) shows the fundamental mode and first,
second and third harmonics. A pronounced evolution of higher harmonics can be seen for the 100 nm
wavelength perturbation (right).

in a lower-Z material. Single sinusoidal modulations are imposed on
the material, which is then radiatively accelerated as shown in Fig. 2.
We measure the growth of the modulation in areal density by observing
the transmissivity of the package to a single band of backlighting xrays, using an x-ray microscope [ll] and an x-ray streak camera to
spatially and temporally resolve the transmission [12],
This experiment has two phases of perturbation growth. Initially
the x-ray drive sends a rippled shock through the package because the
package modulations are facing the drive. The rippled shock causes
the modulations in the areal density to grow quadratically with
time [13], After one shock transit time, the whole package starts
accelerating, so that the situation closely resembles the gravity wave
phenomena analyzed by Rayleigh.
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A representative streaked transmission measurement (Fig. 3)
shows a growth of the perturbation. A spatial Fourier analysis of the
x-ray transmissivity gives the time history of the modal growth, also
shown in Fig. 3. Higher harmonics appear at late time, representing
the nonlinear phase of the perturbation. Good agreement with twodimensional simulations can be seen in Fig. 4. A limited number of
experiments with modulated plastic foils show very small RayleighTaylor growth for this material, again in agreement with simulations.
Both the transit of a rippled shock and the gravity wave instability
are represented by the two-dimensional simulations, as is the effect of
x-ray preheating and decompression of the foil. The good agreement
demonstrates that we can adequately model hydrodynamic instabilities
in radiatively driven targets. In the high gain target designs, similar
modeling (albeit with convergent flow and time profiled drive) is used.
The present experiment includes many of the phenomena in the high
gain modeling, and the good agreement gives us confidence that the
modeling is correct.
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FIG. 4. Comparison of measured growth of fundamental and first harmonics for the 50 p.m wavelength
perturbation experiment shown in Fig. 3. LASNEX predictions, for the condition of the experiments,
with a high-low range representing our estimated uncertainty in the x-ray drive are also shown.
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FIG. 5. X-ray images taken with a 100 ps framing camera at 3 keV. Examples at peak compression
from two hohlraums are shown, a nonoptimized hohlraum (elliptical image, left) and an optimized hohlraum (round image, right). The pusher of this capsule is transparent at this x-ray energy, and the
observed emission comes from high-Z dopant in the deuterium fuel.

5.

SYMMETRY OF DRIVE

To obtain high radial convergence of imploding shells, good drive
symmetry is required; there is some some consensus that drive
asymmetries of approximately 1% might be sufficient for high
gain [1,2,151. Such symmetry may now be possible for direct drive using
one of the beam smoothing schemes [1,3,4], However, x-ray drive
inherently smooths high spatial frequency drive nonuniformity,
leaving low frequency modes associated with the hohlraum geometry
that can be minimized by tuning the hohlraum geometry.
To verify the accuracy of the asymmetry predicted by two- and
three-dimensional hohlraum models, we have imploded targets with
x-ray transparent shells containing fuel doped with a high-Z gas.
Typical x-ray images taken with a 100 ps x-ray framing camera[15] at a
photon energy of 3 keV are shown in Fig. 5. By varying the hohlraum
geometry, it is possible to change the shape of the images of the
imploded core from elliptical (left) to nearly circular (center). The
measured degree of nonsphericity of the nearly circular imploded core
implies (from calculations) a drive uniformity better than 3%, which is
close to adequate for high gain targets.
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HIGH CONVERGENCE IMPLOSIONS

Higher density design capsules with a full complement of
diagnostics to verify target performance (see Table I) have also been
performed. For this class of implosions we vary the calculated radial
convergence (r uit(t=O) to r . ](t=t,
)) from 8-30, and compare all the
observables with the results of one-dimensional LASNEX simulations.
Measuring the implosion (burn) time relative to the start of the xray drive verifies that the time history and magnitude of the drive
applied to the shell is known and is correct for the capsule design. The
measured burn time demonstrates pusher/fuel interface velocities that
are close to one of the parameters required for high gain. Targets with
a calculated convergence of 8 demonstrate agreement between the

TABLE I. IMPLOSION DIAGNOSTICS ON NOVA MEASURING CRITICAL
OBSERVABLES
Parameter

Measurement Techniques

Implosion(burn) time

Neutron time-of-flight

Neutron yield

Activation

Convergence/symmetry

X-ray framing cameras/microscopes
X-ray streak cameras/microscopes

Burn duration

Scintillator/streak cameras
Solid state detectors

Fuel ion temperature

Neutron time-of-flight dispersion

Fuel areal density

.Secondary DT/primaryDD neutron
ratio

DT neutron spectra

Tertiary neutron yield and spectra

Pusher areal density
Spatial extent of burn region

Neutron activation of shell
Neutron, proton (D-3He) imaging
with coded aperture
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FIG. 6. Measured neutron yields normalized to the calculated one-dimensional yields versus the calculated radial convergence of the targets (see text).

measured and calculated burn times to within 5%, showing that the
implosion and burn dynamics are being well modeled. However,
targets with a calculated convergence of 30 have measured burn times
10% earlier than predicted by LASNEX, possibly implying an unstable
shell deceleration, arising from our use (so far) of an unshaped laser
pulse drive.
Indirect measurements of the fuel convergence are made from
the neutron yields. For deuterium-tritium mixtures the yields are
-10 1 1 compared to 2 x 1013- our best yield for directly driven targets.
However, most of our experiments are performed with deuterium fuel,
so that the ratio of the secondary DT neutron yield to the primary DD
yield [16] can be used to measure the areal density of the compressed
fuel. The neutron yields normalized to the LASNEX calculations vs
the calculated convergence are shown in Fig. 6. The error band of a
factor of two in calculated yield comes from uncertainty in the drive
and the level of preheat in the calculations. For shots with "optimized"
drive (in which drive conditions were properly matched to capsule
requirements), closer agreement with calculated yield is obtained. To
demonstrate the sensitivity to asymmetry, a shot with a 15% P2
component to the drive was fired and the resulting low yield is also
shown on Fig. 6. For convergences >25, the normalized yields appear
to have more scatter, indicating that two-dimensional effects
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(asymmetric drive or hydrodynamic instabilities) are preventing
higher convergence. Both effects would be ameliorated in a high gain
target by the shaped drive and the hohlraum design.
For these high density targets the x-ray emission at 8 keV comes
primarily from the pusher outside of the low-Z fuel, and image sizes
can be used to directly measure the pusher radial convergence.
Targets with calculated fuel convergences of 30 show pusher
convergences of 21 in excellent agreement with the size of the x-ray
images predicted by LASNEX. There is a similar good agreement for
lower convergence targets.
A direct measurement of the fuel areal density is obtained from
the secondary/primary neutron ratio [17]. For low calculated
convergences of 8.9, 16, and 23, the measured fuel convergences are 10,
13, and 17 ± 6, respectively. On a limited number of targets with
calculated convergences of 29, fuel convergences of 35 ± 10 have been
measured.
Compressed fuel ion temperatures are determined from the
spread in arrival times of neutrons at distant detectors. The measured
values of the temperatures range from 1.9 - 2.3 keV, with the
corresponding calculated values about 0.3 keV lower. The fact that ion
temperatures are slightly higher than predicted is consistent with the
bang times being earlier than calculated. There are several possible
reasons for this slight anomaly, and tests to determine the true reason
are being pursued.
The ion temperatures and fuel size allow a fuel confinement time
x to be calculatedfrom[17]
x = rf/4cs
where rf is the fuel radius and cs is the speed of sound. The resulting
nx values for the fuel are in the range(2-4)x 1 0 u cnr3.s. The values are
encouragingly higher, rivalling those of the best tokomaks, although
the poor efficiency of present lasers would require a higher value for
ignition.
7.

SUMMARY AND FUTURE PROSPECTS FOR ICF

Radiation driven implosions on Nova have come close to
demonstrating most of the conditions required for high gain, including
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radiation flux uniformity of about 3% and implosions with convergence
ratios near 30. The physical conditions in these experiments were
chosen to match those of scaled-down high gain capsules, and the
agreement between the numerical predictions and experimental
results has been good. Over the next 2-3 years, Nova experiments will
concentrate on targets imploded by temporally shaped laser pulses. If
these results are as encouaging as the results from unshaped pulses
reported here, capsules driven by a 10-MJ driver will almost certainly
achieve the nx and fuel conditions required for ignition and high gain.
Design work has started on a solid state laser capable of meeting
the LMF driver requirements [18]. The successful operation of Nova
makes it clear that a 10-MJ, 1000-TW short wavelength (0.26 to 0.53
um) solid state laser can be built. Such a driver could deliver pulses
with the appropriate temporal shape at the required focused intensity
of 1014 -10 1 5 W/cm . However, while these requirements are certainly
within the capability of scaled-up Nova laser technology, the projected
cost (including target area) would be -$2000 million (U.S.), which is
judged to be unacceptable. Consequently, effort has been devoted in
recent years to laser design and materials and technology
developments with emphasis on cost reduction. We have completed a
point design for a 10-MJ, 0.35-um LMF (called Athena) whose
projected cost is less than $750 million (U.S.), including a target area
capable of handling a single shot yield of up to 1000 MJ. This design
incorporates all of the design features that have been identified as
desirable to reduce technical risk and cost: front end injection for
simplicity; multipass extraction for improved, efficiency; pulse
shaping flexibility; and compact, modular design to reduce
manufacturing cost.
The results of the last few years in ICF have brought us to the
point where the scientific feasibility of fusion is all but certain — a
statement that could not have been madefiveyears ago. The DT-wetted
foam ICF target technologies for high gain reactor capsules have been
demonstrated, and high efficiency, low activation reactors, coupled
with high efficiency advanced solid state lasers or heavy ion
accelerators, can, in principle, be cost competitive with advanced
fission and coal.
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Abstract
CEL-V LASER PROGRAMME: OVERVIEW OF RECENT EXPERIMENTAL RESULTS.
Substantial experimental results have been obtained at CEL-V during the past two years, concerning two major questions in the field of inertial confinement fusion: radiation transfer and hydrodynamic
stability. The first question has been approached through different experiments, a common aspect of
which is the need for a non-local-thermodynamic-equilibrium (non-LTE) description: line absorption
in a gold plasma; study of Ni-like gold spectra, soft X-ray conversion, and soft X-ray lasing (this last
subject is being developed in co-operation with LLNL). The second question led us to perform experiments on Rayleigh-Taylor instabilities in laser driven planar Au-Al-Au three-layer targets and to
propose a new type of laser oscillator, providing improved smoothing of target illumination. Theoretical
work on laser-plasma interaction has also been pursued, aiming at a better understanding of the development of and the competition between stimulated Raman and Brillouin scatterings, and of resonant
generation of Langmuir turbulence.

1.

ABSORPTION OF X-RAY LINES IN A LASER CREATED
GOLD PLASMA

The radiation absorption of a gold plasma has been studied by focusing a high
intensity laser beam onto a specific target, constituted by a planar silica substrate, on
which small dots of aluminium and gold were deposited; the gold dot was shaped as
a 300 urn diameter disc, and the aluminium dot as a 100 ^m x 100 /xm square,
100 jtm apart. The whole set was fully covered by the laser focal spot (diameter
600 ^m) at a mean irradiance of ~ 3 X 1013 W-crrr 2 . The dots were thick enough
to prevent their total ablation during the laser pulse. Once expanded, the aluminium
plasma acted as a columnar X-ray source, and the absorption of its radiation in the
gold plasma could be measured as a function of the distance in the plume.
The spectral absorption coefficient was determined for the aluminium H-like
(X = 7.17 A) and the He-like (X = 7.76 A) resonance lines and was found to vary
in the range of 10 to 30 cm"1 [1].
43
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ANALYSIS OF Ni-LIKE GOLD SPECTRA

To further a better understanding of radiation processes and the temperaturedensity diagnostics of high-Z laser created plasmas, as well as to study population
inversion schemes, 49-52 times ionized gold ions have been studied.
The experimental spectra in the range of 4.6 to 6.2 A display red wing understructures, the intensity of which can be very important. The two widely used models
based on 'coronal equilibrium' or 'LTE' ('local thermodynamic equilibrium')
approximations cannot reproduce these features.
In a more sophisticated description, excited levels can also be populated by
An = 0 and downwards transitions (cascades, dielectronic recombination) and can
be depopulated by collisionnal de-excitation and An = 0 transitions. By taking into
account these frequently disregarded transitions, a better agreement was found
between experimental and synthetic spectra of the nickel-like, cobalt-like and copperlike arrays [2].

3.

SOFT X-RAY LASER STUDIES

An important effort on both experimental and theoretical aspects has been
devoted to the soft X-ray lasing process in laser created plasmas [3]; it has been

120

J-t-

182 206 209

A(A)

FIG. 1. Time resolved recording of soft X-ray emission from a Se columnar plasma, 20 mm in length,
showing the two J = 2-1 lasing lines at 206 k and 209 A (SPARTVVIX diagnostic).
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FIG. 2. Typical time history of X-ray gain for Se targets compared with laser pulse, electron density
and temperature.

conducted in close co-operation with D. Matthew's group from LLNL. The objectives were mainly to study the effect of Z (active material), laser irradiance and
wavelength on the gain in neon-like and nickel-like configurations for which the
plasma parameters (ii,,, Te) would be determined, to look for an optimized gain situation and to tentatively proceed towards shorter wavelengths.
Experiments have been performed with both OCTAL (1.05 fim) and PHEBUS
(0.53 and 0.35 /tm) laser with an important and specific diagnostic package in each
case; the most powerful devices were Me PIGS (LLNL) which is a gated microchannel plate spectrograph, and SPARTUVIX (CEL-V), which is a transmission
grating time resolved spectrometer (Fig. 1). Both exploding thin foils and thick
targets have been irradiated, but the lasing effect has only been observed with exploding targets.
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The main results are as follows: at X = 1.05 /xm, amplification has been
observed in neon-like ions of selenium (gain a. ~ 2 cm"1). At X = 0.53 /wn, the
gain has been measured for J = 2-1 transitions in neon-like ions for targets with
atomic numbers between 32 (Ge) and 42 (Mo), with a maximum around 34 (Se). An
optimum seems to be obtained with 40-50 /tg-cm"2 thick Se foils irradiated by a
few 10 13 W-cm" 2 (a « 5 cm"1). In contrast to the theoretical predictions, the
J = 0-1 transition never presented a substantial amplification. For nickel-like
configurations, a faint amplification was only observed for J = 0-1 transitions in
Yb (50.3 A) and Eu (71 A). At X = 0.35 pm, amplification was also observed in
Se, Mo and Yb, but with smaller gains than at X = 0.53 /tm.
The theoretical interpretation involves a two-step process: the hydrodynamical
evolution of the target is modelled by a 1-D Lagrangian code (CHIVAS). The results
— temperature and density profiles — are then used as data for a detailed atomic
physics code (LASIX). One aim was the gain optimization for neon-like ions versus
the wavelength, the laser flux, and the target characteristics; our calculations fit well
with the experimental results mentioned above. As an example, the case of optimum
gain is presented in Fig. 2: at X = 0.53 pm a laser pulse of 600 ps FWHM with a
maximum intensity of 5.6 x 10 l3 W-cm" 2 impinges on a selenium target of
46 /ig-cm"2. The width of the X-ray laser pulse at X = 207 A and the maximum
gain are well rendered by the calculations.
The hydrodynamic state of the lasing plasma has been inferred from spectroscopic diagnostics based on neon-like resonance lines and sodium-like satellite
lines and a modelling of the emission. The temperatures are in the range of 400 to
600 eV and lower than those calculated (1 keV); this discrepancy is a real issue worth
studying.
4.

X-RAY CONVERSION IN THIN COPPER TARGETS

The X-ray conversion efficiency has been extensively studied as a function of
parameters characterizing the target (atomic number, thickness) and the laser irradiation (wavelength, irradiance, pulse duration) [4]. Here we present results obtained
with thin copper foils irradiated at X = 0.35 /an, at two irradiances (1.5 X 1013
and 5 X 1014 W-cm"2), the foil thickness being varied between 0.05 and 1 /xm.
L-line emission appears to carry about 10% of the total X-ray emission, with
a spectral peak located between 1.1 keV (lower irradiance) and 1.5 keV (higher
irradiance). The total X-ray conversion efficiency of the rear side (unirradiated) of
the target pressents a maximum for a target thickness e depending on the laser irradiance: e * 1150 A for 1.5 x 1013 W-cm" 2 ande « 1 /tmfor5 x 1014 W-cirT2;
moreover, the temporal evolution of the rear surface emission displays a rise time
increasing with the target thickness, but is characterized by a rather slow decrease
leading to an overall X-ray pulse longer than the laser pulse. These results provide
us with a useful element in the approach towards the complex mechanisms of downconversion in photon energy from the front to the back foil surface.
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5.

RAYLEIGH-TAYLOR INSTABILITIES IN THREE-LAYER TARGETS

The development of Rayleigh-Taylor instabilities at the density jump between
Al and Au in three-layer targets has been studied and diagnosed by using a
spectroscopic method: the planar target is accelerated by a 0.35 ^m main beam; a
1.06 /*m probe beam heats the rear side gold layer, the ablation depth for this radiation being three times smaller than the gold layer thickness. When the target is
accelerated, Al lines appear; their intensity variation versus the main beam irradiance
(Fig. 3) and their temporal evolution agree with the development of Rayleigh-Taylor
instabilities [5]; the results are consistent with numerical simulations using a code
modelling the conversion of ordered into disordered energy.

Al He <x
emission ~
(mJ/cm )

0.35pm

Au Al Au

1.06pm
3.1013Wcir?

0.3pm I I 0.3pm
2 pm
• time-Integrated spectro.
• time-resolved spectro.
mixture

2O J
3.10

0.35 urn

8.10 1 3 W/cm

2

ENERGY oxIRRADIANCE

FIG. 3. Experimental evidence of Rayleigh-Taylor instabilities at the Al-Au interface of a layered
target; the maximum ofAl-He line intensity corresponds to a mixing composition of 20% Al.
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OPTICAL SPATIAL SMOOTHING

We have experienced that an efficient spatial smoothing of a laser focal spot
could be obtained by using a wide spectrum oscillator, together with a suitable optical
fibre as a pulse generator [6]; this technique appears rather flexible and offers a
number of advantages, among them a smaller risk of self-focusing due to the reduction of the beam coherence at the front end of the laser.

7.

LASER-PLASMA INTERACTION PHYSICS

The laser-plasma interaction studies have mainly been devoted to parametric
instabilities and to the energy transfer in non-linear wave couplings. First, the stimulated Raman scattering (SRS) and the stimulated Brillouin scattering (SBS) have been
investigated in the limit of the envelope approximation for a three-wave coupling,
with the thermal noise explicitly taken into account. Second, the competition between
SRS and SBS has been studied along two main lines: on the one hand, we have
restricted the interplay to their common coupling with the laser pump only; on the
other hand, we have retained most of the physical mechanisms which may enter the
excitation of high amplitude Langmuir and ion acoustic waves. Third, the energy
transfer between waves in the non-linear Schrodinger equation model of Langmuir
turbulence has been computed for an inhomogeneous plasma. We shall now discuss
each point in greater detail.
In conventional three-wave coupling models as are commonly used in the study
of the parametric processes, it is assumed that the instabilities grow from a noise
modelled by a constant boundary condition. We have reconsidered the problem by
taking into account the space and time varying nature of the noise sources in the
coupled mode equations. Furthermore, in our calculations we have included the
electromagnetic wave damping in order to study the competition between SBS and
inverse bremsstrahlung. We observe a sequence of filtering processes leading to a
change in the transmission and reflectivity as compared to the usual results. Of particular interest is the transient stage in the non-linear evolution of these processes.
As to the competition between SRS and SBS, in a first approach, we have
considered the decay of the laser light into two pairs of decay waves excited by SRS
and SBS. Each instability may thus produce depletion of laser light by its own, and
their competition takes place through this pump depletion mechanism. We found it
necessary to distinguish between the transient stage and the steady state regime.
Concerning the reflectivity in the steady state regime, we have derived a universal
criterion for the dominant instability: the latter has been found to be the instability
with the smallest growth length — a result to be contrasted with the usual one in
which the convective growth rates are simply compared. Applying our criterion to
the SRS/SBS competition, we were able to map the density-temperature plane onto
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domains where SBS should suppress SRS in the absence of other physical mechanisms, thus providing a possible explanation for the SRS gap.
In a second approach, we have retained, in addition to the mechanism
mentioned above, the coupling of the Langmuir wave excited by SRS to the ion
dynamics; this coupling describes the main non-linear effects on the Langmuir
waves: the electrostatic decay instability, the modulational instability and the subsequent Langmuir wave collapse, and the SRS detuning by density modulation. For this
study, a wave coupling code (CHEOPS) has been designed, with aperiodic conditions
in which each wave can be represented either by a complete amplitude or by an envelope amplitude only, depending on the physics which we want to represent, making
it possible to model correctly the laser interaction in inhomogeneous or finite plasma.
The comparison between all SRS saturation scenarios assigns great importance to the
modulational instability and the subsequent collapse, and to the SRS detuning. Consequently, a complete space description without any envelope approximation is often
suitable to a study of the SRS behaviour. The cold electron temperature has a great
influence. Thus, we have noticed that an electron temperature increase suppresses the
effect of a density modulation of the plasma density on SRS if the Bloch modes are
Landau damped. A strong influence of the ion fluctuation level has been observed
clearly. The presence of large sound fluctuations driven by SBS during SRS growth
can significantly alter the waves coupled via SRS and bring about a collapse much
sooner than without SBS. The coupling of these simulation results (based on the
hydrodynamic behaviour of the plasma) with particle simulations which involve the
kinetic effects is now in progress.
Finally, we have computed the rate of energy transfer between a pump wave
and the background plasma in the cases when the pump wave generates Langmuir
turbulence through some resonant mechanism (e.g. resonance absorption of laser
light in inhomogeneous plasmas). This situation is modelled by numerical simulation
of a non-linear Schrodinger equation in which we take into account plasma
inhomogeneity, Landau damping and a constant source term. The behaviour of the
solutions of this equation depends on the non-linearity parameter p, which is a
measure of the balance between energy injection and convection of Langmuir cavitons due to the inhomogeneity. The balance between the absorption due to the Landau
effect in the vicinity of the resonance region and the convection of cavitons is also
investigated. In the fully non-linear regime beyond the onset of chaos, that is
for values of p much greater than 1, and without Landau damping, we find that the
averaged energy absorption rate is reduced by a factor of 0.5(p/2)~1/s as compared
to what would be expected in the linear regime. Preliminary investigations of the
regime where Landau absorption becomes important in the resonance region yield
even lower values of the absorption rate.
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Abstract
EXPERIMENTAL STUDIES RELATED TO INERTIAL CONFINEMENT FUSION FOR 0.26 urn
LASER LIGHT.
Experimental results related to laser ICF studies at 0.26 /mi are presented. The increase of Raman
conversion is analysed versus the density scale length. High pressures generated by induced laser light
shocks are obtained in the range of 50 Mbars; here, amplification by shock impedance mismatch of the
foil collisions takes place. Finally, implosion experiments have been carried out at 0.26 p.m on large
aspect ratio targets, showing agreement with the numerical results as far as the dynamics is concerned.
Neutron production seems to occur at the late stages of implosion but is much smaller than predicted
numerically. Wall-fuel mixing is invoked as an explanation. Implosion velocities of 3.5 x 107 cm-s"'
and convergence ratios of ten have been measured, showing the efficiency of implosion at 0.26 //m.

The interest of short wavelength lasers (SWLs) for inertial confinement fusion
has already been well established by a great amount of experimental data in several
laboratories. Highly efficient absorption is maintained for high irradiances, up to
1015; 90% absorption was measured for 0.26 /*m laser wavelength. Moreover, the
51

52

AMIRANOFF et al.

absorption being collision dominated, the fast electron production by resonance
absorption is strongly reduced for the number of fast electrons as well as for their
kinetic energy. High ablation rates are obtained, which results in the generation of
high pressure; values near 60 Mbars have been measured in planar targets for intensities in the range of 10 l5 W-cnr 2 at 0.26 /mi.
Consequently, the short wavelength lasers appear to be the most favourable for
direct drive implosion. In the case of indirect drive, their ability to obtain high X-ray
conversion efficiency is still another advantage of SWL.
However, some problems are still not completely solved, such as the problem
of non-linear interaction in long uniform plasmas with scale length comparable to
reactor size target. Stimulated Brillouin or Raman instabilities and filamentation are
still a concern. For direct drive, shock or radiation preheat may significantly change
the behaviour of the implosion.
In this paper we shall present some experimental studies dealing with these
problems.

1.

EXPERIMENTAL FACILITIES

The laser used for the experimental programme is the neodymium glass laser
of the LULI Laboratory. The system is made of a two-beam driver, with final amplifiers being 90 mm in length; this system is capable of delivering 100 J in 600 ps per
beam. This driver is followed by a six-beam amplifier with the same final aperture,
with an energy, per beam, of 120 J in 600 ps. Frequency conversion is available in
all experiments, with a conversion efficiency of 60% in frequency doubling at
0.53 pun and nearly 45% in frequency quadrupling at 0.26 yxa. However, losses
associated with uncoated material for 0.26 /tin and also damage problems on the fast
quartz lenses, f/1 aperture, reduce the permitted level of operation to 200 J in 0.5 ns
at 0.26 ftm for the six-beam system.

2.

PARAMETRIC INSTABILITY EXPERIMENT

We have investigated the behaviour of the stimulated Raman instability (SRS)
for various types of plasmas, where the major change was the inhomogeneity scale
length. To achieve this goal, three irradiation techniques were used:
(a)

(b)

A thick foil, directly irradiated by the main beam. Here, plasma scale lengths
in the range of 5-10 /xm are obtained with plasma temperatures of 1 keV and
a linear density scale length:
A thin foil, directly irradiated by the main beam, which is exploded during the
laser pulse. The density profile has a parabolic shape; the top of this profile provides a —30 /xm length plasma in which SRS may develop:

53

IAEA-CN-50/B-I-5

n/n c
vn

EXPLODE

-3.se

500 eV

ran.

- 7 . 2 7 . PRfflRNH)
PLASHA
a
400 eV

500 ps
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A long plasma generated by focusing, by cylindrical lenses, one beam on the
foil target; after some delay, the main beam is focused along the axis of this
plasma. Here, homogeneous plasmas of 0.5 to 1 mm are obtained with 200 to
500 eV electron temperature and (1-2) x 1020 cm"3 electron density.

Figure 1 gives an example of a time resolved backward spectrum for the last
two cases. The wavelength of the Raman emission is directly correlated with the density, and the time evolution is a consequence of the decrease in plasma density. Even
if these three plasmas are different not only in scale length, but also in temperature
and density profile, it is interesting to compare the evolution of the Raman efficiency
as a function of L/X; this was only done at present at 0.53 jim wavelength as is shown
in Fig. 2. The convective nature of the Raman instability is demonstrated by the
exponential increase of conversion.
Comparison between 0.53 pm and 0.26 /xm has been possible on a series,
showing that, under the same conditions, a reduction by a factor often in efficiency
conversion is obtained at 0.26 jam. This suggests that collisional damping of electromagnetic and plasma waves by electron-ion collisions plays a significant role. As
an example for the 0.26 pm case, we have the ratio vjyv ( — 1.2), where yp is the
growth rate of backward Raman scattering. The preceding experiments were made
on plasma generated from a low-Z target; the effect must be significantly larger on
high-Z targets, as was suggested by several authors.

3.

HIGH PRESSURE SHOCKS

High pressures are needed for implosions and are also of great interest in studies
on the equation of state. Using a short wavelength laser, we have demonstrated the
possibility of generating high pressures of 50 Mbars, irradiating a plane target at
laser intensities of 1015 W-cnr 2 for 0.26 pm laser wavelength. The pressure is
determined by shock velocity measurements. The amplification of such pressures is
possible by different techniques.
The impedance mismatch technique consists of irradiating layered targets made
of different materials with different shock impedances. Using this technique, we have
shown that on a three layer target of Al-Cu-Au a 55 Mbar shock in aluminium
induced a 120 Mbar shock in gold.
The second technique is collision of foils, where a foil (fj that is ablatively
accelerated over a distance d collides with another foil (fc), thereby generating high
pressure quasi-instantaneously. Figure 3 shows the results of such experiments: a
9 ixm groove was made on foil fc to allow shock velocity measurements, by measuring the time differences of the luminosity associated with the shock emergence on the
bottom and the edge of the groove.
The pressure measurement showed an optimum for some distance d, either from
a determination of the shock velocity or of the luminosity on the rear side, in agreement with a Lagrangian 2-D code. This optimum is due to the fact that the accelerated
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FIG. 3. Photograph of shock occurrences at the rear of collided foils versus the separation distance
d between foils.
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FIG. 4. Time resolved X-ray spectrum at the rear side of the collided foil: (a) distance optimized;
(b) distance not optimized.
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FIG. 5. Time resolved X-ray spectrum at the rear of a directly irradiated foil.

foil, while its velocity increases, has a decreasing areal mass because of 2-D effects,
which implies a short time for maintaining the pressure. Thus, the measured pressure
on the rear side of the collided foil is much lower than the pressure at the collision
time, because of the decrease of the shock pressure during propagation through the
foil. In these experiments, several hundreds of megabars were inferred at the collision time by using a numerical simulation of the collisions.
We have developed another diagnostic means for the shock by carrying out time
resolved spectroscopy in the X-UV region of the emission at the rear side of the collided foil. In choosing the. optimum distance for the collision as determined in the
previous experiments, the collided foil was thinner in this case, e = 3 /xm of
aluminium; it was then possible to observe the shock in its high pressure regime and,
consequently, because of the strong shock heating of the foil, also its occurrence in
the X-UV region, which is shown in Fig. 4.
The X-UV radiation at this axis consists of hard X-UV originating from the
ablated plasma of the accelerated foil. For optimized conditions, d = 20 pm and
e = 3 pm, a brief period of luminosity is observed and attributed to the high pressure
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shock. This luminosity disappears if the shock pressure is reduced, as is shown when
d (Fig. 4(b)) or e is increased. When using a single laser irradiated thin foil, we see
another important event, i.e. the propagation of a radiative transfer wave as is shown
in Fig. 5. Three luminous emissions are observed: the centred one is due to X-rays
coming from the ablation region, followed by the radiative wave and the emission
associated with foil destruction. Moreover, we see in Fig. 5(c) that when the thickness of the foil increases the radiative wave cannot emerge from the rear side. The
radiative transfer wave was simulated with a 1-D code, and good agreement was
obtained.
Then, from these experiments, we have shown that spectral analysis in the
X-UV region of a shock heated foil will permit temperature determination of matter
heated by high pressure shocks and also provide important information on radiative
transfer processes in laser-matter interaction.

4.

IMPLOSION STUDIES

Experiments have been conducted at 0.26 nm laser wavelength with the six
beam laser facility of LULL The energy after conversion was up to 200 J in a 500 ps
pulse. Focusing was performed with a fast quartz lens of f/1 aperture. In previous
experiments using tight focusing on the opposite wall, neutron yields of
(2-3) x 108 were obtained but with poor uniformity of illumination. In the experiment presented here the uniformity of illumination has been improved, the laser light
being focused beyond the second wall at a distance D from the target centre, D/R
ranging from 2 to 2.3, where 2 corresponds to tangential focusing. The targets supplied by KMS were microballoons with diameters ranging from 340 to 460 fim and
wall thicknesses from 0.8 to 1.9 pm. The diagnostics in these experiments were neutron yield, using scintillators and photomultipliers, alpha particle and proton yields
and spectroscopy using the CR-39 plate technique. These diagnostics provide the
pAR value of the shells and the ion temperature at the implosion time. X-ray pinhole
and X-ray streak camera photographs yield implosion images and implosion
dynamics. The goal was to analyse the implosion behaviour for high aspect ratio targets and to compare the results with a 1-D numerical simulation from the FILM
Lagrangian code.
Before describing the experimental results, it is interesting to briefly describe
the implosion dynamics. The ablation pressure drives a shock in the shell which is
set in motion after the shock wave has passed through. Then a strong shock is transmitted into the fuel. This shock converges at the target centre at time t1? where a
very high fuel temperature is obtained, producing some neutrons. At time tj, the
ratio Ro/Ri, i.e. the initial radius to the shell position at ti, is in the range of 2.5.
After convergence the shock is reflected and propagates towards the imploding shell
which is reached at some time t2. Here, Ro/R2 is nearly 4. After time k, the shock
may suffer several reflections and convergences, but then is no longer a strong shock
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FIG. 6. Time-dependent neutron yield from numerical simulation for different target characteristics;
maximum of laser pulse is at time 800 ps. • = experimental yield.
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FIG. 7. Experimental neutron yield normalized to numerical yield at stagnation versus specific energy
and aspect ratio.

FIG. 8. Plot of alpha yield versus ion temperature T-, obtained from alpha spectrum broadening. The
solid line corresponds to the variation of (av)D_T in this domain.
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FIG. 9. X-ray streak photograph of the implosion of a microballoon.
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FIG. 10. Comparison of experimental (dots) and numerical R(t) diagrams.
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FIG. 11. Numerical values of squared implosion velocity (cm2-s~2) versus experimental values.
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FIG. 12. Neutron yield versus squared implosion velocity: (a) code; (b) experiment.

but behaves rather like an isentropic compression up to stagnation time, where
Ro/R, ~ 5-7.
The neutron emission behaves differently, depending upon wall thickness and
specific energy density. For thick targets, AR > 1.4 jtm, neutrons occur in two main
sequences: after shock convergence, where the fuel is only shock heated, and at stagnation, where the compression effect is dominant. For thinner walls, the two
sequences are less clearly distinguishable and neutrons are more or less produced all
over the implosion time, with some significant increase after shock convergence.
Figure 6 shows the behaviour of neutron emission for different shell and laser
energy conditions. In this figure the experimental particle yield is plotted. At first
glance, it would seem that the neutron yield corresponds to the first shock convergence or to the instants immediately afterwards. However, in the present experiment,
other data convinced us that particle production occurred at later times. Figure 7
shows the particle yield normalized to values from the numerical simulation at stagnation; they indicate a fast increase with the target aspect ratio. These data agree with
the behaviour obtained by other laboratories (ILE at Osaka) for high aspect ratio
targets.
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The ion temperature T( has been measured by using the alpha spectrum
obtained from tracks on CR-39 foils. Figure 8 shows the plot of alpha particle yield
versus Ti; in the same graph the values of the average cross-section for the D-T
reaction are plotted. The agreement is fairly good.
The implosion dynamics has been analysed for a series of experiments from
X-ray streak photographs. Figure 9 gives an example. Figure 10 shows a comparison
of the experimental R(t) diagram with a numerical simulation from the 1-D Lagrangian FILM code. From these measurements, implosion velocities were deduced and
compared to numerical simulations as shown in Fig. 11. The agreement obtained is
reasonably good even if the implosion seems to occur a little faster in this experimental case.
Neutron yields versus the squares of the implosion velocities are plotted in
Fig. 12. For the experimental values (Fig. 12(b)), the behaviour is the same as the
dependence of alpha particles on Tj which is comprehensible if we assume that the
fuel temperature is, as is expected, proportional to the square of the implosion
velocity.
A similar representation was made for the numerical simulation as shown in
Fig. 12(a). The behaviour is very close to that of the experiment. However, the
yields were taken at time t2 for a shock impinging on the imploding wall, and the
experimental yields are obviously much smaller.
Finally, the pAR value of the shell was measured from the shift of the alpha
spectrum obtained by the CR-39 foil technique and was compared to the numerical
values. This is plotted in Fig. 13 for different conditions: the shell is assumed to be
hot for full squares and cold for open squares. For most of the results, the experimental /oAR values are above numerical simulation at the time of shock reflection and
closer at stagnation, except for some experiments on thick targets.
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FIG. 13. Simulation results for shell pAR plotted versus experimental determination at time t2.
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FIG. 14. X-ray pinhole photograph of imploded microballoon.

From this set of data, several conclusions can be drawn:
(a)

The implosion dynamics agrees rather well with the code prediction where the
energy transport is moderately inhibited, very close to non-localized heat transport theory. The particle yield is much smaller than the code prediction but its
variation with the implosion velocity is consistent with the code prediction.
Moreover, a significant fraction of the implosion event seems to occur at a late
stage of the implosion, between the first shock reflection on the imploding wall
and the stagnation. The difference between experimental temperature and code
prediction is not sufficient to explain this discrepancy; it seems that fuel and
wall mixing has to be involved to reduce the fusion reaction rate.
(b) The implosion does behave relatively stably up to late stages, and in many
experiments a high convergence ratio has been measured, reaching values often
or more as is shown in Fig. 14. Sometimes the values are larger than the code
prediction. The relative stability of these implosions is certainly due to the
strong preheating of the shell coming from the initial shock or from the X-rays
originating in the transport region.

At stagnation and after, as can be seen in Figs 14 and 7, the kinetic energy of
the shell is thermalized and strong losses occur by radiation. This could explain why,
after collapse, in most of the experiments the explosion of this shell occurs at much
lower velocities than is expected according to the code.
The problem of the discrepancy between experimental and numerical particle
yields is most intriguing. The shell pAR measurements convince us that large
amounts of particle yield may occur at late stages of the implosion, and shell breaking
at this stage will only account for reducing the yield by one order of magnitude, in
most of the cases. This is much less than the two to four orders of magnitude
observed. Before the shell breaking at stagnation, some fuel-wall mixing may occur
during the early stages of implosion. This could be due to the interpenetration of the
fuel and the leading edge of the exploding inner face of the shell wall which could
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be at a density comparable to the fuel and which could have a fluid velocity much
higher than the velocity of sound. A small amount of interpenetration of these fluids
might strongly reduce the fuel temperature. This could be a qualitative explanation
for the behaviour of the ratio of experimental to numerical yield, which decreases significantly for thick shells. Indeed, in this case, because of the lower shell velocity
by ablative acceleration, the decoupling between interpenetration front and main shell
increases, the fuel pollution being stronger. For very thin targets, where the shell
velocity is very high, the interpenetration front, if still in existence, will then stay
very close to the wall, resulting in a much more classical behaviour of the implosion.
In conclusion, we may state that these experiments at 0.26 j*m have shown that
implosion does behave in reasonably good agreement with numerical simulation with
moderate flux inhibition close to non-localized heat transport theory. The implosion
is ablatively driven with, however, some preheat effect of the laser wall. Relatively
good implosion up to stagnation was observed even in this case for six beam illumination and ±30% of imbalance between the beams; the shell preheat by shock or radiation is the reason for this behaviour. The experiment has shown that the shell can
support significant deceleration before breaking very close to stagnation. Obviously,
the effect of preheat has to be prevented in future experiments in order to reach high
densities; it has to be compensated for by better illumination uniformity. For laser
energies reaching the target ranging from 80 to 130 J in 0.5 ns, when we take into
account the losses due to uncoated lenses and defocusing conditions, high implosion
velocities of up to 4 x 107 cm-s"1 have been obtained; high convergence ratios of
up to ten were demonstrated, showing that the implosions are efficiently driven at
0.26 pm.
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Abstract
INERTIAL CONFINEMENT FUSION RESEARCH AT THE SERC CENTRAL LASER FACILITY,
UNITED KINGDOM.
Experimental observations and numerical simulations covering several important physics aspects
of inertial confinement fusion are discussed. The work has been carried out in connection with the high
power laser programme of the SERC Central Laser Facility at the Rutherford Appleton Laboratory. The
non-linear interaction of an intense laser beam with large millimetre sized preformed plasmas has been
studied. A long cylindrical plasma was produced with the multibeam VULCAN laser in line focus
configuration. Observations of Stimulated Raman and Brillouin Scattering and laser beam filamentation
of an intense green laser beam interacting axially with the preformed plasma have been made. The
coalescence of laser induced shocks has been studied by observing the shock breakout on the rear of
multiple step aluminium targets using optical streak photography. Coalescence of two shocks has been
clearly observed when a shaped laser pulse was used. The observations were modelled with
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hydrodynamic simulations. The transport process of soft X-ray radiation through thin foil targets were
investigated by time resolved XUV spectroscopy. Targets consisting of thin foils overcoated with
100 nm of gold were irradiated with a green laser pulse 800 ps in duration. The soft X-ray radiation
from the gold plasma which was transported through the target was time resolved in the 15 to 80 A
spectral wavelength region. For very thin foils the soft X-rays were not significantly affected by the
foil, whereas a clear time delay, particularly towards longer wavelengths, was observed when the foil
was thicker than 3 jim. The experimental observations were modelled with a radiation transport code
which was coupled to a 1-dimensional hydrocode. The neutron yield and implosion behaviour were
studied on microballoon targets with very large aspect ratios of about 400 which were filled with
deuterium. Neutron yields of 2.5 x 107 were observed. Finally, thermal transport processes occurring
both into and along the surface of laser irradiated targets were simulated with a 2-dimensional FokkerPlanck code. Short pulse experiments have been modelled showing that a substantial departure from
Spitzer heat flux occurs.

1.

INTRODUCTION

This paper describes experimental and theoretical work relevant to inertial
confinement fusion which was carried out by a number of university groups
in the U.K. in collaboration with staff of the Central Laser Facility at the
Rutherford Appleton Laboratory. Topics covered include investigations of
non-linear interaction of an intense laser beam with large millimetre sized
preformed plasmas, studies of shock coalescence induced by shaped laser
pulses, the transport of soft X-ray radiation through thin foil targets, studies
of the implosion behaviour and neutron yields of microballoon targets with
very large aspect ratios and thermal transport simulations using a
Fokker-Planck code.
2.

INTERACTION STUDIES IN LONG SCALE PLASMAS

Experimental studies have been carried out to investigate the non-linear
interaction of an intense laser beam with large millimetre sized preformed
plasmas simulating the plasma corona of laser fusion pellets. A hot
cylindrical preformed plasma 1 to 2 mm in length was produced by focusing
two pairs of two opposing green laser beams onto a thin foil target in line
focus configuration. All four laser beams were superimposed to give an
irradiance of about 1x10*4 Wcm~2 in a 70 ps pulse. The targets consisted
of a 100 nm thick formvar substrate overcoated with either an Al stripe 200
tan in width and 350 nm in thickness or an Au stripe 200 /an in width and
50 nm in thickness. A green 800 ps laser beam was focused axially into the
preformed plasma with an f/2.5 lens. Several instabilities such as Stimulated
Raman and Stimulated Brillouin Scattering as well as laser beam
filamentation were investigated. The SRS and SBS signals scattered back
from the plasma were collected by the focusing lens and imaged onto the
slit of two spectrographs. The output of the spectrographs was coupled to
optical streak cameras to obtain time resolved spectra. Laser beam
filamentation was studied by observing the laser beam transmitted through
the plasma and by optical probing transversely to the direction of the
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FIG. ]. Streak record showing (a) SBS spectrum and (b) SRS spectrum.

interaction beam. The plasma density and temperature of the preformed
plasma were changed by varying the time separation of the heating laser
beams forming the plasma and the interaction beam.
Figure la shows a streak record of a SBS spectrum taken on an Al target.
The irradiance of the interaction beam on target was 3x10*4 Wcm~ 2 . The
separation of the pulse forming the preformed plasma and the interaction
pulse was 3.2 ns. The time resolved spectrum clearly shows a Brillouin
component shifted to the red. In addition, to a 4 to 5 A shift corresponding
to an electron temperature of 300 to 400 eV, short bursts with significantly
larger shifts particularly later in time are observed. These bursts last for
about 50 ps and the shifts correspond to electron temperatures of about 1.5
keV. These observations strongly suggest that localised heating in the plasma
occurs.
Figure l b shows a streaked Raman spectrum recorded on an Al target. The
irradiance of the interaction beam was 7x10*4 Wcm~2, The separation of
the heating and interaction pulses was 2.2 ns. As can be seen in figure lb
the SRS signal is emitted in a narrow band which shifts to the blue later in
the laser pulse when the plasma expands. In addition, a broad band signal
with sudden turn-on at about 400 ps after the beginning of the emission is
observed. The power scattered back into the lens is about 10 ""3 of the
incident power. From the wavelength shift the electron density can be
estimated. Assuming a background temperature of 300 to 400 eV which is
consistent with the SBS data, a density of 0.02 to 0.05 n c [1] is obtained
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(n c is the critical density). The low density cut-off is most likely caused by
Landau damping corresponding to kXp:» 0.3. The broad band signal late in
the pulse is consistent with high temperature contributions.
Simulanteously to SBS and SRS, laser beam filamentation was studied.
Images of the laser beam burning through the plasma with a framing time
of 100 ps showed a uniform spatial beam profile when recorded before the
peak of the laser pulse. In contrast the beam profile was clearly broken up
into a number of intense spots when taken after the peak of the laser pulse.
These observations are consistent with the sudden turn-on of the broad band
SRS signal and the large shifts seen in the SBS spectrum and are a clear
indication that filamentation occurs in this kind of preformed plasmas.
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FIG. 2. (a) Shock breakout from aluminium step target for a shaped laser pulse; (b) experimentally
measured position of shock front for shaped laser pulse compared with MEDUSA simulations.
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SHOCK COALESCENCE

The coalescence of two shocks generated by a shaped laser pulse has been
studied by observing the shock breakout on the rear of multiple step targets
using optical streak photography [2], Aluminium targets were irradiated with
six green laser beams in a cluster beam configuration. Five of the laser
beams, 800 ps in duration, were delayed in time (typically by 1 ns) with
respect to the first beam to generate a tailored laser pulse. The laser beams
were focused onto target via f/10 lenses to a large 270 fan diameter focal
spot. The targets typically had six steps 5 fan thick and. SO fan wide on a
20 fan thick base. This was sufficient to keep radiation preheat of the rear
surface of the targets to a negligible level. The rear surface of the target
was imaged onto an optical streak camera with an overall magnification of
about 13. The experimental results were compared with simulations carried
out with MEDUSA, a 1-dimensional Lagrangian hydrodynamic code.
Figure 2a shows a typical streak image of the shock breakout. Breakout can
clearly be seen from consecutive steps. The breakout from the first two steps
is due to the first (weaker) shock while the breakout from the remaining
three steps is due to the second (stronger) shock after coalescence has
occured. The irradiance of the first pulse was 8.6x10*3 Wcm~2 and the
intensity ratio between the leading and main pulse was 1:4.3. Figure 2b
shows the shock front position with time deduced from the optical streak
image. The error bars arise from the variation in shock breakout time across
a single step and uncertainties in the measured step thickness. In addition,
the results of computer simulations are shown in figure 2b. Two distinct
slopes can be seen corresponding to the first and second shock. The velocity
of the first shock is 2.0x10^ cms" 1 whereas the velocity of the shockfront
after coalescence is 3.2x10^ cms"*. The pressure determined from the
experimentally measured velocities of the shocks are 0.8 and 2.2 TPa for the
first and second shock respectively. From these pressures a value for the
overall compression ratio of 7x is obtained. This is consistent with MEDUSA
which predicts a compression ratio after the second shock of 6.6x.
4.

RADIATION TRANSPORT STUDIES

The transport processes of soft X-ray radiation through thin foil targets were
investigated by time resolved XUV spectroscopy. Thin foil targets were
irradiated with a green laser beam 800 ps in duration. Irradiances of up to
5x10 14 Wcm" 2 were obtained at the target surface. The targets consisted of
thin foil plastic substrates 0.1 fan to 36 fan in thickness overcoated with 0.1
fan of gold on the front side. The thin layer of gold acted as an intense
X-ray radiation source. The radiation transported through the target was
observed with a time resolved flat field spectrograph operating in the 15 to
80 A spectral wavelength region. The temporal and spectral resolutions were
100 ps and 250 mA respectively.
Figure 3 shows two XUV streak records taken on 0.1 fim and 6 fan targets.
As can clearly be seen the turn-on of the emission is delayed in time
towards longer spectral wavelength region for the thicker target.
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FIG. 3. Time resolved XUV spectra taken on the rear side of thin foil targets (a) 0.1 and Q>) 6 /im thick.
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FIG. 4. Simulated temporal evolution of two groups with energies of 175 eV and 375 eV showing
clearly a delayed turnon of the lower energy group.
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The experimental observations were simulated with a radiation transport code
which is coupled to a 1-dimensional hydrocode. The radiation transport code
employs a multi-group aproximation to the energy spectrum using 30 groups
in the 0 to 20 keV energy range with each group being transported
separately.
Figure 4 shows the temporal evolution of two groups with an average energy
of 375 eV and 175 eV. The lower energy group clearly turns on later in
time and falls off faster than the higher energy group in agreement with the
experimental observations.

5.

IMPLOSION PHYSICS

The neutron yield and implosion behaviour were studied on microballoon
targets with very large aspect ratios of about 400 and diameters between 300
to 700 /an. The targets were fabricated at Osaka university and were filled
with 5.5 atmospheres of deuterium. The targets were either illuminated
uniformly with 12 green laser beams of the Rutherford Appleton Laboratory's
VULCAN laser (LHART scheme) [3] or were irradiated non-uniformily with
12 dodecahedrally located focal spots (NUHART scheme).
The implosion symmetry was investigated using 3 orthogonal X-ray pinhole
cameras filtered to record the emission of photons with energies i>8 keV. A
time resolving X-ray pinhole camera was employed to measure the implosion
trajectory. CR39 nuclear track detectors gave measurements of the D-D
reaction proton yield, and from the proton energy spectrum, the shell p^R
and deuterium temperature. A space resolving Bragg crystal spectrometer
meaured the silicon X-ray emission and plasma calorimeters recorded the
coupling of the laser energy to the target. A scintillator detector was used to
monitor the yield of thermonuclear neutrons.
In the LHART mode, a scaled down implosion similar to previous work at
Osaka university was studied. For example, a shell of diameter 349 /an and
wall thickness 0.45 /un was irradiated with 330 J in 600 ps of green light.
The implosion produced 1.5 x 107 protons ( which corresponds to over 10^
neutrons for an equivalent DT filled target). The focusing parameter D/R,
where D is the distance from the centre of the pellet to the focus and R is
the radius, was +6.5 giving uniform irradiation. The variation of energy in
the 12 beams was ±9%.
In the NUHART mode, the D/R was reduced to +1 giving a dodecahedral
pattern of locally intense non uniform illumination. A target of 639 fan
diameter (RMR = 367) was irradiated with a laser energy of 371 J in 600
ps. The size of each of the focal spots of the 12 laser beams measured by
the X-ray pinhole cameras was about 100 /on in diameter. The proton yield
for this implosion was 2.5 x 107, ie a 20-fold increase in neutron yield was
obtained for the NUHART scheme with the same average irradiance.
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id"
FIG. 5. Normalised proton yield plotted against incident irradiance. The • symbols designate
NUHART implosions showing a 20 times increase in yield over the LHART mode implosions (x).
LHART results from ILE Osaka are also plotted (•).
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The fusion yields from LHART and NUHART schemes can be compared by
normalising the yield by volume and confinement time and by taking into
account a factor of 100 for the DD relative to DT reactions. Fig. S shows
the normalised proton yields plotted against incident irradiance averaged over
the target surface. This shows clearly that there is a 20-fold increase in
yield when the intensity is non-uniform and locally higher (NUHART) and
in addition emphasise the irradiance dependence of the yield.

6.

FOKKER-PLANCK SIMULATIONS

Electron thermal transport occuring both into and along the surface of laser
irradiated targets was simulated with a 2-dimensional FOKKER-PLANCK
code. The
code has been written to solve the FOKKER-PLANCK (FP)
equation for electrons in one or two spatial dimensions in the diffusive
approximation [4]. The equation is solved using the alternating direction
implicit (ADI) method. The programme, as well as being sufficiently fast and
robust, includes prescriptions for both ion hydrodynamics and inverse
bremsstrahlung and therefore allows us to perform relatistic simulations of
laser plasma interactions.
Extensive runs in one spatial dimension make use of a Lagrangian version of
the programme, whilst all the 2-dimensional runs use an Eulerian version.
The programme will, in principle, also allow the inclusion of self-consistent
magnetic fields but, as the computational effort required to do this is still
quite prohibitive, we have performed all our 2-dimensional simulations up to
date assuming v x E = 0 (where E is the electric field) and calculating E
from the quasineutrality condition v.J = 0.

20 Jim
TEMPERATURE CONTOUR (eV>

Ojam

40 jam

FIG. 6. Temperature contours and heat flow vector plots for a 20 fim focal spot size from the
2-dimensional Eulerian code shortly after the peak of the 3.5 ps laser pulse.
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The programme has mainly been used to simulate short pulse ( 3.5 ps
FWHM) experiments at a wavelength of 0.25 jun [5], using an initial density
scalelength of 3 /un and a laser intensity of 6x10 15 Wcm" 2 . A substantial
departure from Spitzer heat flux has been observed, and the temperature
profiles on the axis differ little from those obtained using the 1-dimensional
version. As a result, even for 10 jtm diameter focal spots, the heat flow
into the target does not appear to be strongly reduced by energy escaping
along the target surface in these short pulse experiments without prepulse.
The 2-dimensional results further indicate that, despite very strong gradients
in both density and temperature, the maximum heat flow into the target is
limited to 10% of the free streaming limit. Figure 6 shows temperature
contours and vector plots of the heat flow for a 20 pm diameter focal spot.
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Abstract
DETERMINATION OF THE MASS ABLATION RATE FROM SPHERICAL LASER TARGETS BY
MEANS OF TIME RESOLVED INTERFEROMETRY.
The paper deals with the determination, by means of time resolved interferometry, of the mass
ablation rate and other parameters of a plasma expanding from a spherical target surface heated by a
laser. This method makes it possible to determine temporal changes of evaporated mass ma(t) and
density scale length L(t), as well as mass ablation rate m,, sound velocity C s , isothermal temperature
Te and ablation pressure P a .

1.

EXPERIMENTAL ARRANGEMENT

The experiment was carried out by means of the four beam Nd glass laser system (XL = 1.06 /*m, EL < 50 J, tL = 1 ns) [1] illuminating glass microballoons of
120 to 150 jun diameter. The main diagnostic method was interferometry using the
second harmonic of the Nd glass laser with the application of a fast streak camera.
Additionally, the generation of second harmonic emission from the plasma was
recorded. The triangular path cyclic interferometer was used in the interferometric
investigations. Simultaneous shadowgrams were also obtained. The S-20 streak
camera was used to register interferograms or shadowgrams with time resolution. A
schematic diagram of the optical probe beam system is shown in Fig. 1.

2.

RESULTS

Using a streak camera we obtained one dimensional interferograms of plasma
expanding from a microsphere illuminated by laser beams. Temporal synchronization
of a probing pulse with the heating pulse was obtained by registering a pulse of the
second harmonic generated in the plasma.
Figure 2 shows the electron density distribution at various times. By integrating
the achieved plasma density profiles, assuming the total ionization of the target
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FIG. 1. Schematic diagram of the probe beam system.
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FIG. 2. Electron density profile as a junction of time.

material (SiO2), it was possible to determine values of mass evaporated from a surface unit as a function of time. Values of m,, determined in this way are a lower
limit of evaporated mass, owing to the limited area of the measurement of plasma
density distribution and to the assumption of total ionization. The effective time
of mass evaporation was t, = 0.7 ns and was about two times shorter than the
half-width of a laser pulse. The determined minimal ablation velocity was:
nia = 4.5 X 10 4 g-cm' 2 -s- 1 .
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Approximating plasma density distributions by an exponential function
A-exp (-r/L) we determined the dependence of the density scale length L on time
(Fig. 3). High values of L occurring in the initial phase (t < 0.2 ns) could be caused
by a small amount of target mass evaporated by a spontaneous emission of laser
amplifiers. Assuming isothermal flow in the preliminary phase, we estimated temperature and ablation pressure. Assuming linearity of the function L(t), we calculated
the sound velocity Cs to be =0.9 x 106 cm/s and then, using the m,, value, we calculated plasma temperature Te to be =170 eV and ablative pressure Pa to be
0.4 Mbar. Neglecting the assumption of maximal degree of ionization and using the
relation between Z and Te independent of the isothermal model [2], we obtained
Z = 8.5, Te = 200 eV, ma = 5.3 x 104 g-cm^-s" 1 , Pa = 0.5 Mbar.
Analysing frame (two dimensional) interferograms obtained for various delays
of a probing pulse, we obtained curves of equal electron density in a plasma expanding from a microsphere heated by a laser (Fig. 4).
The density distributions were obtained by neglecting refraction and assuming
cylindrical symmetry with the axis of symmetry parallel to the image of the quartz
fibre sustaining the microsphere. Plasma originating from a quartz fibre disorders the
spherical symmetry of plasma distribution. However, the small evaporated mass
from a small surface of fibre and the low temperature of the plasma produced from
it make perturbation of the ablation pressure very small.
Assuming the isothermal model of plasma expansion and using data previously
determined — ta = 0.7 ns, and L(t), t, < 1.1 ns — we estimated fha (= ma/t) and
Cs (= I A ) , obtaining ma = 5 X 104 and Te ~ 100-200 eV.
These values, like the ones obtained before, are about two times lower than the
ones obtained in similar experiments but determined by other methods (e.g. the
values in Ref. [3], determined on the basis of ion measurements).
The decrease in the value of ma is a result of neglecting the plasma mass
evaporated from the target in the area opaque to a probing beam. To evaluate the
quantity of this mass, plasma density distributions were extrapolated from the area
in which they were determined on the basis of interferograms to the surface
rie = ncr. The average position of that surface was determined on the basis of a time
integrated picture of the area of second harmonic emission from the plasma. It follows from the calculations that in the area opaque to a probing beam there can be
up to 100% of the mass determined in the probed area. The calculated values of mass
ablation velocity and ablative pressure are close to the ones obtained in similar
experiments (ma > 104 g-cm^-s" 1 , Pa = 0.9 Mbar).

3.

CONCLUSION

In conclusion, it can be stated that interferometric measurements of the plasma
corona in the experiment on laser plasma compression can, besides information relating to the velocity and symmetry of expansion and density scale lengths, provide a
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great deal of independent information about the velocity of ablated mass and ablative
pressure. This requires extrapolation of the measured plasma density distributions to
the areas in the vicinity of n^, e.g. using measurements of the area of emission of
harmonic 2co0 from the investigated plasma.
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Abstract
LASER-PLASMA EXPERIMENTS AND LASER DEVELOPMENT AT THE NAVAL RESEARCH
LABORATORY.
Using the Pharos III Nd glass laser facility, it was found that the induced spatial incoherence (ISI)
technique reduces the stimulated convective Raman instability by orders of magnitude as compared with
an ordinary laser beam, even with the use of infrared laser light and a low Z target. The threshold for
the instability is also in relatively good agreement with analytic theory, in contrast with other experiments with an ordinary laser that have had thresholds an order of magnitude lower than theory. Building
has begun of a new KrF laser, called Nike, to test the hydrodynamic stability of accelerating thin targets.
This laser has been designed to include the echelon free ISI optical smoothing technique.

1.

NIKE KrF LASER FACILITY

The direct drive approach to laser fusion places two requirements on the laser
driver: the use of induced spatial incoherence (ISI) for optical smoothing of the laser
beam [1-3], and the use of an ultraviolet laser wavelength for high efficiency and for
control of both plasma and fluid instabilities. KrF lasers can satisfy these requirements, with a 1/4 /*m wavelength and with the broad bandwidth necessary for ISI.
The Naval Research Laboratory (NRL) has begun building a KrF laser, called Nike,
to complete the laser-target physics database that is required before one could
commit to an ignition sized facility. This laser has been designed to include the
echelon free ISI optical smoothing technique that should produce very uniform
illumination on a target [4].
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FIG. 1. (a) Floor plan for the Nike KrF laser being built at NRL. There are two e-beam pumped
amplifiers: 20 x 20 x 80 cm3 and 50 x 50 x 200 cm3. The optical multiplexing will use primarily
mirrors instead of lenses. The targets will be flat foils, (b) With the echelon free 1SIconcept, the desired
intensity profile is imaged onto the target through the laser chain, using partially coherent light. Good
fidelity is obtained if non-linear effects and chromatic aberration are minimized. (1 ft = 30.48 cm.)
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The overall milestone for the Nike facility will be to accelerate a thin, dense
foil (approximately one millimetre in diameter) to fusion-like velocities with a flatness of ± 1 %, as a demonstration that thin targets can be symmetrically and stably
imploded. The successful acceleration of flat targets is at least as difficult as the
acceleration of hydrodynamically equivalent small pellets, and as scientifically useful
as a simulator of high gain pellet physics, with the advantage that foils have much
better diagnostic access. Operation of Nike for laser-target experiments is planned
for 1992-1993, depending on the rate of funding and on possible surprises in laser
technology. Our existing Nd glass laser will not be used for laser fusion research
after 1990.
In addition to the overall milestone, Nike will be used in four physics and
technology areas: (1) to demonstrate the practicality of high power KrF lasers;
(2) to demonstrate that the optical technique of echelon free ISI can produce uniform
illumination; (3) to measure the growth rate of the Rayleigh-Taylor instability and
show that it is low enough for thin shell pellet implosions; (4) to measure the effective
thresholds of the plasma instabilities and show that these thresholds are high enough
to avoid preheat in thin pellet shells.
The Nike laser has been designed for 4 kJ on target, with initial operation at
2 kJ using half of the laser beams. The pulse length will be compressed from 240
to 5 ns using optical multiplexing. Nike will use echelon free ISI for optical
smoothing. This optical technique requires that the laser be designed with a broad
bandwidth and with low chromatic aberration and low off-axis aberration. Except for
optical imperfections and amplifier distortion, the beams have been designed to be
twice the diffraction limit, an order of magnitude improvement over other
multiplexed systems. The improvement is based primarily upon the use of mirrors
instead of lenses to relay the laser beams. So far, Nike is the only KrF laser to be
designed with the capability for broad bandwidth, low aberration and ISI. Figure l(a)
shows the overall dimensions of the Nike facility, with 24 of the 48 beam lines.
The echelon free ISI concept is shown in Fig. l(b) in simplified form. The oscillator has a broad bandwidth and many spatial modes, the opposite of the usual
approach to laser design. The laser beam is focused and apertured to produce the
intensity profile that is desired on the target. This intensity profile has the characteristics of ISI: temporal incoherence and a short transverse spatial coherence. The
aperture is at the focus of a second lens; the beam then propagates through an
amplifier system (and a multiplexing system that is not shown in the figure), and is
focused onto the target. The intensity profile at the target will then be the same as
the profile at the aperture, provided that the KrF amplifier system does not introduce
excessive linear and non-linear distortion. When an object is placed at the focus of
a lens, the light at the opposite focal point is essentially a Fourier transform. Therefore the information on the shape of the intensity profile at the aperture is contained
in small beamlets (similar to the usual ISI) that propagate through the amplifier
system. As long as the aberration in the amplifier system has a transverse scale that
is large compared with the beamlets, the information in the beamlets is preserved.
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The focusing lens inverts the Fourier transform, reproducing at the target plane the
intensity profile created at the aperture. Detailed computational studies have shown
that this technique can work, but only with a laser such as KrF that has small nonlinear distortion [4].

2.

SUPPRESSION OF STIMULATED RAMAN SCATTER USING ISI OPTICS

We are now using our existing Nd glass laser facility to investigate the effect
of ISI upon plasma instabilities and for further measurements of the growth rate of
the Rayleigh-Taylor fluid instability. Here we would like to report some of our
studies of the effect of ISI upon stimulated Raman backscatter (SRS), using a low Z
target with 1 fim laser light. We have found that ISI reduces the Raman backscatter
by orders of magnitude and that the onset of the instability follows the predictions
of a convective gain model. Our results are in contrast with earlier experiments using
an ordinary laser beam where the SRS instability occurred at much lower laser
intensity than predicted by the convective gain model.
Until this experiment, the threshold for the stimulated Raman instability had
also been in conflict with the designs for a high gain, direct drive pellet [5-9]. It has
been shown that SRS efficiently generates fast electrons that can produce fuel
preheat. It has also been shown that if one uses both a short laser wavelength and
a high Z target, then there is a major reduction in SRS [9]. But with the low Z targets
that are used in direct drive, experimental thresholds have typically been 1/10 of the
predictions of a convective gain theoretical model with a monotonic density profile.
This has been troublesome since high gain, direct drive laser fusion targets have been
designed near this theoretical threshold (thin pellet shells) or above the theoretical
threshold (thick pellet shells).
The following mechanisms have been proposed to explain the low SRS
threshold: (a) hot spots in the incident laser beam can filament and the resulting
higher laser intensity can then drive SRS; (b) temporal modulations in the laser
profile can produce flat regions in the density profile which enhance SRS; (c) there
could be density cavities or mode coupling that cause the instability to become
absolute [10]; (d) the observed scatter may be Thomson scattering rather than the
Raman mode [11]. Until now, the only practical means to control the SRS instability
used a combination of short laser wavelength and a high Z target to provide
collisional damping.
Our experiments used two beams of the NRL Pharos III laser, one with and one
without ISI echelons, focused onto thick CH targets. The beams could be operated
with either a broad bandwidth (2 ps coherence) or a narrow bandwidth (2 ns
coherence). The ordinary (non-ISI) beam had a top hat intensity profile with hot spots
a factor of 2-3 above the average. The focal spot diameter of the ordinary beam was
chosen so that the average intensity across the top matched the average FWHM of
the ISI beam.
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FIG. 2. (a) Peak Raman emission in the band 1350-1750 nm. The intensities are the average across
the FWHMofthe ISI focal profile, and the average across the 'flat-top' region of the ordinary beam,
(b) Energy per nanometre in the Raman band near 1600 nm with broadband ISI, with and without a
preplasma. Data are plotted as a function of the time averaged intensity at the peak of the focal distribution; this is 1.4 times larger than the intensities in (a). Theoretical curves use the equation in the text,
with a correction for the emission from the preplasma.

Figure 2(a) shows the peak Raman backscatter in the 1350-1750 run range for
three cases, using germanium detectors with a 0.6 ns time resolution. The SRS
emission with an ordinary beam, and with narrowband ISI, is orders of magnitude
higher than that obtained with broadband ISI. Variations of the bandwidth of the
ordinary beam (not shown here) had little effect on the Raman emission. The SRS
with ISI was suppressed for a coherence time as long as 10 ps. The time duration of
the broadband ISI emission was much longer than the laser pulse, and consisted of

86

BODNER et al.

just thermal radiation from the hot target. The signals from the other two cases had
pulse widths shorter than the incident laser pulse, consistent with an instability.
Any explanation of these results must consider the following: the bandwidth had
little effect on the SRS from the ordinary beam, and the broader bandwidth ISI
experiment still had Aw < y, if one uses the laser intensity of the instantaneous peaks
of the ISI beam. We conclude that the suppression with broadband ISI must involve
some type of hydrodynamic phenomenon that occurs on a relatively long time-scale,
such as filamentation or density profile modification. Our 2-D and 3-D computer
simulations indicate that, under our experimental conditions, the ordinary beam and
the narrowband ISI beam are susceptible to strong ponderomotive filamentation,
while the broadband ISI beam is resistant to filamentation [12]. The suppression of
Raman by Brillouin that has been observed in other experiments [13] could not occur
here, because SBS is also strongly suppressed by ISI [14].

3.

COMPARISON OF SRS THEORY AND EXPERIMENT

In another set of experiments, shown in Fig. 2(b), we were able to obtain SRS
signals with broadband ISI by focusing the beam onto a preplasma that preceded the
ISI beam by 2 ns. Presumably the preplasma increased the SRS because of the longer
scale length. The theoretical expression [15] for convective Raman growth is given
by IR = IneGLI, where In is the noise level, G = 1.6 X 10~13 cm/W for a 1 pm laser
near n = O.ln,., and L is the plasma size. If one uses the time averaged ISI
intensity in this formula, the prediction is still less than the experiment. But the ISI
beam is not constant in time, and the instantaneous peaks will have a growth rate.
Therefore we modified the standard convective theory by assuming that these hot
spots will drive the SRS. The instantaneous electric field at the target satisfies a
Gaussian probability distribution, corresponding to an intensity distribution
P(I) = 1/IQ exp(-I/Io). Integrating over P(I), one obtains the expression:
IR = In

S GU

e

Jo

P(I)dI + a I

IP(I)dI

Jr.

Here Is is the incident intensity that saturates the Raman scatter and a is a saturation
coefficient that satisfies In exp(GLIs) = cds. Provided that a is not too small,
Eq. (1) is a function that is relatively flat for small IQ, with a rapid increase for
Io > (GL)"1. We chose the value of a (10~5 run"1) to match the experimental slope
of the SRS above threshold. The threshold value (the break in the curve) is insensitive
to the choice of a. The optimum value of L = 0.08 cm is larger than the experimental value of 0.06 cm that was obtained by direct interferometry measurements.
This remaining slight disagreement between theory and experiment may reflect
several factors: IQ and L are only known to ±15%, and there may be a slight
remaining filamentation with broadband ISI.
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In summary, our experiments show that ISI has a strong stabilizing influence
on the convective SRS instability as compared with an ordinary beam or narrowband
ISI (the latter simulating the random phase screen with high F number optics), and
the backscatter intensity is in relatively good agreement with an analytic theory that
includes the probabilistic intensity distribution of ISI and a saturation term. These
results suggest that direct drive, high gain laser fusion pellets may not have problems
with fast electron preheat from SRS if one uses a thin pellet shell. In our more recent
experiments with ISI using green light (527 nm), there was some evidence of
additional suppression of SRS by a broader bandwidth. This effect could allow the
use of the somewhat thicker pellet shells (with less pellet gain) that are preferred by
some groups.
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Abstract
MAGNETICALLY INSULATED INERTIALLY CONFINED FUSION BY LONG WAVELENGTH
LASERS, AND MULTIREGION ANALYSIS OF MICF REACTOR.
The experimental evidence of the thermal insulation by a self-generated magnetic field and the
simulation prediction of the energy required for the ignition are presented in Part A. The magnetic field
produced by CO 2 laser irradiation in a cavity is estimated to be a few 100 T. An increase in confinement time is observed when a metal shell is used; the time agrees with the diffusion time of the magnetic
field. Values of nr 2: 5 x 1 0 n s-cm' 3 with T > 2 keV and a neutron yield of more than 108 D-D
are obtained by using a carbon-deuterium plasma, confined in a gold shell, and a glass laser. Various
loss mechanisms and the energy required for ignition are investigated by using a hydrodynamic code
with the assumption of a magnetic field of 103 T. In Part B, the dynamics and the performance of the
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MICF system are studied by using a multiregion model. Temperature, density and magnetic field gradients give rise to drift instabilities in the region between the hot core and the halo. The stability of drift
modes is investigated for both zero and finite Larmor radius effects. It is also shown that the bremsstrahlung emanating from the hot plasma plays a significant role in the dynamics of MICF, and drift
turbulence can again enhance the energy. Energy gain factors of several hundred are obtained for a particular pellet design with modest laser energies.

PART A: MAGNETICALLY INSULATED INERTIALLY CONFINED FUSION
BY LONG WAVELENGTH LASERS
1. INTRODUCTION
By combining the benefits of magnetic and inertial fusion, a
new fusion scheme, MICF, has been proposed [1]. A plasma with a
density of >10 21 cm" 3
is confined by the inertia of a heavy
metallic shell, while its heat is insulated by a self-generated
magnetic field of >100T. To achieve ignition in MICF, the
electron heat conduction loss should be lower than the plasma
expansion loss . A self-generated magnetic field of alOOT is
thus required to obtain sufficient heat inhibition. In this
paper, we present experimental evidence for magnetic field
generation of ^100T and a resulting long confinement time. We
also investigate various loss mechanisms and the energy
required to achieve ignition by using 1-D HISHO with a heat
conductivity that is reduced by an assumption of a magnetic
field of 10 3 T.
2. THERMAL INSULATION BY SELF-GENERATED MAGNETIC FIELD
First, we demonstrate
magnetic field generation of £100 T
in a cavity. We used a LEKKO Vi C0 2 laser with an intensity of
1.5 * 10 1 4 W-cm"2 and a duration of 1 ns. In Fig. l(a), the
laser irradiatesa600-pm-diameter steel ball; we observe the Xray emission image both in the laser irradiation region and on
rear side of the target. It is now well known that the rear
side emission is caused by the deposition of hot electrons
which are carried by the E * B drift along the surface [2]. In
Fig. l(b) and (c), the laser irradiates the 400-nm-diameter
steel ball surrounded by two-hole parylene shells with
diameters of 1 and 1.5mm. In the case of the 1 mm-diameter
shell (b), the hot electrons cannot reach the rear side of the
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(cj
Hole Diameter: 0.6 X Shell Diameter
Larmor Dlameter=340pm, if B=100T
FIG. 1. X-ray pinhole images (white regions) and corresponding target and illumination geometries.

target, but hit the outer shell. In the case of the 1.5 mmdiatneter shell (c), we clearly observe rear side X-ray
emission. The Larmor diameters of the hot electrons should be
much smaller than the spacing between the outer, shell and the
inner target so that they can reach the rear side of the
target.
From the spacing and an observed hot electron
temperature of 15 keV, the magnetic field is estimated to be a
few 100 T.
In a previous report [3], we showed for parylene shell
targets that the confinement time was determined by the
inertial time of the shell. To increase the inertial time , we
introduced gold shell targets coated internally with parylene.
The durations of the X-ray emissions from the hot core plasma,
90 <hv<283 eV and 0.6 <h»<1.56 keV, were measured for various
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target diameters. For an incident laser energy of 45 J in 1 ns
and a target diameter of 3mm, the duration is 34 ns FWHM, which
is three times longer than that of the parylene target[4]. The
HISHO simulation without the magnetic inhibition
gives a much shorterconfinementtime, of the order of the laser
pulse duration. The confinement time agrees with the diffusion
time of the magnetic field estimated from the observed plasma
temperature of 400 eV and the target diameter. This enhanced
confinement time suggests magnetic thermal insulation.
We also obtain, for the first time, the production of more
than 10^ D-D neutrons from a carbon-deuterium plasma confined
in a gold shell without an implosion as shown in Fig.2, by
using a GEKKO XII glass laser with an energy of 3~8 kJ in 1
ns[5].
Very long duration, of a few nanoseconds, of the
neutron emission is observed }this is one order of magnitude
longer than the Spitzer-Harm conduction loss time without
magnetic field. These results indicate values of m i 5 « 10* 2
s«cm~3 with temperatures of T>2 keV, which are larger values
than those obtained in present high p systems.

3.IGNITION CONDITIONS
In MICF, the ignition condition is mainly determined by T
and aVrTj where a is the hot core radius. Optimum aVFT and T
exist, leading to minimum required energy. We investigate the
critical values of a V F required to achieve the ignition by
means of 1-D hydrodynamic simulations. Beyond the critical
aVn^ a-particle heating overcomes the energy loss due to
expansion, radiation and heat conduction.
The closed circles in Fig. 3 are the critical values of
aVtTT The solid lines indicate analytical values in which the
expansion and radiation losses are taken into account. In a
low temperature and density region, the simulation results are
smaller than the analytical estimates.
In the theory,
radiation is assumed to constitute a loss . However, the
radiation emitted from the fuel is absorbed near the surface of
the metal shell and gives rise to being ablated towards the
fuel. Consequently, the radiation energy is recycled to the
fuel through the reduction of the expansion loss[6].
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In a high temperature and high density region aVFT obtained
by the simulations is greater than given-by the theory. This,
discrepancy is found to be due to the heat conduction loss
determined by the cold fuel temperature.
By placing an
impurity of 1% aluminium into the cold fuel region, or
increasing the magnetic field up to 10^1", the heat conduction
loss through the cold fuel decreases, and thus a smaller
critical aVFT (open circles) is obtained. The corresponding
energies required for ignition are shown by the triangles in
Fig. 3; these energies are of the order of 10 MJ.
To summarize, we have shown experimentally that the heat
conduction loss becomes lower than the expansion loss by
magnetic thermal insulation, and, by using the code, we could
demonstrate that the energy required for ignition is of the
order of 10 MJ. MICF has advantages over conventional ICF,
because of the lower input power and the lower uniformity
requirement.
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PART B: MULTIREGION ANALYSIS OF THE MAGNETICALLY
INSULATED INERTIAL CONFINEMENT FUSION (MICF)REACTOR
This part of the study of MICF deals with the dynamics of
the system, assuming that the input laser energy has already
been deposited in the hot plasma and the various regions of the
target. We assess its performance using this multiregion model
of the spherical pellet. We take the inner region to consist of
the hot D-T fusion plasma and assume that it is surrounded by
an ionized, but cold,D-T plasma which will be referred to as
the halo region. This region is in turn surrounded by an
ionized metal (e.g. tungsten) region which is adjacent to a
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solid metal region that consists of two sections. These
sections are separated by the shock wave that begins at the
halo-metal interface at time t=0, and propagates outward
thereafter.
In the hot core we treat all the thermal species, namely the
fuel ions, electrons and thermal alphas, as ideal gases for
which we utilize the laws of thermodynamics to describe the
time evolution of their energy [1], We also allow for a
certain number of fast alpha groups which we assume to slow
down faster than they can diffuse across the magnetic field
from the hot plasma to the halo region. Particle and energy
transport across the magnetic field between the hot core and
the halo can take place in both directions classically, because
of Coulomb collisions, but they can also occur turbulently as a
result of drift instabilities that can occur in these same
regions. Temperature, density and magnetic field gradients can
give rise to such modes, and according to a study of high beta
(much larger than unity) magnetized plasma [2], these
instabilities can fall into several categories. Depending on
the ion to electron temperature ratio(x)> which in our case is
nearly one, and on the ratio of the magnetic field gradient to
ion temperature gradient in the hot core (8), the drift modes
of interest are the zero Larmor radius (zero LR) mode which
would be stable if 8>l/2(l+t)~1; the finite Larmor radius(FLR)
mode which would be stable if 8<0, and the pure density
gradient mode which occurs when 8=0. In the case of MICF, 8<0,
and hence there Is stability against the FLR mode but not
against the zero LR mode. However, according to the numerical
simulations, it has been shown that,when the ion temperature
gradient (VTi) is very large, the pressure gradient (VP) is
nearly zero and since the magnetic field gradient goes pretty
much as VP, the zero LR mode represents, at best, a very weak
instability. The remaining mode of concern is perhaps the
density gradient drift mode which we take into account by
incorporating , in our analysis, a Bohm-type diffusion
coefficient.
The bremsstrahlung emanating from the hot plasma plays a
significant role in the dynamic behaviour of MICF. We have
carried out a detailed analysis of the attenuation of the flux
of radiation in the various regions of the pellet as well as of
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FIG. 4. Gain Q versus initial energy Em, for classical and Bohm diffusion, an initial plasma density
of 2.5 x 102' m~3 and an initial plasma radius of 0.25 cm.

the amount and time of concomittant heating that results from
the absorption of this radiation. We find that very little
absorption takes place in the halo rgion, and most of the
radiative energy appears in a thin region of the metal surface
that is adjacent to the halo region. This energy deposition
contributes significantly to the heating and ionization of
that region and, in turn, to the buildup of the back pressure
that tends to slow down the expansion of the hot plasma core,
thereby leading to a substantial enhancement of its lifetime.
Because of space limitations, we shall omit presenting all
the equations required to describe the dynamics of the system.
Suffice it to say that each region will be described by an
appropriate set of particle and energy balance equations along
with momentum equations that reflect the motion of the
boundaries which in turn are related to the shock speed in the
solid metal region. These equations are then solved numerically
to obtain that all important parameter "Q", the energy gain
factor. Figure 4 shows the result for a particular pellet
design and reveals that Q-values of several hundred are,
indeed, possible for modest laser energies of few megajoules.
The figure also shows an interesting result related to possible
drift wave turbulence that might occur in the target plasma.
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For the parameters shown we note a significant enhancement in
the Q-value associated with Bohm diffusion compared to that of
classical diffusion. We attribute that to more efficient
fuelling of the hot plasma from the halo region that can occur
in the presence of turbulence. It is also possible that the
situation may be reversed for certain pellet designs signalling
the possible quenching of the hot plasma if excessive cold
plasma enters that region. The fact remains, however, that
sufficiently large Q-values, appropriate for power reactors,
can Indeed be obtained from MICF with proper target design and
optimization.
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Abstract
PROGRESS TOWARD INERTIAL FUSION WITH LIGHT ION BEAMS AT SANDIA NATIONAL
LABORATORIES.
Inertial Confinement Fusion driven by lithium ion beams is being pursued on the Particle Beam
Fusion Accelerator II at Sandia National Laboratories. Reliably synchronizing the 36 pulsed power modules has allowed the experiments on ion beam production and focusing to progress at the rate of one
test per day. The accelerator has been operated at reduced energy to reproduce and extend the data base
from previous accelerators. In this mode, 500 kJ are coupled to the diode, 425 kJ to the ion beam,
220 kJ to a single species, but only 75 kJ to the target. Solenoidal lens bending and diode impedance
collapse from magnetic field diffusion into the anode plasma explain the inefficiency. The horizontal
beam divergence needed for ignition (20 mrads) has been achieved. The divergence is smallest with
small gaps between the anode and the virtual cathode. A 10% full width at half maximum variation in
the instantaneous ion beam energy is recorded. The results are consistent with an electromagnetic instability, although other explanations are possible. The data and associated theory indicate that very high
current density diode operation is desirable for efficient beam generation and focusing. The light ion
approach to a Laboratory Microfusion Facility that will produce a range of thermonuclear yields from
200 to 1000 MJ is based on the magnetically insulated linear induction accelerator concept recently
tested in Hermes III.

1.

PROGRESS ON ASYNCHRONY, PLASMA OPENING SWITCH, ION
SOURCES, AND X-RAY DIAGNOSTICS

The Particle Beam Fusion Accelerator II (PBFA II) [1] is being
developed for Inertial Confinement Fusion (ICF) ignition experiments.
Progress in several areas has been substantial. Redesigned laser triggered
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gas switches [2,3] have adequately synchronized all 36 PBFA II modules to
< 15 ns total spread. The power pulses are further smoothed in the
magnetically-insulated adder section, which provides subnanosecond
simultaneity at the plasma opening switch and/or diode. The simultaneity is
required for adequately symmetrical implosions. LiF field enhanced ion
sources [4] have been successfully tested on PBFA II. About 75% of the
ions and 65% of the ion energy are in Li+ ions. Lithium ion production and
focusing experiments on PBFA II have begun while the electrohydrodynamic
(EHD) [5] and laser ionized lithium [6] sources are being developed. Ion
beam focusing experiments are reported in subsequent sections. The first xray spectra from ion heated targets on PBFA II demonstrate a capability to
measure target emission in the presence of the harsh x-ray background.
Hohlraum characterization and hydrodynamic experiments will begin when
ion beam optimization is adequate.
Plasma opening switch experiments on PBFA II have tested seven
switch configurations. Three of these configurations work as nearly ideal
switches into a 5-ohm load impedance. If these results scale as PBFA II
goes to full energy, including an improved transformer reconfiguration, then
PBFA II should deliver 30 million volts to the ion diode.
2.

ION BEAM GENERATION AND FOCUSING EFFICIENCY

Intense ion beams are produced and focused in single stage ion diodes,
as reviewed in Ref. 7. Efficient conversion of electromagnetic energy to
ion beam energy requires control of the load impedance. With PBFA II
operating at half energy, 500 kJ of energy are coupled to the ion diode;
425 kJ are in ions. The multi-species ion source in this experiment
produced 220 kJ in protons. However, the impedance monotonically
decreased during the power pulse, causing the beam energy to vary by 50%
during the pulse. This severe variation produced time dependent bending of
the beam as it passed through the applied-B field, which acts like a
solenoidal lens in the transport section. Therefore, only 75 kJ were focused
onto the 10 mm diameter target. Applied field bending will be less of a
problem with lithium, but the voltage variation must be controlled and the
ion beam kept away from the solenoidal lens to minimize this effect.
A new theory of diode impedance has been developed and confirmed
by data from PBFA II and previous accelerators [8]. The position of the
electron sheath is determined by the injected electron charge, the ion
stagnation pressure, the magnetic flux between the anode and the cathode
and between the virtual cathode and the transport cell, and diffusion of the
magnetic field into the anode surface. The dynamics of the electron and ion
flow are derived from the balance of electromagnetic and particle pressures
at the anode and cathode surfaces [9]. Application of the theory is
simplified if the electron density is uniform within the electron sheath.
Recent detailed measurements of electron density in high current density ion
diodes at Cornell University [10] and the Weizmann Institute [11] and
numerical simulations at Sandia justify this assumption.
The diode impedance monotonically decreases with time. Our new
analysis of PBFA I data indicates the collapse is caused by diffusion of the
insulating magnetic field into the anode plasma. The diffusion depth varies
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with the square root of time after a delay and is consistent with anomalous
or classical resistivity, depending on the anode plasma regime. In either
case, the onset of significant diffusion of field into the anode plasma
appears to occur after plasma compression has slowed and convective effects
no longer limit the resistive layer growth. Impedance collapse and the
resulting voltage variation should be ameliorated by using a metallic Li ion
source that produces ions by field evaporation or field ionization without a
resistive plasma on the anode. These mechanisms require a large electric
field enhancement at the anode. If the anode is liquid lithium metal, the
electrohydrodynamic (EHD) instability can produce the required
enhancement in a few nanoseconds with submicron spacing between emitters
under projected PBFA II conditions [5]. The EHD source has not been
satisfactorily tested on PBFA II because the electric fields in the reduced
energy mode are too small.

3.

ION BEAM DIVERGENCE AND ENERGY SPREAD

The required focal spot size for PBFA II ignition experiments is
6.0 mm full width at half maximum (fwhm). The protonic portion of the
PBFA II beam has been focused to 5.7 mm fwhm, as measured by an
energy-resolving ion pinhole camera [12]. The voltage was between 3.2 and
3.9 MV and, consequently, the required focal spot size has been achieved
but it must be maintained as the voltage is being increased to the 30 MV
level desired for ignition experiments with lithium at full PBFA II energy.
Quarter and half energy experiments were conducted to observe ion
beam horizontal divergence scaling with applied magnetic field, mechanical
anode-cathode gap, voltage, insulating field geometry, and ion source
structure. The experimental variations are described in Ref. 13. The new
data indicate the focal spot size increases with the mechanical gap d
between the anode and the cathode and with the dynamic gap g, which is
the spacing between the anode and the virtual cathode. The dynamic gap is
given by g=d(0.18 Jch/h)1^2 f ° r 10n current density J; and monopolar spacecharge-limited ion current density J CL . S is the horizontal fwhm of the
focal spot at the target 15 cm from the anode and is well correlated
(R=0.86) with both d and g. In spite of the large number of experimental
variations, 90% of the data in each analysis—S(d) and S(g)—fall in a tight
grouping about a straight line. A least squares fit of the 90% subset gives
S=0.35g+O.003 and S=0.279d-H0.00275 in meters. The 10% of the data that
are exceptions offer further insight. In the analysis by dynamic gap g, the
exceptions have larger than expected spot sizes and correspond to magnetic
field configurations that decrease electron flow into the anode-cathode gap.
A cause for the exceptions in the analysis by mechanical gap d is not
known, but it would need to substantially decrease the focal spot size.
If the scaling with mechanical gap d is fundamental, then the
mechanical diode gap must be less than 12 mm to produce the required
6 mm focal spot diameter. The corresponding applied magnetic field for
obtaining 30 MeV ions would be a prohibitive 17.5 Tesla and the divergence
would have to be improved significantly. The divergence data were
obtained for protons from flashover ion sources and may be different for
lithium from more uniformly emitting ion sources. The simple linear
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relation between divergence and mechanical or dynamic gap suggests a
single cause for most of the divergence. Control of that cause should give
much brighter ion beams.
If the scaling with dynamic gap g is fundamental, the required focal
spot should be obtained with a 25 mm diode gap (8.6 mm dynamic gap) and
an applied magnetic field of 6.8 Tesla. Such a diode should be practical.
More data and analysis are needed to understand what controls beam
divergence and to determine if the focal spot diameter scales with d or g.
The distribution of ion energies during the pulse was measured with a
time-resolved magnetic spectrograph and corrected for time-of-flight and
scattering effects. A 10% spread in instantaneous ion kinetic energy is
typical and is approximately the same as observed [14] on the Proto I
accelerator. The energy spread could be caused by ionization and charge
exchange effects near the anode, fluctuations driven by inhomogeneous ion
emission, or an electromagnetic instability of the electron sheath [15,16].
Each of these mechanisms will also introduce horizontal divergence,
which we have calculated as a function of energy spread. The data are
consistent with each mechanism but the linearly increasing divergence with
increasing gap is not consistent with charge exchange and ionization as the
dominant mechanism.
4.

LIGHT ION APPROACH TO THE LABORATORY MICROFUSION
FACILITY

Encouraged by recent successes in inertial fusion targets at Lawrence
Livermore National Laboratory and Los Alamos National Laboratory, the
United States Department of Energy is planning a Laboratory Microfusion
Facility (LMF) for high target yields (200 to 1000 MJ) [17]. The driver will
be determined in the early 1990s from a competition between lasers and ion
beams. The light ion approach will utilize lithium beams extracted from the
diode and transported 2.5 to 6 m through a 1.5 to 3 m radius chamber to the
target. We have developed a 70% efficient extraction ion diode and
substantiated the theory [18] for that diode geometry. This diode permits an
LMF option to be based on the Hermes III (22 MV, 730 kA, 600 kJ)
accelerator [19], which began operating as a gamma-ray simulator at Sandia
in February 1988. The Hermes III design has already proved to be low cost,
reliable, and durable. The distributed pulsed power is extendable to
repetitive operation for energy applications. This concept is explained in
the LIBRA [20] reactor study and information from that study is being used
in the LMF conceptual design study.
Hermes III technology must be adapted for positive polarity operation.
Finding ways to suppress or retrap electron emission to < 1 A/cm 2 from a
cathode stressed to 1.2 MV/cm would let the magnetically insulated
transmission line (MITL) operate as a normal vacuum-dielectric transmission
line. Applied magnetic fields to insulate the electrons and convoluted
transmission lines to invert the polarity after voltage addition are also being
studied. If this critical issue is resolved, Hermes III can be developed to
demonstrate the pulsed power, extraction ion diode, beam transport, pulse
shaping, and hohlraum physics necessary for an LMF driver with light ions.
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Abstract
INERTIAL CONFINEMENT FUSION RESEARCH WITH LIGHT ION BEAMS AT ILE OSAKA.
A light ion beam generator using an induction voltage adder is proposed as inertial confinement
fusion driver. This system can generate high voltages and is characterized by high flexibility of the operational range. A prototype system (Reiden IV-SHVS) has already been developed. This is an eight stage
induction adder powered by a second pulse forming line of the Reiden IV pulsed power machine. An
output voltage of 4 MV and a pulse width of 100 ns were obtained. The first ion diode experiments on
the induction adder were performed with a plasma injection ion source. The experimental results indicate the possibility of diode impedance control by changing the injection plasma density. Waveform
shaping is demonstrated by changing the transit times from the puise forming line to the induction cavities. This may be a promising method of shaping waveforms of the output voltage in order to achieve
beam bunching for high gain implosion experiments. Beam-target experiments are performed on the
Reiden IV-H (2 MV, 50 ns, 9 fl) pulse power machine. A radial focus ion diode with applied magnetic
field is used. The rear surface luminescence of the plane target irradiated by a proton beam is observed.
The energy transport in the target shows the effect of the energy distribution of the injected ions. This
is important in the case of a bunched beam implosion in which the beam energy increases with time.
The implosion simulation implies the effect of contamination of various ion species; ion energy variation
in time is important for the implosion performance.

1.

INTRODUCTION

Light ion beams (LIBs), which are effectively generated by pulsed power
machines, are promising candidates as energy drivers in inertial confinement fusion
(ICF). The key issues for ignition and high gain implosion experiments with LIB are
the generation of high voltage pulse power to obtain high brightness and beam
bunching and an understanding of implosions driven by ion beams. We had already
shown previously by experiments that the required beam focusing was achieved by
using heavier ion species [1], accelerating to higher energies [2] and correcting the
aberration of the focusing beam appropriately [3]. For this purpose, we have proposed a superhigh voltage generation system (SHVS) to accelerate ions heavier than
protons as LIB-ICF drivers; we have concentrated our efforts on the development
of the SHVS.
1
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DEVELOPMENT OF SHVS AND BEAM TECHNOLOGY

A superhigh voltage generation system, which accelerates the light ion beams
to several tens of MeV without beam transport [4] has been developed. Figure 1
shows the schematic configuration of the SHVS, induction voltage adder LIB-ICF
driver system. The inputs of the induction cavities, which represent a 1:1 transformer
with toroidal magnetic core, are powered by a pulse forming line through power feed
lines. The output voltages of the induction cavities are added by a coaxial, magnetically insulated transmission line (MITL). The output voltage waveform can be
shaped by delaying the arrival time of some of pulses at the cavities [5]. The high
voltage output pulse is directly applied to the ion diode by the vacuum coaxial line.
The flexibility of increasing voltage and current and changing the composition of the
output geometry is an important feature of the SHVS type accelerator.
A two stage, charge stripping ion diode [4] is considered as the SHVS diode;
it reduces the length of the SHVS, the damage done to the diode and the MITL voltage. Two diodes are fed by a triaxial MITL. In this diode, singly charged ions are
stripped after acceleration at the first stage diode; subsequently, they achieve the
acceleration energy of the charge state times the voltage of the second stage diode.
The triaxial MITL supplies the power to the diodes. For example, 6 MeV Li + ions
are stripped to Li + + + by a 0.01 ^m thick plastic foil with an efficiency higher than

Injection^ Stage

induction Core

Reactor
Chamber
Fusion
Target
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Beam
for
Plasma
Channel
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FIG. 1. Schematic configuration of SHVS induction voltage adder in the LIB-ICF driver system. The
two stage ion diode is also shown.
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FIG. 2. Configuration of prototype SHVS eight stage induction adder. The ion diode is located at the
centre of the cavities. The inner conductors are positive and negative high voltage electrodes.

95%. The mean scattering angle on this stripping foil is estimated to be less than
1 mrad. The stripped ions are accelerated to an energy of 30 MeV by the 8 MV
second stage diode. Charge stripping, canonical angular momentum control, beam
transport between the diodes, constant current mode operation of the second diode
and beam focusing should be studied.
A prototype machine, Reiden IV-SHVS [6], has been constructed. It consists
of a pulse forming section, a power dividing section, an inductive cavity voltage
adding section, and the ion diode. The configuration of the eight stage SHVS and the
ion diode is shown in Fig. 2. Each cavity was powered by four 50 0 high voltage
cables; the matching impedance of one cavity was 12.5 Q. Amorphous magnetic
material was used as toroidal core. The overall length and the diameter of one induction cavity were 0.5 m and 1 m, respectively. The output voltages of all four cavities
were added by two inner conductors which fed a negative and a positive high voltage
power pulse to the central ion diode section. Each cavity was operated by a maximum
voltage of 0.5 MV so that a final output voltage of 4 MV, a current of 40 kA and
a pulse width of 100 ns were achieved [7]. In this prototype machine, the insulation
between the outer ground electrode and the inner high voltage conductor was mainly
obtained by an externally applied axial magnetic field (4 kG) instead of an azimuthal
self-B field due to low current operation. No significant current loss was observed
up to a field strength of 0.3 MV-cirr 1 . An analysis of the experimental results on
the prototype machine indicated the limiting voltage and the efficiency to be 100 MW
and 90%, respectively [8]. In the future, the limitation of voltage in the self-B insulation system can be overcome by an externally applied-B field system.
A beam extraction type applied-Br ion diode was used in the SHVS experiments. Annular beams of 8 cm diameter were generated. An anode ion source with
a carbon flash board was placed in the anode electrode. An ion flux higher than
30 A • cm"2 was injected into the diode gap through a transverse magnetic field. This
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FIG. 3. Voltage waveforms at the induction cavities, delayed by power feed cables of different lengths
and added at the diode. A rising voltage waveform suitable for carbon beam bunching was obtained.

active ion source reduced the time delay of the ion current turnon time of 15-20 ns,
which was a typical value for a paraffin groove anode, to less than 5 ns. The diode
impedance rapidly decreased, at an early stage of the pulse, to 50-80 fi and gradually
increased after that, because of the lack of an ion source plasma. The experimental
data of the ion diode time histories showed that the diode impedance should be controlled by changing the flux of the ion source plasma. A disadvantage of this type
of ion source may be the displacement of the ion emitting surface during the power
pulse. This effect was inferred from the results of beam trajectory measurements.
Further intensive studies are required.
Voltage waveform shaping was demonstrated on SHVS. The pulse arrival times
at the induction cavities were changed by using power feed cables of different
lengths. A constant current mode of diode operation was considered in designing the
voltage waveform shaping for ion beam bunching. This mode of operation should be
realized by using a plasma injection ion source or ion beam injection into the diode.
Cavities 1-5 were fed through 10 m cables and cavities 6, 7 and 8 were fed by 20 m,
22 m and 23 m cables, respectively. The voltage waveform of each cavity and the
corrected inductive load voltage are shown in Fig. 3. A rising voltage waveform was
obtained. Beam bunching was measured after 40 cm transport in vacuum.

3.

BEAM-TARGET EXPERIMENTS AND IMPLOSION SIMULATION

Beam-target experiments were performed on the Reiden IV-H pulsed power
machine with a 6 cm diameter radial focus applied magnetic field ion diode [9]. The
rear surface luminescence of the plane targets irradiated by focused proton beams

IAEA-CN-50/B-H-6

109

(1 MeV, ~ 1010 W-cm"2) was measured in order to study the energy transport in
the target [10]. Rutherford scattered ions from the beam side of the target were measured by a filtered ion pinhole camera. The radiation from the rear surface of the targets was measured by a four channel optical pin diode with different filters. Figure 4
shows the observed signals from a gold target with thicknesses of 3, 10 and 20 /am.
The peak temperatures of the rear surface were estimated to be 8, 1.6 and 1.1 eV
for 3, 10 and 20 pm thick targets, respectively. In the case of the 3 pm target, the
rear surface temperature rose in coincidence with the diode power pulse, and after
the peak the temperature gradually decreased in time, because of hydrodynamic
expansion of the target. In the case of a thicker target, two peaks of radiation intensity
were observed, corresponding to shock heating and thermal conduction peaks. A
computer code, ILESTA-PB, which includes ion beam energy deposition and
hydrodynamics, was used to simulate the experiments. The simulation results indicated that the plateau at the rising part of the second peak of the rear surface luminescence signal was caused by an ion beam at the decreasing part of the diode voltage.
Figure 5 shows calculated temperature profiles of the target at different times. The
plateau in the temperature profile was formed by the decrease of the energy deposition region with time. The target acceleration depends on the pressure of the heating
front. The target implosion will be strongly affected by the time variation of the ion
energy.
The implosion simulations were performed by a 100 MeV, 1 MJ carbon beam.
The target was a cryogenic D-T shell inside a gold shell ablator/pusher of 4 mm
diameter, a-particle heating was ignored in order to see the effect of preheating and
the variation of the ion energy more clearly. A more efficient implosion was obtained
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FIG. 4. Luminescence from the rear surface of the gold target irradiated by proton beams.
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FIG. 5. Calculated spatial temperature profiles in the target irradiated by proton beams. The arrow
indicates the position of the maximum beam energy deposition.

with a bunching beam in which the ion energy increased with time. When ions heavier than protons were used, the target preheating by proton contamination in the beam
reduced the implosion performance. The acceptable contamination rate changed with
the proton energy but lower energy protons were more dangerous. 100 MeV protons
of 1.5% and 25 MeV protons of 0.5% contamination reduced the maximum fuel pR
by 20%.

4.

SUMMARY

In this paper, we have proposed the SHVS LIB-ICF driver system. The prototype of an SHVS, eight stage induction adder was developed, and an output of 4 MV
and 100 ns was achieved. Voltage waveform shaping was successfully performed by
using transit time delay and voltage adding. Ion diode experiments on SHVS were
performed with a plasma injection ion source. The experimental results showed an
improvement of the turnon delay from 15-20 ns to less than 5 ns and the possibility
of diode impedance control by plasma injection. Observation of the rear surface
luminescence of the gold target irradiated by focused proton beams showed an effect
of energy variation of the injected ions on energy transport. Implosion simulation
clarified the effect of ion energy variation in time and beam contamination on the
implosion performance.
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Abstract
HIGH POWER KrF LASER AND LASER-PLASMA INTERACTION EXPERIMENTS.
The 1 kJ KrF laser system Ashura and preliminary results of target shooting experiments are
described.

1.

INTRODUCTION

Ultraviolet (UV) laser light has several advantages in laser-plasma interaction
processes such as efficient energy deposition, high ablation pressure, high
hydrodynamic efficiency and reduced suprathermal electrons [1]. The KrF laser with
a pulse compression system is considered to be one of the promising drivers for
inertial confinement fusion (ICF), because of its high overall efficiency, its scalability
up to megajoules and advantages of the UV laser in the laser-plasma coupling
mentioned above. From the viewpoint of reducing the dimensions of the driver to a
reasonable size, increasing the intrinsic efficiency and relaxing the complexity of the
driver system, the final amplifiers of practical ICF drivers should be operated at high
power density level and high pumping densities [2].
In direct drive laser fusion, the quality of the beam on the fuel pellet, i.e. uniformity and contrast ratio, etc., is required to be well controlled to achieve high density
compression of the fuel pellet. The laser system will be evaluated and improved by
making use of our knowledge of laser-plasma interaction physics obtained by target
shooting experiments.
According to the point of view mentioned above, we are developing the high
density pumped, high power KrF laser system Ashura [3] and studying laser-plasma
interaction physics to evaluate the feasibility of KrF laser driven ICF.
113
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ASHURA; 1 kJ KrF LASER SYSTEM

Ashura consists of a discharge pumped KrF oscillator, three electron beam
(e-beam) pumped KrF laser amplifiers and an optical pulse compression system. The
system layout is shown in Fig. 1. For pulse compression, six-times optical pulse
multiplexing and stimulated Raman scheme are being investigated in parallel.
The laser energy expected at the end of the amplifier chain is 1 kJ in 100 ns,
and the estimated energy in compressed pulses is 600 J in 10 ns, 800 J in 17 ns and
500 J in 2 ns in case of pure Raman, angular multiplexing and hybrid compression,
respectively.
A picosecond pulse amplification system is being developed in parallel. This
will be used to produce a hard X-ray source of plasma diagnostics as well as to
develop X-ray lasers.
2.1. Amplifiers
The first amplifier (Amp-1) is modified to a configuration of cylindrical
pumping from single side pumping for measuring the gain characteristics of a
strongly pumped krypton-rich mixture [4].
The laser gas of the second amplifier (Amp-2) is pumped by e-beams from the
opposite side. Two co-axial pulse forming lines (PFLs) are charged up to 900 kV in
750 ns by an 11 kJ Marx generator. The e-beam is emitted from a 10 x 60 cm2
cathode and injected into laser gas through an anode foil and a pressure foil from
13 and 30 /tm thick titanium foils, respectively. The pressure foil is supported by a
'hibachi'1 structure that has a geometrical transmission of 83%. The pumped
volume of the laser gas is 24 L (20 x 20 x 60 cm3). The deposited energy of
2.5 kJ in the 2-atmosphere argon dominant mixture is measured by means of pressure
jump calorimetry. The pumping density is 1.0 MW-cm"3. A maximum laser energy
of 230 J in 100 ns is generated by Amp-2 operating as an injection locked oscillator,
where the total pressure of the Ar/Kr/F2 medium is 1400 torr. The intrinsic
efficiency and the overall efficiency are 10% and 2%, respectively.
The main amplifier (Amp-3) is designed to emit an optical energy of 1 kJ. The
schematic drawing of Amp-3 and the cross-sectional view of a laser head are shown
in Fig. 2. Four co-axial PFLs are charged up to 1.1 MV in 1 us by a 40 kJ Marx
generator. The laser gas is excited by radially injected e-beams from eight directions.
By adopting an axially symmetric e-beam diode structure, the laser gas is pumped
uniformly with a high pumping density of 1.4 MW-cm"3. Amp-3 has an active
volume of 66 L (29 cm diam. x 100 cm). For the present, although the operation
condition is not optimized, a laser energy of 710 J in a 95 ns pulse is obtained with
an intrinsic efficiency of 11% and an overall efficiency of 2%.

' 'hibachi' is Japanese for 'braiser' or 'fire-box'.
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FIG. 1. Ashura laser system: OSC — oscillator, Amp-1, 2, 3 — amplifiers, SG — Stokes generator,
RA — Raman amplifier, RC — Raman compressor, DM — dichroic mirror, BS — beam splitter,
p — polarizer, PA — pre-amplifier for picosecond pulse, PS — picosecond front end, TC — target
chamber.
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FIG. 2. Schematic drawing of Amp-3 and cross-sectional view of part of laser head.
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2.2. Pulse compression system
The optical angular multiplexing system consisting of six beams and the beam
combining system are in preparation for the micro-sphere implosion experiment. At
present, two beam lines of the system have been examined with 30-ns pulses and have
demonstrated an amplified energy of 150 J in a pulse with 90% multiplexing efficiency . A fraction of the beam energy of 90 % is contained in a 0.13 mrad divergence
angle. A pre-pulse level of 10"6 is estimated by measuring the intensity and the
angular distribution of amplified spontaneous emission (ASE) and the 'cross-talk'
caused by the scattering of the beams.
In the picosecond pulse amplification experiment, an energy of 1.9 J in a 6 ps
pulse is obtained by using Amp-2 as a double pass amplifier.
For beam combining, further pulse compression and ASE suppression, nonlinear optical techniques, e.g. forward and backward Raman scattering, have been
examined by using the output pulse of Amp-2.

3.

TARGET SHOOTING EXPERIMENTS

Target irradiation experiments are performed to study laser-plasma interaction
by using Ashura and high power glass lasers.
The hydrodynamic acceleration of planar targets by the long pulse laser is
studied by using the output beam of Amp-2, which is operated as an injection locked
oscillator. The beam is focused by a spherical lens of 1 m focal length. Half the beam
energy is concentrated within a diameter of 0.2 mm. Experiments are conducted at
a focused power density of about 10 n W-cm"2 and a pulse width of 70 ns. The
velocity of the accelerated target is measured by an optical shadowgraph technique
using a nitrogen laser (337 nm) pulse. The velocity of the 0.2 mm thick aluminium
(Al) target of 2 x 105 cm-s"1 is obtained at an irradiated power density of
2 x 10 n W-cm"2. Blowout of the rear surface of 0.2 mm thick Al target is
observed at a higher power density of 1 x 1012 W-cm"2. In case of a target that is
thinner than 0.2 mm, the target is burnt away during the laser pulse, i.e. the target
becomes transparent to the laser beam. Burnout times of 37 ns and 61 ns with respect
to the rise of the laser pulse are observed for 0.1 mm and 0.2 mm thick Al targets,
respectively. The mass ablation rate of the target is measured by using polystyrene
coated copper targets. X-ray emissions observed at an X-ray energy of about
1 keV are delayed, in accordance with the ablation time of the polystyrene coat.
A mass ablation rate of 4 x 105 g-cm" 2 -s"' is estimated at a power density of
2 x 1012 W-cm"2. These data agree with extrapolated values based on our previous
results of short pulse UV irradiation experiments [5] as is shown in Fig. 3.
The effects of small scale irradiation non-uniformity on non-linear couplings are
investigated in a power range of 1013 to 1014 W-cm"2 by using the second harmonic
output (530 nm) of the high power glass laser. Randomly phase shifted irradiation
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FIG. 3. (a) UV shadowgraph ofAl target; (b) delay time of X-ray flash, i. e. burnout time of polystyrene
coating; (c) mass ablation rate M, velocity of target V and ablation pressure P as functions of irradiated
power density. Hatched areas: reached by glass laser experiments [5], where the V area is reduced to
conditions similar to those of the KrF laser experiments.

has a tendency to decrease the stimulated Brillouin scattering although the focus
pattern consists of a bundle of several micron sized intense beams of higher power
density than 1014 W-cnr 2 .

4.

SUMMARY

The 1 kJ KrF laser system Ashura has been described. The uniformly pumped
Amp-3 delivers a laser energy of 710 J in 95 ns with an intrinsic efficiency of 11 %.
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Two beam lines of the optical angular multiplexing system are examined. A laser
energy of 150 J is obtained in a 30 ns pulse. A fraction of 90% is contained in a
divergence angle of 0.13 mrad. An ultrashort pulse of 6 ps is amplified to 1.9 J
energy. The targets are irradiated by a long pulse laser at a power density of about
1 X 1012 W-cm"2. The accelerated velocity and the mass ablation rate are consistent with values extrapolated on the basis of the results of high power glass laser
experiments. A tendency of SBS decrease is observed by the randomly phase shifted
irradiation.
The experiment in the higher power regime with shorter pulses is performed by
using the output of the optical multiplexing system for better understanding of the
ablation and compression processes. Ashura will be developed by utilizing our
experimental results.
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Abstract
RECENT PROGRESS IN THE LOS ALAMOS RrF PROGRAM.
The major effort in the Los Alamos ICF program at present is the investigation and development
of KrF technology to determine its applicability for use in a laboratory driver facility. The Aurora laser
system is a prototypical KrF driver having 96 beams and producing a nominal 10 kJ in a 5 ns pulse.
This facility is expected to become fully operational in 1989-1990. In target fabrication, techniques are
being developed for producing tracered targets, which will be used in the study of instability growth.
In addition, a technique, referred to as beta layering, is being investigated for fabricating cryogenic targets. Target physics studies are carried out in the areas of x-ray conversion, self-focusing and filamentation, and instabilities in convergent geometries. Technologies and designs are being developed for lower
system costs at high energy levels. These developments are being applied to designs at an "intermediate" driver level of a few hundred kilojoules. The authors consider construction of an intermediate size
facility for demonstrating driver technology and target performance more prudent than proceeding
directly to a multimegajoule laboratory microfusion facility.

1.

INTRODUCTION

The goal of the Inertial Confinement Fusion Program (ICF) is to
develop the ability to ignite and burn small masses of thermonuclear
fuel.
Although the present near term objectives of the program are
directed toward defense applications, ICF research continues to be
carried out with a view to the longer term goal of commercial power
production [1].
The characteristics of a KrF laser make it an attractive candidate as
an ICF driver. The KrF wavelength of 248 nm provides a target coupling
that is very high at intensities of lO^W/cm^ . In addition, the KrF laser
can be repetitively operated at frequencies appropriate for a power
reactor and has an intrinsically high efficiency, which allows
projections to the long term goal of energy production [2].
119
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The ICF program at Los Alamos consists of driver development,
target design and fabrication, and target experimentation.
The major
effort at present is the investigation and development of KrF
technology to determine its applicability for use in a laboratory driver
at Los Alamos.
Such a driver would be used in defense
related
technology studies and in areas of scientific study such as highly
ionized materials and high-energy-density physics.

2.

AURORA PROTOTYPE

The Aurora laser system is a prototypical driver on which KrF
technology issues are being addressed in a system environment [3]. The
laser is designed to produce a nominal 10 kJ in 96 pulses each having a
pulse length of 5 ns. The system employs a multiplexing a p p r o a c h
whereby a single 5 ns pulse from the front-end oscillator is split,
through a series of beam splitters and mirrors, into the 96 beams. T h e
beam paths are staggered such that the 96
5 ns pulses are routed
through the amplifier chain sequentially in time and at slightly
different angles to maintain spatial separation.
The approach allows
the use of only a single amplifier chain for all 96 beams.
Initially, half of the 96 beams, approximately 5 kJ, will be brought
to one side of the target in order to demonstrate beam control,
focusability, and control of prepulse.
Plans for future upgrades
provide the possibility of bringing the full complement of 96 beams to
the target for two sided illumination at the 10 kJ energy level.
Aurora is currently nearing completion and is expected to be
brought to operational status during the calendar year 1989. The first
experiments on Aurora will concentrate on beam characterization and
laser-matter interaction at KrF wavelengths.
Later experiments will
address the important issues of drive symmetry and h y d r o d y n a m i c
instabilities.
3.

TARGET FABRICATION AND DEVELOPMENT

A major direction in the area of target fabrication is the
development of
targets, materials, and techniques for the study of
hydrodynamic instability growth [4].
A technique under study for
diagnosing the growth of instabilities during target implosion uses a
"tracer" layer (e.g., AI, KC1, or S- or Cl-doped parylene) embedded in the
pusher.
This tracer can be imaged using spectrally selective, flash xray backlighting.
(In more complex experiments the temperature and
density of the pusher can be inferred by the absorption-spectroscopic
signature of the tracer layer.) In order to improve the interpretation of
results in spherical targets, "banded" spherical targets have been
developed in which tracer material is deposited only in a ring around
the viewing axis. In one. such target, a 1000 A Al layer was deposited on
a glass microballoon, and then all but the desired cylindrical ring was
removed with a small laser.
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FIG. 1. Symmetrization of a DT ice layer inside a right circular cylinder due to self-heating from the
beta decay of tritium. A: Initial liquid DT fill of the cell. The small bubble at the top, which prevents
the cell from filling completely, is 3He. B: DTjust after being frozen at 19 K. Vie central void is completely dark, showing that the solid-vapor interface is rough on an optical scale. C: DTice layer 25 min
after being frozen shows smoothing. D: After 2 h the DT ice layer is almost symmetrical. Light is beginning to pass through the central area of the layer as the solid-vapor interface becomes optically smooth
owing to the beta heating.
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Very encouraging results have recently been obtained regarding a
novel technique for producing uniform layers of DT ice inside a
cryogenic shell [5]. Following an initial idea by the staff of KMS Fusion,
Inc., this approach uses the fact that heat from the beta decay of tritium
will cause the thicker areas of a nonuniform ice layer to be wanner
than the thinner areas.
The DT in the thicker (warmer) regions
sublimates and recondenses in the thinner (colder) regions.
This
concept has recently undergone a preliminary test at Los Alamos in
which 7 to 12 mg quantities of tritium were frozen in a 5.7 mm diameter
cylinder and viewed through sapphire end windows. Figure 1 shows a
series of photographs of the cylinder as the DT ice layer forms and
symmetrizes.
Possible ICF target concepts using the beta heating
phenomenon have been examined and it is believed that such targets
will be much easier to manufacture and employ in a reactor
environment than previous concepts.
4.

TARGET PHYSICS STUDIES

The target physics studies are addressing three critical ICF areas,
1) instability growth and fuel-pusher mix in convergent geometry,
2)
x-ray conversion and dynamics of high-Z plasmas, and
3) laser light
self-focusing and filamentation.
Since there is no operating driver
currently at Los Alamos, experiments are being conducted at other
driver facilities, including the University of Rochester and the
Lawrence Livermore National Laboratory (LLNL).
This experimental
effort will phase into Aurora as it becomes operational.
To date, laser-driven experimental measurements of RayleighTaylor and other hydrodynamic instabilities have been performed
almost solely in planar geometry. An experiment has been designed (in
collaboration with LLNL) to use tracer imaging techniques for the first
time in detailed studies of instability growth in spherical geometry;
diagnostic techniques for these experiments are being tested at the
University of Rochester.
Initial measurements will stress proving the
method by imaging the growth of simple perturbations (e.g., bumps on
the surface of a CH shell) that have large amplitudes (in the nonlinear
regime) as the shell is imploded to approximately 1/3 its original radius.
Estimates, assuming half-classical growth, suggest that an initial
perturbation of 7 microns amplitude would grow to approximately 40
microns, which is expected to be readily observable.
These techniques
will be extended in the future by combining spectroscopy with imaging.
In the study of self-focusing and filamentation in long scale
length plasmas, a phenomenon has recently been identified, which is
referred to as "flicker"
[6].
This phenomenon results from the
interaction of self-focusing and ion acoustic turbulence, which
produces a chaotic environment that is self-regenerating and results in
a continually shifting focused intensity distribution.
Figure 2
illustrates "flicker" in a sequence of frames taken at 100 ps intervals
from a simulation using the laser fusion code, LASNEX.
Each frame
shows the trajectories of individual light rays in the central region of
the calculation.
Small changes in the ray trajectories cause the focal
spots to shift in space, which results in light reaching the critical
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FIG. 2. Time sequence of frames from a IASNEX simulation showing chaotic, rapidly shifting foci and
redistribution of light at the critical density surface. Once the expected self-focusing and local heating
occur, ion acoustic waves are emitted from all foci. This disturbs the local light paths and causes the
foci to shift. The process is regenerative; thus the foci continually shift or "flicker".

surface to be randomly distributed. This flickering of the light, i.e., the
shifting intensity distribution in the plasma, could have important
implications for the interaction physics.
Further work includes the
development of a scmianalytical model demonstrating the onset of
chaos.
Preliminary experiments have also been performed to test
diagnostics of these phenomena and follow-on tests are planned for the
near future.
5.

FUTURE DRIVER DEVELOPMENT

Much of the Los Alamos effort is directed toward determining the
requirements, feasibility, and cost of a laboratory microfusion facility
(LMF), and to establishing the potential role of KrF lasers for such a
facility.
The apparent energy and power requirements of an LMF
exceed, by about two orders of magnitude, the capabilities of the largest
drivers that can currently be put on target. In addition, the cost of such
a facility is expected to be quite high, of order one billion dollars, even
assuming that major cost savings over existing drivers can be obtained.
At the present time, no driver technology is at a state in which either
the technology or cost scaling to an LMF can be established with a high
degree of confidence.
Furthermore, target coupling and implosion
physics uncertainties are still at a level that could significantly affect
the ability of an LMF to meet its stated goal of 1000 MJ yield. The authors
believe that it would be prudent to develop and use an "intermediate
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driver" in the 200-400 kJ range to
1) demonstrate driver technology
and establish the cost basis for multimegajoule drivers, and 2) reduce
the uncertainties in reactor-scale laser-plasma coupling, indirect-drive
target optimization, and cryogenic target performance in a nearignition regime, thereby conclusively demonstrating adequate control
of reactor-scale targets. An intermediate driver of this scale would also
provide, in the near term, much enhanced capability for hydrodynamic
instability and other high-energy-density physics research.
If
ongoing work at the University of Rochester, NRL, and Los Alamos
continues to show promise, a KrF facility of this type could be designed
to have the possibility of an interesting direct-drive capability as well.

REFERENCES
[1]

[2]
[3]
[4]

[5]
[6]

HARRIS, D.B., ROSOCHA, L.A., CARTWRIGHT, D.C., "Los Alamos National Laboratory
view of commercial drivers for laser-driven reactors", Proc. 3rd ICF Systems and Applications
Colloquium, Madison, WI, 1987, Rep. UWFDM-749, Fusion Technology Inst., Univ. of
Wisconsin, Madison (1988) 29.
HARRIS, D.B., et al., "KrF lasers as inertial fusion drivers", Proc. 11th IEEE Symp. on Fusion
Engineering, Austin, TX, 1985, p. 979.
ROSOCHA, L.A., et al., AURORA multikilojoule KrF laser system prototype for inertial confinement fusion, Fusion Technol. 11 (1987) 497.
GOLDSTONE, P.D., et al., "ICF research at Los Alamos", Laser Interaction and Related
Plasma Phenomena (Proc. 8th Int. Conf. Monterey, 1987), Vol. 8, Plenum Press, New York
(1988) 469-482.
FOREMAN, L.R., HOFFER, J.K., Phys. Rev. Lett. 60 (1988) 1310.
COGGESHALL, S.V., MEAD, W.C., JONES, R.D., "Flicker" in small scale laser-plasma
self-focusing, Phys. Fluids 31 (1988) 2750-2752.

IAEA-CN-50/B-II-7-3

SCALABILITY OF HIGH POWER KrF LASERS FOR
INERTIAL CONFINEMENT FUSION DRIVERS
K. UEDA, H. TAKUMA
Institute for Laser Science,
University of Electrocommunications,
Chofugaoka, Chofu,
Tokyo, Japan
Abstract
SCALABILITY OF HIGH POWER KrF LASERS FOR INERTIAL CONFINEMENT FUSION
DRIVERS.
A wide variety of scaling physics including KrF kinetics, laser parameters, electron beam excitation scheme, local balance in excited laser gas, and amplified spontaneous emission (ASE) loss is discussed. KrF kinetics scaling and laser parameters demonstrate operation of high efficiency for a wide
range of pumping from 100 kW-cnT 3 to 2 MW-cm" 3 . The volume excitation related to the local
equilibrium mechanism due to the return current induced by the electron beam deposition is investigated.
Criteria for high extraction efficiency as a function of gain length products are derived by the 3-D ASE
code. Successful demonstration by the basic module for large scale amplifiers has been carried out. A
high power output of 600 J has been produced with high intrinsic efficiency of about 10%. The
experimental results are in good agreement with the predictions based on the scaling physics of KrF
lasers.

1.

INTRODUCTION

The existence of a high power and high efficiency energy driver is an essential
critical issue for the inertial confinement fusion concept. All results of recent target
experiments indicate that short wavelength laser beams are the most efficient type of
energy injection into the pellet [1]. The KrF laser, which generates a 248 nm UV
radiation of high efficiency, is a promising candidate for a driver to be used in future
experiments of an extended scale, including even reactors.
Thus, electron beam pumped KrF lasers, which have the potential of being
scaled up to large scale systems, have been intensively studied as drivers for
fusion [2]. Most of the work has been devoted to the construction of a system of few
100 J to 10 kJ. The discrepancy from the theoretical prediction for such a large scale
driver system seems to be serious, because of the lack of scaling physics. The energy
driver for a commercial fusion reactor is expected to produce a high power short
wavelength laser pulse of 10 MJ per pulse. Considering the uniform irradiation on
the pellet, the output from a unit device of the power amplifiers is required to exceed
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500 kJ, without losing efficiency. With the help of scaling physics, especially excitation scaling, we intended to study the performance of 500 kJ power amplifiers using
a laboratory size 500 J KrF laser. The physics needed to achieve high efficiency
operation in such a large scale amplifier will be examined in this paper.

2.

KrF KINETICS AND GAIN MEASUREMENT

The typical performance of laser oscillators and amplifiers is determined by the
single pass gain defined as the product of effective gain and active length. If all the
laser parameters of KrF lasers are linear with respect to the pumping density, a large
volume amplifier in low pump rate excitation is equivalent to a small volume, but
high pump rate amplifier. Model calculations based on the steady state reaction
kinetics indicate that the gain is proportional to the pumping rate. So, we have
checked the scaling in the reaction kinetics for a wide variety of pumping conditions.
To separate the formation and extraction efficiencies in laser kinetics, we have
measured the gain coefficient under constant gain conditions, small signal gain, zero
gain, and fully saturated amplification [3,4]. As is shown in Fig. 1, a constant formation efficiency of about 25% was derived from the small signal gain coefficient,
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FIG. 1. Gain parameters and formation efficiency of KrF laser. g0 is the small signal gain coefficient,
Is is the saturation intensity, and gjls is the formation rate of the KrF excimer.
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the saturation intensity and the energy deposition density. The measured gain to
absorption ratio gave optimum energy extraction at 1 MW-cnr 3 pumping, and the
extraction efficiency exceeded 40% for a broad range of pumping rates. The result
of the kinetics study on a 100 J class KrF amplifier can be summarized to the effect
that an intrinsic efficiency of about 10% can be achieved for pumping rates between
0.1 and 2 MW-cm~3.

3.

E-BEAM EXCITATION SCALING

The current limitation due to the pinch effect inside the vacuum diode has been
overcome by dividing the diode into small modules which can be combined in twodimensional configuration. However, the current flows in the laser gas are difficult
to insulate magnetically from each other. In a final amplifier of the ICF driver, a
large volume of about 50 m 3 will be excited by high current electron beams of
10 MA. As is well known, such a large volume discharge with high energy deposition seems to be almost impossible. We have studied the electric potential caused by
the charge deposition in the gas mixture. The plasma return current concept is shown
in Fig. 2. In contrast to the discharge pumping, the return current induced by the
electron beam deposition automatically yielded local current flow balance. A Monte
Carlo calculation including the return current excitation agreed with the measured
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FIG. 3. Extraction efficiency as a function of input and aspect ratio, LID. The ASE loss determines the
efficiency of the large volume amplifier. The input intensity is normalized by the saturation intensity,
Is, and is defined as the ratio of gain to absorption.

deposition profiles. These results suggested the validity of the current neutralization
scheme and confirmed the volume scaling, i.e. the electron beam excitation is free
from plasma instabilities in a large active volume.

4.

AMPLIFIED SPONTANEOUS EMISSION

Another important achievement is the development of a 3-D computer code to
evaluate the effect of amplified spontaneous emission (ASE) [5], which is the
primary physical mechanism limiting the volume of the high power amplifier. Since
the spontaneous lifetime of KrF excimer is extremely short, an intense spontaneous
emission as high as 17 kW-cnr 3 takes place in a saturated KrF amplifier. Thus, the
volume accumulation and the amplification of the spontaneous emission are the
primary physical phenomena decreasing the KrF laser efficiency. It was, however,
very difficult to describe the ASE in a simple model because the ASE is a kind of
mixed state of spherical and plane waves. In our ASE code, in all sections of the
active volume spontaneous emission takes place, and all sections connected with each
other by the amplification of the spherically expanding ASE. Iterative calculations
under proper input conditions yielded the gain distribution as a self-consistent solution. Figure 3 shows the typical extraction efficiency as a function of the input intensity. When the gain-length product in the longitudinal direction g0L is equal to 15,
no extraction efficiency higher than 40% was ever achieved, because of the absorption loss even in the case of no ASE loss. The ASE loss depended on the aspect ratio
of amplifier, L/D, i.e. the ratio of length L to diameter D. The ASE calculation
predicted that the maximum stable design for high efficiency operation is g0L = 1 0
in the axial direction and g0D = 3 in the transverse direction.
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500 J BASIC MODULE FOR LARGE SCALE AMPLIFIER

To demonstrate the validity of high efficiency operation of large scale KrF
lasers, we developed a 500 J 'module' having the scalable structure of an electron
beam diode. The module, with an active volume of about 30 x 20 x 100 cm3, was
pumped by four electron beams in an opposed beam excitation scheme. Each diode
module can deliver a 100 kA, 500 kV, 100 ns electron beam from a 20 x 100 cm2
wide aperture cathode. The high pumping rate of 1 MW-cm"3 was achieved with
the help of a guiding magnetic field of 1.3 kG. Since the small signal gain coefficient
is 10% cm"1 for a Kr rich mixture at 1 MW-cm"3 pumping, the gain-length
products of this module are equal to the optimum values predicted by the ASE
calculation.
A maximum output of 600 J was produced from the high pump rate laser
medium of 6 kJ deposited energy. An intrinsic efficiency of about 10% was due to
a high extraction efficiency of above 40%. From the 3-D ASE calculation, scaling
down the pumping rate by one order of magnitude allows a 103 scaling-up of the
active volume without losing the extraction efficiency. Thus the high pump rate,
laboratory size KrF laser of 600 J output demonstrated the experimental simulation

FIG. 4. High pump rate, 500 J, laboratory size KrF laser, equivalent to low pump rate, 500 kJ, large
scale amplifier.

130

UEDA and TAKUMA

of a large scale KrF amplifier with high intrinsic efficiency of about 10% as is shown
in Fig. 4. From the viewpoint of the scaling limit, the 500 kJ output at low pumping
conditions is close to the maximum output of the KrF lasers.
A substantial drop in the KrF formation efficiency, i.e. below 0.1 MW-cirr 3 ,
will decrease the output energy.

6.

SUMMARY

A wide variety of scaling physics including KrF kinetics, laser parameters, electron beam excitation scheme, local balance in the excited laser gas, and ASE loss was
discussed. Using the pumping density scaling, the performance of large scale KrF
lasers of 500 kJ output was predicted by examining the high pump rate, laboratory
size KrF laser of 500 J output. All experimental results were in agreement with the
predictions using the scaling law discussed in this paper. According to the scaling
physics, a large scale UV laser system of 10 MJ output can be achieved by 24 500 kJ
power amplifiers.
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Abstract
PROGRESS IN INERTIAL CONFINEMENT FUSION PHYSICS AND COMPUTATIONAL SIMULATION AT DENIM.
Inertial confinement fusion (ICF) research at DENIM emphasizes several key physics issues and
computational simulation. Progress and results achieved since the 1986 IAEA Conference in Kyoto are
discussed in this paper, covering the following ICF research areas: Laser-plasma interaction studies,
ionization states and optical properties in non-local thermodynamic equilibrium dense plasmas,
hydrodynamics with multigroup radiation transport, modelling and simulation of the light ion beam
KALIF experiments, one-dimensional simulation of ILE-Osaka laser experiments with large high aspect
ratio targets, and direct and indirect drive ICF physics and performance studies. The first three areas
refer to the most critical physics issues built into detailed computational simulation models. The next
two areas address the analysis of available experiments being performed at KfK Karlsruhe and at ILEOsaka with light ion beams and short wavelength lasers, respectively, with the goal of validating the
authors' simulation models. In the last area, from continuing studies into direct drive ICF concepts it
is concluded that high gains require rather ideal conditions of varying ion energy, multilayer targets,
uniform illumination and intense pulse shaping. The first phase study of indirect drive ICF concepts
shows quite good results in ion beam to radiation conversion efficiencies ( — 30%), power flux amplification ( - 1 0 ) and uniform and efficient target compression.

1.

LASER-PLASMA INTERACTION STUDIES

Continuing our work presented at the 1986 IAEA Conference [1], we have
obtained the following results in several ICF critical laser-plasma interaction
phenomena:
(a) Stimulated Raman scattering (SRS) was analysed, with the WAVE code [2]
for representative ICF conditions (0.35 ^m, 1014 W-cm""2, plasma scale
lengths = 100 c/« 0 , few keV). The spectra measured on the left and right hand
sides of the simulation box are plotted in Fig. l(a) and (b). They are obtained by
calculating the electromagnetic field leaving the system. This field is Fourier
analysed over sufficient time for the frequencies between 0 to 3-4 w0 to be resolved.
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FIG. 1. Time resolved Fourier analysis of stimulated Raman scattering: (a) forward spectrum;
(b) backward spectrum.
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This sampling is performed every few time steps (3-10 5t), obtaining the temporal
evolution. The magnitude is finally drawn in log (|E(a>,t)|2/|E(a>,0)|2). For the
forward spectrum, the signature of 3wo/2 has a constant profile, but is supposed to
decay at longer times. The line at o>0 yields the total transmission. The backward
spectrum intensity is higher (~ 10%), and the time evolution does not have a clear
pattern. Forward SRS produces very hot electrons (around 50 keV), but of low intensity (only 0.25%), which may be useful for diagnostic purposes.
(b) Nernst advection effects on B-field growth towards the ablation surface was
analysed for high intensity laser irradiated plasmas. We take advantage of the multifluid
capability of the ANTHEM code [3] for scanning a wider class of problems than in
some previous works [4]. The B-field growth by Nernst advection comes from the
convective amplification of this field by the conduction electrons or, in this case,
by the mean flow of the hot electrons travelling towards the ablation surface. A
growth factor of six has been observed, but there were a lot of situations where no
growth was seen. This inhibition generally comes from the thermal coupling. In 2-D,
and by using a perturbation in intensity, the results are not yet conclusive, but show
some preliminary filamentation. These 'fingers' are produced because the B-field
traps electrons increasing the asymmetry and boots trapping the instability. In
general, low and high intensities preclude B-growth because the collisions are not
effective enough (low number of electrons or high temperature). On the other hand,
a high B-field in the ablation surface is a benefit because it limits the hot electron flux
and moves the critical and ablation points closer, increasing the hydro-efficiency.
The same magnetic intensity, however, makes the ablation surface more unstable.
(c) A new two-dimensional hydrodynamic particle-in-cell (PIC) code has been
developed at DENIM to study mild instabilities and material mixing in laser produced
plasmas, with general 2-D and 3-D ray tracing illuminations. The code shares similar
principles with the SOAP scheme of Nishiguchi and Yabe [5], with a re-zoning
algorithm at each time step. Numerical results show that the PIC scheme is quite
unstable in the stagnation phases, because the sampling is not diffusive, thus
accumulating errors. Advanced monotonic algorithms are now being investigated to
represent the conditions found in ICF targets more accurately.

2.

IONIZATION STATES AND OPTICAL PROPERTIES IN NON-LTE
DENSE PLASMAS

A fully collisional-radiative model is being developed to solve the rate equations of the coupled ground and excited ionic states in non-local thermodynamic
equilibrium (non-LTE) dense plasmas. First results for argon and selenium plasmas
are very encouraging. Next, frequency dependent optical properties are calculated
with the perturbed energy levels and oscillator strengths obtained both by average
atom models, with level splitting, and detailed configuration models [6]. The simpler
models, adjusted by the more detailed ones, are found to be efficient enough for the
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generation of complete atomic data libraries and for on-line coupling with radiation
hydrodynamic computations. Work in this area is presented in a companion paper by
Mi'nguez and Gdmez [7],

3.

HYDRODYNAMICS WITH MULTIGROUP RADIATION TRANSPORT

We have developed a one-dimensional radiation-hydrodynamics algorithm to
simulate non-equilibrium situations found in indirect drive regimes. The multigroup
radiation transport algorithm satisfies the requirements of positivity, second order
accuracy, and fulfilment of the asymptotic diffusion limit. The multigroup equations
are solved implicitly by means of the multifrequency-grey synthetic acceleration
technique. The radiation transport module is coupled to an FCT based
hydrodynamics algorithm and to the on-line evaluation of the multigroup opacities.
Some typical results of the code for the indirect drive regime are depicted in
Fig. 2. The results shown in this figure correspond to the illumination of a central
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FIG. 2. Hydrodynamics and multigroup transport results for an intermediate-Z target illuminated by
the X-rays emitted in an ion beam energy converter. Temperatures (Tr = equivalent radiation,
Tm = material) and density are plotted versus Lagrangian zones. Radiation spectra are plotted at two
selected zones.
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intermediate-Z target at solid density by a high-Z converter heated by ion beam
energy deposition. The high-Z external tamper (initially at solid density) avoids the
radiation leakage along the energy deposition phase, already finished when the X-ray
illumination of the central target occurs. The radiation cavity is defined by the ratio
between the areas of the internal surface of the converter and the external surface of
the target, which initially was equal to eight. The 30 frequency group opacities used
in this simulation were obtained by AA-LTE DENIM atomic models [6]. Note the
strong shock wave produced in the target, the effect of the spherical convergence in
the temperature profile and the non-equilibrium radiation spectra, which depart from
the Planckian source in regions with a thermal front.

4.

MODELLING AND SIMULATION OF THE LIGHT ION BEAM KALIF
EXPERIMENTS

Work at DENIM centres on the analysis of the focusing properties of the
proton beams produced at KALIF, the 1 TW pulsed generator installed at
KfK Karlsruhe [8], the stopping of protons in aluminium foils and shock wave
propagation. Simulation models are also being developed to analyse diode configurations and plasma opening switches. Results and ongoing work have been reported
elsewhere [9].
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FIG. 3. Neutron yield versus aspect ratio for the ILE-Osaka LHART experiments.
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ONE-DIMENSIONAL SIMULATION OF ILE OSAKA EXPERIMENTS
WITH LARGE HIGH ASPECT RATIO TARGETS

The experiments conducted, at ILE Osaka, with large high aspect ratio targets
(Yamanaka et al. [10]) have been simulated by using our ray tracing one-dimensional
hydro code [1]. The interesting physics explored by these targets, which arrived at
a gain of 0.2%, and well posed conditions of experiments, diagnosis and simulations
make them particularly useful in checking the 1-D numerical simulation codes, their
algorithms and involved physics.
Our results for the neutron yield versus aspect ratio presented in Fig. 3,
together with the ILE simulations, show good agreement with the experimental
results in the range close to the aspect ratio corresponding to the higher neutron yield
(-470). Discrepancies with the experiments are observed in the range of lower and
higher aspect ratios, which are explained by inappropriate modelling of the stagnation
phase and by non-uniformity of the laser illumination. The DENIM and ILE simulations in the higher neutron yield compare very well for the different quantities
characterizing the implosion dynamics.

6.

DIRECT AND INDIRECT DRIVE ICF PHYSICS AND PERFORMANCE
STUDIES

We have continued our previous work [1] studying, by one-dimensional simulation, the physics and performance of ICF target concepts directly driven by uniform
beams of short wavelength lasers and light and heavy ions. Our results [11, 12] show
that high gains are obtained for optimized ion energy, pulse shaping and multilayered
high aspect ratio targets, within general stability constraints, with total incident beam
energies of a few MJ.
We are also studying the laser and ion beam energy conversion for indirect
drive ICF by using the radiation-hydrodynamics model developed recently. We have
investigated the energy conversion regime and the interaction of the radiation field
with a fuel capsule. The conversion layer considered for light ion beams consists of
a high-Z external tamper at solid density and an internal high-Z low density foam to
convert the thermal energy in X-rays just after the end of the ion beam pulse. The
numerical results show that the energy conversion into X-rays and the power flux
amplification factor are high enough to compress the target efficiently for a wide
range of ion beam pulse parameters. For example, for a capsule driven by a
50 TW'cm' 2 Li + (30 MeV) beam, we obtain a fraction of energy of - 3 0 % transferred from the converter to the fuel capsule, and an amplification factor of, roughly,
eight. Thus, the power flux requirements necessary to achieve thermonuclear conditions in ion beam fusion can be significantly reduced by the indirect drive concept.
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Abstract
THEORETICAL STUDIES ON NON-LOCAL ELECTRON AND RADIATION HEAT
TRANSPORT.
Recently, a new implosion scheme called stagnation-free or pusherless implosion has been
proposed. In this scheme, a low-Z ablator is used, and the thickness is appropriately chosen as it is
burned out at the end of a laser pulse. Specifically, all the implosion kinetic energy can be contained
in the D-T fuel. However, a small amount of preheating degrades the compression in the D-T hollow
shell target implosion since the solid D-T shell entropy is very low. In the paper, the preheating level
of the fuel shell is studied by Fokker-Planck simulations of the electron heat transport and by X-ray
radiation transport theory. As a result of the analysis, it is found that a thick surface layer of a laser
irradiated low-Z target is preheated by Maxwellian tail electrons with a long mean free path and by
X-ray radiation. Hence, it is proposed that the target should be precompressed by a tailored pulse in
order to increase the shell pAR at the laser peak. Furthermore, the preheating can be reduced by
0.25 /im wavelength laser irradiation.

1.

INTRODUCTION

For D-T ignition to take place in laser fusion, it is required to uniformly
compress D-T fuel to about 1000 times the liquid density. To achieve high density
compression with lower laser energy, we have to keep the fuel adiabat low. Therefore, a solid D-T shell has to be imploded with weak preheating.
From the hydrodynamic stability requirement on an ablator-D-T layer interface
[1, 2], it is necessary to keep the ablator layer density lower than the D-T layer
density in the stagnation phase. Therefore, it is difficult to compress the fuel by highZ ablator-pusher stagnation. Recently, a new implosion scheme, called stagnationfree or pusherless implosion, has been proposed. In this scheme, a low-Z ablator is
used, and the thickness is appropriately chosen as it is burned out at the end of a laser
pulse. In this scheme, all the implosion kinetic energy is contained in the D-T fuel.
1

2
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However, the D-T hollow shell target coated with a low-Z ablator suffers from
preheating through X-ray radiation and high energy electrons. Since the solid D-T
shell entropy is very low, a small amount of preheating degrades the compression
efficiency. In this paper, we investigate the effects of preheating on the compression
and evaluate the preheating level of the fuel shell by using non-local heat transport
theory [3, 4], Fokker-Planck simulation [5] and X-ray radiation transport theory
[6, 7].
2.

LASER ENERGY REQUIREMENT [8]

The laser energy EL required to achieve a pellet gain Q by homogeneously
igniting D-T scales as [8]
EL = A ^ Q 3

(1)

Vc

where ric is the ratio of the total internal energy of the compressed D-T fuel to the
input laser energy and a is the ratio of the internal energy of the compressed D-T
fuel to that which would result from isentropic compression at minimum entropy. The
specific internal energy e and the pressure P of the compressed D-T fuel are approximately given by the ideal gas relations
e = ae0Go//o0)2/3

(2)

P = (2/3)apoeo(fi/po)5'3

(3)

and

where e0 = 0.116 MJ-g"1 and p 0 = 0.2 g-cnr 3 are the internal energy and the
density of the normal solid D-T, respectively. The ratio a defined above is related
to the energy deposition by preheating, q (per gram D-T), through the thermodynamic relation
dq = de + pd(l/p) = e0Go/po)2/3da

(4)

Integration of Eq. (4) by using relations (2) and (3) yields
a3 = (1 + |8)5
where

0 = (3/5e0) f" (P0/P)2/5dq
Jo

(5)
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(see Ref. [6]) and Po = (2/3)poeo = 0.155 Mbar. This result, Eq. (5), indicates
that a very weak preheating, say, q/e0 > 2 increases the internal energy, and then
the required laser energy given by Eq. (1) increases significantly. Therefore, in a
high aspect ratio target with a low-Z ablator, we have to carefully control the electron
and photon high energy tail.

3.

KINETIC ANALYSIS OF ELECTRON HEAT TRANSPORT
In unmagnetized plasmas, the electron heat flux F is given by

F= - ^ v J ^ V T
3

[°V(v 2 -4)f 0 dv

(6)

J

Here, f0 is the electron velocity distribution function, v = v/ve, ve =
and v are the electron temperature and velocity, respectively, and
Xe = T2/7re4ni(z2 + z) In X
is the electron mean free path, where iij is the ion density and z 2 and z are the mean
square of the ion charges and the average ion charge, respectively. The integrand of
Eq. (6) is maximum at 3.7(T/m)1/2 when f0 is Maxwellian. Hence, electrons with an
energy of approximately 7T represent the main contribution to the electron heat flux.
Since the mean free path for electron-ion collisions is proportional to the square of
the energy, the mean free path of the heat carrier is about 2 5 V Furthermore,
Eq. (6) indicates that electrons with energies higher than 15T (the corresponding
mean free path is 100\e) can carry 1.5% of the total heat flux. Therefore, we have
to pay attention to preheating by thermal electrons if there are no hot electrons
generated by resonance absorption and/or various plasma instabilities.
When a D-T shell is directly irradiated by a laser of a few 1014W-cm~2, the
corona plasma temperature reaches a few keV. According to the above discussion,
the absorbed laser energy is transferred to an overdense region, mainly by
10-20 keV electrons. In Figs 1 and 2, the density and the temperature profiles and
the energy distribution function which are obtained by the Fokker-Planck simulation,
are shown for D-T and CH solid shells. The 500 eV heat wave front penetrates by
1.7 mg-cnr 2 into the D-T layer within 1 ns and by 0.8 mg-cm"2 for the CH layer.
In Fig. 2, the electron energy distributions at the heat front are shown. It is seen that
high energy tail electrons reach the ablation front, and an enhanced high energy tail
is formed.
The mean free path of an electron with energy e is
f(e) = 9(e/l keV)2(1021 cm-3/ni)/[z(z + z2)]1/2fim
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FIG. 1. (a) and (c) electron density, and (b) and (d) temperature profiles in Fokker-Planck simulations.
Incident laser parameters are X = 0.53 jim, I = 3 x 1014 W-cm'2 and angle of incidence 25°. The
electron heating is included in the Fokker-Planck equation through the Langdon diffusion operator,
(a} and (b) refer to a D-T shell and (c) and (d) to a CH shell.

For e = 20 keV, the mean free path ( = 50 fim (equivalent to 1 mg • cm"2) and
1= 6/*m (0.6 ing-cm"2) for D-T and CH solid density plasmas, respectively.
Specifically, the penetration depth of 20 keV electrons is approximately the same as
the heat front penetration depth of the simulation described above.
Let us consider a cold and homogeneous plasma which is in contact with a hot
plasma, where the electron distribution function is assumed to be Maxwellian with
temperature T. The energy flux carried by the high energy tail electrons from the hot
to the cold plasma at a distance d from the contact surface is given by
q(d) = 0.28ncTve(2d/Xe)5/6exp[-(3/2)(2d/Xe)1/3]
where i^ is the cut-off density. This indicates that a solid density D-T plasma of
1.5 mg-cm"2 thickness is heated up to several hundreds of eV, when T = 2 keV. In
this case, the heat deposition per gram of D-T is 85 MJ-g"1, which is by three
orders of magnitude greater than the solid D-T internal energy. According to
Eqs (1) and (5), this preheating level is too high for a high gain to be achieved by
a reasonable laser energy. To reduce preheating to a tolerable level, the D-T shell
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F/G. 2. Electron distribution Junctions after 1 ns flat-top laser irradiation. The other parameters are
the same as in Fig. 1. Diagrams (a) and (b) describe f0 at the critical surface (560 urn in Fig. 1) and
the heat front (425 yjn) for a D-T plasma.

has to be thicker than 250 /am, when there is no preheating shield. In this case, the
specific heat deposition will be 0.5 MJ-g"1. When the maximum ablation pressure
is 100Po in Eq. (5), the ratio a becomes 2.

4.

KINETIC EFFECTS OF ELECTRON HEAT TRANSPORT
ON SHELL TARGET IMPLOSION

Recently, various plastic shell targets have been imploded by the GEKKO XII
Glass Laser System. To investigate the compressed plasma properties, protons in the
plastic shell are replaced by deuteriums and/or tritiums. By imploding CD, CDT or
CDTH targets, we observe not only neutrons generated by D-D and D-T reactions
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FIG. 3. Comparison of fuel pR obtained by classical (O) and kinetic (U) simulations of CD shell
targets. The shaded area shows the experimental results for normal laser beams and RA represents the
experimental pR for random phase beams.

but also fast protons knocked on by 14 MeV neutrons, from which we have
determined the compressed core CD or CDT plasma areal mass density.
We have simulated the plastic shell target implosion by the hydrodynamic simulation code HIMICO. In the simulation, the electron heat transport is described by
the Fokker-Planck equation.
The simulation results on pR are shown in Fig. 3. The open squares and the
solid circles designate pR for the flux limited Spitzer-Harm and the Fokker-Planck
equation case, respectively. The experimental results are indicated by the shaded area
in Fig. 3 [9]. The shell thickness dependences are quite different in the two cases.
In the Spitzer-Harm case, the fuel pR becomes maximum for a 7 /tm thick shell. On
the other hand, pR increases with increasing shell thickness in the simulation as in
the experiments when the kinetic effects are taken into account through the FokkerPlanck equation. A comparison of the simulation results with the experiments shows
that tail electron preheating is important for an explanation of the experimental
results.

5.

RADIATION PREHEATING

In view of the above discussions, we have to coat a low-Z ablator on the D-T
layer, which shields the high energy electrons. Plastic (CH) is one of the appropriate
materials for the ablator. However, radiation preheating will become important in
this case.
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where a, and a2 are the average ion distances for protons and carbon, respectively.

When a thick CH layer is heated up to several hundreds of eV, the sub-keV
X-ray emission intensity reaches a significant level. Actually, a 6 fim thick CH layer
is heated up to 200 eV by 1014W-cm"2 laser irradiation and the sub-keV X-ray
emission intensity will be higher than 1013 W-cm"2. Hence, a significant fraction of
the radiation energy is transported both outward and inward. Then, the D-T fuel
layer will be heated up to several tens of eV.
To evaluate the preheating and/or the cooling rate quantitatively, we have to
know the precise emission and absorption coefficients of X-rays in a hot dense CH
plasma. Figure 4 shows the free-free absorption coefficient K, in a solid density ion
mixture of hydrogen-like carbon and protons. The broken line represents Kramer's
formula for the absorption coefficient. Note that the range for 200 eV photons is
about 10 nm. The 200 eV solid density CH layer becomes optically thick for
he < 200 eV, and the emission power of photons in this energy range will be significant. Figure 4 also shows the absorption coefficient reduction factor, Ry, which is
caused by the ion-ion correlation in the hot, dense CH plasma. For the 200 eV, solid
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density CH plasma, the coupling parameter, T (average Coulomb energy)/(thermal
energy), F = 1 for carbon-carbon and 0.058 for proton-proton interaction. Therefore, the carbon ion correlation is important for evaluating the emission and
absorption cross-sections. Actually, the coefficient is reduced by 30% to 10% for 100
to 200 eV photons. More details on the transport coefficients for free-free and
bound-free transitions have been investigated theoretically. Part of the results have
been published in Ref. [7].

6.

CONCLUSIONS

In conclusion, we may summarize that a thick surface layer of a laser irradiated
low-Z target is preheated by non-local heat transport. To reduce preheating, it is
necessary to use a thicker ablator and/or reduce the corona temperature. Hence, we
propose the following strategies in the target design:
(i) The target shell at the laser peak should be compressed so as to be thicker by
pulse tailoring, i.e. we have to compress and accelerate the shell by a low
intensity prepulse.
(ii) Preheating is reduced by low intensity irradiation with a shorter wavelength,
say, 0.25 fim, since the laser produced corona temperature T is lowered
according to the temperature scaling law of (IX2)2'3, for laser intensity I and
wavelength X.
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Abstract
LIGHT ION DIODE RESEARCH FOR INERTIAL CONFINEMENT FUSION.
Four experiments involving magnetically insulated ion diodes are described which address the
application of intense light ion beams to inertial confinement fusion (ICF). Two experiments involve
the generation of ion beams at the 0.5 TW level, one investigates the production and propagation of
a L i + beam, and one probes the electrostatic potential in an ion diode using laser-induced fluorescence
spectroscopy. Recent results from these experiments are presented and their implications for ICF are
discussed.

1. APPLIED-J9* DIODE STUDIES AT 0.5 TW
A series of experiments has been performed on the LION accelerator
(1.5 MV, 4f2, 0.5 TW) with an applied Bz or "barrel" diode [1,2]. A
schematic diagram of the experimental apparatus is shown in rig. la.
The insulating magnetic field, was provided by cathode side field coils
only. An epoxy-filled groove surface flashover anode was used. A plasma
opening switch (POS) was located in the coaxial section of the line with
its flashboard inside the center conductor.
We have concentrated on a detailed study of the impedance of the
diode as a function of the spacing between the cathode tips and the anode,
and the strength of the insulation magnetic field. Without the use of the
POS, the gap spacing was varied (7.5, 6, 4.6 and 2.5 mm) while holding the
insulating field strength at 21 kG. In all cases there is a characteristic knee
in the curves which separates a period of rapid decrease of the impedance
from a period of slower or no decrease as shown in Fig. l b . Notice that
for the two larger gaps, the impedance is nearly constant for 40 ns.
When the POS was used, although the inductances before and after
it were not optimum, both a 25% voltage enhancement and a decrease of
the rise time of the voltage pulse from 40 ns to 20 ns were observed with
a 3 mm anode-cathode gap spacing.
The knee in the time history of the diode impedance suggests that
early time is dominated by formation of the virtual cathode and the surface flashover anode plasma, after which slow evolution of these entities
occurs. Our data also suggest that well controlled diode impedance can
be achieved with surface flashover anodes if large enough gap spacings are
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used (for a given magnetic field). Our ~ 100 stable impedance is comparable to that required on PBFA II, where 4 MA of 30 MeV Li+ ions are
to be produced in a 40 ns pulse.

2. EXTRACTOR GEOMETRY ION DIODE AT 0.5 TW
An extractor geometry ion diode previously described [3], shown in
Fig. 2a, has been augmented by two features. The first is an electron collector [4], a flux-penetrable, 4-5 mm long metal protrusion on the anode
that intercepts electrons which drift radially inward along the Br insulating magnetic field (see Fig. 2b). The collector provides a current path to
power the second feature, the exploding metal film active anode pjasma
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FIG. 2. Extractor diode schematic diagram (a) and detail of EMFAAPS (b).
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source (EMFAAPS) shown in Fig. 2b. The ~ 500 A aluminum film, evaporated onto an epoxy insulator cast into an aluminum anode blank, is
rapidly heated by the leakage electron current to the collector, desorbing
materials from the surface and vaporizing the film. Electrical breakdown
of the desorbed gases and aluminum vapor produces the plasma source.
The gap between the cathode tip and the outer edge of the anode surface
is 6-10 mm. With a 6 mm gap the collector is marginally magnetically
insulated at 1.2 MV.
When an electron collector is used with a standard epoxy-filled groove
surface flashover anode in place of the aluminum film, with a 6 mm outer
gap, the diode impedance is higher and flatter than for pulses without a
collector. Peak ion current is cut by 50% and it "turns-on" later, while
electron current is up slightly. A collimated x-ray detector shows much less
electron bombardment of the active anode area, which evidently delays,
or even eliminates, the onset of effective surface flashover on the anode.
With EMFAAPS, 7-8 mm outer gaps must be used to avoid diode
impedance dropping below the 4ft accelerator impedance. The larger gap
results in reduced electron emission from the cathode tip and higher ion
efficiency at peak ion power, as well as higher total ion energy than in
pulses with epoxy-filled-groove anodes and a collector. Ion turn-on times
for EMFAAPS pulses are 10-20 ns versus > 25 ns for epoxy anode pulses,
even though the former are much more highly magnetically insulated.
A Thomson parabola ion spectrometer shows that most of the ions are
protons, while most of the remainder is Al2+ or Al3+.
These results suggest that EMFAAPS might be useful in light ion ICF
in two modes. First, if a clean Li film could be deposited on +an anode
blank in situ, it might be possible to generate relatively pure Li beams.
A second possibility is to deposit a heavy metal film which
is purposely
loaded with He in order to generate a relatively pure He+ beam.

3. LITHIUM BEAM GENERATION
Experiments are being conducted on the production of an intense Li+
beam and its propagation through a dense hydrogen plasma in order to
study charge changing interactions, and+ other microscopic beam-plasma
processes. We report here only on the Li beam source and the particular
techniques necessary to produce high purity.
The Li+ beam was generated using a LiCl surface flashover anode
in a planar, magnetically insulated diode [5] driven by a 300 kV, 100 nsec
pulse. The active anode area was 10 cm X 30 cm, the anode-cathode gap
was about 3.1 mm, and an insulating magnetic field of 7.5 kG was applied.
To make the anode, LiCl crystals were ground into a fine powder and
mixed with distilled water to form a paste which was pressed into grooves
machined in an aluminum anode. It was then heated to about 200°C to
remove most of the water. The remainder was removed by heating for
an additional hour under vacuum in situ in the pulsed power generator..
The surface temperature reached 240°C. A glow discharge, which drew
approximately 250 mA, was then set up by driving the anode 1 kV negative
with respect to the cathode and bringing the background pressure to 100
mTorr of Argon. Discharge cleaning ran for 30-45 minutes. The beam
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was fired within 2 minutes of the time the discharge was turned off at a
pressure of (2-5) x 10~6 Torr.
When the LiCl anode was neither heated nor discharge cleaned, a
Thomson
parabola ion spectrometer 0.5 m from the cathode showed no
Li+ and the beam was dominated by protons. The data looked similar to
that obtained using a hydrocarbon dielectric anode. When the LiCl was
heated but not discharge
cleaned, the beam was still proton dominated but
small quantities of Li+ were observed, and a decrease in the total current
was seen. When the LiCl anode was glow discharge cleaned as well as
heated
as described above, the Thomson parabola data were dominated
by
++
Li+ ions. There was no observable proton feature, and
no
Li
,
although
there were traces of ions tentatively identified as Cl+ and Cl++. At our
operating level, ~ 20 A/cm 2 , an anode could be used 4 or 5 times without
degradation in the beam quality.
The high purity Li+ beam source described here is likely to have
limited utility in a system in which high power density, multiple pulse
lifetime is a requirement. However, it may be useful for near-term ICF
applications in which single pulse lifetime is adequate.

4. POTENTIAL MEASUREMENTS IN AN ION DIODE
In experiments using a 350 kV, 30-60 A/cm 2 Ar+ beam from the
plasma-prefilled magnetically insulated diode shown in Fig. 3a, laser-induced fluorescence (LIF) spectroscopy has been used to map the electrostatic potential (<f>) as a function
of distance (x) from the anode, A dye
laser tuned near the 4401 A Ar+ line is directed into the diode from the
cathode to the anode and fluorescent light at 4806 A is observed perpendicular to the x direction. The wavelength for absorption of laser light
increases with x since the increasing ion velocity Doppler shifts the wavelength for resonant absorption. At the point x\ where no fluorescence is
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FIG. 3. (a) Planar plasma-filled diode end view, and (b) electrostatic potential, equal to the Ar+ ion
kinetic energy, obtained using LIF.
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observed above the laser wavelength A, the ion velocity V, is obtained from
the relation V|/c = (A —Ao)/Ao, where Ao is the absorption wavelength for
a stationary ion. The potential is then obtained from <}>[x\) = MtV?/2qi,
where M,- and qt are the ion mass and charge, respectively. Potential profiles have been obtained with the diode operating in both high and low
impedance modes, determined by the plasma-prefill conditions, as well as
with a cathode vane extending a few mm from the planar cathode.
Figure 3b shows results obtained with an applied magnetic field of 7
kG, an Ar anode plasma density (temperature) of ~ 10 14 /cm 3 (3.5 eV)
and without a cathode vane. The data show that the actual accelerating
gap is about 5.5 mm. Furthermore, the experimental points imply that
electrons are not confined to a well defined sheath near the cathode as
in the Brillouin flow model [6j. Rather, our results are consistent with
electrons uniformly filling the accelerating gap, an important consideration
in the development of magnetically insulated diodes for light ion ICF.
This work was supported by DOE Contract #DE-FC08-87DP10618.
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Abstract
DIRECT IRRADIATIVE ION DIODE FOR INERTIAL CONFINEMENT FUSION USING AN
INTENSE PULSED LIGHT ION BEAM.
A new, self-magnetically insulated ion diode, called the Plasma Focus Diode (PFD), has been
successfully developed with a large solid angle of irradiation and a low divergence angle. The PFD has
a pair of coaxial cylindrical electrodes similar to a Mather type plasma focus device. An ion current
density of 1.9 kA/cm2 was obtained on the anode surface at a diode voltage of ~1.4 MV, a diode
current of = 180 kA and a pulse width of ~ 7 5 ns. The ion beam is two dimensionally focused, with
a focusing radius of —0.18 mm, giving a maximum ion current density and beam power density at the
axis of - 0 . 1 4 MA/cm2 and - 0 . 1 8 TW/cm 2 , respectively. In addition, the interaction of the focused
light ion beam with the target has been studied, and clear evidence of enhanced stopping has been found,
through the use of a time resolvable Thomson parabola spectrometer.

1.

INTRODUCTION

In inertial confinement fusion (ICF) research with an intense pulsed light ion
beam (LIB), the most important problem to be solved is to concentrate the LIB with
a power density greater than 1014 W/cm2 on a spherical target with a diameter of
5-10 mm. To obtain high power density it is necessary to achieve a large solid angle
of irradiation and a low divergence angle of the LIB [1]. We have successfully
developed a new, self-magnetically insulated vacuum ion diode, called the Plasma
Focus Diode (PFD) [2-4], which satisfies these requirements and which may
possibly be applicable in the direct irradiative [5] LIB ICF reactor.
Figure 1 shows the conceptual design of the LIB ICF reactor with a spherical
PFD. The diode, inside which the target is installed, is located in the centre and is
connected to a pulsed power generator by a slender magnetically insulated transmission line (MITL). Since the diode and MITL are destroyed in one shot of operation,
they must be replaced after each shot. The advantages are that the structure of the
reactor is simple and that transport of the focused LIB is unnecessary.
In this paper experimental results of the PFD are presented. Particularly, the
electrical characteristics, focusability in two dimensional (line focus) geometry, ion
energy spectrum, and time resolved measurement of the energy and current density
of the focused beam are described.
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FIG. 1. Conceptual sketch of a direct irradiative LIB ICF reactor using a spherical PFD.

2.

EXPERIMENTAL SET-UP

Figure 2 shows the principle of the PFD. It consists of two concentric cylindrical electrodes — the anode (outer) and the cathode (inner). We have named it the
plasma focus diode because its shape is similar to that of a Mather type plasma focus
device. When the pulsed power is applied to the diode, electrons produced at the
cathode initially irradiate the anode. The diode current produces a self-magnetic field
(B9) azimuthally. When the diode current exceeds a critical value, the flow of electrons is insulated by the Bs field.
The anode plasma is produced by the initial irradiation of electrons or the
surface flash-over. Since the cathode consists of a perforated board or mesh structure, only ions pass through the cathode and are concentrated onto the centre.
The experiment was carried out in the pulsed power generator ETIGO-II
(3 MV, 460 kA, 1.4 TW, 50 ns, 70 kJ) [6]. The PFD is located at the end of
the MITL. The cathode is a cylinder (brass) with an outer radius rc of 11 mm
(thickness = 1 mm). The cathode is uniformly perforated by holes of 1 mm
diameter, in order to extract ions, and its transparency is —40%. The anode, which
is also made of brass, is a cylinder with an inner radius ra of 18.25 mm and a length
of 40 mm in the z-direction. On the inner surface of the anode we have prepared
grooves (depth = 1 mm, width = 1 mm), filled by an epoxy, at intervals of 2 mm.

3.

TIGHT FOCUSING OF THE LIB

Typically we operated the PFD under the following conditions: Vj (diode
voltage inductively corrected) ~ 1.4 MV, L. (diode current) ~ 180 kA, P d (= IdV3)
~ 0.24 TW, Z (= Yd/I,,) ~ 6-8 Q, and T (pulse width) ~ 75 ns (FWHM).
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FIG. 2. Principle of a two dimensional focusing PFD.

In addition, we observed Ja (ion current density on the anode surface)
~ 1.67 kA/cm2, giving Ij (net ion current) ~ 73.5 kA and i\ (= Ij/I<t) - 4 1 % .
Using a Rutherford scattering pinhole camera we measured the focusing radius
of the beam. The ion beam extracted inside the cathode is led through a slit (~ 6 mm
width). The ions are then Rutherford scattered by a thick piece of lead that is inclined
45° with respect to the axis. The scattered ions are pinhole imaged on a CR-39 track
recording film that is covered by a 2 pm Mylar film (filter) to eliminate carbon
atoms. The CR-39 film for this experiment can detect protons in the energy range
of 0.4-3.5 MeV. Figure 3 shows the distribution of the number density on the
CR-39 film (normalized by the peak values) which was obtained at z = 7 mm near
the constriction region of an hourglass pattern. We see that the focusing radius (r*)
of the beam (FWHM) is given by
r* ~ 0.18 mm
and the corresponding total divergence angle 6 ~ 0.60°. In spite of the two dimensional focusing we have achieved very tight focusing of the beam.
Assuming that all the ions produced on the anode are focused two dimensionally
(line focusing) onto the coaxial cylinder with the radius r*, we evaluate the current
density of the ion beam (Jf) and the power density (Pf) at the focal point to be
Jf ~ 0.14 MA/cm2,

Pf ~ 0.18 TW/cm2

In addition, the energy and current density of the focused proton beam were
measured by a time resolved energy spectrometer [7]. The proton energy is found
to be in good agreement with the waveform of the diode voltage. The waveform of
the proton current has a narrow peak (pulse width TP ~ 15 ns (FWHM)), with the
peak value Jp ~ 50 kA/cm2.
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FIG. 3. Radial distribution of the number density of tracks on CR-39 film.
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FIG. 4. Measured (Eexp) and calculated (Ecalc) energy of protons after their passing through the target
(Al, 7 tan); the waveform of V*d is also plotted for comparison.

4.

ENHANCED STOPPING OF LIB INTERACTION WITH THE TARGET

Using a time resolvable energy spectrometer, we diagnosed the energy of the
protons after they had passed through the target placed at the focusing point. Figure 4
shows typical data together with the diode voltage, where the full circles (Eexp)
represent the energy of the protons measured after passage through the target, while
the open circles ( E ^ ) indicate the proton energy estimated from Vj with the
assumption of a cold target. Clearly, E^ is higher than Eexp, which means that the
stopping power of the target is enhanced.

5.

CONCLUDING REMARKS

The self-magnetically insulated PFD has been successfully developed with good
reproducibility. The ion current density obtained at the axis was —0.14 MA/cm2.
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Tight focusing has been obtained with a focusing radius of - 0 . 1 8 mm. In spite of
the two dimensional focusing, a high power density of ~0.18 TW/cm2 has been
obtained. The proton energy and current density of the focused beam were measured
by a time resolved energy spectrometer. Studying the focused LIB interaction with
targets, we observed clear evidence of enhanced stopping.
To obtain higher power density, the experimental studies are being carried out
at higher voltage. In addition, we are also carrying out a three dimensional focusing
experiment with spherically shaped electrodes, which will be reported elsewhere.
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Abstract
PROGRESS IN INERTIAL FUSION AT KMS FUSION.
As part of the United States Inertial Fusion Program, KMS Fusion supplies targets to other
laboratories, carries out materials science studies for future target demands, conducts experimental campaigns in support of both direct- and indirect-drive approaches to inertial fusion and contributes to
improvements to laser drivers. KMS Fusion has emphasized optical diagnostic techniques and has used
an x-ray backlighter approach to make measurements of cold dense plasmas. KMS Fusion has also
pioneered research in cryogenic fuel targets and has achieved significant high density implosions using
the Chroma laser with solid fuel layer targets.

1.

INTRODUCTION

The KMS Fusion Program has been engaged for a number of
years in experiments which are relevant to the United States
Inertial Fusion Program.1 Recently, this has included collaborative experiments at KMS with participation by staff from
LLNL and LANL. During the past few years KMS has made significant advances in understanding the physics of both the
direct-drive and indirect-drive approach to inertial fusion.
These experiments have been designed to improve the understanding of laser interaction physics and to incorporate diagnostic techniques which can be applied to larger drivers
needed for high gain capsules. In addition, target design
parameters have been detailed which will be required for the
larger facilities. This has placed KMS in the role of supplying targets to the other laboratories as well as performing
material research for targets required for the Laboratory
Microfusion Facility.2 It has also been determined that the
Inertial Fusion Driver must be accurately designed to produce
the proper spatial distribution as well as providing the
appropriate temporal characteristics. These are considerations which KMS has implemented in the case of a laser driver.
* Work supported by the
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2. TARGET FABRICATION AND MATERIALS RESEARCH
A necessary component in all inertial fusion programs is
to have a target with appropriate dimensions and density parameters to meet target design considerations. In addition, the
quality of the target must be sufficient to avoid energy
losses due to undesirable effects such as target breakup or
excessive preheat due to high-Z contaminants. This has
required an intensive research effort on the part of KMS
Fusion to meet these demands. Glass shell fuel capsules have
been supplied to participants in the United States Program.3
These capsules have ranged in size from 50-1500 um in
diameter with wall thicknesses from 1-20 um as shown in
Fig. 1. The percentage of targets from a given batch process
with good wall uniformity is shown to increase for the less
massive targets. The degree of uniformity in the wall
thickness defined as wall (max)-wall (min)/wall(avg) is 3-5%
for typical targets of interest. This is a primary
requirement because of the potential of shell breakup in
target experiments. Although glass shells are the highest
quality shells produced to date, there is an additional
requirement to manufacture low-Z shells. This need is being
met with shells blown from poly(vinyl alcohol) or polystyrene.
These targets have been used in implosion experiments and
their quality will continue to be improved with the goal of
equaling that of glass shells. The glass and plastic targets
can be coated with various materials such as metals or low-Z
polymers. The quality of these coatings has been steadily
improved and surface defects are now in the submicron range.
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FIG. 1. Range of glass shell diameters and wall thicknesses obtained by various gel and furnace conditions as determined by the mean for a given batch. Class A targets are those shells which have less than
10% non-concentricity as determined by interferometry in one direction.
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For diagnostic purposes, some targets are fabricated with a
tracer layer of high-Z material located within the wall.4 A
350 ym diameter polystyrene shell is coated with a 4000 A KC1
coating. This target is then overcoated with an additional
30-40 ym of CH to be used as the ablator.
The implosion targets used in fusion experiments require
filling with deuterium and tritium to fuel pressures in excess
of 100 atmospheres, which has been done. This has been accomplished using a differential pressure fill process with cryogenic techniques.
Finally, most fusion target experiments require that the
fuel be cooled cryogenically to form a thin fuel layer on the
inside of the spherical shell. This has been done in the past
using the fast refreeze method. However, as the targets
become larger, of order 1 mm, the effects of gravity become
more important. To overcome this difficulty, the combination
of thermal gradients and beta-heating from the tritium are
used to produce a uniform fuel layer on the inner surface of
the shell. As the target is cooled the fuel condenses at the
bottom due to gravity. The thickest regions being the warmest
begin to sublime and recondense at the top causing the fuel
layer to become spherical. Experimental work at KMS Fusion
and LANL have confirmed that the use of beta-heating is a
viable concept for producing uniform thick ice layers.5'6

3.

LASER CONFIGURATION

The Chroma glass laser has been improved in both temporal
and spatial characteristics to provide a good driver for laser
interaction physics experiments. The spatial profile of the
output of the laser has been improved when operating in the
frequency doubled mode (0.53 ym) by using a phase conjugation
scheme. This technique uses a portion of the light passing
through a frequency doubling crystal to be double passed
through an aberrating medium and then be reflected back
through the crystal and be phase conjugated with the primary
beam. This results in a smooth pattern for the output beam.
Another method to make the laser beam more uniform is to
split it into 10 individual slices in two dimensions and then
focus them onto a target.6 All of these 100 beamlets are
delayed in time relative to each other so that the phases of
the beamlets are incoherent with each other. This superposition of the beamlets on the target produces induced spatial
incoherence (ISI) and the time scales are short enough so that
the beam profile at the target is smooth as far as laserplasma interactions are concerned.7
Another improvement in the laser output is to make it as
broad band as possible in order to minimize the excitation of

162

JOHNSON et al.

140
>- 120
H 100 §

80

£

60

!

\

\

5 40 : /
UJ
a

200

Low pump level

/

/1\

V

20
0/ ,
10

20

30

40

50

150

100

\

0

60 70

10

20

X(A)

30 40
MA)

50

60 70

60 70

FIG. 2. Output bandwidth of the oscillator as modified by an etalon is broadened as the pump level
of the rod is increased. The bandwidth is increased from 10 A to 50 A using this method.
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FIG. 3. Schematic of the target chamber showing the relative positions of the x-ray backlighter target,
the implosion target and the x-ray imaging detector.
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modes associated with stimulated raman scattering and stimulated brillouin scattering. Improvements to the laser oscillator by placing an etalon in the cavity have broadened the
spectral bandwidth. The bandwidth of the laser is shown in
Fig. 2 as the pumping of the oscillator rod is increased. The
combination of ISI and the broadened bandwidth results in a
decrease in preheat caused by superthermal electrons when used
on a laser fusion target.
4. TARGET EXPERIMENTS
Previous experiments at KMS have demonstrated that high
density fuel conditions can be achieved by combining cryogenic
fuel condition, laser pulse shaping and uniform illumination
with 0.53 urn laser light.8 Since the densities are high and
the fuel temperatures are very low, diagnostics to measure
fuel density are necessarily complex.
KMS Fusion has employed an x-ray backlighting diagnostic
to image the fuel region and to provide a good time history of

t = 0 ps

t = 400 ps

t = 700 ps

FIG. 4. Implosion qfaPVA

target for three different delays in the x-ray backlighter emission.
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the implosion process. Earlier experiments precluded a twodimensional image of the compressed fuel region with adequate
spatial resolution. An intensive effort has been made to
improve this diagnostic using a point source backlighter which
can provide spatial resolution better than 10 pm and with
temporal resolution better than 20 ps. There have been no
high density experiments to date which have used a diagnostic
that can provide this degree of resolution to image the implosion. A schematic of the x-ray backlighter is shown in
Fig. 3. The x-ray backlighter must have sufficient x-ray
spectral energy to penetrate the dense core and must be bright
enough to provide adequate contrast to the x-ray self-emission
from the target.
Implosion experiments have been performed which show the
symmetry of the implosion as a function of time. These
results are a crucial factor to assure that all the fuel is
contained in the compressed core and that fuel-tamper mix is
minimal. Two-dimensional images of the imploding target are
shown at different times during the implosion in Fig. 4. This
particular set of target shots was used to show the effects
that laser illumination non-uniformity has on the implosion.
Indirect-drive experiments require a carefully characterized source of x-ray energy. The x-ray spectrum and
conversion efficiency must be accurately determined under a
wide variety of conditions. A series of experiments has
recently been performed at KMS Fusion to study factors that
influence x-ray emission. The hydrodynamics of the plasma has
been measured using holographic interferometry for a variety
of different laser pulseshapes:.9 The pulseshapes have been
square, ramp and picket with pulsewidths ranging from 100 ps
to 2 ns. These gold disk experiments provide important
information on the laser-plasma interaction region where the
hydrodynamic motion of a low density plasma interacts with a
given laser pulseshape. The modeling of the plasma as a
function of time is done using code simulations which must be
consistent with the different laser pulseshapes. Using this
information provides a direct relationship of the conversion
of laser energy to x-rays as a function of drive temporal
characteristics. It is then possible to determine the
temporal shape of x-ray emission as a function of different
laser drive conditions.

5.

CONCLUSION

The description of KMS activities presented here shows
that significant advances are being made in target fabrication, laser development, diagnostic techniques as well as in
experiments which are relevant to the U.S. Inertial Fusion
Program. These activities have provided important advances in
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the understanding of laser fusion which contribute significantly in quickening the pace to reaching the ignition
threshold.
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Abstract
ELECTRON HYDRODYNAMICS AND PROBLEMS OF INERTIAL FUSION.
The dynamics of inertial fusion systems include many effects which cannot be studied within the
framework of usual MHD but require a theoretical description on the basis of electron hydrodynamics
(EMH). The theoretical investigation of an imploding microliner has, in addition to field diffusion, to
include convective skin phenomena arising from the field translation by the current electrons. An ordinary Rayleigh-Taylor instability is accompanied by fast instabilities due to the Hall effect. In Z-pinches,
high current diodes and plasma switches, some specific EMH resistance shows up whose value is universal and independent of the collision frequency. The main EMH effect in a plasma corona is filamentation, which is most effective if anomalous resistance also plays a role. Numerous EMH effects may be
detected which are essential for the concept of LIB fusion. As a rule, these effects constitute some additional danger for fusion systems; they cannot be properly assessed within the limits of traditional MHD.

The parameters typical of up-to-date inertial fusion systems include magnetic
fields that are strong enough and space- and time-scales that are short enough to
satisfy the following conditions:
u = j/ne ^ cs, VA;

T

< «£;'

(1)

Hence, MHD becomes invalid. If, however, the space-scale a > p Be , c/up,. is
valid, we may apply inertialess electron hydrodynamics (EMH). The multicomponent system of freezing-in equations,
H
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(2)

a = i, e

is, in this case, transformed into a single equation:
= -—rotj*
a

(3)
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where, for simplicity, we have put a = const, P« = P(nJ. Within the framework
of this approximation, we may consider a sufficiently broad range of phenomena with
dynamics essentially different from those used in the MHD picture [1]. Convective
skin phenomena are a good example. We consider the problem in plane geometry
(Fig. 1). Under the usual condition d2/dz2 > d2/d\2, Eq. (3) turns into Burgers'
equation:
9B + k B - dB = D d'B
9t
dz
dz2
(4)
c 9
V •
4ire 3x

c2

„-... n = J i l
n"1

Being non-linear, Eq. (4) may nevertheless be solved analytically, as is well known
[2], If the boundary condition is B(0) = Bo0(t), the evolution described by Eq. (4)
tends to a steady state based on a competition between linear diffusion and non-linear
transport:

B= B

° T " mz '

k<

°

(5)

We assume that B and Vn in Fig. 1 have opposite directions so that k > 0 in
Eq. (4). In this case, the field forms a non-linear wave propagating along the z-axis:

(6)
The results (5) and (6) help us to understand the solution of the same problem
with the 'classical' boundary condition:
B(0) = Bo0(t) cos cot

(7)

This problem has been solved analytically, and we shall only present a qualitative picture (Fig. 2). During the negative half-periods of the field, the latter will be locked
near the boundary (see Eq. (5)), and the positive pulses will be transported into the
plasma as is done according to Eq. (6). Thus, the non-linearity of Eq. (4) prevents
skin effects, but is useful for purposes of detection because only positive field pulses
can penetrate into the plasma. This result looks particularly impressive in the case
of a strong non-linearity, £ = Vvw/(vA(, (d/dx) In n) < 1, when Bz-g — B0/2
(Fig. 2). The velocity of the wave front is kB0/4. Such effects of typical of accelerated plasma shells, particularly for high current microliners. In these systems, in
addition to Rayleigh-Taylor and neck instabilities, another instability arising from
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FIG. 1. Plane boundary conditions for the skin problem.
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the Hall effect, i.e. from EMH, becomes essential. We assume the geometry of
Fig. 1 but without Vn. For a liner plasma, strong radiation and hence the condition
B 2 > 8irnT are typical. The liner dynamics may be described by the following
system of equations:
dB
= rot [v;, B] - rot — - — rot B, B
L 47rne
J
dt
dn
+ div nvi = 0
dt
Mn <%>) + Mn dv;/dt = —^- [rot B, B]

- rot

rot B
4

(8)
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The frame of reference for Eqs (8) is moving together with a liner of velocity
o = J ao(t)dt. Without taking into account the Hall effect, we obtain, from Eqs (8),
the Rayleigh-Taylor instability accompanied by the flow of the substance along the
boundary. The linear result is co4 « k2. Including the Hall effect, we assume that
the acceleration is compact, i.e. ac > V;, and neglect terms of the order of k2 (i.e.
just those terms that are responsible for the Rayleigh-Taylor instability). Hence, we
obtain:
v

dB
3t

_

d
3z

B Bt
B ;'

~Q.u
wRi6

«
3z

"x
B/

, gw

J-Q-.

where 8 is the depth of the current layer and T0 = 4iro52/c7. Equation (9) turns into
the equation of wave breakdown for the function \p = (B^)2:
B T+

^

tflf ^ + MB = 0

(10)

The final result is

4-,

^z^_-B)

(11)

where F is an arbitrary function defined from the initial and the boundary conditions.
We see from Eq. (11) that perturbations with kx ¥• 0 develop. A rough estimate
yields o>4 oc kx. Even though there is no flow of matter, the non-linear evolution
results in a strong inhomogeneity of the current and, finally, in non-compact
acceleration.
The Z-pinch may be studied by means of EMH when the following condition
is fulfilled:

=f

e2

Jo

The translation of the magnetic field by the current gives rise to finite
resistance, even in the case of ideal plasma conductance in a Z-pinch or in a plasma
switch. The value of the resistance is determined by the dissipation of the Poynting
vector, S = (c/4ir) (E X B) or, equivalently, of the flux B2u/4ir, where u = j/ne.
Inside the electrodes, u » 0; hence, the vector S should be dissipated on the boundary. This property is realized by the formation of current sheets whose thickness is
given by [3]:
8 ~ a/co^

(13)
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where a is the electrode radius. We see that the dissipated power does not depend
on J^:
Q = I25/a = B2ua2/87r

(14)

u = cB/nea
This important result is only based on the conservation laws. It assumes a very simple
form in the case of plane or axial geometry:
R « -"- « 30 — (ohm)
c2

c

< 15)

I
u

=

2irneaz
It is important to note that the 'skin' depth d (in the same way as vei) does not affect
the result. The situation looks similar to the dissipation on the shock front or by
Landau damping. In addition to the electrodes, the perturbations of the plasma density may play the same role. One more important consequence of the field translation
is the possibility of neck stabilization and the focusing of the current by penetration
into a dense plasma [4]. On the assumption of ideal freezing according to
rot

— rot B x B

=0

(16)

the electrons in axial geometry flow along surfaces nr 2 = const [5, 6]. This implies
conservation of N; (Eq. 12) along the lines of flow and, finally, the stabilization of
the neck when Eq. (12) turns into an equality. The same effect is the reason for the
high current beam focusing in a dense plasma. To estimate its upper limit, we should
take into account the electron pressure in Eq. (16):

- r-L
nee
[nee

x B| - - ^
J
ne

= 0

(17)

Assuming adiabatic variation of the electron temperature along the lines of flow, we
calculate their radius:

where A(I) and C(I) depend on the boundary conditions only. As a result, in a focus
point, both the magnetic and the electron pressure turn out to be of the same order
of magnitude.
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In a laser corona, very many EMH effects develop if there is a small group of
hot electrons in a plasma. First of all, a source of energy arises, generating the magnetic field. If the typical spatial scale is much shorter than the gyroradius of the hot
electrons, the latter may be considered as an external current and their kinetic energy
works as a source. As a result, filamentation of the hot electron flow occurs [7].
Anomalous resistance due to the ion acoustic instability generated by the heat flux
may increase the value of ve{( and, hence, the growth rate of the filamentation [8]:
(Im &>)„,» » w^nh/n

(19)

where nh is the density of the hot particles. In practice, a violation of the
homogeneity of the target heating by the Nd laser light seems to be inevitable. In the
opposite case where the field component of the generalized momentum irh is
dominating, we deal with two-component EMH. The heat of the hot electrons provides the energy source. The field dynamics are determined by both freezing-in the
cold electron component and the diffusion in it. The evolution of the hot particles
turns out to be n/nh times faster than that of the magnetic field. As a result, the distribution of the hot particles in a 'trap' is established after a very short time (the confinement by the condition nhTh > B2/8ir is the result of the ion inertia). The
resulting dependence of nh on the adiabatic invariant $d#B essentially modifies the
field generation. The subsequent evolution is due to 'disruption' of the magnetic
'walls' by the hot electrons, because of the cold electron flow or the collisions of the
electrons with the ions. Thus, one of the electron components creates the source of
energy and another one provides the degree of freedom necessary to realize this
possibility. Finally, the filaments or current sheets become stabilized owing to the
finite conductivity (Eqs (5) and (6)) and/or the electron inertia. In the last case short
space scale c/up,. is generated [4].
In the scheme of light ion beam fusion, EMH effects are effective already in
the high current diode. For the ion beam, I <^ IAi, hence, in TFJ (Eq. (2)),
p > (e/c)A, and this beam takes part in Eq. (3) as an external current. Instead of
Eq. (4), we obtain the linear equation

dt

+ (u- V)B = DAB

(20)

where u* = j b /ne is the velocity of the return current electrons in the plasma of the
cathode foil. Equation (20) describes the field translation from the diode into the
transporting channel through the cathode foil. Owing to the typical parameters of the
system, this effect results in fast and unstable focusing. The generation of a magnetic
field in the target corona irradiated by the ion beam turns out to be essential because
of anomalous resistivity. The resulting translation and accumulation of the field in
the dense plasma may be so effective that a beam turn takes place [9]. Many fast
instabilities of helical [10-12] or resistive [7, 10] type accompany the beam transport
in a plasma channel.
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Our purpose in this paper is to emphasize that very many plasma effects in
present day inertial fusion schemes can be properly described and understood on the
basis of EMH. As our nearest goal we should like to mention the dynamics of imploding liners and of plasma switches. Both objectives allow description in terms of EMH
in a wide range of plasma densities between the MHD and the vacuum (erosion) limit,
respectively:
Mr 2

^ £

> na2 > mc 2 /e 2

(21)
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Abstract
TWO DIMENSIONAL NUMERICAL SIMULATIONS OF LASER IRRADIATED TARGETS.
Numerical simulations of strongly two dimensional laser experiments are presented. The first
experiment concerns the simulation of the direct driven implosion of microballoons irradiated with the
two beams of the Phebus laser facility at 0.53 jtm wavelength and 3.2 TW power. In the second experiment the impact between two foils is studied. The accelerated foil is irradiated at 0.35 pm wavelength
with a power of 20 GW. The numerical simulations are realized with the two dimensional Lagrangian
FCI2 code. The X-ray diagnostics are simulated with the DXFCI2 code. In spite of numerical difficulties, principally in the vicinity of the laser axis and the target interfaces, calculations have been carried
out for a sufficiently long time to provide results in accordance with the experiment. A simulation of
the implosion of 600 /im diameter microballoons made with an absorption rate of 40% provides a
neutron yield and X-ray emission peaks in agreement with the experiment. In the plane target case it
is shown that, for an 80 /*m diameter focal spot, the two dimensional effects occurring in the acceleration of the foils influence substantially the energy transfer between these two foils.

1.

HYDRODYNAMIC FCI2 AND DIAGNOSTIC DXFCI2 CODES

The FCI2 code is a two dimensional Lagrangian code with cylindrical revolution symmetry. The incident laser beam is either parallel to the symmetry axis or
focused onto a point of this axis. The bremsstrahlung absorption is treated by means
of a ray tracing method with 100 laser beamlets. A fraction of the incident energy
on the target is absorbed by inverse bremsstrahlung along the laser beam trajectory
and a fraction reaching the cut-off energy density is absorbed by resonant absorption
and divided into two parts: absorption by thermal electrons and creation of suprathermal electrons.
The X-ray emission and suprathermal electron transport are computed with a
multigroup method. The thermal electron flux limiter is equal to 0.05.
The DXFCI2 code makes it possible to simulate the data given by the diagnostics of the X-radiation emitted during the target implosion. These diagnostics are
X-ray pinhole and streak cameras in the range 0.8-4 keV. The DXFCI2 code works
as the postprocessor of the FCI2 code. At a fixed time the initial radiative intensity
175
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1600
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FIG. 1. Hydrodynamic behaviour of the spherical target at 900 ps. The laser beams are focused as
indicated in the inset.

Io is calculated for every 2-D mesh. The 3-D mesh zoning is built up by means
of cylindrical symmetry around the laser axis. Then the radiative transfer equation
driving IQ evolution up to the diagnostic is resolved. The detection direction
(generally 90° from the laser axis), the diagnostic-plasma distance, the pinhole
diameter and the attenuators placed between the plasma and the diagnostic are taken
into account.

2.

SIMULATIONS OF MICROBALLOON IMPLOSION

2.1. Conditions of the experiments
The experiments are performed with the Phebus laser facility operating at
0.53 fim wavelength [1,2].
The laser pulse duration varies from 200 ps to 1 ns (FWHM). In the 200 ps case
the pulse is fitted to a Gaussian shape with a maximal power of 3.2 TW; this
corresponds to 820 J incident energy for the two beams of the Phebus system. The
laser beams are focused tangentially to the target, as indicated in the inset of Fig. 1.
The irradiance distribution within the focal spot is approximately Gaussian.
The targets are glass microballoons (SiO2) filled with deuterium-tritium. Their
characteristics are as follows:
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— Microballoon diameter:
200 nm < D < 630 /xm for 200 ps pulses
600 jum < D < 975 y,m for 1 ns pulses
— SiO2 shell thickness:
About 1 j*m for 200 ps pulses
About 2 ixm for 1 ns pulses
— DT pressure: 5 bar.
Some of the microballoons are coated with Au (about 0.1 pm in thickness). In
this case pinhole photographs show that the transverse dimension of the core is
reduced.

2.2. Numerical results
We present the simulation of the implosion of a glass microballoon irradiated
with a 200 ps laser pulse. Here, the diameter and the thickness of the target are
631 fim and 1.22 ^m.
In this simulation the absorbed laser energy is 40%, in accordance with the
experiment. The ratio of the suprathermal electron energy to the incident energy is
7.3%.
In spite of numerical difficulties, principally due to mesh crossing on the axis,
the calculation has been carried out up to 992 ps. Figure 1 illustrates the
hydrodynamic behaviour of the target at 900 ps.
The neutron yield is equal to 3 x 106 after the first shock convergence. This
value is in agreement with the experiment.
On pinhole and streak camera pictures a core emission is seen. The time delay
between the corona emission and the core emission is about 1 ns. The numerical
pictures obtained with the DXFCI2 code reproduce the experimental photographs.
Other simulations have been carried out with a Au coated target irradiated with
a 1 ns laser pulse. Experimental results are compared with calculations using either
a local thermodynamic equilibrium (LTE) treatment or a non-LTE treatment based
on the Mixed Model [3].

3.

SIMULATIONS OF THE DOUBLE FOIL EXPERIMENTS

3.1. Conditions of the experiments
The experiments were carried out with the P 102 laser facility operating at
0.35 fim wavelength [4]. The laser pulse was 850 ps FWHM. It is fitted to a double
Gaussian shape with a maximum power of 20 GW; this corresponds to a maximum
irradiance of 2 X 1014 W/cm2 for 10 J incident energy. The laser beam is parallel
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0.5

FIG. 2. Laser irradiance profile and hydrodynamic behaviour of the double target at 1.05 ns.

to the symmetry axis. The averaged irradiance profile measured in the focal spot
(80 jum FWHM) is represented in Fig. 2.
The targets are double foils of aluminium. The thicknesses of the irradiated and
impact foils are 3 /xm and 1.5 pm. The foil separation is 40 /im.
3.2. Numerical results
For these simulations of irradiation at short wavelength, the suprathermal
electrons, assumed to be negligible, are not taken into account.
The impact and the shock transfer between the two foils are treated by a
Lagrangian method with rezoning capabilities.
The collision between the two foils occurs at 715 ps. At this time the axial and
radial velocities of the dense part of the accelerated foil are 107 cra/s and
2.5 x 106 cm/s. The induced shock reaches the rear face of the second foil at
800 ps.
As in the spherical simulations the calculation is affected by numerical difficulties; however, the calculation has been carried out up to 1.05 ns (Fig. 2). At this time
the axial velocity of the dense part of the accelerated foil is practically unchanged
(1.1 x 107 cm/s), while the radial velocity has increased ( ~ 6 x 106 cm/s) in the
zone between 40 and 70 fim. This increase of the radial velocity shows clearly the
lateral expansion of the foil. In the same way, the radial velocity of the zone of the
impact foil under collision increases up to 4 X 106 cm/s over a 100 /un diameter.
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These results confirm previous simulations using a 3 /jm thick aluminium single
foil [5]; it has been shown that at 1.25 ns the accelerated surface is about six times
higher than the focal spot surface.
In Fig. 2, owing to numerical limitation, the velocity of the rear face of the
impact foil close to the laser axis is overvalued ( ~ 2 x 107 cm/s); this leads to an
artificial deformation of the meshes. However, the shape of the isodensities of the
dense part is not affected by this phenomenon.

4.

CONCLUSION

The numerical simulation of strongly two dimensional experiments has been
undertaken by means of the FCI2 and DXFCI2 codes.
In the case of the implosion of 600 /im diameter microballoons irradiated with
the Phebus laser facility at 0.53 /^m, the shock neutron yield as well as the time delay
between the core emission and the corona emission are in agreement with the
experiment. For the double foil experiments performed with the P 102 laser facility
at 0.35 fim, the calculation has been carried out up to 430 ps after the impact between
the two foils. The motion of the second foil has been investigated over a 100 /xm
distance and a 160 ftm diameter for an 80 /xm focal spot and a 40 pm foil separation.
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Abstract
EXPLANATION OF THE WIDESPREAD UNIFORM SECOND HARMONIC EMISSION WITH
SPATIAL PERIODICITY FROM LASER IRRADIATED FUSION PELLETS.
A new macroscopic model for laser-plasma interaction without space charge neutrality permits
the study of electric fields and double layers. The results show the generation of large amplitude longitudinal oscillations driven by the laser field. The oscillation field consists of eight terms, including the
typical collisionally damped ambipolar field, and two second harmonic (2a>) terms. The focus of the
paper is one of the 2OJ terms which describes the nearly density independent generation of second harmonics throughout the whole plasma corona. The results presented are shown to be in agreement with
recent observations of widespread quasi-uniform second harmonic emission from laser irradiated targets, and include the automatic reproduction of the observed spatial periodicities.

1.

INTRODUCTION

The irradiation of a target by an intense laser pulse of frequency w can cause
the emission of second harmonic (2w) radiation from the resulting plasma. The established explanation for the observed 2w emission is that it is caused by resonance
absorption or parametric decay mechanisms originating from narrow regions around
critical densities.
Recent experiments [1-5] have revealed the surprising result that radiation of
the second harmonic is emitted from the entire laser produced corona with nearly uniform intensity, despite large variations of the density. The observation of uniform 2w
emission was initially reported by Mayer et al. [1] and was presented in more detailed
results by Alexandrova et al. [2] in which a spatially periodic structure of about
200 jun was observed. Other measurements [4, 5] indicated a spatial striation in the
quasi-uniform 2w emission of the order of 5 fim. These observations cannot be
explained by the conventional decay modes. It has been shown by Drake [6] that 2o>
generation by the decay mode interactions is very small. Other results [7] show that
the observed spectral width and modulation in the uniform coronal emission of harmonics can be explained in terms of macroscopic Doppler processes, and not by
decay mode interactions.
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In the present paper a straightforward explanation of the quasi-uniform widespread 2w emissions is given. Our model for 2« generation is based on macroscopic
hydrodynamic theory, which in contrast to earlier theory includes strong spatial
effects and electric fields and double layers [8, 9].

2.

A NEW THEORY FOR SECOND HARMONICS

This analysis commences with the second harmonic (2co) component of an analytic expression for the laser driven longitudinal Langmuir oscillations, derived from
a generalized two fluid model for laser-plasma interaction [8, 9], without the usual
approximations of time averaged fields and space charge neutrality [10]. The relevant
second harmonic term is the reactive 2w response in the laser produced corona
[11, 12]. The amplitude of this second harmonic longitudinal electric field E ^ is
proportional to the non-linear ponderomotive force, which in turn depends on the
laser field amplitudes Ew and H^:
F
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where m,. is the electron mass, v the collision frequency and a>p the plasma frequency. Therefore the laser field components must be determined by solution of the
wave equation for a given density profile. It can be seen from the fractional
factor in the oscillation field F^, that the amplitude is nearly independent of the
electron density if OJP < co, that is, for low (coronal) densities. The experimental
density profile is approximated in the calculations by a linear density profile for the
plasma corona, defined in terms of the real part of the refractive index by
Re[n(x)2] = —a2x, where a2 is the density gradient parameter. The wave equation
is solved analytically with the Airy function solutions.

3.

RESULTS

In order to compare our numerical results with the above mentioned experimental studies, the amplitude of the 2w reactive response E ^ is calculated using the following parameters: neodymium glass laser light with a wavelength of 1.06 /im, a
vacuum intensity of the incident radiation of 1014 W/cm2, and the electron temperature Te set to 1 keV. The collision frequency is related to Te and i^, the electron
density, by v <x r^lTl12.

In the first calculation the field E^ is evaluated in the corona for the density
profile gradient a2 = 10. This corresponds to a corona which is 1000 pm thick.
The results of this calculation are shown in Fig. 1, in which the square of the 2a> field
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FIG. 1. Square of the 2a longitudinal field E22u plotted as a function of depth x, for the profile density
gradient a2 = 10 cm'1. The plasma surface corresponds to x = 0, the critical layer xc is at a depth
of 1000 ion.

B\u is plotted against plasma depth x. The parameters for this calculation correspond to those used in the experimental measurement of the 2« spectrogram shown
in Fig. 3b of Ref. [2]. There are three main features in the results shown in Fig. 1.
Firstly, the 2w oscillation amplitude E| u is dominated by a compressed standing
wave pattern which is a result of the non-linear force factor. The fine structure in
this pattern reveals intensity maxima which are, apart from several exceptions, of the
order of 5 pm apart, which is beyond the resolution of measurements in Ref. [2]. The
second feature in Fig. 1 is the appearance of broader principal minima, of the order
of 30 ftm in width, which occur approximately periodically at intervals of about
200 jtm. This feature resembles the periodic minima shown in the 2w spectrogram
in Ref. [2]. The third feature in Fig. 1 is the overall quasi-uniformity of the 2w field
intensity throughout the coronal region in which the local maxima have a narrow
range of values. This again is in agreement with the measurements reported in
Ref. [2]. An evaluation of the transfer of dipole oscillation of E ^ into the emission
of electromagnetic radiation results in an emission power of about 106 W. The
evaluation of the experimental calibration results in a similar power of 105 W [9].
In the second calculation the longitudinal field I ^ is evaluated for a density
profile gradient of a2 = (1/0.015), which corresponds to a plasma corona 150 /*m
thick. This is a width similar to the parameters used in the experimental coronal
measurements in Refs [4,5]. For this case, E^, is plotted against the depth, and the
results are shown in Fig. 2. These results show the same three features as those discussed for Fig. 1. The fine structure intensity peaks shown in Fig. 2 have a spatial
periodicity of about 2-5 /«n. These fine structure maxima correspond to the striation
of the 2w emission spectrum along the length of the corona. The results also
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50

100

Xc=150

DEPTH x(nm)
FIG. 2. Square of the 2u> longitudinal field E22w plotted as a function of depth x, for the profile density
gradient a2 = (1/0.015) cm'1. The plasma surface corresponds to x = 0, the critical layer xc is at a
depth of 150 fim.

suggest the possibility of regions in which there is no striation, and regions of relatively weak intensity of the emission spectrum. These regions are of the order of
about 15 pm in width. All these features are supported by the high resolution
experimental results reported in Refs [4, 5].
There are two sets of experiments discussed in Refs [4, 5]. The first is the
irradiation of a target by a broadband laser pulse, with a bandwidth of = 30 A (3 nm),
the second is the irradiation by a narrowband laser pulse, with a bandwidth of
= 0.2 A (0.02 nm). The space and time resolved photographs of the 2w emission
spectrum using the narrowband beam (Fig. 3 of Ref. [4]) show widespread fine structure striation with a periodicity of 3-5 /un, very similar to our results as shown in
Fig. 2. However, in the photographs from the broadband irradiance experiment
(Fig. 2 of Ref. [4]), the striation in the spectrograph has largely disappeared. These
experimental results suggest that spatial periodicity in the 2w emission spectrum will
occur only for narrow bandwidth laser light. This feature can also be explained in
terms of our results, since the broad bandwidth case would correspond to a non-linear
superposition of the maxima of the 2« field shown in Fig. 2, such that no final striation would be visible. Therefore there is agreement between the striation observed
in the case of high monochromaticity in the narrowband laser irradiance experiments
and the striation resulting from our computations based on total monochromaticity
(Fig. 2).
Our model for the generation of second harmonic emission for perpendicularly
incident laser light does not require any consideration of the polarization, in contrast
to the theory of resonance absorption. The observed polarization independence in
Refs [3, 5] is evidently reproduced in our theory.
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CONCLUSIONS

The results and discussions presented in this paper indicate that the widespread
quasi-uniform emission of second harmonic radiation from laser irradiated fusion
pellets is driven by the non-linear ponderomotive force, wherever the laser light is
present. The observed spatial periodicity appears to be caused by the standing wave
modulation in the non-linear force. It is concluded that the absorption and subsequent
emission of laser radiation in the second harmonic mode is far more widespread and
stronger than previously thought. Therefore the major codes should be revised in
order to account for the significant second harmonic mechanism described here.
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Abstract
TARGET CHAMBER DESIGN AND CRITICAL ELEMENTS FOR THE IGNITION EXPERIMENT
IN INERTIAL CONFINEMENT FUSION.
An ignition experiment using the forthcoming 100 kJ short wavelength laser system is expected
at ILE, Osaka. Since a direct drive scheme will be employed in the experiment, laser irradiation nonuniformity appears to be the most critical issue. The requirement for uniformity of the fuel ignition is
studied, and a two-dimensional fluid code is used to analyse the non-uniformity of the implosion
dynamics. A target chamber for the ignition experiment is studied from the viewpoint of radioactivation
of the chamber material.

Uniformity of implosion dynamics is a critical element of inertial confinement
fusion. Even for relatively low density compression as is seen in the recent high neutron yield experiment [1] non-uniformity of implosion plays an important role in neutron production. In Fig. 1, the neutron yields observed in the implosion experiment
with the Gekko-XII green laser system [2] are plotted as a function of the aspect ratio
of the glass shell by filled circles, while those obtained by the one-dimensional fluid
code ILESTA-BG are plotted by plus signs. The one-dimensional simulation always
provides a higher neutron yield, and even for the best agreement a difference of a
factor of two is seen as compared to the experimental results. This discrepancy is
mainly ascribed to the asymmetry of the implosion dynamics. For lower aspect
ratios, the implosion mode becomes stagnation dominated because a large amount of
the pusher is not ablated. In the present 12-beam Gekko system, the uniformity of
the laser irradiation is not sufficient, and the neutron yield in the experiment is found
to be less by a factor of 10"2 than the one-dimensional prediction for an implosion
with a radius convergence ratio of 40, the value required for the ignition experiment.
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Aspect Ratio
FIG, 1. Neutron yields per 10 kJ (0.53 pn laser) obtained from experiment ( • ) and 1-D fluid code
ILESTA-BG ( + ) versus target aspect ratio.

The uniformity of the laser absorption has been studied by using a threedimensional ray tracing technique [3]. In Fig. 2(a), the time development of the nonuniformity in laser absorption integrated in radial direction, is plotted. In this calculation, the fluid dynamics is assumed to be spherically symmetric. Laser light of 2w,
10 kJ/1 ns Gaussian shape (laser peak at 1.5 ns) is irradiated on a GHB with a radius
of 1 mm and a thickness of 2.5 pm. Four cases with different beam patterns are
shown. The actual beam pattern of Gekko-XII roughly corresponds to the solid line,
and a non-uniformity of 15% is found to be imposed during the acceleration phase.
The implosion dynamics under non-uniform laser irradiation has been studied
by the use of a two-dimensional fluid code, ILESTA-2D [4]. In Fig. 3, the equidensity contours of a gas filled target imploded by a 12-beam green laser are shown,
where the snapshot is taken when the shock wave travelling in the gas has just arrived
at the target centre. In the simulation, the laser energy absorption is calculated by a
ray tracing method, consistently with the two-dimensional density profile.
A focusing of d/R = -1 is used with an f/3 lens. By comparing this twodimensional fluid simulation with the experiment, it is confirmed that, in the present
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FIG. 2. Time development of non-uniformity in laser absorption integrated in radial direction for four
cases with different beam pattern: (a) 12-beam irradiation with d/R = -5; (b) 24-beam irradiation with
d/R = -6.

experimental conditions, neutron production is only due to shock heating and an
enhanced production of neutrons in the stagnation phase, which is seen in the 1-D
simulation, is not observed.
To ignite a compressed D-T fuel by alpha particle heating, it is necessary for
the total amount of energy of the alpha particles to be comparable to the thermal
energy of the fuel; the stopping distance of the alpha particles should be comparable
to the size of the fuel. A simple energy balance relation has been used to estimate
the fuel ignition condition. By balancing the heating due to alpha particles with the
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FIG. 3. Equi-density contours of an imploded target at the time when the shock wave travelling in the
fuel has just arrived at the target centre.
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FIG. 4. Ignition curves evaluated from simple energy balance relation (dotted line) and bum fraction
given by numerical simulation (curves A and B). Curves A and B represent the pR values at which the
bum fractions are increased by 10% and 100%, respectively, because of self-heating. Solid lines
represent relations (pR)3 T{ = 0.1, 0.5 and 1 [(g-cm'2)3 keVJ.
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cooling due to expansion, electron thermal conduction and radiation, we have
obtained the dotted curve in Fig. 4. In the figure, pR and T, are the density-radius
product and the ion temperature in the compressed state, respectively. The simple
estimation based on the energy balance yields pR « 0.5 g-cm"2 at Tj = 10 keV for
fuel ignition. In contrast, the solid lines represent the ignition condition evaluated
from the burn fraction in the model simulation presented by Fraley et al. [5].
The solid line A represents the pR value at which the burn fraction is enhanced by
10% because of self-heating, and line B represents the value at which the fraction
is enhanced by 100%. In the figure, the thin lines indicate the relations
(pR)3 Tj = 0.1, 0.5 and 1 [(g-cnT2)3-keVJ. It is concluded from this figure that at
least (pR)3 Tj > 0.1-0.5 [(g-cnr 2 ) 3 -keV] is required for substantial fuel ignition.
The energy contained in a D-T plasma (ED_T) compressed in the state with pR
and Tj is calculated to be

ED.T = 10.6 X 109 ——j
(p/ps)

(pR)3 Tk (J)

where p s = 0.213 g-cm"3, pR is in units of g-cm"2, and Tk is Tj in keV units. For
the condition (pR)3 Tk = 0.5, the required energy ED.T = 5 kJ at plps = 103. The
above relation is based on the assumption of uniform implosion. If, however, the
compressed fuel is deformed with the perturbation amplitude £, the effective pR contributing to fuel burn may reduce to (pR)eff = p(R - ?)• Then, the required fuel
energy becomes a function of £:

where Ro is the initial radius of the target and a = Ro/R = [Aop/(3ps)]1/3 (AQ is the
fuel aspect ratio). In Fig. 5, the case of AQ = 10 is shown by requiring
(pReff)3 Tk = 0.5. This figure indicates that, for fuel ignition by a 100 kJ driver, the
fuel should be compressed up to 2 x 103 times the solid density within a nonuniformity of 2-3%, where we have assumed a 10% coupling efficiency.
Considering that the Rayleigh-Taylor (R-T) instability of the target acceleration grows slowly compared to the classical value [6], we have studied the relation
between the core non-uniformity f and the laser absorption non-uniformity. It was
found that, by using a shorter wavelength laser which enhances the reduction of the
R-T growth rate as y = 0.3 Vkg, the requirement for irradiation also becomes
2 to 3%.in the absorption non-uniformity. We have studied whether such absorption
uniformity can be realized in our direct drive scheme. In Fig. 2(b), the result of a
3-D ray tracing calculation is shown, where we have assumed a 24-beam system. By
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FIG.5. Uniformity and energy required for satisfying the ignition condition (pR)3 Tk = 0.5.

.001
hv
FIG. 6. Typical X-ray (time integrated) spectrum emitted from an ignited target (curve A). Curves B
and C are spectra of X-rays totally emitted and reabsorbed in the target.

using a beam pattern as shown by the dash-dotted line, the non-uniformity of the
absorption can be maintained at less than 3%. Such a beam pattern is technically possible by using Random Phase Mask [7] or Induced Spatial Incoherence [8].
In Fig. 6, a typical X-ray (time integrated) spectrum emitted from an ignited
target is shown by a thick solid line. A shell target consisting of frozen D-T with
1.2 x 10"4 g is imploded by a 100 kJ blue laser. 5% of the incident energy is converted to X-rays of about 3 keV and 95% is carried away as a plasma blast with a
velocity of 108 cm-s"1 (corresponding to a tritium kinetic energy of about 15 keV).
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FIG. 7(a). Material dependence of dose rate after ignition experiment producing 3 x 1016 neutrons;
(b) material dependence of dose rate after 200 shots of 3 x 1016 neutrons.
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FIG. 8. Schematic target chamber room for ignition experiment.

Although this fraction depends upon the design of the target, the tritium inventory
of the target chamber becomes important. Optical devices are sensitive to the blast
of target plasmas and X-ray radiation.
A target chamber for an ignition experiment by the use of the forthcoming
100 kJ short wavelength laser system has been designed. A few times 1016 neutrons
are expected to be produced; therefore, activation of the chamber and neutron
damage of the diagnostic equipment should be considered. Candidates for the chamber material are stainless steel, aluminium and epoxy complex. For maintenance of
the diagnostic equipment and the optical devices, frequent access to the chamber is
required. Aluminium is not appropriate because of its high dose rate soon after a shot.
In contrast, stainless steel does not show such a high dose rate as aluminium, but slow
decay leads to accumulation. This is seen in Fig. 7(a). After two hundred shots with
3 x 1016 neutron yield, the dose rate grows to such a value as to make access to the
chamber dangerous. As seen in Fig. 7(b), the epoxy complex is appropriate for use
in the experiment. The epoxy complex is composed of epoxy with carbon fibre, thin
metal coating on the inner surface and a stainless frame for supporting the irradiation
system. The target chamber room is shown schematically in Fig. 8. It is surrounded
by 2m thick walls. The sky shine is reduced by designing an additional roof made of
lead and polyethylene above the chamber. An additional water jacket may be considered to be effective to avoid radioactivation of the supporting frame.
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In summary, we have studied the uniformity of implosion dynamics by using
a two-dimensional fluid code, especially focusing on the recent high neutron yield
experiment. The uniformity of the absorbed laser intensity on the target surface was
studied numerically by carrying out the ray tracing coupled with a one-dimensional
simulation. It was concluded that 2 to 3% non-uniformity in the laser absorption can
be achieved by employing a 24-beam system with a moderate beam pattern and fuel
ignition can be made possible by a 100 kJ shorter wavelength laser system. The
material of the target chamber for the ignition experiment is studied from the viewpoint of radioactivation by neutrons from the imploded targets.
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INTOR WORKSHOP: DESIGN CONCEPT,
CRITICAL ISSUES, INNOVATIONS,
DATABASE ASSESSMENT
(Summary)
W.M. STACEY
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Georgia Institute of Technology,
Atlanta, Georgia,
United States of America

This paper is one of two presented at this conference that summarize the final
phase (1985-1987) of the INTOR Workshop. It reports work on the INTOR design
concept and how it would be modified in the light of new information, analysis of
critical technical issues that affect the feasibility of next generation tokamak experiments, innovations that could improve the tokamak as a reactor concept and an analysis of the database that supports a next generation tokamak experiment. A companion
paper by G. Grieger (IAEA-CN-50/F-I-2) reports the critical analysis of INTOR-like
designs that was performed by the INTOR Workshop.
INTOR is viewed as the next major step in the world tokamak programme and
has the general objectives of serving as an engineering test reactor which demonstrates the physics and integrates the technology required for a subsequent DEMO
and which provides an engineering testing capability. This general objective leads to
several technical objectives: long, controlled burn ( > 100 s) with a neutron wall load
of Pn &: 1 MW/m2; a maximum availability of 25%; reactor relevant technologies;
and a neutron fluence of ~ 3 MW-a/m 2 .
An initial INTOR design concept was developed via a conceptual design in 1981
and was subsequently updated in 1983 and again in 1985. The most recent design
concept is characterized in Table I.
During 1985-1987 the workshop carried out a continuing assessment of the
evolving tokamak physics and technology databases, analysed several critical technical issues and evaluated a number of possible innovations, all in relation to the
INTOR design concept.
Results from tokamak experiments and from extensive analysis continue to support the conclusion that a high recycling poloidal divertor with a tungsten target is
the best available impurity control system, although innovations such as a liquid
metal divertor target and helium extraction by surface burial are extremely promising. The value of beta chosen for INTOR in 1985 has turned out to be somewhat
optimistic (requiring a Troyon factor of 4 with the present parameters), and some
increases in plasma current and elongation are probably necessary. On the other
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TABLE I. INTOR DESIGN PARAMETERS
Major radius

4.9 m

Average density

1.4 x 1020 in"3

Plasma radius

1.2 m

Average temperature

lOkeV

Maximum toroidal field

11 T

Beta

4.9%

Plasma current

8 MA

Safety factor

1.8

ICRH

50 MW

Tritium breeding ratio

0.6

LHR current drive

20 MW

Structural material

SS

Coolant

H2O

Total volt-seconds

112

Neutron wall load
Single null poloidal divertor

1.3 MW/m

2

hand, the INTOR density seems to be safely below the limit extrapolated from experiment, and the 1.4 s energy confinement time required for ignition should be achievable with the present parameters. The experimental database and extensive
calculations of non-inductive current drive would now justify reliance upon either a
combination of NBI and LHR (preference) or NBI alone, with a consequent reduction
in inductive volt-second requirements.
Substantial progress has been made in the computer modelling of transient
electromagnetic phenomena. Control of vertical and radial instabilities can be accomplished by a combination of the passive stabilization provided by the torus structure
and a set of active control coils (20-50 MW required) placed outside the blanketshield but inside the toroidal field coils.
An extensive comparison of configurations based upon horizontal (present
reference) and vertical access to the torus for assembly and maintenance has led to
the conclusion that horizontal access would be simpler, and therefore preferable, for
moderate plasma elongation, but that vertical or oblique access would be preferable
for plasma elongations > 2 .
Austenitic stainless steel is the only reasonable structural material, although
uncertainties related to aqueous stress corrosion and to disruption characteristics are
of concern, and low Z protective tiles may be required for protection of the first wall
against fatigue cracking due to disruptions. It appears possible to achieve tritium selfsufficiency with a ceramic breeding blanket covering ~60% of the upper and outboard parts of the plasma chamber.
If the INTOR design were to be updated again, on the basis of the work of
1985-1987, it is likely that some combination of plasma current increase, magnetic
field increase and change in dimensions would be made to enhance the likelihood of
MHD stability. Non-inductive current drive would be relied upon to achieve the basic
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performance objectives, if this resulted in a better design. If it proved necessary to
increase the plasma elongation above about 2, a vertical or oblique maintenance
scheme would replace the present horizontal scheme.
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INTOR: CRITICAL ANALYSIS
OF INTOR-LIKE DESIGNS
G. GRIEGER1 and the INTOR GROUP2
Abstract
INTOR: CRITICAL ANALYSIS OF INTOR-LIKE DESIGNS.
A critical and comparative analysis of existing INTOR-like designs has been made. The national
designs of the four INTOR Partners and the physical and technical constraints on which they are based
have been evaluated. The modelling methods used in reactor design have been further developed and
compared to test their consistency. Deep insight into the cross-relations between design details and
constraints and selected features has been obtained.

1.

INTRODUCTION

The original INTOR work plan for the last year (1987) of the INTOR activity
originally consisted of an updating of the early (1981) INTOR design concept [1] in
order to introduce the results of the studies on critical issues and the evolution of the
database. When the discussions on the new ITER activity started, this work plan was
changed. The updating of the INTOR design concept was cancelled and replaced by
a short and concise list of the changes to be made in the design concept [2], and the
time gained in this way was used for a critical analysis of INTOR-like designs. This
new work was performed by the INTOR Workshop with the aim of preparing valuable tools and a useful information base for future design work for an engineering
test reactor.

2.

DESIGNS AVAILABLE

The designs available were FER (Japan), INTOR as of Phase Two A, Part II
(International Atomic Energy Agency), NET (European Community), TIBER
(United States of America) and OTR (Union of Soviet Socialist Republics). The five
designs are characterized by their gross parameters as listed in Table I.
During an INTOR Specialists' meeting [2] on this subject the descriptions of the
five designs were converted into a common format in order to make possible a discussion and comparison of the programmatic and technical objectives, the physics and
1

2

Permanent address: Max-Planck-Institut fur Plasmaphysik, Euratom-IPP Association, D-8046
Garching, Federal Republic of Germany.
The members of the INTOR Group are identified in Paper IAEA-CN-50/F-I-1.

203

204

GRDEGER

TABLE I. MAJOR PARAMETERS OF INTOR-LIKE DESIGNS
INTOR

NET

FER

TIBER

OTR

Major radius (m)

5.00

5.18

4.42

3.00

6.30

Minor radius (m)

1.2

1.35

1.25

0.83

1.50

Fusion power (MW)

585

650

406

314

500

Plasma current (MA)

8.0

10.8

8.8

10.0

8.0

Average beta (%)

4.9

5.6

5.3

6.0

3.2

Safety factor, qj

1.8

2.1

1.8

2.2

2.1

Heating method/power (MW)

ICRH/50

TBD750

ICRH/50
LH/20

LH/10
NBI/40

ICRH/50

Number of TF coils

12

16

12

16

12

Maximum field at TF coils (T)

11

11.4

12

12

11.7

Volt-seconds

112

181

50

58

210

Neutron wall load peak/
average (MW-m"2)

1.6/1.3

1.5/1.0

1.5/1.0

1.6/1.0

1.05/0.8

Tritium inventory (kg)

3.1^.6

2

2

TBD"

3.5-5.0

12

40

9

19

2

Test first wall area (m )
a

To be determined.

engineering design constraints, the main features that drive the design concept, and
the design specifications. The critical analysis [2] of these designs should reveal the
detailed causes for the differences between the designs and yield information on the
impact on the design of specific decisions on constraints, features, etc.
For this analysis the designs show rather significant differences in the adopted
methods or features and in the resulting parameters. The features provide for:
— Plasma performance: Q = 5 to ignited;
— Current drive method: inductive or non-inductive;
— Pulse length: pulsed ( > 150 s) to steady state ( > 1 week);
— Divertor: single null (SN) or double null (DN);
— Tritium breeding capacity (for tritium supply): none to full;
— Plasma heating: various RF schemes, NBI.
The relative span of the parameters covered by the designs is apparent from
Fig. 1, and comparison of the horizontal builds in Fig. 2 provides a perhaps even
clearer impression.
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FIG. 1. Relative span of the parameters covered by the designs.

3.

CRITICAL ANALYSIS

The analysis is aimed at determining the detailed reasons for the rather large
differences between the designs. The reasons might fall into the following categories:
— Objectives,
— Design philosophy,
— Physics assumptions and constraints,
— Engineering design constraints,
— Others.
The results of the study will yield quantitative information on design drivers
which have a large impact on the design. For these items a careful assessment of the
determining constraints and parameters is important and expansion of the related
database by R&D should be particularly rewarding.
Comparison of the objectives as formulated by the leaders of the individual
design teams shows that all the designs have in common the purposes of providing
an essential step forward, leading to a well balanced point between the present generation of large devices and DEMO, aiming at reactor relevant operating conditions,
applying reactor relevant technologies and providing for engineering testing. Differences in the objectives mainly result from strategic considerations and differences in
expected budget availability. Thus the differences express themselves mainly as
differences in the fluence goal (which also concerns the operating cost) and in the
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intended tritium breeding capability, which is related to the fluence goal. Within the
depth of this analysis the fluence target has only a moderate influence on the design
and only affects the thickness of the shield. Thus, a difference in objectives is not
the prime cause for the differences between the designs.
The other categories require a more detailed analysis. System codes were the
tools used for this purpose. Such codes are in use by all INTOR Partners. They are
rather elaborate and designed to replicate a design in very great detail. The prevailing
design philosophy is a built-in property of these codes. The codes were tested by
comparisons between them. This was done by applying them not to their own design
but to the design of a Partner, replacing their own input assumptions and constraints
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TABLE II. PHYSICS CONSTRAINTS

Ip (MA)

INTOR

NET

FER

TIBER

OTR

8

10.8

8.74

10

8

K (at 95% of magnetic flux)

1.6

2.05/1.7

1.7

2.4

1.5

T

E. required ( )

1.4

1.9

1.7

0.44

1.7

T

E, ASDExV T E. required

2.9

3.0

2.3

6.8

3

1.6

1.7

1.14

1.06

1.7

19

23

15

8

25

s

n (10

20

3

m" )

Murakami parameter
(10 1 9 T-'-m- 2 )

3

Beta required (%)

4.9

5.6

5.3

6

3.2

Troyon coefficient (%)

4

3.5

3.5

2.8

3.5

Impurity control,
divertor type

SN

DN/SN

SN

DN

SN

Pulse length (s)

150

350

800

55

600

ICRF
(LH for
ramp-up)

LH + NBI

ICRH

Heating

a
b

ICRF

TBD

b

Estimated using line average density.
To be determined.

by those of this Partner and then comparing the result with the Partner's design. After
some minor improvements all of the codes were able to replicate the designs of any
Partner if the input assumptions were adjusted accordingly. This means that:
— The predictive powers of the system codes of the Partners are very close to each
other.
— The design philosophies on which the codes are based are more or less the same.
It thus follows that the differences between the designs are the consequence of
the differences in the decisions on the constraints determining the designs and in the
selection of design features. It thus becomes possible, by comparing the designs, to
directly study the reaction of a design to a variation of the constraints and features.
Tables H-IV list the physics constraints, the engineering design constraints and the
design features for the five examples.
This study was performed by starting from one design and then replacing
successively the physics picture, the engineering picture and the features by those of
another design and by checking the outcome. This was done for
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TABLE HI. MAJOR ENGINEERING DESIGN CONSTRAINTS
INTOR

NET

FER

TIBER

OTR

Field ripple at edge (%)

1.2

1.5

0.75

0.8

1.0

Impurity control

SN

DN/SN

SN

DN

SN

Plasma elongation
(at 95% of magnetic flux)

1.6

2.05/1.7

1.7

2.4

1.5

Maximum radiation to TF coil
insulator (rad)

10'

5 x 108

3 x 10'

10"

109

Allowable TF coil stress

ASME

600 MPa 600 MPa

600 MPa

600 MPa

Maximum first wall
heat flux (MW-nT 2 )

0.4

0.4

0.3

0.4

Allowable first wall stress

ASME

RCC-MR ASME

ASME

200 MPa

Directed peak heat
flux (MW-nT 2 )

5

5

3

5

FER

0.4

2

TIBER

OTR

and for

FER

TIBER

As an example the transition from NET to FER is shown going from top to
bottom in Fig. 3. The figure shows the radial build, starting from the axis of rotation
on the left, followed by the regions of the OH central coil, the inner leg of the
TF coil, the inboard shield, the inboard blanket, the plasma, the outboard blanket,
the outboard shield and the outer leg of the TF coil. The figure starts from the
NET-DN configuration. The first step, A-l, replaces the NET physics picture by that
of FER, but does not yet change the radius of the OH transformer coil. The FER
physics is more optimistic than the NET physics and thus leads to a smaller plasma
radius and, simultaneously, to a longer burn time. The latter is corrected in step A-2,
where the central bore is reduced such that the reduction in volt-seconds corrects for
the excess in burn time. This case represents a NET with FER physics. The next step
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TABLE IV. MAJOR DESIGN DRIVING FEATURES
INTOR

NET

FER

TIBER

OTR

Operating mode

Ignited

Ignited

Q > 20-30

Q> 5

Q > 5

Pulse length (s)

150

>200

800

cw

600

Inductive

Inductive

Hybrid

Non-inductive

Inductive

Fluence(MW-a-rrf )

3.0

0.8

0.3

3.0

5.0

Tritium breeding rate

0.6

0.3

1.0

1.05

NBI + LH

ICRH

Current drive
2

0.0
a

a

Plasma heating method

ICRH

TBD

Impurity control

SN

DN/SN

SN

DN

SN

Access for maintenance

Horizontal

Vertical

Horizontal

Horizontal

Horizontal

Weight of largest
replaceable component (t)

300

60

250

32

300

Availability/period

25%/10a

8%/ll a
(25%/ la)

796/6 a

30%/12 a

50%/9 a

a

TBD

To be determined.

introduces the FER engineering: the current density in the TF coils is increased
together with the thickness of the outboard shield, which simultaneously leads to the
reduction of the field ripple from 1.2 to 0.75%. Then, in step C-l, some of the
features are modified. The NET double null divertor is replaced by the FER single
null divertor. The elongation is reduced from 2.0 to 1.7 and a bucking cylinder is
introduced to support the TF coils, the number of which is reduced from 16 to 12.
This change leads to a more circular plasma with a correspondingly larger diameter
and requires a larger neutral bore for obtaining the needed volt-seconds. With only
12 TF coils their outer legs have to extend rather far in radius to keep the field ripple
down to 0.75%. The final step, C-2, removes the blanket, introduces the low FER
fluence target and assumes some RF support in generating and driving the plasma
current. A comparison with Fig. 2 demonstrates that the introduction of the FER
physics, engineering and features into the NET design leads in fact to the FER
design. This means that the impact of the various modifications is understood quantitatively. There is no need for qualitative changes of the system codes. The results
can be considered to be rather accurate. They also show that each of the three
categories — physics, engineering and features — has considerable influence, although
there is some difficulty in defining conclusively what item belongs to which category.
These investigations also allow conclusions to be reached on which items have
the highest or the lowest impact on the design. In this connection it is necessary to
remember that the impact is the product of the sensitivity times the potential variation
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of the parameter under study. The sensitivity can be deduced from the above studies.
The potential variation of the parameter relates to the degree of knowledge and either
constitutes a risk for achieving targets or requires the introduction of safety margins
which might be expensive. This is related to the quality of the database and the
corresponding R&D. On the other hand, considerable uncertainties can be accepted
where the sensitivity is low. From the results of such evaluations the following were
determined:
— Items with the strongest sensitivity to changes:
Ignition margin or Q '
Safety factor (q)
Elongation
Shield attenuation1
Zeff and reactivity1
Neutron wall load
Beta scaling coefficient (Troyon factor)
TF coil stress.
— Items with the weakest sensitivity to changes:
Fluence
Burn time
Presence/absence of bucking cylinder1
Presence/absence of inner blanket1
Shield thickness
Scrape-off layer (inboard)
Edge ripple1
Plasma inductance1
Plasma profiles
Volt-seconds
Radiation dose to insulator1.
This list is still subject to some scatter between the results obtained by the
individual Partners. This is not so much a consequence of the quality of the codes
but rather is caused by differences in what is kept constant and what is allowed to
change.

4.

CONCLUSIONS

Because of the large spread in the parameters of the available INTOR-like
designs, a deep insight into the impact of the various design determining properties
has been obtained. This was made possible by the utilization of system codes describing the design in rather elaborate detail. These codes have been checked for their
1

Studied by only one delegation.
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Torus structure, shield
Blanket

Magnet

Heating, current drive
Power supply, cooling,
subsystems
Assembly, diagnostics,
control
Facilities
INTOR

NET

FER

TIBER

OTR

FIG. 4. Comparison of the costs of the individual designs.

predictive power and their degree of accuracy. The results obtained have qualified
these codes as fast and reliable aids both for designers and in the definition of R&D
programmes. The degree to which the various constraints or features impact the
design has been analysed and a list has been established. This list shows items where
R&D is particularly rewarding and others with only a small impact on the design.
The amount of the potential influence is best demonstrated by a comparison of the
direct capital cost of the compared designs, for which calibrated codes also exist. An
example is given in Fig. 4, which shows a breakdown of the direct capital costs
relative to those of INTOR. These analyses scatter by about 5-15% between the
Partners because they also reflect the national traditions with respect to how large
projects are organized in their relation to industry. Keeping this in mind one can
conclude that in comparison with INTOR the direct capital costs
— Of NET are about the same,
— Of FER are about 10% lower,
— Of TIBER are about 35% lower, and
— Of OTR are about 25% higher.
These are non-negligible factors, indeed.
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ITER: CONCEPT DEFINITION*
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K. TOMABECHI
Abstract
ITER: CONCEPT DEFINITION.
On the basis of the results of the investigation carried out since May 1988, an ITER concept has
been defined which incorporates the maximum possible flexibility and allows a variety of plasma configurations and operating scenarios. For technology experiments, with a full breeding blanket, the
machine can be operated typically with a plasma of 18 MA at a major radius of 5.5 m. For the plasma
physics experiments the same machine can, if required, be configured with a thinner shield and produce
a plasma of 22 MA with fully inductive operation and higher currents under limited conditions. A list
of important ITER specific physics and technology R&D tasks has been developed. Implementation of
these tasks is now under way.

1.

INTRODUCTION

The activity of the International Thermonuclear Experimental Reactor (ITER)
is conducted under the auspices of the International Atomic Energy Agency jointly
by Euratom, Japan, the Union of Soviet Socialist Republics and the United States of
America. About ten experts from each of the four participating parties gathered in
May 1988 at the technical site, the Institut fur Plasmaphysik, Garching, and started
work on defining the ITER concept. During the early phase of the design work an
ITER concept is to be developed together with an R&D plan relevant to ITER design
which will be carried out by the four parties.
In the 'Terms of Reference' for the ITER activity [1] it is stated that the objectives of ITER are to demonstrate controlled ignition and extended burn of deuterium
and tritium plasma, with steady state as an ultimate objective. Guidelines are given
for ITER design, i.e. confinement capability by specifying plasma current, inductive
capability for a pulse length of a few hundred seconds, Q values for steady state
operation and a neutron wall loading of about 1 MW/m2. It is also stated that the
ITER device should be based on the scientific and technological database that is
expected to be available to support a decision, at the end of the design phase, i.e.
at the end of 1990, to proceed to engineering design and construction.
On the basis of the results of the investigation made on possible configurations
and performances of ITER machines, an ITER concept has been defined; this paper
describes the details of that concept.
The activity of the International Thermonuclear Experimental Reactor (ITER) is conducted under
the auspices of the International Atomic Energy Agency jointly by Euratom, Japan, the Union
of Soviet Socialist Republics and the United States of America.
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PHYSICS BASIS [2]
Crucial physics areas for the ITER design are:

(1)
(2)
(3)
(4)
(5)

Operational limits and plasma performance (including energy confinement, fast
ion confinement, density limits, MHD limits and plasma performance);
Plasma equilibrium and control and poloidal field configuration;
Current drive and heating;
Power and particle exhaust conditions;
Disruptions.

For each of these areas an assessment of the present state of the physics knowledge
and of the improvement potentially possible has been performed. From these preliminary assessments some initial conclusions have been drawn and key issues identified.
In the H-mode the global energy confinement time is roughly twice the L-mode
value. Some enhancement of the energy confinement over 'normal' L-mode values
is achievable with centrally peaked heating, divertor operation or some degree of
profile control.
The analyses of fast alpha particle confinement indicate that the ripple in the
plasma edge should be below 1.5 % to keep the stochastic and collisional ripple losses
at acceptable levels. The initial conclusion regarding the density limit in present
experiments is that it appears to be due primarily to disruptions following modifications of the current profile caused by excessive radiation losses.
The Troyon scaling for the beta limit (beta = gl/aB) is a reasonable characterization of the beta limit that can be expected in ITER. It is recommended that for
ignition studies and ignited operation g < 2.5 be used, that for steady state operation
g < 3 be used with q(¥ = 95%) > 3 and that g = 3-3.3 with q(^ = 95%) > 2.1
be used for extended operation.
On this basis it has been recommended that the plasma current in ITER should
be approximately 20 MA with an aspect ratio of about 3 to have a reasonable degree
of assurance for ignited operation and driven steady burn operating in the H-mode
or at least in an improved L-mode.
On the basis of assessments of the performance of candidate systems for heating
and current drive, three major current drive options for the central plasma have been
identified: high energy neutral beams (E ~ 1 MeV), electron cyclotron waves and
ion cyclotron fast waves, all supplemented by lower hybrid current drive in the outer
portions of the discharge. The power required for steady state operation is anticipated
to be of the order of 100 MW. A limited amount of electron cyclotron wave power
is required to assist in initiating the discharge at low induced electric fields
(~0.3 V/m) and, if viable, for local profile control. It also appears credible to
include the bootstrap current in the analyses of the reference scenarios.
The recommended configuration for power and particle control is a poloidal
divertor. However, the development of a credible concept for a long integrated
operation time will require substantially more physics and engineering work.
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Disruption data from the present generation of tokamaks have been assessed and
characterized. The initial conclusions are that the thermal quench time can be as short
as 100 /xs; the maximum current decay rate is assumed to be about 1 MA/ms. The
minimization of disruption effects is a key design issue.

3.

SCOPING STUDIES

The desirable device parameters for ITER were surveyed using four different
overall systems codes - SUPERCOIL/SCAN, TRESCODE, TETRA and SYS - as
well as more simplified analysis. ITER reference parameters needed to be chosen
such that the device should be capable of achieving the joint objectives of ignition
and steady state performance. Since today's typical scalings for energy confinement
time depend to differing degrees on plasma current (I) and aspect ratio (A), an investigation was made to scope out the device parameter choice in I-A space, with fixed
assumptions on peak fields (e.g. B^^), safely factor (q^,) and distance between
plasma and TF coil on the inboard side (d^), amongst others. These are the key
parameters determining machine size for given I and A and are related by the
equation
a = [ I A ^ / S B ^ + d M ]/(A Further restrictions were that the neutron wall loading be kept at 1 MW/m2
and that the central solenoid have an adequate inductive burn time without exceeding
coil stress limitations.
The variation over I-A space of the enhancement factors for r E needed for
ignition differs according to scaling law. Goldston and T-10 scalings favour devices
of high aspect ratio and high current, whereas for Rebut-Lallia and ShimomuraOdajima scalings high current is the main way to reduce these factors.
The best compromise position from the point of view of attaining the ignition
goal at a reasonable cost and power level in a technically feasible device is seen to
be a device with parameters near I = 20 MA, A = 3. It seems that the compromise
region of design space for ignition performance also produces devices with sufficient
flexibility for current driven operation. Therefore the region around I = 20 MA,
A = 3 was studied in further detail to find ways of reducing device size and cost
while optimizing performance for both the physics and the technology phases. In
view of the different goals for the physics (Q — oo) and technology phases (Q > 5),
a different set of plasma parameters was chosen for each phase. The change between
the phases might require changing in-vessel components. These parameters were
chosen to symmetrize the demands on confinement for the two phases and to alleviate
the problems associated with energy removal by reducing fusion power in the
technology phase when ignition would not be a necessity.
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On the basis of the results of the assessment of the relevant scientific and technical data and of the investigation of possible configurations and performances of ITER
machines, an ITER concept has been defined prudently as a machine which has the
capacity to operate with a variety of plasmas in order to meet both the technology
and the physics objectives assigned to ITER.
For technology experiments and tests the machine can be operated typically for
a plasma of 18 MA at a major radius of 5.5 m with the full tritium breeding blanket
installed. For the plasma physics experiments the same machine, but with a thinner
shield blanket instead of the breeding blanket, can produce a plasma of 22 MA by
fully inductive operation or a larger plasma current under some conditions.
The layout and major parameters of the basic ITER device [3, 4] are shown in
Fig. 1 and Table I. The toroidally and poloidally segmented in-vessel components
(tritium breeding blanket, first wall and divertor) are contained and supported within
a combined vacuum vessel and outer shield. There are large penetrations at the top
of the vessel for removal of major in-vessel components, with subsidiary access or
additional heating ports on, above and below the equator.
The 16 TF coils use (NbTi)3Sn type superconductor at 4-5 K. The centring
forces are taken by a vault structure formed from the noses of the coil cases. The
superconductor uses forced flow cooled conductors with glass fibre reinforced epoxy
resin insulation and bonding. The PF coils, apart from the vertical stability control
coils which are normal conducting and situated within the vacuum vessel, are superconducting and lie outside the TF coils. The straight solenoid is self-supporting and
contains three up-down symmetric coil sets. There is an upper and a lower 'divertor'
coil and two pairs of outer equilibrium coils.
Maintenance of all basic device components is designed to be fully remote.
Provisions for hands-on maintenance will be made wherever possible. The main
biological shielding for the machine lies outside the PF coils, with the vacuum vessel
shielding providing the minimum shield necessary for the coils.
Low temperature, low pressure water coolant and 316 L austenitic stainless
steel as a structural material have been selected for first wall and blanket designs.
The first wall being considered for the early phase of operation is a protected wall
of carbon based tiles, mechanically attached or bonded to the heat sink. Proposed first
wall designs are anticipated to be operable up to neutron wall loads of
~ 1.4 MW/m2 in ignition conditions and at ~ 1.0 MW/m2 in driven operation
(Q ^ 5).
Divertor plates with carbon based protection and Cu, Mo or V heat sink
material are predicted to work at heat fluxes of 3-6 MW/m2 for physics experiments. Plates with high Z material protection could operate for technology testing
with a longer lifetime if low temperature, high density plasma edge conditions could
be realized. Sweeping of the separatrix will ease, to some extent, the technical
problems in designing the divertor plates.
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TABLE I. ITER MAJOR PARAMETERS
With breeding blanket
installed
(for technology experiments)
Steady state
operation
performance

Without breeding blanket
installed
(for physics experiments)

Full inductive
operation
performance

Extended
operation
performance

Major radius (m)

5.5

5.5

5.8

5.8

Minor radius (m)

1.8

1.8

2.2

2.25

Aspect ratio

3.1

3.1

2.6

2.6

Elongation (95% flux surface)

2.0

2.0

1.9

2.0

Troyon factor

2.9

2.0

1.7

1.5

Safety factor

3.1

3.1

3.2

2.8

Toroidal field on-axis (T)

5.3

5.3

5.0

5.0

18

18

22

25

1.1

1.3

1.0

0.98

0.72

1.2

1.0

0.96

Ion temperature (keV)

18

10

10

10

Required confinement time (s)

2.1

2.5

3.1

3.3

Inductive flux (V-s)

235

235

260

260

Fusion power (MW)

850

1000

1000

1000

Plasma current (MA)
2

Neutron wall loading (MW/m )
Electron density (10

20

3

m" )

For supplying tritium to the ITER machine itself, three options for blanket
design are under consideration, i.e. solid breeder, LiPb eutectic breeder and lithium
salt solution breeder.
The vacuum vessel, inboard blanket and radiation shield will result in an insulator dose of about 1 x 109 rad (1 X 107 Gy) for a first wall neutron fluence of
3 MW-a/m 2 and a total nuclear heating in the magnets of —13 kW. During the
physics experiments the inboard blanket shield can be a thinner one, permitting an
additional space of up to 15 cm with greater nuclear heating for operation of a larger
plasma size.
An important objective of testing is the extraction of high grade heat from
reactor relevant modules and sectors. Testing space will include four to eight modules
with a volume of ~ 1 m3 each, and two full outboard blanket sectors.
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FIG. l(a).

Vertical cross-section of HER for the technology phase.
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FIG. l(b).

Vertical cross-section of HER for the physics phase.
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The basic fuelling mechanism will be gas puffing. Pellet injection ( ~ 2 km/s)
is planned for density ramp-up and profile control. The torus exhaust pumping speed
required is in the range 350-700 m 3 /s. Compound cryopumps are a possible option.

5.

PERFORMANCE FLEXIBILITY OF THE ITER CONCEPT [5]

The ITER design should be as flexible as possible to provide access for the
introduction of advanced features and new capabilities. At the present state of ITER
design this flexibility is being considered primarily with regard to physics uncertainties. During an early phase of physics experiments in ITER operations, an ignition
mode with pure inductive drive and a steady state burn mode with non-inductive
current sustainment will be studied. In this DT physics phase a relatively small
number of ignition mode and steady state mode operations with intense neutron
production are envisaged, and neutron fluence is expected to be less than
0.01 MW-a/m 2 . After the installation of breeding blankets ITER should be reliably
operated in a steady state and/or a long pulse mode and devoted to engineering objectives and testing programmes. Therefore the machine should have flexible and
extended capabilities especially with regard to plasma size, plasma current, configuration (elongation, triangularity, different divertor configurations, etc.) and operation
range (beta, safety factor, etc.). In order to achieve these capabilities the structures
surrounding the plasma should be replaceable and the poloidal field system should
be flexible.
Extended operations with a larger plasma size and higher plasma current are
especially important to enhance the confinement capability of ITER in the physics
phase. Operation has been studied for a plasma current of 22 MA, major radius of
5.8 m, minor radius of 2.2 m, elongation of 1.9 and safety factor of 3.2 at the 95 %
flux surface and toroidal field ripple of about 1.5%. Assuming a bootstrap current
of 5 MA or a 50 V • s saving with non-inductive current drive, it seems possible to
produce in the same machine an extended plasma, having a plasma current of 28 MA,
minor radius of 2.25 m, aspect ratio of 2.58, elongation of 2.0, safety factor of 2.5
and toroidal field ripple of about 2%. Further studies of the engineering implications
of such a high current will be made in 1989.
The device is also suitable for the steady state mode of operation and in that case
the plasma current should be around 15-18 MA with a reasonable Q value (>5),
current drive power (~ 100 MW), neutron wall loading (~ 1 MW/m2) and confinement capability.

6.

R&D PLAN

Extensive fusion R&D activities are being carried out in the national
programmes of various countries. It is obvious that a great deal of information essen-
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TABLE II. ITER RELATED PHYSICS R&D TASKS
PHI

Power and helium exhaust conditions

PH2

Helium radial distribution in high temperature tokamak discharge

PH3

Viability of a radiative edge

PH4

Sweeping of the divertor target load

PH5

Characterization of low Z materials for plasma facing components

PH6

Characterization of high Z materials for plasma facing components

PH7

Characterization of disruptions

PH8

Disruption control

PH9

RF plasma formation and preheating

PH10

RF current initiation

PH11

Scaling of volt-second consumption during inductive current ramp-up in large
tokamaks

PH12

Alpha particle losses induced by toroidal magnetic field ripple

PH13

Compatibility of plasma diagnostics with ITER conditions

PH14

Steady state operation in enhanced confinement regimes (H-mode and
'enhanced' L-mode)

PH15

Comparison of theoretical transport models with experimental data

PH16

Control of MHD activity

PH17

Density limit

PHI8

Plasma performance at high elongation

PHI9

Alpha particle simulation experiments

PH20

Electron cyclotron current drive

PH21

Ion cyclotron current drive

PH22

Impact of Alfve'n wave instability on neutral beam current drive

PH23

Proof of principle of fuelling by injection of field reversed compact toroids

tial to ITER will be generated from these R&D activities, and therefore one should
naturally assume that such information will be made available for the ITER design
activities directly or by other, indirect means.
In the 'Terms of Reference' for ITER R&D it is stated that the level of effort
of ITER related R&D should stay at about US $10 million per party per year.
Clearly all the tasks needed for ITER cannot be supported within the budget of
US $120 million up to the end of 1990. Therefore, only technology tasks specific to
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TABLE IE. ITER TECHNOLOGY R&D: SUMMARY OF TASKS AND
PROPOSALS FROM THE ITER PARTIES
Euratom

Japan

USSR

USA

Low Z materials
High Z materials
First wall test
Divertor test

*

*
*
*
*

*
*

*
_
*
*

Toroidal coils
Poloidal coils
Insulation materials
Structural materials
Radiation tolerant magnets
Cryogenics

*
*
*
*

*
*
*

*

*

*

Blanket
BB1
BB2
BB3
BM
BS

Ceramic breeder
LiPb breeder
H2O/Li solution breeder
Beryllium
Structural materials

Plasma facing components
PCI
PC2
PC3
PC4

*
*

*

Magnets
MT
MP
MI
MS
MA
MC
Fuel cycle
FC1
FC2
FC3

Fuelling
Pumping
Fuel purification

Heating and current drive
HD1
HD2
HD3

Source: EC — 150-250 GHz
Source: LH — 6-8 GHz
Source: NB — negative ions

Maintenance
RH1
RH2

Components qualification
In-vessel ODerations demonstr

*
*

*
*
*
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ITER design have been included in the budget, and for the physics tasks the ITER
activities should assume voluntary contributions.
A list of specific physics R&D needs for ITER design has been developed
(Table II). Tasks PHI to PHI3 cover a number of crucial design related physics
R&D issues on which additional information is urgently required to permit, in 1990,
the confirmation of the technical working assumptions on which the ITER concept
is based. The rest of the tasks cover general issues of plasma performance (energy
confinement, operational limit, burn control and long pulse operation), crucial for
ITER to enable it to reach its objectives, but not sufficiently covered by the ongoing
fusion programmes.
A plan for ITER technology R&D has been developed. In the plan the R&D
tasks are divided into six areas: blanket, plasma facing components, magnets, fuel
cycle, heating and current drive, and maintenance. The tasks and the work proposed
by the ITER participating parties for each task are summarized in Table III.
It should be noted that the R&D plan for ITER has been produced on the basis
of the information available at a preliminary stage of the ITER design activity, and
that it will be reviewed and modified as the need arises.

7.

CONCLUSION

A described above, it is concluded that a machine concept that makes possible
flexible and extended operation would satisfy the objectives assigned to ITER,
although a number of identified technical problems need to be resolved. The present
guidelines for both the physics and the engineering of ITER will continue to be
developed during the ITER conceptual design, and the design activities will continue
to aim at the production of an integrated ITER design to meet the required goals.
It should be emphasized here that there are many crucial design related R&D
issues in both the physics and the technology areas on which additional information
is urgently needed, and the activities of the fusion community working on these
technical issues should be encouraged.
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Abstract
VIEW OF THE ITER SCIENTIFIC AND TECHNICAL ADVISORY COMMITTEE (ISTAC).
The author reviews several discussions on ITER design activities held within ISTAC.

The ITER Scientific and Technical Advisory Committee (ISTAC) has not yet
discussed the final version of the ITER Definition Phase report. Previous discussions
on the ITER design activities, however, enable me to making several comments on
the ITER design.

1.

FLEXIBILITY

According to the terms of reference of the ITER activity, the objectives of ITER
are to demonstrate controlled ignition and extended burn of deuterium and tritium
plasma in a steady state as the ultimate goal. It is clear that assigning these two objectives to a single device is not an easy task. In principle, it would be possible to emphasize one of these objectives at the expense of the other. It was, however, the general
opinion of the ISTAC members that both of these objectives were equally important.
ISTAC has endorsed the present design approach, which has the flexibility of
not only providing an ignition margin, but also of allowing transition to a steady state
mode of plasma operation. Specifically, the present design can accommodate a
larger, higher current plasma within the same vacuum vessel by introducing a thinner
shield and limiting the number of pulses, thereby providing an increased capability
of confinement; the design may also allow a modest reduction in plasma density and
fusion power, thereby providing a steady state mode of operation with acceptable
current drive efficiency.
For technology experiments and tests, the machine can, typically, be operated
for a plasma of 18 MA at a major radius of 5.5 m, with the full tritium breeding
blanket installed. For plasma physics experiments, the same machine, but with a
thinner shield blanket instead of the breeding blanket, can produce, at a major radius
of 5.8 m, a plasma of 22 MA by fully inductive operation or a higher plasma current
by using a bootstrap current of about 5 MA.
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The main physics concern is the confinement capability. So far, several different empirical scalings for the energy confinement time exist. A consistent set of
machine parameters has been selected such that for all these scalings approximately
the same enhancement factor of f = 1.8, as compared with the L-mode, is necessary
to provide ignition. This design item is a compromise between different scalings and
different tasks prescribed to ITER by the terms of reference. This approach seems
to be reasonable, and the proposed design looks well balanced from this point of
view.
The concept has reasonable operational limits. The beta value is lower than the
troyon limit, the density limit is not reached, the safety factor q is greater than three
in steady state operation. The extended operation demands a somewhat higher value
of beta and a lower value of q.
With a current of about 20 MA and an aspect ratio of about 3, there is a
reasonable degree of security for ignited operation and driven steady burn operating
either in the H-mode, or, at least, in an improved L-mode.
As to heating and current drive, three major current drive options for the central
plasma have been identified: high energy neutral beams (E — 1 MeV), electron
cyclotron waves and ion cyclotron fast waves, all supplemented by lower hybrid
current drive in the outer portions of the discharge. The power required for steady
state operation is anticipated to be of the order of 100 MW. A limited amount of
electron cyclotron wave power is required to assist in initiating the discharge at low
induced electric fields (~0.3 V-nr 1 ) and, if viable, for local current profile
control. It also appears to be appropriate to include the bootstrap current in the
reference scenario analyses.
The recommended configuration for power and particle control is the poloidal
divertor. The plasma disruptions continue to be of great concern. The disruption data
from the present generation of tokamaks have been assessed; evidently, minimization
of the disruption effects is a key design issue.

3.

ITER CONCEPT

The ITER concept is very impressive. It shows that a tokamak with a current
of 20 MA, and even up to 30 MA, lies within the scope of near future technology.
This tokamak is not very large: the major radius is 5.5 to 5.8 m, and with this size
it is capable of meeting the very broad and diverse demands of the terms of reference.
Top priority in the concept was given to highest plasma performance and to optimization of the poloidal magnetic system.
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It was decided
— to use superconducting coils everywhere, if possible;
— to use an Nb3Sn superconductor for the toroidal coils and for the central
solenoid;
— to wedge the central legs of the toroidal field coils against each other and to
form a central vault structure capable of withstanding both the centring and
the out-of-plane forces;
— to have the central solenoid structurally separated from the toroidal coils;
— to use the well established technology of vacuum impregnation with epoxy
resin and to obtain monolithic superconducting coils;
— to integrate the first wall with the blanket;
— maintenance of all basic device components to design so as to be fully
remote;
— to use 316 L austenitic stainless steel as a structural material;
— to use carbon based protection for the divertor plates;
— to protect the first wall by carbon based tiles.
For supplying tritium to the ITER machine itself, three options of blanket design
are under consideration: solid breeders, LiPb eutectic breeders and lithium salt solution breeders. The basic fuelling mechanism will be gas puffing. Pellet injection is
planned for density ramp-up and profile control. The pumping speed of the torus
exhaust required is in the range 350-750 m 3 -s"'.
One of the major programmatic objectives of ITER is testing of neutronics,
materials, tritium production/extraction, blanket modules and sectors and advanced
plasma technologies. An important objective of testing is extraction of high grade
heat from reactor relevant modules and sectors. The testing programme was
developed.

4.

R & D PLANS

The ITER concept has many issues left to be resolved by R & D activities.
A list of specific technology and physics R & D needs to ITER design has been
developed. The list was analysed by 1STAC, and some recommendations were
proposed to the ITER Council. Some of these will be mentioned below.
As to the physics R & D needs, ISTAC believes that
— fundamental studies of plasma confinement in tokamaks (especially, steady
state operation in the H-mode), operational limits, and long pulse operation
with non-inductive current drive (in particular, the role of the bootstrap
current) continue to be the main thrust of the national tokamak programmes;
— the tasks of studying the helium behaviour in tokamak discharges and the
characteristics of low-Z and high-Z materials for plasma facing components
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have to be supplemented by additional studies of impurity transport in the
core plasma and by the development of techniques of controlling the plasma
boundary and, hence, the influx of impurities;
— the investigation of the physics of disruptions and the development of
techniques of controlling disruptions (including internal ones) are very
important.

As to the technology R & D plan formulated by the ITER team, the ISTAC
endorses the list of tasks presented and makes some recommendations:
— As to the blanket, ISTAC notes that the use of lead in future reactors may
not be consistent with lower activation blankets aimed at minimizing waste
disposal problems.
— ISTAC recommends greater emphasis on the possibility of using a reduced
activation steel.
— As to plasma facing components, ISTAC notes that R & D on tritium trapping, retention and recycling is very important.
— With respect to magnets, ISTAC underlines the necessity of a broad
programme of superconducting coil development and testing.
— With respect to pumping, ISTAC supports the development of helium pumping cryopanels and ceramic turbo pumps for operation in a magnetic field.
— As to heating, ISTAC believes that multiple options are appropriate at this
time, i.e. a composition of LH, EC, IC and negative ions.
— As to maintenance, ISTAC feels that the need for remote handling of the
basic machine imposes severe constraints on the conception of equipment.

5.

CONCLUDING REMARKS

The results of the ITER design group are very impressive. A very compact
machine with low aspect ratio and a plasma current of up to 30 MA was proposed,
which could almost be constructed with present day technology. The device has high
flexibility so as to meet all the demands prescribed by the terms of reference. This
flexibility seems, however, to be somewhat too broad. In addition, there are many
design issues left for future design activity and R & D programmes. There are
several configurations of the machine, four methods of heating and current drive,
three options for the blanket, etc. It seems to me that for the subsequent design
activity, it is necessary to choose a more precisely defined basic design for the main
effort, supplemented by some backup options for comparison and scoping studies.
Some additional specific comments are as follows:
— The volt-seconds capability of the Ohmic coil does not seem to be fully satisfactory for the extended operation during the physics phase and for long pulse
inductive operation during the technological phase.
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— The conditions for divertor plates are very severe: the thermal flux to the
plates is too high and their lifetime is too short.
— The strains and stresses in the vacuum vessel and the protective tiles are very
severe during plasma disruptions.
— No reliable technical solution for the protection of the first wall against
disruption during the technological phase has been suggested as yet.
Hence, there is a great deal of work to be done during the design phase of ITER,
both in the design itself and in the R & D activities.
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Abstract
ITER: PHYSICS BASIS.
The physics requirements for the ITER design have been set to provide a reasonable assurance
that the plasma performance will be sufficient to meet the goals of ITER. Ignition and high fluence burn
place severe requirements on ITER in terms of achieving an adequately high level of energy confinement
with a stable plasma, a suitable plasma control system, an efficient current drive and heating system,
a satisfactory power and particle exhaust system, and a system that can survive high current, high power
disruptions. These requirements determine the size and reliability of the machine. They have been set
on the basis of an assessment of the present state of tokamak knowledge from tokamak experiments and
theory and with the requirement that ITER be able to take advantage of favourable developments in
physics and engineering in the future.

1.

INTRODUCTION

On the basis of the significant progress that has been achieved during the last
decade with respect to improvement both of the plasma parameters attained in
tokamaks and of the understanding of the physical processes in tokamak plasmas,
the ITER physics group has developed specifications and guidelines for the
ITER design [1] to provide a reasonable degree of assurance that ITER will be able
to meet its goals of ignited operation and high fluence testing [2]. This progress
includes the achievement of reactor grade ion temperatures of 10 to 30 keV at low
to moderate plasma densities with high power (10 to 30 MW) heating in the largest
tokamaks (JET, JT-60 and TFTR) and the attainment of energy confinement times
close to 2 s in JET with moderate levels ( < 7 MW) of heating with H-mode confinement and confinement times of —0.5 s with L-mode confinement. The fusion
ignition parameter ni(0)Ti(0)TE has been increased in the present generation of
large tokamaks by a factor of —30 over the values achieved in the 1970s to
3 x 1020 m~3-keV-s. However, the achievement of the goals of ITER will require
a further increase of an additional factor of 20 to 30, so that significant extrapolations
from present experiments to the parameters for ITER will be required. The progress
in understanding tokamak physics has also been substantial. For example, the
experimental beta limit has been found to be in close agreement with theoretical

The activity of the International Thermonuclear Experimental Reactor (ITER) is conducted under
the auspices of the International Atomic Energy Agency jointly by Euratom, Japan, the Union
of Soviet Socialist Republics and the United States of America.
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predictions and the physics of mechanisms for plasma heating and current drive also
appears to be well understood. While a strong emphasis has been placed on the
physics credibility of the design, the guidelines also take into account that ITER
should be designed to be able to take advantage of potential improvements in tokamak
physics that may occur before and during the operation of ITER. Six physics areas
have been assessed for the ITER design:
(1)
(2)
(3)
(4)
(5)
(6)

Plasma performance and operational limits (including energy confinement, fast
ion confinement, density limits, MHD limits and plasma performance);
Plasma equilibrium and control and poloidal field configuration;
Current drive and heating;
Power and particle exhaust conditions;
Disruptions;
Operations and diagnostics.

The understanding of many questions associated with the ITER physics guidelines is still incomplete. These questions require further tokamak experiments and
theoretical analysis. A set of ITER physics R&D requirements has thus been drafted
which identifies the additional information that is needed for the design of ITER.

2.

PLASMA PERFORMANCE AND OPERATIONAL LIMITS

Projections for the plasma performance of ITER require a determination of both
the parameters necessary for adequate energy and alpha particle confinement and the
operational constraints such as those imposed by MHD stability limits and the density
limit.
Energy confinement is one of the most important major issues for ITER because
the level of plasma current required for ignited operation determines the size of the
device [3]. An assessment of the energy confinement data from present tokamak
experiments has been carried out for ITER [4]. This assessment has emphasized the
data from the present generation of large tokamaks (i.e. TFTR, JET, JT-60 and
DIII-D) as well as data from older experiments (ASDEX, Dili, JFT-2M, T-10, etc.).
With intense heating (the appropriate regime for ITER), two general regimes
of confinement have been observed: L-mode, with significantly degraded confinement compared with Ohmic confinement; and H-mode, with improved energy confinement compared with L-mode [5]. A great deal of important work has been done
on the theory of tokamak transport, and many of the mechanisms are well understood, but none of the present theories has yet been developed to the point that it can
be used to predict the confinement that can be expected for ITER conditions. A number of empirical scalings have been used to fit the present L-mode confinement data,
but it is difficult to choose one empirical scaling from among the many candidates
on the basis of the present data. The differences in the dependence of the predicted
confinement requirements for ITER on the machine parameters make it difficult to
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predict, let alone optimize, energy confinement in ITER. With some types of scaling,
increasing the aspect ratio with a constant current strongly improves the confinement.
For another class of scalings, the plasma current is much more important than the
aspect ratio. The experimental guidance for the scaling with aspect ratio is limited
because most of the experiments have been carried out with an aspect ratio of
around 3.
While there has not been a convincing scaling developed for energy confinement with the H-mode, comparison of H-mode data with L-mode scalings indicates
that a reasonable fit can be obtained by using a constant multiplier of about two times
the L-mode scalings. While the H-mode has improved confinement with respect to
the L-mode, it also has some disadvantages. H-mode operation in present experiments is often accompanied by increased particle confinement times, especially for
impurities. This often results in a radiative collapse of the discharge. In addition, the
scrape-off layer width is very short. H-mode operation is also usually accompanied
by MHD oscillations in the outer plasma layers (ELMs). While large amplitude
ELMs can destroy the good confinement of the H-mode, small amplitude ELMs in
some conditions lead to only a limited degradation of the energy and particle confinement, allowing steady state H-mode operation.
In addition to H-mode operation, other techniques appear to have been used to
improve the confinement in a number of experiments. These include the use of divertors (JET, DID-D), control of the density profile (TFTR, Alcator-C, etc.) and the use
of plasma heating techniques which deposit their energy in the plasma centre (JET,
TFTR, etc.) [4].
As a result of our assessment of the present status of energy confinement in
tokamaks, we recommend that the energy confinement time in ITER be estimated by
the prescription of TE = H x TE (L-mode), where H ~ 2 for the H-mode and
H ~ 1.5 for 'enhanced' L-mode confinement.
The major issue with alpha particle confinement is the loss of fast alpha particles
to the first wall due to ripple induced loss processes and the subsequent potential for
high peak heat loads on the first wall. Preliminary estimates for the peak heat loads
that can be tolerated imply that the losses of fast alpha particles should be kept below
a few per cent. Assessments for ITER indicate that the dominant loss process is diffusion due to collisional scattering and collisionless stochastic scattering. One specific
requirement for the minimization of alpha particle losses is that the ripple in the
plasma region with fast alpha particles be kept below the threshold for stochastic
losses. Although, for q* (95%) ~ 3 and A ~ 3, minimizing the fast alpha particle
losses generally translates into a requirement that the outboard edge ripple be
< 1-1.5 %, it is actually the ripple profile as well as the profiles of the safety factor
and the alpha particle birth profile that are important, and a detailed assessment must
be carried out for each coil design.
Assessment and analysis of the density limits in present experiments indicate
that the density limit is due to a cooling of the plasma edge which induces a shrinking
of the current channel and eventually destabilizes the m/n = 2/1 tearing mode. Edge
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radiation by impurities plays an essential role, but other loss channels, in particular
heat conduction and, indirectly, particle transport may also be important. On the
basis of this picture for ITER, the guideline adopted is that densities are accessible
for which the power radiated from the hot plasma for r < r(q* = 2) does not
exceed 70% of the total heating power. Murakami-Hugill and Greenwald scalings
can provide useful points of comparison.
Both experimental evidence and theoretical analyses show that the beta limit in
tokamaks globally follows the Troyon scaling, (3^ (%) = g Ip (MA)/a (m) B (T).
The values of the factor g for which stable and close to steady state operation have
been obtained are g < 2.7 in DIII-D, g < 2.5 in JFT-2M and g < 2.3 in ASDEX.
Higher g values can be reached in transient states. The corresponding q limits are
q*(95%) ~ 2.0 in DIII-D and ~2.2 in JFT-2M. ASDEX has mainly operated with
q*(95%) > 3 where the beta limit is usually non-disruptive. In DIII-D the maximum value of g is practically independent of the elongation K = b/a for K < 2.
Ideal MHD theory, for % = 5(1 + K2) a2 (m) B (T)/2R (m) Ip (MA) > 1.8
and 1.5 < K < 2, predicts stability up to g = 3-3.5 for optimized profiles of pressure
and toroidal current. For higher elongation, such as K = 2-2.5, the value of g tends
to decrease and p^ tends to saturate as a function of Ip.
From these considerations, the following conclusions for ITER have been
derived [6]: Plasma elongation beyond K = 2.5 will degrade the beta limit. For
2 < K < 2.5 the present theoretical analyses suggest that j3 is almost constant with
respect to plasma current. However, it is possible that more detailed optimization
could enhance the dependence of /3 on K in this region. For performance predictions
in ignition studies, g < 2.5 and q*(95%) > 3.0 should be used. However, it is
desirable that the device have the technical capability to allow operation with g up
to 3.0 and q*(95%) down to 2.1. For steady state operation, g < 3.0 (for performance predictions) and g < 3.3 (desirable technical capability) were recommended,
taking credit for the fact that in this case current profile control is possible; the limits
to q are as above. The limitation of q*(95%) > 3.0 for performance predictions is
also based on the consideration that confinement tends to deteriorate with low q
operation.
A set of criteria for the plasma current required for successful achievement of
ignited burn and steady state operation including energy and alpha particle confinement and the constraints imposed by MHD stability and density limits has been developed of the form I Ax/Ry, where I is the plasma current, A is the aspect ratio, R is
the major radius, and x ~ 0.0-0.5 and y ~ 0.0 for some scalings and x ~ 1.2 and
y ~ 0.3 for a number of other scalings. These criteria indicate that, while the
different empirical scalings vary widely, the requirements for plasma current (with
an aspect ratio of about 3) generally fall into the range (Fig. 1):
17-22 MA
22-27 MA
> 30 MA

H-mode
'enhanced' L-mode
L-mode

238

POST

Since ITER will operate at high power levels and is designed with a divertor,
H-mode operation will be difficult to avoid. However, the H-mode may not be
suitable for achieving ignition, owing to problems with impurity retention and other
effects. Therefore provision must be made to provide operational flexibility to raise
the plasma current from 18 MA to at least 25-27 MA if such plasma currents should
prove necessary to reach ignition [7].
With the plasma current required to be in the 18-22 MA range or greater, the
plasma volume will be large, and operation at the beta limit will result in a very large
fusion power. Heat exhaust considerations dictate that the ignited plasma will thus
have to be operated well below the beta limit, e.g. by reducing the density. The beta
limit is, however, an important constraint for current drive, since the current drive
power can be reduced by operating at higher temperatures and lower densities than
optimum for ignition.
These requirements for the plasma current roughly determine the size of ITER.
Using the definition of qcyl = 5a2B/RI and BR = BQRO, the minor radius can be
written as:
a = (IA2qcyl/5BTmax +

dBs)/(A

- 1)

The most reasonable way to obtain a plasma current of 20 MA is with a high degree
of plasma elongation. This works out to suggest that an elongation of 2 with an aspect
ratio of about 3 is fairly optimal. For an edge q*95% of about 3 and « = 2,
qcy, ~ 0.8. The maximum field at the coil, BTmax, is determined by stress limitations
to be about 12 T [3]. The distance between the outer part of the inside TF coil and
the plasma, dBS, is set by the need for adequate neutron shielding, coil insulation,
and plasma scrape-off to about 1.1 m [8]. These simple considerations yield a size
of a ~ 1.75 m and R ~ 5.25 m, which is near the basic design parameters for the
technology phase. Detailed studies are, of course, required to optimize the design,
ensure adequate volt-seconds, etc., but this simple relation illustrates the trade-offs
involved in sizing the machine. In order to make the design significantly smaller, one
has either to reduce the plasma current, lower the edge q (possibly by a higher degree
of elongation) or increase the field at the coil.

3.

AXISYMMETRIC MAGNETICS

One of the major improvements in tokamak physics and engineering in the
1980s has been the successful operation of highly elongated plasmas, with elongations up to K = 2. This has allowed the design of tokamaks with very high currents,
and therefore improved confinement and MHD stability performance, with only relatively modest increases in plasma size and cost. For instance, INTOR was designed
for a current of 6 MA and a major radius of 5.2 m with a K of 1.6, whereas ITER
is being designed with a current of 18 MA and a major radius of 5.5 m with a K of 2.
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However, the design of a poloidal field system to shape and control such a
highly elongated plasma from the beginning of the discharge through plasma burn and
shutdown requires a detailed understanding of the interaction of the plasma and the
poloidal field system. Specified magnetic configurations for ITER have been computed using 2D free boundary equilibrium calculations that include the geometry and
location of PF coils with prescribed flux linkages and plasma conditions. The poloidal field system must be designed to provide the plasma control necessary to accommodate the ranges of plasma shapes and parameters (e.g. pressure, current and
profiles) that will occur during the entire plasma pulse and each of the different proposed operating scenarios. Analyses of axisymmetric stability have also been performed with rigid body stability models in combination with an eddy current analysis
of the surrounding structures. More detailed analyses of the time evolution of the
equilibrium, flux consumption and plasma movement will be carried out during the
design phase with more sophisticated codes incorporating energy transport and a selfconsistent model for the interaction of the plasma and the magnetic fields from the
PF coils.
4.

HEATING AND CURRENT DRIVE

To meet the terms of reference ITER must be designed to allow both ignited
and steady state operation [2]. Steady state current drive clearly represents a more
demanding requirement than heating to ignition, and it is this requirement that determines the choice of heating and current drive systems. Four methods of non-inductive
current drive have been considered for ITER [9]: lower hybrid slow waves (LH),
neutral beams (NB), electron cyclotron waves (EC) and ion cyclotron waves (IC).
The neoclassical bootstrap effect may supply as much as 30-40% of the total plasma
current.
Given the high currents required for adequate confinement and the expected
current drive efficiencies, a Q of no more than 8-12 can be anticipated for ITER.
It will require about 100 MW of auxiliary power to support a plasma current of
around 20 MA. This is about twice the heating power required to reach ignition. The
optimum steady state operating points are at densities somewhat below those envisioned for ignited operation ((0.5-1.0) X 1020 m~3), and at higher temperatures
(typically <T> ~ 20 keV).
LH waves have a very solid database for non-inductive current drive. In addition to steady state current drive, LH should prove useful for startup assist and current ramp-up, transformer resetting and profile control. However, given the present
ITER design and the projected steady state operating points, LH cannot be used to
drive current in the plasma core. The wave accessibility constraint forces the choice
of a comparatively high N|. Electron Landau damping then causes the wave to be
absorbed before it reaches the plasma core. Hence, LH is most useful for driving current in the outer portion of the plasma. Another method must then be used to drive
current non-inductively in the plasma core.
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For the ITER baseline, three scenarios are being considered for driving the current in the plasma core: NB, EC and IC. In each case LH would be used to drive
current on outer flux surfaces, and bootstrap effects would also be taken into account
when computing the non-inductive current drive requirements. A typical scenario
would have about 50% of the current driven by NB, EC or IC in the plasma core,
with 20% of the current supplied by LH and the remaining 30% arising from the
neoclassical bootstrap effect.
NB also has a good database for non-inductive current drive. Hence, it must at
pres'ent be considered the primary option for driving current in the plasma core. NB
is well suited for central current drive because the NB current drive efficiency
increases with plasma temperature, while penetration of the neutral beams to the
plasma core can be achieved if neutral beams with energies in the range 0.7-2.0 MeV
can be developed. The major physics issue for NB current drive in ITER is the possibility of kinetic instabilities associated with the injection of beam ions at velocities
greater than the local Alfve'n velocity. Another issue is a more accurate determination
of the enhancement of the stopping cross-section for neutral beams due to multistep
processes.
Recent theoretical studies have indicated that EC at upshifted frequencies is
capable of driving current in the core of reactor grade plasmas with figures of merit,
<ne>I R/P, of about (0.2-0.3) x 1020 A-W-'-rrr 2 . While this is about one-half the
values for NB, LH or IC, it is still high enough to yield interesting steady state EC
current drive scenarios for ITER. The major physics issue for EC current drive in
ITER is the need for a convincing demonstration and characterization of EC current
drive on a large tokamak between now and the end of the ITER design period.
Owing to the low resistance of the vacuum vessel and structure and magnet
requirements, plasma breakdown is required for a toroidal electric field of
~0.3 V/m. EC will be useful in ITER for allowing breakdown with such a low
voltage and will also be useful for startup assist and for current profile control.
Hence, an EC system with a power level in the range of 10 MW is recommended
for ITER in the event that EC is not chosen to drive current in the core of the ITER
plasma. A frequency as low as 100 GHz could be used for startup, which is somewhat lower than the frequency required for current drive.
IC has a good database for plasma heating. Theory predicts that the current
drive efficiency will increase with the plasma temperature to the point where it will
be comparable to the efficiency with NBs for ITER parameters. However, the IC current drive database is very restricted and must be improved before the end of the
ITER design period. Frequencies in the range w = wcD-2.5wcD (f ~ 40-100 MHz)
are currently being considered. Bulk heating would employ w = 2wcT, while a
somewhat higher frequency would be used for current drive to allow interaction with
electrons. The propagation of IC waves to the plasma core has been demonstrated
in IC heating experiments. The generation and maintenance of H-mode plasmas as
well as impurity generation from the antenna are other physics issues that must be
resolved.
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POWER AND PARTICLE EXHAUST

Evidence from ASDEX, JFT-2M, JT-6O, DIII-D and JET, together with modelling data, show that a single or double null poloidal divertor is at present the most
credible concept for the exhaust of the plasma power and helium ash and also for the
control of impurities [10]. Predictions for the anticipated ITER conditions indicate
that, for edge densities above ~ 5 x 1019 m"3, substantial localized recycling will
occur within the divertor, thereby ensuring a relatively low plasma temperature at the
plate, good retention of eroded material (e.g. —95%) and the provision of wall recycling conditions in the scrape-off region that are compatible with the attainment of
H-mode confinement. Nevertheless, the ITER divertor plasma conditions will be
very demanding with respect to power loading, the erosion of plate material and the
pumping of helium exhaust gas.
Modelling calculations, which are in general agreement with the sparse data that
exist, and the data directly indicate that the energy flow scrape-off layer in ITER will
be narrow, especially during H-mode operation. For typical ITER parameters, with
neutron wall loads of 1 MW/m2, the expected peak divertor power loads will
exceed 5 MW/m2 even if the divertor plate is inclined at the highest practical angle
to the magnetic surfaces (about 20°). Conditions during the H-mode are also complicated by the presence of ELMs which can cause substantial fluctuations in the peak
heat loads.
The analyses also indicate that the peak temperature of the plasma at the divertor
plate increases in a strongly non-linear manner with decreasing density in the scrapeoff plasma. It is predicted that operation at low He (e.g. < 1020 m~3) or with strongly
peaked density profiles can raise the divertor plasma temperature to such an extent
that the sputtering rate of high Z plate materials would be unacceptable. This has led
to the initial choice of low Z (e.g. carbon or carbon based) materials, at least for
beginning operation during the physics phase. A choice for the divertor plate material
for the technology phase will be made on the basis of the performance of carbon during the initial physics phase and on the data available from other experiments with
carbon and other materials such as tungsten. The predicted erosion rates of low Z
materials increase as the temperature of the divertor plasma increases. The net erosion rates are high even when allowance is made for redeposition. There is thus a
strong incentive to reduce the divertor plasma temperature either by increased edge
radiation (which is not compatible with low Z impurities) or by operation at increased
density in the scrape-off plasma, which conflicts with the requirements for efficient
current drive. Other divertor configurations with the potential for stronger recycling
should also be considered. It is also envisaged that the peaking of both power load
and erosion can be reduced by sweeping the plasma across the plate.
The plasma flux amplification at the plate, which is the consequence of localized
recycling, decreases with increasing plasma temperature and hence the pumping
requirements for neutral gas are commensurately increased with low density operation, e.g. well in excess of 100 m 3 /s. There is some uncertainty with respect to the
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pumping requirements, because the helium ion transport into the divertor has not yet
been sufficiently characterized.
The critical nature of these issues emphasizes the need for improved and
experimentally validated models as well as experimental data for helium/impurity ion
transport and the reduction of erosion by redeposition. The optimization of the
working conditions of the divertor plate and of the power and helium exhaust is one
of the most important and demanding issues of the ITER design.

6.

DISRUPTIONS

Plasma disruption also is a very important event in ITER because it leads to high
pulsed heat loads on the plasma facing components and to electromechanical shocks
on the components and structures surrounding the plasma. A definitive quantification
of the consequences of a major disruption is not yet possible because the phenomenon
has not been studied in enough detail. It is clear, however, that close to all of the
plasma kinetic energy is lost over a time of typically 0.1 to 3 ms. The energy deposition profile is not well known at this time, but it is anticipated that a large fraction
will be exhausted to the divertor plates in ITER. Current quench is expected to be
fast, with current quench rates of about 1 MA/ms, or even larger if plasma position
control cannot be made sufficiently efficient to reduce plasma-wall contact to a minimum. During current quench, a large part of the poloidal magnetic field energy is
resistively dumped into the plasma and lost onto the first wall, mainly by radiation.
The corresponding heat load is anticipated to require protection of the first wall by
the use of graphite tiles over the whole surface. Moreover, high electromechanical
forces, in particular in the vacuum vessel, are predicted, especially when the current
decay is accompanied by fast vertical plasma motion. Fast current quench is also
known to lead to the generation of runaway electrons having energies up to 100 MeV
and carrying up to 50% of the original plasma current. These electrons, when
impinging on the first wall, cause very high localized heat loads. The main conclusion of the analysis performed for ITER is that developing ways to reduce the frequency of occurrence of disruptions and to soften current quench is of extreme
importance. Moreover, intensifying research to characterize and understand disruption phenomena in detail is a prerequisite for being able to take proper account of
disruptions in the ITER design.

7.

OPERATION AND DIAGNOSTICS

It is planned that the operation of ITER will be carried out for a separate physics
phase and a separate technology phase. The physics phase can be further subdivided:
(1) a zero activation phase (initial operation with hydrogen as the working gas),
(2) a low activation phase (operation with D and 3He) and (3) a high activation
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phase (DT operation). During the zero and low activation phases, general physics
studies of HD plasmas addressing the major unresolved critical issues (i.e. energy
confinement, power and particle exhaust, disruption characteristics and control) will
be performed with an auxiliary heating power up to ~ 100 MW (about half of the
power level expected from alpha heating during ignited operation with a DT plasma).
These studies should be as complete as possible to allow the prediction of the plasma
characteristics during DT operation with a high degree of confidence. On the other
hand, the D plasma operation period should be as short as feasible from the point of
view of activation so that hands-on maintenance during preparation for the ignition
studies will be possible. The DT ignition studies will be concentrated on controlled
burn (Q > 20) and on driven operation, the latter being a preparatory stage for the
technology phase. Significant engineering R&D should be done during the physics
phase to make the machine ready for the technology phase. In particular, the plasma
scrape-off properties should be characterized in detail so that an optimized design for
the plasma facing components (especially the divertor plates) can be developed and
the system built and installed prior to the technology phase. A key requirement will
be the development of plasma scenarios with non-disruptive conditions and well
characterized divertor performance suitable for operation during the technology
phase. The physics phase (including the pretechnology phase) will last approximately
five years and will require about 15 000 shots.
Plasma diagnostics have to provide both detailed information on the behaviour
of HD and burning DT plasmas and the data needed for plasma control. Plasma diagnostics must also be compatible with working conditions of ITER. The main issues
include compatibility with neutron and gamma radiation as well as operation with
tritium, reliability, remote maintainability, lifetime and adequacy for long steady
state pulses. For the HD phase, extrapolation of existing diagnostic techniques will
be possible. For ignition studies, alpha particle diagnostics have to be developed.
During ignition studies and the technology phase, all diagnostics will have to be radiation resistant and capable of withstanding high heat fluxes or they will have to be
shielded. All of the diagnostics must have much higher standards of reliability than
they have in present experiments.

8.

PHYSICS R&D

The physics R&D requirements for ITER include both those issues that need
resolution within the next five years and do not at present receive sufficient attention,
and the general tokamak physics issues which are needed to confirm the assumptions
made for the ITER design. Within the first group three topics are particularly important: (1) power and particle exhaust, especially with regard to erosion of the divertor
plate during the technology phase; (2) the characterization and minimization of
machine damage during disruptions; and (3) the potential for satisfactory operation
with a level of energy confinement sufficiently enhanced over the L-mode. For the
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first two issues the information needed could be obtained relatively soon, and certainly within the next five years, if an effort commensurate with the importance of
these issues were made by the world fusion programme. The importance of the third
is also difficult to overstate since, among other things, the energy confinement
requirement is the major determining factor for the size of ITER. Other topics in the
first group include low voltage startup; ripple losses; diagnostics for ITER conditions; the control and characterization of MHD activity and MHD instabilities
associated with high beta, high current, highly elongated plasmas; the density limit;
current drive with EC and IC; and the role of Alfve'n instabilities with high energy
NBs.
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Abstract
ITER: BASIC DEVICE.
The procedure followed to develop the ITER basic device during the definition phase is described,
beginning with the philosophy that was established at the start of the phase to satisfy objectives specified
in the ITER Terms of Reference. It was concluded that the initial working parameters selected for the
machine, with I p = 18 MA, R = 5.5 in and a = 1.8 m, are broadly satisfactory, and that design concepts can be found that satisfy the operating requirements within the specified geometric bounds.

1.

INTRODUCTION

The starting point for the design definition phase of the basic device engineering
for ITER was the establishment of the design philosophy [1] and design criteria [2].
All contributors to ITER have experience in the design of next step devices, and thus
it was possible to define the philosophy and criteria in some detail.
In parallel to this activity an assessment of the physics database was carried out,
leading to the definition of the physics performance required from the machine.
Owing to the uncertainty of the physics the machine must be flexible and able to operate with a range of plasma parameters. The assessment of the machine's plasma
capabilities is the subject of a separate paper presented at this conference [3].
The reference ITER device presented here is the result of trade-off studies performed in this phase of the ITER work. The main parameters are reported in Table I
and the cross-section in Fig. 1, for the technology phase plasma, and in Fig. 2 for
the physics phase basic plasma. At this stage there are still some design alternatives
to be studied in more detail during the predesign phase.

2.

DESIGN PHILOSOPHY

2.1. Toroidal field coils
All the coils will be superconducting and should be independently removable.
They will form part of the semipermanent structure and should not need to be
* The activity of the International Thermonuclear Experimental Reactor (ITER) is conducted under
the auspices of the International Atomic Energy Agency jointly by Euratom, Japan, the Union
of Soviet Socialist Republics and the United States of America.
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FIG. 1. HER technology phase.
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FIG. 2. Base plasma (physics phase).

247

248

SALPIETRO
TABLE I. ITER PARAMETERS
Physics phase

Technology
phase

Basic

Extended

Ip (MA)

18

22

25

R(m)

5.5

5.8

5.8

a (m)

1.8

2.2

2.25

B T (T)

5.3

~5

~5

A

3.0

2.6

2.5

removed during normal machine maintenance. They do not need to follow the conventional ideal bending moment free D-shape since proper adjustment of the bending
stiffness around the perimeter allows a range of D- or oval shapes to be accommodated. The radial position of the outer coil leg or the number of coils is limited by
the allowable ripple in the plasma. Ferromagnetic inserts, positioned within the
vacuum vessel/shielding structure, can be used to correct this as long as they remain
saturated.
Initially, the preferred option for support of the TF coils is wedging of the inner
legs to form a central vault structure. This structure, in combination with an outer
intercoil structure, will withstand both the centring and out-of-plane forces. Transverse compression of the superconductor and shear transmission between coils, by
friction or keys, will be an important design issue. The winding pack will be
monolithic, using vacuum impregnated glass fibre reinforced epoxy resin, which
must remain fully bonded for the machine lifetime.
Two concepts were identified which, if justified by analysis, were expected to
lead to a reduction in machine cost. The first of these is support of the TF coils on
the central solenoid by bucking, rather than by a wedged vault. This offsets the outward forces of the solenoid by inward compression by the TF coils. The second is
the use of a debonded winding pack, where failure of the epoxy bond between conductors due to irradiation can be tolerated.
2.2. Poloidal field coils
The main PF coils will be superconducting, while normal conducting active
control coils (single turn) will be placed inside the primary vacuum chamber. The
main coils should lie outside the TF coils and should be independently removable
without disturbing the TF coils. They should not be moved for normal machine maintenance, and should consist of a monolithic epoxy impregnated winding pack. The
layout should be up-down symmetric, although the terminals of each coil should
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extend through the cryostat to allow flexibility for non-symmetric plasmas to be
formed.

2.3. Plasma system
The machine must be capable of confining a range of plasma shapes, although
priority should be given to the up-down symmetric double null, followed by the
semidouble null (where only one null point lies on the plasma, the other just outside).
RF assist for plasma initiation is a design requirement, as a breakdown voltage of not
more than 0.3 V/m on the plasma will be provided.

2.4. Vacuum containment
The primary vacuum barrier should lie outside the main shield for the coils,
since a removable shield can be incorporated inside to allow a greater range in plasma
chamber size. The plasma vacuum and the coil cryostat vacuum should be separated
by the machine tritium barrier. All joints hi this tritium barrier should have double
containment to allow leak checking. All plasma facing components should be
bakeable to at least 350°C and all other components in the primary vacuum to 180°C.

2.5. Maintenance
The machine should be designed for full remote maintenance, although provision for hands-on maintenance should be made where possible without compromising
the machine design. A combination of vertical and horizontal access should be considered for maintenance of the components inside the main shielding. In addition,
maintenance of components with short lives or high failure rates should be possible
without moving other components or disturbing the reactor's internal environment.

3.

ITER CONCEPT

During the design definition phase this philosophy has been applied to a working set of parameters. Each major component has been assigned a working area that
it can occupy.
After analysis of both mainline concepts and alternatives, it has been possible
to redefine the working parameters and make a selection between design alternatives
based on a common set of working conditions and satisfying common design criteria.
The detailed analyses reported have been carried out on machine parameters close
to the ones proposed for the predesign phase (Table I).
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3.1. Toroidal field coils
The TF coils (Fig. 3) use A15 type superconductor at 4.5 K, with forced flow
cooled conductors using glass fibre reinforced epoxy resin operating up to 12 T. The
winding pack is contained within a case (Fig. 4) which closely follows the outer wall
of the vacuum vessel. The centring forces are taken by a vault formed from the noses
of the coil cases, and the outer bursting forces are partially restrained by an outer
intercoil structure. Overturning forces are carried by friction within the vault, shear
keys at the top and bottom of the vault, and an outer shear frame.
Extensive analyses of the coils have been performed. On the structural side
finite element models (Fig. 5) have been used to assess the coil shape and the method
and location of the structural support. Loading due to both in-plane (self) and out-ofplane (PF) forces is important, and when all load cases were considered, wedging
in the central legs was found to be the simplest space efficient form of coil support.
Bucking onto the central solenoid was actually found to require about the same radial
space when the full range of magnetic forces and the various design criteria, including shear stresses in the various insulation layers, were considered [4].
The superconductor for the coils has been analysed to assess the impact of transverse stress in the inner coil leg and the impact of AC losses and nuclear heating
(Table II) on overall cooling and superconductor stability [4].
Of the two types of conductor proposed for the coils, the cable in conduit
appears the most suitable from the point of view of stability and the monolithic
appears to be superior from the point of view of internal frictional heat generation,
but final conclusions can only be drawn after experimental conductor qualification.
3.2. Poloidal field coils
The PF coils, apart from the vertical stability control coils, are superconducting
and lie outside the TF coils. The active control coils are normal conducting and contained within the vacuum vessel. The main coils are separated into a straight central
solenoid with three independent up-down coil pairs and three up-down pairs of outer
coils. The central solenoid has the highest field and stress levels and has a strong
influence on the machine performance. It has therefore been examined in some detail.
A cable in conduit type (NbTi)3Sn forced flow cooled conductor is proposed,
operating up to 12.5 T. In one solution the conductor is formed by the preformed
armour technique, allowing thick walls to the conductor jacket, and in the other a
wind and react fabrication technique is used with additional steel reinforcing bands
wound in the coil. In both cases, vacuum impregnated glass fibre reinforced epoxy
insulation is used.
There are two alternatives for the structural support of the solenoid (Fig. 6). In
both the coils are formed into blocks 1-1.5 m high with helium inlet connections on
the inside and helium outlets and electrical connections on the outside. Layer winding
of the coils, with all connections on the inside, is still under active consideration,
although the configurations shown are pancake wound.
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FIG. 3. Toroidal field coils.

251

252

SALPEETRO

I
b

I

IAEA-CN-50/F-II-2

253

FIG. 5. Finite element model.

3.3. Plasma system
Extensive analysis has been carried out to optimize the position of the PF coils,
to assess the maximum elongation the plasma can tolerate from the point of view of
vertical position control and to assess the impact of a plasma disruption on the surrounding structures and coils.
Many factors affect the optimization of the PF coil position, such as plasma
operation, magnetic energy, maintenance, forces and number of coils. A reasonable
compromise to start the optimization has been achieved for the PF coil parameters,
and these are reported in Table in.
The plasma elongation should be limited to 2 mainly because of the limited stability margin that can be achieved with the high segmentation of the reference device.
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TABLE II. HEAT LOAD OF
MAGNETS AT NOMINAL
OPERATION
Heat load
TF coil
Static heat

5 kW

AC loss

3 kW

Nuclear heat

20 kW

Current lead

1500 L/h

PF coil
Static heat

2 kW

AC loss

2 kW

Current lead

1500 L/h
42 kW

Total

TABLE III. TYPICAL LOCATION OF PF MAGNETS (m)

zc

Coil

AR

AZ

PF1

1.55

1.6

0.50

PF2

1.55

4.0

0.50

1.6

PF3

1.55

6.4

0.50

3.2

3.2

PF4

-3.9

-8.2

-1.0

-1.0

PF5

-11.45

-5.9

-0.5

-1.0

PF6

-11.45

-3.0

-0.5

-1.0

Additional well conducting side walls of the blanket segments are required in order
to achieve a manageable vertical instability growth time of ~ 10 ms.
A typical model used to analyse the consequences of plasma disruption on coils
and structures is shown in Fig. 7. A preliminary assessment is that the stresses,
induced eddy currents and magnetic field variations which could effect the coils'
quench are at the limit, but that they should be manageable.
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FIG. 7. Current density due to plasma disruption.

3.4. Vacuum vessel and main coil shielding
The toroidally and poloidally segmented in-vessel components (tritium breeding
blanket, first wall and divertor) are contained and supported within a combined
vacuum vessel and shield (Fig. 8). This provides the extra nuclear shielding for the
superconducting magnets in addition to the inner blanket and also gives electromag-
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FIG. 8. ITER cross-section.

netic shielding from the plasma during a disruption. The vessel is toroidally segmented with an insulated break bridged by resistive bellows to control the toroidal
conductivity. The plasma and cryostat vacuums are separated by a continuous metal
wall with double containment at the assembly joints. There are large penetrations at
the top of the vessel for removal of major in-vessel components with subsidiary
access/additional heating ports on and below the equator. The back of the vacuum
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vessel faces the TF coils and associated structure and is covered by a thermal radiation shield.
In addition to the gravitational loads, the vacuum vessel must resist the electromagnetic loads occurring during plasma disruption, transmitted also from the
internal components, and the loads in the event of an accident (e.g. inner and outer
overpressure, earthquake). The flexibility of the machine requires the vacuum vessel
to be built with the minimum thickness. Preliminary analyses have shown that a wall
thickness of about 400 mm is required to resist these loads. Consideration of the handling problems and of final waste disposal of the internal components requires that
these also have the minimum possible thickness. Thus the additional shielding needed
to protect the TF coil will be a semipermanent shell added between internal components and vacuum vessel.
3.5. Maintenance and reactor hall
Maintenance of all basic device components is designed to be fully remote, even
if their replacement during the machine lifetime should not be necessary. Provisions
for hands-on maintenance will be made where possible. The main in-vessel components are expected to be replaced at least twice in the lifetime of the machine, and
their exchange should be as simple as possible. The maintenance of the internal components will be carried out from the top with the help of the main crane. Smaller components, such as divertor plates, may require more frequent replacement.
Replacement of divertor plates as a cassette or from access ports via in-vessel
handling equipment is being considered. The main biological shielding for the
machine lies outside the PF coils, with the vacuum vessel shielding providing only
the minimum necessary for the coils.
In order to minimize the reactor hall size (Fig. 9), the cryostat is part of the
building structure and also acts as the biological shield and secondary containment.
The cryostat/containment shield at the top is formed by a rolling shield which retracts
for maintenance access to all torus systems during shutdown. The building structure
eases seismic qualification and secondary and tertiary containment requirements, as
well as design against externally initiated hazards.

4.

CONCLUSIONS

The ITER concept at the end of the definition phase satisfies the requirements
specified in the ITER Terms of Reference. The variations to be studied during the
predesign phase are not expected to significantly change the overall machine size but
could improve the cost and reliability of the design. Major changes in the machine
size should only come from an improvement in the expected plasma performance
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FIG. 9. Reactor hall elevation view.

arising from new experimental evidence, since extensive studies during the definition
phase have resolved the main design alternatives. The ITER concept defined by the
design philosophy and the design solutions for the components will not be much
affected by such changes. During the predesign phase only small readjustments of the
component parameters should be expected.
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ITER: NUCLEAR ENGINEERING ASPECTS.
A summary of the design guidelines and the selection rationale of the initial options for the invessel components of ITER is presented. A low temperature/pressure water coolant and solution
annealed 316 austenitic steel are recommended to provide high reliability of first wall/blanket structure.
Carbon based materials are chosen as armour both on first wall and divertor during the physics phase
of operation, and high Z materials are considered as a possibility for the technology phase. Three blanket
options are proposed as initial ones, with solid breeder, LiPb eutectic and Li salt aqueous solution. The
tritium breeding capability and the requirements for recovery have been identified. The selection of the
inboard shield/blanket composition provides magnet radiation protection and permits extended plasma
operation in the physics phase. Also presented are fuel cycle design alternatives for fuelling exhaust,
tritium recovery and processing. Testing requirements and schedule are considered.

1.

INTRODUCTION

The nuclear engineering activities in ITER include the design of in-vessel components (first wall, divertor plates, blanket and shield), the development of a nuclear
testing programme, test devices and materials considerations. The objective of
highest priority is the reliability of all components, which is enhanced by the choice
of low temperature, low pressure water coolant and 316 austenitic stainless steel as
a structural material for the first wall and blanket design. The database for this type
of steel is well developed.
A scheme of the in-vessel component configuration is presented in Fig. 1.
The first wall is integrated with the blanket. The thickness of the first
wall/blanket unit is minimized to reduce the maintenance and waste disposal requirements. The first wall/blanket structure is divided into 48 outboard and 32 inboard sectors in the toroidal direction. The inboard sectors can be replaced by thinner ones in
case of extended plasma operation during the physics phase. The divertor cassettes
are easily removable and are expected to be changed several times during both the
physics and the technology phases.

The activity of the International Thermonuclear Experimental Reactor (ITER) is conducted under
the auspices of the International Atomic Energy AGency jointly by Euratom, Japan, the Union
of Soviet Socialist Republics and the United States of America.
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Upper- diver tor unit
(segmentation = 3)

Outboard
removable

blanket/shield
(segmentation = 3)

^segmentation = 2)
Lower divertor unit
(segmentation = 3)
FIG. 1. In-vessel components.

2.

PLASMA FACING COMPONENTS (PFC)

2.1. Operating requirements
The current working hypotheses for the operating requirements of the ITER
PFC in both the physics and the technology phase are shown in Table I. In addition
to the required flexibility for different plasma scenarios, the present uncertainty in
the plasma edge physics contributes to a wide range of possible PFC operating
parameters mainly concerning
— nominal heat fluxes and particle energies
— disruption heat loads and frequency.
The PFC operating conditions will first be finally established during the initial
physics phase, which will then permit the optimization of these components.
2.2. Plasma facing armour material
Carbon based materials — preferably, carbon fibre composites (CFC) — will
be used as plasma facing armour on both divertor plates (DP) and in major areas of
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the first wall (FW), at least during the physics phase, because of their unique thermomechanical properties and generally good performance in the present large tokamaks,
concerning
— the elimination of high Z impurities
— the superior disruption resistance, with a predicted loss of material, per typical
disruption, of 0.1 and 0.01 mm for the DP and FW, respectively;
— the lower sensitivity of the DP sputtering erosion to the particle energies, compared to high Z material such as tungsten.
There are, however, also several critical issues associated with the use of carbon
based materials as PFC armour:
— The main drawbacks are high nominal gross erosion rates (without redeposition)
for the divertor of up to several metres per burn year. There are indications that
the net erosion rates could actually be two orders of magnitude reduced by
redeposition, by sweeping of the separatrix and by improved materials with less
chemical erosion (by hydrogen and oxygen). Radiation enhanced sublimation is
estimated to limit the peak DP and FW temperatures to 1500° and 2000°C,
respectively.
— The retention of hydrogen and other gaseous impurities seems to be high at temperatures below 1000°C, in particular with irradiation damage, while higher
temperatures lead to reduced impurity contents and increased outgassing.
Hence, armour baking at 350°C is mandatory.
— Irradiation damage is expected to limit the armour lifetime, because of swelling
to a neutron fluence of 1-3 MW-a-m" 2 .
— Water and/or air ingress into the plasma chamber with carbon materials above
1000°C represents potential safety hazards.

2.3. First wall (FW)
In addition to the armour, the following features have been selected for the FW:
— The FW panel is integrated with the removable blanket segments (Fig. 1).
— As for the blanket, the structure material is solution annealed type AISI 316
austenitic steel cooled by water at < 1 MPa and < 100°C under normal operating conditions.
As a basis for the selection of a reference design for ITER, the following FW
design options will now be studied in greater detail:
— Poloidal or toroidal coolant channels with or without double containment of the
coolant.
— Mechanical attachment or bonding of 15-20 mm thick armour tiles to the FW
structure, with cooling of the tiles by radiation or conduction.
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FIG. 2. Estimated fatigue limits for the ITER first wall in austenitic 316L steel according to the
RCC-MR design code.

Figure 2 shows examples for different FW cross-sections proposed so far, with
an associated estimate of the allowed nominal peak heat flux limited by cyclic thermal
fatigue of the steel structure for typically 3 x 104 burn cycles at 1 MW-nT 2 neutron wall load; about 0.8 and 0.2 MW-m"2 peak heat flux would be allowed for
radiative and conductive armour tiles, respectively.
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FIG. 3. Expected maximum temperature at armour surface due to separatrix sweeping and static
loading of peak heat flux.

2.4. Divertor plates (DP)
The basic DP concept consists of a 5-10 mm thick armour brazed onto a water
cooled heat sink of copper — or molybdenum — alloy. Such a DP cross-section is
shown in Fig. 3 , together with the preliminary results of the thermomechanical DP
performance, which indicates:
— Static peak DP heat fluxes of up to 5-7 M W - m ' 2 may be marginally acceptable, considering the limits for armour temperatures and thermal stress of the
heatsink.
— Sweeping of the separatrix within the limits acceptable for the coil system may
allow peak DP heat fluxes of 15-20 M W - n r 2 .
In comparing these dosing limits of the DP heat flux with the ideal physics
modelling requirements in Table I, a contingency factor of 1.5-2 should be applied
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TABLE I. MAIN OPERATION REQUIREMENTS FOR PLASMA FACING
COMPONENTS
Operation phase
Components

1.

First
wall

Technology

Divertor
plates

First
wall

Divertor
plates

Nominal operation

Average neutron wall load (MW-m"2)
Heat flux — average (MW-m"2)
Heat flux - peak (MW-nT 2 )
Total number of load pulses (104)
Average neutron fluence (MW-a-m" 2 )
Peak irradiation damagec (DPA)
Incident peak particle
Flux (1020 irr 2 -s"')
Energy (eV)
2.

Physics

1.0

0.6
0.1-0.2
0.5-1
up to 15*
1
0.2 b
0.02
0.004b
i -0.4
0.02b
1
10-200

0.6
0.1-0.2
0.5-1
up to 25"
2-5
0.4-1 b
1-3
0.1-0.4"
12-45
0.6-2"
1.0

5-1 x 103
100

1
10-200

200"

10-100

5-1 x 103
100-800

Disruptions

Thermal quench
Total number at full load
Time (ms)
Peak energy deposition (MJ-irf 2 )
Current quench
Total number at full load
Time (ms)
Radiative energy deposition (MJ-m"2)
Runaway electrons (MJ-m"2)

1000
0.1-3
1-2
2000

2-20"
0.1-3

5-10

1-2

400b

10-100

5-50
2

2-20"
5-50

1-2
50-500

5-10

1.5

0.5-1
50-500

a

For double null plasma on outboard divertor plates with 20° inclination to the separatrix, assuming
ignited operation in the physics phase and driven operation (Q ~ 10) in the technology phase.
" Assuming about four divertor plate replacements during each phase.
c
For austenitic steel and carbon based material in the first wall and divertor, respectively.

to take into account the modelling uncertainties, single null operation and geometrical
misalignment.
The major critical issue for the divertor plates seems to be the limited lifetime
of the carbon armour:
— In the physics phase, after about 100 major disruptions the plates may have to
be changed.
— In the technology phase (assuming very few disruptions) five DP replacements
would require a net erosion — that is about a factor of one hundred lower than
the predictions without redeposition and separatrix sweeping.
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TABLE H. ALLOWED AVERAGE NEUTRON WALL LOAD (MW-nr2)
Plasma
Limited by
Divertor heat flux
— with sweeping
First wall heat flux
— at 3 x 104 pulses

Driven

Ignited
Q = oo

Q « 10

Q « 5

1-1.3

0.7-0.9

0.4-0.5

1.4-1.7

1.2-1.5

1-1.2

2.5. Neutron wall load limits
In Table II the allowed average neutron wall loads are derived, in order not to
exceed the limits of the FW and DP heat fluxes for different ITER plasma scenarios
described above.
The range of values in Table II is given for the worst and the average case of
radiated power to the first wall.
Table II illustrates that ITER performance is critically constrained by the capacity of the divertor plates, in particular for the driven plasma cases. There is, however,
a large physics uncertainty in the relationship between neutron wall load and peak
heat flux to DP.

3.

SHIELD DESIGN

The shield is designed in an integrated fashion with the vacuum vessel. In fact,
because of structural requirements, the vacuum vessel is a thick component (tens of
centimetres) and thus plays an important role in shielding. The shield and the vacuum
vessel are considered semipermanent structures, i.e. there are no scheduled replacements of these components.
The primary consideration for the nuclear design of the shield is the protection
of the superconducting toroidal field (TF) coils. Personnel doses of plant workers are
also under consideration but are less important, because of the specification of total
remote maintenance.
The nuclear analysis of the shield and the vacuum vessel has been focused on
the response of insulators in the TF magnet and nuclear heating in the coil. For epoxy
based insulators, doses of 5 X 108 to 5 X 109 rad are considered. Nuclear heating
of up to a few tens of kilowatts is also considered; the limit depends on the design
of the TF coil and the allowed liquid helium refrigeration power. In addition, the fast
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neutron fluence on the superconductor must be considered. For Nb3Sn, fluences in
a range of 1018-1019 n-cm"2 (in a spectrum typical of a TF coil in a fusion reactor)
are possible. Finally, also radiation damage to the copper stabilizer, which depends
on the details of the magnet design and operating scenario, should be taken into
account.
The preferred approach to materials selection for the shield is to rely on stainless steel (type 316) and water. Within the constraints of the reference design, 85 cm
is available on the inboard from the TF magnet to the first wall. With account for
a graphite covered first wall (2 cm thick) and the possibility of a thin inboard blanket
(5-20 cm), preliminary recommendations have been made for the radial distribution
of water and steel in the shield and the vacuum vessel. Typical nuclear response
parameters in the TF coil are insulator doses of ~ 2 x 109 rad and nuclear heating
rates of 10-15 kW (on the assumption of a thicker outboard shield/blanket). In principle, the shield thickness could be reduced, but only by allowing higher nuclear doses
and heating in the coil or by using substantial amounts of heavy material such as tungsten. Tungsten has the disadvantages of higher cost, higher afterheat and a more
difficult fabrication.
Preliminary consideration has also been given to shielding major penetrations
for vacuum pumping and plasma heating systems. A typical port cross-section is
1 m x 3.5 m; it will require a minimum shielding of 40-50 cm near the back of the
shield and 70 cm or more in the near plasma region.

4.

BLANKET DESIGN

We consider here the blanket required for producing the tritium to operate
ITER, particularly during its technology phase. (Blanket test modules and sectors for
power reactor blanket options will be considered later.) The emphasis is placed on
blanket concepts which minimize the risk for ITER operation and have R&D issues
that can be largely resolved before the detailed design of ITER starts. Less emphasis
is placed on reactor relevance.
The goals for the ITER blanket are as follows:
— Achieving a net tritium breeding ratio (TBR) of one.
— Operation at an average neutron wall load of 1 MW-m"2.
— Achieving a lifetime of, at least, 1 MW-a-nr 2 and up to 3 MW-a-nr 2
(average).
— Compatibility with an overall machine availability of, at least, 10%, hopefully
approaching - 2 5 % .
— Tolerating transient conditions with passive methods.
All blanket options must be compatible with the basic machine configuration
and the maintenance scheme. The blanket will be integrated with the first wall in a
box type construction with separate coolant paths for the first wall. The blanket poloi-
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dal sectors will be removed via vertical lift arrangements. Generally, coolant headers
will be located at the top of the reactor.
Because of the desire to achieve a TBR ~ 1 and the limited inboard space and
need for penetrations, the various blanket options must achieve a relatively high local
TBR. This implies the use of neutron multipliers such as Be and Pb.
Stainless steel type 316 has been recommended as the reference structural
material for the first wall and the blanket. The main reasons are a better database and
ease of fabrication. Backup materials include cold worked austenitic steel (e.g. PC A)
and Mn stabilized steels. The latter are of interest because of reduced long term activation and thus may have some advantage with regard to waste management.
However, such steels have a higher short term activation which increases the
afterheat problems.
The reference coolant for ITER is low temperature, low pressure water.
A number of blanket options have been considered for ITER. Three concepts,
which are believed to have the potential to meet ITER's goals, have been selected
for more detailed studies next year. These include
— aqueous salt concept
— solid breeder concept
— lithium-lead concept
The first option places emphasis on design simplification and has limited reactor
relevance. The other two are supported by a reasonable world wide R&D
programme, have higher reactor relevance and are judged to have acceptable risks.
The aqueous salt concept involves placing lithium bearing salts (e.g. LiOH,
LiNO3) into the water coolant to achieve tritium breeding. Typically, the blanket
employs significant amounts of beryllium for neutron multiplication. Options include
making the water flow through pebble beds of Be balls or between Be plates.
The solid breeder concept uses a solid lithium ceramic (e.g. Li2O, Li 2 Zr0 3 ,
LiAlO2 and LLtSiCX,) for tritium breeding. As with the aqueous salt option, Be is
typically used as a neutron multiplicator. Options include mixing the beryllium
(~ 75 %) with the ceramic (~ 25 %) in the form of small spheres or using a plate type
arrangement.
The lithium-lead concept employs a eutectic (17Li-83Pb) cooled by water. The
eutectic may be either in a solid or a liquid state during the fusion burns. The eutectic
material is then heated up and made to flow out of the reactor during off-times to
recover the burned tritium.
Each of these three concepts has its particular advantages and disadvantages
which can be summarized as follows:
Aqueous salt
Advantages
Simpler design
Easier transition from non-breeding to breeding
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Demonstrated tritium recovery from water
Tolerance with respect to power variations

Disadvantages/concerns
Large tritium inventory in water
Limited reactor relevance
Possible enhanced stress corrosion of steels
Concerns about radiolysis and electrolysis of water
Production of 14C in LiNO3
Solid breeder
Advantages
Reactor relevance
Low tritium inventory
Tritium not in main water coolant
Much lower chemical reaction potential
Disadvantages/concerns
Performance at high Li burnup
Lower tolerance to power level variation
More complicated design to ensure thermomechanical parameters
Separate purge stream required.
Lithium-lead
Advantages
No Be required
Solid form, lower chemical reaction potential
Low cost material
Reasonable tolerance with respect to power variations
Disadvantages/concerns
Tritium containment/recovery
Large tritium inventory in solid form
Low melting temperatures and volume change in phase transition
Weight
Po production.

5.

FUEL CYCLE

Fuelling for ITER will be based on gas puffing, probably in the upper divertor
region. Fast values able to ensure the fuelling rate necessary for ITER can be built
with a modest extrapolation of valve designs on current large tokamaks. Pellet injec-
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tion will also be provided for profile control, mainly during startup. Typical pellet
injector characteristics would be:
Velocity
Repetition rate
Pellet radius

•

1.5-2.0 km-s"1
1.0-3.0 Hz
0.2-0.5 cm

Ultrahigh velocity ( > 2 km-s"1) pellet injectors may also be provided if
required by the planned experiments. If deep penetration is needed, alternative
approaches may have to be found. One such mechanism, compact toroid injection,
will undergo proof of principle testing during the ITER time frame.
The effective pumping speeds for He at the divertor exit are predicted to be in
the 350-700 m 3 -s~ l range. Duct diameters, particularly in the divertor region, must
be as large as possible. For these pumping speeds, compound cyropumps (CCPs) are
the preferred alternative. The main technical uncertainties concern the definition of
the most suitable He pumping surface and the effect of dust on valves required to
cycle frequently during pump regeneration.
For the three blanket concepts proposed for detailed consideration in the ITER
design phase, key issues in tritium recovery have been identified.
Tritium extraction from the aqueous/lithium salt blanket can be performed
essentially by using technology applied in the extraction of tritium from heavy water
on CANDU reactors. Elements of the extraction system which require further
development include the suppression of radiolysis, or subsequent gas/water separation and/or recombination and Li salt separation. High local tritium concentrations
( > 100 Ci-L"1) in the extraction system will require special attention to local confinement and maintenance procedures.
For the ceramic breeder, the technology for tritium recovery for the purge gas
is also straightforward, a combination of catalytic oxidation and drying/cold trapping
being used. Careful consideration must be given to the alternatives for tritium
recovery from the highly tritiated water.
Tritium recovery from the LiPb blanket is also expected to be technically
feasible; however, the database for tritium behaviour in the breeder under the proposed operating conditions must still be developed.
The necessity of extracting tritium from a large variety of solid waste materials
has been identified during the ITER definition phase as having a potentially large
effect on plant layout and facilities, especially hot cells. Graphite tiles and dust collected from the first wall armour is a high priority for the development of treatment
processes, because of the large quantities of tritium involved (100-1000 g) and the
potentially large quantities of material to be treated, which corresponds to the relatively short armour lifetime. Other solid wastes presenting significant tritium
recovery design problems include stainless steel, where large quantities may have to
be treated, and Be where the tritium may have to be recovered from below an oxide
layer. New criteria concerning disposal of tritiated waste may have to be evolved,
reflecting the special needs of fusion.
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NUCLEAR TESTING

One of the major programme objectives of ITER is testing of neutronics,
materials, tritium production/extraction, blanket modules and sectors and advanced
plasma technologies. The testing programme will be performed during both phases
of ITER operation and will include:
(a)

(b)

Neutronic testing, plasma facing components testing, surveillance tests of
machine components, preliminary blanket submodule and module experiments
and demonstration of plasma fuel processing during the physics phase.
Short term and verification blanket tests, material irradiation experiments, continued plasma facing components and surveillance tests, and fuel processing
reliability data during technology phase.

An important objective of testing is extraction of high grade heat from reactor
relevant modules and sectors. To obtain test information suitable for fusion demonstration reactors requires appropriate scaling of the testing conditions. The minimum
neutron first wall load and fluence for DEMO are ~ 2 MW-m"2 and
~ 10 MW-a-nT 2 , respectively. Scaling by about a factor of two in power density
and, possibly, by a higher factor in neutron fluence is reasonable. The testing requirements in ITER include a minimum neutron first wall load of ~0.8 MW-m"2 and a
desirable fluence of up to 3 MW-a-m" 2 . Blanket thermal behaviour depends on the
response times of its components which range between ~20 and ~ 1000 s. Quasisteady state operation with a duration of some thousands of seconds provides thermal
equilibrium of almost all blanket designs. In case of pulsed operation, the equilibrium
is strongly affected by pulse burn and dwell times. The dwell time may not exceed
70-200 s to satisfy most of the tests. A burn time of over 600 s is required to meet
the equilibrium requirements. With a burn time of ~ 1000-2000 s almost all blanket
designs would reach - 9 0 % of steady state thermal conditions. A limited number of
tests requires shorter dwell times and longer burn times. Continuous operation of one
to two weeks is required for some tests, either in steady state or in pulsed modes at
very high availability. The example most intensively studied is tritium release from
solid breeders.
The design of ITER should, to the maximum possible extent, incorporate different types of testing devices, ranging from submodules to full outboard sectors, and
provide the ability to exchange modules in a short period. At least eight modules with
dimensions ofl m x 2 m x O . 5 m and two outboard sectors are necessary for testing
of adequate blanket/first wall options and materials considered to be reactor relevant.
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Abstract
ITER: OPERATION SCENARIO.
A phased operation scenario with flexibility is studied for the ITER design. Performance flexibility is essential to enhance the capability of the ITER machine, to provide the possibility of introducing
advanced features and new schemes, to allow for optimizing plasma performance and to accommodate
the present uncertainty in physics. For this the machine must be optimized in each phase and therefore
must be designed to have not only the capability of standard operation but also the flexibility to change
working conditions, especially with regard to plasma size, current and operation scenario.

1.

INTRODUCTION

ITER [1-5] operation will be carried out in three phases — a HD phase, a
DT physics phase and a technology phase.
After installation of the full heating and current drive system, intensive plasma
experiments on confinement, steady state operation with non-inductive current drive,
heating, operational limits, disruption characteristics, and power and particle transport and exhaust will be performed over a wide range of parameters. There will be
maximum capability with respect to diagnostics, available space and maintainability
in HD plasmas. The performance of the machine, in particular confinement, power
and particle exhaust conditions and the working conditions of plasma facing components, can be clarified. The operational range expected for the following DT phase
will be assessed.
Ignition with pure inductive drive, steady state operation with non-inductive
current drive and various other operation scenarios will be studied after installation
of the tritium system and the full pumping system. In this DT physics phase a
relatively small number of pulses in ignited and steady state operation with intense
neutron flux will be required, and the neutron fluence is anticipated to be less than
0.01 MW-a/m 2 . As the shield can be comparatively thin, there will still be a
favourable capability with respect to plasma size, current and operation flexibility.
The plasma operating scenario for the technology phase will be developed in this
phase. It must be reliable, have a smaller plasma current and be optimized to
maximize the lifetime of the plasma facing components.
The activity of the International Thermonuclear Experimental Reactor (ITER) is conducted under
the auspices of the International Atomic Energy Agency jointly by Euratom, Japan, the Union
of Soviet Socialist Republics and the United States of America.
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In the technology phase, breeding blankets and an additional shield will be
installed, a lower toroidal ripple will be required to increase the reliability of the first
wall, and a large space for the divertor will be needed to optimize power and particle
exhaust and maximize the lifetime of the divertor plates. Consequently, the plasma
size and current will be smaller than in the physics phase. ITER must be reliably
operated in steady state and/or a long pulse mode to achieve its engineering objectives
and the testing programme. The total neutron fluence will be 1-3 MW-a/m 2 , with
the neutron flux about 1 MW/m2.
In order to optimize the device for each phase the plasma size and plasma
control must be adjustable. The in-vessel components cannot be frozen in an early
phase and thus must be replaceable. The poloidal field system must be flexible to
control a wide range of plasma configurations. Large access ports, including tangential ports, must be provided because of the uncertainty with respect to the choice of
the optimum method for current drive and heating. The plasma facing components
and the divertor throat will be optimized for particle and power exhaust. The effect
of plasma disruptions on the plasma facing components will be definitely clarified in
the early phases of ITER operation. Therefore the plasma facing structures and
materials must be easily replaceable so that in-vessel components for the operation
mode of the technology phase can be developed and put in place.

2.

IMPACT OF THE FLEXIBILITY REQUIREMENT ON THE DEVICE

It is essential to find a solution in which a reasonably small additional effort
ensures the flexibility needed.
For the machine's flexibility ITER has been conceived as the assembly of two
main systems: (1) the basic machine, whose main systems, the TF and PF coils and
the vacuum vessel, are semipermanent and should not be changed during the life of
the plant (see Fig. 1); and (2) the removable in-vessel components, i.e. the first wall,
the inboard and outboard blanket segments and the divertor area, which are the interface between the basic machine and the plasma and are segmented for relatively easy
replacement.
Initially the main reason for conceiving the in-vessel components as removable
was to make possible the replacement of their short lifetime components, but this
scheme can be applied to change the shape, dimension and divertor configuration of
the plasma chamber between phases of ITER operation. For this reason, flexibility
can be easily accommodated in the device by changing the configuration of the
in-vessel components for the different plasma configurations provided by the polodial
coil system.
Detailed study has been done on the poloidal field system for the initial
engineering study parameters, similar to the reference parameters, i.e. a plasma
current of 20 MA, a major radius of 5.8 m, a minor radius of 2 m, an elongation
of 2 and a safety factor of 3.1 at the 95% flux surface, and a toroidal field ripple of
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FIG. 1. Various configurations and required coil current in megampere turns and total stored energy
in GJ of the poloidal field system at low beta and high beta phases, (a) Reference configuration in the
technology phase, (b) 28 MA extended operation in the physics phase, (c) large R and small a operation
with 25 MAT. Required coil currents at breakdown phase and coil numbers are also shown in (a).
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1.4% at the plasma edge. Assuming that 50 V-s can be saved with non-inductive
current ramp-up assist and having a small distance between separatrix and plasma
facing components, it is possible to have an extended plasma with plasma currents
of 25-30 MA, a minor radius of 2.3-2.4 m, an aspect ratio of 2.6-2.4, an elongation
of 2, a safety factor of 2.7 and a toroidal field ripple of about 2% in the same vacuum
vessel with a thinner shielding blanket and ferromagnetic inserts. This extended
operation with a thinner blanket and higher heat fluxes due to ripple losses can be
tolerated for a limited number of pulses. In this example an increase of coil currents
of only 25 % and no significant increase of the field energy are required, because of
a decrease of the relative distance between the plasma and the coils, as well as aspect
ratio, due to enlarged plasma size. A small enhancement of a few poloidal coils
permits this small increase of the coil current.
This study consequently evaluates the reference concept: different basic plasma
parameters are available in the physics phase and in the technology phase for optimizing the machine capability in each phase, i.e. plasma currents of 22 MA and 18 MA,
major radii of 5.8 m and 5.5 m, and minor radii of 2.2 m and 1.8 m, respectively.
Operational flexibility in the physics phase is also studied in this device, and preliminary results are shown in Fig. 1. By increasing the cross-section of PF-6 coils by a
few tens of per cent in the device with the reference parameters, a 28 MA plasma
with a large size, and a 25 MA plasma with a large major radius of 6 m and a small
minor radius of 2 m can be accommodated. No increase of the total coil currents or
of the total stored energy is required. A single null divertor configuration and a
higher elongation can also be included in the framework of the basic device.
In summary, only a small additional effort is needed to ensure considerable
flexibility in the basic device.

3.

FLEXIBILITY IN THE PHYSICS PHASE

The basic ITER device allows various configurations and modes of operation
in the physics phase. This flexibility is necessary not only to cope with the
uncertainties in the plasma physics predictions but also to allow optimization of the
plasma performance of the device itself during the physics phase. This will be done
both for ignited burn and for burn in a driven regime where the plasma current is
partially or fully maintained by external power. Reaching sufficiently good energy
confinement as well as active control of the confinement properties of plasma,
optimizing the working conditions of the plasma facing components and reducing the
frequency of disruptions to a minimum are major issues here.
The options possible in ITER for plasma operation in the physics phase can be
summarized as follows, and some of the options are discussed in the following
subsections.
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A . Baseline: R = 5.8 m, a = 2.2 m, I = 22 MA, q > 3 at the 95% flux surface,
scrape-off width at inboard midplane 15 cm, distance between X-point and
divertor plate 40 cm, maximum fusion power 1 GW and toroidal field ripple
<1.5%.
Al. Purely inductive operation: A wide range of operation parameters including
double, single and semidouble null divertors, distance between separatrix and
first wall, triangularity, safety factor and profiles.
A2. Non-inductive and inductive operation: Steady state volt-second saving during
ramp-up, very long pulse and subignition with current profile control.
B. High plasma current capability with non-inductive current ramp-up assist for
confinement optimization (limited number of pulses).
Bl. High current with large plasma volume: 22-28 MA, R = 5.8 m, a = 2.25 m
and b = 5 m with a short distance between separatrix and the plasma facing
components.
B2. High current with large R and small a: 22-25 MA, R = 6 m and a = 2 m.
B3. Others: Low safety factor and slightly higher elongation.
C. Optimizing power and particle exhaust and minimizing damage to plasma facing
components.
Cl. Radiative cooling for reducing power to divertor: High density, low temperature
operation and/or medium Z impurity injection.
C2. Semiclosed divertor for reducing erosion, the required He pump speed and
impurity contamination (combination with Cl might be necessary): Additional
structures on the divertor and possibility of high Z material for the divertor
plates.
D. Short burn pulses with higher fusion power for enhancing confinement, the study
of thermal instability and power handling: e.g. 2 GW for 10 s.
Some of the options listed will be sufficiently studied in the HD physics phase.
Therefore, it is essential to have the full current drive and heating system available
from the beginning of ITER operation. Additional flexibility can be considered only
in the HD phase and must be studied.
3.1. Ignition mode
Purely inductive current drive is the baseline mode of operation for ignition
studies. Several possible ways to enhance the confinement capability are shown in
Table I.
For a current of 22 MA and a fusion power of 1 GW the enhancement factors
above the predictions of the T-10, Shimomura-Odajima and Goldston confinement
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TABLE I. OPERATION PARAMETERS FOR IGNITION IN THE
REFERENCE DEVICE
Basic
operation

Extended operation
High current

Large R, :small a

High
fusion power

I (MA)

22

25

28

22

25

22

R(m)

5.8

5.8

5.8

6.0

6.0

5.8

a (m)

2.2

2.25

2.25

2.0

2.0

2.2

A

2.64

2.58

2.58

3.0

3.0

2.64

(95%)

1.88

2.0

2.0

2.0

2.1

1.88

q (95%)

3.29

2.84

2.53

2.78

2.66

3.29

g

1.76

1.45

1.29

1.7

1.44

2.5

K

1000

1000

1000

1000

1000

2176

2

1.05

0.89

0.89

1.07

1.03

2.30

3

1.0

0.96

0.96

1.08

1.04

1.49

Required confinement (s)

3.06

3.25

3.25

2.82

2.94

1.98

"Shimomura-Odajima

1.73

1.67

1.63

1.76

1.69

1.29

^Rebut-Lallia

0.79

0.69

0.63

0.76

0.68

0.54

HGoldston

1.85

1.69

1.5

1.59

1.35

1.77

HT-10

1.89

1.79

1.68

1.86

1.75

1.67

P, (MW)
P n (MW/m )
n (10

20

m" )

Note: B T = 5.0 T at R = 5.8 m, Zeff = 1.8, T = 10 keV. Italic type denotes actual constraints;
bold type denotes important features.

scalings [6-8] needed to reach ignition are between 1.7 and 1.9, and would be
reduced to 1.5-1.7 by increasing the current to 28 MA. Using the global RebutLallia scaling [9], ignition is predicted to be reached with some margin. Operation
at higher fusion power, although possible for only a short time, would be strongly
beneficial for the Shimomura-Odajima and Rebut-Lallia scalings: for 2 GW the
enhancement factor required for the Shimomura-Odajima scaling reduces to 1.3 and
the global Rebut-Lallia scaling would indicate an ignition margin of about 2. As
some confinement scalings, in particular the Goldston scaling, favour large R and
small a, it is possible to obtain a plasma with a major radius of 6 m and a minor radius
of 2 m in the same device. The enhancement factor required for ignition for the

IAEA-CN-50/F-H-4

279

Goldston scaling would be reduced to 1.6 and 1.35 for a current of 22 MA and
25 MA, respectively.
In conclusion, the basic ITER device provides considerable capability with
respect to ignition conditions. In the basic configuration, ignition will be reached with
a current of 22 MA if the confinement is a factor of 2 better than moderately cautious
predictions for the L-mode. Variants allow ignition even if this enhancement is only
in the range of 1.3-1.7.
3.2. Steady state mode
ITER must also be optimized for steady state operation, and initially machine
parameters are studied over a wide range.
For steady state operation in the technology phase, important design constraints
are the neutron wall load requirement for nuclear tests (the minimum value being
taken to be 0.8 MW/m2); the value Q = Pftsion/Pcunemdrive, which should be about 5
or larger; and the maximum allowable current drive power, which is assumed to be
about 100 MW. Finally, the heat load on the divertor plates and the first wall must
be manageable; the total fusion power must be less than about 1 GW so that the sum
of the alpha particle and the current drive power does not exceed 300 MW.
The results are sensitive to plasma profiles, the bootstrap current contribution
and the current drive scheme. The following rather optimistic assumptions are made:
T = 1 - r 2 , n = (1 - r 2 ) 0 5 , I ^ m p = 0.3Iplasma, maximum Troyon factor = 3.0,
and current drive by 1 MeV neutral beams. Therefore, the following results are
probably optimistic.
The required enhancement factor of energy confinement for steady state operation with additional high heating power is similar to that for ignited operation,
because the plasma parameters are optimized not only for confinement but also for
non-inductive current drive. The design space is mainly bound by the minimum wall
load and the maximum allowable current drive power, because the fusion power is
low in a high temperature plasma with good current drive efficiency or the current
drive power is high in a low temperature plasma with a high fusion power. From this
condition the minimum plasma major radius is about 5 m with a plasma current of
about 15 MA and an aspect ratio of about 3. But in this case, in ignited operation,
the required enhancement factor of the energy confinement time is more than 2 for
both Shimomura-Odajima and Goldston scalings, while in steady state operation the
enhancement factor is 1.8 and 1.5, respectively. The Q value is about 6 and the
acceptable operation space is strongly limited. Therefore, this small device is not
suitable for ignition or steady state operation at high Q. Another typical design point
is a high aspect ratio device with, for example, a major radius of 6.3 m, an aspect
ratio of 4.5 and a plasma current of 12 MA. In this case the required enhancement
factor for the Goldston scaling for both steady state and ignited operation is about
1.3, and very long burn pulses, typically 3000 s, are possible with purely inductive
current drive, because of the large centre solenoid possible in this device. However,

280

SHIMOMURA

TABLE H. STEADY STATE OPERATION MODES FOR INITIAL
ENGINEERING STUDY POINT
Option I

Option

R(m)

5.8

5.8

5.8

a(m)

2.0

2.0

2.0

g

3.0

3.0

1.2

q

4.0

3.0

4.0

I p (MA)

15

20

15

Idrive (MA)

10.5

14.0

12.0

4.5

6.0

3.0

0.63

0.63

0.4

T(keV)

16

20

12.0

P,(MW)

730

966

185

146

193

37

Pcd(MW)

90

107

100

Palpha + Pc

236

300

137

P b (MW)

12

13

4

29

45

13

Pn (MW/m )

0.8

1.0

0.2

Q

8

9

2

Required confinement (s)

2.15

2.17

1.66

H,Shimomura-Odajima

1.6

1.6

1.1

1.9

1.6

0.9

bootstrap

ne (10

•alpha

(MA)

20

3

m" )

(MW)

Psynch (MW)
2

Option m

Note: Bold type denotes important features.

the machine size is very large because the permissible toroidal field ripple is very low
at this high aspect ratio. The required enhancement factor of the energy confinement
time for the Shimomura-Odajima scaling is higher than 2 even for steady state
operation, and the Q value is again about 6.
For the initial engineering study point, typical operation modes are shown in
Table II. A Q value of 8 to 9 is obtainable with the enhancement factor of about 1.6
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and is reasonable for the condition of plasma facing components. If a smaller
enhancement factor is required, the operation point will move to lower plasma
temperature and/or higher plasma current. In this region a higher current drive
power, e.g. 100 MW, is needed because the current drive efficiency is decreased
owing to low temperature and high density with a reasonable neutron wall load for
the engineering test.
The steady state operation studies in the physics phase will not always require
a wall load condition. One of the important purposes is to demonstrate the feasibility
of steady state operation of a tokamak reactor. For this study it is desirable to
minimize the uncertainty in the energy confinement properties, i.e. steady state
operation should be possible even with an L-mode plasma. Such operation is shown
as option III in Table n. The plasma thermal energy is reduced, but 100 MW of
external current drive power are injected, corresponding to Q = 2.
In summary, a machine with a major radius of about 5.5 m, a minor radius of
about 2 m and a current of about 20 MA is suitable not only for ignition but also for
steady state operation.
4.

FLEXIBILITY IN THE TECHNOLOGY PHASE

In the technology phase the ITER machine and its operation will be optimized
for engineering tests. This optimized scenario will be clarified definitely only in the
physics phase. However, possible scenarios can already be devised, as listed below.
Some of them are analysed for the reference configuration.
A. Baseline: R = 5.5 m, a = 1.8 m, I = 18 MA, elongation = 2 and q > 3 at the
95% flux surface, scrape-off width at inboard midplane 15 cm, distance
between X-point and divertor plate 40 cm, maximum fusion power < 1 GW,
optimized divertor configuration (probably DN or semi-DN and semiclosed
divertor) and about 0.5% toroidal field ripple at the plasma edge.
Al. Steady state operation.
A2. Long pulse operation.
B. Additional options with 18 MA: Large plasma, large R and small a, single null
divertor and slightly higher elongation.
4.1. Inductive operation
If the plasma ignites hi the physics phase with enhancement factors of about 2
for the typical L-mode scalings, the baseline plasma anticipated for the technology
phase will also ignite (Table HI). Then fully inductive current ramp-up and maintenance can be applied. Since the plasma current is reduced to 18 MA, about 30 V-s
of inductive flux, depending on the equilibrium and PF coil system, are saved and
are available for additional plasma burn, typically 300 s.
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TABLE HI. EXAMPLE OF OPERATION PARAMETERS OF THE
TECHNOLOGY PHASE IN THE REFERENCE DEVICE
Ignition

Hybrid, Q = 10

Subignition
Q = 10

Medium n

Highn

V-s saving from 22 MA basic operation

-20

-20

-100

-100

Additional bum time (s)

-300

-300

-3000

-2000

Ip(MA)

18

18

18

18

I^i (MA)

0

0

6

3.2

P f (MW)

848

670

670

664

2

1.1

0.87

0.87

0.86

3

1.4

1.01

0.74

1.00

T(keV)

10

10

14

10

P* + Pht (MW)

0

67

67

66

P + P,,, + Pht (MW)

120

200

200

199

Required confinement (s)

2.71

1.90

1.97

1.90

2.01

1.51

1.71

1.58

^Rebut-LalUa

0.98

0.72

0.91

0.85

^Ooldston

1.82

1.39

1.72

1.66

H T . 1O

1.97

1.45

1.68

1.63

P* (MW/m )
n. (10

20

m" )

Shimomura-Odajima

Note: R = 5.5 m, a = 1.8 m, «95% = 2 , BT = 5.3 T, Zeff = 1.8. Italic type denotes actual
constraints; bold type denotes important features.

If the above situation is not realized, the plasma must be operated in a driven
mode. Table III shows some examples. If auxiliary power is applied just for plasma
heating, a reasonable Q value is obtained. Enhancement factors of 1.4-1.5 for
Goldston, Shimomura-Odajima and T-10 scalings are appropriate if a heating power
of 67 MW is applied. A wall load of 0.87 MW/m2 can be obtained with a reasonable fusion power of 848 MW. If some volt-seconds are saved by non-inductive
current ramp-up, e.g. 50 V-s, as discussed above, the total saving is as large as
80 V • s and an additional burn time of over 1000 s may be obtained.
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4.2. Hybrid operation scenarios
Hybrid operation, an approach which utilizes both inductive and non-inductive
means for current drive, is more relevant to the technology phase. A substantial
amount of inductive flux is saved if some fraction of plasma current is driven noninductively by means of neutral beams or RF techniques, or a combination of the two.
As shown in Table in, for example, about 50 V-s are saved if the plasma current
decreases from 22 to 15 MA, and about another 50 V • s could be saved in the rampup phase by non-inductive methods. During burn a 6 MA non-inductively driven
current is expected at T = 14 keV, applying a current drive power of 67 MW. The
subsequent reduction in loop voltage is a factor of 2.8. From these volt-second
savings, about 3000 s of additional plasma burn time is obtained. The minimum
requirement of neutron wall loading (0.8 MW/m2) and a Q value of 10 are also
achieved with a favourable small fusion power of 670 MW. The required enhancement factor for this operation is about 1.7 for Shimomura-Odajima, Goldston and
T-10 scalings. Hybrid operation also has other advantages. A relatively high plasma
density is used so that the divertor operation conditions are improved, for example
a long burn is possible with a mean plasma density of 1020 m"3. Current profile
control, necessary for long burn, is provided by the non-inductively driven current.
If non-inductive current drive is applied continuously during all operation
phases to save further volt-seconds and to achieve a very long pulse, e.g. 5000 s or
longer, the current ramp-up time tends to become longer than that needed for the
inductive driven or the above mentioned case.

4.3. Steady state operation
Table IV lists data on current drive performance. A combination of NB and LH
current drive is employed and Q values are optimized with the wall load fixed at
1.0 MW/m2 and the enhancement factor for Goldston scaling. If H-mode-like
confinement is realized, a steady state plasma can be operated with a comfortable Q
value of about 12. Even if the enhancement factor is 1.5, a Q value of 8.6 is obtained
with absorbed powers of 104 MW. Hence, even with a considerable uncertainty on
confinement, reasonable steady state operation is obtained. There are, however,
uncertainties also with respect to the current drive efficiency, density and temperature
profiles and the beta limit in current driven plasmas. More detailed analysis will have
to be done in the design phase.
One serious problem in steady state operation is the working conditions of the
divertor. As seen in Table IV, the average electron density is about 0.7 X 1020 m"3
and the total heating power is over 250 MW. The divertor heat load and erosion
under these conditions are very demanding. This problem must be analysed and
resolved by developing new operation schemes, e.g. radiation cooling of the main
plasma and of the divertor plasma.
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TABLE IV. STEADY STATE OPERATION OF THE TECHNOLOGY PHASE
IN THE REFERENCE DEVICE
HGoldston = 1 . 8

HGol<bton = 1.5

I (MA)

18

18

g

3.0

2.7

893

897

1.16

1.16

^(lO^nr )

0.654

0.765

Te (keV)

23.2

18.6

T; (keV)

21.8

16.4

PNB (MW)

54.3

70.1

PLH (MW)

20.9

33.6

Q

11.9

8.6

Required confinement (s)

2.26

1.8

Hshimomur.-Od.jim,

2.04

Pf (MW)
2

Pn (MW/m )
3

HT.I0

1.63

1-04

0.79

1.84

1.50

1.74

1.46

Note: R = 5.5 m, a = 1.8 m, K,5% = 2, BT = 5.3 T, Zeff = 2.2, I ^ m p = 0.3. Bold type
denotes important features.
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Abstract
THE NET PROJECT: AN OVERVIEW.
The objective of NET is to demonstrate fusion energy production in an apparatus which meets
the basic design and operating requirements of a reactor, i.e.: self-sustained DT thermonuclear
reactions; extended burn, possibly up to steady state; qualification and testing of components in reactorlike conditions; safe operation of a reactor-like device at significant availability; and energy extraction
of high temperature heat and tritium breeding. Since NET is conceived to be the only step between JET
and DEMO, it must be capable of conducting a research programme in physics as well as in reactor
technology. This requirement has led to an apparatus designed to operate, in the first phase (Physics
Phase), with great flexibility with respect to the accessible plasma parameters. NET adopts, as far as
possible, reactor relevant technologies (e.g. superconductivity), and it includes provisions and features
(e.g. remote handling, access, shielding) which would enable it, in the second phase of operation
(Technology Phase), to carry out a programme of qualification and testing of components. NET will
be the machine in which the physics and the technology of extended plasma burn pulses will be established. The flexibility of the apparatus therefore allows the incorporation of improvements between the
two phases, in particular of the plasma facing components. As for the parameters, two sets have been
defined: a reference set to carry out the predesign and to define in sufficient detail the R&D tasks to
be performed by the European fusion laboratories, and an alternative set with increased plasma current
capability based, however, on the same design solutions and technologies as the reference case.

1.

INTRODUCTION

The European strategy towards the demonstration of electrical energy production by thermonuclear fusion includes three main milestones:
— In the long term: to demonstrate that the production of electrical energy from
fusion is environmentally attractive as well as technically suitable to utilities and
has the potential to become economically competitive (demonstration reactor,
DEMO);
— In the medium term: to demonstrate the feasibility of fusion with respect to both
physics and technological aspects (Next European Torus, NET);
— In the short term: to establish the scientific and technological basis for NET
(JET, new specialized tokamaks; technology programme).
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OBJECTIVES OF NET

The NET objective is to demonstrate fusion energy production in an apparatus
which meets the basic design and operating requirements of a reactor, i.e.:
— Self-sustained DT thermonuclear reaction;
— Extended burn, possibly up to steady state;
— Qualification and testing of components in reactor-like conditions;
— Safe operation of a reactor-like device at significant availability;
— Energy extraction of high temperature heat and tritium breeding.

3.

GENERAL DESIGN REQUIREMENTS

Since NET is the only step between JET and DEMO it must be capable of
conducting a research programme in physics as well as in reactor technology. This
requirement has led to an apparatus designed to operate, in the first phase (Physics
Phase), with great flexibility with respect to the accessible plasma parameters, in
particular the plasma current. Furthermore, this apparatus should adopt, as far as
possible, reactor relevant technologies (e.g. superconductivity) and include provisions and features (e.g. remote handling, access, shielding) which would enable it to
carry out, in the second phase of operation (Technology Phase), a programme of
qualification and testing of components. The plasma parameters will have to be
adjusted to meet specific requirements of each of the two phases, for instance ignition, inductive current drive and high plasma current during the Physics Phase, and
finite Q, hybrid current drive, moderate plasma current and long pulse operation
during the Technology Phase. NET will be the first machine in which the physics and
the technology of extended plasma burn pulses will be established. Therefore it must
be possible to incorporate improvements which may become necessary during operation to meet the final performance goals. In particular, it is expected that between
the Physics Phase and the Technology Phase the plasma facing components (e.g.
divertor plates, first wall protection) may need to be refurbished on the basis of the
experience gained during the Physics Phase, in order to meet the more demanding
requirements of extended pulse duration and overall operation time during the
Technology Phase.
The scientific exploitation of the present tokamaks and their upgrades is likely
to be sufficient to establish, by about 1993, the scientific basis for a decision on NET
construction. Design solutions and technologies of the basic NET device must therefore be selected having in mind that by this date they will have to be proven feasible
and reliable. For this reason a ten year programme aimed at developing the new
technologies required in NET was launched in Europe in 1983.
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NET PARAMETERS

4.1. Main requirements
The main requirements which have guided the selection of the parameter sets
are:
— To achieve ignition under a variety of assumptions for plasma confinement and
operational limits (e.g. plasma beta, density and safety factor).
— To accommodate several plasma shapes with elongations between 1.8 and 2.2,
and single or double null configurations.
— To drive inductively the plasma current for at least 200 s. This pulse length
allows the plasma to reach steady state conditions with the exception of current
diffusion ( * 1000 s).
— To perform engineering tests on DEMO-representative blanket sectors/
modules. This requirement leads to constraints on the wall loading
(>0.6 MW/m2), on the mode of operation (typical combinations of the burn
time/off burn time between pulses are, for example, 300 s/150 s for inductive
operation and 3000 s/500 s when current ramp-up and maintenance are assisted
by non-inductive current drive), on the total burn time (>4000 h), on the radial
build, and on the access to accommodate a full blanket and to permit its remote
removal.
— To allow the investigation of the physics and technology of long pulse operation
approaching steady state and the assessment of its prospects for reactor
applications.

4.2. Basic machine parameters
A great flexibility concerning plasma parameters, operating conditions and the
choice of plasma facing components is the primary feature of an apparatus which
aims at meeting the requirements listed in Section 4.1, operating with minimum
technical risk and being cost effective. The requirement to achieve ignition inductively has the highest impact on the parameter choice, but it is not much more
demanding than steady state operation at appropriate levels of the neutron wall load
and current drive power.
The criteria for choosing the parameters of a device aiming at ignition have
evolved in the past few years as a consequence of a broader database, produced
mainly by the large tokamaks, on confinement and operational limits. The single
parameter which best represents the confinement capability of a machine is the
plasma current. For given technologies and design philosophy the plasma current also
most effectively quantifies the size and cost of the apparatus.
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In 1985 a reference parameter set was chosen having a current capability of up
to 15 MA (NET I) in the Physics Phase. The predesign has been developed and the
R&D tasks have been defined accordingly [1].
To reach ignition with this parameter set, H-mode confinement or, equivalently,
an enhancement of L-mode confinement by a factor of two or more is needed, assuming moderately conservative operational limits on beta and plasma density (e.g. a
Troyon factor g of =2.5 and a Murakami parameter of « 8). Whether such working
conditions can be achieved is subject to considerable doubt. For this reason in 1987
the NET Scientific Advisors Committee recommended the NET Team to study a
variant (NET II) capable of carrying a considerably higher current, with the aim of
reducing the required enhancement of confinement over the L-mode confinement and
of increasing the flexibility and the reliability of operation. An important conclusion
from this study is that the design solutions and technologies under development for
NET I are also applicable to NET II. Reducing the present uncertainties, mainly in
confinement physics but also in the plasma-wall interaction area, is a prerequisite for
being able to make a definite choice for the NET parameters and to anticipate with
some confidence its performance. An assessment of these parameters based on a
cost-risk-benefit analysis of the two options is planned for around 1990, at the time
when a decision to launch the engineering design of NET will be sought.
In Table I the main parameters of NET I and II are summarized and typical
operation conditions are given. Also listed are the enhancement factors over the
global Rebut-Lallia and the Kaye-Goldston scalings needed to reach the operating
conditions (taking explicit account of radiation losses). The flux swing available in
NET I and NET n , for the higher currents, is 190 and 360 V-s, respectively. In the
Technology Phase operation at lower plasma current is attractive to optimize the
trade-off between confinement capability, long pulse operation and power exhaust
requirements. The thickness of the inboard shielding structures (vacuum vessel and
shield/shielding blanket/first wall) is 90 cm, sufficient for both the Physics and the
Technology Phases. It allows operation at an average neutron wall load of
0.7 MW/m2, in Net H, for at least 8000 h. For the Technology Phase only the
replacement of the divertor plates is probably necessary to meet the more severe
requirements on lifetime (e.g. erosion).

5.

BASIC MACHINE CONCEPT

The basic machine (Fig. 1) consists of the supporting system, which allows
separate assembly of all components, the cryostat, the toroidal and poloidal field coil
system, and the vacuum vessel/shield. All the machine components are selfsupporting and an oblique access through cryostat, coils and vacuum vessel is
provided for maintenance of plasma facing components. The outer containment of the
machine is formed by the biological shielding. This structure also acts as the outer
containment for the cryostat vacuum. This double function keeps the active machine

293

IAEA-CN-50/G-I-1

I - INNER POLOIDAL COILS
2-BLANKET
3 - PLASH/1

4-VACUUM VESSEL-SHIELD

5 - PLASMA EXHAUST
6-BIOLOGICAL SHIELD-CRVOSTAT
7-ACTIVE CONTROL COILS
8-TOROIDAL FIELD COILS

9 - FIRST WALL
10-DIVERTOR PLATES
I I - OUTER POLOIDAL COILS

FIG. 1. An isometric view of NET device showing the main components.

volume to a minimum and allows hands-on access to many of the auxiliary systems.
The central solenoid is independent of the TF coils, and the central vault formed by
the inner legs (no bucking cylinder) supports the centripetal forces acting on the TF
coils.
All the coils are superconducting. Superconducting cables are being developed
along two lines: the react and wind process for 16 kA and the wind and react process
for 40 kA, both for NbSn cables to be used at 12 T. Short length, full size samples
are in an advanced stage of fabrication. The radiation resistance of the insulator is
being tested up to 1010 rad (108 Gy) and structural materials are being qualified at
4 K. The first facility to test conductors at full current and 12 T is under construction.
The plasma containment is provided by a vacuum vessel inside the TF coils.
This vessel also incorporates part of the permanent radiation shield and, with a thickness of about 30 cm, constitutes a very robust structure. The vacuum vessel is, in
fact, the primary containment of activated materials, provides support to the removable shielding/blanket sectors and is able to resist very severe loads, in particular
plasma disruptions.
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Serious difficulties arise in the design of the first wall and the divertor plates
because of the still uncertain operating conditions, which are anticipated to be very
demanding (see Section 6). A solution for the Physics Phase based on a protection
made of a graphite-carbon composite seems to meet the requirements for the operating time of this phase ( = 106 s) and for a limited number of disruptions ( < 100).
Samples of a first wall protected by mechanically attached (both conductive and
radiation cooled) graphite tiles are under test.
For the Technology Phase (operating time s 1.5 X 107 s) the erosion of a
graphite based divertor target is a serious concern. However, by sweeping the
separatrix (0.1 Hz; A = ±30 cm) and considering that redeposition is expected to
reduce the effective erosion by at least a factor of 20, it appears that a lifetime of
about 0.5 X 107 s for the divertor plate may be a realistic expectation. Then an
operating time of 1.5 X 107 s would be possible with two replacements of the
divertor plates. For this it is also essential that the number of disruptions be kept very
low ( < 100). Using high Z materials such as tungsten for the divertor target would
be a possibility only if in front of the divertor a high density, low temperature plasma
( S 1 5 eV) can be maintained ('high recycling regime'). This may be possible for
operation at comparatively high plasma density (e.g. 1.5 X 1020 m~3) and low
temperature in a pulsed mode (see Section 6.1). For strongly driven working conditions (Q « 5), as are typical for steady state operation, on the other hand, the
divertor target is subject to very demanding requirements (see Section 6.2).

6.

OPERATION SCENARIOS

6.1. Pulsed operation
NET I and II have sufficient volt-second capability (190 and 360 V-s, respectively) for inductively driven burn of 300 and 700 s (see columns 1 and 3 of Table I).
Obviously, already on these time-scales it is essential that excessive impurity
accumulation (whose characteristic time is of the order of 10 s) be avoided. This
imposes a constraint on the admissible confinement regimes. Such burn times could
be extended considerably (to 1200 and 2000 s) with the assistance of radiofrequency
waves for current ramp-up to avoid loss of resistive volt-seconds during this phase
and generating another 50 V-s. However, in this case the minimum off burn time
between pulses will increase and may approach 500 s. Using non-inductive current
drive during burn allows the burn pulse to be extended further, up to steady state
operation. Long pulse operation with full or partial non-inductive current drive is best
obtained by somewhat reducing the current.
In NET n, using a current drive power of 85 MW would allow a burn pulse
of 6000 s (see column 4 of Table I). If the neoclassical bootstrap current drives 20%
of the plasma current, the power could be correspondingly reduced. Note that for
times approaching or exceeding the global current diffusion time ( = 1000 s) partial
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non-inductive current drive may in any case be required for current profile control;
however, at a low g value, as considered, this need will be minimized.
In the pulsed mode the accessible plasma parameter range is wider than in the
steady state mode. This flexibility could be very useful to ameliorate the operating
conditions of the divertor plates during the Technology Phase. For instance, a low
temperature ( = 7.5 keV) and high density (=1.5 x 1020 m~3) operating point (see
column 5 of Table I) would lead to a plasma temperature at the divertor of about
10 eV and a peak power load on the plate of about 3 MW/m2. A similar goal could
be achieved by letting the helium concentration increase; in this case also the He
pumping would be eased, but attention has to be paid to enhanced sputtering by
He 2+ ions. Alternatively, diluting the plasma with some amount of H would also
favour the high recycling regime but not lead to enhanced sputtering conditions. This
high density pulsed operation could be adopted in the Technology Phase. The maximum pulse length could approach 1000 s, if the external power of about 50 MW is
used also for non-inductive current drive and 20% of the current is generated by the
bootstrap effect, with an off burn time of 150 s; then about 2 x 104 pulses would
be needed in the Technology Phase.
6.2. Steady state operation
Steady state operation in NET would be attractive because it allows a more
in-depth and reliable analysis of blanket tests, and it would demonstrate the feasibility
of a mode of operation which is desirable for a reactor. However, this regime poses
serious engineering problems. Moreover, there is so far only limited operational
experience available for this regime.
To achieve an acceptable efficiency in driving the current, operating with a low
density, high temperature plasma is necessary. Nevertheless, high external heating
powers (typically 130 MW) are needed for non-inductive drive of the full current.
These conditions are very demanding with respect to power and particle exhaust and
erosion of the divertor plates, and considerable contamination of the bulk plasma by
impurities may occur. In fact, at the divertor plates a plasma temperature higher than
100 eV is anticipated. Again, if part of the current is generated by the bootstrap
effect, the power requirements decrease correspondingly and the divertor working
conditions become less demanding. Conversely, the presence of a bootstrap current
could also be used to increase the plasma current and, consequently, the confinement
capability. Note that for a low plasma current, favourable from the point of view of
reaching steady state operation, ripple induced alpha particle losses are a concern.

7.

ENGINEERING TESTING REQUIREMENTS

The requirements of blanket engineering testing lead to important constraints
for the operating time, availability, pulse scenario, wall loading, radial build and
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access. The basic performance tests include neutronics, thermohydraulics, heat
recovery and tritium recovery.
In a short pulse regime (300 s burn, 100 s off burn) a test run of 20-30 h of
continuous operation is needed to reach 60-80% of the quasi-steady-state tritium
release. In steady state operation these conditions would be reached in a test run of
2-3 h.
Long pulse operation is to be preferred because it allows longer off burn times
and considerably reduces the testing time. For example, during only one pulse of
3000 s duration 30-50% of the quasi-steady-state tritium release would be reached;
with an off burn time as long as 500 s, a run of just 5 h (typically five pulses) would
be needed to obtain 60-80% of the quasi-steady-state tritium release.
The duration of a test run previously estimated must be increased by a factor
of two to cover different wall loads, blanket temperature distributions and materials
properties. Hence the duration of the basic run for the long pulse reference scenario
is taken to be about 10 h. The testing will have to be repeated for, say, five different
operating conditions (e.g. temperature, wall load, cooling conditions), and each
blanket concept may have to undergo one design iteration. The testing of the tritium
release of a blanket concept will then require ten runs. Actually 50 runs are foreseen
to provide for the contingency of changes in the programme and for repetition of not
fully successful tests, which corresponds to a total testing time of about 500 h.
Several blanket concepts will be tested in NET. In addition long term phenomena
such as tritium permeation and inventories, corrosion and tritium release on a full
blanket sector will have to be investigated. For these reasons the duration of the
Technology Phase of NET is taken to be 4000 h, and the basic machine is even
designed for at least one full power year of operation. The Technology Phase with
4000 h of integral burn time can be carried out in five to six years, with an actual
successful testing time during the scheduled operation time (i.e. excluding planned
shutdowns to prepare the experiments) of about 15 %. Each blanket concept under test
will receive a neutron dose of less than 1 dpa, which is anticipated to be too low by
at least an order of magnitude to have a significant impact on the blanket performance. Therefore, endurance tests of these concepts cannot be a realistic objective
for NET, owing to the too high requirements on availability and operation time as
well as cost. However, shielding blankets and specific test devices may accumulate
several dpa, providing a valuable basis of comparison with irradiation experiments
in fission reactors and with simulation experiments, if the operation of NET is
extended up to one full power year.
The admissible thickness of the blanket under test depends on the plasma crosssection. With the highest current and largest cross-section, as used in the Physics
Phase for ignition studies, the blanket test sector located on the outboard side can
have a thickness of about 40 cm in NET I and 80 cm in NET n. In addition, horizontal ports 2 m high can be used. The reference value of the average neutron wall load
chosen for the first wall/blanket design of 1 MW/m2 can cope with the present
uncertainties in the plasma performance.
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The quantity of tritium burnt during 4000 h of operation is about 20 kg, if the
testing programme is performed in an optimum way (e.g. minimizing the wall load
requirements and ensuring the reliability required for continuous operation runs).
Present information indicates that tritium will be available for civil applications at a
rate of up to 1-2 kg per year starting in the second half of the 1990s; therefore breeding significant quantities of tritium in NET may not be absolutely necessary.
However, the supply of tritium in such a large quantity is a matter of concern and
therefore the option of a breeding/shielding blanket that could supply a substantial
fraction of the tritium needed (say 50%) has been included in NET. This blanket
must have a high reliability for it to be included in the basic machine. Two options
— aqueous lithium salt and low temperature water cooled ceramic — are being
developed.
The tritium supply as well as the cost of the plant suggest that the total power
produced during the Technology Phase must be minimized. A trade-off between
opposing requirements such as confinement and wall loading needs has led, for the
Technology Phase, to a value of about 700 MW.

8.

CONCLUSIONS

The performance requirements of NET are defined by its main objectives,
which are to demonstrate controlled ignited burn of a DT plasma, to demonstrate
reliable operation of a fusion plant and to provide a test bed for the development of
nuclear and plasma facing components. Great flexibility during operation is an essential feature of the NET device and increases the confidence that the objectives of NET
can be achieved. The predesign of NET is now in an advanced stage, and the design
solutions adopted are being validated by an extensive technology programme in the
European fusion laboratories and industry. The greatest difficulties are encountered
in the design of the plasma facing components for long integral operating time, in
particular for steady state operation. As for the machine parameters, two sets have
been defined: one as reference for the design and R&D activities and an alternative
based on the same design solution and technologies but with high plasma current
capability. Before the engineering design phase is entered both these options will
form the basis for an assessment of the NET parameters scheduled for 1990.
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Abstract
DESIGN STUDY OF FUSION EXPERIMENTAL REACTOR.
An overall review of the conceptual design studies of a next generation tokamak fusion
experimental reactor (FER) at JAERI is presented. Major objectives of the FER are to demonstrate long,
ignited D-T burning and the feasibility of key fusion reactor technologies. Two typical design concepts
have been studied in detail, one based on the best physics databases and the other on rather conservative
physics bases. Various flexibility scenarios and capabilities of the extension to enhance the reactor core
performance have also been developed and incorporated into the design, in accordance with an overall
plan of a phased construction and operation programme for the FER.

1.

INTRODUCTION

In this paper, we report on an overall review of the design study of FER at
JAERI undertaken during the past two years [1]. The study has been conducted in
line with the national research and development programme recommended by the
Subcommittee on the Next Step Device under the Fusion Council of Japan, in which
long, ignited burning (about 800 s) with the assistance of non-inductive current rampup and moderate neutron fluence (0.3 MW-a-m"2) are set as the primary goals.
Accordingly, instalment of tritium producing blankets will not be necessary, and
tritium breeding and recovery tests are planned to be carried out by blanket test mod1
2
3
4
5
6
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ules. In conducting the FER design studies, we have employed the following guiding
principles, mainly in order to cope with a great uncertainty in the physics database:
(1)
(2)

Wide ranges of device parameters should be covered, for reference option;
The machine should have sufficient flexibility for upgrading and extension of
the operation regime.

Two sets of design options have been studied, following guiding principle (1).
Throughout the design studies, a major effort has been focused on flexibility studies
to enhance the machine capabilities in order to achieve higher reactor core performance, following guiding principle (2). The major categories of flexibility include:
(i) plasma size enlargement; (ii) heating and current drive scheme flexibility;
(iii) operational flexibility. The proper incorporation of these flexibUity scenarios is
examined in accordance with a well devised overall programme of phased FER construction and operation.

TABLE I. MAJOR PHYSICS GUIDELINES AND RESULTANT MAJOR
DEVICE PARAMETERS OF FER OPTIONS 1 AND 2 DEVICES
Option 1

Option 2

Non-inductive

Inductive

OH coil flux

75

130

Burn time (s)

800

500

Operation mode

4.42/1.25

5.1/1.7

Plasma elongation

1.7

2.0

Safety factor, q*

2.6

3.0

Field on axis (T)

4.9

4.7

Plasma current (MA)

8.74

15.8

Total beta (%)

5.0

5.6

12

12

Major/minor radius (m)

Ion temperature (keV)
20

3

1.1

1.05

Effective charge

1.5

1.8

Fusion power (MW)

410

733

Lifetime fluence (MW-a-irT 2 )

0.3

0.3

1.1

1.1

Ion density (10

m" )

2

Neutron wall loading (MW-nT )
Divertor
Breeding blanket
Ignition margin with
Mirnov type scaling

single null

double null

test modules

test modules

1.0

1.5
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Option 2
FIG. I. Cross-sectional view of FER Options 1 and 2 device.

2.

DESIGN OPTIONS

Considering the great uncertainties in the present physics database, we have
prepared two sets of physics guidelines. The major physics guidelines and the resultant major parameters are summarized in Table I. Option 1 is based on the optimistic
physics database, i.e. H-mode class of confinement, low safety factor and high beta
value, etc. [2]. Cost effectiveness and machine reliability are pursued as recommended by the Subcommittee by reducing the reactor size with narrow ignition margin and with the assistance of non-inductive current ramp-up. Ignition will be reached
when the assumed best operation and non-inductive current ramp-up are successfully
realized.
In contrast, Option 2 is based on rather conservative physics guidelines, i.e. a
wider ignition margin and conservative operational limit, in order to reduce the
uncertainties in realizing the self-ignition condition. Fully inductive current ramp-up
capability is also provided. Both design concepts have the potential for extension of
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plasma dimension and operation limit so as to enhance plasma performance, following guiding principle (2). In the Option 2 device, operations with rather high Q value
will be expected from these extensions, even in the case of L-mode or slightly
improved L-mode confinement. Non-inductive current ramp-up is to be used for this
purpose or for extending the burn time in Option 2. A cross-sectional view of
Options 1 and 2 is shown in Fig. 1.
One of the major differences between Options 1 and 2 is the choice of plasma
elongation K (K = 1.7 for Option 1 and K = 2.0 for Option 2). This choice was made
by a careful assessment of the impact of K on the overall concept and on various system quantities of the device, with the aid of a systems code [3]. The major reason
for this choice is as follows: In Option 1, reliable controllability of the vertical position and a simple maintenance scheme for the radial straight motion of the core component are pursued so that a moderate elongation (K « 1.7), which does not require
PF coil location near the outer midplane, is employed. In Option 2, the device size
is reduced, giving rise to some difficulties in position control and the maintenance
scheme (non-horizontal motion), which leads to a greater elongation (K ~ 2), with
allocating the PF coils near the outer midplane.
3.

FER DESIGN OPTION 1

3.1. Device and operational flexibility [4]
We have studied several sets of device and operational flexibility scenarios and
incorporated them in the design in order to enhance the capabilities for higher reactor
core performance.
(i)

Plasma size enlargement scenario

In this scenario, an enlargement of the plasma dimensions is pursued mainly to
back up the uncertainties in the confinement and operational limits. This enlargement
is realized by the concept of replaceable reactor core components to be described in
greater detail later. With this enlargement, the plasma minor radius and the plasma
current are increased up to 1.43 m and 11.5 MA from their respective base values
of 1.25 m and 8.7 MA, which results in an increase of the ignition margin up to 1.5
from a base design value of unity. The operational capability of this enlarged plasma
is examined, and it is found that over one hundred seconds of burning are still available, only with increasing the capacity of the top solenoid and the outermost PF (ring)
coil by about 30%. This result is mainly due to the fact that the magnetic null points
approach the PF coils, which compensates for the increase in the plasma current.
(ii) Heating and current drive scheme flexibility with 'flexible port'
This flexibility scenario ensures the installation of the optimum heating/current
drive method to realize a D-T burning state and a variety of operation and control
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schemes for MHD activities, and a profile and burn temperature control scheme at
every stage of the planned phased FER operation. One of the major points of this
scenario is to ensure the installation and replacement of tangential neutral beam injector and RF systems with a 'flexible port' at any phase of machine operation. Another
point is several backup scenarios for non-inductive current ramp-up. The first backup
scenario is the increase of LH power by increasing the number of LH ports by the
concept of a 'flexible port'. Another backup scenario consists of the introduction of
inductive assistance for the operation. For example, the plasma current is ramped up
to 4 MA non-inductively and subsequently ramped up to 8.7 MA inductively with
maintenance of 100 s of burning. A fully inductive operation up to 4 to 6 MA is also
considered for the initial phase of machine testing and aging.
(iii) Operational flexibility
This flexibility scenario provides the capability of operating with a variety of
plasma shapes, e.g. modified elongation and triangularity and modified magnetic null
configuration, as well as the possibility of extending the operational limit, i.e. of
plasma current, beta, etc. Operations with enlarged plasma dimensions and inductive
operation as mentioned above are directly tied up with this flexibility scenario. A
major point in this scenario is the proper modification and enhancement of the poloidal field coils and their power supply systems. In the present studies, operation conditions of the poloidal field coils for all operation scenarios specified are examined
throughout the whole period of operation. The optimum coil design for all operation
scenarios has been done. An example for the operation of an enlarged size plasma
in the plane of the supplied flux, ^, and the plasma current, Ip, is shown in Fig. 2.
The solid and dotted lines are the limiting lines for the designed operation conditions
in high and low beta states for each coil. In this case, the limiting coils are Nos 10
(solenoid) and 14; the other coils are no limiting coils.
An incorporation of all flexibility scenarios in their complete forms from the
very beginning should cause a substantial increase in the total device cost, and the
replacement of the reactor core component requires considerable effort, especially
after the D-T operations, even if it is scheduled. Thus, in the actual application of
these flexibility scenarios, it is of primary importance to employ the idea of phased
construction and operation. Accordingly, the possible occasions of replacing the
reactor core component during the D-T experiment phase can be diminished, which
may, in its turn, lead to a reduction of the potential difficulties of replacement and
also to a reduction in the total project cost. Nevertheless, keeping the possibility of
replacing the core components even after D-T operation is quite desirable in our
flexibility considerations. The same idea is applied to the phased construction of PF
coil power supply systems for operational flexibility. In fact, the PF power supply
becomes 2.5 GW if all operational flexibilities are incorporated from the beginning,
which is 1 GW for the reference operation scenario. By introducing the idea of
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FIG. 2. Operation space in the plane of supplied flux, t, and plasma current, Ip. Solid and dotted
lines are limiting lines for designed operation condition in high and low beta states for each coil,
respectively.

phased construction and operation, PF coil power supply systems can be reinforced
step by step, starting from the reference capacity of 1 GW.
3.2. Reactor configuration [5]
In developing the concept of reactor configuration for the Option 1 device, the
following design philosophies are employed:
(i) The maintenance scheme should be simple and highly reliable,
(ii) Sufficient operational flexibility should be provided to accommodate a wide
range of plasma operations.
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(iii) A reduction in the capital cost should be considered for PF coil allocation, a
simplification of the overall reactor structure, etc.
(iv) All plasma facing components should be replaceable, and some protection
should be provided for particularly vulnerable portions.
In these philosophies, some important features should be mentioned: Passive
shell conductors for vertical position control are installed in the outboard movable
shield, and active control coils are placed in the permanent shield, which ensures the
possibility of replacing all plasma facing components without removing the active
coils. The outboard shield modules are water tank type, filled mainly with water for
structural simplicity.
In design philosophy (iv), 'sacrificial' guard limiters are installed on the inner
and upper first wall area, protruding into the plasma to protect the first wall against
off-normal plasma conditions. Details of the guard limiter are shown in Fig. 3. The

Hanger Rod
Duct
Manifold
Shield Plug

Header
Substrate
First Wall
Mo Inferloyer
Graphite Armour

FIG. 3. Guard limiter concept to protect the first wall, which is an easily replaceable 'sacrificial'
limiter.
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upper guard limiter is also used as a startup limiter in the non-inductive current rampup phase. Most of the torus internals are suited to a simple straight line assembly/disassembly procedure through the space between adjacent TF coils for reliable maintenance. Inboard guard limiters are designed to be easily replaceable without
breaking the plasma vacuum necessary for machine availability. A biological shield
concept is employed to achieve 2.5 mrem-h"1 for personnel access into the reactor
hall one day after shutdown.
When an enlargement of the plasma dimensions is required, the following
changes from the basic structure are planned:
— Replacement of the L-type inboard and upper movable shields by a thinner tungsten shield;
— Replacement of the outboard movable shields;
— Replacement of the inclined divertors by flattened ones.

4.

FER DESIGN OPTION 2

4.1. Plasma performance considerations
The basic parameters of the Option 2 device are based on a rather conservative
operational limit with a considerable ignition margin of about 1.5, where the H-mode
class of the confinement scaling law is evaluated (Mirnov type). By applying the same
concept as is valid for the device and operational flexibility in Section 3 to this device,
the plasma performance could be improved substantially. We have considered two
types of extension. The first one is the enlargement of the plasma dimensions by
procedures similar to those of replacing the reactor core components. The plasma
minor radius is extended up to 1.9 m for the divertor configuration and to 2 m for
the limiter configuration, which results in an increase of the plasma current up to 18
to 22 MA within the assumed operational limit in the basic Option 2 device. The
second extension is that of the operational limit. For example, the safety factor q^
and the Troyon coefficient G are assumed to be extended to the same regime as in
Option 1, i.e. q^ = 2.6 and G = 3.5. The plasma current is increased up to 21 to
25 MA by this extension of the safety factor. In addition, if we restrict the burn time
below several seconds, helium ash accumulation might be neglected so that the effective charge could be lowered from 1.8 to, say, 1.5. With these extensions of the
device and operational regimes, nearly ignited or rather high Q operation could be
within our scope, even when an L-mode or a slightly improved L-mode class of confinement dominates the plasma. In these fully extended plasmas, however, the total
fusion power becomes 2 to 3.5 GW, so that heat removal problems become quite
serious. One of the possible countermeasures is to restrict the burn time below several
seconds during which the plasma facing components should be able to survive.
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4.2. Engineering considerations
Although the machine size of the Option 2 device is considerably larger than
that of Option 1, basically the same design philosophies are pursued for the reactor
configuration concept. Since, however, a plasma of higher elongation is employed
and the PF coils are allocated to the optimum position for PF capacity in Option 2,
maintenance by simple, straight line motion only becomes difficult, so that some
modification of the scheme employed in Option 1 is required. A typical example
developed for the Option 2 maintenance scheme is as follows: part of outboard
shields, which will interfere with the outermost PF coils during maintenance, are permanent. The first wall area of that shield is, however, to be slid upward and downward and will be able to be removed through the hole of the outboard shield structure
near the midplane. By using this part of the permanent structure, the passive shell
conductors and the active control coils can be installed near the plasma in this area.
The controllability of the vertical position is much improved by this concept. The
inboard movable shields are divided into upper and lower parts. Each shield is
designed to be replaced through the upper and lower divertor holes after the removal
of divertor modules. These shields are toroidally segmented into twelve sectors and
are moved on a relatively simple arc trajectory guide rail by a transfer machine.
These guide rails are fixed on the inboard permanent shield; the guide structures are
also expected to support the shields against the electromagnetic force during
disruptions.

5.

CONCLUSIONS

FER design studies have been described. A wide range of device concepts has
been studied with the aid of system studies; two typical design options were selected.
One option is based on a rather optimistic physics database; here, emphasis is placed
on the enhancement of cost effectiveness. The other option is based on a rather conservative physics database; emphasis lies on enhancing the physics performance. Furthermore, various device and operational flexibility scenarios have been examined
and incorporated into the design to further enhance physics performance. Engineering studies have also been carried out to demonstrate the feasibility of these device
concepts.
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Abstract
PRELIMINARY CONCEPTUAL DESIGN FOR A TOKAMAK ENGINEERING TEST BREEDER.
The outline of a preliminary conceptual design for a tokamak engineering test breeder is given.
Some pertinent results in the areas of plasma physics, neutronics, thermohydraulics, magnets and reactor structure are described, and preliminary reactor parameters are presented.

1.

GENERAL CONSIDERATIONS

A key issue in the development of nuclear energy in China is the supply of
nuclear fuel. A programme has been launched to assess the potential of solving this
problem by fusion breeders. One of the milestones along the path of this development
would be building a tokamak engineering test breeder (TETB). It is expected that this
breeder will be built during the first decades of the next century. This time schedule
determines some features of the TETB. For example, the U-Pu fuel cycle is chosen
because of the availability of the technologies in question. The structure of a tokamak
reactor itself is rather complex, and the additional requirements of fuel breeding complicate the structure further. Hence, a self-cooling liquid tritium breeder blanket,
which can alleviate this problem, is a preferable option. There is no fissile breeding
at the inboard blanket, which results in a simpler blanket without significant sacrifice
of the overall breeding performance. The size of the TETB should be as small as possible in order to reduce the cost. A tokamak reactor is, however, characterized by
a rather large size. As a result, its fusion power should not be too small; otherwise,
the power density in the blanket would be too low for valuable test results to be
achieved. This TETB would produce about 200 kg Pu per year, sufficient to demonstrate the required breeding performance.
Among the liquid tritium breeders, liquid lithium is chosen because of its
superior neutronics performance. On the other hand, the drop in MHD pressure is
a major concern. Further theoretical and experimental research in this area is being
carried out.
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PLASMA CONSIDERATIONS

To make the project viable and practical, a design that is as cheap as possible
should be pursued. After the minor radius has been chosen to be 80 cm, the radial
build requires a major radius of 4.0 m. The available magnet technology would allow
a magnetic field of 5 T at the plasma axis. These parameters place a limit of 4 MA
on the plasma current. This plasma current would be compatible with the alpha
particle confinement, which requires a plasma current higher than 3 MA, in our case.
Two optimistic scaling laws are employed to estimate the plasma confinement
time: the neo-Alcator and the H-mode confinement scaling. It seems that to achieve
the necessary design margin, we have to increase the minor radius. This will substantially increase the reactor cost, even though the major radius is kept unchanged by
cancelling the inboard blanket. This will be a topic of the next step in our design
study.
Reactor operation in a thermally stable domain is desirable.
A 'hybrid transformer' mode of operation is adopted to take advantage of the
relatively high efficiency of lower hybrid current drive at low plasma density, i.e.
the plasma current is alternatively driven by OH coils and lower hybrid waves.
With these considerations in mind, the POPCON analyses [1] are carried out
by solving a zero-dimensional power balance equation, leading to the set of plasma
parameters included in Table I.

3.

NEUTRONICS ANALYSES

First, blankets using various tritium breeders, such as Li, LiPb, Flibe and
Li2O, are calculated, and the results are compared. A plasma configuration with a
single null divertor is chosen. The blanket coverage ratio is 85% (60% for the outboard and 25% for the inboard blanket). One-dimensional calculations are performed. The actual configuration is approximately taken into account by multiplying
the 1-D results by the corresponding coverage ratios. These calculations show that
Li and Li2O are tritium breeders more appropriate to meeting the neutronics
requirement than Flibe.
A Monte Carlo neutronics performance (MCNP) calculation with continuous
energy cross-sections is performed for the Li blanket in a full toroidal geometry as
shown in Fig. 1. The calculated tritium and fuel breeding ratios at the beginning of
the lifetime are equal to 0.95 and 0.90, respectively; they are considered satisfactory
at this stage of design.

311

IAEA-CN-50/G-I-3

TABLE I. MAIN FEATURES AND PARAMETERS OF TETB.

Fuel cycle

U-Pu

Tritium breeder coolant

Liquid lithium

Annual fissile production

200 kg

Impurity control and ash exhaust

Single null divertor

Operation mode

Hybrid transformer

Magnetic flux swing

75 V-s

Number of toroidal magnets

12

Number of blanket modules

36

Toroidal field magnet bore

4.7 m x 7.2 m

Major plasma radius, R

4.0 m

Minor plasma radius, a

0.8 m

Elongation

1.8

Toroidal magnetic field on axis, B

5.0 T

Plasma current, I

3.8 MA

Ion temperature, (T)

lOkeV

Ion density, (n)

0.7 x 1020 m~3

Global energy confinement time

1.6 s

Fusion power

100 MW

Plasma energy gain, Q

5

Neutron wall loading

0.40 MW-m" 2

MHD pressure drop through blanket

2.4 MPa

Inboard blanket thickness

0.4 m

Outboard blanket thickness

0.9 m

Tritium breeding ratio at BOL

0.95

Fissile production ratio, F

0.9

4.

ASSESSMENT OF MHD PRESSURE DROP

One of the critical issues in a self-cooling lithium blanket is the drop in the
MHD pressure. An assessment of this drop has been performed. Since no fuel breeding takes place in the inboard blanket the crucial pressure drop problem occurs at the
outboard blanket. The relevant coolant flow pattern is shown in Fig. 2. Insulators are
used but only at the inlet and outlet pipes, where both neutron and heat fluxes are
low. The results show that the pressure drop is less than 2.4 MPa.
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deflector

Divertor plate
coolant, Li

FIG. 1. Schematic of toroidal blanket for neutronics calculation.

FIG. 2. Lithium flow pattern in the outboard blanket (dimensions in mm).
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In neutronics design, lithium cooling is suggested for the divertor plates, in an
attempt to increase the overall tritium breeding ratio. A corresponding thermohydraulics analysis has been carried out. It leads to the conclusion that lithium cooling is feasible for the divertor plates, provided that the power load does not exceed
3 MW-m"2.

5.

PRELIMINARY MAGNETIC COIL DESIGN

Preliminary calculations of toroidal, Ohmic heating and shaping coil systems
have been performed. The Ohmic heating coils have to provide a flux swing of
75 V*s. A version of using a solenoid system wound on the TF coils is adopted,
which accounts for 50 V-s. The rest is provided by the central solenoid system. The
currents of the shaping coils needed to generate a single null divertor configuration
are calculated and optimized.

6.

STRUCTURAL REACTOR DESIGN [2]

The blanket is placed inside the vacuum vessel, which is beneficial to fuel
breeding since no vacuum passages through the fuel breeding zone are needed and
the fusion neutrons will enter the blanket first, instead of being slowed down and
absorbed in the vacuum vessel.
Some structural blanket schemes have been proposed and compared. The
chosen scheme is shown in Fig. 2. A finite element calculation shows that a coolant
pressure of 30 kg-cm"2 results in a stress of 180 MPa when the wall thickness
is 1 cm.
Preliminary designs for subsystems of the reactor structure have been performed individually. Reactor installation, maintenance and repair are also
considered.
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Abstract
COMPACT HIGH POWER DENSITY REVERSED FIELD PINCH FUSION REACTORS
The TITAN Reversed Field Pinch (RFP) fusion reactor study has been a multi-institutional
research effort to determine the technical feasibility and key developmental issues for an RFP reactor
operating at high power density. Two different detailed designs, TITAN-I and TITAN-H, have
emerged, both of which have a high neutron wall loading of 18 MW/m 2 and a high mass power density of 800 kW(e)/tonne of fusion power core (FPC). Despite such compactness, the TITAN designs
would meet U.S. criteria for the near-surface disposal of radioactive waste and achieve a high Level
of Safety Assurance. The FPC small size and mass permits both designs to be maintainable by a 'single
piece' FPC maintenance procedure. Both designs rely on ohmic heating to ignition, operating at steady
state. Parametric system studies have been used to find the cost optimized designs and to determine the
design window associated with each approach. Both designs retain their major features for neutron wall
loadings in the range of 10 to 20 MW/m 2 . The study has also illuminated key physics and engineering
issues central to achieving reactors with the features of TITAN-I and TITAN-II.

1. INTRODUCTION
The TITAN Reversed Field Pinch (RFP) fusion reactor study is a multi-institutional
research effort [1,2] to determine the technical feasibility and key developmental issues for
an RFP fusion reactor operating at high power density and to determine the potential
economic (cost of electricity, COE), operational (maintenance and availability), safety and
environmental features of high mass power density fusion systems. Mass power density
(MPD) is defined as the ratio of net electric output to the mass of the fusion power core
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TABLE I. MAJOR CHARACTERISTICS AND PARAMETERS OF TITAN
REACTORS
a. PLASMA PARAMETERS
Major plasma radius (m)
Minor plasma radius (m)
Electron density (m" 3 )
Poloidal Held at 6rst wall (T)
Toroidal field at first wall (T)
Heating method
Current drive method
Impurity control System
Fueling method

3.9
0.6
9.3 X10 20
5.9
0.38
Olimic
OFCD
3 toroidal divertors
Pellet injection

b. REACTOR PARAMETERS
Neutron wall loading (MW/m 2 )
Mass power density (kWe/tonne of FPC)
Cost of electricity (mills/kWeli)
Unit direct cost ($/kWe)
Net electric output (MWe)
Fusion power (MW)
Thermal power (MW)
Thermal cycle efficiency
Recirculating power fraction
Net plant efficiency

Plasma current (MA)
Poloidal beta
Plasma temperature (keV)
Pinch parameter, 0
Reversal parameter. F
Current rise time (s)
Current drive efficiency (A/W)

TITAN-I

17.8
0.22
10.
1.56
-0.1
10.

0.3

TITAN-II

18.

18.

760.

800.

40.

38.

1531.
970.
2300.
2935.

1543.
900.
2290.
2986.

44%
25%
33%

35%
14%
30%

c. FUSION POWER CORE PARAMETERS
Coolant
Structural material
Breeder/Multiplier
Blanket energy multiplication ratio
Tritium breeding ratio
Coolant inlet temperature (°C)
First wall, blanket and shield
Divertor
Coolant outlet temperature (°C)
First wall
Blanket and shield
Divertor
Coolant inlet pressure (MPa)
First wall
Blanket and shield
Divertor
Peak surface heating (MW/m 2 )
First wall
Divertor

Lithium
Vanadium (V3TilSi)
Lithium / None
1.20
1.33

Aqueous solution
Ferritic steel (9C)
LiNO3 / Beryllium
1.36
1.22

320.
320.

298.
318.

440.
700.
440.

330.
330.
345.

10.
3.
12.

12.
12.
14.

4.5
9.5

4.5
7.5

IAEA-CN-50/G-I-4

317

(FPC). The fusion power core includes the plasma chamber, first wall, blanket, shield,
magnets, and related structure.
Two different detailed designs, TITAN-I and TITAN-1I, have been produced to demonstrate the possibility of multiple engineering design approaches to high-MPD reactors.
TITAN-I is a self cooled lithium design with a vanadium alloy structure. TITAN-II is
a self-cooled aqueous loop-in-pool design with 9C ferritic steel as the structural material.
Both designs would use RFP plasmas operating with essentially the same parameters. The
major features of the designs are listed in Table I. Both conceptual reactors are based on
the DT fuel cycle, have a net electric output of about 1000 MWe, are compact and have a
high mass power density of 800 kWe per tonne of FPC. The inherent physical characteristics of the RFP confinement concept. [3] make possible compact fusion reactors with such
a high mass power density. The TITAN designs would meet the U. S. criteria for the near
surface disposal of radioactive waste (Class C, 10CFR61) and achieve a high Level of Safety
Assurance [4] with respect to FPC damage by decay-after-heat and radioactivity release
caused by accidents. Very importantly, a 'single piece' FPC maintenance procedure has
been worked out and appears feasible for both designs.
Parametric system studies have been used to find cost optimized designs, to determine
the parametric design window associated with each approach, and to assess the sensitivity
of the designs to a wide range of physics and engineering requirements and assumptions.
The design window for such compact RFP reactors would include machines with neutron
wall loadings in the range of 10-20 MW/m 2 with a shallow minimum-COE at about
18 MW/m 2 . Even though operation at the lower end of the this range of wall loading (1012 MW/m 2 ) is possible, and may be preferable, the TITAN study adopted the design point
at the tipper end (18 MW/in 2 ) in order to quantify and assess the technical feasibility and
physics limits for such high-MPD reactors. From this work, key physics and engineering
issues central to achieving reactors with the features of TITAN-I and TITAN-II have
emerged.
In the following sections, we briefly review the major features of the TITAN designs
and examine the physics requirements for achieving this class of reactors. Greater detail
can be found in an extensive report of the research [1].
2. TITAN-I FUSION POWER CORE
The TITAN-I fusion power core (FPC) is a lithium, self-cooled design with a vanadium
alloy (V-3Ti-lSi) structural material. MHD effects had precluded the use of liquid-metal
coolants for high heat flux components in previous designs (mainly of tokamaks), but the
magnetic field topology of the RFP is favorable for liquid-metal cooling. In the TITAN-I
design, the first wall and blanket consist of single pass, poloidal flow loops aligned with
the dominant poloidal magnetic field. Other major features are: separation of the first
wall and blanket coolant circuits to allow a lower coolant exit temperature from the first
wall; and use of MHD turbulent flow heat transfer at the first wall, made possible by the
low magnetic interaction parameter. The TITAN-I thermal hydraulic design (Table I) can
accommodate up to 5 MW/m 2 of heat flux on the first wall with a reasonable MHD pressure
drop, a high thermal cycle efficiency and a modest pumping power of about 45 MWe. A
molten salt tritium extraction technique is used.
A unique feature of the TITAN-I design is the use of the integrated blanket coil (IBC)
concept [5]. With the IBC concept, the lithium coolant in the blanket circuit flowing in the
poloidal direction is also used as the electrical conductor of the toroidal field and divertor
coils. The' IBC concept eliminates the need for shielding the coils and allows direct access
to the blanket, and shield assemblies, thereby easing the maintenance procedure.
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FIG. 1. Poloidal cross-section of TITAN-I Jusion power core.

The general arrangement of the TITAN-I fusion power core is illustrated in Fig. 1.
The operational (maintenance and availability), safety and environmental issues have been
taken into account throughout the design. For example, the entire FPC is contained in a
vacuum tank to ease the remote making and breaking of vacuum welds. All maintenance
procedures would be performed by vertical lift of the components (heaviest component
weighs about 250 tonnes), reducing the size of the expensive confinement building. The
number of remote handling procedures is few and the movements are uncomplicated. All
the primary coolant ring headers are located above the torus for ease of access during
maintenance. This ensures that, the coolant will remain in the torus in the event, of a
break in the primary piping. The most severe safety event will be a loss-of-flow accident
(LOFA). The FPC and the primary coolant loop are located in an inert gas filled (Ar)
confinement building which, together with the blanket containers and the vacuum vessel,
form three barriers to prevent air influx, to reduce the hazards of lithium fires and to
provide protection for the public from radioactive materials. Lithium drain tanks are
provided for both the reactor vault and the vacuum tank to reduce passively the vulnerable
blanket lithium inventory.
A low-activation, low-after-heat vanadium alloy is used as the structural material
throughout the FPC in order to minimize the peak temperature during a LOFA and to
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permit near-surface disposal of waste. The maximum temperature during a first wall lossof-coolant accident (LOCA) and system LOFA (the most severe accident postulated for
T1TAN-I) is 990°C. Lithium fire accident scenarios and site boundary dose calculations
were performed to understand the potential release of radioactivity under major accident
and routine release conditions. The safety analysis indicates that the liquid metal cooled
TITAN-I design can be classified as passively safe, without reliance on any active safety
systems. Thus, a high Level of Safety Assurance [4] for the compact TITAN-I design is
expected.
3. TITAN-II FUSION POWER CORE
The TITAN-II FPC is a self-cooled aqueous 'loop-in-pool' design with a dissolved Li
salt (LiNC>3 with 5 at.% lithium) as the breeder. The structural material is 9C ferritic steel
[6], a reduced activation, high strength alloy (12Cr-0.3V-lW-6.5Mn-0.08C). The first wall
and blanket lobes are integrated and contain the pressurized coolant at 12 MPa. The
structural load from the pressurized lobes is supported by an outer support shell which
packs several lobes into a blanket module, as illustrated in Fig. 2, and forms 1/12 of
the reactor torus. Three toroidal divertor chambers divide the reactor torus into three
sectors, each containing four blanket modules as shown in Fig. 2. The coolant enters the
lobes from the bottom,flowsaround the torus poloidally, and exits through the top plena.
Stibcooled flow boiling heat transfer is needed to cool the first wall. The blanket zone
contains beryllium rods with 9C ferritic steel cladding as neutron multiplier.

VACUUM
WALL

STANDOFF
INSULATORS

SHIELD GROOVES TO
ACCOMODATE
MANIFOLDING

COOLANT OUT

VACUUM JOINT LINES

20 cm

COOLANT.
OUT
29 cm I.D.

COOLANT IN
14.2 mm

9-C FERRITIC
rSTEEL J PLATE

DIVERTOR OR BUTT FACE
DIVERTOR FACE HAS
SEPARATE COOLING TUBES
COOLANT IN

BRAZE

Be ROD
26.1 mm O.D./0.25 mm
TUBULAR CLAD
SWAGED ON
FIG. 2. Arrangement of TfTAN-II fiision power core.
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Different lithium compounds were considered as the breeding salt in the aqueous
solution, and solubility, corrosion, and radiolysis effects in a fusion environment were
evaluated. The LiNC>3 solution was selected as the reference breeding material because it
has a pH value close to neutrality and can he much less corrosive. Furthermore, preliminary
estimates of radiolytic yield indicated that the formation of an explosive gas mixture of
hydrogen and oxygen may be avoidable for LiNO3 because of the presence of nitrate
ions. Account is taken of the therino-physical properties of the salt solution, which are
significantly different from those of the pure water. The TITAN-II tritium control and
extraction system would be, in principle, an extension of the technology developed by the
Canadian CANDU fission reactor program [7j.
A very key feature of TITAN-II is that the fusion power core and the entire primary
loop are submerged in a pool of low temperature, low pressure water. The basic sources
of thermal energy after reactor shutdown are from the hot loop and the induced afterheat
from the torus first wall and blanket structures. The first wall and blanket coolant channel
configurations are designed to allow natural circulation to develop in the case of a loss-offlow accident (LOFA). In the case of a major break in the primary coolant pipes, the cold
pool would absorb the thermal and aftcrheat energy from the hot loop. Calculations show
that the pool remains at a temperature low enough to prevent the release of tritium or
other radioactivity in the blanket coolant system. As such, the TITAN-II design appears
to achieve complete passive safety (Level 2 of Safety Assurance as defined in Ref. 4).
4. TITAN REACTOR PLASMA PHYSICS
The TITAN RFP plasma operates at steady state using oscillating field current drive
(OFCD) [8,9] to maintain the 18 MA of plasma current. This scheme utilizes the strong
coupling, through the plasma relaxation process which maintains the RFP profiles [10],
between the toroidal and poloidal fields and fluxes in the RFP. Detailed plasma/circuit
simulations have been performed which include the effects of eddy currents induced in the
FPC. The calculated efficiency of the OFCD system is 0.3 A per watt delivered to the
power supply (0.8 A per watt delivered to the plasma).
The impurity control and particle exhaust system consists of three high recycling,
toroidal field divertors. The TITAN designs take advantage of the beta limited confinement
observed in RFP experiments [3,11,12] to operate with a highly radiative core plasma,
deliberately doped with a trace amount of high-Z Xe impurities. This distributes the
surface heat load uniformly on the first wall (4.5 M W/ni 2 ). Simultaneously, the heat load
on the divertor target plates is reduced to less than ~ 9 MW/ra ! . The ratio of impurity
density to electron density in the plasma is about 10~"t, Z*fi is about 1.7, and 70% of the
core plasma energy is radiated.
The 'open' magnetic geometry of the divertors together with the intensive radiative
cooling leads to a high-recycling divertor with high density and low temperature near the
divertor target (n, ~ 1021 m~ 3 , Tc ~ 5 eV) relative to the upstream separatrix density
and temperature (n t ~ 2 x 1020 ni~ 3 , Tt ~ 200 eV). The radial temperature profile is
calculated to decay sharply to 2 eV near the first wall. Negligible neutral particle leakage
from the divertor chamber to the core plasma and adequate particle exhaust are predicted.
The first wall erosion rate is negligibly small because of the low plasma temperature and
high density at that location.
The plasma start-up scenario for TITAN reactors can be divided into three phases:
a 1-10 mS' formation phase (up to 0.2 MA of plasma current); a fast current ramp (23 s, up to 10 MA); and a slow ranip to full plasma current. The plasma is ohmically
heated to ignition during the current ramp-up phases when the impurity control system
and equilibrium field (BF) control are fully active. The required poloidal and toroidal
fluxes for start-up are produced by the normal conducting ohinic heating (OH) coils with
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FIG. 3. Variation of global energy confinement time, rE, with plasma current with data from several
experiments [13-15]. The operating point of TITAN design is also shown.

a l>i-polar swing. The TITAN start-up requires minimum on-site energy storage, with
the start-up power directly obtained from the power grid (maximum start-up power is
500 MVVe). A pair of superconducting RF coils produce the required vertical field. These
coils are energized during the start-up by the OH coil circuit. A pair of small EF ' trim '
coils are included to produce the exact vertical field needed during start-up. They are also
utilized for equilibrium control during the burn and OFCD operation.

5. IMPLICATIONS FOR RFP PHYSICS RESEARCH
The experimental and theoretical basis for RFPs have grown rapidly during the last
few years [3,12-16], but a large degree of extrapolation to TITAN-class reactors is still
required. The degree of extrapolation is one to two orders of magnitude in plasma current
and temperature and two to three orders of magnitude in energy confinement time (Fig. 3).
However, the TITAN plasma density, poloidal beta, and plasma current, density all are
close to present day experimental achievements. The next, generation of RFP experiments
[12,16] with hotter plasmas will extend the data base toward reactor relevant, regimes of
operation (Fig. 3). The TITAN study has brought out and illuminated a number of key
physics issues, some of which require greater attention from the RFP physics community
The physics of confinement scaling, plasma transport, and the role of the conducting
shell are already major efforts in RFP research. However, the TITAN study points to
three other major issues. First, operating high power density fusion reactors with intensely
radiating plasmas is crucial. Confirming that the global energy confinement time remains
relatively unaffected while core-plasma radiation increases (a possible unique feature of
RFPs) is extremely important. Second, the TITAN study has adopted the use of three
' open-geometry' toroidal divertors as the impurity control and particle exhaust, system.
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Even with an intensely radiative plasma, use of an array of poloidal pump limiters as
the impurity control system would suffer from the danger of serious erosion of the limiter
blades (and possibly the first wall). The physics of toroidal field divertors in RFPs must
be examined, and the impact of the magnetic separatrix on RFP confinement must be
studied. If toroidal divertors are consistent with confinement and stability in RFPs, then
high recycling divertors and the predicted high density, low temperature scrape-off layer
must be also confirmed. Third, early work in the TITAN study convinced the team that
high mass power density, compact RFP reactors must operate at steady state. Currentdrive by magnetic helicity injection utilizing the natural relaxation process in RFP plasma
is predicted to be efficient [8,9] but experiments on OFCD are inconclusive. Testing OFCD
in higher temperature plasmas must await the next, generation of RFP experiments, namely
ZTH [12] and RFX [16].
6. R E A C T O R S : TO B E O R NOT TO B E COMPACT
The TITAN research supports the technical feasibility of high mass power density
(MPD) RFP fusion reactors. The TITAN design have a value of MPD of about
800 kWe/tonne of PFC, approaching that, of a pressurized water fission reactor (PWIt).
By contrast, earlier studies of tokamak and tandem mirror reactors such as STARFIRB
[17] and MARS [18] had MPD values of around 50 kWe/tonne. Recent work suggests
tokamaks may achieve values between 100 to 200 kWe/tonne [19]. The high MPD values
possible for the RFP appear to be a unique attribute of this confinement concept. [3].
Parametric studies show that such compact RFP reactors would include machine with
neutron wall loading in the range 10-20 MW/m 2 . Reactors in this 'design window1 arc
physically small and a potential benefit of this 'compactness' is improved economics. Also,
the cost of the FPC for TITAN reactors is a small fraction of the overall estimated plantcost (<10%), making the economics of the reactor less sensitive to changes in the plasma
performance or unit costs for FPC components. Moreover, since the FPC is smaller and
cheaper, a development program should cost less. The TITAN study further shows that
with proper choice of materials and FPC configuration, compact reactors can be made
passively safe, and the potential attractive safety and environmental features of fusion
need not be sacrificed in compact reactors.
The compactness of the TITAN designs would reduce the FPC to a few small and
relatively low mass components, making toroidal segmentation unnecessary. Thus, a
"single-piece" FPC maintenance procedure in which the first wall and blanket is removed
and replaced as a single unit is possible. This unique approach permits the complete
FPC to be made of a few factory fabricated pieces, assembled on-site into a single torus
and tested to full operational conditions before commitment to nuclear service. The low
cost of the FPC means a complete, 'ready-for-operation' unit be can be kept on-site for
replacement in case of unscheduled events. All of these features are expected to improve
the plant availability.
It must, be emphasized, nevertheless, that in high power density designs such as
TITAN, the in-vessel components (e. g., first wall and divertor plates) are subject to very
high surface heat flux and that their design remains a engineering challenge. Also, the
RFP plasma itself must operate in the manner outlined: with toroidal field divertors; with
a highly radiative core plasma; and at steady state. Future research will determine if, in
fact, the physics and technology requirements of TITAN-like RFP reactors are achievable.
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Abstract
SUMMARY OF THE UNITED STATES SENIOR COMMITTEE ON ENVIRONMENTAL,
SAFETY, AND ECONOMIC ASPECTS OF MAGNETIC FUSION ENERGY (ESECOM).
ESECOM recently completed an assessment of the competitive potential of magnetic fusion
energy (MFE) compared with present and future fission energy sources, giving particular emphasis to
the interaction of environmental, safety and economic characteristics. By consistently applying a set of
economic and safety models to a set of MFE concepts using a wide range of possible materials choices,
power densities, power conversion methods and fuel cycles, ESECOM finds that several different MFE
concepts have the potential to achieve costs of electricity comparable to those of fission systems, coupled
with significant safety and environmental advantages.

1.

INTRODUCTION

Organized in late 1985, the ten member Senior Committee on Environmental,
Safety, and Economic Aspects of Magnetic Fusion Energy (ESECOM) recently completed a comprehensive assessment [1] of the potential for magnetic fusion energy
(MFE) to provide energy with attractive economic, environmental and safety characteristics compared with present and future fission energy sources. We explored the
interaction of environmental, safety and economic characteristics of a variety of
fusion and fission cases, listed in Section 2, using consistent economic and safety
models. Our findings in Section 3 indicate that several MFE candidates have the
potential to achieve costs of electricity (COE) comparable to those of present and
future fission systems, and with significant safety and environmental advantages.
These conclusions rest on key assumptions about plasma performance and improvements in fusion technology which are optimistic but defensible extrapolations from
current achievements. In contrast, a recent report of the Scientific, Technological
Options Assessment (STOA) office of the European Parliament [2] proposes criteria
for assessment of future MFE reactor safety and economics which are generally much
more restrictive than criteria used in the ESECOM study with respect to allowing
assumptions of future technology improvement. ESECOM, however, has taken the
long view that the time horizon for MFE commercial application is the year 2015 at
the earliest, and more probably beyond 2030. Accordingly, ESECOM chose to analyse MFE cases assuming advances of new technologies (e.g. materials) that are only
in the beginning stages of development. ESECOM's work thus clarifies the promising areas for future fusion research and development. Owing to lack of space, only
selected portions of the ESECOM work are discussed here. For more details on all
areas covered by ESECOM, the reader is referred to the published technical
summary [1] of this work and to the larger main report [3].
2.

COMPARATIVE ANALYSIS OF FUSION AND FISSION CASES

ESECOM selected a set of fusion, fission and fusion-fission hybrid reactor
cases for comparative analysis (Table I). These cases were selected to span a wide
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TABLE I. REFERENCE CASES ANALYSED BY ESECOM
Fusion cases
1.
2.
3.
4.
5.
6.
7.
8.

A 'point of departure' DT fusion reactor using a tokamak configuration, with vanadium alloy
structure and liquid lithium as the coolant/breeder.
A helium cooled variant of the case 1 tokamak with reduced activation ferritic steel (RAF) structure and Li2O solid breeder.
A 'high power density' reversed field pinch (RFP) with RAF structure, a water cooled copper
alloy first wall and limiter and self-cooled Li-Pb breeder.
Another high power density RFP with a V-Li blanket minimally modified from that of the point
of departure tokamak.
A 'low activation' tokamak with silicon carbide (SiC) structure, helium coolant and Li2O
breeder.
A 'pool' type tokamak with vanadium structure and molten salt (FLiBe) coolant/breeder.
An advanced conversion variant of the point of departure tokamak with synchrotron radiation
enhanced magnetohydrodynamic (MHD) conversion.
An advanced fuel, water cooled tokamak based on the D 3 He fuel cycle with direct conversion
of microwave synchrotron radiation.

Fusion-fission hybrid cases
9.
10.

A 'baseline' fusion-fission hybrid tokamak with RAF structure, lithium coolant, beryllium neutron multiplication and thorium metal as the fertile material.
An 'advanced technology' hybrid tokamak with stainless steel structure, helium coolant and LiF-Be-Th molten salt blanket.

Fission cases
11.
12.
13.
14.

A 'best present experience' and a 'median experience' pressurized water reactor (PWR-BPE,
PWR-ME) (Westinghouse).
The Large Scale Prototype Breeder (LSPB) (Electric Power Research Institute/US Department
of Energy).
The Power Reactor Inherently Safe Module (PRISM) breeder design (General Electric).
A modular high temperature gas reactor (MHTGR) (GA/Gas-Cooled Reactor Associates).

range of technical characteristics based on reasonable extrapolation from present
knowledge, permitting exploration of the impacts on safety and economics of different materials and coolant choices, power densities, energy conversion schemes and
fuel cycles.
The different cases do represent, of course, differing degrees of extrapolation
from materials choices, physics parameters and engineering features that might be
considered reasonably certain to be attainable on the basis of current knowledge. An
examination that confined itself only to conceptual designs of fusion reactors that
were solidly based on existing physics and engineering databases could not claim to
have addressed fusion's full potential, nor could such a study say much about directions worth investigating in pursuit of markedly improved performance. Such cases
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as numbers 5 through 8 — featuring (respectively) ceramic structural materials to
achieve extremely low activation, a pool type design for passive cooling under nearly
any accident conditions, enhanced MHD conversion to reduce balance of plant complexity and cost and a D3He fuel cycle to reduce neutron activation and tritium
problems — are currently less credible than more conventional designs. But
analysing these cases, as examples of a much larger set of 'advanced' approaches,
has enabled us to avoid unduly constraining our assessment of fusion's long range
possibilities. For similar reasons we included advanced fission cases (PRISM, case
13, and MHTGR, case 14) as possible future competitors to fusion.
2.1. Economic analysis
ESECOM analysed, in a consistent framework, the economic, environmental
and safety characteristics of the cases in Table I, including, in some cases, examining
the effects of varying the plasma performance, scale and power density within an
otherwise fixed design. The fusion and hybrid breeder cases were developed and
analysed with the assistance of the Generomak magnetic fusion physics/engineering/
costing model [4] modified appropriately for our purposes.
The physics/engineering part of the Generomak model accepts as input the
desired values of net electric power output, plasma beta, aspect ratio and elongation
of the toroidal plasma, Troyon coefficient and maximum toroidal field at the coil.
(The combination must be chosen to give an acceptable value of the edge plasma
safety factor, q.) These inputs are used together with chosen blanket/shield characteristics (materials, radial dimensions, densities, inlet and outlet temperatures), conversion efficiency relations and current drive assumptions in an iterative calculation
of the plasma major and minor radii RT and a, the toroidal field in the plasma B 4 ,
and the plasma current 1^, corresponding to the desired net electric power, taken to
be 1200 MW(e) in all cases. Also calculated in this process are plasma volume,
plasma ignition margin, fusion power, neutron wall loading, reactor thermal power,
overall thermal efficiency, current drive and other auxiliary power, 'fusion island'
volume and the masses of the blanket, reflector, shield and coils. As an example,
some of the main physics and engineering parameters of the point of departure tokamak (case 1) are given in Table II. This reactor case assumes advances in beta and
current drive efficiency beyond those considered for the current design of the International Thermonuclear Experimental Reactor (ITER). We examined the sensitivity of
the case 1 capital cost and COE to variations in these and other critical parameters.
Reducing the beta to 0.06, or the current drive efficiency by a factor of five (while
increasing Te to 25 keV), for example, increased COE by 15%.
The economics part of the Generomak model uses the physics and engineering
parameters to calculate the direct capital costs of the fusion island, based on unit costs
supplied to the model for fabricated material (e.g. US $400/kg for reactor parts fabricated from V-Cr-Ti alloy, $90/kg for superconducting coils) and for certain
specific components (e.g. power supply for current drive is costed at $2.25/W). Most
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TABLE II. PARAMETERS OF THE ESECOM
POINT OF DEPARTURE REFERENCE
FUSION REACTOR
V-Li/TOK
Aspect ratio, A

4.0

Plasma elongation, K

2.5

Total plasma beta, /3

0.1

Safety factor, q^

2.3

Maximum field at coil, B^. (T)

10.0

Toroidal field in plasma, B^ (T)

4.29

Major radius, RT (m)

5.89

Plasma current, 1^ (MA)

15.8

Neutron wall loading (MW/m2)

3.20

Fusion power (MW)

2 862

Blanket thickness (m)

0.71

Blanket-shield gap (m)

0.10

Shield thickness (m)

0.83

Neutron energy multiplication

1.27

Tritium breeding ratio

1.28

Total thermal power (MW)

3 563

Primary coolant inlet, T, (°C)

300

Primary coolant outlet, T o (°C)

550

Thermal conversion efficiency

0.404

Recirculating power fraction

0.12
1 200

Net electric power (MW(e))
3

Volume of fusion power core (m )

2 669

Mass of fusion power core (t)

11 482

Mass power density (kW(e)/t)

105

of these costs are based on those developed in the STARFIRE study [5], updated to
the January 1986 US dollars used as the cost basis throughout ESECOM's work.
Some of the STARFIRE figures have been further modified on the basis of
ESECOM's judgement that more recent information warranted changes.
Costs of the blanket, limiter, coolant and other major items that turn over on
a short time-scale compared with the plant lifetime are treated analogously to fuel
costs in the fission fuel cycle, following the methodology embodied in the Nuclear
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Energy Cost Data Base (NECDB) at Oak Ridge National Laboratory [6]. Calculation
of other operation and maintenance costs also follows the NECDB model. Following
standard engineering economics techniques, as embodied in the NECDB, we then
obtain a levellized constant dollar COE, in units of 10~3 US dollars (1986) per
kilowatt-hour, or mills/(KW-h).
The results of the basic economic calculations are shown in Table HI. Here, the
'overnight' costs include the application of indirect and contingency factors but not
interest during construction; they are the costs that would result if construction were
instantaneous. The total capital costs are obtained by accounting for interest during
the assumed six year construction period (adjusted to 1986 dollars). The additional
fission case (11' PWR-ME) in Table ED is the 'median experience' PWR and provides a second reference point for the USA. (The design and construction lead time
for this case is 12 years, and the indirect costs are 100% instead of 37.5%.) Particularly noteworthy in these results is the fact that the COEs for the best experience and
median experience PWRs bracket the range of costs estimated for the various fusion,
hybrid breeder and advanced fission cases.
2.2. Safety/environment analysis
ESECOM's analysis of environmental and safety characteristics included
qualitative and, where possible, quantitative assessment of (a) possibilities and consequences of major releases of radioactivity from accidents, (b) magnitude of the radioactive waste burden, (c) occupational and public exposures to radiation in routine
operation and (d) unwanted links to nuclear weaponry.
ESECOM's calculations of activation product inventories were carried out at
Lawrence Livermore National Laboratory using the TART, ORLIB and FORIG
computer codes and their associated databases [7-10]. These codes operated on cylindrical approximations to our toroidal blanket configurations.
The Monte Carlo calculations employed by the TART code to determine the
neutron and gamma spectra in the various layers of the blanket, manifold/reflector
and shield (and, in one case, magnets) used 20 samples with 5000 particles per sample. These spectrum calculations accounted for materials compositions down to the
level of 0.1 wt%. The activation calculations performed by the ORLEB averaging
code using the ACTL cross-section library accounted for impurities to levels below
1 ppm by weight. The constituent and impurity compositions used in these calculations came mainly from the BCSS [11] and, in a few instances, from the design
groups working on particular blankets. On the basis of a neutron fluence limit of
20 MW-a/m 2 at the first wall, it was assumed that solid blanket components in
reactors with first wall fluxes in the range of 3 MW/m2 were changed after each six
full power years (FPY) of operation, while those in reactors with first wall fluxes
around 15 MW/m2 were changed after each full power year of operation. Shields,
magnets and liquid constituents of blankets were assumed in most cases to be irradiated for 30 FPY, as was the entire blanket of the D3He case.
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TABLE HI. COMPARATIVE COSTS WITHOUT SAFETY
CREDITS (1986 US DOLLARS)

COE (mills/(kW-h))

Unit capital costs ($/kW(e))

Direct Overnight Total

Case

ASSURANCE

Capital

Fuel and1 Fission
other
fuel
sales
O&M

Total

1.

V-Li/TOK

1378

2178

2365

35.1

18.1

0.0

53.1

2.

RAF-He/TOK

1387

2193

2380

35.3

13.2

0.0

43.5

3.

RAF-LiPb/RFP

949

1501

1630

24.2

13.5

0.0

37.7

4.

V-Li/RFP

963

1523

1655

24.5

12.8

0.0

37.3

5.

SiC-He/TOK

1621

2563

2785

41.3

13.4

0.0

54.6

6.

V-FLiBe/TOK

1184

1873

2035

30.1

17.8

0.0

47.9

873

1380

1500

19.2

16.1

0.0

35.4

3025

38.9

8.9

0.0

47.8

7.

V-MHD/TOK
3

8.

V-D He/TOK

1763

2787

9.

RAF-Li/HYB

1649

2608

2830

41.9

21.7

-23.2°

40.3

10.

SS-He/HYB

1343

2123

2305

34.1

21.7

-16.0"

39.8

11.

PWR-BPE

11'.

PWR-ME

12.

LSPB
c

13.

PRISM

14.

MHTGRC

a
b

c

740

1170

1270

18.8

14.6

0.0

980

2260

2620

41.0

15.6

0.0
b

33.4
56.6
b

43.2

1040

1645

1785

26.5

16.7

996

1575

1710

25.3

18.5"

18.5"

43.8

885

1400

1520

22.6

19.4

0.0

42.0

16.7

These figures for hybrid fissile fuel sales are based on MHTGR clients.
Fuel sales credits for LSPB and PRISM are based on costs of reprocessing at central facilities (see
Table II) and sale of resulting plutonium at $50/g. Reprocessing costs may be higher for on-site
processing proposed by PRISM designers.
Some safety assurance credits were embedded in the vendor/designer estimates of PRISM and
MHTGR capital costs and remain in the cost figures shown here.

For purposes of assessing accident potential and occupational hazards, reactor
radioactivity inventories were evaluated at their maximum levels, that is, those
attained just before blanket change-out. Radioactive waste calculations were based on
'life cycle' waste quantities for 30 FPY of operation, including all changed-out
components.
Estimates of tritium inventories in the fusion cases were based on the BCSS [11]
and on subsequent design studies and included tritium in structure, coolant, breeder
and neutron multiplier materials.
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To facilitate analysis of accident hazards associated with radioactive materials
of different degrees of inherent mobility, we divided the radioactive inventories of
fusion and fission reactors alike into five mobility categories:
(1)
(2)
(3)
(4)
(5)

Elements gaseous or extremely volatile under thermochemical conditions of
normal operation;
Elements somewhat volatile under thermochemical conditions of normal
operation;
Elements somewhat to highly volatile under conditions likely to be encountered
in an accident;
Elements somewhat volatile under conditions that may be encountered in severe
accidents;
Elements resistant to volatilization even under extreme accident conditions.

Given the radioactive inventories and the mobility based classification scheme
just described, we can calculate the off-site doses that would result from release of
100% of the radioactive inventory in each mobility category for each design. Then
we can deduce how large the actual release fractions of these materials would have
to be to produce any particular dose of interest. We calculated for each design, for
example, what fractions of the radioactive inventories in each mobility category and
each reactor component would have to be released in order to generate, under adverse
weather conditions, an acute whole body dose of 200 rem at a distance of 1 km from
the reactor (corresponding approximately to the threshold below which no early fatalities would be expected); we also calculated such 'dose threshold release fractions'
corresponding to a 50 year dose of 25 rem from ground contamination at a distance
of 10 km from the reactor (1 rem = 10~2 Sv). The higher these dose threshold
release fractions are, the better, since a large figure indicates that the threshold dose
will not be exceeded unless a large fraction of the inventory escapes. (A dose
threshold release fraction exceeding unity means that not even a 100% release of the
inventory would suffice to produce the threshold dose.) Table IV gives dose
threshold release fractions by mobility category for the point of departure tokamak
(case 1) and PWR fission (case 11). The dose threshold release fractions for fusion
case 1 are larger than those for the PWR fission case in all mobility categories. The
isotope contributing most of the mobility category I dose for fusion is tritium.
When we take the next step of comparing the release fractions needed to generate threshold doses with the fractions that may be physically plausible for isotopes
in the different mobility categories in the fusion and fission cases, the advantage of
fusion increases. Table V gives estimates of the maximum plausible release fractions
based on analysis at Massachusetts Institute of Technology by Kazimi, combined with
test data from the Idaho National Engineering Laboratory on volatilization from the
vanadium and steel alloys used in the fusion cases.
ESECOM found it useful to work with a classification of safety levels that
defines four levels of 'safety assurance', given in Table VI, based to a large extent
on the work of Piet [12]. These levels are based on differences in the extent and
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TABLE IV. DOSE THRESHOLD RELEASE FRACTIONS BY COMPONENT
AND MOBILITY CATEGORY
Release fraction that would produce

Case and
mobility
categories

Inventories
(MCi)a

200 rem critical dose
from plume at 1 km

25 rem 50 year ground
dose at 10 km

Case 1:
V-Li/TOK (fusion)
BOFC b

First wall
5

I

0.077

i-n
i-in

10
10

I-IV

95

I-V

540

2 400

First wall

BOFC b
7 100

52

First wall
15

BOFC b
260

6.3

5.0

0.78

0.82

560

5.1

0.027

0.55

0.000 11

670

3.7

0.027

0.021

0.000 10

0.036

0.015

0.001 6

0.000 09

6.0

Case 11:
PWR-BPE (fission)
28

380

0.38

in

1300

0.017

0.000 13

i-m

1500

0.011

0.000 12

I-IV

2600

0.005 8

0.000 086

5600

0.002 5

0.000 048

I

I-V
'
b

1 Ci = 37 x 10' Bq.
BOFC: balance of fusion core (other than first wall).

nature of dependence on passive versus active design features needed in a given
design to provide assurance of public safety — more specifically, to preclude any offsite early fatalities from release of radioactivity.
By 'passive design features' we mean combinations of materials properties and
configurations of structural components such that natural processes of energy
removal (conduction, natural convection, radiation) suffice to limit accident
sequences and the resulting radioactivity releases. Relevant materials properties
include inventories of radioactivity, masses, heat capacities, strength versus temperature, melting points, vapour pressures (as functions of temperature) and susceptibility
to formation of volatile oxides. By 'active design features' we mean pumps, valves,
switches, sensors and the like, as well as containment buildings with many doors and
controlled penetrations.
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TABLE V. ESTIMATES OF MAXIMUM PLAUSIBLE RELEASE FRACTIONS
Fusion

Mobility
category

V-Li/TOK

Fission

RAF-He/TOK

V-Li/RFP

LWR, LMFBR

I

1.0

1.0

1.0

1.0

n
m

0.1

0.7

0.7

0.2-0.7

0.05

0.1-0.7

0.2

IV

5 x 10""

V

5 X 10""

Notes:

0.01-0.1
1 X 1 0 " " - 1 X 10" 3

2 X 10"

0.2-0.4
3

2 X 10""

0.05-0.1
O.OO3-O.O5

The time-temperature scenarios assumed in estimating the fusion release fractions are as
follows:
V-Li/TOK: Li-air fire + decay heat produce 1300°C for 10 h followed by 40 h at 900°C.
RAF-He/TOK: decay heat produces 900°C for 50 h.
V-Li/RFP: Li-air fire + decay heat produce 1500°C for 10 h followed by 40 h at 1200°C.

ESECOM concluded that high 'levels of safety assurance' (low LSA numbers),
as described above, could be the basis for reduced requirements for expensive
'nuclear grade' materials and components compared with the requirements imposed
in fission power plant construction in the USA today. To give cost credit to low LSA
numbered ESECOM fusion reactor cases, we used a set of cost reduction factors for
various reactor subsystems developed by Perkins in the MINIMARS study [13] to
estimate the potential cost savings associated with the use of non-nuclear grade
materials and components. Reactor cases with LSA = 1 received 100% of the maximum credits of Ref. [12], those with LSA = 2 received 50%, those with LSA = 3
received 25% and those with LSA = 4 received no safety assurance cost credits. The
maximum cost credits amount to approximately 30% reduction in COE. Table VII
lists the LSA rating and corresponding COE of the ten fusion cases for optimistic,
nominal and conservative evaluations. All fission cases were rated LSA = 4, except
for the PRISM (case 13) and MHTGR (case 14), which designs included passive
safety features, for loss of coolant accidents (LOCAs), and included cost reductions
for the passive safety features estimated by their designers.

3.

ESECOM FINDINGS AND CONCLUSIONS

Some of the most important findings of the ESECOM analysis are summarized
in the following sections. For brevity, we have not included all the findings or
supporting analysis, for which we refer the reader to our longer reports [1, 3].
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TABLE VI. DEFINITION OF ESECOM's LEVELS OF SAFETY ASSURANCE
(LSA)

LSA

Accident class

Concise
description

Large scale
reconfiguration

Transient without
Small scale violation
violation of geometry
of geometry
(e.g. LOFA) b
(e.g. LOCA)"

1

Inherent safety

If event occurs,
material properties
suffice to prevent
fatal release

If event occurs,
material properties
suffice to prevent
fatal release

If event occurs,
material properties
suffice to prevent
fatal release

2

Large scale
passive protection

Reconfiguration
severe enough to
lead to off-site
fatality is made
incredible using
passive design
features

If event occurs,
material properties
and passive
mechanisms suffice
to prevent fatal
release or escalation
to next class

If event occurs,
material properties
and passive
mechanisms suffice to
prevent fatal release

3

Small scale
passive protection

Reconfiguration
severe enough to
lead to off-site
fatality is made
incredible using
passive design
features

Violation severe
enough to lead to
off-site fatality is
made incredible
using passive
design features

If event occurs,
material properties
and passive
mechanisms suffice to
prevent fatal release
or escalation to next
class

4

Active protection

There are events in one or more of these categories that, if they
occur, require active systems to preclude an off-site fatality, and that
cannot be made incredible by passive design measures alone

a

LOCA: loss of coolant accident.
LOFA: loss of flow accident.

b

3.1. Potential of magnetic fusion energy
Our analysis indicates that MFE systems have the potential to achieve costs of
electricity comparable to those of present and future fission systems, coupled with
significant safety and environmental advantages. The most important potential advantages of fusion with respect to safety and environment are as follows:
(1)

High demonstrability of adequate public protection from reactor accidents (no
early fatalities off-site), based entirely or largely on low radioactivity invento-
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TABLE Vn. COE (mills/(kW-h)) WITH SAFETY ASSURANCE COST CREDITS
AND LSA (in parentheses)

Case

Optimistic
concept
evaluation

Nominal
design
estimate

Conservative
concept
evaluation

No safety
assurance
credits

1.

V-Li/TOK

46.2 (2)

49.7 (3)

53.1 (4)

53.1

2.

RAF-He/TOK

42.6 (2)

42.6 (2)

45.6 (3)

48.5

3.

RAF-PbLi/RFP

35.7 (3)

37.7 (4)

37.7 (4)

37.7

4.

V-Li/RFP

35.2 (3)

37.3 (4)

37.3 (4)

37.3

5.

SiC-He/TOK

40.3 (1)

40.3 (1)

47.5 (2)

54.6

6.

V-FLiBe/TOK

38.0 (1)

42.9 (2)

42.9 (2)

47.9

7.

V-MHD/TOK

31.0 (3)

35.4 (4)

35.4 (4)

35.4

8.

V-D3He/TOK

34.9 (1)

41.3 (2)

41.3 (2)

47.8

9.

RAF-Li/HYB
With LWR clients
With MHTGR clients

39.1 (3)
40.1 (3)

39.4 (4)
40.3 (4)

39.4 (4)
40.3 (4)

39.4
40.3

SS-He/HYB
With LWR clients
With MHTGR clients

38.4 (3)
39.4 (3)

38.8 (4)
39.8 (4)

38.8 (4)
39.8 (4)

38.8
39.8

10.

11.

PWR-BPE

33.4 (4)

33.4 (4)

33.4 (4)

33.4

12.

LSPB

43.2 (4)

43.2 (4)

43.2 (4)

43.2

13.

PRISM

43.8 (3)

43.8 (3)

(4)

14.

MHTGR

42.0 (3)

42.0 (3)

(4)

ries and passive barriers to release rather than active safety systems and the
performance of containment buildings.
(2) Substantial amelioration of the radioactive waste problem by eliminating or
greatly reducing the inventories of radioactive isotopes with long half-lives.
Under current US waste management regulations, fusion could greatly reduce
or eliminate high level wastes that require deep geological disposal.
(3) Diminution of some important links with nuclear weaponry (easier safeguards
against clandestine use of energy facilities to produce fissile materials, no inherent production or circulation of fissile materials subject to diversion or theft).
Neither the economic competitiveness nor the environmental and safety advantages of fusion will materialize automatically. Economic competitiveness depends on
attaining plasma and engineering performance, such as high beta, efficient current
drive, and ease of maintenance consistent with high capacity factor, which are not
yet assured. Achieving the potential environmental and safety advantages depends in
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large measure on designs specifically tailored to do so and on the use of low activation materials whose practicality for fusion applications remains to be demonstrated.
It is essential, in this connection, that sufficient R&D be devoted early to determining which of a variety of confinement schemes, structural materials, blanket types
and fuel cycle/energy conversion combinations can actually be made practical.
3.2. Technology and economics
The design characteristics offering the most important potential benefits for
reducing fusion costs are as follows:
(1)

(2)

(3)

Compactness (including but not limited to high power output per unit mass),
which reduces the capital cost of the fusion power core; which reduces, as a
result, the sensitivity of COE to plasma performance; and which also may ease
maintenance.
High level of safety assurance, meaning demonstrability of public safety based
on low radioactive inventories and passive mechanisms for preventing releases,
which should reduce costs for active safety systems and nuclear grade components as well as facilitate siting and licensing.
Advanced energy conversion systems, which should be able to reduce balance
of plant (BOP) costs and may increase capacity factors.

Each of these features has the potential to generate COE reductions in the range of
20 to 30%. If two or more of them can be combined in one design, the resulting COE
reduction could be even larger.
The fusion cost estimates we have derived necessarily embody many uncertainties. The magnitudes of these cost estimates relative to one another are more informative than their absolute values and serve to indicate promising areas of research to
improve fusion.
3.3. Environment, safety and economics
We believe the categorization of different designs into four levels of safety
assurance, based on the extent to which assurance of public safety depends only on
low inventories of radioactivity and passive mechanisms to prevent releases, is an
informative way to characterize differences relevant to the interaction of safety and
economics.
There is a potential conflict between pursuing higher neutron wall loading to
reduce cost through higher power density and pursuing the economic, regulatory and
public acceptance benefits of high levels of safety assurance.
With suitable choice of structural materials and blanket design, even a large
lithium fire would not produce any prompt fatalities off-site. The potential destructiveness of lithium fires in terms of plant investment and public acceptability nonetheless dictates the use of special design features against such fires in plants that use
liquid lithium as the primary coolant/breeder.
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Active inventories of tritium in current reactor designs are small enough that
even complete release under adverse meteorological conditions would not produce
any prompt fatalities off-site.
Proper choice of fusion reactor structural materials can reduce or eliminate
formation of the most troublesome long lived activation products and therefore can
significantly reduce radioactive waste hazards, compared with fission.
An electricity supply system based on MFE would be less likely that a fission
energy system to contribute to the acquisition of nuclear weapons capabilities by subnational groups, and would also be easier to safeguard against clandestine use for fissile material production by governments. Except for hybrid breeders, fusion reactors
need not produce or contain any fissile material, and a fusion based electricity supply
system would not circulate any. Because fusion reactors could be modified to produce
fissile material, however, they will need to be subjected to international safeguards.
3.4. Implications for MFE R&D
Far more system level design and analysis work than has been conducted so far
is needed to better define the economics and safety characteristics of fusion.
Emphases in these systems studies should include:
(1)
(2)

Improved characterization of accident pathways and radioactivity release
mechanisms;
Development of reactor designs combining high levels of safety assurance, high
mass power density, direct conversion, and design simplicity for reliability and
ease of maintenance.

The ultimate viability and attractiveness of MFE depend so strongly on
materials issues that a strong, sustained materials development and testing
programme must be considered second only to confinement studies as a prerequisite
for fusion's success. The materials programme should be closely integrated with the
systems studies called for above, as well as respond to the materials issues posed by
current fusion devices.
Notwithstanding the difficulty of the physics and engineering challenges that
must be addressed in the next generation of fusion facilities, such as the compact ignition torus and ITER, it is important that these facilities also be used to develop and
demonstrate the kinds of safety features that will be needed for commercial reactors.
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Abstract
COMPACT IGNITION TOKAMAK PHYSICS AND ENGINEERING BASIS.
The Compact Ignition Tokamak (CIT) is a high-field, compact tokamak design whose objective
is the study of physics issues associated with burning plasmas. The toroidal and poloidal field coils
employ a copper-steel laminate, manufactured by explosive-bonding techniques, to support the forces
generated by the design fields: 10 T toroidal field at the plasma center; 21 T in the OH solenoid. A
combination of internal and external PF coils provides control of the equilibrium and the ability to sweep
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the magnetic separatrix across the divertor plates during a pulse. At temperatures and j3a levels characteristic of ITER designs, the fusion power in CIT approaches 800 MW and can be the limiting factor
in the pulse length. Ignition requires that the confinement time exceed present L-mode scalings by about
a factor of two, which is anticipated to occur as a result of the operational flexibility incorporated into
the design. Conventional operating limits given by </3> < 3I/aB, n20 < 2B/Rqe and q^ < 3.2 have
been chosen and, in the case of MHD limits, have been justified by ideal stability analysis. The power
required for CIT ignition ranges from 10 MW to 40 MW or more, depending on confinement
assumptions, and either ICRF or ECRF heating, or both, will be used.

1.

Introduction

The objective of the CIT project is to explore the "physics of
burning plasmas" within the parameter range of interest for the
operation of D-T tokamak reactors. The use of a high-field tokamak for
this task offers important economies, but is subject to experimental
constraints associated with the magnitude of the fusion-power density.
The CIT design approach favors operation in enhanced-confinement
regimes, so as to relieve the fusion heat-load problem, while providing
a generally useful model for tokamak reactors.
Single-alpha-particle phenomena (such as orbital excursions,
classical slowing-down and transport by bulk-plasma fluctuations) are
being addressed effectively by the TFTR-JET generation of fusionplasma experiments [1,2]. Burning-plasma operation in ITER and more
advanced fusion reactors [3,4] will involve the combination of two
distinctive new types of plasma-physical phenomena:
(1) alpha-particle-driven instability modes (fishbones,
Alfven waves, MHD modes, trapped-particle modes),
along with related stabilizing effects;
(2) fusion-heat-driven thermal excursions (sawteeth, loss of
plasma-temperature control).
The CIT experiment is designed to study these two new types of
burning-plasma phenomena and their interactions, with particular
emphasis on providing relevant information for D-T operations in ITER.
The alpha-plasma-physics phenomena [5] [type (1)] depend on
local plasma parameters such as n^ne, pa, pth, and VafVAifv6n - not on
global parameters such as T & Figure 1 provides a "universal plot" of
the effective alpha-heating-power density pa* = pa - PBrems and the
characteristic alpha-plasma-physics parameters as functions of n
and 7".
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For tokamak reactors, efficient quasi-steady-state operation (very
high electrical conductivity and/or noninductive current drive) will set a
minimum operating-temperature requirement of order 7(0) > 20 keV,
so that the reactor-relevant range of central na/ne-va\ues lies above
0.7%. The relevant levels of /?#, and pa are determined by the desired
fusion power-density. For example, for 7(0) > 20 keV, an ITER
requirement of <p/) = 5 (p«*> > 1.5 MW n r 3 at B = 5 T, corresponds
roughly to j%,(0) > 10% and j3«(0) > 2% in Fig. 1.
n

o(0)">e(0)
10'' 10"*

15

10^.002.004.006

.010

.014

= 10

s s

10

15

20
25
T(0)(k»V)

30

10

1S

20
25
T(0)<keV)

30

FIG. 1 : (a) Fusion power density for thermal D-T plasmas with a carbon impurity level
of Zeff= 1.5; (b) characteristic alpha-plasma-physics parameters. For the profiles 7 =
7(0) (1 - file?) and n = n(0) (1 - fta2)1'2,where r is radial distance from the magnetic
axis in the equatorial plane, volume-averaged quantities are given by (7) = 1/2 7(0),
<n>= (2/3) n(0) and (j8f/,)= (2/5) Pth(O). When 7(0) > 20 keV, we have <p«*> 0.3 pa(0), and a total CIT fusion power of P/~ 50 m 3 pa*(0).

The ability of high-field burning-plasma experiments like CIT to
investigate reactor-relevant plasmas is constrained by heat-deposition
problems. Figure 1 shows that for B = 10 T the magnitude of pa*(0)
associated with JS«(O) = 1-2% falls roughly into the range between the
4 and 16 MW rrr3 curves, (corresponding to total CIT fusion powers of
about 200-800 MW). Special divertor techniques will be used in CIT
(cf. Sec. 4) to maximize the finite-/3« operating window at the 10 T
level by distributing the heat-outflow, but the development of an
enhanced-confinement regime that burns at lower field strength would
give valuable relief by reducing pa* in proportion to B4 for a specified
magnitude of j3a.
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Fusion-heat-driven plasma phenomena [type (2)] do not depend
on the parameters of the alpha-particle population, but depend rather
on the characteristics of the global heat-flow pattern. Fusion-driven
thermal excursions can arise on the high-temperature side of the
Cordey pass (Fig. 3, Sec. 3), where the O-value is only 5-10, but
where the destabilizing term cMog Q/d log T becomes large. For
tokamak reactors, where stable transit through the Cordey pass can be
assured by controlling the auxiliary heating power, the key issue is the
degree of stability of the high-temperature, high-Q equilibrium-burn
point against perturbations that may cause collapse of the burn,
followed by disruption of the tokamak discharge. To permit study of the
relevant stability phenomena, the CIT experiment aims at producing
extended equilibrium-burn pulses in the 7(0) > 20 keV regime. For
10 T operation, the time-averaged fusion-power in this regime should
be kept within the 600 MW level (i.e., somewhat below the
16 MW nr 3 curve in Fig. 1), to allow the bum-length to approach the
magnetic-field flat-top time of ~ 10TE. If enhanced confinement permits
7 T operation, the fusion power for a given pa is reduced by a factor of
4, and the flat-top time is extended to > 20 TE.
The remainder of this paper describes the engineering design of
CIT and various aspects of the physics basis. Section 2 gives a brief
description of CIT engineering aspects and construction plans.
Section 3 summarizes CIT physics in the areas of confinement and
transport analysis. Section 4 presents axisymmetric MHD design,
while Section 5 describes MHD stability considerations. Section 6
summarizes the plans for auxiliary heating.

2.

CIT Engineering Design

The CIT device core, shown in Fig. 2, is in the preliminary design
phase. In order to achieve its mission in a cost-effective manner, the
CIT is being designed as a compact, high-field tokamak with a major
radius of 2.1 m (Table I). The maximum field on axis is specified as
10 Tesla for 3000 pulses, and 11 Tesla for a reduced number of
pulses.
The 20-coil toroidal field (TF) system uses pure wedging to react
the centering force. Wedging has several advantages relative to
bucking against a center post, including greater ability to resist out-ofplane loads in the TF inner leg, superior predictability of interface
conditions, and a simpler mechanical structure, which can be tested
prior to installation.
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In order to achieve the desired parameters within the TF design
envelope, an explosively bonded laminate of copper and Inconel is
used as the conductor material. The properties of the laminate, which
are determined by the high conductivity of copper at LN2 temperatures
and the high strength of the Inconel, are superior to the properties of
other available conductor options. The TF and PF coil systems are LN2
cooled between pulses, to allow high current density and low resistive
energy consumption.
TABLE I
CIT PARAMETERS AND
OPERATIONAL LIMITS
PARAMETERS
Major Radius
Minor radius
Aspect Ratio
Elongation (95% surface)
Field on Axis
Current @q = 3.1
Neutron wall loading
@ 0.8 beta limit
TF Flat-top time
Energy/Peak Power
7 T, 7.7 MA
10T.11MA

BASELINE 9 )
2.1 m
0.65 m
3.25

2.0
10T

11 MA

6.0 MW/m 2
5 sec
6.2 GJ/600 MW
11.9GJ/1300K

a

) A larger vacuum vessel alternative is also
under study which would allow 13 MA currents.
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FIG. 2: Elevation view of the
Compact Ignition Tokamak. During
the flat-top, the equilibrium is swept
between the two extremes shown, in
order to distribute the heat flow on
the divertor
plates.

The poloidal field (PF) coil system, is composed of 7
up/down-symmetric pairs of independently controlled coils located
outside the toroidal field (TF) coils and 3 pairs of smaller control coils
located inside the TF coils, but outside the vacuum vessel. The coils of
the central solenoid, like the TF coils, use copper-lnconel laminate as
the conductor material, because of the high stresses associated with
producing fields up to 21 T. The internal coils are required to provide
vertical stability and fast radial control, while the external coils provide
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the ohmic-heating, equilibrium, and shaping fields, including those
needed for divertor sweeping.
The vacuum vessel is a solid-wall lnconel-625 weldment. It will
be fabricated in two 180° segments consistent with the two halfmachine assemblies of TF coils. The halves will be brought together
and the final two welds accomplished to complete the assembly. The
wall will be protected by a tile system. Pyrolytic graphite will be used
for the divertor plates, carbon/carbon composites for the limiter, and
bulk graphite tiles for the remaining areas. The horizontal access is by
20 ports of 38 cm x 100 cm. Vertical access is more limited,
consisting of 5 cm and 10 cm tubes.
Internal remote maintenance will be accomplished using two
articulated boom manipulators, each servicing half the vacuum vessel
interior from a storage cask permanently attached to one of the
horizontal ports in each 180° segment. Remote maintenance within
the test cell (machine exterior) is presently envisaged as using
servo-manipulators on a crane-mounted boom. The primary functions
of the remote-maintenance systems are: first-wall inspection and
repair, vacuum vessel and port-welding repair, diagnostic repair and
replacement, and coolant, power, and instrumentation lead repair.
Major machine repair is not part of the remote maintenance mission.
Initial operation of CIT at 7.0 T will be powered by a combination
of the existing TFTR motor-generator-flywheel units and an additional
2 GJ from the existing 138 kV service, with minimal modifications. The
energy will be converted by the existing TFTR convenors with
modifications that take advantage of the low CIT pulse repetition rate
to improve their pulse-load capacity. When performance at the
10-11 T level is required, additional energy will be provided either by
full exploitation of site-utility pulse-load capacity, or by installation of
additional motor-generator units.
3.
3.1.

Confinement Analysis
Global Projections

CIT performance has been projected using a variety of
empirically-determined confinement models, ranging from neo-Alcator
scaling, which corresponds to ohmic confinement for regimes in which
T£ is not saturated with density, to Goldston scaling [6], which yields a
good fit to most confinement data from neutral-beam heated, presentday tokamaks operating in the L-regime. For those models in which TE
does not degrade explicitly or implicitly with power, for example neo-
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Alcator or ASDEX-H, CIT ignites easily; attention has therefore been
focused on evaluating the operating regimes permitted by powerdegrading models in which the total power, as given by the sum of
ohmic, auxiliary and a-particle contributions, is used. The operational
limits assumed for these analyses are the Hugill-Murakami density
limit, 7720 ^ 2B/Rqe, where qe = 5a2KB/RI, the Troyon-Gruber beta
limit j8 < 0.03 IlaB, and qw > 3.2. The profiles are of the form
X= x(0)(1 - r2la2)Vx,where r is radial distance from the axis in the
equatorial plane and concentric, elliptical flux-surfaces with constant
ellipticity are assumed.
Projections based on power-degrading confinement models are
more pessimistic than for non-power-degrading models, and an
ignition window requires an enhancement factor which depends on
the density profile. Figure 3 shows the ignition window for a recent

I4

12
Kaye Scaling
old

I6

I
I4
10

15
20
T (0) (IwV)

FIG. 3: POPCON diagram of auxiliaryheating power requirements for CIT, with
parameters B = 10T, Ip = 11 MA, and
temperature and density profiles as in the
Fig. 1 caption. Classical and neo-Alcator
transport are assumed, plus Kaye "big
tokamak" transport ameliorated by a factor
of 2. The Hugill-Murakami density limit,
Troyon beta limit, and 0 = 5 curve are
indicated.

Goldston
Scaling

0.5
1.0
1.5
20
L-Mod* Scaling Multiplier, a

FIG. 4: Thermonuclear power gain
in CIT as a function of L-mode-scaling
multiplier a\_ = TE/IL where T/. is the
L-mode confinement time. The two
curves shown are for x\_ given by
Goldston [6], corrected for mass
effects, and Kaye [7].
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empirical scaling due to Kaye [7], where an enhancement factor of 2
has been used. With an enhancement factor of 1.3-1.7, depending on
the L-mode model used, high-Q (5-10) operation is still obtained
(Fig. 4), using the relatively flat density-profiles corresponding to
v n = 1 / 2 . More strongly peaked density-profiles require a smaller
enhancement factor.
Several measures have been adopted to improve performance
relative to L-mode projections. These include the combination of
enhanced confinement and decreased ignition requirements resulting
from peaking of the density profile by pellet fueling and control of
recycling, the possibility of improved confinement by operating with a
properly designed divertor (H-mode), and the improvement in effective
confinement owing to the peaked energy-deposition-profiles
associated with ICRH, ECRH and alpha heating [8]. The prospects of
achieving the required confinement in CIT using one or more of these
techniques are good, considering confinement results in present-day
large tokamaks. For example, enhancement factors of 2 or more are
now reliably obtained in both TFTR (supershots) and JET (H-modes).
However, even for the limiting case of pure L-mode scaling, CIT has
the potential option of increasing the current to 12-14 MA, which would
provide adequate Q-values (~ 5) to permit meaningful alpha-heating
studies.
3.2.

Transport Studies

Optimum performance in time-dependent simulations of CIT [9]
is achieved with the following scenario: the toroidal field, plasma
current and shape are ramped simultaneously in order to aid current
penetration while avoiding a broad sawtooth mixing region that would
spread out the density and temperature profiles [10]. A succession of
pellets are injected during this ramp-up while the plasma energy
density is low enough to allow pellet penetration. Deeply penetrating
pellets produce centrally peaked density profiles and inhibit broad
sawtooth oscillations [11]. While the deuterium and tritium density
profiles are still centrally peaked, the plasma is heated to produce
central ion temperatures above 10 key. In this scenario, sawteeth
need to be delayed or kept small until after ignition, because the
steady-state sawtooth-mixing radius (after magnetic diffusion) is
predicted to cover about half the plasma in the elongated geometry of
CIT.
When a Kadomtsev sawtooth model is used to simulate the
presence of broad sawteeth, it is found that short-wavelength idealMHD ballooning modes are unstable within the sawtooth-mixing
region during each reheat cycle of the sawtooth oscillation. However, if
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the current density (and magnetic flux) is only partially redistributed
during each sawtooth crash, so that the q-value on axis remains well
below unity, as observed in Faraday-rotation measurements on
several tokamaks [12,13], then our simulations indicate that the
magnetic shear remaining within the sawtooth-mixing region stabilizes
high-n ideal ballooning modes during most of the sawtooth rise, even
with large-amplitude (20 - 30 keV) sawteeth after ignition. The strong
central peaking of the current profile induced by neoclassical resistivity
is an essential feature of this model.
4.

Axisymmetric MHD Design and Analysis

Nominal PF-coil current waveforms during the current ramp-up,
flat-top and current ramp-down phases of CIT have been obtained
using the static free-boundary equilibrium and optimization code, VEQ,
and the dynamic equilibrium and transport simulation code, TSC. At
certain critical times, which bracket significant changes in plasma
shape and/or beta {e.g., start of flat-top, end of burn, etc.), the VEQ
code is used to determine PF-coil currents for MHD equilibria with
assumed plasma profiles, flux linkages, and prescribed values of the
major and minor radius, and the positions of the inboard and outboard
divertor strike-points. The solutions are additionally constrained to
minimize the coil energy WPf= 1/2 IlMI, where I1 = [IPFI, • • •> lpF7]Detailed calculations of the plasma evolution during a complete
discharge scenario are provided by the TSC code. This free-boundary
axisymmetric simulation code includes a 2-D transport description of
an auxiliary-heated D-T plasma. Circuit equations couple the plasma
to time-varying currents in the poloidal field coils and eddy currents in
the vacuum vessel and TF support structure. Pre-programmed
PF-current waveforms supplied by VEQ are feedback-adjusted to be
made compatible with the transport-generated profiles, and a detailed
accounting of the volt-second consumption is obtained. The plasmashape history is chosen to ensure satisfactory q-edge evolution from
the viewpoint of MHD stability considerations. Appropriate shaping of
the plasma during the current ramp-up, aided by simultaneous
ramping of the toroidal magnetic field, also assists current penetration
into the plasma. Figure 5 shows snapshots of the calculated plasma
shape at various times during one TSC simulation. The plasma is
grown from the outboard limiter and becomes diverted at t = 6.5 sec.
During the current flat-top, the divertor separatrix is swept in the
direction of increasing triangularity, to alleviate the heat loads on the
divertor plates.
The axisymmetric vertical instability of the CIT plasma is a critical
issue that has received extensive investigation. Computations using
TSC show that the vacuum vessel and TF support structure have time
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FIG. 5: Snapshots of plasma shape at various times during the current ramp (left),
and current flattop (right). The programmed divertor sweep during the flattop phase is
clearly seen.

constants of approximately 16 msec and 40 msec, respectively,
providing effective passive vertical stabilization of the plasma. The
maximum growth rate for the instability (8.3 msec) occurs during the
current flat-top. To effect complete vertical position control, a two-level
PID feedback-control system has been used, similar to that proposed
for the ASDEX-U experiment. Such a two-level system decreases the
effective L/R time of the feedback circuit. In the first level of the
feedback, currents in the internal control coils respond to the
measured deviation of the magnetic axis position from the midplane. In
the second level, the PID system responds to the deviation of the
desired feedback currents from the actual currents. The effect of time
delay in the feedback circuit has also been considered, and the
limiting delay for which vertical feedback control could be maintained
was found to be 3.5 msec.
The poloidal-field control system is designed to control the
plasma position and shape on several different time scales. On the
fastest time scale, t < 10 msec, the vacuum vessel provides passive
control. Over slightly longer times, 10 < t < 100 msec, the internal
control coils control the plasma. Each of these coils is capable of
± 800 kA with ± 80 V/turn. Over times longer than 100 msec, the main
PF coils external to the TF are able to relieve the internal coils and
assume control. Calculations have shown that, if the plasma poloidal
beta decreases abruptly by 0.3, the two-time control system can limit
the radial excursion of the plasma to 3 cm.
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Simulations of radial and vertical plasma disruptions have been
performed that provide time histories of induced vacuum-vessel
currents for detailed engineering load and stress analyses. A
disruption is initiated at some chosen time by enhancing the plasma
thermal conductivity by some factor. The consequences of plasma
current decay rates of up to 3.5 MA/msec have been investigated. The
most extreme forces on the vacuum vessel are found to result from
simulations where loss of vertical-position control occurs prior to the
current quench. For a vertical disruption with a current-quench rate of
3.4 MA/msec occurring after a vertical displacement of 45 cm, an
extreme net inward radial force of 11.9 MNt/radian is obtained. These
loads are used to design the vacuum chamber thickness and its
support system.
5.

Non-axisymmetric MHD Stability

An extensive theoretical survey of the geometric factors (aspect
ratio, ellipticity, and triangularity) shows that there is a broad window in
parameter space, within which MHD-stable plasmas can be
maintained. This favorable window exists for ellipticities up to about 2,
provided that the triangularity is moderately large (about 0.5). At larger
values of ellipticity or triangularity, there are complex interactions
between the role of the configuration shape and the plasma current
profiles, which can result in strong instabilities, both internal and
external. The CIT shape parameters have been chosen to lie within
the favorable window.
The stability limits depend strongly on the pressure distribution
and the q profile. Since qr-conserving sequences with increasing p
lead to finite current at the plasma edge, most of the studies have
employed an ohmic constraint to relate the parallel current density to
the temperature. An arbitrary density profile can be used to decouple
the pressure and temperature profiles. Prescribing the pressure
distribution so that the plasma is marginally stable everywhere to
ballooning modes provides reasonable configurations with good
stability properties. The critical (5 is usually determined by infinite-n
ballooning modes in systems with a peaked current profile. For broad
current profiles, low-n kink modes are more restrictive [14].
The behavior of the low-n kink modes, which determine
systems with broad current distributions, is very sensitive to the shape
of the current profile near the edge, especially if £795% < 3. Drops in
the value of Cj = (P)/(I/aB) occur when low-order rational surfaces lie
near the plasma edge. The "infernal mode", a pressure-driven low-n
internal instability, tends to be most limiting if the pressure profile is not
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coupled to the q-profile through a ballooning criterion. Such modes
restrict operation to low values of Cj whenever there is a significant
pressure gradient in a region with little shear, especially if q(0) ~ 1.
Stability studies have been made for pressure and current
profiles obtained from self-consistent simulations of a CIT discharge.
The results are very sensitive to the model employed to represent the
behavior of the plasma during a sawtooth relaxation. For a case where
the current profile flattens completely during the sawtooth but
a-particle heating quickly establishes a pressure gradient in this
region, the value of q(0) would have to be raised to about 1.05 for the
plasma to remain stable, as can be seen in Fig. 6a. Less severe
models of the sawtooth behavior provide reasonable sequences of
stable equilibria. In particular, high-/3 operation is permitted for q(0) < 1
with sufficient triangularity, provided sawteeth do not occur to eliminate
shear in the central region (Fig. 6b).
« - 0.7, q&, =3.75, R/a =2.75
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FIG. 6: a) Stability analysis of a TSC simulation of a CIT discharge, where a
Kadomtsev reconnection, such that the ^-profile is completely flattened inside the
q = 1 surface, occurs 6 seconds into the discharge. The equilibrium evolution
predicted by the code is shown by the open squares. The /} = 0% results are
imposed by internal modes in the shearless region if qo= 1.01. Increasing qo to 1.03
raises the /3-limit to about 1%, and increasing it to 1.05 raises the stability limit to values
above what the equilibrium evolution would predict, b) Effect of triangularity on Cj for
non-sawtoothing discharges.

6.
6.1.

Auxiliary Heating
Ion Cyclotron Heating

An initial 10 MW of ICRF power, chosen primarily for its ability to
deposit heating power locally in high-density plasmas, is planned for
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CIT. The chief issues of importance in the design of such a system are
(i) the choice of frequency of the heating mode, (ii) the plasma
absorptivity, including the possibility of ramping the toroidal field
during the rf pulse, (iii) equilibration rates of rf-induced fast ions, and
(iv) coupling methods.
The heating mode chosen is minority heating, either He3 minority
in a full-field D-T plasma or H minority in a 2/3-field plasma, owing to
its high absorptivity and proven heating efficiency in past experiments.
In addition, the use of He3 heating in the D-T mode permits the tritons
to receive the deposited rf power directly, once their beta is sufficiently
high, near ignition conditions. At CIT densities, the single-pass
absorption rates are expected to be high, even as the toroidal field is
ramped by 20% during the pulse. Some degradation in heating
efficiency is expected during the ramp phase due to the non-central
power deposition; however, the time required to reach ignition at flattop is significantly shortened by this technique.
Due to the high densities involved, little or no fast ion tail is
expected to be induced by the ICRF. Since the inter-species
equilibration times are so short, ignition conditions may be
approached by heating either electrons or ions. Indeed, direct electron
heating is expected to occur as the electrons follow the ion
temperatures toward ignition.
Coupling to the waves is planned through conventional inductive
loops, which, however, are recessed from the vacuum vessel surface
for protection. Two current straps are planned for each antenna cavity,
to provide spectral control, consistent with experience in large
tokamak experiments. The primary issues for the design of suitable
antennas are (i) the maintenance of good rf coupling while providing
protection from the edge plasma, (ii) the handling of thermal,
mechanical and radiation loads on the antenna, and (iii) minimization
of impurity influx while maximizing the delivered rf surface power
density.
6.2.

Electron Cyclotron Resonance Heating

Recent advances in high-frequency microwave source
technology [gyrotrons or FEL's] make possible a serious consideration
of electron cyclotron heating of CIT to ignition. If successful, ECRF
technology may provide part or all of the required heating power in
CIT. Because thermal equilibration between electrons and ions is
much shorter than the expected energy confinement time at the high
densities of interest, there is no significant difference between electron
versus ion heating. ECRF has the advantage of power transmission
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with the highest average power density among all RF technologies
(P//4>100MW/m2).
Wave launching from the outside, possibly using quasi-optical
transmission techniques, appears to be the most favorable under
ignited plasma conditions. Altering the incident beam path may be
achieved conveniently by simple reflecting mirrors. Single-pass
absorption at the fundamental (280 GHz for B = 10 T) is achieved by
—•

—•

injecting linearly polarized radiation with ERF parallel to Bo (O-mode
polarization) in which case good accessibility is expected up to a
maximum density of n(0) 2.8 x 10 20 nr 3 . If operation at even higher
densities were desired, second harmonic {f= 560 GHz) heating would
allow good wave penetration and absorption up to n ~ 1 -6 x 10 21 n r 3
(X-mode) and n ~ 3 . 2 x 1 0 2 1 rrv3 (0-mode). Because of the expected
localized absorption, ECRH is particularly well suited for controlling
MHD activity (sawteeth and disruption control) as well as improving
confinement (H-mode production) [15].
Recent theoretical studies have concentrated on optimizing the
wave-launching geometry (angles of incidence) for realistic CIT
equilibria, as the on-axis magnetic field is raised from 8.0 to 10.0
Tesla. Ray tracing and absorption calculations have been carried out
using the Livermore TORCH code for non-normal (relative to B) angles
of incidence [16]. For normal angles of incidence at fz. fee a simplified
absorption package, using the Bornatici relativistic absorption formula
was used [17]. In this latter case good central absorption is ensured by
noting that in the relativistic formulation there are no resonant particles
which could absorb RF power from the incident waves on the low-field
side of the resonant layer. The results of these studies, using a single
frequency (f= 280 GHz) and outside O-mode launch, may be
summarized as follows. By continuously varying the angle of injection
from 30° off the normal at startup conditions [B(0) = 8.0 T,
T e ( 0 ) > 5 k e V , ne(0) ~ 2 x 102<> n r 3 , / ? = 0.44 %] to 0° (normal
incidence) at full field [6(0) = 10.0 T, Te(0) = 10 keV-20 keV, ne(0) =
(1-8) x 10 20 m-3] efficient single-pass central absorption is achieved
through the post burn phase, as beta is varied in the range p = (0.442.4 %). With proper design, the power is absorbed within rla< 0.25 for
the full range of plasma parameters quoted. These results suggest that
a single frequency may be sufficient for ECRF heating of CIT, with the
field in the range 8-10 T.
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Abstract
CHARACTERISTICS AND EXPECTED PERFORMANCE OF THE IGNITOR-U EXPERIMENT.
An experimental machine with the purpose of investigating the ignition of D-T mixtures has been
designed on the basis of the well known confinement and purity properties of plasmas with peak densities
about 10 l5 cm"3 embedded in magnetic fields of about 10 T_or higher. The main parameter of merit
considered is Sc = Ip B p , where Ip is the plasma current and B p the mean poloidal field. A tight aspect
ratio (~2.7) plasma equilibrium configuration has been adopted, with an elongation of K ~ 1.8 and
a triangularity of T « 0.33 of the cross-section. The ability to produce average plasma current densities
as high as 1.1 kA-cnT 2 , which would exceed the maximum obtained so far ( = 0.9 kA-cm" 2 by the
Alcator-C machine) has been preserved in order to have a rate of Ohmic heating sufficient to reach
regimes where intense a-particle heating resulting from the expected high particle densities takes over
and leads to ignition conditions.

1.

PLASMA PARAMETERS AND OPERATING SCENARIOS

The reference dimensions of the plasma column (see Figs 1 and 2) are
Ro = 117 cm (major radius) and a x b » 43.5 X 78 cm2 (minor radii) with a triangularity TG « 0.33. The maximum design current in the toroidal field magnet is
IM « 76.8 MA-turns and corresponds to a field of Bo » 13.1 T for R = RQ. Since,
during most of the critical phase of the plasma heating cycle, j8-poloidal is below
0.15, a considerable paramagnetic plasma poloidal current is produced. For example,
when the toroidal current is 12 MA, the poloidal current le can be about 10 MA.
This effect increases the magnetic field at r = Ro by about 13% (Bo « 14.8 T),
thus allowing a higher limit for the peak toroidal current density as well as an increase
in the rate of Ohmic heating through the plasma column.
Sponsored mainly by ENEA and the Commission of the European Communities and in part by
the Consiglio Nazionale delle Ricerche of Italy and the US Department of Energy.
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FIG. 1. View of the Ignitor-U machine.

The plasma current values and the characteristics of its time dependence (pulse)
are envisaged to be within two limiting scenarios of operation:
(a)

A 'modulated' toroidal plasma current pulse that reaches Ip « 12 MA and
then decreases to a 'flat top' of about 9.4 MA;
(b) A 'standard', nearly trapezoidal pulse having a 3 s rise time and whose flat top
is about 6 s with a current of Ip « 10 MA.
The reference value of the 'safety factor' at the edge of the plasma column is
q^, a» 3. Note that, when Ip « 12 MA, the mean poloidal field corresponds to
Bp = 2Ip/[5(a + b)] as 3.9 T, and to a parameter of merit Sc = IpBp of about
47 MN-nr 1 . The average toroidal current density is about 1.1 kA-cnr 2 while the
maximum poloidal field is about 5.5 T.
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THERMAL WALL LOADING CONSIDERATIONS

The favourable confinement properties associated with Ohmic heating can be
assumed to be maintained by the plasma column, as its temperature rises, up to the
regime where a-particle heating becomes significant in the global energy balance. It
is important, at this point, to avoid an excessive deterioration of the confinement
time. Therefore provisions are made to reproduce the characteristics of the so-called
H-mode found by experiments with strong auxiliary heating in two ways: (i) creating,
by the adopted poloidal field system, a 'transient X-point' configuration [1] that
reverts to a 'limiter' configuration once a relatively high level of a-heating is reached
and the localized thermal wall loading associated with the X-point configuration
becomes unbearable; (ii) producing a 'detached' plasma configuration that leaves a
gap of about 7 cm between its outer edge and the first wall as is indicated in Figs
2 and 3, following the results of the experiments reported in Ref. [2]. In both cases
the worth of an improved containment time may have to be outweighed by the desirability of keeping the wall loading as uniformly low as possible [3]. We observe that
if, to achieve the latter goal, all the available volume within the first wall surface is
filled with plasma, the geometrical parameters of the plasma column would become:
Ro « 120.15 cm, a X b « 46.65 x 78 cm2, rG « 0.3, with Ro/a « 2.57.
A continuous plasma chamber design has been adopted with a thickness of about
1 cm. The inside surface of the chamber is covered by a set of plates attached to it
supporting the graphite tile system. A remote handling system capable of removing
all plates has been designed and a portion of the entire system has been constructed
in order to verify its feasibility.
The nominal fusion power level at ignition that is reached when the peak temperature To is about 15 keV while the peak density is close to 1015 cm"3 is estimated
to be about 150 MW. Thus about 30 MW are supplied by the a-particles to the
plasma in order to maintain the energy blance. We may consider 50% of this to be
carried to the first wall by radiation, thus producing a uniformly distributed thermal
wall loading of about 0.5 MW-nr 2 . The remainder is carried by conduction and
convection. If the effective limiter is that of the entire surface covered by tiles (about
28 m2) and this surface is relatively close to the outermost plasma magnetic surface,
the peaking factor of the thermal wall loading should be contained within a factor of
three. In this case the peak wall loading would not exceed 2 MW-m"2. If a
'detached' limiter configuration is adopted the affected tile surface could be reduced
to 10-15 m2. In the latter limit a peaking factor of about three would lead to a maximum wall loading of about 3.5 MW-nr 2 . This is, in fact, obtained by a detailed
numerical analysis, where a significant departure of the plasma outermost magnetic
surface from that of the first wall has been considered.
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HEATING PROCESS, AUXILIARY SYSTEMS AND ACCESS PORTS

The Ignitor experiment is conceived with the purpose of attaining ignition conditions by an optimal combination of Ohmic and a-particle heating. Its ability (in
principle) to reach this goal has been confirmed by several analyses with 1-D and
1 Vi-D transport codes based on our current knowledge of the physical processes that
can be expected to play a prominent role in the relevant heating cycle [4, 5].
One of the criteria followed is to choose an optimum density
(no = (0.8-1) X 1015 cm"3) producing the maximum value of the confinement
parameter I^TB while avoiding the density limit due to collisional ion thermal conductivity and bremsstrahlung. The expected time needed to reach ignition is also kept
well within the machine operation characteristics.
Another criterion is to avoid the excitation of internal m° = 1 modes by maintaining the plasma cross-section elongation well below 2 and /3-poloidal (/3P) below
0.25 through ignition. Since TG «= 0.33, this value for /3P has been found to be
within the relevant ideal MHD stability limit ( » 0.4) by a detailed numerical analysis.
We notice that a significant margin to this limit is provided by finite ion Larmor
radius effects, and, in addition, when a regime with a strong production of a-particles
is attained, a further stabilizing effect is predicted [6]. Thus when the plasma current
is decreased, for example, from 12 to 9.4 MA, after it has exhausted its heating function, the expected increase in /3P should not lead to the excitation of macroscopic
m° = 1 modes.
Since ignition regimes have not been explored earlier, the machine design
includes an auxiliary heating system with a maximum power of about 10 MW, in
order to provide an edge against deterioration of the energy confinement time.
Among the options considered, the most demanding in terms of port space is an
ICRH system (f = 130 MHz) whose antennas are housed in 'pockets' included in the
plasma chamber. The area of the surface facing the plasma column is 30 x 80 cm2
for each pocket.
There are in fact 12 horizontal access ports with a 15 x 80 cm2 opening (for
plasma diagnostics, pumping and remote handling of the tile system) leading to these
pockets. Six sets of vertical passing-through ports are also included for diagnostics.
Each set consists of two ports whose inner diameter is 3.5 cm.

4.

IDEAL MHD EQUILIBRIA AND POLOIDAL FIELD SYSTEM

A sequence of plasma equilibria has been analysed [7]. These include the startup
configurations, configurations with X-points, 'limiter' configurations detached from
the outer edge of the first wall cavity, and limiter configurations that fill the entire
cavity. The poloidal field system has been designed to produce these configurations
[8] under 'robust' conditions while remaining compatible with the mechanical supporting structure for the toroidal magnet. The magnetic flux variation linked with the
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plasma column up to the time when a 12 MA current is produced has been evaluated
to be around 31.5 V-s, while the inductive flux requirement is about 24 V-s. We
have estimated the contribution of the bootstrap current to be about 15% of the total.
In this case, about 10.5 V • s would remain available for the resistive consumption
during the ramp-up phase.
The central solenoid T[, as shown in Fig. 3, is split into three sections (indicated as TJ and Tft and during most of the plasma current pulse is supported by the
toroidal magnet. The coils T2 and T3 carry a total current of up to about 13 MA
only at the startup time and are therefore designed to operate with higher current densities than the other coils.
The vertical field produced by the equilibrium field (E) coils can be up to about
2 T. The shape of the plasma cross-section is optimized through control of the current
in the T,, T2, T3 and S coils.

5.

STRUCTURAL CONCEPT

The toroidal field magnet (TF) is composed of 240 copper plates divided into
24 modules (ten turns each) embedded and impregnated within a laminated steel, Cshaped frame as is shown in Fig. 2. The ratio of copper to insulator is 90% to 10%
in the inner equatorial cross-section that is kept free of structural material. Thus, the
main supporting structure [9] is made of: (i) a set of C-clamps; (ii) two bracing rings
each capable of exerting a force of up to 370 MN on the C-clamps; (iii) a central
laminated post; and (iv) a vertical electromagnetic press connected with the central
post and capable of exerting a vertical force of up to 72 MN on the inner leg of the
toroidal magnet.
The central solenoid (Tt) during most of the plasma discharge is supported by
the TF magnet. When the current in T, is inverted, the TF magnet is instead supported by T, which transmits a radial compression force onto the central column.
The coils T2 and T3, unlike T l t are self-supporting. In particular, T2 is split
into two parts (T2 and T2), one of which has the additional function of transmitting
a vertical force from the electromagnetic press to the TF magnet.
The action of this press is needed only for the highest projected values of the
toroidal field and is deactivated during the pulse as soon as the thermal expansion due
to the temperature rise in the toroidal magnet becomes significant (typically, at the
beginning of the plateau indicated in Fig. 4).
The copper plates are wedged for a distance of R 2 73 cm from the
symmetry axis. The C-clamps are, however, wedged, on the outside, for a distance
of R ^ 160 cm. The function of these provisions is to allow the unwedged part of
the C-clamp (R &; 160 cm) to 'rotate' around an effective hinge, under the effect of
the bracing rings. Thus only a small fraction of the vertical separating force is
'unloaded' onto the central leg.

364

COPPI and IGNITOR PROGRAM GROUP

SCENARIO 1
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To minimize the temperature excursions in the entire magnet system, a gas
helium cooling system that brings the initial temperature of the main coils down to
50 K has been introduced with the option of further decreasing this temperature to
about 30 K. Considering the worst case scenario, where the plasma current is brought
up to 12 MA, the cooling time is estimated, with the system proposed for adoption,
to be about 1V4 h between successive plasma discharges. If, instead, the 10 MA
scenario is considered, a much shorter time interval between discharges is needed.
The plasma chamber consists of 12 segments, each of which includes an
equatorial port made of die-bent 1 cm thick Inconel plates. The front of each segment
fits into the next, a seal welding along the inner edge being executed during assembly.
The vessel is supported by the toroidal magnet structure through the long horizontal
port ducts which allow for enough freedom of deformation under electromagnetic and
thermal loads. Appropriate 'bumps' are provided to avoid excessive dynamic
displacements.

6.

STRUCTURAL ANALYSIS

The structural solutions adopted for the magnet have been guided by the
criterion that all machine components should remain within the elastic regime of the
selected materials (basically Cu OFHC for the coils and SS AISI 304LN for the support structure) under operation up to the highest fields considered. Plastic analyses
and considerations have been connected with fault conditions (including those resulting from manufacturing and assembling tolerances), and the verified ability of the
machine to operate under these conditions is counted upon as an additional safety
factor.
An appropriate axisymmetric code (FORTE) has been employed to evaluate
both the temperatures and the forces created by the current density and magnetic field
distributions as a function of time in all the conducting coils. Another axisymmetric
code (STORM) has been employed to compute the stress distributions resulting from
the 'in plane' (poloidal) loads. An illustration of the results obtained is given in
Fig. 5, where the two-dimensional distribution of the vertical component of the stress
is represented.
The effect of the out-of-plane forces acting on the TF magnet is considered to
be more important in the case where a plasma current is present. In fact, if the plasma
current were to be terminated abruptly, a sharp reduction in the poloidal field currents would occur, leading to a decrease of the out-of-plane forces. An analysis of
the stresses produced by these forces has shown that they are not critical for the
integrity of the structure. The maximum estimated values of the characteristic components of these forces are: F$ « +75 MN (R « 65 cm, z « 64 cm),
F^ « -116 MN (R « 141 cm, z « 78 cm), F 0 * +13 MN (R « 190 cm,
z « 26 cm), where <j> indicates the toroidal direction.
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A complete, independent analysis of the Ignitor-U machine has been completed
recently [10] and has confirmed the conclusions that we have indicated.
The mechanical stability of the vacuum vessel has been verified under normal
operating conditions (effects of atmospheric pressure and induced currents at startup
and ramp-down) as well as for symmetrical and vertical disruptions on the assumption of a current quenching rate of about 0.5 MA-ms"1.

7.

CRYOGENICS

The maximum energy per pulse that is dissipated within the machine under the
most extreme conditions is about 1600 MJ, including 600 MJ of energy deposited by
the fusion reaction products. Of these 550 MJ will be extracted through the LN2 circuit (initial temperature 80 K) and 1050 MJ through a closed gas helium loop.
Helium is compressed at room temperature in a two-stage compressor. The high pressure stream is then cooled in a helium/two-phase LN2 heat exchanger; further
refrigeration takes place in two turboexpanders connected in series.

8.

POWER SUPPLY SYSTEM

The present reference site for Ignitor is the Ispra Joint Research Center; it is
very close to a node of the national 380 kV ENEL grid. Therefore only static power
supplies have been considered. Power from the grid is transformed to the 60 kV level
in the HV substation by means of two 400 kV-A step-down transformers, then distributed through shielded ducts to the matching autotransformers and to the
transformer-convertor units. The latter are made of modular thyristor rectifiers
(basic rating 2 kV and 25 kA) connected in modular sets on a 12 pulse basis. Capacitor banks are provided for series and parallel reactive compensation, as well as for
harmonic suppression. The peak active and reactive power at the high voltage mains
are 900 MW and 450 MVAR, respectively; the maximum voltage distortion is
0.24% (individual harmonic 0.16%). All these values are estimated to be compatible
with the ENEL grid characteristics and requirements.
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Abstract
THEORETICAL MODELS FOR TOKAMAK IGNITION PROJECTIONS.
Theoretical transport models derived from interior drift modes can provide a useful basis for ignition projections when modified to account for the poorly understood edge mechanisms. These projections stimulate re-interpretation and experimental re-examination of commonly used empirical models
and of the theoretical models themselves.

1.

INTRODUCTION

Fusion programs world wide have initiated designs for tokamak
ignition experiments. Accurate confinement projections are essential to
their optimization and success. Generally, such projections have been
based on uncertain extrapolation of empirical scaling for the turbulent
transport. While the theoretical models based on physical mechanisms
for the transport are only partially developed and demonstrated, they
offer an alternative approach. In particular, theoretical models derived
from interior drift mode scaling modified to account for the poorly understood edge mechanisms and normalized to present experiments can
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provide useful guidance on the conditions for ignition. Before outlining
new work detailed in later sections, we provide some background to ongoing efforts to test the most promising theoretical models [1] against
tokamak data. We then call attention to the most critical issues distinguishing projections based on theoretical and commonly used empirical
models [2].
Although the interior drift modes alone cannot account for the
temperature and density profiles, they are generally successful in describing confinement scaling of ohmic discharges. In standard tokamak
notation with simple r oc a2/x estimates, the neo-Alcator scaling of
low density ohmic discharges results from the dissipative trapped electron (DTE) mode (^TB ex e1/2^./*;2 • u./ves) which yields r ^ f
oc na 1 - 0 4 ^ 1 - 7 9 ? 1 1 6 ^- 0 - 3 3 ^ 0 0 . The ion temperature gradient (ITG)
mode causes the high density ohmic confinement time to saturate for
broad density profiles. There is strong supporting evidence for low
density electron and high density ion drift modes from scattering experiments on TEXT [3]. Heating from the high density ohmic regime
gives the collisionless drift wave scaling for the (toroidal) ITG mode.
[^G oc w./fc2 . (LJR • L n /£ T ) 1 / 2 ; K ~ p-1} which yields TEB
ex p - o - S n 0 - 6 / 0 ^ 2 ^ ^ ^ ) - 1 ^ 0 - 8 ^ - 0 - 2 . The result is parametrically
very similar to the empirical Kaye-Goldston (KG) L-mode scaling [2].
However, the favorable q scaling is not observed (r oc / not B) and the
weakly favorable density dependence requires explanation. In addition,
a favorable atomic mass dependence r oc A 1 ' 2 is most pronounced at
high density ohmic, often seen in L—mode discharges, and always seen
in H-mode.
These well-known successes and difficulties [4,5] can be partially
resolved by the addition of edge transport mechanisms which must provide an unfavorable q dependence. In fact, all known edge mechanisms
have unfavorable q dependence. These include electrostatic resistive
interchange or collisional drift modes, semi-colh'sional high-m tearing
modes, and rippling modes. Limiting profiles to be marginally stable
against ideal MHD ballooning (at high q) and perhaps low-m tearing
modes (at moderate q) may also contribute to the unfavorable q dependence of the edge. The general conclusion [5] has remained however
that present models for these mechanisms do not provide more than a
cancellation factor q~0A whereas q~°'a is needed, and even this is often
at the expense of unwanted parametric dependence.
In Section 2, we report new work [6] which attributes favorable A
dependence to the difference in penetration from neutrals recycled at
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the edge. The rippling mode was used to model the edge plasma flow.
The general problem of plasma flow and determination of the density
profile has been re-examined [7]. In particular, the problem of finding
a thermal plasma pinch to force peaked density profiles in the interior
trapped electron region is noted. The H-mode is crucial to most tokamak ignition scenarios. We report briefly on new work [8] to combine
the favorable temperature dependence of the edge and new stabilizing
mechanisms on the ITG modes to account for H-mode improvements.
All these issues have been examined in detail with ID transport models.
Unfortunately, progress can only be considered limited. In Section 3,
we report some details of ignition projections using simplified OD models for transport power losses from interior DTE and ITG drift modes
assuming the edge mechanisms modify their B scalings to (B/q) [9].
The models are normalized to a wide range of ohmic, L - and H-mode
discharges and projected to several proposed ignition machines.
Three issues are of key importance in distinguishing theoretical
model ignition projections from those based directly on the KG empirical model [Eqs. (2) and (3) of Ref. 2] in common use: (1) the temperature dependence underlying neo-Alcator low density ohmic scaling, (2)
the effect of power penetration in determining density scaling, and (3)
the interpretation of tokamak density limits. In contrast to the standard
empirical model which somewhat arbitrarily assumes there is no temperature dependence underlying the neo-Alcator scaling component, the
DTE mode scaling has a very unfavorable scaling r oc nT~7/2. There
is active theoretical investigation by several groups on electromagnetic
transport at very small scales to verify models with x « (c/a'pe)2t;eth/-R<Z
scaling. While we have not treated such models in our ignition projections, they provide an alternative description of neo-Alcator scaling
(when modified by aspect ratio factors) with much more benign dependence r oc nT~rl2. Only new low density rf electron auxiliary heating
experiments will distinguish these models.
While the theoretical models have more pessimistic temperature
dependence, they are much more optimistic than empirical models with
respect to the density scaling of L- and H-mode regimes. ID transport code simulations [5] show that the underlying favorable density
dependence of the ITG collisionless drift scalings (r oc n O - 6 /P 0 ' 6 or
•floss oc nT5!2) is masked by fast ion effects at low density and neutral
beam penetration effects at increasing density. In fact, the net effective confinement is r oc n°-°/Poa in agreement with experiment. New
density scaling experiments with penetration fixed by increasing beam
voltage with density are needed. (The situation with ICRF heating is
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much more complicated.) Ignition projections which ignore power penetration and assume r oc n°'° /P0'5 must imply transport power losses
scaling as P\oss oc n2T2. With adequate penetration, the theoretical
models run to ignition at low temperature and high density to suppress
transport losses in favor of alpha power gains Pa oc n2F(T). Empirical
models can only run to high temperature and require critical confinement parameters to keep transport losses [Pioss/n2) below the maximum
in F(T). They often end in regimes dominated by neo-Alcator scaling
without power degradation. If, indeed, the optimal path to ignition is
at high density, then the operational density limit, is of key importance.
By balancing total power input against model line radiation power loss,
we have found [9] that a quantified formula generalizing the MurakamiHugill result rima* oc (B/Rq)(P/Pon)0'5 describes existing ohmic data
and suggests much higher limits can be achieved with auxiliary heating
(P 3> POH) provided adequate fueling and power penetration. Prom
this discussion, it would seem clear that despite the incompleteness and
inadequacies of present theoretical models, they should stimulate reinterpretation and experimental re-examination of the empirical models
as they are presently used.
2.

EDGE MODELS, PLASMA FLOW
AND H-MODE IMPROVEMENT

Since nearly all known transport mechanisms are thought to have
no scaling or slightly unfavorable scaling with atomic mass, semianalytic calculations have been made to test whether neutral penetrations at the edge can induce the observed favorable mass scaling [6].
The calculations proceed by showing that edge gradient lengths are,
to a good approximation, fixed by the neutral penetration length
An oc T B 1/2 /n a ^ 1/2 : \dinT/dr\ ~ rle\dtnn/dv\ ~ I/A ~ [ijjfa + 1)]
• 1/An. With the gradient specified, a relation between the edge temperature and density, Ta and n a , results by specifying the transport power flow at the edge and the edge diffusivity model. In this
case, the rippling mode diffusion [10] was used: 0.5Z)Rip = x ^
= 7.1[(c/S T )S II (i B /iT)] 4/s (H!r a X2/eJ) 1 /» oc
s-zq2R2{En/B)4/3T-^
n 1 / 3 I,T 4/3 a 2/3 where En = Moop/2 nR = (jfajn)o and s = rdinq/dr.
A second independent relation is obtained by a simple sound speed
limiter flow layer calculation with the rippling mode diffusion determining the layer width. The sound speed Cg oc (Ta/mp-A)1/2 introduces a second source of A dependence. Thus, Ta and n a are determined, given the partition of power to transport at the edge and limiter. The edge recycling layer is matched to the interior at r\. The
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interior temperature profile is determined by integrating the specified
power flow from T\ = Taexp[(a — r>)/A] at r\ to the center, assuming a model for interior diffusion. (The density is fixed by assuming
dtnn = dinT/r/.) r\ is determined by matching interior and edge transport flows: 1 — r\/a oc (X/a)£nC with the transition radius dependent
only logarithmically on plasma parameters in C. The confinement time
is computed and scaled.
With the rippling mode at the edge and the DTE as the interior
mode, the result for ohmic heating after corrections for neoclassical resistivity and sawteeth is 7EOH OC nRa22q05B00A033.
The significant
A dependence results because the neutral mean free path for deuterium
is shorter than for hydrogen, allowing the favorable confinement of the
DTE mode at the cold edge to dominate more of the plasma. The
B dependence is in better agreement with neo-Alcator scaling. The
q dependence of the DTE under ohmic heating (g1'16) is offset by the
unfavorable q dependence of the rippling mode. Unfortunately, the unfavorable R dependence of the rippling mode offsets the favorable R
dependence of the DTE mode to give r oc Ra2 rather than R2a as observed. (This may be a general problem for all resistive fluid turbulence
edge models which have similar q and R dependence.) A similar calculation for the ITG mode in the interior gives a much smaller effect. The
A dependence of the L-mode scaling is only slightly less unfavorable
r oc A"0"1 in place of A~02. The q scaling (at fixed I) changes only
from g0>8 to q0'6 and the power scaling is weakened from p - 0 - 8 to P~0A.
The neutral penetration has a similarly weak effect on the resistive ballooning mode transport scaling, which otherwise corresponds well in I
and lack of n dependence to L-mode scaling.
Understanding the plasmaflow,or more precisely the possibility of
gas fueled peak density profiles, remains a difficult theoretical problem.
Recent ID transport simulations of gas puff fueled TEXT discharges
have treated this problem in detail [7]. The electron heat and plasma
fluxes were written as T = - D(dn/9r)-DT(n/Te)
(8T/&r) + Vn, and
<fe = ~ nXt{dTJdr) - xMdn/dr)
+ VT.nTe, with Qc = q + (5/2)rT e
the energyflowand ad hoc convectiveflowsare lumped with V and Vx.
as needed. The diffusivities D, Z?T, Xe) and x en were obtained from a
quasilinear composite electron drift model similar to that of Horton [11]
with additional turbulence and ion heat flow driven by the ITG mode.
The electronflowresponse results from a division of velocity space into
passing and trapped electrons at low and high energy with appropriate
forms of dissipation in each division. This gives four unified contributions: dissipative (or collisional) drift waves (low energy), collisional or
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universal drift waves (moderate energy passing), and dissipative and
collisionless trapped electron drift waves (moderate to high energy).
Only the passing contributions have a negative Z?x leading to a plasma
pinch. The trapped electrons which dominate the interior have positive
DT- This unfortunately leads to flat density profiles in the center where
edge neutral fueled flow cannot penetrate. Ad hoc inward convection,
V = —(r/a)v0 with v0 ~ 200 cm/sec substantially larger than the Ware
pinch, is needed to account for peaked transient and steady density profiles seen on ohmically heated TEXT. To fit the temperature profiles,
the composite model required the addition of other mechanisms such as
the rippling mode at the edge. These only influence a few centimeters
of edge plasma and the additional (c/u;pe)2 transport was required to
match the edge profiles.
Work is in progress to more accurately describe the transition from
the dissipative to the collisionless trapped electron scaling (x oc £1/2w»/
A;2). Simple models used in the ignition projections assume a sharp
transition at Vfg ~ u;». However, the complete trapped electron velocity space integral or composite model show a gradual transition for
v<& S 10 w* to the collisionless scaling multiplied by a function which
increases then decreases with Ln/R. In these terms the present experiments and ignition projections are in a mixed regime. This has the
implication that the temperature and density scaling of the DTE mode
will be weakened [x 0 ™ oc T^2{T2/n)a where a ~ 1/2 instead of a = 1
is typical].
There has been some limited progress in understanding the improvement in central confinement of the H-mode within the context of
ITG mode scaling of the L-mode. H-modes characteristically have flatter central density profiles than L-modes, i.e., the central 7/i = L n / i x
parameter is larger in the center. However, new theory [8] for the toroidal (curvature driven) ITG mode which includes compressional effects shows that the mode can be stabilized for LT/R > 0.3 even when
T)i > 1. Thus for Ln/R > 0.3, new regions of stability are obtained.
Combined with the increased edge temperature of the H—mode which
weakens 1/LTJ the central confinement can improve although the effect
is not large.
3.

DRIFT WAVE MODEL IGNITION PROJECTIONS

Tokamak ignition projections with 0D models for the DTE and
ITG drift wave transport power losses have been encoded [9]. These
are balanced against other power sinks and sources as well as auxiliary
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TABLE I. ZERO-DIMENSIONAL POWER BALANCE MODEL

c i r B d = 2.85 x 1O-10 V{,^ - 1 ) 5 ( 2 , - 3 / 2 ) ^
c br = 5.34 x l O - 1 1 ^ ^ fl(2fl/2)

2

Pbr = C,t{nf{T,f

FoH = C7oH(Te)-V2

= 2.44X10--!

flM0-ci«,(»)2{r1r1/a

-6.8xio- 8 y-PA = CA(n) (Tc)- ((Tc)-{T\}) <7 A = 3.6 x 10"8 V • Z^4-^(2,-1/2)
2

V = 2*R-

1)

3/2

TTO2«; iiT = 2 K 2 / ( 1 + K 2 ) ; 7 O H = [1 -

ex) = (n-2"*) / <n)'" {T)eT = (1 + a B ) - ( l + a T ) C T (l + enQn
9 = 5 x 10-3{a2B/RI){l
+ « 2 )/2; /3 = Cp (n) (T) with C^ = 8.1 x 10 B- 2 g(l, 1)%.
Units: P (MW), / (MA), B (kG), a (cm), iJ (cm), (T) (keV), (n) (1013 cm" 3 ).

5(ea,

power P o u x in the conventional way to solve for volume average temperattire (T) at given volume average density (n). The profiles are fixed
with n(r) = n(0)(l - r2/a2)a» and T(r) = T(O)(l - r2/a?)aT where
a x = 2/3 (g — 1) with q = 1 on axis. Table I is a self-contained list
of the turbulent transport power losses P t D T B and P t I T G as well as the
neoclassical loss P\ n e o , ohmic heating POH? alpha heating P a , bremsstrahlung Pb r , line radiation Pj ra d, and thermal exchange P A . The form
of P t D T E and P t T G to be fit to data assumes the loss rates scale as x/^ 2
where x 1S a bulk average diffusivity and I is the effective confinement
length t oc aK1/2q~1Pn
. The model for £ assumes an edge mechanism
shrinks the confinement zone with increasing q and accounts for beam
penetration with the factor P n = 1 — / a u x + / a \ix({^i) / fa))1'5 where
faux = Paux/(Paux + POH)- ( ( n i ) is a machine reference density dependent on beam voltage and angle.) This choice leads to the L—mode
confinement scaling r oc /°- 8 n°'° as described in Section 1. No A dependence was included here since most of the fitted data was deuterium.
[For i/eff < w. or (n) (T)~* < 5.1 X 102(aa/a)(a/R)ZeS~1,
DTE scaling
should be replaced by collisionless trapped electron scaling.] The impurity line radiation power Pj ra a was fit to coronal radiation calculations.
F is a complicated function of profiles. At a n = 0.5, a x = 1, F < 1 for
total line radiation, but to avoid double counting transport and edge
radiation power losses, only central radiation with F < 0.3 was used in
the power balance. The other power sources and sinks are standard or
have been cross-checked with independent formulas.
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FIG. 1. Neutral beam heating confinement time data fit with c, = 0.5, 8 = 1 (10) for L (H), and
ce = 2 (or ce = 0.55). (a) and (b): High power database from Kaye [2] (ISX-B, DITE, Dill, ASDEX,
PDX, PLT, TFTR), compare drift wave (DW) and KG models, (c) and (d): L- and H-mode data from
DIII-D and JET; lines from code.

The confinement time r B (msec) = c,- (n) (Te) //"input [where Cr
= 1.6 x 10~ 6 V • 3/2 • (1 + (Ti) / (Te)] • 0(1,1)] was fitted to the data to
determine the DTE and ITG coefficients c e and q. 6 is the threshold
factor for ITG modes chosen to be 0 for very peaked density profiles,
1 for L-mode, or 0.1 for H-mode. Since r^G oc (0Cj)~o>4, this corresponds to an H-mode improvement h = T^/T1' = 2.5. Figure 1 shows
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a best fit Ci = 0.5 to the L-mode high power NBI data base [2] and
some example power scans from Dili—D and JET for L— and H—mode
compared to the KG model. The auxiliary heating data is generally
insensitive to the DTE coefficient ce and it was obtained with fits to
low density ohmic shots from ISX-A, Dili, and TFTR, as well as JET.
Since r 0 ^ oc (ceog)- 0 " 4 ^^ 5 8 , cc = 0.55 with 7 OH = 2.5 and ce = 2
with 70H = 1 are equivalent fits. The former more optimistic fit is supported by low density TFTR and JET data. The clear conclusion from
fitting the data is that theoretical models are not better or worse than
standard (KG) empirical models. In particular, all scaling laws seem to
have a data scatter factor / = r E X P /T m o d d with 1/V2 <f<</2. We
now show how this uncertainty translates into considerable uncertainty
on projection to ignition.
The approach to ignition can be characterized by the location
of the separatrix in the auxiliary power contours in the temperaturedensity plane (T) m and (n)m which also gives the minimum required
auxiliary power P m . Points immediately interior to the separatrix are
thermally unstable up to and including much of the ignition curve defined by the power balance at the zero auxiliary power contour. We
can formally define an ignition figure of merit 5 M = /?MHD/Ag > 1 by
requiring that the minimum beta on the ignition curve, /?ig, be less than
the MHD critical beta/3MHD = 17.5%-(cMHD/3.5)(<z/i2?)(l+/c2)/2. We
have chosen the Troyon coefficient CMHE, = 3.5. Alternatively, the maximum Q = Pfus/(P&ux+Pon) on the @MHD curve is QM = 5FM/(1—where for the drift wave models J?M = (-BM)5^6 (QM = co at FM
= 1). The Q value at the power separatrix Qm = 9 is large for drift
wave models making it a useful subignition operating point. Thus,
Bm = PwHDlPm = 1 . 6 5 5 M > 1 is a minimal ignition requirement.
Simple analytic formulas for ignition parameters result when DTE or
ITG modes dominate: defining (Tc> = (C b r/C a ) 2/5 ; {T)™ = <Te>,
= (9/5 • .CL) 1 " CZ1/2 <TC)3'4, P £ T E = C te (Tcf2 with
0A42fiMHDC^Cre1/2C1J2 <TC)-7/4; or {T)^ G = 1.38 (Tc>,
<n>™° = 1.54 ( C V ^ C - 1 (Te)- 1 ' 2 , P™ = 3.44 ( C t i ^ ) ^ " 1 <TC>2 with
B$a = 0.585/?MHDC7lc't71Ca (T c )~ 1/2 . Combined algebraic formulas
for P m , (n) m , and (T) m are possible, but here we only note
that BM* ~ (JBgJ™)-1 + (5M 1 " 3 )- 1 . The most important parametric variations at fixed q, K, and a/R are ( P ^ ) " 1 oc
f^(7^)1AaB2
with B&™ oc &£(7OH)°-7a253, and ( P ^ 0 ) " 1 « . / » « h* a3 B* with
B{JG OC / ^ A 2 - 5 a 3 5 4 . It should be clear that the ignition parameters
are strongly dependent on size and field. Typically, the DTE and ITG
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TABLE n. H-MODE IGNITION PROJECTIONS FOR SOME MACHINES
UNDER DISCUSSION(a)

CIT
CIT 0

a

R

B

I

56

210

120

9

K

55 175 100 9
42 115 133 12

IGNITOR
IGNITEX

47 150 202 11

ITER

200 600

9

(MW)

2
2

2.5 21.9
2.4 44.2

80.3
115.

2.48
1.47

2.11
1.14

0.62

1.8

1.8

147.

2.03

2.82

1.33<b>

2.4

3.5

1.57

14.0

1.6 2.4 -2.4<<>

50 17.3 2

1.15

83.6

2.5 25.3

14.8

WZ e f f = 1.5, / d t = 0.85, A = 2.5, c e = 0.55 ( 7 O H = 2.5), and qfl = 0.5.

<b>.BM = 0.80 for / = 9 MA, q = 2.4.
^Olunic ignition with H-mode Bm = 5.0.

2x10 1 5 Cm"3
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2 3

4
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("!") (keV)

FIG. 2. H-mode ignition projection for redesigned CIT (a = 56 cm, R = 210 cm, B = 120 kG,
K = 2, I = 9 MA, q ~ 2.5). (a) Drift wave model; triangles indicate the radiation density limits,
(b) Goldston empirical model with h = 2.5 and (A/1.5)0'5 improvements.

contributions to the figure of merit BM are comparable for H—mode
projections. Most importantly, the h — 2.5 H—mode factor gives a
(2.5)5 = 100 fold improvement in (P™0)'1 and (2.5) 2S = 10 fold
improvement in -BjJG. This means that L-mode ignition requires a
machine 40% larger in both size and field than H-mode ignition and a
corresponding 10 fold increase in Pm. Clearly, the ITG mode controls
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the path to ignition. It should also be clear that the data scatter factors
/ translate into a factor {y/2)2'5 = 2.3 larger or smaller value of BM
when ITG dominates.
To give concrete examples, Table II summarizes the H-mode ignition interior for several machine designs under discussion. As illustrated
in Fig. 2, the ignition points are well above ohmic density limits, but
easily within limits set by balancing total power against total line radiation (Zttf = 1.5 low Z elements). Ignition points are at higher density
and lower temperatures than empirical models. L-mode ignition with
standard broad density profiles is not possible with these machines.
However, ignition with improved L-mode having very peaked density
profiles is possible with extra power (Pm = 33, 41, 1.2, 58 MW and
BM = 1.2, 0.93, 2.8, 1.1 for CIT, IGNITOR, IGNITEX, and ITER at
an = 1.5). Although DTE is worse, fusion gains are larger and, most
importantly, the ITG is assumed to be inoperative.
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Abstract
THE RESULTS OF THE INTERNATIONAL "LARGE COIL TASK", A MILESTONE FOR
SUPERCONDUCTING MAGNETS IN FUSION POWER.
The aim of the Large Coil Task (LCT) was to demonstrate the reliable operation of large superconducting TF coils and to prove the design principles and fabrication techniques to be applied for the
magnets in a tokamak experimental power reactor. This has been achieved by an outstanding international development effort during more than ten years of cooperation within an IEA agreement. Parties
were the U.S. DOE, EURATOM, JAERI and the Swiss government. Six different D-shaped test coils
were separately designed, developed and constructed by the LCT participants, then extensively tested
together in a compact toroidal array. The ORNL acted for DOE as the LCT Operating Agent, building
and operating the required test facility. The U.S. also provided three test coils; the other three participants one coil each. Detailed information on coil design and manufacture and all test data were shared
among the LCT participants. After facility shakedown operations and preliminary coil tests, the full sixcoil array tests were carried out in a continuous period from the beginning of 1986 until September 1987.
Besides the originally planned tests to reach an 8 T design point performance, the tests went well beyond
this goal, reaching 9 T peak field in each coil. The experiments also delineated limits of operability and
demonstrated the coil safety under abnormal conditions. For fusion application the transient a.c. field
behaviour in the coils was also of great interest. Three of the coils have been tested in this respect, also,
and showed excellent performance, with loss values in agreement with the theoretical predictions. At
the time of ITER activities, it might also be worthwhile to mention that LCT demonstrated an effective
multinational collaboration in an advanced technology project, involving large scale hardware produced
in several countries then assembled and operated as a tightly integrated system.
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1.

LCT TEAM
INTRODUCTION

A multinational program of cooperative research, development, demonstrations, and exchanges of information on superconducting magnets for fusion was
initiated in 1977 under an IEA agreement. The first major step in the development of
TF magnets was called the Large Coil Task. Participants in LCT were the U.S. DOE,
EURATOM, JAERI, and the Departement Federal de l'lnterieur of Switzerland.
Under various arrangements in the different countries, the LCT team of each participant included a government laboratory and industrial partners or contractors, as
shown in Fig. 1.
The goals of LCT were to obtain experimental data, to demonstrate reliable
operation of large superconducting coils, and to prove design principles and fabrication techniques being considered for the toroidal magnets of thermonuclear reactors.
These goals were to be accomplished through coordinated but largely independent
design, development, and construction of six test coils, followed by collaborative testing in a compact toroidal test array at fields of 8 T and higher. To ensure compatibility while encouraging originality, LCT participants adopted coil specifications that
defined performance requirements and certain critical dimensions but left choices of
conductor, winding, and structural and thermal design to each design team. Specifications of the test facility that had to be constructed included provision of the
services required for each coil; among these, the helium coolant and the diagnostic
signal conditioning were particularly critical. Specification of the scope of the test
program received extensive discussion before final agreement among the LCT
participants. The sequence of tests and the procedures for each test were also
discussed and agreed upon at appropriate levels of the management structure that
was worked out early in the implementation of the LCT.
To make readily available to potential users the LCT results and experiences,
documented in great details, an extensive report is being issued [1]. This paper
concentrates on the most important results in respect to tokamak operation aspects.
2.

COIL DESIGN SPECIFICATIONS AND PRINCIPLES

2.1.

Specifications

Basic requirements that had to be incorporated in the coil technical specifications were as follows:
The coils must be large enough to allow confident extrapolation in all regards
to full-size reactor coils but, in the interest of economy, no larger than required by this criterion.
The current rating, size, configuration, and manufacturing processes of the
composite conductors must be, as nearly as practicable, suitable for reactor
use.
Fabrication techniques and quality assurance practices must be directly
applicable to reactor coils.
Instrumentation must go beyond the usual control and protection requirements to provide ample diagnostic information to allow thorough analysis and
understanding of conductor and coil behavior.
Coils must be amenable to transportation from the place of fabrication to the
test facility without resultant damage.
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LCT TEAM

The chosen test arrangement was a compact toroidal array of six coils. This
provided an appropriate toroidal field distribution and enabled the simultaneous
experimental operation of all six coils under conditions that provided most useful
information. A single large vessel surrounding the entire test array was used to
provide the vacuum necessary for cryogenic operation.
Consideration of the various factors affecting the optimal size of the test coils
led to bore dimensions of around 3,5 x 2,5 m 2 , roughly one-third the size of envisioned
reactor TF coils. The conductor current rating and the ampere turns per coil were
chosen much closer to those of reactor coils.
The specifications required that each test coil be designed to operate at a peak
toroidal field in the horizontal midplane of the winding of 8.0 T with reasonable
superconductor performance margins. This criterion reflected the consensus of magnet technologists in 1976 that the practical limit for NbTi conductors cooled with
helium at 4.2 K was around 8 T. Because of concern that some of the six coils might
prove incapable of meeting this criterion, the specifications also required that each
coil be designed to produce this field strength when operating at its rated current if
there were five other identical coils in the array, each operating at 80 % of rated
current.
The specifications required that, at the nominal design conditions (8 T-field,
rated current), the calculated stresses in the structure not exceed two-thirds of the
yield strength (at 4.2 K) of the chosen material. However, in consideration of the
objective of exploring the limits of superconductor capabilities actually achieved by
each team and the expectation that for some coils these would be well beyond the
nominal design point, the specifications required that coil structure be able to withstand certain "extended-condition" operations without exceeding the yield point of
the structural material.
With regard to stability, each design team was required to define upper
bounds on the effects of credible events and, insofar as was reasonable by theoretical
analysis, to show beyond doubt that its coil would be stable against such effects.
The test coils were required to operate with tolerable a.c. losses while being
subjected to a prescribed cyclical poloidal field. The magnitude and temporal variations of the superimposed pulsed field to be used in coil design were chosen to be representative of 1976 tokamak concepts. The specified magnitude of the field perpendicular to the test coil conductor was 0.14 T, and parallel to the conductor, 0.1 T.
Tests with an asymmetric pulsed field with local field values twice as great also had
to be accommodated. This field was to be ramped up in 1.0 s, held steady for 30 s, and
then ramped down in 1.0 s. Cycle time was to be 150 s.
The original specifications also required the coils to be capable of sustained
operation while being subjected to prescribed internal heating, simulating nuclear
heating, produced by heaters embedded in the winding.
Maximum dump voltage (limited by the facility design) was set at 2.5 kV. Coil
designers were required to keep temperatures during a quench or dump low enough
to prevent permanent damage or degradation of performance from excursions to the
chosen limit.

2.2.

Coil characteristics

To encourage exploration of the various design options, the specifications intentionally allowed each design team as much freedom of choice as possible consistent with the foregoing considerations. As it turned out, the principal options were
indeed represented among the six coils.
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All design teams accepted the judgement that the requirement of 8.0 T at the
winding could be achieved by using a NbTi superconductor cooled with helium at 3.8
- 4.2 K. Not surprisingly, each team chose to use this material rather than the potentially more capable but definitely more difficult Nb3Sn. However, in its proposal to
DOE, the WH/Airco (WH - Westinghouse) team had stressed that either material
could be used in its cable-in-conduit type conductor. To explore the problems of
NbsSn conductor and winding, DOE therefore directed the WH/Airco team to use
this material and to proceed with the necessary additional development required for
commercial production.
With regard to the mode of helium cooling, the teams were evenly divided,
with three choosing pool boiling (PB) cooling and three choosing forced flow (FF).
LCT coil teams settled on a variety of manufacturing and assembly methods. The
winding packs of the EU (Euratom) and CH (Swiss) coils, made of the fiberglasswrapped, internally cooled conductors, were impregnated en bloc with epoxy resin.
The EU winding was potted in a mold, after which it was inserted in the coil case,
and bladders were injected with epoxy to fill the clearance space. The CH winding
was fitted with filler in its case, vacuum impregnated with epoxy, pressurized and
cured at elevated temperature. The JA (Japanese) coil winding, with passages
among the conductors for PB cooling, was compressed in the final stages of assembly.
The inner and outer rings were shrink-fitted; then, the side plates were forced into
place with jacks and bolts. The GD (General Dynamics) winding was placed in the
case, and polyurethane was injected between the case and a membrane around the
winding to fill the clearance. For the GE/OR (General Electric/ORNL) coil, insulating shims were inserted between winding and coil case. Unlike the other five coils,
which used external structure, the WH coil used aluminium alloy plates bolted
together. The conductor for the WH coil was heat-treated to form NbsSn and then
bent to the contours of the coil, wrapped with insulation, and fitted into grooves in
the plates.
2.3.

Conductors

The various configurations of conductors in the six LCT coils fall into two
groups: the PB-cooled conductors and the FF-cooled conductors. The constraints for
stability, a.c. losses, mechanical strength, fabricability of the conductor always lead
to a compromise solution for the conductor design. Depending on the priority given to
these different items, the design teams ended up with quite different solution for the
conductor, offering extensive possibilities for comparisons during the experimental
operation. Later conductor designs, e. g. for INTOR and even now for NET, FER and
ITER.became already to a certain extent extrapolations from different LCT conductor designs, based on the experiences there.
While the GE/OR conductor design was not intended to be extrapolable concerning small a.c. losses, the GD and JAERI design represent a reliable solution for
pool boiling conductors with unconditional stability and acceptable a.c. losses. Concerning the forced flow conductors, the CH conductor was designed for highest current density and small a.c. losses, thereby limiting stability to credible disturbances
originated in the coil, while the EU conductor tried to provide an equal compromise
concerning stability, a.c. losses, current density and mechanical strength. The configuration of the WH conductor presented the only practical solution at that time for
, in advanced stage, is also a prime candidate for future large systems, too.
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SURVEY ON THE TESTS PERFORMED

The six coil test program was accomplished over a period of two years and
successfully completed in September 1987. Basically, following type of tests have
been performed:
Single-coil tests with each of the coils;
Full-array tests without pulsed field,
- up to the design point (8 T) and
- up to the highest achievable current and field values ( 2 9 T);
Tests with pulsed poloidal field and tests with nuclear heat simulation;
Tests with extreme out-of-plane loads (one of the six coils not energized);
Coil safety tests.
3.1.

Single-coil tests

The first tests of each coil were essentially single-coil tests. Each coil was
energized to its rated current first and ran stably for several hours there. In extended
tests, all coils achieved at least 120 % of their rated current, up to a highest level of
140 % (EU-coil), in which case a self-field of 9 T in the peak, field region was created.
In stability measurements fully cryostable operation was demonstrated in all PB
coils at high-energy disturbances (360 to 1350 mJ/cm3). For the GD and JA coils,
unconditional recovery was also observed. The energy margin measured for the adiabatically stabilized CH conductor is sufficient to cope with disturbances ordinarilly
encounted. The operation limits were determined for the EU coil by measuring the
current-sharing temperature. Further "take-off curves were obtained for this coil at
different current levels, and these curves agreed fairly well with measurements of
short samples of the conductor strands. The WH coil had extremely high stability
against sudden disturbances (~ 1 to 2 J/cm3) but exhibited a broad resistive transition
that caused it to develop perceptible voltage before reaching the rated current.
The single coil operation represents a very unusual and severe mechanical
load case. Of course, all coils have been analysed concerning their actual strain and
displacement data for this load case in comparison to the finite element calculations
carried out in the design work.
3.2.

Full-array tests without pulsed field

The most prominent objective of the LCT was the testing and demonstration of
the operability of each coil at its design point (i. e., rated current and a magnetic field
of 8 T at the specified location in the winding). Results of the series of design-point
tests were gratifying, as each of the coils reached the 8 T-design point without
quenching or otherwise encountering a limiting condition within the test coil.
Following the successful achievement of this objective, extended-condition tests were
performed to determine the highest field/current that could be attained.
In each of the 8 T-design point tests, when the test coil was at rated current,
the other coils were typically operating at 70 % to 90 % of their rated currents to
provide the desired background field. Typically, in the first approach to full field,
currents in all six coils were stepped up to the specified values over a period of 2 to
4 h, while extensive data were collected and examined. Currents were then ramped
down over a period of an hour or so.
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FIG. 2. Recovery of a normal zone at the 8 T design point in the JA coil.

Among the interesting observations during the initial 8 T-design-point tests
were strains in the conductor and structure, acoustic emissions from the coils (indicative of slight movements under the changing loads), and displacement of the winding pack relative to the coil case in those coils equipped for these measurements.
Various experiments were performed while the coils were at highfieldand
current. For example, stability tests on the three PB-cooled coils (GD, GE, and JA)
proved their abilities to recover from large normal zones (produced by heaters
embedded in their windings) while operating at rated field and current. Figure 2
shows the recovery of a normal zone in the JA coil.
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TABLE I. CONDITIONS REACHED IN HIGH FIELD TORUS TESTS OF
EACH COIL

Test coil

GE

GD

JA

CHa

EU

WHb

112
114
107
110
100
Operating
109
current (%)
11447 10 230 10 958 14 303 13 000 19 827
Operating
current (A)
94
87
91
97
94
99
Average current in background coil
(%)
8.6
8.9
9.0
8.9
8.8
9.0
Peak toroidal
field at midplane, Bref (T)
8.9
9.1
9.1
9.0
9.0
9.2
Maximum
field (T)
829
788
858
630
858
Stored energy 827
(MJ)
Maximum
strain (ue)

Conductor
Coil case
Maximum
relative displacement
(mm)
Inner ring c
Outer ring d
Side plate e
Centering
force, FX(MN)
a

1900
1600

2 400
520

350

950

1.4

--

2.5
0.2
0.3

—

39

52

49

1700
1000

1800
350

3.1
1.0
1.2

1.0
1.0

0.5

51

50

51

These are values when current ramp was stopped. Before the system finished
drifting upward, the test ended in a quench.
b
The test ended in a quench.
c Maximum relative displacement between the winding and the inner ring.
d
Maximum relative displacement between the winding and the outer ring,
e Maximum relative displacement between the winding and the side plate.
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FIG. 3. Fields (at reference point), currents, and forces in six-coil tests.

During all the tests, the WH coil developed detectable resistance whenever its
current reached about half of the rated 18 kA. This was unexpected, as it indicated
that the NbsSn superconductor was not performing nearly as well as had been predicted on the basis of short-sample tests. Otherwise, the tests of all coils at design
field indicated quite satisfactory performance.
The purpose of high-field torus tests was to achieve the highest field for each
test coil. In these tests, the test coil was energized beyond the design current, and the
other five coils were operated as background coils at about 90 % of the design current. All six coils achieved the maximum field of about 9 T. A survey of the impressive data is given in Table I.
The last test of this program was called the "maximum-field torus test". All
six coils reached the planned maximum field of 9 T. A total stored energy of 944 MJ
in the torus was achieved, the highest reached in any test, and the test was terminated at this level by the dump of the torus caused by resistive heating of the WH coil
and a subsequent quench.
How far the coils went beyond the specified rated values is summarized in
Fig. 3. As an important parameter, the force level in respect to the design point
values is used to demonstrate the safe performance capability of the magnets. In all
experiments the strains were carefully observed by the instrumentation of the coils.
Detailed evaluation of strains in winding and case provided information on force
transmission.
3.3.

Pulsed poloidal field tests

Exposure of the conductor to poloidal field transients is a typical load on a
superconducting TF magnet in a tokamak. The experimental simulation of poloidal
field transients was done by using a pair of pulsed solenoids in the LCT coil bore
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movable to each coil to be tested. The duty cycle of the pulsed field was chosen according to recent fusion reactor designs as mentioned in section 2.1. All conductors used
in the LCT coils were designed to operate economically under these conditions. The
different conductor designs provided a variety of arrangements of stabilizer copper
and strengthening materials.
For all coils investigated (CH, EU, JA), losses were measured for the single
coil and the toroidal configuration. Tests on the US-coils had to be cancelled after the
pulse coil driving mechanism was damaged.
The measured a.c. losses in the winding demonstrated a good agreement with
the estimations for the real field distributions and real conductor properties. Techniques for generating sufficient transverse resistivity in cabled conductors were successfully applied. The measured a.c. losses of the three coils lie between — 13 W (CH,
JA) and ~ 21 W (EU). The a.c. losses of the case were about twice as much as the lowest
winding losses. This may have significant impact on future coil designs. Simple formulas do not have sufficient accuracy for loss estimations of this complicated structure distribution. Suitable computer codes delivered better results.

REAR (JA)

FRONT (EU)

20
30
40
TIME (min)

50

FIG. 4. The strain measured in the CH coil while 15 pulses were released at the highest pulse field
in the full-array configuration. The two symmetrically arranged gauges were located on the side plates
of the case at the lower apex of the coil.
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The a.c. losses must be considered in relation to other sources of heat like
static and nuclear heating losses, which can be a hundred times larger. Therefore,
economic considerations in the manufacture of conductors will probably have more
impact on the conductor configuration than would minimizing a.c. losses with existing technologies. Heat transfer capabilities and temperature margins needed for
stability exceed by about 1000 times the heat transfer capabilities needed for ac loss
removal. Thus far, sufficient margin exists for removal of increasing thermal losses.
Operation of the pulse coil loaded the LCT coils with torque moments of
(3 - 4) x 106 N-m in extended-condition operation. Strain and displacement
measurements could be performed only during the flattop of the pulse. Figure 4
shows e. g. the measured strain pulses in a heavily loaded zone for the CH coil.
The increasing centering forces of the toroidal configuration demonstrated a
stiffening effect so that the impacts of the pulsed forces were reduced from those of
single-coil operation. This can mean less wear and tear on winding and structural
parts.

3.4.

Nuclear heat simulation

The nuclear radiation originating in the plasma is the main source of heat
load in the TF coils of a fusion reactor. The 14-MeV neutrons and the gamma rays
that impinge on the inner surface of the TF coils create a heat load that reduces the
temperature margin of the superconductor. Tests have been carried out, which model
the real situation by using heaters attached to the conductors of the PB coils or
embedded in the compact winding of the FF-cooled CH coil. Because of the unforeseen resistive behavior of the WH coil, its test results may also be interpreted as
simulated nuclear heat load. The heat load impinging on the superconducting
magnets of a fusion reactor is strongly dependent on the machine design. Recent US
design studies assume a nuclear power density of 10 to 50 mW/cm3 as the peak load.
The FER project in Japan envisages a somewhat lower peak value for the power
density of 1.0 mW/cm3. The specified nuclear heat load of 500 W for each TF coil of
the NET design corresponds to an average power density of 0.057 mW/cm3.
All three PB coils successfully carried a somewhat higher simulated nuclear
heat load than the peak load required in any of the mentioned design studies (up to
about 100 mW/cm3). Although the details of the experimental heat source did not
precisely represent nuclear heat load distribution, the results give confidence that
the PB coil will withstand very high nuclear heat loads.
In the single coil tests, a heating power of 259 W was applied to the CH coil
corresponding to an average power density of 0.12 mW7cm3 in its winding volume of
2.13 m3. This power density is twice as large as the value specified for each TF coil of
the NET design. The maximum heat load of 750 W reported for the WH coil, if
prorated uniformly over the interior cable volume of 1.3 m3, corresponds to a heating
power of 0.58 mW/cm3. The average power in the low-field cooling path that quenched was undoubtedly higher, but the value is unknown. In the full array tests heating
powers up to about half of these values were applied.
These results should alleviate one of the principal concerns of the plasma
physicists.
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TABLE II. MAXIMUM STRAINS AND RELATIVE WINDING DISPLACEMENTS IN THE OUT-OF-PLANE LOAD TESTS

EU

WH

800

720
600

2.7c

—

GE

GD

JA

CH

1400
3 300

700
600

1620
1700

--

Inner ring a
Outer ring d
Side plate e

3.2
1.0
1.0

0.3b
0.6
0.4

1.1

—

Maximum
test coil current, I (A)

9 810

6 727

Peak toroidal
field at midplane, Bref(T)

6.9

5.0

7.3

6.7

7.2

5.1

Centering
force, FX(MN)

26.7

14.0

31.1

21.0

31.5

22.0

Out-of-plane
force, Fy(MN)

-22.9

10.6

25.5

18.7

-26.6

-16.8

Test coil
Maximum
strain (yx)
Conductor
Coil case
Maximum
relative displacement
(mm)

0.4

0.6

9 871 11632 10 943 12 314

a Maximum relative displacement between the winding and the inner ring.
b
The sensor that indicated the maximum value in the Standard-1 test was not
operating.
« This value seemed to be the upper limit of measuring range of the sensor. It
was reached at 9,000 A and was constant farther on.
<* Maximum relative displacement between the winding and the outer ring.
e
Maximum relative displacement between the winding and the side plate.
3.5.

Tests with extreme out-of-plane loads and coil safety tests

3.5.1. Out-of-plane load tests
One coil without current is an assumed failure mode in the toroidal configuration. In this mode, the two coils next to the coil without current are loaded with large
out-of-plane forces. The LCT coils were designed to withstand these forces, however
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FIG. 5. Current decay and dynamic out-of-plane load of each coil during dump of the torus in the maximum field torus test (944 MJ).
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FIG. 6. Current and flow rate during the final loss-of-flow experiment of the EU coil.

design stresses equal to yield were allowed by the coil specifications. The goals of this
test were to demonstrate that the coils could sustain such large out-of-plane forces
and to observe the mechanical behaviors of the coils and the facility.
The mechanical behavior of the coils and the facility was different from the
other tests because the magnetic load acting on the test coils had a large out-of-plane
component in addition to the large in-plane component. Therefore, in these tests,
strain sensors not only on the coil but also on the supporting structure were carefully
observed. Maximum measured strains and displacements of each coil at the maximum out-of-plane forces are listed in Table II.
All coils sustained the large out-of-plane load of more than 10 MN. No coil degradation or permanent deflections were noted after these tests. As confirmed by the
inspection after warmup and the measurement of the strain of the supporting structure, some backlash was observed in the torus structure including the coils.
3.5.2. Fast dump behavior from full energy
In several full-array tests data were taken on purpose up to the limits of the
superconducting state of the conductor. Thus, high energy dumps of the system had
to be accepted and occurred a few times. The facility and the coils were able to
sustain such dumps without any damage. The dump from highest energy occurred
when the 9.0 T-final torus test was terminated. As the currents reached their target
values, a quench in the WH coil happened, caused by the inability of the refrigeration system to maintain temperatures as the load from the WH coil increased while
keeping pressure down in the PB coils. Figure 5 shows the current decay and out-ofplane loads during this dump from 944 MJ, the largest energy stored in the torus
during any test. In all dumps the energy dissipated in the torus structure at 4 K was
in between 3,4 -=- 12,1 % of the total energy only, depending on the operation
parameters.
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3.5.3. Coil safety tests
Several significant questions facing designers of coil protection systems were investigated in experiments with three LCT coils.
One set of questions involved temperatures (and consequent thermal stresses)
that would be reached in windings if a normal zone should occur and become quite
large before the coil current could be dumped. In experiments with the GE/OR and
WH coils, the automatic dump was delayed, allowing propagating normal zones
initiated by internal heaters to grow. With the EU coil, quenches were initiated at
the helium inlet, and hot-spot temperatures were inferred from the temperature of
expelled helium. Results showed that the adiabatic approximations in general use
for choosing thresholds and delay times in coil protection systems were quite conservative for the three different LCT coils tested.
Other experiments investigated the behavior of FF coils in occurrences involving drastic reduction or complete stoppage of coolant flow with the coils at high
current. (Interruption of LHe supply to the PB coils for periods up to an hour had
already been shown to be inconsequential.) Both the EU coil and the CH coil proved
capable of continuing high-current operation indefinitely with flow rates much lower
than were previously requested by their owners to ensure stable operation. In a
series of tests with the EU coil, flow was completely stopped for varying periods of
time before being restarted. Finally, flow was stopped and kept stopped while the coil
current was held at its rated value for 10 min and then slowly run down to zero over
the next 50 min (Fig. 6). No evidence of a normal zone or other undesirable effect was
observed.
These tests showed that interruptions of refrigeration system operation could
be accommodated without requiring rapid control action to prevent damage to the
superconducting magnet coils.
4.

INTERNATIONAL COLLABORATION

The LCT has been productive, not only of technical information about the coils
and facility but also of valuable experience in the promotion of international collaboration in fusion technology development. The LCT was a good project with which
to begin this kind of collaboration because its participants were motivated by similar
interests in magnet development and because their specific objectives in the LCT coil
tests overlapped to a large extent. This simplified the initial agreement on the test
program and helped sustain harmonious progress. Nevertheless, the circumstances
and interests of participants were different enough to require the development of
understanding and skills in international management.
Control of the LCT was vested in the Executive Committee, which consisted of
one high-level scientist/administrator from each of the four LCT participants. Each
Committee member in turn designated a Project Officer to represent the participant
in technical planning and guidance of the LCT. The Committee, with assistance from
the Project Officers, prepared and issued a document that formally established goals
and the broad outline of the test program. A more-detailed plan for implementation
of the test program was developed by the Project Officers through extensive interaction among scientists and engineers of all participants in decisions on mandatory
coil specifications, definition of facility equipment and special equipment to be provided by each participant, and detailed planning of experiments.
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A vital element of the LCT was the active participation of long-term, on-site
representatives at Oak Ridge in the day-to-day implementation of the test program.
Assignments began in 1979 and continued into 1988. The number of non-U.S. personnel stationed at the test facility averaged six at any time, with length of assignments typically ranging from one month to two years. Each participant was represented on a local committee that met at least weekly to review progress and decide
near-term plans. There was complete integration of all participants in the coil testing and analysis activities but not in the facility operation, which was performed by
specially trained crews of ORNL personnel.
At the conclusion of the test program, coils belonging to Japan, EURATOM,
and Switzerland were returned to the country of origin. The final act of the collaboration in LCT was the evaluation of results, agreement on conclusions most relevant to future magnets for fusion programs, and joint preparation of a summary
report [1].
5.

CONCLUSIONS

All critical objectives identified at the outset of the LCT were accomplished.
The limits of coil operability were explored and found to be greater than design
points by substantial margins, thereby data from the coil tests were of high quality
and of unprecedented depth, enabling conclusions as to feasible and optimal designs
of toroidal magnets for tokamaks. Confidence in considering superconducting
magnets for future machines can be much higher now.
The capabilities developed and the information obtained in the course of
designing, building and testing coils in LCT will be invaluable to those who will be
doing the same work for future fusion devices.
Effective collaboration in the LCT, involving as it did the integration of largescale, advanced-technology components that were cooperatively designed and
produced in several countries, presages success in larger such ventures.
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Abstract
H " / D " ION SOURCES FOR NEUTRAL BEAM INJECTION IN LARGE TOKAMAKS.
Current drive and heating by use of neutral D° beams in large tokamaks such as NET or ITER
require beam energies of the order 1 MeV to achieve adequate penetration. The electrical efficiency of
the injector can be high (~0.5) if the primary beam is formed from D " ions. A multiple source injector design based on the use of D~ ion beams is described, together with extraction experiments on a
large area D~ source suitable for a prototype injector.

1.

INTRODUCTION

Current drive and plasma heating leading to steady state operation in large tokamaks such as ITER or NET have now been identified as major requirements for
fusion research. Recent work by Ehst et al. [1] has shown that neutral beams can
drive a current in the plasma core and the optimum energy in the case of ITER would
be about 1 MeV for tangential injection. This avoids beam shinethrough and has a
good current drive efficiency.
We discuss in this paper the conceptual design of such an injector, based on the
acceleration of D~ ions, to give a high overall electrical efficiency. This is followed
by a description of the experimental programme which supports this design.

2.

CONCEPTUAL INJECTOR DESIGN

The high conversion efficiency of D~ ions to D° in a gas cell (56%) which
rises to 84% in a plasma cell gives a high overall electrical efficiency. Allowing for
transmission losses, we would need a total D~ beam power of 240 MW at 1 MeV
energy to give 110 MW of D° into the torus which could drive a plasma current of
several megamperes in ITER. This would rise to 170 MW D° with a plasma
neutralizer.
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The conceptual design is based on three beamlines. Each beamline consists
of eight source modules, in two rows of four, each of which delivers 10 MW
(i.e. 10 A at 1 MeV) in 120 separate beamlets (Fig. 1). Each source is a fully
independent unit with its own power supply, pumps, beam dump and gate valve; it
is capable of operating independently of the other sources.
The neutron flux is attenuated by the long beamlines and external shielding
walls. Further shielding is obtained by the presence of the water cooled neutralizer
gas cell which is subdivided into 120 tubes for each source, one for each beamlet.
The combination of ducts, walls and neutralizer attenuates the directed neutron flux
by 107 relative to that emerging from the plasma.
2.1. The ion source
The D " ions are produced in a volume discharge ion source [2]. The D" ion
beam is extracted through 60 apertures of 24 mm diameter in each of the two plasma
sources on the high voltage accelerator column shown in Fig. 2. The D " current
density need only be 19 mA-cm"2 to obtain the required beam current of 10 A. This
is a conservative value of current density to allow a gas pressure of less than 10 mtorr
in the source. This gas is pumped away through the accelerator, shown in Fig. 2,
which has a high sideways gas conductance to reduce the gas target. At a pressure
of 10 mtorr the beam ion flux that is lost is 40% through one- and two-electron stripping on gas molecules, but this only corresponds to a loss in power efficiency of 1 %
as these ions are lost at ~ 20 keV energy and the electrons produced by stripping are
collected at this energy.
The accelerator ion trajectories have been calculated by using the AXCEL code
for beam energies from 500 keV to 1 MeV. The beam can be collimated by adjustment of the first gap potential. The final divergence of less than 2 mrad agrees with
extrapolation from data at 80 keV H~, scaling inversely with the square root of
energy.
2.2. The neutralizer and beam dump
The low beam divergence allows the gas neutralizer to be subdivided so
that each beamlet is neutralized and dumped in a separate tube. For a tube of
40 mm diameter and 3 m length, the beam transmission through the neutralizer
is 86%, even allowing for a high divergence halo. Each tube has a gas target of
1.5 x 1020 mol-m"2 and a central pressure of 3.2 mtorr. The total gas flow is
5.5 torr-L-s" 1 out of both ends. The reionization losses in the 50 metre path to the
torus amount to 2%.
After neutralization the residual ion beam is dumped on the sides of the tube
by a small magnet mounted across the short direction of the neutralizer cell at 0.6 m
from the end. The power density on the tube wall surface for equal D + and D~ ion
currents is then only 2 MW-irT2.
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FIG. 3. Diagram of the experimental H~/D accelerator showing the electron trap in the second grid
and the electron suppressor electrode inset in the first grid.

3.

PRESENT D " EXPERIMENTS

3.1. The plasma source
The large D~ plasma source being tested at present is approximately half the
size of that proposed. The maximum extracted D " current density is 43 mA-cm"2
through a small aperture at a gas pressure of 20 mtorr. The current density is lower
at lower source pressure. It is also reduced by the need to suppress the plasma electron flux.
Recent results from the JAERI group [3] have shown that a peak current density
of 22 mA-cm"2 of H~ is possible in a large aperture array in a plasma volume
source.
From this we can conclude that a 19 mA-cm"2 D~ current density is feasible.
3.2. The accelerator
The function of the accelerator is to extract and collimate the D ~ ion beam and
also to trap the residual electrons from the plasma and from stripping collisions at
a low energy. This can be achieved by an accelerator of the type shown in Fig. 3.
The ions and residual electrons (after suppression) are extracted across the first gap.
The electrons are swept out of the beam path by the dipole fields in the second electrode and collected at an energy corresponding to the potential of this electrode.
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The extraction of the ions sets a perveance constraint on the first extraction gap.
This is simply that the extracted current (corrected for the presence of residual electrons) must match the extraction potential and accelerator gap geometry through the
Child-Langmuir equation. This effectively puts a lower limit to the first gap potential
for a given current and geometry which must also be consistent with other requirements of electron trapping and collimation.
The beam ions are collimated by the lenses created by the different fields in the
two gaps. The potential of the second electrode is again critical here as it controls
the focal length of the strongest lens. With the optimum value of this potential the
beam divergence angle is small, being only 2 to 3 mrad even at 100 keV beam
energy. There is also a beam halo of some 10% of the total power but this could be
removed by the neutralizer tubes. This divergence appears to be dominated by the
beam emittance and, hence, should decrease as the inverse square root of the beam
energy.
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Abstract
IMPLICATIONS OF FUSION RESULTS FOR A REACTOR: A PROPOSED NEXT STEP DEVICE
-JIT.
Simulations with a critical temperature model have been made of proposed future devices (NET,
1TER, JIT, etc.). These show that only machines with a current capability of ~ 30MA have a sufficient
ignition domain to cope with more realistic operating conditions (i.e. taking into account sawtooth
effects, impurity dilution and semi-continuous operation). The importance of dilution and Bremsstrahlung radiation is clearly demonstrated; a mean temperature > 7keV is required for ignition. This prevents
higher field, lower current devices from reaching ignition. Transient operations with monster sawteeth
or H-mode allow such devices (>30MA) to reach ignition at lower density without additional heating.
To investigate the problems of a controlled burning plasma for days in semi-continuous operation, the
plasma of the next step tokamak should be similar in size and performance to an energy producing reactor. The scientific and technical aims of such a machine should be to study burning plasma, test wall
technology, provide a test bed for breeding blankets and most importantly to demonstrate the potential
and viability of fusion as an energy source. The main design characteristics of a 'thermonuclear furnace'
(JIT) dedicated to these objectives are presented. Basically, the plasma parameters are scaled up from
JET by a factor of 2.5. Water cooled copper magnets are used to benefit from proven technology. A
single-null divertor configuration ensures helium exhaust and possibly benefits from an H-mode to reach
the ignition domain. The X-point position relative to the dump plates would be swept to limit wall loading. By changing operating density, the thermonuclear power could be varied from 0.5 to 4GW(th),
according to power loading and tritium consumption.

1. Introduction
The behaviour of JET thermonuclear grade plasmas, especially relating to energy
confinement, allows conclusions to be drawn for conditions in a future reactor.
A critical temperature model permits good simulation of most JET
results [1>2> 3]. Such a tool has been used to study the ignition of different proposed machines and to define possible parameters for a next step device. Such
a device could be conceived as a thermonuclear furnace producing a power reactor plasma, but without a full blanket and superconducting coils.
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2. Consequences of JET Results
Latest JET results131 lead to the following conclusions:
Energy Confinement: L- and H-mode plasmas both exhibit confinement
degradation with power. Confinement times are 2-3 times higher for the H-mode,
but the H-mode is transient as the density is still increasing. Confinement times
increase with plasma current but degrade at low q as a consequence of sawteeth;
the optimum q is 3 -4. Anomalous heat transport is similar for ions and electrons.
Generally, the fusion product is insensitive to additional heating power:
ignition is a property of the device.
Particle Confinement: Knowledge of particle confinement is needed to define
the acceptable level of impurities and the level of fuelling and pumping required
by a reactor.
Energy transport and particle transport in JET are linked with D — l/5x/.
When %i becomes close to neoclassical transport, accumulation of impurities
is seen.
Impurities: The impurity content is controlled mainly by interactions with the
plasma at the limiter, but materials of the first wall could be transported onto
the limiter by the plasma at disruptions.
Graphite is employed in JET as the first wall and behaves generally well.
However, problem areas have been identified with: its role as an impurity source;
high chemical reactivity with hydrogen; problems with density control; and
hydrogen (tritium) retention.
At high power, impurity dilution of deuterium becomes serious; without
refuelling, the dilution factor, d= nD/ne, is less than 0.5; with neutral beam injection, d is —0.5; and with pellets, d close to unity was reached.
Density Limit and Disruptions: The limit in density is due to disruptions, which
seemed to be linked to edge radiation ( — 100% of the total power in the q > 2
region). The density limit improved with high heating power, cleaner plasmas
and peaked plasma profiles (high density in the centre and low on the edge).
Disruptions were preceded by locked modes (m = 2, n=l).
Low q Operation: At low q, disruptions could occur at qtj/=2 (<fy = 3) or
following a giant sawtooth crash. Confinement times also decreased at low q.
A |8 limit has not yet been reached on JET, but its effect has been seen in
other devices.
3. Simulation of Ignition with 'Critical Temperature' Model
Generally the critical temperature model successfully describes most JET results
in terms of energy transport. Density and impurity profiles must be known as
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Table I
Main parameters ot major fusion devices

<T)

Add. Power
(MW)

1.7

3.4

40

7

2

2.2

5.1

100

20

7.5

3

2

4.5

50

30

IGNITOR

1.16

0.43

1.8

10

12
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6

2.2

2.2

50

27

R
(m)

a
(m)

k

JET

3

1.2

ITER

5.8

JIT

B,

14
5.4

IP
(MA)

particle transport has not yet been included. In this model, anomalous transport
occurs above a critical temperature gradient'41.
This specific model gives a general scaling, for asymptotic behaviour (at high
power), of the form:

where g is the Troyon factor and reflects the uncertainty in the (3 dependence.
Using a 1-D transport code, good simulations have been achieved not only of
JET results but also of other tokamaks.
This model has been used to predict the size of an ignition device and its conditions of operation. To ignite within a practical ignition domain, a tokamak
with plasma current capability of -30MA and a toroidal field of 4-5T is
required (i.e. the parameters chosen for JIT). Calculations have also been
undertaken for various next step proposals: Ignitor, NET II and ITER (with
dimensions and parameters as shown in Table I).
In these simulations, radiation and dilution caused by impurities were taken
into account. The hypothesis is that only low Z impurities (Z ~7) are present,
giving a further 30% radiation of the total heating power near the edge, in
addition to Bremsstrahlung radiation.
Sawtooth behaviour inside the q = 1 region plays an important role on the
central ion and electron temperatures. When sawteeth are fully effective, the
electron and ion temperatures and the current density are flattened inside the
q= 1 region (see Fig.l). In 'monster' sawtooth cases the temperatures of electrons and ions are allowed to develop and the safety factor value is imposed
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Fig. 1 Critical temperature simulation of JIT. Full ignition is obtained on JIT even with
complete flattening of the temperature inside the q = 1 region at 20 MA. The 0 limit (g= 3.6)
is almost reached.
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Fig. 2 Critical temperature simulation of JIT at 30MA with a monster sawtooth. Ignition
is obtained without additional heating at a lower density.
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Fig. 3 H-mode simulation of JIT at 25 MA. The effect of the separatrix is taken into account
by a pedestal in temperature and a flat density profile. Ignition is obtained without
additional heating.

at the centre (see Fig.2). The density profile is not calculated but taken as given
by experiment. Generally, this is a relatively flat profile (oc [1 -(r/a)2]Vl)
or even flatter in H-mode cases.
Improved confinement due to peaked density profiles seems unrealistic in
a semi-continuous reactor where there are no central particle sources to maintain it. In this model, increased H-mode confinement is due to pedestals
developing in regions of very high shear near the separatrix, but the main core
of the plasma behaves as an L-mode (see Fig.3). Stationary H-mode operation
has not yet been found experimentally which precludes considering its enhanced
confinement for semi-continuous operation. Nevertheless, a transiently
improved confinement (H-mode, monster sawtooth) could be useful in
facilitating the transition to an ignited plasma.
Predictions for proposed future experiments are given in Tables II and III.
In these tables, the factor g does not include the pressure generated by the aparticles and brackets indicate that the additional power has been switched off
when the a-particle power has reached sufficient level. No bootstrap current
has been included.
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Table II
Predictions for JIT using critical temperature model

Device

JIT

t,

Te
neo
Padd
P«
IP
19
3
(MA) 10 m- Zef, (MW) (keV) (keV) (MW)
30

5

2

0

5.6

3.9

0

30

5

2

0

25

11

90"

20

10

2

(50)*

29

15

511

25

5

2

0

52

28

270

20

10

3

50

10

5

51

20

10

3

(50)*

32

12

262

g

POH
(MW)

Regime

without a
18 Ohmic
(q = 1 sawteeth)
Ohmic+a
0.77 5.5 Monster q = 0.8
Ignited
L-mode
0.75 Sawteeth (q = 1)
3
Ignited
H-mode
(2keV)
2.6 0.55
Sawteeth (q = 1)
L-mode
1
5.9
Sawteeth (q = 1)
L-mode
20
2.3
Monster Ignited
0.25

Brackets indicate that Padd has been switched off when Pa was large enough.
Pa still rising.

Table III
Predictions for ITER, NET II and Ignitor
using critical temperature model

Device

ITER

NETII

IP

n

e0

Padd

t,

Te

Pa

19
3 Zef,
(MW) (keV) (keV) (MW)
(MA) 10 m-

20

15

2

20

15

2

20

5

2

0

27

5

2

12

100

12

100

POH

g

(MW)

Regime
L-mode Q = 15
q=1
L-mode
Monster q = 0.8
Ignited
Ohmic +a
Monster.q = 0.8
Q = 2.3
Ohmic +a
Monster Q = 6

18

11.7 300

2.1

1.9

(100)* 30

13.2 380

2.4

2.2

9.8

4.5

4.5

0.27

9.8

0

13

6.3

13.3

0.3

11

2

10

9.2

4.4

11.6

0.7

25

Monster Q = 1.7

2

0

8.2

4

8.3

0.62

27

Ohmic +a
Monster Q=1.5

100

Ignitor

'Brackets indicate that Padd has been switched off when Pa was large enough.
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One conclusion from the simulations is that it is extremely difficult to vary
the electron temperature (and consequently the ion temperature) in a tokamak,
without introducing heating power larger than the a-particle heating. In other
terms, ignition could almost be reached without additional heating; only a
modest level would be required in a machine like JIT (25 - 50MW). The increase
in thermonuclear power is realised by increasing the density at almost constant
temperature (see Table II).
High field machines generally suffer at high densities from an insufficient
temperature giving rise to a high level of Bremsstrahlung radiation and to a
low reactivity, even if the confinement appears good. In general, except in JIT,
sawteeth are able to destroy ignition at low q. NET II should behave in a similar
fashion to JIT, if technology development is sufficient to permit the parameters
in Table I to be reached.
This code also predicts that, with monster sawteeth or with an H-mode
pedestal at relatively low density, JIT could reach ignition without additional
heating.

3.1 Impurities
The effect of impurities is relatively dramatic: they dilute the reacting plasma
and increase Bremsstrahlung radiation. Ignition is marginal in JIT: (a) with
carbon type impurities Z = 7 at Zeff=3 where the dilution factor
d=(nD + nT)/ne~y3;
or (b) with beryllium impurities, at Zeff=2.5 and
d=0.5. These results have to be compared to JET results at high power, where
it is extremely difficult to get d > 0.5 without particle injection of deuterium
beams or pellets.
In the ignition domain, a-particle heating imposes Te^Tt and Bremsstrahlung and fusion cross-sections require f > 7keV. Line radiation requires
low Z impurities but dilution becomes a problem. In a reactor, fuelling, exhaust,
pumping and impurity level depend on particle transport; a particle confinement which is too good could be a major threat to a reactor: D ~l/5xi is
already a limit.
The j8 value should not limit the achievement of ignition due to the limitation of additional heating, but it might limit the maximum power produced.
A reactor should be semi-continuous and must be based on a quasi-stationary
mode of operation. There is also the necessity of maintaining smooth operations free of disruptions, giant sawteeth, collapse of H-modes, etc. (q — 3). As
no stationary regime has been found, 'Monsters' and H-mode could be used
to reach ignition.
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Extrapolation to a reactor must be made from experimental results: geometry
(aspect ratio, shape) and values of BQ, Zeff, etc. In order to meet these conditions, a device with a plasma capability of 30MA is required with a sufficiently
large domain of ignition to be able to cope with the operating conditions. JIT
is such a device.
4.

Definition of the Next Step

4.1 Reactor Studies
Reactor studies show that the thickness of the blanket and shielding inside the
coils, eb, should exceed 1 m (i.e. 1.5 -2m). To use the magnetic field efficiently,
the plasma radius, a, should be greater than 2(eb + ec/3), where ec is the toroidal
coil thickness; this gives as a minimum size, a = 3m. With a toroidal field of
4- 5 T, and an elongation of 2, the plasma current capability of such a machine
should be over 3OMA[5]. Such a reactor should be able to ignite in the L-mode
without problems of confinement. To define the pumping, fuelling and exhaust
specifications, a better knowledge of particle transport and of phenomena controlling plasma wall interactions is required.
4.2 Next Step Device
A next step device should be aimed at producing a full reactor plasma and at
demonstrating that solutions for the first wall and smooth plasma operations
can be found. Such a plasma will require a very long burn (~ 30 minutes) and

Table IV
Main parameters of a Thermonuclear Furnace (JIT)
Plasma minor radius (horizontal)

Ptesma minor radius (vertical)
Plasma major radius
Plasma aspect ratio
Flat top pulse length
Toroida field (plasma centre)
Plasma current
Volt seconds
Additional heating
Fusion power

3m
6m
7.5m
2-2.5
1000-4000S
4.5T
30 MA
425 Vs
50 MW
500-4000 MW
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a high duty cycle (semi-continuous operation). It should also be possible to test
different blanket concepts for DEMO. This specific choice allows a large ignition domain depending on q and plasma density: the power produced could
vary in the range 500-4000MW. The optimum way to reach ignition appears
to start with a plasma at a relatively low density with a moderate current of
25 MA and to increase the density and plasma current when ignition is reached
to produce a power level of several GW (similar to that of a reactor).
This should demonstrate the potential of fusion as an energy source. Such
a device is referred to as a 'Thermonuclear Furnace' and a possible choice of
parameters (JIT) is given in Table IV.

4.3 Semi-Continuous versus Continuous Operation
One of the questions which has an overall impact on the choice of solution and
on the very concept of a reactor is that of the necessity of continuous operation, which does not seem compatible with the concept of ignition.
In a reactor at temperatures required for ignition and in the presence of
bootstrap currents, the voltage per turn should be extremely low (~ 0.05V or
less). Flux consumption of lOOVs during the flat-top will ensure a burn time
of more than 30 minutes which could even exceed 1 hour in the presence of
bootstrap currents. A high duty cycle could be obtained by reversing the plasma
current when the transformer has reached saturation.
Continuous operation of a tokamak is more complex in terms of physics and
equipment. High energy neutral beams or radio-frequency techniques are
required to drive the current. However, the efficiency of non-inductive current drive is quite low compared to the use of a transformer and the gain in
duty cycle might not be significant. In addition to cost and complexity of equipment needed for current drive, the recirculating energy would also increase the
overall cost of electricity produced by an amount which could become a dominant factor and condemn such a concept.
On the other hand, semi-continuous operation requires a moderate intermediate thermal storage or a set of tokamak reactors working together. The
main advantage of continuous operation is to reduce the thermal fatigue of
components inside the reactor, but as long as the burn time is longer than one
hour, this may not be important.
To maintain simplicity and considering the duty cycle and tritium consumption in the next machine, a breeding blanket seems an unnecessary complication for an apparatus which is unlikely to test any blanket material at high
neutron fluence. For the next step, although some test modules of breeding
blankets could be introduced, only neutron shielding must be provided.
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Fig. 4 Cross-section of a thermonuclear furnace (JIT) with a plasma capability of 30MA.
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4.4 Conclusions on a Next Step Device
In conclusion, the next generation of tokamaks must demonstrate that an ignited
and burning plasma at high power with semi-continuous operation can be
realised.
The aims of such an experiment should be:
(a) to study the ignition domain;
(b) to test wall technology;
(c) to test some breeding blanket modules for DEMO;
(d) to demonstrate the potential of fusion as an energy source.

5. A Specific Concept: JIT
The main design characteristics of a thermonuclear furnace (JIT) to meet these
objectives are presented, of which the main priorities are simplicity and sturdiness of concept[6> 7]. Basically, the plasma parameters are scaled up from JET
by a linear factor of 2.5 and several elements of the JET concept are maintained.
To minimize technical risk, size of the coils, shielding and overall cost, water
cooled copper magnets are proposed but superconducting magnets could be
envisaged, if certain advantages compensated for the extra complexity. Low
current density is used in the water cooled copper coils to allow continuous
operation. It must be noted that a superconducting version would almost be
a demonstration reactor if equipped with blankets. A large flux swing (~400Vs)
would also provide the necessary drive to maintain the flat-top currents for
periods up to one hour.
A general view of the apparatus is given in Fig. 4. It should be noted that
the magnetic circuit is also used as a radiation shield around the machine.

5.1 Vacuum Vessel, Toroidal Coil and Mechanical Structure
The device concept is based on a highly integrated and modular construction,
where all the elements would be manufactured on-site, as transport of such sized
components would not be possible.
The machine basically consists of 20 sectors supported radially by a cylinder
formed by the ohmic transformer. Each of these sectors integrates the toroidal
coil, the vacuum vessel and the mechanical structure (see Fig. 5). These different
sectors are assembled together by welding flexible lips. The torque induced by
the verticalfieldis taken in shear by the light structure which encloses the toroidal
coil. The coils are made of single pancakes of water cooled copper corrugated
to transmit the shear forces, while the insulation remains purely in compression.
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5.2 Poloidal System
The magnetic configuration contains a single-null X-point where the X-point
is located in the lower position to allow the foundations to take the extra forces
resulting from the presence of the separatrix and gives more access at the top
of the machine. This position also decreases the risk of broken tiles falling into
the plasma. The presence of the X-point would allow transient H-mode operation during the transition to ignition, but its main purpose is to provide plasma
pumping at relatively high pressure.
5.3 Internal Shielding and First Wall
The shielding is made of several elements which could be disassembled remotely,
without dismantling the main apparatus. Each of these elements is made of

SHIELDING ELEMENT
& SUPPORT

WELDING LIPS
VACUUM VESSEL
& MECHANICAL
STRUCTURE
MAIN COOLING
FOR SHE ILDING
ENLARGED SECTION
TOROIDAL COIL

3US-BAR

& TOROIDAL COIL

\

TOROIDAL COIL
\COOLING MANIFOLD

Fig. 5 Section of a sector of JIT conceived as an integrated element including toroidal coil,
vacuum vessel and mechanical structure. Toroidal field coils are shown.
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a single box structure filled with pebbles of metal directly cooled by water. One
of the main problems in maintaining shielding efficiency is the presence of gaps
to allow remote handling and thermal expansion of the different elements. These
gaps reduce the shielding locally and could induce a high neutron flux in the
coils. The overall layout includes a series of thicker elements which could easily
be replaced by reactor relevant breeding blanket test modules (see Fig.6) without
any modifications of the initial shielding and of the plasma parameters.
The first wall itself is formed by the surface of the shielding box facing the
plasma with only local protection by carbon tiles which radiate energy received at a temperature ~ 1500°K. A continuous deposition of beryllium could ensure that the first wall seen by the plasma is of beryllium or its carbide to limit
sputtering and outgassing of the tiles.
INNER
DIVERTOR DEPOSITION
ELEMENT
AREA

GRAPHITE
PROTECTION

OUTER
DIVERTOR
ELEMENT

WEEPING
COILS /

PUMPING
VOLUME

TEST
BLANKET

SHIELDING

Fig. 6 Divertor region of JIT showing a set of saddle coils which allow sweeping of the thermal
load on the divertor plates covered with graphite. Pumping is carried out through a slot at
the base of the divertor.
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5.4 Divertor
The divertor presents the main technical challenge in the design of inner wall
components. This challenge can be reduced to a manageable level if the region
of high power deposition is expanded over a larger area. This can be achieved
by moving the X-point vertically or horizontally using a set of internal saddle
coils.
5.5 Cost
The cost of such a device is estimated at approximately 2.4BnECU over a
period of 8 years.
6. Conclusions
JET data shows that a tokamak with a plasma current capability around 30MA
is required to produce ignition of a D-T plasma in a practical domain. With
lower values of current, the risk of not achieving ignition is large, if sawteeth,
impurity radiation, dilution etc., are taken into account.
In a reactor, the size would be defined by the blanket and this leads to atokamak with a current capability greater than 30MA, when optimized. Confinement would no longer be the dominant problem. However, uncertainties remain
in the areas of plasma-wall interaction, fuelling, exhaust and impurity control.
Technical considerations of stress level, wall loading and economy result in
a design of a 'Thermonuclear Furnace' producing a thermal output of several
GW in semi-continuous mode. This device is aimed at demonstrating the potential of a Tokamak Reactor and to test wall technologies and breeding blankets.
For such a device, priority must be given to simplicity and reduction of technical and scientific risks.
If a fusion programme is to continue, it is important to build on JET achievements. To meet these objectives a next step device must be conceived which
clearly establishes the potential of fusion as a major source of power. Such a
device must give a high priority to simplicity of design with minimial technical
and scientific risks. A Thermonuclear Furnace of several GW—
JIT is such a device—which seems compatible with present technical and
financial capabilities. It could prove that fusion is potentially a major source
of future world energy.
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Abstract
TRITIUM RETENTION AND CONDITIONING OF GRAPHITE LIMITERS IN TFTR.
The attainment of high confinement auxiliary heated plasmas in TFTR requires careful conditioning of the graphite limiters. In addition to the usual techniques of glow discharge and pulse discharge
cleaning, the authors have found it necessary to use multiple low density ohmic discharges to thoroughly
degas the limiter. Further conditioning is achieved by high power auxiliary heated plasmas. The result
of the conditioning is a limiter with low recycling (R ~ 0.5) and a large capacity of pumping hydrogenic atoms. Limiter conditioning has also been found to assist hydrogen isotope exchange. The
retention of hydrogen isotopes in the limiter has been studied. Present estimates of the retention yield
an in-vessel tritium inventory of 1.8-3.0 g after the equivalent D-T fueling of 600 full-power plasmas.
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ULRICKSON et al.
INTRODUCTION

Graphite has come to be the primary material selected for
use as limiters and first-wall components in tokamaks. The
use of graphite on present devices has revealed several
important phenomena which will influence the design of future
machines such as the Compact Ignition Tokamak (CIT) and the
International Thermonuclear Engineering Reactor (ITER). These
phenomena include hydrogen (H) isotope retention, particle
(both H and carbon) recycling, and particle pumping.
The
study of these phenomena has allowed us to project the tritium
retention in TFTR during deuterium-tritium (D-T) operation,
and provides important design data for the next generation of
machines.
This paper will discuss the methods developed for limiter
conditioning
and
controlling
tritium inventory.
The
conditioning techniques include the use of low density helium
ohmic plasmas, and subsequent operation with high power
neutral beam heated plasmas. The conditioning also assists in
isotope exchange.
2.

CONDITIONING TECHNIQUES

After an atmospheric vent of the torus, we use standard
methods
[ 1 ] of conditioning
the machine for plasma
operation. These include baking at 150°C (the TFTR limit),
glow discharge cleaning, pulse discharge cleaning, and
disruption discharge cleaning.
After this conditioning we
find that reproducible ohmic plasmas can be produced.
However, specific limiter degassing techniques are required to
achieve the best performance auxiliary heated discharges. We
use low density ohmic plasmas to degas the graphite limiters
and neutral beam (NB) heated plasmas to complete the
conditioning process. The amount of carbon (C) influx to the
plasma edge is also reduced by NB conditioning.
The best
performance is achieved at the lowest influx of both C and D.
2.1

Low density ohmic conditioning

The graphite limiter degassing is accomplished using very
low density helium (He) plasmas [2].
Conditioning is
typically performed at 1.4 MA and R = 2.45 m. The density in
the flat current portion of the discharge falls with
successive shots (see Fig. 1). The gas released after the
shot is greater than that used to start the plasma [3,4]. The
amount of gas released decreases with each shot similar to the
fall of the density. Typically, between 20 and 80 Pa m^ of
gas are removed from the limiter during a conditioning
sequence.
Between 10 and 50 shots are required to fully
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FIG. 1. Behavior of line integral density and line radiation intensities for O VIII, C VI and Da during
a typical helium conditioning sequence.

condition the limiter. The conditioning persists for 10 - 20
neutral beam heated plasmas, but can be destroyed with Just a
few (~5) high density ohmic D plasmas [5] or one disruption.
The intensity of 0 VIII and C VI radiation from the plasma
is shown in Fig. 1.
The intensity of both D a and C II
radiation decreases like the density during He conditioning.
The D a decreases by a factor of 10 while the C II decreases by
about H0%. The Z e f f of a conditioning plasma is typically ~5
which leads us to conclude that the plasma is in fact largely
composed of carbon independent of the gas used to initiate the
discharge.
Measured neutron rates coupled with ion
temperature profile measurements indicate nq/nQ ~ '\0%. We
attribute the cleaning effect to ion-induced desorption of the
gas in the near surface of the graphite [2].
2.2

Neutral beam assisted conditioning

After ohmic conditioning of the limiters, we have
observed that plasma performance improves for five to ten
shots during subsequent NB heated plasmas. The intensity of
He line radiation declines by about a factor of 30 during the
first five shots. We attribute the improvement to removal of
residual helium in the near surface of the limiter. We have
also observed that sequences of high power (>20 MW) NB
operation sometimes result in target plasma densities that are
80jt of those achieved by ohmic conditioning only.
These
lowest density target plasmas give the best energy confinement
time (xg), neutron yields and Qjyj (see Fig. 2).
Raising the
target aensity with a brief purr of D gas (not enough to
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FIG. 2. Variation of energy confinement time during neutral beam injection, with target density
showing the importance of conditioning. The points shown are for 1.6 MA plasmas at R = 2.45 m
and PNB > 20 MW.

change conditioning) does not degrade performance, but raising
it with He gas substantially degrades performance.
This
indicates that the presence of recycling particles during the
beam phase is deleterious to plasma performance, not the
initial target plasma density per se. Techniques other than
conditioning (e.g. larger plasmas, or early injection) can
reduce
target
densities
but do not give
enhanced
performance.
Techniques to reliably reduce carbon influx
during NB injection would clearly be desirable. The intensity
of the C II line is proportional to the density for the
plasmas in Fig. 2. We further observe that this reduced
influx in the target plasma after NB conditioning correlates
with reduced C II light during the NB phase, which must then
be the actual cause of improved performance. Techniques to
reliably reduce carbon influx during NB injection would
clearly be desirable. The fraction of power radiated during
the NB phase has been as low as 20 % following a NB
conditioning sequence at 25 - 27 MW. The Z f f is as low as
2.5 for those plasmas.
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During operation at high power (>20 MW) we observe high
temperatures (1500 - 2400°C) in areas where the bumper limiter
tiles have been cut back away from the plasma for diagnostic
mirrors.
These areas also emit large amounts of C II
radiation during the NB heating. In many cases the emission
of C II is seen to increase sharply at the same time as the
plasma density and radiated power increase and performance
degrades.
Emission of more central carbon light (C VI)
changes very little when C II increases.
The surface
temperature at the edge of the cut-out is 1700 ± 150°C at the
time of the rapid increase in C II. The mechanism responsible
for the increased carbon influx is probably radiation enhanced
sublimation [6-9]. Conditioning with NB helps to reduce or
delay the rapid increase in C II. We will remove or modify
these diagnostic cut-outs during our next vacuum opening.
3.

WALL-LOADING EXPERIMENTS

We have deliberately loaded the graphite limiter with gas
during high density ohmic plasmas to investigate the capacity
of the limiter to pump plasma particles. Figure 3 shows the
gas flow during a wall loading and unloading experiment. A

30
40
SHOT
FIG. 3. Integrated gas input and outgassing after the shot for the limiter loading and unloading
experiment. Note the use of neutral beams during the conditioning.
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10'
10*
INTEGRATED GAS FLOW (Pa m 3 )

FIG. 4. Ratio of the Ha to Ha + Da line brightness during the isotope exchange experiments. The
'no helium' curve is the result without using He conditioning to degas the limiter.

total of seven shots with a total gas injection of 86 Pa m^
were used to load the limiter to the point where the D
recycling coefficient was 1.0. The density remained nearly
constant for 14 conditioning shots. After 25 He conditioning
shots we added 1 2 - 1 6 MW of NB heating to assist the
cleanup.
The beam heating had the effect of keeping the
outgassing per shot approximately constant at 1.6 Pa m^. This
considerably shortened the time required to recover from the
high density operation. The total amount of gas removed from
the limiter was 110 Pa m^. This is 93? of the total amount of
gas injected in the wall loading experiment and gas (ohmic
plus beam) used in the conditioning sequence.
4.

ISOTOPE EXCHANGE USING HELIUM CONDITIONING

Since He conditioning is so effective at removing gas
from the limiter, we performed an experiment to determine how
many shots would be required to get to a 50/50 mix of H and
D. He began the experiment with a limiter that had been used
for deuterium operation. Helium conditioning was performed to
degas the limiter. We then performed a plasma density scan in
hydrogen. Figure 4 shows the H/(H+D) ratio (from H o , D line
brightness) for the density scan. A 50/50 mix was achieved
after about 53 Pa nH, or eight shots. Following the hydrogen
experiment we again performed He conditioning to degas the
limiter.
We then performed a deuterium density scan. The
initial condition of 80£ J) was recovered in about six shots
with a total of 46 Pa m^ of D gas being used. About 120
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TABLE I. DEPOSITION AND RETENTION IN TFTR

Component

Vessel wall
Bumper limiter

Carbon
deposition
(1019 m"2)

Metal
deposition
(10" m-2)

Deuterium
deposition
(1019 m"2)

Tritium
retention
(10 " mf2)

Tritium"
inventory

33 ± 24

1.5 ± 0.7

6.1 ± 0.6

0.14 ± 0.07

0.4 ± 0.2

10 ± 2

60 ± 10

0.7

± 0.3

1.4 ± 0.5

2

10 - 10

3

(g)

Neutral beam line

—

—

—

—

0.3 ± 0.15

Protective plates

—

—

-

—

0.2 ± 0.1

RF limiter

-

—

—

—

0.1 ± 0.05

Total

2.4 ± 0.6

* The values for tritium are estimates based on deuterium retention, not actual amounts in TFTR.

discharges were made [1] to inject the amount of gas required
for the isotope exchange without He conditioning (see Fig.
4). Helium conditioning allows us to inject ~5 times as much
gas per shot because of the reduction of D or H recycling.
5.

DEUTERIUM AND TRITIUM RETENTION

The retention of tritium in the first^wall components of
TFTR has important practical implications for the operation of
the device during the 1990-91 D-T phase because of an imposed
limit of a 5 g (1.85 PBq) inventory on-site for TFTR (CIT will
have a higher limit). We produced 16.7 GBq of tritium during
the 1986-87 run as a result of DD fusion reactions. We
examined both limiter tiles and wall coupons taken from the
machine for tritium, deuterium, metals, carbon, and oxygen.
The measurements [10] were made using a combination of beta
backscattering,
nuclear
reaction
analysis,
dissolution
counting (for tritium), secondary ion mass spectrometry,
proton induced x-ray spectroscopy, and electron microscopy.
The results are reported in detail in Ref. 11 and are
summarized in Table I. These analyses have shown that ~35? of
the tritium produced was retained in the internal components
of TFTR.
There is a correlation between the redeposited
carbon on a limiter tile and the retained metal, oxygen, and
deuterium.
We find that areas which have high heat and
particle fluxes have very little redeposited carbon and hence
very low retention.
It should be noted that the 1987 run
ended with high density D operation and no attempt was made to
outgas the limiter at the end of the run. Particle balance
measurements [3,4] have also been used to estimate the tritium
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retention in the machine.
Both retention estimates are
supported by laboratory measurements of the saturation
retention [12] of D(T) in first-wall and neutral beam
components, and modeling studies of the time and temperature
dependence of tritium retention [13]- Our present estimates
yield an in-vessel inventory of 1.8 - 3.0 g after the
equivalent D-T fueling of 600 full power (32 MW) plasmas.
Table I shows how this inventory is apportioned between the
various components.
6.

CONCLUSIONS

We have found techniques for conditioning the graphite
limiters in TFTR to effectively remove hydrogen isotopes from
the near surface region of the limiter. Low recycling is
required to access the "super-shot" enhanced confinement mode
on TFTR. The hydrogen retention capacity of the conditioned
limiter is about 80 Pa iP. The minimum density can be further
reduced by using repetitive high power neutral beam heated
plasmas.
The NB conditioning helps control carbon influx.
Our present estimates of the tritium retention in the limiter,
first-wall components, and the neutral beam lines indicate
that TFTR will be able to carry out operation with D-T within
the constraints of our tritium inventory limits.
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Abstract
LOW ACTIVATION MATERIALS FOR FUSION.
The viability of fusion as a future energy source may eventually be determined by safety and
environmental factors. Control of the induced radioactivity characteristics of the materials used in the
first wall and blanket could have a major favorable impact on these issues. In the United States, materials
program efforts are focused on developing new structural alloys with radioactive decay characteristics
which would greatly simplify long-term waste disposal of reactor components. A range of alloy systems
is being explored in order to maintain the maximum number of design options. Significant progress has
been made, and it now appears probable that reduced-activation engineering alloys with properties at
least equivalent to conventional alloys can be successfully developed and commercialized.

1.0

INTRODUCTION

With the approach of a demonstration of scientific breakeven, increasing attention is being focused on the challenge of proving the engineering
feasibility and the I1censab1l1ty of magnetic fusion energy (MFE) systems.
Central to this challenge are the questions of safety and environmental
Impact. Indeed, 1t is possible that these Issues could become the overriding factors that determine the viability of fusion as a major energy
source. Both fossil and fission technologies, having advanced to a mature
* Research sponsored by the Office of Fusion Energy, US Department of Energy, under
Contract DE-AC05-840R21400 with Martin Marietta Energy Systems, Inc.
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stage of development, are now having to address serious environmental
concerns. Fusion, however, 1s In the relatively advantageous position of
being able to address safety and environmental issues, particularly those
arising from Induced radioactivity, at a very early stage of technological
development.
Four major Issues have been identified which arise from the induced
radioactivity of the vacuum vessel, blanket structure, and in-vessel
components:
1. The environmental Impact (and cost) of disposing of radioactive
components.
2. Radioactivity release to the environment during accident
conditions.
3. Occupational exposure related to maintenance.
4. Recycling of critical or expensive materials.
To some extent the scale of these problems can be influenced by system
design, reactor power, frequency of component replacement, etc. However,
by far the most powerful means of controlling the radioactivity Inventory
is through the selection of structural materials and other materials that
comprise the blanket volume. For a given neutron flux and spectrum, the
radioactive Inventory will depend upon the chemical and 1sotop1c composition of the materials used to build the structure.
2.0 THE U.S. PROGRAM ON REDUCED ACTIVATION MATERIALS
The prime Importance of tackling the radioactivity Issue was recognized within the U.S. Department of Energy (USDOE) in 1982. Definitions of
the problem and recommended approaches were embodied 1n the Conn Panel
Report on Low Activation Materials [1]. The current U.S. program on
reduced-activation materials was initiated 1n response to the panel
findings, with primary emphasis on simplifying waste disposal.
The development of new engineering materials 1s a long-range activity
which evolves through feasibility and developmental stages before entering
a final commercialization stage. The feasibility stage involves a large
number of small (~1 kg) heats of material covering a broad matrix of compositions. Regions of promising composition space are determined on the
basis of microstructural stability and short-term mechanical testing.
Exploratory corrosion, welding, and radiation testing are then carried out
on promising alloys. Further compositional adjustments are made and the
cycle of testing repeated until the feasibility of developing an engineering alloy with the desired properties has been established. The developmental stage Involves a much smaller number of promising2 compositions
fabricated by a commercial vendor on a larger scale (~10 kg quantities).
This stage Involves mechanical and corrosion testing over a broad range of
testing conditions. Using fission reactor Irradiation facilities, dimensional stability and mechanical behavior are determined under the conditions of temperature, fluence, damage rate, and helium generation rate
appropriate to the fusion system.
The commercialization stage involves demonstrating that industrial
vendors can meet the required specifications 1n large quantities (~10J kg)
and produce the required product form. It also Involves stimulating commercial Interest, as well as meeting various national and International
standards and Code Case qualifications. The timescale for each of these
overlapping stages typically ranges from 5 to 10 years, depending upon
funding.
The major difficulty in defining a practical approach to alloy development Is the lack of any widely accepted guidelines dealing with any of the
four major radioactivity Issues confronting fusion (waste disposal, accidental release, maintenance, and recycling). In fact, these Issues may
have conflicting requirements (e.g., a reduced activation material which
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simplifies waste disposal may aggravate problems associated with short-term
radioactivity release during accident conditions). Therefore, as a startIng point, 1t was decided to adopt the U.S. 10CFR61 regulations which
establish Isotopic concentration limits for near-surface burial of medical
and fission waste streams. The 10CFR61 calculations were extended to
Include other radionuclides relevant to fusion [2]. Five elements were
Identified as having a major Impact on waste disposal — N, N1, Mo, Cu, and
Nb. The allowable concentration limits were calculated which would qualify
a material for Class C waste disposal following exposure to several conceptual reactor first-wall spectra. The concentration limits depend on neutron fluence and spectrum and on the amount of dilution allowed following
decommissioning. Furthermore, it 1s possible that near-surface burial will
be replaced by engineered structures, thus giving rise to major changes In
acceptable concentrations in the future. Given the large uncertainties in
what constitutes acceptable concentration limits, the U.S. program has
adopted the pragmatic approach of setting the concentration limits for N,
N1, Mo, Cu, and Nb at the levels of Impurity attainable by current melting
and fabrication technology, and of using these concentration limits as a
set of guidelines for alloy development. Accordingly, the guideline concentrations for these elements are 50, 100, 10, 10, and 1.0 wt ppm, respectively. Efforts are continuing to establish internationally acceptable
guidelines specific to fusion.

3.0 STATUS OF ALLOY DEVELOPMENT
To allow designers to consider the widest possible range of fusion
concepts, a broad range of materials options is being pursued. Three alloy
classes were chosen for development - namely, ferritic/martensitic and
bainitic stainless steels, austenitic stainless steels, and vanadium
alloys. For the stainless steels, a good properties data base exists for
fully commercialized alloys, such as AISI 316, and the ferMtic steels
HT-9, Mod. 9Cr-lMo, and 2!iCr-lMo. The Intent is to develop new reducedactivation stainless steels with properties at least equivalent to those of
the conventional commercial alloys.

3.1

Ferritic Stainless Steels

These alloys are based upon the Fe-Cr-C alloy system with chromium
contents ranging from 2 to 12 wt %. Of the restricted elements, neither
Cu, N1, nor N are essential alloying constituents of the bainitic and
martensitic stainless steels. Small amounts of nickel are sometimes used
to control S-ferr1te formation 1n the 12 Cr steels, but this can also be
accomplished by adjusting the carbon and manganese concentration. The elements V, T1, and Ta present alternatives to the use of niobium for
strengthening purposes. Molybdenum plays a crucial role 1n the metallurgy
of these steels; the ofrly viable alternative replacement elements having
similar metallurgical characteristics are tungsten and vanadium.
Some 30 different compositions have been evaluated 1n terms of
microstructure, tensile properties, and Charpy Impact properties [3].
Preliminary liquid metal corrosion studies [4] and welding tests [5] have
been carried out on selected alloys. An Initial survey of radiation
response has been carried out following fission reactor irradiation to a
dose of ~40 displacements per atom (dpa) [6], These studies clearly demon-
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strate the feasibility of developing reduced-activation ferritic
steels having mechanical properties similar to those of conventional steels. Martens1t1c steels
with chromium contents 1n the
range 7 to 9 wt % have been developed with microstructural
characteristics, tensile, and
Charpy Impact properties that are
similar to conventional steels.
Initial welding and liquid metal
corrosion studies also suggest
performance equivalent to conventional steels; Irradiation behavior over the range 420 to 590°C 1s
also very promising. In the
ba1n1t1c steel class, 2H Cr steels
strengthened with 2% W and 0.25% V
have been developed with tensile
properties that are superior to
TIME AFTER SHUTDOWN <y««r.)
those of the conventional 2MCr-lMo
steels [7]. A major concern for
FIG. 1. Decay of induced radioactivboth the bainitic and martensitic
ity for conventional stainless steels
steels 1s the potential for
compared with new reduced-activation
radiation-Induced brittle cleavage
alloys.
failure at low temperatures
(<200°C). Figure 1 shows the
Induced radioactivity as a function of time after reactor shutdown for one
of the 9Cr-2WV steels having the guideline concentrations of N, N1, Mo, Cu,
and Nb. Compared to a conventional Mod. 9Cr-lMo steel, the radioactivity
of the new alloy 1s lower by nearly three orders of magnitude following a
100-year cooldown period. This material could qualify as Class C waste
under the U.S. 10CFR61 regulations. Future work will focus on a smaller
number of promising alloys In both the bainitic and martensitic alloy
classes.

3.2 Austen1t1c Stainless Steels
For this alloy class, adoption of the elemental restrictions,described
above Implies a radical metallurgical change, since nickel 1s a major
alloying element (~15 wt % ) . Manganese 1s used for austenite stability 1n
many commercial alloys as a means of reducing cost and conserving nickel.
However, most of the commercial manganese steels contain some nickel and
nitrogen and do not meet the quideline concentration limits adopted 1n the
U.S. program. Consequently, the program Is attempting to develop a new
manganese-stabilized alloy with the reduced-activation properties, mechanical and corrosion behavior, and radiation resistance appropriate for fusion
applications. Such a material could be a candidate for current
International Thermonuclear Experimental Reactor (ITER) concepts which are
based on austenitic stainless steel /water-cooled systems operating at
<400*C. Significant progress has been made 1n this direction. The
Fe-Cr-Mn-C system has been re-examined to define the regions of composition
space having maximum austenite stability [8]. Information gained from
studying the radiation response of conventional austenitic steels 1s being
applied 1n alloying with P, B, T1, V, and W to confer strength, swelling
resistance, and resistance to stress corrosion cracking.
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Initial results are promising, and several alloys have been developed
which have tensile properties superior to those of AISI 316 over the temperature range 50 to 650°C. Future work on these new materials will
Include weldability studies, Irradiation testing, and corrosion behavior in
aqueous environments. It has been established that these alloys are Inferior to the conventional austenitic steels In terms of liquid metal corrosion properties [4]. The radioactive decay characteristics of a new
Fe-12Cr-10Mn austenitic stainless steel 1s shown 1n Fig. 1. This material
exhibits a three orders of magnitude reduction In radioactivity following a
100-year cooldown compared to a conventional austenitic.
3.3

Vanadium Alloys

Vanadium alloys offer some attractive advantages over the ferritic and
austenitic stainless steels. A wide range of alloying options are available which would meet 10CFR61 guidelines for class C waste. Nuclear heating,
hydrogen, and helium generation rates are lower than 1n the steels; creep
rupture and thermal stress properties are also superior. Limited data suggest that welding, corrosion, and radiation-induced swelling behavior are
quite promising for reduced-activation alloys such as V-3T1-1T1 and V-15Cr5T1. The radioactive decay characteristics of the latter alloy are shown
In Fig. 1. A major concern 1s the potential for Impurities such as C, 0,
N, and H to embrittle vanadium alloys under certain circumstances. Strict
environmental control is required during fabrication and welding and concentrations of carbon and nitrogen 1n liquid metal coolants will have to be
maintained at <10 wt ppm. Vanadium alloy systems have not yet been extensively explored, and experience on a commercial scale 1s rather limited. A
much greater effort 1s required 1n the areas of fabrication, welding,
mechanical behavior, corrosion and radiation effects if the full potential
of these materials is to be realized.
4.0

SUMMARY

A metallurgical basis has been established for developing reducedactivation martens1t1c and ba1n1t1c steels using simplified concentration
guidelines for N, N1, Mo, Cu, and Nb. The properties of these alloys are
expected to be at least equivalent to those of conventional alloys and
there appear to be no major metallurgical obstacles to their eventual
coirmercialization. Reduced-activation manganese-stabilized austenitic
steels could provide an alternative to conventional austenitics for lowtemperature applications provided welding and water corrosion behavior
prove to be satisfactory. Vanadium alloy systems present an attractive
long-term reduced-activation prospect provided questions surrounding
embrittlement by interstitial Impurities can be resolved. Successful solutions to the waste-disposal question, using any of these alloy systems,
depend upon establishing Internationally recognized allowable concentration
limits for fusion waste, and also the ability of future commercial melting
practice to achieve the required degree of impurity control.
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Abstract
FEASIBILITY OF IGNITION BY INTENSE ICRF HEATING.
ICRF heating processes are analysed theoretically and numerically. The temporal and spatial evolution of fast ion and bulk plasma parameters is studied and compared with experimental observations
on JET. The analysis shows that the offset linear scaling is due to the presence of the generated fast
ions. The saturation of T; in the high power range is also explained. On the basis of these analyses,
a path to ignition through tailoring of the ion tail distribution function by ICRF heating is sought. The
enhancement of the fusion output is calculated. A new integrodifferential code is developed to analyse
the effect of high energy components on wave propagation and absorption. The stability of the fishbone
mode is also examined by employing a two-dimensional Fokker-Planck code.

1.

INTRODUCTION

To study the scenario for ignition by intense ICRF heating in tokamaks, we have
developed a theoretical model and computational codes. Confinement characteristics
(stored energy, input power scaling and heat pulse propagation), fusion reaction
enhancement, MHD stability and kinetic stability are examined.
435
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TRANSPORT SCALING AND FAST ION CONFINEMENT

To study the temporal and spatial evolution of fast ion and plasma parameters,
the 1-D wave code is linked to the anisotropic Fokker-Planck code and to the 1-D
radial transport code [1, 2]. Wave excitation, propagation and absorption, fast ion
generation, thermalization of the absorbed power and spatial transport are analysed
in a consistent manner. In the Fokker-Planck analysis, collisional and quasi-linear
diffusion is included. Tail formation and power partition through collisional relaxation are obtained. The density profiles are assumed to be given. The anomalous diffusion coefficients of the drift wave model [3] are employed for bulk electrons and ions.
The coefficients are chosen so as to reproduce the Ohmic discharge [2]. An internal
disruption with a period of 200 ms is assumed.
A minority heating scenario (D + H) in JET is simulated. The power
dependences of the total stored energy, Wtot (= We + W D + WH), and of
the bulk energy, Wbulk (= We + WD), are plotted in Fig. 1, as functions of
Ptot (= POH + PRF)- The parameters are Bt = 3.4 T, Ip = 3.3 MA, n<.(0) =
3 x l 0 1 9 nr 3 , nH/nD = 0.1, W/2TT = 51.8 MHz, k, = 4 m"1 and n, oc l - r 4 /a 4 .
The loss of fast ions is assumed to be included in the reduction of the absorbed ICRF
power, i.e. Pabs = 0.6 PRJJ. The offset linear fitting is reproduced in this power
range. The increase in W ^ (—WH) compensates for the saturation of Wbulk, which
is roughly proportional to Pt°of. In the case of Ip = 3.3 MA, W,ot is higher for

Pto

FIG. 1. Input power dependences of total stored energy, WK1, and bulk energy, Wbulk.
p
tot = POH + PRF^nd P^s = 0.6 Pgf. Circles denote the experimentally observed Wdia on JET[5],
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FIG. 2. (a) Fusion output P^n versus input power Pjn for ITER grade plasma in the 1CRF heating
case (solid line) and in another case without ion tail (dashed line). For an enhancement factor of
C = 1.5, Q £ 5 is realizedfor Pm = 25 MW by ICRF heating, (b) Wave structure and power deposition profiles in the presence of a-particles for ITER grade plasma parameters: ne(0) = 1020 m'3,
TJO)

= TD(0)

= Tj{0)

= 10 keV,

nD = nT = 0.49 ne, O>/2T = 67.5 MHz

and k, = 4

m'1.

B, = 3.4 T than for B, = 2 T. The calculated tail energy, W ^ , is well approximated by 0.15 PRF TSO, where T^, is the slowing-down time defined by Stix [4] at the
plasma centre. Since 7^ becomes longer as Te increases, WttU grows faster than the
linear dependence on P,ot. Such an enhancement of the fast ion tail causes collisional
power transfer, preferentially to the electrons. The saturation of the majority ion temperature T; occurs in a high power range, as is experimentally observed on JET [5].
The large difference between Te and T ; degrades the bulk energy confinement
because the electron heat diffusivity, x« is proportional to Tf (a > 1). The temperature difference is reduced by energy exchange through the internal disruption or the
peaked density profile.
The propagation of heat pulses after the internal disruption is also examined.
The velocity and the structure of the pulse and the corresponding local heat difrusivity, XHP. agree with the experimental results on JET [6].
3.

PATH TO IGNITION

An improvement of the fusion cross-section, < ov >, needs a proper choice of the
ion tail distribution. The power deposition profile can be changed by the poloidal
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phasing of the antenna. k| shaping by the toroidal phasing is necessary to avoid
direct absorption by electrons. For a given TE scaling law, the improvement by
ICRF heating is studied. We examine three scenarios: (1) second cyclotron resonance
heating of D-T plasma, (2) D-T (3He) minority heating and (3) T(D) minority heating. We calculate the fusion output in the ITER grade plasma for the first scenario
(a = 2 m, K = 2, R = 5.8 m, Bt = 4.5 T, Ip = 20 MA) by applying the wave
propagation and thermalization code [7]. The Te and n,. profiles are given by
Te = T^ (1 — r2/a2) and n,, = n^ (1 - r 2 /a 2 ) 03 . T^ is given as a function of input
power by choosing the L-mode scaling of the power law:
TE[S] = 0.146 C K05 Igft nSo1 B?r3 a°m8 R°m5 Pj&
with C = 1 for the most pessimistic scaling [8]. Figure 2(a) shows the fusion output
for the ICRF heating case and for another case without ion tail formation. An
enhancement of about 25% is achieved. For C = 1.5, Q = 5 is achieved for a power
of P^ = 25 MW. In the D-T (3He) case, the self-heating rate is increased about
twice at the plasma centre for TD = 10 keV and n3He/ne = 10%. The third scenario
requires high density and high power.

4.

WAVE ANALYSIS IN THE PRESENCE OF A HIGH ENERGY
COMPONENT

The presence of ICRF generated fast ions and fusion products affects wave
propagation and absorption. A new ICRF wave code applicable to a plasma with
k ± p ; > 1 (pj is the ion gyroradius) has been developed [9]. The wave equation in
an integrodifferential form,

V X V X E(x)

w 2 fI00
r

^

dx' e(x, x') E(x')

= UO/UQ

J-oo

is solved as a boundary value problem. Figure 2(b) shows a typical wave structure
in the presence of a-particles with na/n,. = 0.01 and T a = 2 MeV (k±pa ~ 1.4).
The a-particles absorb about 65% of the wave energy before the wave reaches the
plasma centre, where w = 2 fiD = 3 QT. When the burning sets in, coupling to the
fast ion terminates and reaction enhancement is reduced. Note that the wave code in
the differential form overestimates the absorbed power of the a-particles by a factor
of two.
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x r = -0.25

xP = 0.25

FIG. 3. Normalized toroidal drift frequency (o>d) versus location of cyclotron resonance surface x,,
on magnetic surface r = 0.3 m (e = 0.1). Parameters are chosen to simulate the JET plasma with
kt = 2 m~'. Absorbed power density is about 0.4 MW/m3. Distribution functions at Bp (poloidal
angle) = 0 are shown for xr = -0.25 m and xr = 0.25 m. <&),,> for initial Maxwellian distribution
with Te = TD = 3 keV is about 0.29.

5.

STABILITY STUDIES

The stability of the internal kink mode is studied. Sawtoothing is simulated
by a flattening of the distribution inside the reconnection region (r < V2r,,
q(rO = 1), if exp J dt 7 ^ > 106. The predicted sawtooth period depends on the
phase of the sawtooth in the OH plasma at the onset of RF.
By employing the bounce averaged Fokker-Planck code, we evaluate the
trapped particle population of the ions on each magnetic surface. To check the fishbone instability [10], we first examine the normalized particle drift in the toroidal
direction,

2e

sin2

(w = 2flD, k| = 2 m"1 for JET parameters). The bracket <> denotes the average
over the velocity distribution. Figure 3 shows <wd> at r = 0.3 m and the corresponding distribution functions. The cyclotron resonance surface is moved from
x = —0.25 m to x = 0.25 m by changing the frequency of the ICRF wave. The low
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field side resonance produces more deeply trapped particles and gives higher values
of <cod>. The high field side resonance is more favourable to a reduction of <&>d>,
which results in a reduced growth rate of the fishbone instability.
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Abstract
PHYSICS ASPECTS OF COMPACT FUSION ADVANCED RANKINE (CFAR) CYCLE FOR
IMPROVING THE ECONOMIC ASPECTS OF A D-T TOKAMAK FUSION REACTOR.
The economic competitiveness of magnetic fusion reactors may not be assured unless power plant
simplification with lower cost energy conversion compensates for the fusion reactor core being more
expensive than the fission reactor core. To improve the possibilities of economic fusion reactors, in
particular of tokamaks, a compact fusion advanced closed Rankine cycle (CFAR) was proposed by
Logan, based on less expensive in situ non-equilibrium MHD conversion with assist from synchrotron
radiation superheat in the 'microwave' tokamak, using synchrotron radiation both for MHD energy
conversion and current drive. It is found that a set of self-consistent 'microwave' tokamak reactor
parameters can be chosen for both current drive and MHD conversion. An analysis of the microwave
synchrotron radiation superheating a flowing, slightly ionized fluid indicates the existence of significant
bulk core heating of the gas through elastic collisions with microwave heated electrons, as was first
envisaged, although rather severe control of gas parameters and transpiration cooling through the
ceramic walls is required. Twelve non-equilibrium in situ disc-type MHD generators are found to yield
more than 30% plant cycle efficiency for a 3000 K, 12.8 atm MHD fluid, with a potential further
improvement of 40% with advanced thermoelectric converters.

1.

INTRODUCTION

It is generally believed that fusion reactor cores will cost more than fission
cores. Therefore, in terms of economics, the competitiveness of magnetic fusion
reactors such as tokamaks cannot be assured unless we exploit the possibilities of
lower cost energy conversion and balance of plant (BOP). A recent assessment of the
safety and economic potential of magnetic fusion energy, called ESECOM [1],
evaluated the potential economics of an MHD Rankine cycle (similar to the CFAR
cycle [2]) as one of ten fusion reactor cases considered, and compared these cases
with four fission cases. Mainly because of the reduced BOP costs, the MHD (CFAR)
case (ESECOM fusion case No. 7) resulted in the lowest electricity cost
(35 X 10' 3 US $ per kW(e)-h) among all fusion cases considered by ESECOM,
and compared favourably with electricity costs projected for fission (range of 33 to
57 x 10'3 US $ per kW(e)-h) for the various fission cases).
The feasibility of the CFAR cycle, not only in physics and engineering, but also
as regards economy, cannot be examined in a complete and consistent manner unless
all issues of heat transfer, neutronics, tritium breeding and high temperature
materials compatibility have been clarified. However, emphasis in this paper is
limited to the feasibility of key physics issues such as plasma and reactor parameters,
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TABLE I. REFERENCE D-T REACTOR PARAMETERS WITH CFAR
ENERGY CONVERSION
Fusion power

2750 MW

Alpha power

550 MW

Synchrotron radiation

380 MW

Bremsstrahlung radiation

31 MW

Transport loss

139 MW (T E = 2T K G )

Major radius

6.0 m

Minor radius

1.2 m

Elongation

2.4

Triangularity

0.4

Edge safety factor

2.8

Toroidal

field

10 T

Toroidal current

20 MA (8 MA bootstrap)

Troyon coefficient

0.030

Average plasma temperature

43 keV

Average plasma density

1.1 x 1020 m~3

Average plasma beta

0.05

Average neutron wall load

4.6 MW-m' 2

Average first wall heat

flux

0.16 MW-m" 2

Average divertor heat flux

2.1 MW-m" 2

First wall area

480 m 2

Synchrotron waveguide area

60 m 2

Synchrotron Poynting
Synchrotron current drive

flux

6.4 WM-m" 2
12 MA

microwave heating of the flowing, slightly ionized alkali metal seeded mercury
vapour, and high efficiency non-equilibrium disc type MHD electric power
generation.
2.

PLASMA PARAMETERS FOR A TOKAMAK REACTOR WITH
MICROWAVE SYNCHROTRON RADIATION
SUSTAINED PLASMA CURRENT
AND CFAR ENERGY CONVERSION CYCLE

Table I shows a set of self-consistent tokamak reactor parameters which were
chosen (a) to maximize the microwave synchrotron radiation produced by the
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fusion plasma to provide useful superheat energy for the CFAR cycle, and (b) to
impart sufficient toroidal momentum to the radiating fusion plasma electrons, via
extraction of the synchrotron radiation in waveguides with a preferred toroidal
direction, to drive the required tokamak toroidal plasma current in steady state [3].
Figure 1 shows a cross-sectional side view of the D-T tokamak reactor with a
CFAR power conversion system. The reactor plasma size, field and current are
chosen sufficiently large that steady state, self-sustained plasma power balance with
the fusion alpha power input, PaiPha, given by
"alpha

=

Mrans "•" "sync "•" "brems

\*)

can be achieved with the microwave synchrotron radiation loss, Psync, (through
waveguide openings in the first wall) much larger than the plasma cross-field transport loss, Ptrans» and the soft X-ray bremsstrahlung radiation loss, Pbrems- We use the
'universal' formulas by Trubnikov [4] for Psync as a function of plasma size, temperature, beta, field, and effective wall reflectivity, (1 - Awavegui(le/Afirs, wan)1/2. The
maximum permissible waveguide area, Awaveguide, (to extract the synchrotron power
for current drive and energy conversion) is determined by Eq. (1).
Ptrans is determined by dividing the plasma energy, (3/2)0 (B2/2/*o)Vplasma, by
an H-mode energy confinement time, rE, taken to be twice the Kaye-Goldston
L-mode time [5]. The plasma beta, )3, is determined by the Troyon scaling,
0 = 0.03Ip/(aB)

(2)

where Ip is measured in MA, the plasma minor radius, a, in metres and the toroidal
field B in teslas. Sixty per cent of the plasma current, Ip, is driven by the toroidal
electron momentum imparted by the anisotopic synchrotron radiation loss [3], with
the remaining part of the plasma current being driven by the neoclassical bootstrap
effect at poloidal beta nearly unity. The normalized synchrotron current drive
efficiency,
n^lO 20 nr 3 ) Ip(MA)R(m)/Psync « 0.2

(3)

is comparable with the electron cyclotron (EC) microwave current drive efficiency,
but the power comes from the ignited plasma itself. Were the 380 MW of current
drive power (Psync) to be supplied externally instead by gyrotrons at 30% electrical
efficiency, this reactor example would have to recirculate nearly all the electric
power produced by the CFAR cycle. Thus, for a practical tokamak reactor with a
CFAR cycle, it is essential to use the synchrotron radiation to drive the current as
well as to provide the energy to the CFAR energy conversion.
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MICROWAVE SUPERHEAT OF WEAKLY IONIZED ALKALI METAL
SEEDED MERCURY FIELD

Since efficient microwave superheat is the key issue for improving the Rankine
cycle efficiency, its exact modelling and analyses are needed for an evaluation of the
CFAR cycle feasibility [6, 7].
The main part of our model consists of the Navier-Stokes equations, for both
gases and electrons, and two kinds of ray equations covering a widespread, 380 MW
synchrotron radiation emitted from the 'microwave' D-T tokamak burning plasma,
and resonance line radiation from the excited gas atoms.
In the MHD electron temperature regime of several thousands of degrees
Kelvin, the synchrotron radiation damps by collisions with electrons (Pm[W-m"3]);
subsequently, the electron energy is transferred to gas atoms and ions through elastic
and Coulomb collisions (A[W-m"3]) or radiated away to the wall as resonance line
radiation (Qrad[W-m"3]) from excited seeded alkali atoms with radiation temperatures that are in local thermal equilibrium with the electron temperatures (Te), or
they are transferred through conduction (Qcomt[W-nr3]). This results in superheating of the bulk gas in the core flow region away from the ceramic walls; these
walls are transpiration cooled by unseeded cold gases.
The key point in this concept is that the gas temperature is not limited by the
melting temperature of the walls, and the microwave synchrotron radiation can
superheat an MHD fluid as high as 3000 K, exceeding the volatility limit of the
ceramic wall materials.
The steady state equation of energy for electrons, with a gas velocity u, is
expressed in terms of electron density, n,., ionization energy of the seeded atoms,
eV;, and the Boltzmann constant k, as
(u-V)[ne(3kT./2 + eV;)] = Pm - A - Qrad - Qcond

(4)

where div u and the electric current are neglected.
Typical preliminary numerical results, with allowance for additional relaxation
effects of the electron density including three body recombination, indicate preferential edge (boundary layer) heating of the electrons in the vicinity of the inner wall
in a coaxial superheater (Fig. 2; the inner radius is 10 and the outer 20 cm). This
is even seen at a very short distance of several micrometers, particularly when the
radiation power flux is high, as is shown in Fig. 3 (1000 GHz, 1 MW-nr 2 inner
surface heating of flowing, 10' 3 caesium seeded mercury vapour); here, microwaves are assumed to propagate only in the radial direction.
The reasons for this behaviour are mainly the long residence time of the gas in
the low velocity boundary layer near the superheater wall and also the substantial
amount of seed atoms to be found there. In this case, the cut-off frequency near the
wall tends to decrease, resulting in exclusive reflection of lower frequency components, thus eventually in inefficient bulk core superheating of the gas.
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The analyses also show that preferential edge heating takes place, in particular,
with decreasing frequency; this is, in general, the case when no transpiration occurs.
When the pressure is decreased, the uniform bulk core heating can be enhanced,
because the low electron density region is extended towards the bulk core for fixed
seed fraction and microwave frequency. However, low pressures are not desirable
from the viewpoint of high efficiency MHD power generation such as is of interest
at present. A reduction of the seed fraction, on the other hand, tends to enhance the
preferential edge heating for a fixed set of pressure, frequency and microwave
power flux.
To achieve, instead, preferential bulk heating of the gas, the analytical results
imply the need for careful control of both flow and microwave related parameters,
including aggressive transpiration cooling to cause turbulence for enhancement of
heat transfer and to reduce the seed atoms and, hence, the electron density in the
boundary layer.
Thermal calculations show that a mercury vapour flow with a stagnation temperature of 3000 K is achievable in the microwave superheater with a mass flow rate
of about 6 t-s~\ together with assist of bremsstrahlung and neutron energy for a
2750 MW(th) D-T tokamak reactor with the parameters as shown in Table I.

4.

HIGH ENTHALPY EXTRACTION BY A NON-EQUILIBRIUM
DISC TYPE MHD GENERATOR

High enthalpy extraction from twelve in situ non-equilibrium disc type
MHD generators is essential in the CFAR cycle. From the viewpoint of materials
compatibility, low gas pressures and temperatures are rather favourable; higher
applied magnetic fields are, in general, also favourable for high enthalpy extraction.
From a practical point of view, however, a moderate uniform magnetic field of
about 5 T is chosen, and gas expansion is allowed without shock onset down to the
dew point of the gas in the generator, with vanes to separate channels and multipower
take-offs (one anode + 1 1 cathodes), by adjusting the height of the generator as is
shown in Fig. 4.
Since the mercury atom has large electron momentum transfer cross-section, the
Hall parameter tends to be small; this requires maintaining the gas swirl in the
generator for high enthalpy extraction and leads to the separation of the channel by
vanes which are electrically conducting in the azimuthal direction. This generator
may be regarded as the combination of a number of skewed diagonal linear
generators with mutual azimuthal electrical connection. The inlet swirl ratio, defined
by the ratio of the azimuthal to the radial velocity, was chosen to be 1.2.
According to one-dimensional non-equilibrium MHD analysis [8], a maximum
enthalpy extraction of 56.5% is calculated by expanding a 137.1 MW caesium seeded
mercury flow (seed fraction: 10"3, inlet stagnation temperature: Ts = 2900 K, inlet
stagnation pressure: ps = 12.8 atm, inlet Mach number: Mj = 3) by the disc
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FIG. 4. A disc type MHD generator with vanes and multipower take-offs.
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generator of inlet and exit radii of, respectively, 1.0 m and 4.3 m, down to the exit
condition (Ts = 1190 K, ps = 0.028 atm). Figure 5 shows electron number density
(n,.), temperature (TJ, mercury gas static temperature (T), and static pressure (p) as
functions of the radial distance, r.
We see clearly that the electron temperature is almost frozen in the generator,
while providing a large non-equilibrium state, i.e. a large departure from the gas
temperature.
Since the latent heat of vaporization of mercury must be included, the system
cycle efficiency is reduced to 31.2%, which is less than the enthalpy extraction; yet,
this cycle efficiency is still comparable to present fission reactor power plant
efficiencies.
When most of the exhaust energy is recovered for recuperative heat of the
liquid, the cycle efficiency can be increased by almost 3%. With further addition of
the recently greatly advanced thermoelectric converters [9], as a less expensive
bottoming cycle, we can improve the system cycle efficiency to as high as 40.8%,
which is sufficiently competitive even with the most advanced conventional steam
turbine power plant, while relaxing economic issues to a great extent.

5.

SUMMARY AND CONCLUSIONS

Although many physics issues still need to be studied further, the key aspects
of the CFAR cycle synchrotron radiation production and its use in superheating as
well as non-equilibrium MHD generators seem to be feasible and attractive for the
improvement of D-T tokamak fusion reactor economy, according to these
preliminary results.
More detailed further studies are, however, required, related to synchrotron
spectra, wave transport, current drive efficiency, first wall structure for current drive
and MHD conversion, blanket issues such as materials, heat transfer, and tritium
breeding and neutronics.
In addition, fundamental experiments relating to the key issues, in particular,
to microwave superheat, high enthalpy extraction by a disc type MHD generator and
compatibility testing of high temperature materials with alkali seeded mercury gases
in high temperature and pressure regimes, are also required as soon as possible so
that the CFAR cycle concept can be evaluated thoroughly.
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Abstract
A CONCEPTUAL STEADY STATE TOKAMAK REACTOR WITH PASSIVE CURRENT DRIVE.
Current generation in a tokamak reactor using synchrotron radiation and bootstrap effect is considered. It is found that for sufficiently high temperatures the total current generated by these passive
drivers is sufficient to allow continuous operation with parameters satisfying the density and beta limitations as well as the thermal balance requirements.

1.

INTRODUCTION

One attractive method of current generation for continuous operation of a tokamak reactor relies on high frequency synchrotron radiation [1,2] if a wall configuration can be found for converting part of the randomly distributed radiation into a
system of travelling waves with a net non-zero toroidal momentum.
The purpose of the present paper is to find out whether a sufficient total plasma
current can be generated passively in a reactor with a scenario where the synchrotron
generated current acts as a seed for the bootstrap effect. In particular, conditions will
be searched in which the centrally peaked synchrotron current is sufficient to realize
acceptable safety factor profiles.

2.

NON-INDUCTIVE CURRENT DRIVE

We first consider current drive by synchrotron radiation. As is well known [3],
a hot magnetized plasma is a strong radiator in the high harmonic range of frequencies. In the absence of reflecting boundaries, the intensity of the emitted radiation
increases with the frequency according to the Rayleigh-Jeans law up to a frequency
w* > wc and decreases rapidly for w > «*. The presence of reflecting boundaries
modifies u* significantly and in general randomizes the direction of propagation and
wave polarization of the existing radiation. However, special wall configurations can
453
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be imagined [1,2] for which part of the reflected radiation has a net non-zero value
of N|. In the following analysis, we assume that the effective value of N| is cos 0
with 0 » 40°. Let Pc be the fraction of the reflected power with non-zero value of
N| and Ic the generated current. We assume Pc to be equal to the fraction Pabs
absorbed by the partially reflecting walls; hence [3, 4],
Pc = 8.20 x 10-'° (1 - rb)1/2K1/49(K) A Bt5/2a5/2 <n>I/2[T]5/2
where 0(K) = (2/TT)K E[(l - 1/K2) m] (E is the complete elliptic integral of the
second kind), A = R/a is the torus aspect ratio and the parameter rb is here an effective reflection coefficient (we will take rb = 0.85). For an inhomogeneous plasma
with density, temperature and synchrotron current profiles of the form X(p) =
XQ(1 - p2)a* where a n , a T and ajc are adjustable parameters, we obtain [2, 4]
Ic/Pc « 1.56 X 1020 G*/<n>R (for a Coulomb logarithm X = 20), where G* is the
profile averaged value of the local current drive efficiency G.
We now consider the bootstrap effect. For a circular cross-section tokamak in
the banana regime with Te = Ts = T, Z = 1, the bootstrap current density is given
[5] by

Be \RJ

I

n dr

0.135 —

T dr

In the case of an elliptical cross-section, we make an approximate theory consisting
of the following modifications: Be is replaced by the average value Bp of the poloidal component Bp over the magnetic surface, r/R is replaced by p/A, where A is the
aspect ratio and the radial gradient is replaced by the average normal gradient over
the magnetic surface.

3.

SYNCHROTRON AND BOOTSTRAP CURRENTS IN A TOKAMAK
REACTOR

We now present a quantitative application of the above theories to the case of
a D-T tokamak reactor. The reactor dimension is first determined by simple technological constraints, i.e. the total fusion power Pf and the average neutron wall load
r n upon the first wall are assumed to be given. From the definitions of P t and F n ,
the reactor radius is derived and the plasma density and beta are obtained as functions
of the operating temperature. Numerical results for PACTOR (passive current
tokamak reactor) are given in Table I, where Re = L ^ ; Ip is the total plasma current and q^i the edge cylindrical safety factor.
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TABLE I. REACTOR PARAMETERS FOR Pf = 4000 MW (P a = 810 MW),
Tn = 2 MW-m"2, A = 3, K = 2 (a = 2.96 m), Bt = 6 T, a n = aT = 1, 0 = 40°,
rb = 85%, ajc = 2, Aj = 2.5
10

15

20

25

30

35

45

50

<n> (10" m" 3 )

9.43

6.49

5.37

4.82

4.50

4.31

4.24
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THERMAL EQUILIBRIUM AND START-UP OF THE REACTOR

In the present section, we compare the confinement time needed for the operation of PACTOR at a given temperature with the confinement time given by the
empirical scaling law.
The thermal equilibrium equation for the mode of operation considered here
(Pext = 0) may be written as P a «n>, [T]) = PB «n>, [T]) + Pc «n>, [T] + Pt)
where P a is the fraction of the produced alpha power which is coupled to the
plasma, PB is the bremsstrahlung loss, Pc is the synchrotron power absorbed
by the semi-reflecting walls (and then lost by the plasma). The last term,
Pt = 3 <n>k [T]V/T E , is the power lost by the transport processes. The explicit
expression used for P a and PB may be found in Ref. [4]. Operation at a certain density and temperature then requires a value of the confinement time ('needed' confinement time) given by TEnd = 3 <n> k[T]V/(Ptt - PB - Pc) < T ^ . For the
experimental confinement time 7 ^ , we choose the mixed Goldston scaling given
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FIG. 1. Constant additional power contours in the (in), [T]) plane for PACTOR with Ohmic heating
and ¥aid = 0, 2.42, 4.12 MW. Murakami density limit and Troyon beta limit (values of Pf indicated
on the Ohmic ignition curve).

by 1/rlsc = 1/T-ENA + 1/T-IHM. where TENA is the atomic mass modified neo-Alcator
confinement time [6] and TEHM is the degraded H-mode scaling. We will take
T"EHM = 2 X 7EKG» where TEKG is the atomic mass modified Kaye-Goldston scaling
[7, 8]. Here, we take A; = 2.5 and suppose that the degrading power in the KayeGoldston scaling is equal to the alpha power. Results for PACTOR are given in
Table I. Examination of this table shows that for the temperatures [T] a: 30 keV
(for which density and beta constraints can be shown to be satisfied) the required
confinement time is of the same order as the scaling confinement time.
We now consider the problem of the start-up of the above reactor. We suppose
that Ohmic coils are able to generate, during the start-up phase of PACTOR, a total
plasma current Ip of 24.3 MA [corresponding to the synchrotron + bootstrap current generated at the thermal equilibrium at 37.7 keV (see Table I)]. Considering for
simplicity the start-up phase as a succession of thermal equilibria, we now compute
the minimum additional power necessary to reach the ignition state. The thermal
equilibrium equation in these conditions is
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, [T]) + P0([T]) + Padd = PB «n>, [T]) + Pc «n>, [T])
3<n>k[T]V
Padd)

where P o is the Ohmic power (explicit expression in Ref. [4]). The additional power
is now included in the degrading power of the scaling (but not the Ohmic power).
Numerical solution of Eq. (1) gives the plasma operation contour (POPCON) plot
represented in Fig. 1. We see that the critical additional power corresponding to the
X-point ([T] = 3.95 keV, <n> = 2.64 x 1019 m"3) is 2.42 MW. For a fixed
density <n> = 1.5 X 1019 m"3, thermal runaway occurs at [T] = 5.85 keV for
Padd -4.12 MW (and PQ = 1.73 MW) and leads to a stable Ohmic ignition operating point at [T] = 19.4 keV. The operating point at 37.7 keV is then obtained by
increasing the density up to 4.24 x 1019 m"3. In this process, the fusion power
increases as is indicated in Fig. 1, and the Ohmic current is progressively replaced
by the synchrotron and bootstrap currents.

5.

CONCLUSIONS

The scenario of continuous operation of the tokamak reactor considered here
has the great advantage of no recycling of the gross electrical power output, which
is highly beneficial for the global plant efficiency. Numerical application to a realistic
reactor [4000 MW fusion power, 2 MW-m' 2 neutron wall load, B, = 6 T
(PACTOR)] shows that for sufficiently high operation temperatures ([T] ~ 40 keV),
the amount of current generated is sufficient to allow continuous operation satisfying
the density and beta constraints. Furthermore, acceptable safety factor profiles are
obtained at high temperature since in this case the ratio Ic/Ib £ 1. The problem of
thermal equilibrium, taking into account the synchrotron radiation loss and a KayeGoldston confinement time with complete P a degradation, is also considered. We
find that thermal equilibrium can be realized for parabolic density and temperature
profiles if the most favourable atomic mass dependence is retained (A; = 2.5). We
also discuss the start-up regime of the proposed reactor and we find that, in the
H-mode, thermal divergence can occur at low densities ( ~ 2 x 1019 m~3) and temperatures (~ 6 keV) with Ohmic heating plus a small amount of additional power
(~3-6 MW). The high operating temperatures at steady state are obtained thanks to
alpha heating by increasing the density.
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ANALYTICAL CALCULATION
OF SOURCE ENERGY SPECTRA
FROM MAXWELLIAN FUSION PLASMAS
OF ARBITRARY TEMPERATURE*
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Abstract
ANALYTICAL CALCULATION OF SOURCE ENERGY SPECTRA FROM MAXWELLIAN
FUSION PLASMAS OF ARBITRARY TEMPERATURE.
Birth energy spectra of reaction products in thermalized fusion plasmas are calculated and discussed in relation to previous results based on cool reactant approximations. Effects of plasma temperature on the position and the shape of birth spectra are demonstrated. Exact birth energy distributions
are displayed for some typical fusion reactions in isotropic Maxwellian plasmas.

1.

INTRODUCTION

The measurement of birth energy spectra of particles generated by nuclear
reactions in fusion plasmas is recognized as an essential tool of plasma diagnostics [1,2,3]. Collated with computed fusion product spectra, such measurements
provide information on the plasma ion distribution and its kinetic temperature.
Calculations of these source spectra have been performed in the past both
analytically [4,5], using some approximations (see below), and more recently by
numerical analyses [6,7]. Besides of being rather computer time consuming, such
numerical codes intrinsically suffer from the fact that they yield stochastic histograms. In some cases, however, smooth analytical results are preferable, in
particular if they serve as input for a subsequent semi-analytical treatment of
kinetic equations.
* Work supported by International Atomic Energy Agency, Vienna; Osterreichisches Bundesministerium filr Wissenschaft und Forschung, Vienna; Friedrich-Schiedel-Stiftung fur Kernfusionsforschung, Vienna; Steiermarkische Landesregierung, Abteilung fur Wissenschaft und Forschung, Graz;
Austria.
1
Institute of Theoretical Physics, University of Innsbruck, Innsbruck, Austria.
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We here present a fully analytical treatment for fusion product spectra from
isotropic Maxwellian plasmas. The resulting formula for the birth energy spectrum is exact for all combinations of fuel species and remains valid even at high
temperatures in Maxwellian fusion plasmas. Compared to earlier results [2,4], our
final calculation of the birth spectrum is based on an integral with respect to the
relative velocity of the fusion products. For specific functional representations of
fusion cross-sections, our formalism allows further analytical integration without
previously used simplifications (such as cool target approximation). One such
case is that the cross-sections are taken as linearly interpolate data points; note
that this is of particular interest for the actual purpose since generally nuclear
data libraries tabulate cross-sections pointwise and recommend linear interpolation.

2.

FUSION REACTION KINETICS

We consider binary reaction processes in which two fusion reactants interact
and generate two reaction products. We refer to the notation
a + b

—>

A + B

( + Q)

(1)

where Q > 0 denotes the reaction energy release. Here, as well as in the following
description, small and capital letters indicate quantities before and after the
fusion process, respectively.
To determine the birth spectrum 5^ of particle A we start with the definite
9-fold integral

SA{VA) <PVA

= ^ - <PvA HI P{va, Sfc|ifc, vB) /a(tT.)A(tfc) A , <?vb <PvB (2)

which represents the number of A-type particles produced by a(b,B)A fusion
events per unit volume and unit time with a velocity vector in the interval
[vAt^A + dvA]- Here n o and n& are the number densities of fuel ions of species a
and b, respectively. The Kronecker delta Sat, in the denominator prevents from
double counting of fusion events in the case of alike particles for the fuel ion
species (a = b). The symbols /„ and % in the integrand denote the velocity
distributions, normalized to unity, while P{ya,Vb\vAiVB) can be interpreted as a
probability per unit time of discrete transitions in the 6-dim. velocity space, here
due to fusion reactions.
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For the evaluation of the 9-fold integral in Eq. (2) we apply the coordinate
transformation
Va,Vb, VB,VA

*

Vr,Vc, VR,VA

(3)

that is, we change to the center-of-mass velocity vc and the relative velocities
before fusion, vr, and after fusion, vR.
Upon introduction of these coordinates, an explicit expression for P is given
by

P(vr,ve\vR,vA)

=

mAB

VR

% (

ail

T

2

; , )

{

e

(

A

^

R

mA

) }

(4)

+ e}

where m is used for the various masses - mo& = ^9^
and mAB = ™A£^ represent the respective reduced masses - and ^ denotes the differential fusion crosssection incorporating the angular dependence on rj — VJ'"R. The (nonrelativistic)
reaction kinematics involve the law of conservation of mass (mass defect has been
neglected)-, further the conservation of momentum and energy is formulated in
terms of Dirac delta functions.
Using Eqs (2) to (4) and taking 3-dimensional Maxwellian distributions for
fa and ft, with equal mean kinetic temperature kT, we deduce the expression

(5)

X 6{vc - (vA - ^-vR)}
mA

3.

Si^vl
2

- ^ v
2

R

+ Q}

COMPUTATIONAL METHOD

The evaluation of Eq. (5) is started by integration over d?vc. Because
of our interest in the birth energy spectrum we turn from SA(vA) to SA(vA)
which increases the order of integration by two. As a result of the assumption
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that the distribution functions fa(va) and /&(*%) are isothermal-Maxwellian, all
integrations can be performed successively by analytical means until only one
integral is left to be carried out. We finally obtain the spectrum of birth energies
EA to be

(6)

with <r denoting here the total fusion cross-section to be taken at the respective
projectile energy

2 =

^ { ^ V
m( 2

R

_

Q]

Note that the r;-anisotropy of the fusion process, as accounted for by 3^(17), does
not affect the birth spectrum; this is evidently associated with the postulated
isotropy of the background plasma. So far, no mathematical approximations
have been introduced and the formula derived in Eq. (6) is exact. An analogous
expression is also given in Refs [2,4].
The solution of the VR-integral requires the explicit knowledge of the energy
dependence of the total fusion cross-section. A common attempt of evaluation
has been to fit the cross-section by Gamov coefficients. In this case, the remaining integral can be further developed if one assumes Q > JfcT. Subsequently,
an analytical expression is obtained for the energy spectra which displays strict
Gaussian shape in vA, Refs [2,4].
To avoid the above mentioned simplifications we take advantage of the fact
that various fusion data libraries, such as Refs [8,9], present fusion cross-sections
in a form suitable for linear interpolation between given data points. Therefore
we transform the remaining integral in Eq. (6) into a sum of terms which can
be integrated analytically in the special case that the cross-section exhibits only
linear dependence on energy between the tabulated data points. Thus the entire
integration can be solved without any restrictive assumptions, yielding
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f

N
Q — EA.
kT > n=l
^

n

n=l

(8)
X [erf{a(vn + vA)} - erf{a(t;n - vA)}]

-±

[a(vn - vA){vA -

A [a(vn + vA)(vA -* + £) +• ^
with
2

a 2 = 2kT
and
^n =

~ O~n-1

2 ,,,2 " ^2_V2
5 t» = 1 - IJV "n+l
"n
n "n-1

^2 " »1

2

2

The summation is carried over iV terms, according to the given data pairs
[-Bn! ^r, = &{£*)]• The final result therefore is just a sum of exponential and
error functions which can be handled easily even on small computer devices.

4.

RESULTS AND DISCUSSION

As a point of principal theoretical interest we first discuss reaction product
birth spectra as they differ in shape from Gaussian distributions if the ratio
Q/kT decreases to values where the kinetic energy of the reactants starts to
play a significant role in the allocation of energy to the generated particles. For
the distinct demonstration of this effect we display, in Fig. 1, four cases from
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FIG. 1. Distribution SA of birth energies EA, given for A-type fusion products, resulting from a
hypothetical reaction process ma = mb = 2 [amu], mA = 3, mB = 1, kT = 50 keV, a = I barn,
na = nb = 10H cm'3. The change of the spectral shape from Gaussian to nearly Maxwellian is demonstrated as the ratio Q/kT varies from large to small values.

Q/kT = 20 to Q/kT = 0. As expected, the spectra tend to manifest Gaussian
shape if Q > kT. However, the lower the ratio of Q/kT, the higher is the
influence of the background temperature kT on the reaction energetics, and the
birth energy spectra merge more and more into Maxwellian-like distributions.
Note that even for Q/kT=0 no strict Maxwellian shape is obtained. For the
main reactions of actual fusion fuel cycles, with a Q/kT ratio much larger than
20, this shape alteration is almost negligible. However, there are side reactions
having a very low energy release which yield highly asymmetric spectra for the
reaction products.
Another effect, if kT > 0 is accounted for, which might be of particular
interest for plasma diagnostics, is illustrated in Fig. 2 for the D(d,n)3He reaction.
The maximum in the birth energy spectrum is subject to a shift towards higher
energy. Since this shift corresponds to the (mean) kinetic energy of the reactants
in the thermal background plasma, its temperature can be determined by measuring the shift. Note that the spectra displayed in Fig. 2 are normalized in such
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a way that the integration with respect to the energy of the various curves yields
the respective actual reaction rates.
One of the mayor objectives of this work was to find out to what extent a
simplified representation of fusion product birth spectra by Gaussians is adequate.
While some previous studies present Gaussians in velocity [2,4], which is correct in
the limit Q >• kT, others show Gaussians in energy [3,5],which cannot correspond
to the former for reasons of simple algebraics, except at the point where the
spectra reach their maximum values. For the purpose of comparison we display
in Fig. 3(a) and Fig. 3(b) the birth spectra of products from the two D-D
fusion channels for the three cases: (i) Gaussian in E&, (ii) Gaussian in v^ and
(iii) our exact solution based on Eq. (8). Compared with the v-Gaussian, the
E-Gaussian overestimates S4 in the range below the most probable birth energy
and underrates above it. Nevertheless, for sufficiently high Q/kT values both
Gaussians represent an acceptable fit to the accurate curve if shifted according
to the effect of finite temperature, kT > 0.

Q/kT = 0
2
5
10
20

I
3

200

400

Birth Energy,
3

600

800

EA (keV)

FIG. 2. Neutron birth spectrum of the D(d,n) He reaction (Q = +3269 keV, nD = 1.4 x 1014 an s),
as calculated from Eq. (8), illustrated for several plasma temperatures kT. Note that the maximum of
the curves is shifted towards higher energies as the plasma temperature increases (AEmax shift).
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Bosch [3]
Lehner [4]
This work
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F/G. 3. (a) Triton birth spectrum from D(d, p)T channel (Q = +4033 keV) and 3He spectrum from
D(d,n)3He channel (Q = +3269 keV) of a deuterium plasma (kT = 50 keV, nD = 1.4 x 10 cm'3),
displayed for three cases: (i) Gaussian in EA [3]; (ii) Gaussian in vA [4J; and (Hi) exact results obtained
from Eq. (8).
(b) Corresponding neutron and proton spectra for the same fusion reaction as is shown in Fig. 3(a).
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Additionally, a decrease of the maximum of the birth energy distribution can
be observed if the accurate evaluation — according to Eq. (8) — is compared with
the Gaussian curves resulting from the Q > kT approximation. This
ASmax
effect is evident from Fig. 3(b) and again is related to the mean kinetic energy
of the reactants. However, this effect is of no use in plasma diagnostics since
the determination of the absolute maximum SA> max would require the accurate
measurement of the total number of the respective reaction products.
Although the fusion cross section appears as a weighting function within the
integral in Eq. (6), the energy dependence of the fusion cross section was found
to have little effect on the birth spectrum. Here, the cross section determines only
the absolute quantity of birth rates. For this reason we suggest to replace the
function a(E) by a constant factor outside the integral appropriately adjusted
to the overall fusion reaction rate Ro as a function of kT. Then, the remaining
integration can be readily performed resulting in the following compact expression

SA{EA)

=

*

4mBkT

eXp{

X {[ 1 + 2a 2 (u^ - v%)] [erf{a(u 0 + vA)} - erf{a(z>0 - vA)}]
—?= f « K - vA) exP{-a2(i;o + ^ ) 2 } ]

(10)

+ -^= [a(u 0 + u^) exp{-a2(w0 - "yi)2}] |
Equation (9) gives correct results for fusion reaction products which are fully in
agreement with the evaluation of Eq. (8). However, if QjkT is small, which is
atypical for fusion processes utilized in a thermonuclear reactor, and/or the cross
sections exhibit sharp resonances, preliminary analyses indicate a perceptible
effect on the shape of the birth spectra. This suggests further investigation.
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Abstract
BURN CONTROL AND HELIUM EXHAUST IN A TOKAMAK REACTOR.
To obtain an optimal mode of tokamak reactor fuelling, a 1.5-D computational code was used
which includes the 2-D Grad-Shafranov equilibrium equation and 1-D particle and thermal energy
balance equations averaged over magnetic surfaces. It is shown that the combination of regulated fuelling with short term, low power auxiliary heating seems to be the optimal technique for burn control.
Two aspects of helium pumping are considered: thermalization of fast a-particles — the product of
fusion reactions — and their diffusion towards the divertor layer; and diffusion and pumping of aparticles within the divertor layer. On the basis of kinetic equation analysis from the viewpoint of
anomalous diffusion effects on a-particle confinement it is shown that, under reasonable assumptions
about the anomalous diffusion coefficient, a-particle losses amount to 10% (associated energy losses
being 5%) for the OTR device. On the basis of numerical calculations using a 2-D divertor plasma code
it is shown that the onset of self-sustained oscillations in the divertor could significantly alleviate helium
exhaust from a tokamak reactor, reducing the pumping rate by two orders of magnitude.

1.

BURN CONTROL

At present in tokamak reactor designs steady state operation at the unstable (low
temperature) branch of the ignition curve is expected. In this connection the problem
of overheating stabilization and techniques of active plasma temperature control are
discussed. The controlled fuelling of the reactor should be a natural method of active
DT reaction burn control [1-3]. By cyclic variation of the density one could obtain
steady state burning at the desired point of the ignition curve. For testing such a control scheme and to determine the optimal mode of fuelling, a 1.5-D model of quasiequilibrium plasma parameter evolution was used. The model [3] combines the 2-D
Grad-Shafranov equilibrium equation and 1-D particle and thermal energy balance
equations averaged over magnetic surfaces. The particle source includes the ionization of the neutral gas flow from the periphery and the fuel ions entering into the
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FIG. 1. Ignition curves and constant fusion power levels in a-particles in the (0, n) plane. Solid lines:
T-ll scaling; broken line: Alcator scaling.

plasma core, which simulates pellet injection. Fuel burn-out is also taken into consideration. The neutrals are described by a stationary diffusion equation. In the
energy balance equations conduction and convective losses, additional ion heating,
fusion heating by a-particles, bremsstrahlung and cyclotron radiation losses are taken
into consideration. To determine electron transport coefficients the Alcator and T-ll
scalings are used, D = \J3, x, — 4xineocL.
For the OTR parameters (R = 6.3 m, a = 1.5 m, elongation k = 1.6,
Bt = 5.8 T, Ip = 8 MA) the ignition conditions with different scalings of electron
heat conduction and different profiles of temperature are investigated. Ignition curves
in the 08, n) plane for two scalings are shown in Fig. 1. Constant fusion power levels
in a-particles are also plotted for chosen temperature and density profiles. Combination of regulated fuelling with short term, low power auxiliary heating seems to be
the optimal technique for burn control. If the reactor operation point lies near the
minimum of the ignition curve, it is possible to control the burning without auxiliary
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FIG. 2. Plasma parameter evolution with burn control by means of regulated pellet injection.

heating only by periodically moving up and down along the ignition curve, when the
density varies. Burn control at the left vertical branch of the ignition curve without
additional heating is impossible.
The simple analytical model and calculations show the possibility of burn control after turning off of the additional heating with the next fuelling intensity feedback
regulator:
ST = a(l - /3//3*) 1022
ST = 0

if 0 > 0*
if 0 > 0*, a = 1-10

The conditions of the factor a necessary for burning parameter convergence to the
required value 0* are defined.
The 50 MW central ion heating with constant neutral gas flow So = 1O22 s"1
and DT pellet injection with frequency wp = 10 Hz and depth about a/3 are simulated. The number of particles in each pellet is Np = 1021 (~5% of the total amount
of particles in the plasma column), which corresponds to a pellet size of about 3 mm.
Pellet evaporation is simulated by the parabolic source having a maximum near a/3
from the plasma edge. In the model the source operates for a definite time TP at a
given frequency « p (in these calculations TP = 10 ms). The plasma parameter evolution is shown in Fig. 2. After ignition (C = Qa/QiOTS = 1 (Qa is the fusion power
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of a-particles, Qioss is the total power of thermal losses)) and additional heating
switch-off, the pellet injection operates only when C < 1. The last condition is verified by using a frequency of 10 Hz, i.e. the injection frequency with burn control
does not exceed wp. In Fig. 2 one can see the density and temperature variations,
but /? and fusion power Qa are constant.
Thus the present calculations have shown an opportunity for burn control in
OTR at /3 « 2.5% by means of regulated density variations. This operational point
lies near the ignition curve minimum. Burn control at low j3 values requires short
term (~ 1 s) auxiliary heating of ~ 10 MW to return back to the ignition area after
C < 1. The option of transport coefficient scaling is a decisive factor for the achievement of steady state DT burning with the required /3.

2.

HELIUM REMOVAL

We consider here (i) the removal of helium ash from the burning plasma and
(ii) helium exhaust from the divertor layer.
(i) The diffusion of thermal particles in the plasma is well known to be
anomalous, but the nature of the diffusion of the suprathermal particles is still uncertain. So we consider the removal of the suprathermal alphas assuming that the
anomalous diffusion sets in when the energy of the a-particles is lower than gea,
where ea — 3.5 MeV and g < 1. The distribution function of fast alphas f(£,r),
where | is v 3 in this approximation for uniform plasma and constant diffusivity, can
be found from the usual kinetic equation (allowing for or-particle slowing down due
to Coulomb collisions, anomalous diffusion and a source of fast alphas) analytically
after expansion of f(ij,r) into a series of eigenfunctions of the diffusion operator, on
the assumption f(£,a) = 0:

(1)
=

1

n

Jo

s(x) jo(/iiX

dx

"c(JoO«L

Here 0(y) is the Heaviside function; J0(y) is the Bessel function and /*; its zeros;
T = Kca2/D; f. = pVSZ,m.vy/4M i ; $a = (2ge a /MJ 3/2 ; »>c = (16vTAe 4 ZX)/
(M a mv| e ); S(r/a) is the source of fast alphas.
Using Eq. (1) it is easy to determine both F h , the flow of fast alphas onto the
wall, and Wh, the corresponding power. Assuming S(r/a) a 6(0), we find
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v°r

= -— £

"' T ' T '

i = 1

(3)

where F(x,y,z,t) is the hypergeometric function; Ta and W a are the alpha particle
and power sources; b ; = /X?/T; <p'r = £„/£,.
Introducing 7 = T D /T E , T D = /*fc 2 /D, it was found from the power balance
equation 2nT/r E = \ n 2 <ov> DT ea that r and hence r h / T a and W h /W a do not depend
on plasma density:

T =

128 V^r

(4)

<<rv>DT

The value of T h / r a is plotted in Fig. 3 against plasma temperature for different
values of g and y. Since y = 3 is typical for current tokamaks, the estimate of the
fraction of the fast alphas lost by anomalous diffusion as 10% seems reasonable.
Therefore the bulk of the helium ash leaves the plasma core as a flow of thermalized helium ions. Simple balance considerations assuming free helium exhaust
from the plasma edge yield n^n,, = 2(T D /7 E )(T/e a ), and for T = 20 keV and
T D /T E = 3 we may expect an acceptable level of
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(ii) The plasma fluid velocity within the scrape-off layer is low, and the plasma
temperature and density exhibit strong gradients along the magnetic field in operation
with the high recycling divertor envisaged in tokamak reactor projects. A thermal
force arising from the temperature gradient impedes transport of helium ions towards
the collector plates and hence their neutralization and exhaust.
The impurity flux along magnetic field ^ can be written, assuming nt ^ n, as
j , = un, - D dnjdt

(5)

where
3.9Z?

u

, v +£

T; I

(Q - 1) -^f- + 0.71Z, (Z, - 1) - ^ + ± j - (nTe)
dl

di

n d^

(7)

Here V is the fluid velocity of the background plasma; Kj is the parallel heat conductivity of D/T ions; fiA and /tB are the reduced masses of D/T ions and impurities;
t is the co-ordinate directed along the magnetic field.
The first term on the right hand side of Eq. (7) describes the drag force between
impurity and background ions and the remaining terms are related to the thermal
force and electric field. For Z1 > 1 and M,/Mj > 1, Q = 2.2Z? > 1 and the
steady state profile of n^Q is [4]
n, ex Tf*' " «

(8)

where 5 = qiconv/qicond is the ratio of the heat flow carried by convection of ions to
that due to ion heat conduction. For He 2+ the Q value lies between 3.6 and 5.1,
depending on the isotopic composition of the DT fuel, and we can use Eq. (8) for
qualitative analysis.
When 6 < 1, impurities accumulate far from the target in a region where the
scrape-off plasma is hot, and when 8 > 1, the plasma flow entrains impurity ions
towards the target, thus alleviating their exhaust.
Values of 6 < 1 are typical for steady state divertor operation, so that the conditions of helium pumping from a tokamak reactor are rather severe. However, the
onset of self-sustained oscillations [5] related to the lack of stable balance of the neutral gas pressure across the divertor layer at sufficiently high input power causes
oscillating plasma flows within the layer. At some phase of oscillation, <5 > 1 and
the plasma flow carries helium ions towards the target [6].
If it is assumed that helium ions are transferred to the target within a layer of
width A, adjacent to the separatrix, where the bulk of power flow is concentrated [5],
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and their spreading across the magnetic field is neglected, then, assuming the helium
density to be uniform across the layer, one can write [6]

dt

+ Vj a = S

(9)

where S is the effective source of helium ions and j a is determined by Eq. (5). In
order to describe helium pumping, we specify a boundary condition for Eq. (9) at
the target as
ja = £c d n,,| M
where cd is the speed of sound and £ the probability that a helium atom originating
at the target leaves the layer for a pumping system.
The mean density of helium ions at the separatrix,

= I <tf I dt' n.ftt'
Jo Jo
is shown in Fig. 4 against £. This result is obtained with numerical integration of
Eq. (9) on the background of oscillating plasma parameters from Ref. [5]. Here
T a = 2 X 1020 s"1, A = 3 cm, R a 5 m, a = 1 m, Ca = 4.5.

m
"o
" a 1CT1

l

10',-3

NT

FIG. 4. Variation of <na>, the mean density of helium ions near the separatrix, with {, the probability that a neutralized helium atom is pumped out.
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It is seen that an acceptable level of <na> < 1013 cm"3 is maintained at
£ 2: 3 X 10^, whereas in steady state operation this is only possible for £ ^ 0.1
[4]. Thus the onset of self-sustained oscillations could significantly alleviate helium
exhaust from a tokamak reactor, reducing the necessary pumping rate by two orders
of magnitude.
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Abstract
DC HELICITY DRIVEN TOKAMAK.
A tokamak discharge of q(a) > 5 is formed and maintained through DC helicity injection, only
a DC low energy electron beam being used. The experimental current drive efficiency determined from
the helicity balance equation is about half its maximum possible value. Strong central peaking occurs
and inward pinching is indicated for current, plasma density, potential and temperature.

1.

INTRODUCTION

To develop efficient methods of driving steady state current and controlling the
current profile, both of which features are critical for an economic tokamak reactor,
we examine the concept of DC helicity injection. In the Princeton CDX device
(B = 4 kG, R = 60 cm) [1], a tokamak discharge was formed and maintained
through helicity injection, using only a low energy DC electron beam. In contrast to
high energy particle based current drive schemes, the efficiencies of which decrease
linearly with plasma density [2], the efficiency of helicity injection current drive is
independent of the plasma density since most of the current is carried by low energy
electrons. The efficiency of DC helicity injection current drive scales as <T e ) 3/2 and
can approach that of Ohmic current drive within a factor of ten. Its efficiency and
density independence make this method a particularly attractive candidate for maintaining steady state current in hot, dense reactor plasmas. The current drive system
would be technically simple, utilizing a low voltage DC source (50-200 V) connected
across a pair of divertor plates which would act as electrodes.

2.

EXPERIMENTAL SET-UP

In the present experiment, the CDX helicity source is a steady state low energy
electron beam emitted from a cathode at the bottom of the machine (Fig. 1). The
cathode comprises a lanthanum hexaboride (LaB6) tube with an emission area of
~ 1 cm2, which is electrically heated by an internal carbon rod and is biased with
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FIG. 1. Magnetic field contours in a poloidal cross-section computed by a 2-D numerical simulation
code. The toroidal plasma current, IT, is 330 A.

respect to the limiter and chamber wall. Emitted from the cathode, an electron beam
spirals gently upward, following a vacuum magnetic field line and producing plasma
by ionizing the background neutral gas (typically, 10"4 torr of hydrogen or helium).
A strong vacuum poloidal field near the divertor coils (about 10 to 20 G) enables the
electron beam to avoid the cathode as it travels upwards, maximizing the helicity
injection rate. Then, as the beam drifts into the main plasma region, the vacuum
poloidal field decreases at the plasma centre to 2-4 G, which is adjusted to optimize
the main plasma performance. Measurements of the plasma were carried out with a
variety of probes (Langmuir, emissive and magnetic), a FIR laser interferometer and
scattering system, a Rogowski coil, a 'boxcar camera', and a Fabry-Perot Doppler
spectrometer.
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FIG. 2. (a) The poloidal field on the plasma midplane, measured by a magnetic probe in a discharge
of 330 A. q and j profiles computed from the poloidal field measurement are shown in the inset,
(b) Applied cathode voltage and measured plasma current in CDX discharges, showing the increase of
plasma current with cathode voltage.
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CURRENT EVOLUTION

As the toroidal current is increased, the discharge evolves spontaneously from
a cylindrical vertical sheet into a tokamak configuration of circular cross-section such
as that shown in Fig. 1. The rapid evolution offers evidence of self-organization of
the toroidal current system and suggests that a preferred state exists [3, 4]. As is
shown in Fig. 2(a), the measured poloidal field displays tokamak-like features,
reversing near the centre of the discharge as expected. The current density and q
profiles obtained from this measurement are shown in the inset of the figure, q
increases monotonically with the plasma radius, from q(0) = 4 to q(a) = 10. The
current density is also peaked at the centre, which is somewhat surprising in that the
current source in this experiment is purely external. It is, however, a very encouraging result for helicity injection. A comparison of the experimental measurements with
numerical simulation (Fig. 1) shows the presence of a strong current pinch process
that can be characterized by an inward velocity, Vj = 4a/7res (i.e. the current
pinches to the plasma centre in a quarter of the resistive time).

4.

HELICITY BALANCE

The experimental helicity injection efficiency can be estimated by using the
helicity equation in steady state [4], which can be reduced to IT = e<f> AA <ij>"'
(Bv/BT)(2irR)"', where IT is the toroidal current, AA is the effective cathode area,
<f> is the relative potential between cathode and plasma, e is the helicity injection efficiency and <T7> is the average plasma resistivity (oc<Te>~3/2). As is shown in
Fig. 2(b), the driven toroidal current increases with the applied cathode potential
from ~ 300 A [q(a) « 10-15] up to 1 kA [q(a) « 5]. The faster than linear increase
of current with the cathode potential can be explained by the generally decreasing
plasma resistivity as the current is increased. Analyses of helicity balance indicate
that the observed efficiency is about half its maximum possible value or e « 0.4. The
efficiency appears to be relatively insensitive to the plasma density, as expected,
although one should note that in our experiment the plasma density tends to increase
with increasing current. In the range investigated [q(a) « 5-15], no strong dependence on q(a) has been observed. The increase in current drive efficiency improves
as the neutral fill pressure is reduced, which can be attributed to the generally higher
plasma temperature (lower resistivity) for lower fill pressure in our discharge.

5.

PLASMA PARAMETERS

As the tokamak plasma forms, the plasma density increases dramatically, reaching a chord averaged value of n,, = 2 x 1013 cm"3 with a fall-off distance of
3-4 cm. The central ion and electron temperatures also increase significantly, rising
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from a few eV to 15 and 25 eV, respectively. The steep profiles suggest improved
particle and energy confinement in this tokamak regime. Density and temperature
also increase with plasma current, as is shown in Figs 3(a) and (b). The density is,
however, relatively independent of the neutral fill pressure.
The DC helicity injected tokamak also produces a negative potential well in the
plasma (Fig. 3(c)), and the resulting radial DC electric field causes the plasma to
rotate poloidally with a rotation velocity typically of the order of 1 X 106 cm-s"1.
This poloidal rotation velocity is consistent with the observed Doppler drift velocity
measured in a helium discharge. The rotation was also confirmed by the measurement
of the poloidal phase velocity of the naturally occurring low frequency plasma modes
[5]. The radial electric field in the gradient region may be represented approximately
by Er (V-cnr 1 ) « 11 BT(kG)/M0-5, where M is the mass number of the main
plasma ion species. We note here that, since the radial electric field is proportional
to BT, the E x B rotation velocity is independent of BT in our experiment.

6.

PLASMA BETA AND CONFINEMENT

As the discharge enters the tokamak state, the improvement in plasma confinement, indicated by the steepened density and temperature profiles, results in plasmas
of relatively high poloidal beta, < ^poj > « 15 and <(R/a) jS^) « 1. The toroidal
beta (~0.1%) actually reaches the Troyon-Sykes limit [6]. The high beta plasma
regime gives rise to pressure-curvature driven high frequency fluctuations which are
electromagnetic in nature [5]. The global power balance estimate for a 660 A hydrogen plasma level indicates that the global confinement time is ~70 /xs, on the
assumption that the entire electron beam power, —40 kW, is deposited in the plasma.
Considering the external injection of an electron beam as a form of auxiliary heating,
the above confinement time (although much better than that of the non-tokamak
plasma in CDX) is somewhat less than the Goldston tokamak L-mode scaling value
of ~ 100 /xs [7]. This value may not, however, be unreasonable since our method of
electron beam injection essentially deposits the heating power at the plasma edge
where the heating should be relatively inefficient.

7.

FUTURE DIRECTIONS

To establish DC helicity injection as a viable tokamak current drive option, it
is essential to explore parameters beyond the present CDX values. The CDX experiment will attempt to explore low q(a) (high current density) regimes (q(a) < 5) to
see if there is q(a) dependence in the current drive efficiency. A Princeton-UCLA
collaborative experiment is now starting to demonstrate DC helicity injection current
drive in the 10 kA range in the CCT tokamak at UCLA (an order of magnitude
increase from the CDX value). An experiment under consideration by CDX is the
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investigation of DC helicity injection in the 50 kA range in a low aspect ratio tokamak (R/a « 1.5). Since there is no need for an Ohmic heating coil, which typically
occupies half of the central core, it is relatively simple to build such a device. These
three experiments should be able to provide important information on scaling for
major and minor radii, aspect ratio, toroidal current, safety factor, plasma density
and plasma temperature as will be needed to extend the DC helicity injection current
drive towards the reactor relevant megampere regime.
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Abstract
IMPROVED MHD STABILIZATION IN THE PHAEDRUS-B TANDEM MIRROR OBTAINED BY
USING ICRF EXCITED BY ROTATING FIELD ANTENNAS AND MEASUREMENTS OF A
MODEL ANTENNA NEAR FIELDS.
Rotating field antennas are used to achieve ponderomotive stability of interchange modes at
RF frequencies co below the ion cyclotron frequency Qt, and measurements are made of mode conversion associated with the non-uniform axisymmetric mirror field. By rapidly changing the plasma's MHD
stability during a discharge through an abrupt change in the phasing of antennas separated by 1 m, it
is found that at u/Qj = 1.25 the sideband modes reduce the stabilizing ponderomotive force by 40%.
The linear damping rate associated with the ponderomotive stabilization is measured and found to agree
with theory. Recent experiments measure the three components of the ICRF B fields near a model
Faraday shielded ICRF antenna placed in the central cell.
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INTRODUCTION

The ponderomotive force associated vith ICRF has proven to
be valuable for stabilization of interchange modes in
axisymmetric mirror cells [1]. Ponderomotive stability has
been shown to be sensitive to the radial profiles of the RF
electric fields, which are in turn dependent on the azimuthal
mode number m. Previous Phaedrus experiments [1] have depended
on a combination of m = +1 E_ fields (which rotate in the
electron direction) which are stabilizing at all frequencies
for Phaedrus parameters, E fields which are stabilizing for w
> 55. , and E which can be stabilizing or destabilizing
depending on the value of T . Recent experiments have
demonstrated that considerable control of RF modes can be
achieved by using combinations of dual half-turn antennas. By
phasing two closely spaced dual half-turn antennas (a rotating
field antenna) it is possible to achieve almost pure m = -1 and
m = +1 azimuthal modes. By phasing two dual half-turn antennas
(1 m apart), it has been possible to modify the k spectrum.
Previous Phaedrus stability experiments [1] have employed
RF with frequencies » > S2. . Here we describe experiments in
the Phaedrus-B Tandem Mirror in which rotating field antennas
are used to achieve ponderomotive stability of interchange
modes at RF frequencies » < 8. and measurements of mode
conversion associated with the non-uniform axisymmetric mirror
field. By rapidly varying the MHD stability during a
discharge, it has been possible to determine the sideband mode
contribution to the ponderomotive stability of interchange
modes. We have been able to show that the strength of the
sideband modes is too small to significantly reduce the
ponderomotive stability contrary to previous calculations [2].
It has also been possible to measure the linear damping rate
associated with the ponderomotive stabilization. Recent
experiments have also measured the three components of the ICRF
B fields near a model antenna placed in the central cell.
2.

EXPERIMENTAL METHOD

All experiments were carried out in the central cell of the
Phaedrus-B Tandem Mirror [1], operated with ICRF produced by
combinations of dual half-turn antennas. Phaedrus-B has five
mirror cells with choke coils at the end of the central cell
and quadrupole or axisymmetric end cells. Only RF in the ion
cyclotron range of frequencies (ICRF) is used to stabilize,
heat, and modify the plasma potential, except during startup
when ECH is employed. The central cell plasma was operated
with densities up to 8 x 10 12 cm"3 and T - T. < 100 eV. The
rotating field antenna consists of two closely1spaced dual
half-turn antennas (strap width = 5 cm), rotated by-90°, and
located 7.5 cm apart [1], Each antenna set was shielded from
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the plasma by tvo axial limiters and Faraday shields were not
present. Tvo rotating sets were axially separated by 1 m to
allow some measure of k control [1]. Wave characteristics
including m number were2determined by interpreting data from
direct measurement with small magnetic field probes. MHD data
were determined from Langmuir probe arrays.
At the densities of these experiments, the only
propagating modes for w > S. are m = +1 fast magnetosonic
waves. The left circularlylpolarized E fields (which rotate
in the ion direction and heat ions) associated with the m = +1
mode, peak at the plasma edge and have zero amplitude on axis.
Because of their radial profile, m = +1 fast waves are not
suited to ion heating in the core of the plasma but they are
ideal for ponderomotive stability for w > 2. . For <u < 2. the m
= +1 fast wave E fields are destabilizing but m = -1 E
fields can be stabilizing. For co < 2., ponderomotive stability
is complicated by the presence of propagating slow shear Alfven
waves as well as fast waves.
3.

RESULTS

Using the rotating field antennas with 0.65 < w/S. < 0.8,
we excited only m = -1 slow modes and using them we have been
able to stabilize the plasma by taking advantage of the radial
profile of the E fields. Once stabilized, only small radial
plasma column displacements (< 2 cm at a radius of 12 cm) were
observed. Good qualitative agreement was found for whether or
not the plasma was stable in comparison with the predicted
contribution to stability by the radial ponderomotive force
based on field estimates from the code ANTENA.
Previous theoretical papers [2] have suggested that RF
sideband mode effects could cancel out the ponderomotive force
associated with the applied RF. Direct measurements of the
sideband mode amplitude and the dependence of sideband field
strength on plasma displacement and the onset of instabilities
with w/O. = 1 . 2 5 found that the sideband fields only reduced
the stabilizing force by 40 percent. Measurements close to
the time of the onset of instabilities, or the time at which
stability was achieved, were possible because the antenna
phasing and hence the ponderomotive stabilization could be
abruptly changed (in ~ 10 Msec) during a discharge.
Data obtained by abruptly changing the phasing of the
antennas separated by 1 m from unstable to stable are shown in
Fig. 1. Analysis of these data indicates that the linear
damping rate of the instability is 0.14 + 0.03 msec which can
be compared to a calculated 0.12 msec which takes into account
ponderomotive, sideband and curvature forces.
Direct measurements of RF B fields show that the wave
polarization changes as the wave propagates in the non-uniform
axial B field at the end of the central cell. Near the antenna
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the m = +1 fast wave (at w/2. = 1.1) polarization P = B + /B^ was
10-15 percent in the bulk plasma while at the mirror throat P =
50-90 percent. This is evidence that mode conversion takes
place in the mirror throats from fast waves to slow waves.
Recent experiments have employed the Phaedrus-B central
cell to determine RF B fields produced by a low power model
antenna designed to resemble a TFTR or CIT antenna. The
antenna was oriented with its current strap in the 9 direction,
perpendicular to the dc B field (i.e. the z direction).
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Measurements have been made of the three components of the RF
field (z,6,r) in z-6 planes, close to the antenna's Faraday
shield, both in a vacuum (and in air) and in the presence of
central cell plasma produced by other central cell antennas.
The results (shown in Fig. 2) indicate the importance of the
fields produced by the antenna leads (compare B . to B ) .
4.

CONCLUSION

It has been shown that ponderomotive stability can be
achieved for w < S by providing a suitable radial field
profile. At to = 1.25 3. the sideband contribution to stability
is shown to be small, the linear damping rate was measured so
in principle the net stabilizing force can now be measured
quantitatively. Mode conversion from fast magnetosonic waves
is evident in B field gradient at the end of the central cell.
In addition, Phaedrus-B can be used to study model antennas.
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Abstract
PLASMA PROFILE AND DRIFT OF HOT ELECTRON RING IN THE MM-2 MIRROR.
The plasma is created by high power microwave injection into the MM-2 simple mirror. Simply
by using tiny movable probes to measure the floating potential profile, along with diamagnetic and X-ray
measurements, the drifting and bouncing motions of hot electrons associated with the formation process
of the electron ring are detected. The radius of the hot electron ring is found to be 7 cm; its thickness
is about 4 cm. The axial boundary of the ring extends from z = 10 cm to 20 cm, where z is the distance
from the central plane of the device. The hot electron temperature is 140 to 170 keV, and the average
beta value of the electron ring is about 4 to 5%.

1.

INTRODUCTION

High beta hot electron plasmas have become very interesting because of the key
role they play in the ELMO Bumpy Torus (EBT) concept and in the potential formation for the Tandem Mirror. In recent years, ECH has been used in tokamaks for
ECH heating, current drive, plasma current profile control and preionization.
The plasma is created by high power microwave injection into a mirror in which
both fundamental and second harmonic resonance regions exist. The warm plasma
is formed by interaction in the fundamental region while the high energy annulus is
created by interaction in the second harmonic region. The annulus is, therefore,
located at the second harmonic layer [1].
The purpose of this paper is to present the experimental results for the ECRH
hot electron annulus in the MM-2 mirror. To understand the annulus formation
process it is necessary to observe the early states and then the electrons must be
heated to sufficiently high energies so that collisional drag can be overcome and
appreciable electron cyclotron second harmonic heating can occur.

2.

EXPERIMENTAL ARRANGEMENT

The MM-2 device is a magnetic mirror with a mirror ratio on the axis of 2.64
to 1 and a mirror space of 64 cm. The inner diameter of the vessel is 20 cm. The
central field is, typically, 2.95 kG. The gyrotron is capable of producing 150 kW of
493
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peak power at 15 GHz at pulse lengths in excess of 15 ms. The power output of the
gyrotron is rather sensitive to all magnet parameters. Great care must be exercised
to ensure adequate regulation of the magnet power supplies. The output waveguide
stands vertically from the bottom of the tube to the top of the device. The output is
the HOi cylindrical mode. About 30 kW of microwave power pulsed to 10 to 20 ms
are typically used in this experiment [2]. The total perpendicular energy stored in the
hot electron populations, W ± , is measured by the diamagnetic flux through a pickup
loop mounted at the midplane of the device. A compensation loop installed near the
magnetic field coil is used to cancel spurious signals caused by vacuum magnetic
fields. The X-ray measurements determine the electron temperature of the electron
annulus. A variety of probes have been used to obtain the plasma profile and to reveal
the drifting and bouncing motions of hot electrons which are associated with the
formation process of hot electron ring.

3.

EXPERIMENTAL RESULTS AND DISCUSSION

Figure 1 shows the waveforms in a typical ECRH discharge in MM-2. The
Langmuir probe signal indicates that the cold background plasma disappears immediately after the microwave injection has been turned off. The hot electrons can
last longer than 40 ms. The diamagnetic signal indicates the presence of the hot
electron ring. Typical background plasma parameters are: electron temperature,
tec = 10-30 eV, and plasma density, N K = 5 X 10" cm"3.

( A ) MICROWAVE POWER

CB> COLLECTED PROBE CURRENT

C O DrAMAGNETIC SIGNAL

10

20

TIMECMS)
FIG. 1. Waveforms in a typical ECRH discharge.

495

IAEA-CN-50/H-I-3

In the MM-2 ECRH experiments, the plasma is produced by microwave
preionization. At the beginning, few high energy electrons are produced, mainly near
the o} = 2u>^ region. As the electron accumulation reaches a certain level, the gas
breaks down and produces the bulk plasma. Further ECH will establish a hot electron
ring in the second harmonic resonance region. The experimental results show that the
preionization time decreases from 7 ms to 1 ms while the gas pressure increases from
4 x 10"6 torr to 1.2 x 10"5 torr. The total stored energy of the energetic electron
ring is measured by diamagnetic pickup loops; typical average beta values are about
4 to 5 %. The X-ray energy spectrum of free-free bremsstrahlung in the hard X-ray
region is measured with a (40 mm X 40 mm) Nal(Tl) detector. The hot electron
temperature is about 140 to 160 keV.
The overall behaviour of the ECH plasma depends on the microwave power and
the background neutral pressure [2]. There are three regimes in the EBT or NBT
experiments: the C-mode, the T-mode and the M-mode. The regime of interest for
normal operation is the T-mode. In the case of 15 kW microwave power, a gas
'pressure window' of (0.4-1.2) x 10"5 torr for building up the hot electron ring has
been determined. In addition, radial bursts of electrons due to ring instabilities
accompanied by drops in the diamagnetic signal have been observed.
Simply by using tiny movable probes to measure the floating potential profile,
along with diamagnetic and X-ray measurements, the drifting and bouncing motions

TIME (US)
FIG. 2. Floating potential profile as a Junction of time.
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X CCM)
FIG. 3. Diamagnetic signals and X-ray counts as functions of the axial position of the probe.

of hot electrons associated with the formation process of the electron ring have been
revealed in the MM-2 ECRH experiments. The probe is made of tungsten wire
of 0.02 cm diameter, movable along the radius when the tip of the probe is located
at position R, scraping off the ring electrons from the wall. The diamagnetic signal,
which mainly stems from the electron ring, is proportional to the number of electrons
left. The diamagnetic signals as a function of the radial position of the probe show
the spatial density distribution of the ring electrons; and the drift of the hot electrons
has been clearly established. The floating potential shown in Fig. 2 indicates that
there is a potential well at the location of the hot electron ring, exactly where the
predicted second harmonic resonance layer is located. It has been found from the
potential profile that the radius of the hot electron ring is 7 cm, and its thickness is
about 4 cm. The profile of the hot electron ring along the magnetic field lines is
studied by measuring the perturbed diamagnetic signals and X-ray counts due to the
presence of a movable probe along the axis (Fig. 3). When the probe moves axially
towards the ring from one end to the mirror device, the diamagnetic signal begins
to decrease as the probe is at the position of z = 20 cm, where z is the distance from
the central plane of the device; it vanishes as the probe is at positions z < 10 cm.
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This indicates that the hot electron ring has a wide axial edge. We consider MM-2
to be a simple mirror, and so the ring electrons drift around the mirror axis concentrically as they travel back and forth along field lines between their bouncing points.
The electrons are confined to a concentric drift surface from a single basic unit,
which is described by a distribution function with two temperature parameters, T ±
and T|. Most of the electrons of this basic unit are trapped, and, as a consequence,
the fraction of the electrons which reach a specific location along a field line
decreases as the distance increases from the midplane in MM-2.
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Abstract
PRODUCTION, STUDY AND FEEDBACK CONTROL OF A COLLISIONLESS, CURVATURE
AND ROTATIONALLY DRIVEN, TRAPPED PARTICLE MODE.
Production, identification, parametric studies and feedback control of a collisionless, curvature
and rotationally driven, trapped particle instability have been carried out in the Columbia Linear
Machine (CLM). CLM is a steady state machine with a quiescent, cylindrical plasma column confined
by a solenoidal magnetic field with a mirror structure. It is particularly suited for the study of various
trapped particle instabilities in both reactor type tokamaks and tandem mirrors.

1.

INTRODUCTION

Trapped particle instabilities have been studied intensively for over two
decades. Recently, there has been concern that a collisionless trapped particle instability might arise in a tandem mirror and would have MHD-like growth rates as a
result of the near unity trapped fraction in these machines. This prompted us to study
this instability in the Columbia Linear Machine (CLM) [1]. In addition, the desire
to control this and other types of instabilities in a reactor-like environment motivated
us to examine the stabilization of this instability via a remote feedback technique
which involves injection of the feedback signal into the cool halo plasma [2].
Figure 1 shows the redesigned CLM. The basic configuration consists of a
steady state magnetized E II B glow discharge source which produces a quiescent
plasma. The plasma flows through a differentially pumped transition region and into
an experimental region with a mirror structure. In this region ICRF heating is used
to reduce the collisionality and to increase the magnetic curvature drive for the instability via transverse ion heating.

2.

COLLISIONLESS TRAPPED PARTICLE MODE STUDIES

In the redesigned machine configuration, the typical plasma parameters are:
N * 2.5 x 108 cm' 3 , rp « 2.7 cm, Te « T, « 10 eV, T u « 50 to 60 eV,
499
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FIG. I. The redesigned Columbia Linear Machine.
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FIG. 2. Axial variation of mode amplitude shown along with the magnetic field strength.
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FIG. 3. Instantaneous density profile at two times, one half wave period (T) apart.
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(a)

Frequency

(kHz!

FIG. 4. Frequency spectrum of density fluctuations for varying (a) mirror ratio Rm,
(b) RF voltage VRF, and (c) mirror cell length Lc. In each case the other parameters are held at their
nominal values of Rm = 3.0, V^ = 60 V, Lc = 45 cm.

5 « 60% to 80%, Rm « 3, Lc = 40 cm, rp/R<. = 0.01. Under these conditions, a
coherent, large amplitude (n/N » 60%), m = 1 fluctuation is observed. The mode
is strongly localized to the region of trapping within the mirror cell, which is a
fundamental identifying characteristic of trapped particle modes. This is demonstrated in Fig. 2, which shows the axial mode structure along with the magnetic field
strength profile. The radial structure of the mode is seen to be very broad, covering
the entire plasma cross-section, in contrast to the dissipative trapped particle mode
studied previously in CLM [1], which was always localized near the density gradient
maximum. This indication of the global, macroscopic nature of the mode is further
confirmed via a 'stroboscopic' measurement of the dynamic density profile n(r,t).
Figure 3 shows such a measurement of the density profile at two times, one half wave
period apart. This figure clearly reveals a macroscopic rigid body motion (over
1 cm), characteristic of a curvature driven mode. Furthermore, the mode displays the
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expected parametric dependence of increasing mode amplitude with a higher trapped
fraction obtained via increasing mirror ratio (Fig. 4(a)). The amplitude also increases
monotonically with increasing RF power as displayed in Fig. 4(b). As the RF power
is increased, the ion temperature and the trapped fraction are increased, both providing stronger drive for the mode. Finally, Fig. 4(c) shows that shorter mirror cell
length increases the mode amplitude. The shortening of the cell length increases the
bounce averaged curvature drive, resulting in larger mode amplitude. All the
observed characteristics of the mode clearly identify it as a collisionless curvature
driven trapped particle mode, and this is believed to be the first production and definitive identification of this instability. In contrast, a collisional version of this mode has
been observed elsewhere [3].
In addition, we have varied the passing population of ions or electrons by biasing the terminating end plate positive or negative, and have observed stabilization
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of the mode as is shown in Fig. 5. These results indicate the validity of the charge
overshoot stabilization concept.
A theory has been developed for the mode in the presence of a DC radial electric
field. The model is based on the Rosenbluth and Simon equation for flute modes,
modified to include trapped particle effects. The theory predicts that the observed real
frequency of the mode is due to the E X B rotation in our plasma and gives a value
that is in reasonable agreement with the experiment. The theory also predicts that a
significant part of the drive for this instability is due to rotation.

3.

STABILIZATION AND GROWTH RATE MEASUREMENTS
OF THE COLLISIONLESS TRAPPED PARTICLE MODE
USING HALO FEEDBACK

A most difficult and important problem in the control of plasma instabilities is
that metallic probes, grids or plates cannot be used as sensors or suppressors in a
reactor-like environment. Therefore, both sensors and suppressors for control of
instabilities in high temperature plasmas must be of the remote type. We have investigated an experimentally convenient remote suppression scheme in which the feedback signal is injected into the cool, dilute halo plasma which always surrounds any
hot core plasma subject to instability.
In our particular experiment, the collisionless trapped particle instability
described above has been successfully stabilized by this novel halo feedback suppression system. As is shown in Fig. 6, it consists of a Langmuir probe sensor, amplifiers, a phase shifter, bandpass filters, and a segmented end plate with five radial and
four azimuthal partitions. The optimally phase shifted and amplified sensor signal is
applied to the two outermost radial segments which map to the halo plasma. The four

"f
SEGMENTED
ENOPLATE

PLASMA

FIG. 6. Schematic of halo feedback system.

LANGMUIR
PROBE SENSOR
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FIG. 7. Frequency spectra with and without halo feedback.
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FIG. 8. Growth envelope obtained by gating the halo feedback.

azimuthal segments are phased progressively 90° apart to create an m = 1 suppressor signal which propagates in the same direction as the mode. Utilizing this system,
we have routinely suppressed the instability down to noise levels (Fig. 7). This has
been accomplished using a total gain of ~ 16 and phase shift of - 1 5 5 ° . A theory
based on a layered model of the hot core and the halo regions, including the injected
feedback signal, has been developed. It predicts stability at a gain and a phase which
is in rough agreement with the experimental results.
In addition, further experiments were conducted to confirm the feedback nature
of the stabilization. First, the feedback signal was replaced by an external signal
(of the same amplitude and of various frequencies including that of the mode), and
its effect on the mode was observed. These experiments showed that an external,
uncorrelated signal failed to have any stabilizing effects. Second, the phase of the
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feedback signal was scanned through its entire range. This resulted in variations in
the non-linearly saturated amplitude as the mode went through regions of stabilization, drive, and then back to stabilization, indicative of its feedback nature. As this
mode is a close relative of the flute mode, this experiment can be seen as a proof of
principle experiment for halo feedback control of flute modes in axisymmetric
mirrors.
Once the mode is suppressed, we can gate the feedback circuit and observe the
linear growth and non-linear saturation of the mode from noise levels (Fig. 8). By
fitting an exponential curve through the linear phase, we have measured growth rates
of the order of yl2ir = 12.5 kHz, results which were within a factor of two of the
value predicted by the linear theory.
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Abstract
GROWTH AND DECAY OF TURBULENT VORTEX STRUCTURES IN PURE ELECTRON
PLASMAS.
Hollow electron columns exhibit a linear instability which evolves to a state of saturated nonlinear vortex structures. These vortices then cause transport to a turbulent, non-hollow state. In the
linear regime, both unstable and stable kj » 0, / = 2 diocotron modes coexist. The measured frequencies and growth rates are in factor-of-two agreement with predictions of 2-D theory. In the nonlinear regime, experiments and fluid simulations show two vortices merging into a single vortex in the
centre, with the formation of small scale structures. At late times, the measured density fluctuations typically decay exponentially to the level of a few per cent.

1. Introduction
Pure electron plasmas are excellent model systems for precision
studies of plasma waves and transport. The electron column is
contained radially by a uniform magnetic field, Bz, and contained axially
by voltages applied to end sections of the cylindrical wall. These
plasmas are very longlived (100 s) and quiescent, with shot-to-shot
variations at the 0.1% level [l].
By creating hollow density profiles, one or more diocotron modes
can be made unstable. For our profiles, an / = 2 , kz ~0.diocotron mode
is the most unstable. For plasmas or beams with a thin shell structure,
high / modes can be the most unstable [2], These unstable modes evolve
to non-linear vortices which cause transport to a stable, monotonically
decreasing radial density profile.
507
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2. Nonlinear E v o l u t i o n
Our experiments measure the complete 2-averaged dynamics of the
plasma in both the linear and non-linear regimes. We begin with a
hollow radial profile, with a single seeded asymmetry as the initial
condition for the subsequent evolution. We allow the plasma to evolve
for a time t, then dump the plasma axially and collect the charges which
pass through a moveable 3mm collimator hole. We obtain the zintegrated plasma density n(r,0,t) by taking many shots, varying the
radial position of the collimator hole, the phase of the seed wave, and
the evolution time.

FIG. 1. Measured z-averaged density n(r, 8) at four times, as the initially hollow profile becomes monotonic. Color bar shows density in units of 106 cm3. Overlay plots give 9-averaged n(r).
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Figure 1 displays n(r,0) at 4 evolution times for an initially hollow
plasma. The / = 2 seed wave is barely noticeable at t = 0. However, an
I = 2 perturbation grows exponentially with an e-folding time of 17 fis
and is clearly dominant by t = 50 /us (a). At t = 1 2 0 /us, the mode is
fully saturated and would best be described as two isolated vortex
structures with density plateaus about 50% above the density minima
(b). (The vorticity of the flow is proportional to the density.) The two
vortices rotate around their own centres and around each other with
both periods —10 (Js.
The two vortices persist for many rotations, then begin to merge
towards the center at t = 170 fjs (c). Presumably, the two-vortex state
is unstable, and the merger is the result of a vortex instability [3].
There may be extended filamentary structures arising during the vortex
formation and disintegration, as suggested in (b), giving rise to density
fluctuations on smaller spatial scales. Finally, by 1000 /is the density is
monotonically decreasing and therefore stable, and only small
fluctuations are observed (d).

3. Linear Modes
From our data, we are able to characterize the linear modes rather
completely. Two similar but distinct diocotron modes propagate on the
hollow plasma column: One is unstable, similar to that first observed in
the filamentation of hollow beams [4]; while the other is stable and is
similar to the stable (or damped) modes observed on monotonic density
profiles [5]. These two modes have distinct frequencies and distinct
radial eigenfunctions.
We obtain the mode frequencies, w?, growth rates ~jq, and
eigenfunctions, Snq(r), for both 1—1 modes by fitting the e' 2 "
component of the experimental data, as

Sn(r,t)=

£

S( r )e'' W | ' + 1 f t

The data are well fit by these two modes, with residuals typically below
10%. This process readily detects the oscillations at each u>q and gives
accurate growth rates so long as the modes are linear. To verify the
exponential growth and to obtain the mode amplitudes in the non-linear
regime, we use a second fit. Given the eigenfunctions from the first fit
(normalized to a maximum of 1), we obtain the mode amplitudes Aq(t)
directly from the data, as Sn(r,t) = nm3X £
8nq(r)Aq(t).
The left side of Fig. 2 shows the amplitudes of the unstable and
stable modes \AU | and \AS | versus time. The unstable mode is
observed to grow exponentially from an initial level of 0 . 5 % to a

510

DRISCOLL et al.

- 11
10"

-

' i

V

h

,= 17Ms

-2

•a

o

a
10 - 3

n
C

"V

-.

i i r 11

I

i

/x

-

Te=91/XS

r

500
Time

5
o

I

^^
X

250

o
a

xl

750

(jis)

F/G. 2. Afode amplitudes \AS\ (open circles) and \AU\ (solid diamonds) for the stable and unstable
modes; RMS density fluctuations (plus signs), with the 1.6% asymptote subtracted (crosses).

saturation level of 20%, while the stable mode varies only slightly until
the non-linear regime.
We have measured 1—2 frequencies and growth rates for hollowed
plasmas with ratios of central density to peak density ranging from 95%
down to 40%. The measured growth rates are generally 20-100% greater
than predicted by 2-D guiding centre theory, whereas the frequencies
agree well with theory. For the plasma of Figs 1 and 2, theory predicts
re ^ 3 0 fis, versus the measured 17 /xs. As yet, we do not know the
source of this discrepancy.

4. Noise Measurements
The phase-locked measurements of n(r,0,t)
can follow the
dynamical evolution only until the initial shot-to-shot noise grows to be
as large as the structures of interest. This occurs at about (c) in Fig. 1,
where the. visible lack of 180° symmetry is due to noise. We have made
long-term noise and correlation measurements for evolutions similar to
that of Fig. 1. Here, the measurements are asynchronous with the
internal waves.
The right hand side of Fig. 2 gives the RMS variations in the
measured density versus time at a radius near the initial density peak.
The noise grows exponentially before 100 /JS (not shown), due to the
unstable 1—1 mode, and positive correlations are measured on collectors
separated spatially by 180 °. The peak in the noise occurs when the two
vortices are fully formed and are merging towards the center. After 250
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/JS, the noise asymptotes to 1.6%, where it remains for hundreds of
milliseconds.
By subtracting off the asymptotic value of 1.6% noise, we obtain an
accurately exponential decay of one " t y p e " of noise over a range of 2
decades. The data to date suggest that the ^-asymmetries are decaying
away, and t h a t the long term noise represents shot-to-shot differences in
the resulting radial profile. T h a t is, we see positive correlations on
collectors separated by 90 ° and by 180 °, but negative correlations
between collectors at the same angle but different radius. The 1.6%
noise persists until "collisional" radial transport occurs, typically on the
time-scale of seconds.

5. Instability Theory
The stability of profiles with "steps" of uniform density has been
analytically studied [2,6]. However, we find that these results are poor
guides to the behavior of plasmas with smooth density profiles. Here, we
numerically solve the radial differential equation for smooth profiles and
find general agreement with the experiments.
The theoretical analyses are based on a 2-dimensional, zero
temperature, drift model. Under these circumstances the plasma behaves
as an incompressible fluid. Non-neutral plasmas with monotonic density
profiles have been shown to be (exponentially) stable. A necessary
condition for instability is a non-monotonic density profile, but it is not
sufficient [7].
The linear stability analysis of smooth profiles was done by
numerically solving the radial differential equation for the potential for
various density profiles and I numbers, with complex frequency ui+i^/
as a parameter. The Nyquist criterion, applied by mapping the
potential at the wall, $ w (w + t7), was used to determine whether an
instability existed. If a profile was found to be unstable, then a shooting
procedure was used to determine the complex frequency of the growing
mode. Profiles of perturbed density, potential, and electric field were
then obtained for the unstable mode.
Even very slightly hollow profiles were found to be unstable to the
1—2 mode, provided that the density falls smoothly at large radius.
The ratio 7/w was found to be in the range 1-10%, depending on the
profile, with the lowest values occurring for the least hollow density
profiles. The frequency of the instability is quite close to (but lower
than) fw £ (r m a x ), where w £ (r m a x ) is the local E X B rotation frequency at
the radius of maximum density. This results in two resonant radii. The
instability is driven by resonant particles at large radii, and the growth
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rate depends on dn/dr at the outer resonant layer. Modes with I >3
are found to be stable unless the density profile is sharply peaked.
The stability predictions for profiles •with steps of uniform density
differ substantially from our results. For example, hollow shells seem to
be stabilized by the addition of a small constant density in the centre.
Such two-density approximations to the present experimental profiles
seem to be stable, whereas our stability calculations and experiments
both show instability.

6. Fluid Calculations
We have also studied the growth and saturation of the / = 2 mode
by solving the two-dimensional non-linear fluid equations numerically as
an initial value problem, using a 128 X 128 rectangular grid with a
circular conducting boundary. The density was stepped forward in time
using an implicit method and central spatial differencing. Initially a
small / = 2 perturbation corresponding approximately to the unstable
eigenmode was imposed on the cylindrical hollow density profile.
Exponential growth of the perturbation was observed, followed by
nonlinear saturation.
Figure 3 shows the computed density at eight equally spaced times,
spanning the growth and saturation phases. The density has been
averaged over a 3 mm "hole" to correspond to the measurements of Fig.
1. At first the small / = 2 perturbation grows to form two high density
"lumps", or vortices, and then the relatively lower density central region
becomes elongated and squeezed out. Finally^he two vortices merge to
form a single vortex in the center, as in the experiments. Filamentation
and entrainment of the fluid are observed. In the course of growth and
saturation, the ^-averaged density profile changes from hollow to
approximately monotonic, with smaller scale features still remaining.
Since the finite grid spacing of the code is unable to resolve the fine scale
features, further time integrations would be questionable.
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Abstract.
NEW EXPERIMENTAL RESULTS IN MUON CATALYZED FUSION.
Muons introduced into relatively cold, dense deuterium-tritium mixtures quickly form muonic
d-t molecules in which d-t fusion takes place very rapidly. Yields of up to 150 catalyzed fusions per
muon have been achieved, renewing interest in muon catalyzed fusion as a possible source of energy.

INTRODUCTION
Fifty years ago, F.C. Frank [1] and Andrei Sakharov [2] suggested that
a newly discovered elementary particle, the muon, could possibly catalyze
the nuclear fusion reaction so that fusion could occur without the need
for high temperature plasmas. The negative muon behaves like a massive
electron so that it could form a type of hydrogen molecule in which the nuclei would be drawn very closely together, producing conditions similar to
those found in white dwarf stars. Nuclear fusion would rapidly occur inside
the muonic molecule, and the muon could then catalyze other reactions.
The muon catalyzed fusion reaction sequence as presently understood is
portrayed in Fig. 1. [3]
Muon catalyzed (proton-deuteron) fusion was first observed in liquid
hydrogen bubble chamber experiments at Berkeley in 1956 [4]: it does
work! However, only rarely was a muon seen to catalyze more than one
fusion during its brief (2.2 //sec) lifetime. Theorists explained (see Ref. 3)
that a major bottleneck to repeated catalysis cycles was the slow rate of
formation of the muonic molecule. In 1977, however, L.I. Ponomarev and
collaborators predicted that muonic d-t molecules could form extremely
rapidly owing to the existence of a peculiar resonance [5], as indicated in
Fig. 1. Experiments were soon mounted to test these predictions.
EXPERIMENTAL METHOD
A schematic of experiments in progress at the Los Alamos Meson
Physics Facility since 1982 is drawn in Fig. 2. The deuterium-tritium
mixtures (0.12 to 1.45 of liquid hydrogen density) are contained in goldlined stainless steel pressure vessels which can be cooled (to 13K) or heated
515
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FIG. 1. Major processes in the muon catalyzed d-t fitsion cycle.

Muon counter (1)

-Secondary
containment

FIG. 2. Schematic of the experiments.

(to 800K). Entering negative muons are registered by a scintillator telescope, the 14 MeV fusion neutrons by liquid scintillation detectors, and
the muon decay electrons by thin plastic scintillation counters in coincidence with the liquid scintillators. Neutron detection efficiencies are evaluated with use of the Los Alamos Van de Graaff accelerator as a 14 MeV
neutron source. (See Ref. 6 for further details.)

517

IAEA-CN-50/H-I-6
Rate {X10V )
0 60* Tritium; T- 600 K
O50S Trltlum; T- 460 K
160
D60S Trltlum; T- 300 K
# 5 0 * Trltlum; T< 126 K
140
X 70* Tritium; T< 126 K
180

1

i

<j,

. 8% Tritium; T< 126 K

/

120
100 -

/
/

X1

/

/

80

y

60

X'

0
O

40

D J
—•

20
0*

-

<

— -

-

—

•

*l

i

i

r

'

0.2

0.4

0.6

0.8

1

1.2

Density {X4.25X1022 atoms-cm"3)
F/G. 3. Observed muon catalysis cycling rates, showing the strong dependences on density and temperature first seen at the Los Alamos Meson Physics Facility.

By recording neutron arrival times relative to the entering muon, we
axe able to determine the catalysis cycling rate (Ac, I/average time between fusion neutrons), and the muon loss probability per cycle w. A
major component of w is the "sticking" probability representing the likelihood that the muon is captured by the alpha particle synthesized during
fusion (see Fig. 1) with other contributions discussed elsewhere [3, 6].
These quantities are simply related to the fusion yield Y, representing the
average number of fusions per muon:
Y~l — (Ao/Ac) + w, where Ao = 0.455x10*/s is the muon decay rate {1}
Clearly, the muon catalyzed fusion yield can be increased by increasing
the catalysis cycling rate Ac or by decreasing the muqn loss probability w.
We can now turn to experimental results regarding these quantities.
EXPERIMENTAL RESULTS
Muon catalysis cycling rates are shown in Fig. 3 [6]. The observed
dependencies on density and temperature are consistent with rapid, resonant dtp molecular formation. Under certain conditions, these rates are
fast enough to allow for hundreds of fusions per muon.
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FIG. 4. Average number of muon catalyzed fusions per muon as a function of density for cold
(T S 700 K), equimolar deuterium-tritium mixtures, lines indicate theoretical predictions.

The muon loss probability w decreases with increasing target density
to tw = 0.5% at liquid-hydrogen density [3], a result confirmed in other
recent work (see Fig. 8 in Ref. 7). This quantity is approximately half
the value calculated prior to our work [8]. However, w still limits the yield
to a few hundred fusions per muon under currently-achieved conditions.
The observed fusion yields (Fig. 4) reflect these trends consistent
with equation {1}, that is, the number of fusions per muon increases
rapidly with increasing density. Notice that achieved yields continue to
rise at the highest densities attained so far and already exceed theoretical
predictions. We are now preparing target vessels which will allow us to
reach approximately 2.4 times liquid hydrogen density.
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CONCLUSIONS
The recent discoveries of fast resonant muon molecule formation coupled with low muon capture losses have led to muon catalyzed fusion yields
of up to 150 fusions per muon. This achievement has led to considerable speculation regarding energy applications [3]. In particular, it is argued that a fusion-fission hybrid reactor could be made economical using
presently realized cold fusion yields [9], However, an order-of-magnitude
increase in the catalysis yields (or corresponding reduction in the cost
of producing muons) is evidently required for pure fusion energy applications. Experimental research is now underway in the United States,
Canada, Japan, the United Kingdom, Switzerland, and the U.S.S.R. to
further probe muon catalyzed fusion [10].
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Abstract
PARTICLE DIFFUSION COEFFICIENT ACROSS THE MAGNETIC FIELD DUE TO ELECTROSTATIC TURBULENCE.
Particle diffusion across a strong magnetic field is studied (i) in a three wave dynamical system
which appears to be chaotic with a threshold of large scale stochastic diffusion, and (ii) in a k"3 spectrum of electrostatic turbulence. The theoretical predictions of the non-linear theory are in reasonable
agreement with the results of particle simulations. Both results indicate a continuous transition between
a classical scaling of the diffusion coefficient (D « l/B2) at low amplitudes to a Bohm scaling
(D oc l/B) at larger amplitudes.

1.

INTRODUCTION

The spectrum of density fluctuations in tokamaks has been measured [1], with
a k"3 power law subrange, very close to the k"10/3 prediction of the renormalized
theory [2].
To understand the non-linear mechanisms of particle diffusion across the magnetic field due to electrostatic turbulence, we have performed two different projects
in which we consider two-dimensional electrostatic waves in an (x, y) plane perpendicular to a strong magnetic field. Particles are transported in this plane by the
gyrocentre drift motion. This is a non-autonomous Hamiltonian dynamical system,
H(x, y, t) = (c/B)<i>(x, y, t), with IVi degrees of freedom, in which the co-ordinates
x and y play the role of canonical co-ordinates. The guiding centre equation of
motion is
x = (c/B2)E(x(t), t) x B

(1)

with E = —
1

Association Euratom-Etat Beige, Campus Plaine U.L.B., Boulevard du Triomphe,
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DYNAMICAL SYSTEM WITH FEW WAVES

The onset of chaotic motion is first studied in simple classes of dynamical systems with only a few electrostatic waves with potential #. For three waves, we have:

cos £ (x, y, t)

(2)

where £j(x, y, t) = kfx + kfy - w;t + 6,. The phase variables ^ and £2, corresponding to the dominant waves, are shown to satisfy the following equations of
motion (valid for a single frequency T = wt and for a specific class of orientation
of the three wave vectors):
£i = - 1 - e2cos | 2 + ejcos (^ - £2 + r)

(3)

& = - 1 + e lC os $, + escos (£, - £2 + r)

(4)

Here, e; are the normalized wave amplitudes, including also a dependence on the
orthogonality of pairs of wave vectors.
2.1. Phase portrait of the integrable two wave system
For only two waves it is shown that the two-dimensional guiding centre motion
is completely integrable; the Hamiltonian takes the form of a generalized Kepler
equation in two variables, and an explicit analytical solution is obtained in the 'elliptic' case [3]. The salient feature in the 'hyperbolic' case for large amplitudes, ei and
e2 > 1, is the appearance of separatrices and of stationary points corresponding to
resonances.
2.2. Phase portrait of the chaotic three wave system
For three electrostatic waves, numerical solutions of Eqs (3) and (4) have been
obtained, in order to study the influence of the third wave and the appearance of
chaos, using the surface-of-section method.
2.2.1.

Connection of domains in the 'elliptic' case

First of all, we consider the 'elliptic' case, e > 1, with e = e, = e2, perturbed
by the third wave 63. For low values of e, we show in Fig. 1 the structure of the
phase space (periodic in the two angles), which is divided into two symmetric
domains that are well separated by a central, S-shaped curve and by the straight line
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FIG. 1. Poincari section over 1000 periods for et = e2 = 0.7 and e3 = 0.35: the S-shaped curve,
the straight line and the two (ergodized) separatrices.

£2 = £i ± ir, which are both strongly resistant to the perturbation. These curves are
surrounded by descending and ascending 'boulevards' filled with phase curves.
These 'boulevards' are limited by separatrices and become tangent in two hyperbolic
points.
The important phenomenon is that these two stationary points collapse at the
point (£] = 0, $2 = TT) when e3 = e: when the amplitude of the perturbation reaches
the amplitude of the two basic waves, the 'boulevards' become infinitely thin, allowing a connection between different domains. Resistant curves, however, appear to be
destroyed for larger values &$ > e, allowing large scale stochasticity.
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2.2.2. Destruction of resistant curves in the 'hyperbolic' case
For higher values of the amplitude, e > 1, the threshold of large scale
stochasticity appears already for e3 < e, i.e. before any collapse of hyperbolic
points. Beyond this threshold, the S-shaped curve seems to be replaced by a complex
permeable structure which is reminiscent of Cantori, resulting from the perturbation
of KAM surfaces [4].
2.3. Threshold of large scale stochasticity
This (two-dimensional, three wave) system is thus chaotic with a threshold of
large scale stochasticity around equal values of normalized wave amplitudes e;. This
property could explain why a diffusion threshold has been found in numerical simulations with a discrete number of waves. Such a threshold is observed to decrease when
the number of waves is increased; it is thought to vanish in the realistic situation of
a continuous spectrum.

3.

DIFFUSION COEFFICIENT DUE TO ELECTROSTATIC k~3
TURBULENT SPECTRUM

The second part of the work is devoted to the explicit calculation of the diffusion
coefficient due to an electrostatic k"3 turbulent spectrum, with a comparison
between new simulation results and predictions of the non-linear theory.
3.1. Renormalized theory
A non-linear theory of absolute diffusion for guiding centres has been developed
for general power law spectra of electrostatic fluctuations between k^,, and k ^ .
The guiding centre equation (1) is treated as a non-linear Langevin equation, and tractable results are obtained with usual Gaussian-like statistical approximations such as
the Corssin factorization and the second cumulant Weinstock approximation [5].
3.1.1. High amplitude Bohm diffusion
For high amplitude or frozen turbulence, the dimensionless diffusion coefficient
D can be deduced analytically, and one finds D = [(1 + v2)/2]'A. Here,
v
= kmii/kmax measures the width of the spectrum; lengths are normalized to Vik,™;
times are normalized to Q = v^^a (VD = c E/B is the root mean square (rms) drift
velocity). This result indicates a Bohm-like dependence on the rms drift velocity, i.e.
D oc 1/B in the domain of high amplitudes or low frequencies.
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FIG. 2. Quantitative comparison of the reduced diffusion coefficient \D = (2irD)/(coX^ail) as a Junction of the amplitude of turbulence, A oc 1/B, in logarithmic scale; crosses represent the theoretical
results from Eq. (5) and dots the simulation results.

3.1.2. Transition from classical to Bohm scaling
Theoretical results in a wide range of amplitudes are presented in Fig. 2 for the
k~3 spectrum observed in the experiment, with only a single frequency, co, as a function of the turbulent amplitude A = Volc^/a) oc 1/B. The crosses represent the
asymptotic value of the diffusion coefficient defined by lim dF/dr, in terms of the
rms displacement V described by the following equation:
d2r
dr 2

cos

(T/A)

2(1-i-2)

(5)

where E2 is the exponential integral function of order two. This figure shows that
the present theory predicts a continuous transition between the two lines representing
a classical scaling D a A2 at low amplitudes and a Bohm scaling D oc A at higher
amplitudes.
3.2. Simulation results
We have performed new numerical simulations with the refined code
RADIGUET in order to integrate 64 particle trajectories in a generic realization of
the turbulent electric potential <t>.
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3.2.1. Turbulent electrostatic potential model
The model for $ involves a superposition of 7168 plane waves with random
phases and a single frequency. Contrary to previous models [6], we consider here
non-propagating waves; the spectrum is isotropic in k in a circular shell between
kmin and k^,,, with a spatial periodicity length L = 4 Xmax, which ensures a not too
coarse discretization of the spectrum Ak = kmin/4.
3.2.2. Phase space portrait
Stroboscopic sections of the trajectories reveal that, at very low amplitudes of
the turbulent energy, the motion is found to be chaotic but with confined trajectories
and evidence of intermittency. A transition domain towards large scale stochasticity
and spatial diffusion is confirmed around a low critical value of A. The above mentioned detailed study of the appearance of chaotic motion in the three wave system
[3] indicates that this threshold value would probably vanish in the limit of a continuum spectrum, Ak — 0.
3.2.3. Diffusion coefficient: comparison with non-linear theory
The values of the diffusion coefficient obtained by the numerical simulation,
with the present isotropic and stationary model, are represented by the black dots in
Fig. 2, for different values of the turbulence amplitude. The comparison with theoretical predictions indicates a better agreement than with previous, less realistic models,
and even a very good agreement at moderate values of the amplitude. The transition
between classical and Bohm scalings predicted by the renormalized theory is
confirmed.
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Abstract
EXCITATION OF KINETIC ALFVEN WAVES AND LONGITUDINAL HEATING OF MAGNETIZED PLASMAS.
A simulation of the kinetic Alfven wave is presented by using a macroscale particle (MHD scale
kinetic) simulation code. An oscillating antenna current is applied to one of the boundary regions in
order to launch low frequency perturbations into an inhomogeneous plasma with a sheared magnetic
field. The applied perturbation is shown to be mode converted into a kinetic Alfve'n wave at the Alfve'n
resonance layer, resulting in resonant heating of both electrons and ions. When the plasma beta is relatively low, only the electrons are heated along the ambient magnetic field; the electron heating rate is
found to scale as dTe/dt « 0l'2 <SBy>, where /3e is the electron beta and <5By> is the wave magnetic
field intensity. Ions are only heated when the ion beta is close to unity and the temperature ratio satisfies

1.

INTRODUCTION

The kinetic Alfve'n wave is believed to be one of the active agents in heating
fusion [1] and space [2] plasmas, because of its strong wave-particle interactions. It
is preferable, in order to achieve better confinement of stellarator plasmas, to heat
the plasma in the direction of the magnetic field lines so as to prevent the plasma particles from falling into the loss cone region [3]. For most of the RF wave heating
methods utilizing cyclotron resonance, the particles are heated primarily in the direction perpendicular to the magnetic field. In contrast to this, heating due to the absorption of the kinetic Alfve'n wave occurs preferentially in the (longitudinal) direction
parallel to the background magnetic field. This is because the plasma and the longitudinal electric field, which is generated by the finite ion Larmor radius effect, interact
through the Landau resonance.
Laboratory experiments were carried out in several places. The Heliotron-D
experiment [4] and the Lausanne tokamak experiment [5] observed electron heating
due to antenna excited MHD perturbation. In the latter, spatial damping of the excited
density perturbation at the Alfve'n resonance layer was observed; this was attributed
1
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to the kinetic Alfve"n wave. A simulation of the kinetic Alfve"n wave in a homogeneous plasma had been performed previously [6]; it demonstrated Landau damping of
the initially loaded kinetic Alfve"n wave and longitudinal heating of the electrons.
This paper describes macroscale particle simulation (MHD scale kinetic simulation) [7], which deals with the excitation of a kinetic Alfve'n wave by an externally
launched MHD perturbation. The paper also studies plasma heating associated with
excited kinetic Alfven waves [8].

2.

METHODS OF SIMULATION

The present study adopts the semi-implicit version of the 2T -D macroscale
particle simulation code. The full set of Maxwell equations is used:
apn + 1/2

-^=-

= -cVXE n + "

V • B = 0, V • E n = 47rqn+a-l/2

where the superscripts denote the time level, the time derivatives stand for
aB n+1/2 /at = (B" + l - B°)/At, etc., and a decentring (backward) parameter a
(1/2 < a < 1) is introduced. In Eq. (1), the current and charge densities are defined
as summations over the particles as j^x) = E qjVj S(x — x*) and q(x) = E qj
S (x - X*), where cjj is the charge of the j-th particle. The equations of motion are
used for the electrons and ions to advance their velocity Vj and the position xj:

(2)

dx7 + 1 / 2 dt = v7 + 1 / 2
where dv}Vdt = (v)1"1""2 - v} 1 "" 2 )/^, etc. and E and B are, respectively, the electric and the magnetic field at position Xjn. Equation (2) automatically enables us to
include the diamagnetic current which is the source of a sheared magnetic field.
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FIG. 1. Simulation in two dimensions (x, z). The initial plasma density n(x) peaks at the centre of the
system and a sheared magnetic field B(x) is present.

The simulation system is two dimensional, (x, z), with the x-direction bounded
by conducting walls and the z-direction periodic (Fig. 1). To model an inhomogeneous equilibrium plasma of finite plasma beta, the so-called Harris solution is
assumed, i.e. a density, n(x) = no/cosh2(x/L) and a background magnetic field,
Bz0(x) = Bo tanh(x/L), with an inhomogeneity length L = (1/4) Lx. A constant
magnetic field By0 is added to Bz0 in order to represent a highly sheared magnetic
field (By0/B0 ~ 0.5). The MHD perturbation is continuously launched as an oscillating antenna current in one of the x-side boundary regions, i.e. j z = j 0 sin (lqoz —
coot). Some runs are made by systematically changing the antenna current intensity
and the value of the background plasma beta.

3.

SIMULATION RESULTS

Figure 2 shows the propagation structure of the magnetic perturbation By
across the inhomogeneity of the system. Here, the Fourier amplitude whose z
wavenumber is equal to the antenna excited mode, k ^ o = 1, is shown as a function of time t and space x. The low frequency perturbation applied at one of the
boundary regions penetrates the plasma as an evanescent mode until it reaches the
Alfven resonance layer at x = xr, where w0 = kjOpA(xr) is satisfied (shown by the
two arrows in Fig. 2). Actually, there are two Alfve'n resonance layers at x = (1/4)
Lx and x ~ (3/4) Lx in the present simulation system. One peak in the By field at
x « (3/4) Lx is clearly observed; the other peak, expected at x « (1/4) Lx, is hidden under the original evanescent perturbation. This point is discussed in Ref. [8].
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FIG. 2. Fourier amplitude of magnetic field By, whose wavenumber in the z-direction kz is equal to
that of the antenna excited mode, shown in (x, t) space. The current perturbation is applied at the right
hand boundary. Arrows show the locations of Alfven resonance layer.
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k/ktf = 1), shown for time t = 4TA of Fig. 1.

Between the two Alfv6n resonance layers, obliquely propagating patterns are
observed in the By magnetic field of Fig. 2. These patterns protrude from the region
of the evanescent waves at x » (1/4) Lx and extend to the other Alfve'n resonance
layer at x « (3/4) Lx. With these patterns, the propagation speed of the wave
energy is estimated to be ~0.13v A , which is by one order of magnitude smaller
than the magnetosonic speed.
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The applied perturbation undergoes the resonance and is then mode converted
into the kinetic Alfven wave. This is verified by checking the polarization and spatial
decay of the excited wave, in particular, at x ~ (3/4) Lx. The first evidence is that
the dominant fields of the excited wave are the space charge field Ex and the
y-component of the magnetic field By. The second evidence is that a spatial structure
appears in the wave across the plasma inhomogeneity.
A cross-sectional plot of the Fourier amplitude along the x-direction is shown
in Fig. 3 for t = 4T A of Fig. 2. The three upper diagrams correspond to the
k-JKo = 0, 1 and 2 modes of the magnetic field B y , respectively. The bottom diagram shows the Ex electric field of the k^/k^ = 1 mode. A good spatial correlation
is found between the By and Ex fields for the l^/k^ = 1 mode. Specifically a broad
peak around the first Alfve'n resonance layer is observed at x ~ (1/4) Lx for both
the By and Ex fields. Also, another peak is found in the second Alfve'n resonance
layer at x » (3/4) Lx whose amplitude, «5By>/167rnTe)1/2 » 0.18, is close to the
first one.
We note that the amplitude of the peak at x = (3/4) Lx decreases spatially; this
is associated with two subpeaks on the higher density side (centre of the system),
where the Alfve'n speed becomes smaller than that at the Alfve'n resonance layer. This
Airy function-like spatial behaviour of the electromagnetic field is characteristic of
the mode conversion processes including the kinetic Alfven wave. Taking twice the
distance between the two subpeaks in the I By I field of Fig. 3 gives the wavelength,
i.e. \ j » 41c/cope for the wave excited by the mode conversion. This value is in
good agreement with X^ « (3TT)2/3 (Lpj2)173 ~ 36c/wpe of the linear theory [1].
Around the Alfve'n resonance layer, longitudinal heating of the plasma is
observed, especially heating of the electrons in the low beta plasma. Figure 4 shows
the evolution of the electron velocity distribution function parallel to the magnetic
field. It is seen that the initial Maxwellian distribution (top) evolves into a distribution
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FIG. 4. Distribution junction of velocity along ambient magnetic field for electrons locally collected
at x = {1I4)LX. A plateau is formed around the phase velocity of the excited kinetic Alfven wave.
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with a plateau (bottom) around vH = cV^o (shown by a dashed line). This is a nonlinear consequence of the kinetic Alfven wave. In contrast to the longitudinal heating
of the electrons, there is hardly any increase of the perpendicular temperature. This
demonstrates the 1-D nature of the Landau resonance heating of the magnetized
electrons.
The parametric dependences of the electron heating are investigated by varying
the amplitude of the applied perturbations. The magnitude of the antenna current j z 0
is adjusted to 2/3 and 3/2 times that of the standard run. The amplitudes of the excited
wave then become proportional to the applied current perturbation; the heating rate
divided by the wave magnetic field intensity <SB2> is found to be, respectively,
1.14 and 0.84 times that of the standard case. Hence, we can say that the electron
heating rate is proportional to the wave field intensity.
Next, the electron beta is varied systematically from /3e = 0.04 to 0.25, the
other parameters being kept fixed. The intensity <SB2> is found to be inversely
proportional to /3e1/2; the wave magnetic energy, normalized by the electron thermal
energy <SB2 >/16irnTe, is measured to be 5.6 X 10~2 at the Alfve'n resonance layer,
for the standard case. On the other hand, the measured heating rate, dTei/dt, is
almost the same for these runs, i.e. the heating rate divided by the field intensity,
(dTey/dt)/<5B2>, is proportional to /3el/2. This result is in excellent agreement with
the analytical prediction Re (E2*j2)/(2<5B2».
So far, heating has occurred only in the electrons when the ions were hotter than
the electrons. We now study the opposite case where the parameters are Te/Ts = 2,
the ion beta ft = 0.5 and w«/wp,. « 0.5. For these parameters, we have the argument of the Z-function as £i « vA/v; « 1.4 and ve/Vj « 14; thus, from linear analysis, ion heating is expected. The run has been made up to 1.8TA, and substantial
heating has been observed for both ions and electrons. This ion heating rate is comparable to the electron heating rate, i.e. [(dTii|/dt)/(dTel/dt)]obs « 1.0 in the simulation, which is close to the analytical prediction [(dT^/dO/CdTej/dt)]* « l . l .
4.

SUMMARY

In this paper, the excitation of a kinetic Alfve'n wave via mode conversion from
the surface Alfve'n wave was confirmed by means of macroscale particle simulation.
The kinetic Alfve'n wave was found to be excited at the Alfve'n resonance layer,
where the relation w0 = k|,vA(xr) was satisfied («0 and k, are, respectively, the frequency and the longitudinal wavenumber of the applied MHD perturbation). The
major electromagnetic fields were the space charge electric field Ex and the magnetic field By (x is the direction of the inhomogeneity).
A spatial decay of the Alfve'n resonance peaks in the Ex and By fields was
observed; it was associated with an Airy function-like structure towards the higher
density side. The perpendicular wavelength of the excited kinetic Alfven wave scaled
as \ x » (lp 2 )" 3 with L the inhomogeneity length and p{ the ion Larmor radius;
excellent agreement with the theory was found.
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Longitudinal heating of the plasma due to Landau resonance with the kinetic
Alfve"n wave was observed. The electrons were mainly heated at relatively low beta,
and the heating rate increased with the electron beta jSe (i.e. the temperature if
o)ce/cope was fixed). The electron heating rate scaled as dTe[/dt « /3e1/2 <6By2>. On the
other hand, the ions were only heated when the ion beta was quite high (ft = 0.5)
and also the electrons were hotter than the ions in the present 2T-D simulation.
Otherwise, the electrons absorbed most of the wave energy by Landau resonance.
This longitudinal heating of the plasma may constitute a favourable aspect of stellarator plasma heating.
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Abstract
ACCELERATION OF ELECTRONS BY THE DYNAMICS OF INHOMOGENEITY FIELDS IN
INTENSIVE LASER-PLASMA INTERACTION.
The description of a laser irradiated plasma by a macroscopic two-fluid model hydrocode permits
the computation of the evolution of the plasma including collisions, non-linear optical constants and the
generation of Langmuir oscillations driven by the electromagnetic waves based on dropping the usual
restriction of local plasma neutrality. The resulting (dynamically developing) very high electric fields
cause an upshift in the energy of an injected electron beam. The simulations are performed for Nd glass
laser intensities of 1017 W-cm" 2 and for CO2 laser intensities of 1 0 " W-crrT2. For higher intensities,
a combination of laser pulses can produce an acceleration in the GeV range for bulks of electrons. An
upshift or downshift of thermal (keV) electrons in the plasma electric fields (within the above mentioned
laser intensities) is also computed, and the generation of laser driven large amplitude Langmuir waves
with locally varying frequency is calculated.

1.

INTRODUCTION

The generation of double layers (DL) and their associated dynamic electric
fields at the surface of laser produced plasmas as well other related phenomena such
as the generation of Langmuir longitudinal waves had attracted the attention of physicists in recent years, in an attempt to explain various anomalous phenomena observed
in experiments with expanding plasmas. Thus, the first report on ion production with
ion energies above the keV level by laser pulses and on measurements of electric
fields in laser produced plasmas was followed by a series of publications on this subject [1,2]. Meanwhile, direct DL measurements in laboratory plasmas have also been
reported by other investigators [3].
535
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Recently, numerical results with new and different types of approach to this
problem have been published. One of these numerical studies deals with a two-fluid
code describing the interaction of laser light with plasma at an irradiance intensity
of 1016 w-cm"2, where for the first time in this type of calculation the non-linear
(ponderomotive) forces were taken into account in the equation of motion and violation of the local neutrality rule was allowed [4], because of strong plasma
inhomogeneities. The second study shows that the generation of finite amplitude ion
acoustic DL is also possible, owing to the existence of two distinct groups of hot electrons [5]. The advantage of this macroscopic model over kinetic (Boltzmann equation) or N particle computer simulation models consists in the direct information on
the plasma flow and the generated internal electric fields (DLs) and, conversely, on
how these fields affect the energy of the probe particles. The disadvantage is that
macroscopic theory works with equilibrium (one or more) temperatures and does not
immediately allow the derivation of velocity distributions as in other models, where,
however, the field properties cannot be studied in an immediate way.

2.

DL SIMULATION IN HIGH INTENSITY LASER-PLASMA
INTERACTION

Our computational results are based on a model describing the case of two macroscopic electron and ion fluids coupled by Poisson's equation and interacting with
an external electromagnetic field [4]. This two-fluid model includes Coulomb collisions (non-relativistic case only [16]), thermal equipartition time, non-linear optical
response and consideration of non-linear forces as well as the thermokinetic terms
given by the gas dynamics. The full analysis of the formulas for the one-dimensional
problem results in a set of seven differential equations defining the local values of
density, temperature and velocity for both electron and ion cells and the electric laser
field which in the present simulation is obtained by a complete numerical solution of
the wave equation (including the local reflectivity [6]). Finally, the electrostic field
E is determined self-consistently as a solution of the Poisson equation.
It has been shown [7] that integration of the Poisson equation leads to internal
fields in plasmas including the ambipolar field which has been known for a long time;
furthermore, second harmonic longitudinal oscillations appear, originating from
thermo- and electrodynamic pressures modified by collisionally damped oscillations
with the plasma frequency. The existence of electrical fields in plasmas is thus
associated with the generation of DL.
In our computations large amplitude longitudinal fields oscillating with amplitudes as high as 109 and 1010 V-cm"1 were generated for Nd glass laser intensities
of 1017 and 1018 W-cm"2, respectively. The coupling of irradiated electromagnetic
waves to generate Langmuir longitudinal waves is for the first time shown to be possible; meanwhile, the development and production of the well known density minima
(cavitons) due to the non-linear forces are also confirmed, their appearance this time
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being more prominent than before [4] because of the stronger effect of the higher
irradiance applied [8].
From the results obtained for I = 10 l8 W-cmf2 and those reported before for
I = 1016 W-cnr 2 [4], we may conclude that the maximum values of these laser
driven longitudinal electric fields in the plasma are approximately proportional to,
and about ten times lower than, the laser applied transverse field intensity although
it should be remarked that, for computations beyond an Nd laser intensity of
1018 W-cmf2, relativistic effects have to be taken into account.

3.

GENERATION AND DAMPING OF LARGE AMPLITUDE LANGMUIR
WAVES IN INHOMOGENEOUS COLLISIONAL PLASMAS

The subject of large amplitude plasma oscillations is of interest in stellar plasma
and magnetic confinement research. In the former case because it provides more
comprehensive knowledge of the phenomena occurring in space and, in the latter
case, because a better understanding of plasma behaviour will favour the achievement
of fusion breakeven.
In the past, this phenomenon was studied microscopically by means of the
'cold', collisionless, one-dimensional Vlasov-Poisson equation; a survey of the
methods used to solve these equations shows the complexity of this problem [9],
where even under the most simplified assumptions a variety of solutions is possible.
Our hydrodynamic code allows a new approach to these problems by macroscopic theory [4], and our aim is to show that macroscopic Langmuir oscillations and
their propagation into the surrounding inhomogeneous collisional plasma is possible
under realistically chosen initial conditions of the plasma cloud. Since we no longer
have a homogeneous plasma with the usual Langmuir waves, we how have, for the
first time, the opportunity to see what happens in an inhomogeneous plasma with
large Langmuir oscillations.
Figure 1 shows the temporal development of the oscillations of the velocity vc
of the electrons along a plasma with an initial parabolic number density profile of
100 /*m thickness and a maximum cut-off density of 1019 cm"3 for not yet acting,
subsequent CO2 laser irradiation at the centre of the parabola. The initial temperature of both electrons and ions was assumed to be 1 keV. The temporal damping of
the longitudinal waves with maximum amplitude oscillations at the plasma borders
is easy to observe. This effect is also accompanied by an unusual increase in the electron temperature (up to a maximum of 6 keV for the above described initial conditions) over the whole plasma; an analytical examination shows that both phenomena
are closely correlated. The damping has a decay constant of r = 348 fs. Since this
time is much shorter than the collisional damping time of 3.9 x 10"10 s, it is only
possible to conclude that another heating process of the electron gas, much stronger
than the loss of thermal energy to the adiabatically cooling ions, is taking place.
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FIG. 1. Electron velocity in a 100 \tm deep hydrogen plasma of initially parabolic density profile of
1019 cm'3 maximum electron density and 1 keV temperature at rest. The subsequent plasma expansion
shows longitudinal plasma oscillations with damping.

FIG. 2. Time dependence of the longitudinal electric field generated by the 10ls W-cm'2 CO2 laser
irradiation in a ISO pm thick plasma layer with an initially parabolic density profile with a maximum
of 0.1% below the critical density.
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SIMULATION OF DL GENERATION AND ACCELERATION OF
THERMAL ELECTRONS IN CO2 LASER-PLASMA INTERACTION

Computations similar to those described so far for an Nd laser light beam incident on a plasma slab were extended to CO2 lasers with a characteristic wavelength
of 10.6 pm. The laser intensities analysed were 1014 and 1015 W-cm"2, and the
initial parabolic plasma density profile had a width of 150 pm and a cut-off of
1019 cm"3 at the centre of the parabola. Figure 2 shows the development, in time
and space, of the electric fields resulting in these conditions, with a laser irradiance
intensity of 1015 W-cm"2. The analysis of the data accumulated for laser intensities
of 1014 and 1015 W-cm"2, with similar studies done for Nd glass lasers (intensities
of 1016 and 1 0 n W-cm"2, respectively) shows that, as was expected, the strength of
the different effects scales with the energy deposition rate IX2.
In addition, we remark that the energies of 100 keV to which thermal electrons
of few keV are increased by the laser driven longitudinal fields in the plasma agree
very well with the results of measurements carried out by Luther-Davies et al. [10].
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Abstract
THE DISTRIBUTION OF IONIZATION STATES IN DENSE PLASMAS.
Low density plasmas, such as magnetic confinement fusion plasmas, are characterized by the
reduced influence of particle collisions and photon reabsorptions. The corona model is the most useful
tool for calculating the distribution of ionization states in this range of plasma densities. For higher
density plasmas, such as laser and ion beam plasmas, Z-pinches, and other inertial confinement fusion
(ICF) concepts, electron collisions and radiation interactions must be considered in order to determine
a realistic distribution of ionization states. The Saha equation is usually applied in the higher range, and
the collisional radiative model must be used for the intermediate range. In this sense, this paper presents
a numerical model that has been developed to work out the distribution of ionization states in optically
thin plasmas by solving the time dependent rate equations with collisional terms only. It is a useful tool
to analyse atomic properties in ion beam-plasma interactions and to obtain the radiation energy from
bremsstrahlung and the total energy in ICF targets. It can also be used to study laboratory plasmas, as
well as to analyse the effects of impurities in fusion reactor plasmas. Argon has been selected to test
the present model in comparison with other detailed models.

1.

CALCULATIONAL MODEL

The model that is explained here solves the time dependent rate equations by
an implicit scheme. The processes considered in the balance equations are: collisional
ionization, collisional excitation and collisional de-excitation as well as radiative
recombination, dielectronic recombination and three body recombination, which are
determined in each time step.
The following analytical expression for the collisional ionization rate coefficient
is used:
Rci = C,£T-3/2[exp(-u)/un] F(u)(cm3-s-')
where T is the electron temperature in eV, u = E n /T, En is the energy level (eV)
and Q and F(u) have different values, depending on whether one follows
Seaton [1], MacWhirter [2], Lotz [3] or Landshoff and Perez [4].
Dielectronic recombination follows the Burgess formula [5], while radiative
recombination for hydrogenic ions is given by Griem [6] and three body recombination is calculated as the inverse process to collisional ionization, on the assumption
541
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FIG. 1. Population fraction versus electron temperature for an argon plasma at 102' cm'3,
(a) Li-like, (b) He-like, (c) H-like, and (d) bare ions. Continuous lines are from Ref. [8] and broken
lines represent results achieved with the present model.

of a detailed balance in thermodynamic equilibrium. For the excitation rate coefficient Seaton's formula is used [1], and the de-excitation rate coefficient is again
obtained from a detailed balance.
The model assumes that ionic states are coupled through the nearest ground
states, and a determined number of excited states are taken into account, coupled to
each ground state. No coupling between excited states is assumed in the present
version.
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If the temperature and density profiles versus time are known, the model solves
a coupled number of differential equations; this number is variable, depending on the
plasma condition. The number of the most highly populated configurations in the
plasma can be determined qualitatively in advance, in order to simplify the total
number of differential equations.
Basic atomic data, such as energy levels and oscillator strengths, are determined
from an average atom model, which gives the energy level as the contribution to it
of the Dirac expression for an isolated atom plus pressure ionization, continuum
lowering and spin orbital effects to the energy level [7].
Since the numerical solution used to solve the time dependent differential equations is very fast and stable, the model should be used to work on-line with
hydrodynamic codes, instead of using density and temperature profiles.

2.

NUMERICAL RESULTS

To test the model, some materials of interest in several fields of ICF have been
employed. However, in this work an optically thin argon plasma at several electron
densities and temperatures from about 100 eV to 10 000 eV has been selected.
Results from the model are compared with nine different non-LTE codes, all of them
reported by Stone and Weisheit [8].
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FIG. 2. Average ionization versus electron temperature for an argon plasma at an ion density of
102! cm'3. (
UNEZ code; x x x XSNQ code; - » + « - present model).
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At an electron density of 1021 cm"3, Stone and Weisheit presented the ion
abundances versus temperature (Figs l(a) to (d)) of the values of the bare, H-like,
He-like and Li-like ions. From the figures the wide band of results computed with
the different non-LTE codes can be observed. The results achieved with the present
model are clearly within the deviation band for each ion state, which makes the model
consistent with the most sophisticated codes. The advantage of this model is the very
short calculation time.
In addition to these results, in Fig. 2 the average ionization versus temperature
is plotted and also compared with two codes reported by Stone and Weisheit. The
evolution of the average ionization is very close to the LINEZ code [9], a
collisional-radiative model, and small differences are observed with the XSNQ, an
average ion non-LTE code [10].

3.

CONCLUSIONS

It has been explained that in several ranges of interest, for example laser interaction with ICF targets, Z-pinch experiments, X-ray lasers and plasma spectroscopy
experiments, models such as the corona model or LTE are very far from the real
physical situation, and therefore rate equations must be employed. The model
presented here predicts average ionization and ion abundances within a permissible
error and with a negligible calculation time. Accordingly, the model can be used in
the opacity calculations scheme or can be coupled to the hydrodynamic equations,
because it has a wide flexibility depending on plasma conditions; here, a reduced
number of differential equations, which corresponds to the number of predicted
configurations in the plasma, is selected.
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Abstract
ACCELERATION OF COMPACT TOROID PLASMA RINGS FOR FUSION APPLICATIONS.
Experimental results for a new type of collective accelerator based on magnetically confined
compact torus (CT) plasma rings are described, and applications to both inertial and magnetic fusion
are discussed. The principle of CT acceleration in the RACE device with an acceleration of 0.5 mg ring
masses to 400 km/s and 0.02 mg ring masses to 1400 km/s at > 30% efficiency has been demonstrated.
About threefold ring focusing in radius has been observed. Scaling the CT accelerator to the
multimegajoule level could provide an efficient, economical driver for inertial fusion (ICF) or magnetically insulated inertial fusion. Efficient conversion to X-rays for driving hohlraum-type ICF targets has
been modeled by using a radiation-hydrodynamics code. At less demanding conditions than are required
for ICF, a CT accelerator can be applied to fueling and current drive in tokamaks. Fueling is
accomplished by injecting CTs at the required rate to sustain the particle inventory and at a velocity
sufficient to penetrate to the magnetic axis before CT dissolution. Current drive is a consequence of
the magnetic helicity content of the CT, which is approximately conserved during reconnection of the
CT fields with the tokamak. Major areas of uncertainty in CT fueling and current drive concern the
mechanism by which CTs will stop in tokamak plasma and the effects of the CT on energy confinement
and magnetic stability. Bounds on the required CT injection velocity are obtained by considering drag
due to emission of an Alfve'n wave wake and rapid reconnection and tilting on the internal Alfve'n timescale of the CT. Preliminary results employing a 3-D, resistive MHD code show rapid tilting with the
CT aligning its magnetic moment with the tokamak field. Requirements for an experimental test of
CT injection and scenarios for fueling a reactor are also discussed.
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INTRODUCTION

In this paper we introduce the concept of the compact torus accelerator [1] and describe experimental results for the RACE (Ring Accelerator Experiment) device [2].
Modeling of fusion applications is then discussed: first the use of highly focused, highpower density rings for inertial fusion and secondly the application of a compact-torus
accelerator to fueling and current drive for tokamaks. We discuss requirements for an
experimental test of tokamak fueling and the power requirements for fueling or current
drive in a reactor.
2.

ACCELERATOR CONCEPT

Magnetic confinement of plasma in the rings is the key feature of the accelerator
concept. The plasma is confined by a nearly force-free, compact torus field structure
consisting of a dipole-like polodial field with an entrapped toroidal field, produced by
currents flowing in the plasma and image currents in nearby conductors. A compact
torus is shown schematically between the accelerator electrodes in Fig. 1. The ring field
and confined plasma is magnetically accelerated in the coaxial electrode configuration
shown in Fig. 1 with the ring acting as a moving armature as in a coaxial-rail gun. Shear
of the ring field provides a stability threshold against the Rayleigh-Taylor instability [3]
as the ring is accelerated.
Stability of the confined plasma and field configuration, and long confinement time
allow us to accelerate the ring over distances large compared to the characteristic ring
dimensions and to a directed kinetic energy much greater than the internal magnetic and
thermal energy of the ring. A directed kinetic energy ~10 times the internal magnetic
energy of the compact torus has been reached in RACE. The internal magnetic energy
of the ring is typically much greater than the thermal energy.

Gun center electrode

Compact torus
plasma ring

Gun outer electrode
Outer solenoid

To
accelerator
bank
To gun bank

Accelerator
center electrode

Focusing
cone
Accelerator
outer electrode

FIG. I. RACE compact torus accelerator consisting of coaxial plasma gun, straight acceleration section and focusing cone.
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When a high ratio of kinetic to magnetic energy has been achieved, focusing to higher
energy and power density is achieved by translating the rings into conical electfodes. The
ring momentum carries the ring toward the apex of the cone, compressing the compact
torusfieldswhich are constrained to lie between the electrodes and focusing the confined
plasma. Compression of ring magnetic fields increases the ring magnetic energy at the
expense of kinetic energy, and leads to reflection of the ring if the compression ratio is
too large.
3.

EXPERIMENTAL APPARATUS AND RESULTS

The plasmaringsare produced by a magnetized coaxial plasma gun at the beginning of
the accelerator shown in Fig. 1. The gun is 50 cm long with an outer/inner diameter of 35
cm/20 cm and has both inner and outer solenoids which can be energized by a 5 kV, 250 kj
electrolytic capacitor bank. Gas is fed into the gun with eight electromagnetically driven
gas valves having a total plenum volume of 0.5 cc. The gas used is hydrogen (helium,
argon, or mixtures thereof ha.ve also been examined). The gas is broken down and plasma
and Bj field are ejected from the gun by discharging a 60 kV, 200 kJ, low inductance
capacitor bank between the inner and outer gun electrodes. As in similar magnetized
gun experiments, [4-6] firing the gun results in emergence of a spheromak-type compact
torus near the gun muzzle. In RACE, the ring is formed in the inter-electrode region
at the beginning of the accelerator section (see Fig. 1). The straight coaxial accelerator
electrodes were initially 6 meters long with an outer/inner diameter of 50 cm/20 cm, and
are housed in a vacuum vessel 1.5 meters in diameter. Conically converging electrodes for
ring focusing have been substituted for the final 2 meters of straight electrodes during
the most recent operations as shown in Fig. 1. Rings are accelerated axially by J X B
forces when the 260 kJ, 120 kV accelerator bank is discharged. The accelerating Be field
is fed through an annular slot between the inner gun and inner accelerator electrodes as
shown in Fig. 1.
The diagnostics consist of current and voltage monitors for the banks, visible light
and VUV detectors, B-loop probes arrayed circumferentially (for symmetry) and axially
(for trajectory), and Helium-Neon and CO2 laser interferometers for measuring the lineintegrated electron density.
The first experiments with all stainless steel electrodes and H2 gas injection demonstrated formation of compact torus rings suitable for acceleration having total magnetic energy of 5-10 kJ and ring lengths of 50-100 cm. Acceleration was observed to
Vrfng « 4 x 107 cm/s with a ring mass of 5 x 10~4 gm and a kinetic energy of %40 kJ
(out of 100 kJ of accelerator bank energy) inferred from trajectory analysis. The ring
mass was not well correlated with the amount of injected gas and was somewhat high
for matching the transit time of the ring to the quarter cycle time of the accelerator
bank. Subsequent experiments have been conducted with tantalum liners on the gun
and accelerator electrodes, and glow discharge cleaning. Electrode contributions to the
ring mass have been reduced, resulting in acceleration up to v w 2.5 x 10s cm/s.
Proving the principle of ring acceleration has required demonstration of several significant features. The most fundamental of these is the observation of the integrity of
the ring under acceleration. Figure 2 shows the time dependence of the axial magnetic
field (B r ) observed by probes at the outer electrode as a ring moves down the accelerator. The ring Bt field at the electrode is typically 3-10 times the ring B« field (an ideal
spheromak-type ring has B = Bxz only at the outer electrode). The accelerating B$ field
is observed to rise sharply behind the ring. We have observed approximate preservation
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FIG. 2. Axial magnetic field at RACE outer electrode (r = 25 cm) for different axial locations versus
time.

of the ling field profile and intensity for the entire 6 meters of the linear acceleration
section, with some changes in response to acceleration such as steepening of the trailing
edge as seen in Fig. 2.
From interferometer data, we observed that the plasma is well confined to the ringmagnetic fields. The mass of the ring (assuming it is constituted of hydrogen) is within
about 30% of the mass estimated from the ring trajectory given the measured magnetic
forces on the ring [2]. The current sheet position, calculated from the measured timevarying inductance of the accelerator, also closely tracks the ring trajectory, indicating
that the current and the associated accelerating forceflowsthrough the ring rather than
intervening plasma. For the shot shown in Fig. 2, the ring reached a directed kinetic
energy of 10 kj out of the accelerator bank energy of 47 kj.
We observe ring focusing with an array of magnetic probes distributed along the conical electrode. Several types of behavior are seen as rings impinge on the cone: reflection
of the ring completely out of the cone after focusing by factors of 2-3 in radius; partial
reflection followed by ring stagnation in the cone; ring stagnation without obvious reflection. The stagnated rings persist for ~ 100/xs. The cone converges to a small enough
radius that the rings are generally reflected or stagnated before they can exit the cone.
Field amplification is also observed by factors of order four, e.g., a 1 kG ring at the entry
of the cone compressing to 4 kG at the reflection point of between 2-and 3-fold radial
compression.
In summary, we have conducted experimental studies of compact torus formation,
acceleration and focusing on the RACE device. The data support the basic concept of
a stable, well-confined plasma ring that undergoes acceleration and focusing in a manner
consistent with simple models of momentum and energy balance.
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4.

INERTIAL FUSION DRIVER

Application of the compact torus accelerator to inertia! fusion requires ring kinetic
energyJIO MJ, with velocities > 108 cm/s and power densities in the range 101B —
1016 watts/cm2. Point model calculations of ring dynamics [7] suggest that attainment
of these high power densities can be achieved in an accelerator ~10 meters in length
with a driving capacitor bank energy (or equivalent energy source) of 2-3 times the final
ring kinetic energy. The accelerator would employ a conical "pre-compression" stage in
addition to the final focusing stage which allows energy input on the 10 (is time-scale
and hence modest bank voltages (<500 kV) and cheap (~1$/Joule) energy storage.
In the regime where the ring kinetic energy dominates the magnetic energy and the
gyro-radius of ions moving at the CT velocity and in the CT magnetic field is greater
than the CT linear dimension, it is expected that the plasma will act as an un-magnetized
ion beam on impact with a target. In principle, polarization fields from the magnetized
electrons could inhibit cross-field ion motion; however, strong Rayleigh-Taylor instability
[8] should preclude this possibility. In the CT parameter regime relevant to an ICF driver,
1-D calculations employing a radiation-hydrodynamics code show efficient conversion of
the beam energy to x-rays for a hohlraum-type ICF target. For a xenon CT with 5 MJ
kinetic energy moving at a velocity 5 x 108 cm/s impacting on a thin foil, approximately
80% of the incident kinetic energy is converted to thermal x-rays. We have also found
that conversion to x-rays can be efficient (~50%) in the limit that the magnetic field
inhibits cross-field motion of the plasma. In this case the CT plasma is heated by a
shock wave when the ring strikes the target. The thermal energy is converted efficiently
to plasma bremsstrahlung and line radiation for sufficiently high CT ion density (e.g.,
Also, the imbedded magnetic field of the compact torus makes the accelerator a
natural candidate for driving magnetically insulated inertial fusion (MICF) targets [9].
In this scheme, the fusion fuel is not compressed, remaining below solid density, and is
confined by a high density tamper. The magneticfieldimbedded in the fuel (in this case,
the CT field) suppresses cross field transport of heat and alpha particles.

Toroidal field
of Tokamak
CT Toroidal field

CT Pololdal field

CT reconnects
at fuel depositions
point

CT tilts
In external field

CT accelerated
In coaxial gun

FIG. 3. Schematic of compact toroid (CT) acceleration and interaction with external tokamak toroidal
field. As it traverses the external field, the CT rotates through a 90" angle owing to the torque on its
internal magnetic moment. Alignment of the CTpoloidal field with the external field results infield line
reconnection and fuel deposition.
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TOKAMAK FUELING BY COMPACT TORUS INJECTION

Recently, there has been growing interest in alternative methods of fueling tokamak
reactors because it appears unlikely that a pellet fueling system will be capable of depositing fuel near the magnetic axis. A CT injected with PCTVQT > ^takamakl^ ' s
expected to propagate across the tokamak magnetic field [10,11] as shown in Fig. 3. The
initial velocity, radius and density of the CT will be chosen so that the CT .stops and
reconnects with the tokamak field near the magnetic axis. This would allow deep penetration fueling in a reactor grade plasma and attainment of the peaked density profiles
that allow ignition in machines that have only marginal energy confinement times.
5.1.

Compact Torus Dynamics

Since that CT plasma is a good conductor on the time-scale involved (a few fisee),
it will tend to develop screening currents that exclude the tokamak field from the CT.
To the extent that the CT behaves as a perfect conductor, the dominant drag would be
caused by excitation of Alfven waves in the tokamak plasma and the CT dynamics would
be determined by this drag force together with the VB J force. If the CT does not behave
as a perfect conductor, but can undergo magnetic reconnection, the screening currents
will dissipate and the CT dipole-moment will interact strongly with the tokamak field and
cause tilting as shown in Fig. 3. The dynamics of the CT are thus critically dependent on
the rate at which magnetic-field-line reconnection can occur, which is a subject of some
controversy. From models developed in an astrophysical context [12], we can examine the
rapid reconnection limit r = rA (Petschek) and the slow limit T = y/rATR (Sweet-Parker)
where T = reconnection time, TA = i/VA = Alfven time, TR = ^ = resistive time, r
= CT radius, V^ = ^jB/AnpcT, »? = CT resistivity. For rapid reconnection, if the CT
is to penetrate the tokamak minor radius, a, before reconhection and tilting, then the
required kinetic energy density is [11]

(1)

^{^f

For slow reconnection, Alfven drag is usually the dominant irreversible process. The
drag power is given by [10] PDRAG = 2Tr2p0VcTVAO where the subscript "o" refers to
the tokamak parameters. The required kinetic energy density is then
( )

per
Since pojpcT < < 1 for a CT fueling scheme, the required energy density is much less if
the slow reconnection model applies. Other constraints are:
J j « 1 «, 1

rr
0 ~ 2 f
7T<<
R> 0CT<-2,

, - « 1
(3)
a
where NCT, Ntakamak are the particle inventories and /mject is the injection frequency.
In the slow reconnection limit, the radially outward force due to gradients in magnetic
pressure can be important, Fygi = i n f 7 (R >s the tokamak major radius). Reconnection
must be fast enough to disassemble the CT before it is expelled by Fqga. Combining
constraints (3) with Eqs. (1) or (2) for the fast or slow reconnection limits.results in
typical fueling systems as shown in Table 5.1 for the ETR type tokamak reactor [11].
Mtokamak

VCT

^

h

z
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I. Suggested parameters for CT injection fueling of the engineering test reactor

Injection velocity (km/sec)
DT mass/shot (mg)
Rep-rate (Hz)
Energy/shot (J)
Average wall-plug power (MW)
Initial CT diameter at entrance port (m)

Fast
reconnection

Slow
reconnection

750
4.8

0.037
122

0.93
1.35 x 106
-2,5

1.95 x 104
~2.4
0.067
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FIG. 4. Contours of the component of W normal to the plotting surface ('toroidal'field)in resistive
MHD simulations of a CT tilting in a tokamak field.

5.2.

MHD Simulation of Compact Torus Reconnection in the Tokamak Field

The interaction of the CT with the tokamak is studied using the non-linear, compressible, resistive MHD code TEMCO [13]. Rather than treat this very complicated
problem in its fullest, we assume that the compact toroid is initially placed at rest in a
uniform magnetic field modified to exclude the spherical CT with a density 10 times that
of the surrounding tokamak. The symmetry axis of the CT is initially at right angles to
the external field direction. The simulation shows that the CT tilts 90 degrees in about
an Alfven time, as shown in Fig. 4, its magnetic moment lining up with the tokamak
magnetic field. The subsequent magnetic evolution shows rapid dissolution of the CT
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field structure. The results are preliminary in that further studies are needed to give
confidence that the modeling of the transition region between the CT and tokamak fields
is accurate.
5.3. Experimental Test of CT Injection
Experimental tests of CT injection are being proposed [14] for the TEXT and MTX
tokamaks to obtain data concerning these critical issues. Small CTs ~4 cm diameter
with kinetic and magnetic energy n5 KJ, and plasma inventories of 2?10% of the tokamak
plasma inventory would be produced by a magnetized coaxial plasma gun.
For simplicity the first tests would be performed without an accelerator stage but
with the plasma gun alone. CTs emerge from a plasma gun with kinectic energy ~ the
magnetic energy (PCTVCT — B2/4ir) so, if the tilt constraint is operable as discussed
in Sec. 5.1, the CT may not penetrate to the magnetic axis. Penetration to the axis
should be possible if the slow reconnection model applies, although partial penetration
would still provide valuable information about the CT dynamics. An experimental test
will provide data on other important issues: gun produced plasma purity, gas efficiency,
gun erosion, possible degradation of tokamak energy confinement or excitation of MHD
instabilities of the tokamak.

6.

TOKAMAK CURRENT DRIVE BY CT INJECTION

In addition to particles, the CT ako carries magnetic helicity. It is expected that the
magnetic helicity will be conserved during the reconnection, hence the tokaxnak helicity
and circulating current will be increased with each injected CT, giving a net current
drive. The helicity content of a tokamak is given approximately by
k%
where $p, $j> are the tokamak poloidal, toroidal flux. It follows from the conservation
of helicity that when a CT is injected and the initial tokamak current profile has been
restored; then the plasma current must increase by an amount

6Jp

26k

2rCTWm

(4)

* ~^wr ~ ~^mr

where Wm is the magnetic energy of the CT, and we have used the fact that the helicity
content of the CT is Sk % rCrWm.
*
The condition that we drive all of the current is that all of the helicity in the tokamak
be replaced in an L/R time,
^ = —

(5)

where rj,/jj is the L/R time including only the inductance of the plasma column and TQT
is the time between CT's.
From Eqs (4) and (5) the power required for the CT current drive system is given
by
\
Using the tilt constraint, Eq. (1) in Eq. (6) and typical tokamak reactor parameters
leads to Q ~ ^ = ~ 50. for CT current drive.
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1.

INTRODUCTION

The Twelfth IAEA Conference on Plasma Physics and Controlled Nuclear
Fusion Research featured some seventy tokamak experimental papers, pertaining to
every issue of tokamak physics. While previous conferences have sometimes been
dominated by a single result, for example achievement of high nr or T-values, such
was not the case of the Nice meeting. Rather, this conference was characterized by
a multitude of excellent scientific results on virtually all aspects of tokamak
behaviour: confinement, operational limits such as density and beta, MHD stability,
heating, current drive and, to a lesser extent, impurity control. Taken together, these
results lay a solid foundation for continued progress and future steps.
The large tokamaks, notably TFTR and JET, have made impressive strides
toward achieving the parameters required for breakeven. In TFTR, QDT = 0.3 has
been reached, where QDT is the Q-value that would be obtained if half of the deuterons were replaced by tritons. Further operational improvements are anticipated to
produce QDT ~ 0.5 in both TFTR and JET in the near future, although tritium operation of these machines will not occur for at least two more years. Meanwhile, investigations of the physics of alpha particle heating have already begun, with
measurements of the slowdown of tritons produced by DD fusion reactions. The next
two years promise more in this regard, as the confinement and stability properties
of an energetic 3He component already produced by ICRH in JET are studied.
A welcome trend emerging from this conference was the emphasis on fundamental understanding, particularly in important areas such as confinement, beta
limits and MHD stability. An additional focus was on confinement improvement
resulting from (or correlated with) peaked density profiles, and the possible relationship to suppression of ion temperature gradient modes. The large number of reports
describing enhanced confinement regimes was especially gratifying, and the prospect
of improved tokamak confinement, together with reported advances in controlling
MHD stability, improving the beta limit and utilizing flexible heating methods such
as ECH, bode well for further development of the tokamak.
559
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APPROACH TO THERMONUCLEAR REGIMES

In deuterium-tritium plasmas with Tj * Te, Zeff « 1 and nD « nT, the thermonuclear power gain Q is approximately proportional to fiDf ;rE, for 10 5 f j 5
30 keV and values of Q :£ 1. Here, nD and f; refer to central values of density and
temperature and rE is the global energy confinement time. Strictly speaking, profiles
of n and T are also required to determine Q; however, for equilibrium profiles of the
form x = x<) (1— r2/a2)"», increasing vn + vT from 1 to oo decreases Q by about
25 %. It follows that the quantity fiDf LTE is a useful figure of merit for characterizing
progress toward the goal of achieving thermonuclear relevant plasma regimes. Thermonuclear breakeven requires fiDTjTE « 8 X 1020 m~3-keV-s, while ignition corresponds to nDfiTE « 4 x 1021 nrr 3 -keV-s.
The highest value of nDt,TB reported at this conference was
3.2 X 10 20 nr 3 -keV-s, reached at a central ion temperature f[ = 27 keV in TFTR
(A-I-2). This value was obtained by extending the supershot regime, described initially at the Kyoto meeting, and characterized by a relatively peaked density profile,
an energetic non-thermal ion component arising from the slowdown of beam particles
and, typically, f; = 3Te. Compared with results reported at the Kyoto meeting, the
main improvement in the supershot performance came from increasing both the current, from 0.9 MA to 1.6 MA, and the balanced beam power, from 15 MW to
30 MW. As a result, the maximum central ion temperature observed in the supershot
regime rose from approximately 20 keV, as reported at Kyoto, to a most impressive
value of 32 keV.
The JET team reported achievement of nDf;TE values in the range
(1-2) x 1020 rrT3-keV-s, corresponding to central ion temperatures in the range
4 s f j :S 20 keV (A-I-3). With reference to Fig. 1, three distinct modes of operation were shown to be capable of attaining high nDTj7E values: H-modes, for which
the maximum current has now been increased to 5 MA; pellet injected discharges
heated by a combination of beams plus ICRH; and a low density, non-thermal high
ion temperature mode, similar to TFTR's supershots. While the maximum n D f LTE
values reported for JET are not significantly higher than those announced at Kyoto,
the maximum temperatures for which thermonuclear relevant values are obtained
have been increased from 6 to 20 keV. Moreover, the outlook for further improvement in JET is promising, since three regimes for obtaining high fiDf j7E values are
available.
Regarding achieved and projected Q-values, the TFTR group reports a maximum
QDD = 1.5 X 10~3, while the JET team obtains a maximum QDD » 0.7 x 10"3.
Using a conversion factor of 200 to account for the increase in reactivity due to
tritium, the TFTR team concludes that the best projected QDT = 0.3, a value which
could be improved upon if operation in tritium increases the confinement time and
available beam power. Since the highest QDD is obtained in the supershot mode,
only about 25% of the total contribution to Q stems from thermonuclear reactions,
with the rest coming from beam-beam and beam-target fusion. The situation regard-
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FIG. 1. Experimental values of hDtiTE versus ft in JET. The curves show the equivalent thermonuclear Q for a 50:50 DT plasma. They are calculated assuming Te = T: and radial profiles similar
to the experimental ones (the ratio of central to average pressure is 3) (Fig. 13, A-I-3, JET).

ing Q-projections in JET is similar to that in TFTR, with the best effective
QDD ** 0.15; however, upgrading the beam energy in JET to 140 keV is expected
to produce QDD « 0.25. The thermonuclear contributions to these Q-values are consistent with the achieved flDf j E values for both JET and TFTR, as deduced from
the curves in Fig. 1, when proper account is taken for dilution effects and energy
storage in the non-thermal plasma component.
Of more scientific significance than the fusion power gain are the initial experiments reported in both TFTR and JET on the confinement of high energy particles.
By studying the slowdown of tritons produced in DD fusion reactions, a number of
'test particle' issues relating to alpha particle physics can be examined. Initial measurements in JET have found the slowdown time of tritons to be 15 % shorter than classical predictions (A-IV-4). In TFTR the effective triton burnup is lower than
expected, on the basis of collisional calculations, by about a factor of two (A-IV-5).
It should be emphasized that these measurements, particularly in TFTR, are preliminary. Heating of 3He by ICRH in JET has demonstrated the possibility of producing

562

PARKER

an energetic, minority component which simulates, in some aspects, the alpha component in a burning plasma. Although strongly anisotropic, the 3He contribution to
beta is reported to be already higher than fia in Q = 1 JET discharge scenarios. It
follows that a number of collective alpha physics effects can be studied in JET,
without contamination by tritium.

3.

CONFINEMENT

The most common theme emerging from the tokamak experimental papers
presented at the conference was confinement, with emphasis on methods of enhancement. Achieving good confinement is a key element for improving the design of both
near term and long term devices such as CIT and ITER, as well as for designing a
more attractive tokamak reactor. Hence, the emphasis currently placed within the
international tokamak effort on both understanding confinement and obtaining
regimes of enhanced confinement is timely and welcome.
The 'standard' confinement regime remains the L-mode, characterized by a
global confinement time that degrades with power and typified by the scaling originally presented by Goldston at the European Physical Society Meeting in Aachen [1].
Although many empirical expressions for L-mode scaling have been proposed since
the Aachen meeting, Goldston's form, suitably corrected for mass dependence, fits
the database as well as or better than others [2] and constitutes a useful benchmark
for gauging progress in achieving confinement improvement.' Various regimes of
improved confinement and typical improvement factors (relative to the L-mode)
which were presented at this conference are summarized in Table I.
Beginning with the H-modes in Table I, the current for which H-modes have
been produced in JET has been increased from a maximum value of 3 MA, reported
at Kyoto, to the 5 MA level (A-III-2). Confinement degradation with increasing
power has been clearly observed; in fact, the scaling of energy confinement in JET
H-modes is well represented by TH ~ 2rL, as can be seen from the data presented
in Fig. 2. For q^ s 3, the linear dependence of TE on Ip appears to saturate, an
effect which was also reported to occur in DIII-D. The cause may be associated with
the increase in sawtooth radius; for q^ S 3, the sawtooth extends over a large fraction of the discharge area and, as suggested by the DIII-D group, may interact with
the edge localized modes (ELMs). Quasi-steady-state H-mode discharges with durations up to 4.4 s and accompanied by high frequency, small amplitude ELMs were
produced in DIII-D (A-III-4), thereby establishing that H-modes are neither transient
nor necessarily accompanied by impurity buildup. Confinement time in ohmically
heated H-modes can exceed the saturated Ohmic confinement time in DIU-D by a factor of two.
' Care must be taken in interpreting the aspect ratio dependence in all L-mode scalings, including Goldston's, since the variation of this parameter in the database is weak.
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TABLE I. IMPROVED CONFINEMENT REGIMES
Comments

ICR

Device

H-mode
(broad n-profile)

JET

T

DIH-D

Ohmic, heated H-mode, TH > 2T O H ;
saturation in I-scaling, q^ < 3;
X decrease

a

~ 2r L ; T H /T L decreases, q^ <

TFTR

Transient; r L < T H < TSS

JT-60

Transient; TH ~ 1.1TL

Improved divertor
confinement (IDC)
(n-profile parabolic)

JT-60

High recycling divertor,
q, > 3; r E ~ (1.5-1.2)r L

Supershots
(peaked n-profiles)

TFTR

TSS ~ (1.5-3)T L ; correlates with
n(O)/<n>. Independent of I, P;
X reduced

JET

Hot ion mode

Improved Ohmic
confinement (IOC)

ASDEX

Unsaturated Ohmic; correlation to
peaked density profiles

Counter neutral
injection
(peaked n-profiles)

ASDEX

TCTR-NI ~

P-mode (pellets)
(peaked n-profile)

JET

ICRF, ICRF + NI heating;
Transient (1 s); r p ~ 1.2rL

ASDEX

ICRF and/or NI heating;

3

(l-2-1.3)T L ,

with P = 0.9 MW

rp ~

(2 -

1.3)T L for

PM1 - 0.5 - 2.7 MW
JT-60

PNI = 1 0 M W ; T P -

1.5T L

The confinement gains which occur in H-mode discharges are partially offset
by a decrease in the density profile peakedness, an effect which increases the value
of nf rE required for breakeven or ignition. Most improved confinement regimes
(ICRs) reported at the conference were obtained with peaked density profiles. An
exception was the improved divertor confinement mode found in JT-60; here the density profile was parabolic (nevertheless, this is more peaked than in standard JT-60
L-modes) and the improvement in TE was thought to be due to the effect of a high
recycling divertor (A-V-l). Improved confinement obtained with a peaked density
profile is especially valuable, since the requisite TE value is reduced for peaked profiles while TE is simultaneously improved.
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Foremost among the peaked density profile ICRs is TFTR's supershot, obtained
by a rigorous programme of wall conditioning, using He discharge cleaning, together
with deep fuelling provided by the energetic (up to 110 keV) TFTR neutral beams
(A-I-2). Thus far the scaling of the supershot TE has been found to be remarkably
insensitive to global discharge parameters such as current and power; however, the
improvement of TB has been shown to correlate with the profile peakedness, as
measured by fi/<n> (Fig. 3). Transport analysis reveals that Xi decreases by a much
larger factor in the confinement zone than xe (~ 10 versus 2-3) as a result of profile
peaking; nevertheless, ion thermal diffusivity in supershots remains anomalously
high, Xi ~ Xe ~ 40XNC (A-III-3). The presence of three separate species — thermal
electrons, thermal ions with T ; « 3Te, and non-thermal ions — complicates the
confinement picture, and a part of the confinement improvement may be associated
with the large amount of energy residing in the non-thermal ions.
A similar result tying confinement improvement to profile peaking, furnished
by the ASDEX group, showed that improved confinement could be obtained in both
Ohmic and beam heated discharges and that the enhanced TE correlates with peaking
of the density profile (Fig. 4) (A-III-1). In these experiments the density profile peaking is brought about in the Ohmic regime by a reduction in gas fuelling and, in the
beam heated case, by use of counter-injection. In both cases recent divertor modifications, consisting of a reduction in divertor volume and a change in divertor plate
material from titanium to copper, are thought to be important. In the Ohmic case,
confinement times equal to the 'unsaturated' Ohmic values ( s 100 ms) are obtained.
Pellet fuelling with auxiliary heating has been used to produce peaked density
profiles and improved confinement in JET (A-IV-1), ASDEX (A-IV-2, E-II-2),
JFT-2M (A-m-5) and JT-60 (A-V-l). In all cases the gain in energy confinement
relative to L-mode was modest (Table I). In the JET experiment, injected pellets were
followed by strong ICRF heating, acting either alone or in combination with neutral
beam heating. The improved confinement phase was transient, with a duration of
about 1 s. During the enhanced phase, strong central peaking of the density profile
was produced (2.6 < fi/<n> < 5) and a reduction by a factor of three to four of core
thermal diffusivity was obtained. In ASDEX, 'unsaturated' Ohmic confinement times
were obtained in pellet fuelled Ohmic discharges; however, both the peaking factor
and the L-mode confinement enhancement factor decreased with auxiliary power.
The ion thermal diffusivity in ASDEX with strongly peaked density profiles became
neoclassical and the power flow was then dominated by the anomalous electron
losses. In JT-60 an L-mode confinement enhancement factor of 1.5 was obtained with
10 MW of neutral beam heating applied to a discharge previously fuelled by pellets.
The peaked density profile was sustained for about 0.3 s after injection.
Improved confinement, brought about either by pellet fuelling, as in the case
of JET, ASDEX and JT-60, or by modification of the recycling, as in the case of
TFTR and ASDEX, is correlated with peaking of the density profile — the stronger
the peaking, the greater the confinement improvement. Further, in all cases where
the diffusivities are measured, improvement in transport appears to be mainly in the
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ion channel. A strong case can be made for suppression of anomalous transport
caused by ion temperature gradient (ITG) or Tjj modes which thrive on broad density
profiles, i.e. ijj = d In Tj/d In nt > 1. The case is even stronger when one takes into
account that direct observation of this mode has been made and correlated with confinement saturation in Ohmic discharges in Alcator C [3,4] and TEXT [5] and, as
presented at this conference, in both Ohmic and auxiliary heated discharges in JIPP
T-HU (A-V-3-1). In fact, all peaked density profile confinement improvements
reported at this conference are strongly reminiscent of the confinement improvement
obtained in Alcator C by the use of pellet fuelling. While the beneficial effects of
peaking the density profile may be associated with suppression of the ^ mode, the
causal relationship between anomalous ion transport and the rj( mode has not, as yet,
been established. In Alcator C, peaked density profiles permitted the confinement
time in ohmically heated discharges to be restored to the unsaturated Ohmic (or NeoAlcator) level; the possibility of achieving unsaturated Ohmic transport by reducing
i?i to <i}u crit in strongly heated discharges is tantalizing.
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DENSITY LIMIT

The density limit in tokamaks continues to be well characterized by the HugillMurakami form, r$§* = aHMB/(Rqe)> where qe = 5a2KB/(RI(MA)). The coefficient
«HM. typically in the range 1-2, varies somewhat from machine to machine and also
depends, in a particular device, on the operational conditions. A popular view is that
the density limit is due to a radiation collapse and therefore will increase provided
adequate auxiliary power is supplied. This view is supported by experiments such as
those reported from T-10 in which 2 MW of ECH power was used to increase aHM
from 0.7 to 1.5 (E-I-l-2). On the other hand, a factor of two increase in aHM is
typical of what is obtained in the case of pellet fuelling relative to gas puffing. In
both JT-60 and JET, increasing the auxiliary power raises aKM over ohmically
heated levels achieved with gas puffing. However, limiting values of aHM = 2.5 are
obtained for both pellet fuelled OH discharges and gas fuelled, strongly (~ 20 MW)
beam heated cases. Data presented by JET (Fig. 5) make this point especially well
(A-I-3). It is therefore conceivable that a radiative collapse induced by inadequate
auxiliary power is not the only mechanism leading to a density limit. More work
needs to be done on resolving this issue, in view of its importance in determining the
performance of large, reactor scale devices.

5.

BETA LIMIT AND MHD STABILITY

The theoretical beta limit in tokamaks is well represented by |3ma* = CTIN,
where IN = I(MA)/(aB) and the value of the Troyon coefficient, CT, depends on
pressure and current profiles, with a typical value in the range 0.03 :£ CT <, 0.04.
In DITJ-D a value of CT = 0.035 has been found for IN :£ 1.7, corresponding to
q^ ^ 3.0 (A-II-1). These data confirm DIJJ results and extend the range of K investigated from K •£, 1.6 to K S 2.0 (Fig. 6). Further, a value of CT = 2.7 has been
obtained for 1.7 < IN < 2.5 (corresponding to 2.2 < q^ < 3.0), with a maximum
of j8 = 6.8% reached at K = 2.0. The decrease in CT at higher IN appears to be
associated with a limit on heating power rather than instability. No beta related confinement degradation occurs in the DIH.-D H-modes, except near j3 « /3max.
A similar CT value has been found in TFTR discharges with 2 < q^ < 15,
although detailed comparison is made difficult by the TFTR team's adoption of a
'fusion-relevant' definition of beta, obtained by replacing the averaged pressure,
<p>, by <p2>1/2 (A-VJI-4). Use of the standard definition of beta results in a roll-off
of CT at high q, i.e. the supershot regime. This might be expected since the supershot profiles are more peaked than those required for optimization of the MHD stability limit.
A variety of MHD behaviours are observed near the beta limit. This is to be
expected since the modes predicted to be unstable under these conditions depend both
on the details of the pressure and current (or q^) profiles and on the value
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Resistive modes are often seen, for example in TFTR, where they can limit supershot
performance by diminishing the rate of rise of stored energy during the injection
phase. In DIII-D, although a rapidly growing 2/1 mode, identified as an ideal mode,
can cause sudden disruption at the beta limit, most discharges experience a saturation
or slow collapse of beta, caused by modes for which there is a cascade of toroidal
mode numbers from n = 3-5 to n = 1. These modes have been interpreted as being
of a pressure driven, resistive origin. In the cascade process observed in DIII-D, the
plasma rotation decreases as lower mode numbers are observed, until a non-rotating
'locked' n = 1 mode appears. Locked modes also appear in the current ramp-up
phase of many devices; these modes are a considerable nuisance in optimizing performance. Fortunately, operational measures such as application of high power NBI
during the ramp-up phase, as used successfully in JT-60 (A-II-3), are effective in
stabilizing these modes and reducing their effects.

6.

SAWTOOTH BEHAVIOUR

Although the subject of numerous theoretical and experimental investigations
since its discovery in the mid-1970s, the sawtooth remains a mysterious tokamak puzzle, still lacking in a first-principles understanding. New pieces to the puzzle were
uncovered at the conference; however, it is by no means clear how these pieces fit
together. In fact, not only are many of the data now at variance with commonly held
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theoretical models, some of the experimental evidence also appears to be selfcontradictory. In view of the importance of sawteeth to tokamak behaviour, particularly to the physics of burning plasmas, one can only hope that the confusion regarding the present state of sawtooth physics will bring the key issues more sharply into
focus and lead to resolution by the time of the next conference.
Prolonged sawtooth free periods (up to 3.2 s) have been produced in JET discharges withlCRF, ICRF + NBI, and NBI auxiliary heating (A-VII-2). Stabilization
of the internal kink by energetic particles has been proposed as the stabilization
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mechanism, but this has not been established, nor is it a unique possibility, in view
of ECH stabilization demonstrated in DIII-D (Section 7.3). The JET group has also
measured or inferred q0 by three distinct techniques: (i) polarimetry; (ii) analysis of
a localized density perturbation with m = 1, n = 1 topology — the 'snake'; and
(iii) analysis of pellet ablation. The polarimetry results indicate that q0 falls well
below unity before a sawtooth crash — q0 ~ 0.8 for normal sawteeth and q0 ~ 0.6
during stable periods. These results tend to confirm results from TEXTOR [6], in
which values of q0 as low as 0.6 were found by using the polarimetry technique.
On the other hand, analysis of both the snake and the pellet ablation suggest very low
shear to be present at the q = 1 surface, and using parabolic models for q near the
axis gives q0 = 0.97 and q0 = 0.99, respectively.
Polarimetry measurements have not yet been carried out for pellet injected discharges in which the results from the three methods could be compared. Hence, it
is possible that polarimetry and pellet methods will give the same result when simultaneously applied to the same discharge. Other explanations are being explored by
the JET group. In any case it appears that the quasi-interchange model of Wesson et
al. [7], proposed to explain sawteeth in JET, is not consistent with these measurements, since a q = 1 surface appears to exist throughout the sawtooth cycle.
A new experimental picture of sawtooth behaviour has been developed on JIPP
T-IIU using high resolution (1 cm) soft X-ray tomography (A-VU-3). Successive
reconstructions of the X-ray emissivity during a sawtooth crash, as shown in Fig. 7,
suggest that the hot plasma core initially moves outward, leaving a cold bubble region
behind. This initial phase is similar to that developed by the JET team, which led to
the model in Ref. [7]. However, in the JIPP T-U case a secondary magnetic axis
appears to form in the bubble region. This magnetic axis becomes dominant as reconnection takes place in the crescent shaped region that was the original magnetic
axis, reducing it to a cool annular region surrounding the new hot core. While not
in complete agreement, several features of this behaviour are in qualitative accord
with a resistive MHD simulation by Sato et al. (D-IU-2). In spite of the high quality
measurements being made on the sawtooth, much of the physics remains obscure.
Obtaining a better understanding of this important phenomenon poses a worthy
challenge to both theorists and experimentalists.

7.

AUXILIARY HEATING AND CURRENT DRIVE

Good progress continues to be made in applying auxiliary heating power to
tokamaks, both for the purpose of increasing the plasma energy content and for driving current. The major heating and current drive technologies are neutral beams, and
RF in the ion cyclotron, lower hybrid and electron cyclotron frequency ranges.
Below, results presented in the heating and current drive areas are briefly reviewed,
organized by the type of power used.
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7.1. Neutral beam injection
The highest powers employed in heating and current drive experiments are
attained with neutral beams, and the maximum power levels currently achieved are
30 MW in TFTR, 25 MW in JT-60 and 20 MW in JET. Although plasma energy
continues to increase with power, the relationship is generally weaker than linear,
with important exceptions, implying the saturation of TE with Paux, as discussed in
Section 3.
The TFTR group showed that rotation could be controlled by balancing the NBI
power between co- and counter- directions (E-III-5). Moreover, it was found that
X* S Xi» where x* is the diffusivity for angular momentum diffusion and xi is the
ion thermal diffusivity. This result suggests a common mechanism for ion momentum
and energy transport such as that predicted for ^ modes [8]. In related work, the
case for the existence of the bootstrap current, initially made in NBI heated discharges in TFTR and reported at the Kyoto meeting, was further strengthened by
extending the duration of the period of negative surface voltage in TFTR to 2 s. Analysis confirming the existence of a bootstrap current was also presented by JET
(A-I-3). Meanwhile, the DUJ-D group, using neutral beam current drive, demonstrated production of steady state, high q discharges that MHD analysis indicated
were at the 'gateway' to the second stability regime (E-III-6). (Whether the second
regime was entered depends on q0, which was not directly measured.) The confinement properties of discharges in the second regime are of considerable interest. The
DUI-D group reported that TE in these experiments was similar to that expected
on the basis of DUJ-D H-mode scaling. Although /3P > 3.0 and e/3p ~ 1, no MHD
activity was observed except for ELMs.
7.2. Ion cyclotron resonance heating
The power applied to tokamaks in the ion cyclotron range of frequencies has
been increased to an impressive 18 MW in JET and to 11 MW in JT-60. Several
experiments routinely employ ICRH at the low MW level. Two noteworthy results
produced in JET, already cited but worth remarking upon again, are the heating of
peaked density profile discharges, fuelled by pellets, and the stabilization of sawteeth
for durations as long as 3.2 s, possibly by the effect of energetic ions produced by
ICRH of minority 3He. In the 3He experiments, up to 60 kW of fusion power has
been produced, corresponding to a fusion Q = 0.005 (E-IJ-3).
In general there appears to be a rather good understanding of the launch and
absorption physics for ICRH, and central power deposition can be routinely ensured,
as documented in JET and TEXTOR (E-U.-1). An outside launch, with 0, ir phasing
of adjacent antenna elements, believed to reduce impurity generation by eliminating
KI « 0 spectral components, is favoured. While impurity generation by ICRF
remains problematic, progress in reducing impurities by boronization and appropriate phasing was demonstrated in TEXTOR (Fig. 8).

IAEA-CN-50/J-I-1

573

FIG. 8. Total radiated power (Prat) and part emitted from within r — a/2 (Praii /a) versus total input
power Pm for carbonized (C) and boronized (B) walls and different antenna phasings in TEXTOR
(Fig. 3, E-II-1, TEXTOR).

7.3. Electron cyclotron resonance heating and current drive
There are several advantages to heating tokamak plasmas by means of RF
power at the electron cyclotron frequency (ECF), for example simplified antenna
structures, relatively straightforward absorption physics, and high permitted power
densities. Progress in exploiting these advantages has been slow owing to the lack
of availability of sources at the requisite frequency and power. Thus, the highest
power absorbed in the ECF range is ~ 2 MW in T-10; all other experiments are at
power levels of 1 MW or less. Nevertheless, there are indications that the flexibility
afforded by ECH is beginning to be realized. For example, in DIII-D, ECH has been
shown to be compatible with the H-mode, and the threshold power for onset was
found to be less than that required with heating by NBI (E-I-2). The global confinement time in ECH H-modes was comparable to Ohmic levels, although steady state
was not reached during the ECH pulse and W-corrections were necessary.
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Electron cyclotron heating was used in the DIII-D experiments to control MHD
activity, for example in suppressing the ELMs and sawteeth. In the case of the sawtooth, localizing the absorption at the inversion radius had the greatest effect on the
sawtooth period, with complete stabilization occurring only for heating just inside the
inversion radius. Electron cyclotron heating was also used to prevent confinement
degradation which normally occurs in T-10 for q < 3 (E-I-l-2). In this case, controlling the RF power deposition profile prevented the sawtooth amplitude from increasing at low q.
Unfortunately, the efficiency of ECH current drive in moderate temperature
(~ 1 keV) tokamaks is predicted to be small, t\ < rjLll, where r;LH is the lower
hybrid current drive efficiency. However, the efficiency can be enhanced in plasmas
with a non-thermal tail, an effect that was experimentally demonstrated in WT-3
(E-I-5), where TJ/IJLH ~ 0.1 was obtained for low density slide-away plasmas in
which a non-thermal tail was preformed by the Ohmic heating pulse. Nevertheless,
low ECH current drive efficiency in thermal plasmas was confirmed by the absence
of measurable current in DITE (i? s 10"3) (E-I-3).
7.4. Lower hybrid heating and current drive
While lower hybrid (LH) waves have, in recent years, mainly been used to drive
current, two notable LH heating results related to the LH density limit were presented
at the conference. In the first, LH waves at 1.74 GHz were applied to discharges in
JT-60 with peaked density profiles created by pellet fuelling (E-HI-1). Plasma heating
with incremental energy confinement time of about 50 ms was obtained with
n :£ 1020 m~3; this compares favourably with TE obtained with NBI at the same density but higher power (PNBI = 20 MW; PLH <, 2.5 MW). Poor heating had previously been obtained, with gas puffing, at densities above (1-2) x 10" m~3. In the
FT tokamak good electron heating was obtained with ~ 200 kW of LH power at
f = 8 GHz and n ~ 1020 nr 3 (E-III-3). Thus, the density limit for heating continues
to increase with frequency, as expected. The FT group also reported that no density
limit was observed up to n = 3.5 X 1020 m~3.
Several interesting results were also presented in the area of lower hybrid current drive (LHCD), including:
— Achievement of high efficiency (ij = n20 IR/P = 0.265) in JT-60 (E-III-1),
less than one order of magnitude below the theoretical upper bound given by
Karney and Fisch [9];
— Demonstration of a steady state, LH driven current for a period of over 3 min
in the superconducting tokamak TRIAM-1M (E-III-2);
— Clear evidence for fast wave current drive (with f -^ fm(0)) in JFT-2M
(E-IV-6);
— Production of high (3^ (fi^ ~ 4) regimes in Versator II, which for q0 > 1 are
calculated to be at the threshold of the second stability (E-IV-8).
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These results indicate that LHCD can indeed be used to produce steady state tokamak
discharges at efficiencies approaching the theoretical limit (i.e. r\ •£, 2 with
T « 20 keV). Further, if the fast wave LH branch can be utilized, as suggested by
the JFT-2M results, high efficiency can be obtained at values of u£e/w?e s 1.
In addition, the Versator II results suggest that LHCD can be used to produce and
control the current profile required for improving beta. Taken together, these results
imply that LHCD is a potentially valuable tool for improving tokamak performance.
8.

CONCLUSION

Over the years, progress in fusion research has been characterized by periods
of steady productivity, within which have occurred instances of sudden and remarkable progress. Although no single result or set of results from the last two years'
research could be considered to fall into the breakthrough category, very steady and
important progress has been made. Thus, plasma conditions in the large tokamaks
have been advanced to the threshold of those required for DT breakeven and the study
of processes which will occur in burning plasmas is under way; the confinement picture, for so long pessimistically characterized by L-mode scaling, has been brightening as regimes of improved confinement are becoming common and the relationship
between theory and experiment is improving; beta values are routinely being
produced near the ideal MHD limit and the beneficial effect of elongation has been
established; the physics of the sawtooth is being better illuminated by improved diagnostics and clever experimentation working in close collaboration with theory; and
more auxiliary heating and current drive techniques have been established, which will
aid in improving and optimizing tokamak performance. One anticipates continued
progress in the tokamak experimental area and looks forward to the results of the next
two years of research, which will be presented at the thirteenth IAEA Conference on
Plasma Physics and Controlled Nuclear Fusion Research in Washington.
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ALTERNATIVE CONCEPTS
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1.

INTRODUCTION

The alternative experiments have made good progress since the last conference,
in Kyoto. In many areas they are poised, with new facilities in operation or in
preparation, to take the next steps forward in bettering the understanding of
fundamental physics and in advancing along their own paths. For the future, a most
critical issue for each concept is that of combining all its virtues to obtain the
optimum configuration. This synthesis is the crucial test for all concepts, including
the tokamaks, for perversely, it is often found that the best confinement comes with
impurity accumulation, and that the maximum beta is obtained at high density and
low temperature. In his summary of the tokamak experimental papers presented at
the conference in Kyoto, Gibson remarked, "The tokamak has always been an
enchanted system. Through the years it has proceeded from success to success,
despite the ineptness of the experimentalists and in spite of the cleverness of the
theoreticians." In contrast, today it appears to me that both the alternatives and the
tokamak are making progress through a systematic combination of experimental and
theoretical accomplishments. In fact, the connection of theory and experiment in
developing an understanding of the underlying physical phenomena is an important
role for many alternatives, in addition to the competitive aspect of their development.
Good examples are the study of plasma currents, beta, second stability and transport
in stellarators; mode stabilization by the ponderomotive force and high energy
particles in mirrors and cusps; electric field effects in mirrors and stellarators; plasma
self-regulation and ion heating by plasma turbulence in reversed field pinches (RFPs)
and spheromaks; and finite Larmor radius or ion kinetic effects in dense Z-pinches
and field reversed configurations (FRCs). These points are discussed below, with
developments in each major concept area.

2.

STELLARATORS

2.1. Configurations
The wide range of parameter space covered by the various stellarator configurations is illustrated well in Fig. 1, a plot of the global shear against the central
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FIG. I. Shear versus central rotational transform, showing the operating region for a number of
existing and proposed stellarators and for the tokamak configuration.

transform t(0) (i = 1/q, where q is the safety factor). Within this space, widely
varying combinations of magnetic shear, well and non-planar axes are employed in
stellarators in the search for an optimum configuration. The principal factors that
have guided stellarator design are:
— Neoclassical effects in the \lv regime, electric field effects, energetic particle
confinement (the loss cone) and impurity transport.
— Equilibrium and stability beta limits, including second stable operation;
Pfirsch-Schluter and bootstrap currents; and the robustness of flux surfaces.
— Practical aspects such as anomalous transport, impurities and particle control,
and coil designs (e.g. modularity).
Good progress in the development of theory and computer models, their
connection to experiments and significant achievements in experimental plasmas have
made it possible to focus this diversity of opportunity on two basic types of stellarators. In each approach a trade-off is made in the simultaneous optimization of beta,
neoclassical transport and divertor and coil design.
Stellarators with a spatially varying ('helical') axis and a dominant t = 1
component of the magnetic field form one class. They are characterized by a helical
axis, low shear and a magnetic well which is moderately deep but broad in minor
radius. At this conference an extensive discussion was given of the 'Helias'
configuration (Paper C-I-4). In this device the Pfirsch-Schluter currents are
minimized so that the magnetic configuration varies very little as the pressure is
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raised. The fields are configured to emphasize helical symmetry and suppress effects
due to the toroidicity. In an ideal four-period configuration it would be possible to
eliminate the \lv transport region (Fig. 2). Unfortunately, the four-period devices
studied had a relatively low beta (2-3%), limited by ballooning stability. A fiveperiod device had better stability ((/3) = 5%), good transport properties and a very
small loss cone; i.e. alpha particles would be well contained. A code was used to construct a set of modular coils which would produce the desired magnetic configuration.
The reference design, W VII-X, is illustrated in Fig. 3(a). It has superconducting
coils (50 MA-nr 2 , 6 T), giving 3 T on axis, with R = 6.5 m, a = 0.5 m. An
alternative approach, the 'heliac' (C-I-5-l),,has modular coils and a higher beta
capability, but less transport optimization. The Australian (H-l) and Spanish (TJ-II)
heliacs are being prepared. Two configurations which combine straight and curved
sections of circular and modular helical coils are being studied in the Soviet Union.
The Drakon (C-V-6) seeks to optimize beta, while the Piecewise Symmetric
Stellarator (C-V-2-2) seeks to optimize transport.
The ( = 2 torsatron/heliotron is the second class of device being studied
(Fig. 3(b)). It is characterized by moderate shear and well and has the virtue that beta
is inversely proportional to the aspect ratio. In addition, such devices at moderate to
low aspect ratio can enter the second stability region. A number of papers discussed
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FIG. 3. Stellarator configurations: (a) Helias, (b) torsatron/heliotron, (c) modular torsatron.
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the development of an optimum system (C-I-5-1, C-I-5-2, C-I-5-3, C-V-4). A
principal issue is to attain a low aspect ratio while maintaining flux surfaces which
are robust under the action of increasing pressure. It was found that good flux
surfaces could be sustained by careful tailoring of the helical coils coupled with
detailed control of poloidal field windings. The main limit on lowering the aspect
ratio was set by neoclassical transport. The peak in the transport coefficients in the
\lv regime was reduced by electric field effects (see Fig. 2). However, the loss cone
for energetic particles (alphas) was not affected, and a trade-off must be made
between this factor and the other benefits of the system. Examples of the optimized
configurations are ATF (C-I-2), CHS (C-I-6), Shatlet-M (C-V-5) and LHS (C-V-4).
The proposed LHS is an £ = 2, M = 10 or 14, superconducting device with
R ~ 4-5 m. The Shatlet-M is a modular torsatron which is operating (Fig. 3(c)).
Complementing this class of device are £ = 3 stellarators such as Uragan-3 (C-V-l)
and the modular IMS at the University of Wisconsin.
2.2. Experimental results
Heliotron-E (C-I-l) has operated with plasma collisionality v** = 0.01-10.
At low collisionality the central electron transport is close to the neoclassical value
in the plasma interior. However, in the outer region, which dominates the global
transport, the transport is anomalous and T§ OC nf 54 /P 064 for all types of heating.
While this transport is similar in form to that seen in tokamaks, Heliotron-E did not
exhibit 'profile consistency', because Te(r) varied as the electron cyclotron
resonance was moved (see Fig. 4). An estimate of the radial electric field was made
from the measured poloidal rotation. The poloidal rotation changed sign (Er changed
from negative to positive) as the density was raised. At constant density the electric
field depended on the electron temperature. It was found that the thermal diffusivity
was reduced by the electric field below the neoclassical value for Er = 0 (E-I-4)
and that the energy confinement was better with negative electric field (Er < 0)
than with Er > 0. Unfortunately, impurity removal was much slower with Er < 0
(Fig. 5). A similar accumulation of impurities was observed in plasmas with ion
cyclotron heating (ICH) in Uragan-3 (C-V-l). The accumulation is believed to be
consistent with theory (though the E-field was not measured). In the L-2 torsatron
an unexplained saturation of electron temperature with increasing electron cyclotron
heating (ECH) power was reported (C-I-3).
Other highlights of the Heliotron-E programme were measurements showing
that plasma followed the diverted flux lines of the natural divertor (C-I-l) and that
high energy tail ions ( < 100 keV) produced by ICH were well confined (E-I-4).
Plasma currents consistent with theory were observed in L-2 (bootstrap current)
(C-I-3) and ATF (neutral beam driven current) (C-I-2).
Results were reported from a number of new experiments. Notably, measured
flux surfaces were in very good agreement with code calculations. These efforts
include measurements in ATF to determine the effects of a field error problem owing
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FIG. 5. Impurity decay time riK in Heliotron-E, obtained from the temporal change of soft X-ray
intensity due to injected silicon, versus the radial electric field Er deduced from poloidal rotation
measurements. The gross confinement time r f of the bulk plasma is also shown. The line averaged
density was fixed at ne — 1 x JO19 m'1, while the ECH power was varied to change the electric field.
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FIG. 6. Difference between edge q and central q, q(a) — q(0), versus q(0), showing the operating
region for the RFP, ULQ and Extrap configurations. The RFP q-profile is shown in the insert at the left.

to inadequate helical current feeds (being corrected) (C-I-2); in CHS (C-I-6); and in
the modular W VII-AS (not reported at the conference). Initial plasma parameters
were encouraging, with n = (0.5-1.0) x 10" m"3, T^ = 0.8-1.0 keV with ECH
in ATF, CHS and W VII-AS. In ATF, with neutral beams, the pressure was raised
to give /3(0) < 2.5%. Of particular significance, laser produced plasmas with
(j8) = 4% were reported in the Shatlet-M modular torsatron ('symmotron') (C-V-5).
These plasmas may have entered the second stable region.

3.

REVERSED FIELD PINCH AND ULTRA-LOW q DEVICES

The parameter space in which RFPs, ultra-low q devices (ULQs) and Extrap
operate is illustrated in Fig. 6, in a plot of q(a) - q(0) versus q(0).
3.1. RFP
3.1.1.

General considerations

The principal features of the RFP, which is characterized by a weak applied
toroidal field and a strong poloidal field produced by a plasma current, are as follows.
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The reversal of the toroidal field in the plasma interior and its sustainment are
believed to result from the action of tearing modes: m = 1 and a multiplicity of n,
coupled by non-linear interaction with m = 0 and m = 2 modes. The modes lead
to fluctuating, stochastic field lines inside the reversal layer and to some stochasticity
outside the reversal layer. They generate a non-Maxwellian electron distribution and
enhance the loop voltage above the Spitzer resistivity level. The ion temperature is
higher than expected for normal Ohmic heating and can exceed the electron
temperature.
A conducting shell has been used in most cases to help stabilize the modes. For
the future, an important issue is how resistive the shell may be made and still maintain
an adequately stable plasma. The trade-off between the shell and control by externally
applied fields is a growing topic. The use of an 'intelligent shell', with feedback on
selected modes, is being studied.
The dependence of the stochasticity — and therefore transport — on the Lundquist number S (S oc Te3'2) is important to the future of the RFP. It is hoped that the
fluctuating magnetic fields Br/B necessary to provide the dynamo action will
decrease as S increases. In the edge region, where much of the confinement occurs,
the electron losses are probably due to microturbulence. Two candidate modes are
the resistive g mode and the ion temperature gradient mode. They give similar
scalings for the electron temperature, Te oc I0-75"0-8 or (3p « i/i°-2s-o.2o (C-II-5).
Other points of interest are whether in fact Te is proportional to the current I or the
current density j and whether the ion transport is classical or anomalous.
3.1.2. Experimental results
The MHD mode behaviour with a thick conducting shell in STP-3 (M) shows
m = 0 and m = 1 modes, consistent with theory (C-II-4-1). In REPUTE-1,
sawtooth behaviour agrees with theory (C-V-8). In operation with a resistive shell
r
waii < Vase) in HBTX and OHTE, the growth rates of the m = 0 and
m = 1 modes increase as expected theoretically, except that all modes grow together
(HBTX (C-II-2)) (see Fig. 7). When another shell is added outside the resistive shell
in HBTX, increasing Twali, the mode growth rate is slowed. Theoretically (C-II-5),
the use of a resistive shell should enhance plasma losses, leading to a reduction in
the beta limit. Experimentally, the situation in HBTX and OHTE is not clear. In
OHTE the loop voltage increases with a conducting shell and the plasma current
decreases, presumably owing to cooling of the plasma centre. With the application
of extra power the current can be sustained. The use of an equilibrium coil in
STP-3 (M) gave better centring of the plasma and the energy confinement time
increased by a factor of three.
The theory that stochastic field lines intercept the wall and that the dynamo
action leads to a non-Maxwellian electron distribution was supported by data from
ZT-40 (C-II-1), in which energetic electrons with V| > 2vte (central temperature)
were observed to be lost preferentially in the electron drift direction. From these data
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FIG. 7. Measured power in the dominating n-modes in HBTX (m = 1, Be) as a Junction of time.

it was inferred that collisionless parallel electron transport dominated in the plasma
centre. The absorbed power in the plasma exceeded that expected from the current
and Spitzer resistivity. The power density may be written as

Resistive

Dynamo

or p = pr + p f . The resistive part heats the electrons, and the dynamo part, due
to the stochastic magnetic fields, may be able to heat the ions. In both ZT-40
and HBTX, ion temperatures up to Ti0 = 1 keV have been observed with
Tio/Teo ~ 1-4. In both experiments the ion temperature scales with pf (see Fig. 8).
The value of pf is consistent with the power density required to handle ion recycling
in ZT-40. Ion transport at the edge was measured to be within a few times the
classical level, which in turn was higher than the levels predicted by either ion temperature gradient or resistive g modes. In HBTX the magnetic fluctuations decreased
when the limiter was removed and pf and Ti0 decreased, presumably because there
was less dissipation of helicity in the plasma edge. Under these conditions the lowest
densities and highest electron temperatures, Teo = 1 keV, were obtained.
In TPE-1RM15 (C-E-A-2) a change from stainless steel to graphite limiters led
to changes in the saturation behaviour of electron temperature and density. In
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ETA-BETA (C-V-7), operation at high 6 increased Te but also increased the effective resistivity through greater dynamo activity.
A new device, MST at the University of Wisconsin (C-V-20), the first large,
low aspect ratio RFP since ZETA, has started operation. Initial data suggest that Te
is proportional to I rather than to j . The attainment of I = 0.5 MA with no voltsecond problem is encouraging news for the proposed RFX device at Padua (C-V-7).
3.2. Ultra-low q operation
Theoretically, toroidal pinches operating without toroidal field reversal, and
with q = 0.1-1, are unstable to kink modes. Nevertheless, such configurations may
be set up by using a rapid rate of rise of current. Numerical simulations of startup
fit the data from TORIUT-6 (C-V-8). Both TORIUT-6 and OHTE show stability
if q is just above a rational surface (1, 1/2, 1/3, 1/4) and if q(a) - q(0) « q(a),
as illustrated by a plot of resistivity versus q(a) in TORIUT-6 (Fig. 9). In this
mode of operation the dominant m = 1 mode has a fluctuation level B/B ~ 0.02,
which is less than the level in an RFP at the same I and S. It is observed
that (0} oc 1/q ~ 5-15%, and in both devices Te = 300 eV, TL/Te > 1, n =
3 x 1019 m"3, TE - 0.2 ms, resistivity rj oc r 3 / 2 and the plasmas have broken
through the radiation barrier.
3.3. Extrap
The Extrap class of toroidal pinches is characterized by a very low toroidal field
and has a separatrix region created by four toroidal current carrying conductors
(C-V-19). In a linear system the plasma has been held stable for up to 100 Alfv6n
times. However, without the toroidal ring currents it is very unstable. A new toroidal
system has been constructed, Extrap-Tl. In initial experiments stable plasmas with
a pulse length exceeding the Alfve'n time have been achieved. In the next phase it is
planned to increase the pulse length and electron temperature (breaking the radiation
barrier) and to study the slower growth rate modes.

4.

SPHEROMAKS

There are two types of spheromak — a device characterized by having
Bpoi ~ Btor and no toroidal coils. In one type (Fig. 10(a)) a plasma is continually
created by a flux core and is maintained grossly stable by figure eight and funnel
shaped passive coils, e.g. the S-l (C-IV-3). In a second type (Fig. 10(b)) a toroidal
plasma, created in a coaxial gun, is fired into a flux conserver, e.g. CTX (C-IV-3)
and CTCC-Et (C-V-16). Points of interest for such devices include the scaling of
plasma parameters with the current density j ; 'stepwise' instabilities; edge effects,
including cold gas, impurities and open field lines; and the plasma lifetime.
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FIG. 10. Spheromak configurations, Bp = B,: (a) maintenance by a flux core, as in S-l; (b) plasma
injection into a flux conserver.

In the S-l spheromak it was found that the central electron temperature
Te(0) oc (jo)18, while 1^(0) was independent of j 0 . Thus, neoTeo is roughly proportional to Bjo, which implies an approximately constant value of j3(0). Typical values
were in the range /3(0) ~ 4-6%. The ion temperature was higher than the electron
temperature, as in an RFP, and T / r e ~ 2-3. Adiabatic compression of the plasma
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is over three or four discharges and over the inner plasma region. The open circles denote electron
temperature values without compression, the filled circles denote values with compression, (b) Ion
temperatures measured by Doppler broadening of line radiation from impurity ions versus time.

was done with internal coils, giving a compression ratio C < 1.6. This increased the
temperatures, T^ from 30 to 80 eV and Ti0 from 150 to 500 eV (see Fig. 11). The
density increased less than the adiabaticity based scaling, though beta remained
approximately constant. The 'stepwise' instability was given the following interpretation: In the cold edge plasma the current decays, while in the centre heating raises
the electron temperature and current density, so that q(0) falls below 1/2, upon which
occurrence an n = 2, m = 1 mode develops. This mode is observed on external
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magnetic loops. It leads to a broadening of the temperature profile. The phenomenon
can repeat.
With a mesh flux conserver in CTX, a rapid decay of the plasma current I was
observed which depended on the plasma density rather than on Te or I. The rapid
decay was postulated to be due to edge field line ripple causing intersection with the
conserver and to the existence of a cold neutral dominated edge, which would
dissipate helicity. The dl/dt was proportional to an effective electric field which
depended on density, with a form very similar to a Paschen curve. When a solid flux
conserver was used with titanium gettering, the rate of current decay was four times
slower and was correlated with Te, which is consistent with decay now being a bulk
effect. With the solid flux conserver a different instability, which appeared to be pressure driven, was observed. Unlike the stepwise instability, it was the density which
peaked and then flattened, but there was no magnetic signature on wall probes.
In the CTCC-II spheromak an externally applied choking magnetic field was
applied to plug the central flux hole, which was normally observed, and to give
magnetic shear near the plasma surface (see Fig. 12). With this extra field the plasma
lifetime was increased from 1.2 to 1.5 ms. The stepwise instability was still seen.
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FIG. 12. Average profiles of magnetic data in CTCC-II, measured by a probe array from 0.15 to
0.25 ms after plasma production, (a) Profiles with no choking coil. The broken line shows the calculated
profiles for xh = 0.14 and S = 0.07. (b) Profiles with the choking field applied. The broken line
shows the calculated profiles for Xh = 0.01 and S = 0.07.
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FIG. 13. Field reversed configuration. Note that the toroidal field is zero for this configuration.

5.

FIELD REVERSED CONFIGURATIONS

A field reversed theta pinch is illustrated in Fig. 13. In this device a plasma is
created in an insulating cylinder containing an initial axial magnetic field B^. The
preionization is usually done with an oscillatory discharge using the theta pinch coil.
The main capacitor bank is then applied to the theta coil, and the toroidal current
induced in the plasma leads to a reversal of the initial field and the formation of an
elongated toroidal plasma. This plasma may be contained in the discharge by mirror
or cusp coils at the end of the chamber. Points of interest include the fraction of the
initial field which is reversed, the surprising stability of the plasma to the tilt mode,
and the scaling of stability and transport with the parameters s = a/pie, where pie is
the average ion poloidal gyroradius and a is the plasma minor radius.
Optimizing the formation of the initial plasma is important to achieving good
plasmas. In FRX-C/LSM (C-IV-1) an X-ray imaging diagnostic has proved to be a
valuable tool in studying the initial plasma, showing the sensitivity of its uniformity
to the filling pressure (Fig. 14). Under optimum filling conditions the plasma showed
an improvement over conditions in the smaller version of FRX (a = 0.1 m). In FRXC/LSM (a = 0.18 m) typical parameters were n = (0.5-1.2) x 1021 m"3 at the
field null, Te = 150 eV (up from 90 eV), Tj = 350 eV, (/?} = 0.9, for s = 1-2.2.
The particle, flux and energy confinement times were respectively rN < 250 /*s,
Tj, < 250 /xs and TE < 100 ps. The particle confinement time, under optimum
conditions, exceeded the predictions of a lower hybrid drift model by a factor of
1.5-2. Interestingly, recent theoretical analyses (C-V-15) suggest that low frequency,
high beta electromagnetic drift waves may be important and could reduce the lower
hybrid drift wave turbulence. In an Argentinian experiment (C-V-12) a fast current
rise startup was used to form the FRC. While some aspects of the plasma scaled similarly to those in the more conventional slow startup, the flux trapping fraction was
lower. It was speculated that this result was due to impurities. Tests were made of
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F/G. 74. End-viewing X-ray photographs of the FRX-C/LSM separatrix shape, (a) for optimum
conditions, 3 mtorr at t = 41 fis; and (b) for 5 mtorr at t = 61 us.
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FIG. 15. Position of stainless steel rod electrode in the cusp region of an FRC for producing a
channelled discharge.

an axial discharge to form the initial plasma in an FRC at the Kurchatov Institute
(C-IV-2). The configuration is illustrated in Fig. 15, which shows one of a number
of stainless steel rod electrodes that protruded into the cusp magnetic field at each
end of the FRC. The advantage of this approach was shown to lie in the formation
of a discharge centred on the device axis away from the insulating discharge chamber. The characteristics of the FRC plasma, trapped flux and separatrix radius were
improved.
Theoretically, the FRC plasma should be unstable to the tilt mode if
Tpuise > TMMn and s is large. At small s the observed stability may be explained by
ion kinetic effects, i.e. finite ion orbit effects. The TRX experiment (C-IV-1) was
operated with collisional plasma and s < 6. The plasmas were stable for long times,
as shown by the ratio of flux decay time to the theoretical tilt growth time (see
Fig. 16). A variety of theoretical models were described (C-V-15) which invoke
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FIG. 16. Flux confinement time T^ normalized to the tilt growth time Tliu versus s (the average value
of the first 20 ms) in TRX.

ion kinetic effects, various non-linear effects and profile effects as possible causes
of the observed stability.
The theory of multipole suppression of the m = 2 instability was extended to
include finite FRC length effects. The new model gave very good agreement with
experiment for the magnetic field level needed for suppression (C-V-13). An
oscillating axial current giving an oscillating toroidal field was shown to suppress the
m = 2 mode growth rate in NUCTE-III (C-V-13).
Initial tests of an annular device, CSS, were successful (C-IV-1). In FRXC/LSM an FRC plasma was translated into a quadrupole field and had a lifetime of
400 (is, which is long enough for the planned compression experiments.
Plasma diffusion in FRCs was described using the Grad-Hogan theory
(C-V-14), and a model of heat, particle and flux transport was discussed (C-IV-2-2).

6.

TANDEM MIRRORS

In a tandem mirror the space charge of energetic ions trapped in plugging
magnetic cells at the ends of the device sets up a positive potential which contains
the ions and reduces their axial loss (see Fig. 17). To prevent cooler electrons from
the central cell cooling the plug electrons, a thermal barrier is set up between the two
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FIG. 17. Typical axial potentials in a tandem mirror: <t>e is the potential from central cell to end wall;
4>c is the potential from plug to central cell; and <j>b is the potential between the thermal barrier and
the central cell.

cells. This barrier requires setting up a dip in the density, which may be established
by a sloshing ion distribution in a simple mirror or by heating with RF. Overall
stability of the system may be provided by, for example, minimum B mirror cells —
the anchor. The principal goals of the programme are to achieve adequate azimuthal
symmetry to provide an acceptable radial loss rate; to determine the optimum position
for the anchor cell; to demonstrate other stabilizing techniques, such as the use of
the ponderomotive force from ICH and the use of a toroidal divertor; and, ultimately,
to demonstrate a sustained thermal barrier at high density.
In the GAMMA 10 (C-III-4) and Phaedrus-B (C-III-1) tandem mirrors, an
increased barrier poten-tial led to a better plasma. In GAMMA 10 the plug and
barrier potentials fit the models of Cohen (Fig. 18). From measured radial profiles
of potential, density, ion temperature and end loss fluxes, it was shown that
Pastukhov confinement held on each magnetic flux tube. Radial transport was
estimated to be small, T[± > Tlt, during strong plugging. The potential in the axicell
was measured to be symmetric with a two dimensional beam probe. The best central
cell parameters were n^p = 2 x 1018 m' 3 -s, T i± = 1.8 keV and T^ = 0.2 keV.
The small extent of equilibration of the ion temperatures was due to charge exchange
losses. The central electron temperature increased with the barrier potential but it was
small because of the absence of direct heating. The thermal barrier lifetime (<20 ms)
was limited by the filling-in of the density dip. The lifetime improved with wall
conditioning. Future improvements to GAMMA 10 should lead to a 100 ms lifetime
and an average central cell beta of about 10%.
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FIG. 18. Confining potential <j>c as a Junction of barrier potential <j>b in GAMMA 10.

In GAMMA 10 the anchor cell is separated from the central cell only by an
axicell which provides azimuthal symmetry. In Tara (C-III-3) the anchor cell is separated from the central cell by the thermal barrier and plugging regions. The poor
connection of the stabilizing outboard quadrupole anchors was insufficient to stabilize
the central cell, which exhibited radially rigid m = 1 flute modes. Two approaches
were used to provide stability: first, a toroidal divertor at the central cell midplane
significantly enlarged the stable operating regime; second, the needed divertor
action could be minimized by the application of stabilizing ICH ponderomotive
forces. This is illustrated in Fig. 19, where the increasing null radius is associated
with an increasing ponderomotive force that allows the use of a weaker divertor field.
In addition, it was shown that the trapped particle mode in the axicell was made more
unstable by the thermal barrier. Theoretically, this is due to the weakening of the
ability of the central cell plasma to short out azimuthal charge separation. This effect
can limit 4>b and &, and extra stabilization may be needed in the thermal barrier
region (e.g. ICH ponderomotive force).
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In Phaedrus-B (C-III-1) it was found that T± < T^. The increased radial loss
correlated with azimuthal asymmetries introduced by the ICH launchers. The effect
of the ponderomotive force from ICH on interchange modes was studied in Phaedrus
(H-I-2). A very good correlation was found between theory and experiment for both
suppression and excitation of the modes. Figure 20 shows the effect of abruptly
changing the rotating antenna phasing from m = -1 (unstable) torn = +1 (stable)
phasing.

7.

SIMPLE MIRRORS AND CUSPS

7.1. Gas dynamic trap
A gas dynamic trap is a high mirror ratio (R), axisymmetric mirror machine in
which the length exceeds the mean free path of charged particles for scattering into
the loss cone. Magnetohydrodynamic stability is provided by a favourable curvature
of the field lines in the expander region (C-III-2). Experiments at Novosibirsk with
R < 75, Bo = 0.2 T, L < 7 m, n < 2 x 1020 m"3 and Te = 3-30 eV established
stability and low transverse losses for R < 25. In a second phase of the experiments
neutral hydrogen beams (20 keV, six beams at 45° to the axis) were injected for
0.25 ms (see Fig. 21); 0.8 MW was trapped. The hot ion density at their turning
point (Rr = 2), for R = 25, was up to 1018 m~3. The ion slowing down was classical. When the beam power was introduced asymmetrically, there was a distortion of
the plasma and enhanced losses. This concept is of interest as a 14 MeV neutron
source.

SHAPED END FOR
STABILITY

NB1

NBI

FIG. 21. Geometry for neutral beam injection in the gas dynamic trap.
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7.2. ECH plasmas
Hot electron rings produced by ECH in simple mirrors were studied in two
experiments. At Hefei (C-III-5) it was found that the hot electron ring could stabilize
drift waves (a > 40%) and the interchange mode (a > 5%), where a is the ratio
of the hot electron density to the plasma density. At Leshan (H-I-3) ring characteristics were carefully measured in preparation for the use of such a configuration as a
tandem mirror end cell.
In experiments in the 0GRA-4K cusp (C-V-ll), ECH (0.3 MW at 36.4 and
28 GHz) was used to create a plasma with n a few times 1018 m"3 and Te ~ 1 keV.
The concept has a possible application as an anchor for hot ion plasma stabilization
in a simple mirror.
7.3. Plasma injection
Hot plasma streams with stagnation temperature greater than 1 keV and 0 = 1
were injected in the MK-200 device through magnetic mirrors and cusps and were
collided head-on in a solenoid in tests of a central cell plasma filling technique
(C-V-10). It was found that the plasma component with Mach number M > 1 passed
the end cell, while subsonic cold plasma (M < 1) was stopped. Overall efficiency
of transmission was 50%. Using opposed guns, a plasma was created with
n ~ (1-5) x 1021 nr 3 , Tj ~ 2-3 keV and Te ~ 300 eV.
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7.4. RF plugged axisymmetric mirror cusp
In the RFC-XX-M device the ponderomotive potential produced by RF fields
in the ion cyclotron frequency range was used to plug the two line cusps (C-V-9).
Typical midplane parameters were n = 2.4 x 1018 nr 3 , T; = 100 eV (high energy
component 550 eV) and Te = 30-140 eV. The measured plugging electric field was
in good agreement with that expected for an n = 1, Bernstein mode (Fig. 22). When
the ions were plugged by the line cusp potential, the central cell potential rose to
contain the electrons. The potential agreed with the Pastukhov theory, and there were
very low radial losses.

8.

PLASMA FOCUS

A schematic diagram of a plasma focus is shown in Fig. 23. Issues discussed
at the conference were the scaling of neutron output YN with current I; the effects
of insulator materials, impurities and stray magnetic fields on the formation of the
current sheath and performance of the focus; and hot spots in the focus.
8.1. Neutron yield
In a number of experiments it was observed that up to capacitor bank energies
of 300-500 kJ the neutron yield YN was proportional to I 3 ' 2 . In POSEIDON
(C-IV-5-3) the neutron output reached 10" neutrons. From analyses at Lebedev
(C-IV-5) it was concluded that the scaling was consistent with a beam-target model
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FIG. 23. Schematic of a representative plasma focus, illustrating various techniques for improving the
plasma sheath formation and showing the effect of impurities on the focus formation.
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FIG. 24. Mean neutron yield YN in POSEIDON as a function of the charging voltage Uo or bank
energy Wo for Pyrex and A12O3 insulators.

of neutron generation rather than a thermal plasma model. Unfortunately, in the
experiments the neutron output was observed to saturate at higher bank energies, and
a number of papers reported studies of ways to recover the performance; these are
illustrated in Fig. 23. In the PF-360 an electromagnetic screen was placed inside the
insulator to shield the breakdown region from the stray magnetic field; it improved
the transfer of capacitor bank energy (C-V-17). In the MAJA device, tests were made
of gas puffing as a technique for improving current sheath formation (C-V-17). At
the Stevens Institute it was found that field distortion elements on the cathode assisted
breakdown (C-V-18). In the IPF devices (C-V-20) preionization of the gas by a
continuous glow discharge improved the reproducibility of neutron emission. In
POSEIDON added impurities were observed to impair the focus formation, and the
insulator was changed from Pyrex to alumina, yielding improved performance with
YN ~ 2.5 X 10" neutrons (see Fig. 24).
8.2. Hot spots
In high current (energy) focuses there are hot spots emitting intense X-ray
bursts when small admixtures of heavy ions are added to deuterium (e.g. 2% Ar or
0.1% Xe). The spots observed in the experiments at Stuttgart (C-IV-5-2) and
Sukhumi (C-IV-5-1) are 10-100 pm in diameter and - 3 0 0 /*m long. The Sukhumi-
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Troitsk group calculate, using the Bennet relation, that the spot density is
~ 1029 nr 3 . The Stuttgart group, using absolute X-ray intensity measurements,
calculate a density of ~ 1027 m"3. The spots have little influence on neutron output.
One theory of spot formation is that the m = 0 mode observed following
compression generates energetic electron beams. These beams give local heating,
increased radiation loss and collapse followed by intense X-ray emission.
In the lower energy focus at the Stevens Institute, hot spots (typically ten spots,
~ 100 ftm in size) are generated in deuterium discharges and appear to produce 80%
of the neutrons.

9.

DENSE Z-PINCH

The fibre initiated high density Z-pinch (HDZP) is a novel concept in which a
plasma is produced by applying 2 MV across a thin fibre. For fusion plasmas, frozen
deuterium has been used, with a fibre 20-30 fim in diameter and 0.05-0.10 m in
length (see Fig. 25). Two points of interest are the surprising stability of experimental
plasmas to the m = 0 and m = 1 modes and the difficulty of modelling a system
which includes solids, collisional plasmas (25 eV to a few keV) and hot collisionless
plasmas.
In experiments on HDZP-1 (C-IV-4-1), deuterium fibres 20-40 jam in diameter
and 0.05 m long were heated with a current rising to 250 kA in 150 ns. The plasma
parameters were n = 2 X 1027 m~3 and T = 150-300 eV. The plasma was free of
instabilities for 60-80 ns (~200TMMn), then the m = 0 mode grew. Possible
reasons for the stability are finite Larmor radius or resistive effects. The latter are
more likely because the Lundquist number S is proportional to the radius, which is
very small.
In the compression pinch at Imperial College (C-IV-4-2) a current of 150 kA
was driven for 60 ns in an insulating tube, 0.02 m in diameter and 0.05 m long,
containing 1-2 torr of hydrogen. The plasma pinched to a full width at half maximum
of 4 mm and remained pinched even when the current reversed, owing to the
shielding action of a current flowing in a plasma near the wall. The electron temperature profile was measured with an X-ray camera (Fig. 26). The density was
1025 nr 3 , and the temperature Te ~ 150 eV agreed with the Bennet relation. Finite
Larmor radius effects are believed to be the cause of the plasma stability. An optical
fibre was also used, and a model was developed to describe the corona plasma around
the fibre.
A number of computer models which can describe the various phases of
evolution and multiple components of the pinch are under development. These
models will be applied to major new experiments with I < 1.2 MA, V < 3.2 MV,
which are close to completion at Los Alamos (HDZP-II) and the Naval Research
Laboratory.
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10. PROSPECTS
Good progress is being made in the alternative concepts in relating the theory
to experiment. The understanding of the plasma behaviour and the increased
capabilities of new and upgraded facilities should lead to many advances in performance and understanding in the next two years. A critical issue for most concepts
is whether improvements effected in individual aspects of the concept can be
combined effectively to advance the overall performance as the plasma enters new
regimes.
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1.

INTRODUCTION

In the session on magnetic confinement theory some 35 papers were presented,
and almost all treated tokamak theory. In other sessions about 30 papers were
predominantly theoretical and pertained to stellarators, reversed field pinches,
supporting confinement systems, RF heating and current drive, and fundamental
processes. In the following these theoretical papers are classified into several topics
and summarized.
Generally speaking, theoretical efforts are on the same lines as at the last
conference in this series, in Kyoto, and progress was reported in the increasingly
detailed comparisons with experimental results. At this conference we have
recognized that improvement of energy confinement is crucial for future fusion
research. Many tokamak theory papers gave attention to H-mode operation,
L-H transition, supershots and improved confinement with peaked density profiles.
Optimization was also pursued in stellarators, to reduce the high energy particle
direct loss and the neoclassical ripple transport without deterioration of equilibrium
and stability beta limit.
Alpha particle physics is a rapidly growing area, since the first DT plasmas are
expected in the near future. We already have experimental evidence showing high
energy particle effects on confinement in NBI heated or ICRF heated tokamak
plasmas. Many papers discussed the effects of high energy particles on MHD
instabilities and suppression of sawteeth. The possibility of D- 3 He plasma confinement in tokamaks was also addressed.

2.

TOKAMAKS
In this section tokamak theory is summarized with respect to the following:
— Sawtooth modelling
— Effects of high energy particles on MHD stability
— Beta limit enhancement
605
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— Models of the H-mode
— Models of anomalous transport
— Alpha particle physics
— Current drive and heating.
2.1. Sawtooth modelling
With respect to sawtooth oscillations, a mechanism based on the quasiinterchange mode was proposed at the Kyoto conference by Wesson et al. [1] for very
flat safety factor (q) profiles within the q < 1 region. This mechanism was to explain
the short crash times and the formation of cold bubbles surrounded by a hot, crescent
shaped region in the JET sawteeth. This model is completely different from the
Kadomtsev model [2] based on the resistive kink or tearing mode.
Paper D-III-1 discusses the simulation of sawteeth with the use of the full
MHD theory in toroidal geometry. It is demonstrated that the appearance of the
simple and the compound sawteeth depends on the perpendicular transport modelling
and that the crash time scales as S1'2 (S is the magnetic Reynolds number). The
q-profile does not remain very flat and the n = 1 resistive kink mode becomes
unstable, with a significant growth rate just before the crash.. The linearly unstable
n = 1 mode appears in the middle of the sawtooth rise phase, but the axis shift occurs
with a rapid growth just before the crash. Also, the hot, crescent shaped region
appears at a beta value close to experimental values, when shear becomes weak in
the q = 1 region. These results show that the crucial point is the time evolution of
the q-profile. When q(0) decreases to 0.8-0.9, this model may give an explanation
of the fast crash sawtooth.
Paper D-III-2 also points out the importance of producing a state highly unstable
to the m = 1, n = 1 internal mode self-consistently with a similar MHD model. We
have numerical models of sawtooth oscillations within the MHD theory and these
models will become a tool for detailed comparison between theories and experiments,
although for cases with a high magnetic Reynolds number enormous computation
times are needed. New simulation results will probably appear at the next conference.
A pressure profile after sawtooth oscillations obtained by including the heat
source term, and perpendicular and parallel transport in the reduced MHD model are
discussed in Paper D-IV-9. It is shown that pressure profile consistency is related to
the sawteeth. However, S is low compared with that obtained in current experiments.
In Paper D-IV-5 it is pointed out that acceleration of tearing mode growth is
possible when the shear is weak at the q = 1 surface and a small flat current density
region exists in the vicinity of the q = 1 surface. This is another interpretation of
the fast sawtooth crash.
Paper D-I-4 presents a systematic numerical method for the toroidal stability
index Aj relevant to the tearing mode in toroidal geometry. It is shown that a
q-profile withq(O) =* 0.7 stable against the n = 1 mode exists. However, numerical
simulation showed that the TEXTOR type profile does not continue when the non-
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linear evolution is included (D-III-1). Paper D-I-5-2 also presents a detailed study of
the internal kink mode.
2.2. Effects of high energy particles on MHD stability
In the JET experiments sawtooth oscillations were suppressed for several
seconds in the ICRF heating case with resonance near the magnetic axis. These
results have stimulated theoretical efforts on kinetic effects, particularly those due to
high energy trapped ions in the m = 1 ideal internal kink mode and the m = 1
resistive tearing mode. This topic is discussed in a number of papers (D-II-3-1,
D-IV-2, D-IV-6 and D-IV-11). For both modes, high energy trapped ions produced
by ICRF wave heating or alpha particles in ignited plasmas have stabilizing effects,
which is consistent with the suppression of sawteeth in JET. It is also pointed out that
the m = 1 internal mode is destabilized by the hot trapped particles through their
curvature drift frequency resonance when the hot particle density exceeds a threshold
value. This mode is called the fishbone branch. It is predicted that there is a stability
window in the hot ion beta value in which both sawtooth and fishbone can be
stabilized. Significant stabilization is also expected from barely circulating energetic
particles within the q = 1 surface (D-II-3-1). These results are extended to the
isotropic fusion products in an ignited plasma. Values of /3p exceeding the MHD
limit may be attained without exciting global MHD instabilities in such a plasma
(D-IV-6). However, the fishbone oscillations may have a positive effect as an ash
remover, which is important in D- 3 He plasmas (D-IV-2).
2.3. Beta limit enhancement
Optimization of the tokamak configuration with respect to the beta limit is still
being pursued (D-U-2, D-IV-14), but the number of papers on this topic has
decreased in comparison with previous conferences. In Paper D-II-2 an attempt is
made to increase the first stability limit or the coefficient in the Troyon scaling
<j3) oc Ip (MA)/a (m) BT (T) with ellipticity K > 2. Equilibrium bifurcation is also
addressed. In Paper D-IV-14 entering the second stable regime without encountering
MHD instabilities is considered. A large q(0) configuration with large aspect ratio
is one of the candidates for accessing the second stable regime. A heating power of
about 3 MW is required in a tokamak with R = 1.5 m and BT = 1 T to test the
result. Stabilization of high mode number ballooning modes due to energetic trapped
particles makes it possible to access the second stability regime (D-IV-11).
A new direction in configuration optimization is discussed in Paper E-III-7. The
idea is to maximize the adiabatic invariant J by plasma shaping, which corresponds
to improvement of stability against trapped particle modes in the collisionless regime.
This idea was discussed by Glasser et al. [3]. Paper E-UI-7 shows that the configuration with a COMET-like cross-section satisfies both maximum J and ballooning mode
stability and could provide an important test of trapped particle driven transport.
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2.4. Models of the H-mode
The most important subject in tokamaks is anomalous transport. This subject
has been studied by many groups both experimentally and theoretically. The origin
of anomalous transport is still not completely known, but significant progress has
been made in this area during the past two years. It is recognized that temperature
gradient driven drift waves such as the ^ mode play an important role in anomalous
ion heat transport, particularly for high density ohmically heated plasmas and for
L-mode plasmas. These topics will be summarized later.
Another important point we have confirmed at this conference is that there are
several ways to improve the energy confinement in tokamaks. A general statement
is that improvement of particle confinement leads to an improvement of energy
confinement. One manifestation of the confinement improvement is seen in H-mode
discharges. Transition from the L-mode to the H-mode and the mechanism of
confinement improvement in the H-mode have been intensively discussed at this
conference.
Papers D-I-3 and D-I-2 point out that the L-H transition is related to the
ambipolar radial electric field. However, there is an important difference between the
two papers with respect to the ambipolar condition. In Paper D-I-3 it is assumed that
the anomalous electron flux is not intrinsically ambipolar at the plasma edge. Direct
banana orbit loss and charge exchange momentum loss due to neutrals contribute
significantly to the ion flux. The ambipolar condition, reano = Tf"0 + T?rbix + Tfx
_ p.orbit + pcx^ j s calculated and bifurcation of the particle flux due to the change
in the radial electric field is shown. The positive radial electric field gives a lower
ambipolar particle flux. This kind of bifurcation phenomenon induced by the radial
electric field is familiar in neoclassical ripple transport theory for stellarators/
heliotrons. Here a positive electric field also reduces the particle flux and improves
the energy confinement. It is shown that the inward impurity flux caused by the large
density gradient of the background ions near the plasma edge makes it difficult to
maintain a positive electric field. When the H-L transition occurs, the radial electric
field becomes negative. With successive H-L and L-H transitions, the particle flux
oscillates and an edge localized mode (ELM) appears. Since the change of the radial
electric field is fast enough, this explanation of the ELM is plausible.
On the other hand, in Paper D-I-2 it is assumed that the anomalous particle flux
is intrinsically ambipolar and the condition T°'b'1 + F " = 0 is given for the radial
electric field, which is negative. Because of ion heating, the ion collisionality
decreases and ion orbit losses, r;orbit, increase, which makes Er more negative. It is
considered that transition from a positive to a negative electric field or from a
negative to a more negative electric field improves energy confinement.
Thus these two papers suggest that it would be interesting to measure the radial
electric field just inside the separatrix. Several tokamak experiments showed that a
deeply negative electric field improves particle confinement. However, at present
there is no systematic measurement of the electric field.
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The power threshold for obtaining the H-mode is also discussed in Papers D-I-2
and D-I-3. A weak toroidal field, small plasma current and deuterium plasma make
the threshold power low. The effect of an ambipolar radial electric field Er on the
fluid type turbulence is also discussed in Paper D-I-2 and it is demonstrated that
Er < 0 reduces the rippling mode turbulence level and makes the wave spectrum
narrower. However, more study on this subject is needed.
Paper D-IV-15 considers the poloidal gradients in the scrape-off layer (SOL)
region and shows that the inward classical flux plays an important role in the
L-H transition. In the case where the VB drift is directed to the X-point, the
threshold power for obtaining the H-mode is about a factor of two smaller than when
the direction is the opposite, which is consistent with the DIII-D H-mode (A-III-4).
Paper D-IV-15 also predicts the SOL current Jn, which is another interesting subject
for experiments (A-VII-12).
In Paper A-III-4, on the DIII-D H-mode, the relation between the pressure
gradient near the edge region and the ideal ballooning mode stability is discussed;
it is shown that the ELM is correlated with the first stability limit of the ideal
ballooning mode.
Paper D-I-5-1 presents a detailed analysis of resistive ballooning modes in a
separatrix geometry. It is shown that the electrostatic resistive ballooning modes
remain unstable even in the second stability regime of the ideal ballooning mode.
This suggests that transport from the electrostatic ballooning modes may play a role
in the second stability regime. It is noted that finite beta tearing modes become
unstable at beta values just below the first stability limit, as shown in Paper D-I-4.
The effect of separatrix geometry on resistive pressure gradient driven
turbulence (RPGDT) is studied in Paper D-IV-10. The linear growth rate is basically
unaffected by the divertor geometry, but the thermal diffusivity xe due to RPGDT
can be decreased in the separatrix geometry by decreasing the radial correlation
length associated with the increase of shear.
Two dimensional divertor plasma modelling is presented in the discussion of the
H-mode in Paper D-I-3. Boundary conditions in the presence of an absorbing wall
are discussed in Paper D-III-6.
2.5. Models of anomalous transport
Microinstability based or drift wave based anomalous transport models have
recently been elaborated and comparisons between theoretical models and experiments are presented in a number of papers (D-I-l, D-IV-2, D-IV-5, D-III-3, D-III-5,
G-III-3, G-II-3). In Paper D-I-l the stochastic transport of trapped electrons due to
a monochromatic finite amplitude drift wave or Ohkawa type electron transport
coefficient is combined with drift wave turbulence transport. A theoretical basis is
given in Paper D-IV-3. Important ingredients for the anomalous transport modelling
in these papers are trapped electron dynamics, the ion temperature gradient and the
electron temperature gradient. Details of the drift wave based model and the relation

610

WAKATANI

between global confinement scaling and transport modelling are discussed in
Paper G-II-3.
At the Kyoto conference it was pointed out that the global scaling rE « Ip is
not predicted by the drift wave transport model, since there is no adequate transport
model for the plasma edge [4], At the Nice conference this problem was also
discussed but not solved completely (G-II-3, D-IV-8).
Linear stability analyses are elaborated and the threshold for T^ modes is
studied in Papers D-III-3, D-IV-8, D-III-5 and D-III-4. In the H-mode with very
flat density profiles the parameter tjj tends to infinity, which naively implies a
significant enhancement of the ion thermal transport. However, in the limit of
very weak gradients, the stability of ij; modes depends on Ln/R rather than on
i?i = Ln/Lri (Lpj is the scale length of the ion temperature gradient, Ln is the scale
length of the density gradient, R is the major radius). Stability is obtained by meeting
two requirements: ^ > 2/3 and LrL/R > 0.35 (D-IV-8, D-DI-5). Also, the parameter T = Te/Tj changes the threshold and a low value of T improves the stability,
which would reduce the 771 mode driven transport or anomalous x\ in supershots of
TFTR (D-III-3). An interesting result is that TJ; modes become weakly unstable for
0 > T;J > - ( 1 + T) (D-III-3, D-IV-8). Transport coefficients based on ion temperature gradient driven turbulence (ITGDT) are given in Paper D-IV-8, and quasilinear diffusion coefficients are given in Paper D-III-5. Gyrokinetic simulation of
the T\{ mode has been performed to estimate the fluctuation level, the fluctuation
spectrum and Xi (D-III-3). Fluid model simulations of the 1?; mode are presented in
Papers D-IV-7 and D-IV-8. The dependence of x\ on the shear length is somewhat
debatable. The anomalous transport model based on the ij; modes is consistent with
experimental results indicating that peaked density profiles can improve particle and
energy confinement (for example supershots in TFTR (A-III-3) and pellet injected
plasmas or counter-NBI heated plasmas in ASDEX (A-IV-2, A-III-1)). Almost all
transport studies are based on steady state plasmas. However, transport predictions
based on time dependent codes are also important and may reveal the initiation
process of transport improvement.
Toroidal plasma rotation is damped by ions interacting with electrostatic drift
waves or anomalous ion viscosity (D-IV-4). The rotation damping time T^ is
estimated as TV ~ TE, which is consistent with experiments. Shear flow is included
in the ITGDT and the turbulent momentum diffusivity x? is given as x», = Xi in
Paper D-IV-8.
An anomalous transport model based on the rje mode is discussed in Papers
D-IV-7 and D-IV-3. Central electron temperature scalings reasonably agree with
TFTR detached OH plasmas (D-IV-7) and TEXT plasmas (D-IV-3). The non-linear
behaviour of ije modes is also studied in these papers. A fluctuation spectrum with
a characteristic scale of c/ojp,, is obtained.
Paper D-IV-1 introduces the critical temperature gradient model where xe is
proportional to H(| VT e | - | V T J ) (H is the Heaviside function and | V T j is the
critical electron temperature gradient). The origin of the anomalous transport is
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attributed to chaotic magnetic topology, which was discussed by Rebut at the Kyoto
conference [5]. Rebut also pointed out an analogy between viscous flow in pipes and
anomalous heat transport. Simulations using the critical temperature gradient model
(or the Rebut-Lallia model) give a satisfactory description of several tokamaks, such
as JET, TFTR and WEGA. The scaling nr E T « (qR/a)aI2BR1/2 has been derived
(D-IV-1). Here a is related to the /3-scaling of TE and is uncertain at present. The
scaling requires a high current (30 MA) and a large plasma (minor radius ~ 3 m)
for a next step tokamak (G-II-6). A similar model for xe> with a VT e dependent
term and a VT e independent term, is discussed in Paper D-IV-2. However, the
origin of this type of transport coefficient is still not based on one unified physical
picture.
At the Kyoto conference a theoretical model, called the neoclassical MHD
model, was introduced for studying long mean free path effects on resistive
MHD instabilities [6, 7]. Paper D-II-1 summarizes the extensions of the neoclassical
MHD model and many applications to the ballooning mode and the rippling mode,
as well as pressure gradient driven instability and turbulence. Differences between
the resistive regime and the neoclassical regime are shown for the pressure gradient
driven instability and the non-linear tearing mode. In the latter the magnetic island
is enhanced by the neoclassical effect.
Magnetic island evolution in the resistive ballooning mode is studied in
Paper D-IV-12. In Paper D-I-4 it is pointed out that microtearing modes become
unstable in toroidal plasmas. Thus microtearing turbulence becomes a candidate for
tokamak anomalous transport (D-IV-10).
2.6. Alpha particle physics
Papers studying alpha particle effects on global instabilities, small scale
instabilities and transport were more numerous at this conference. Alpha particles are
confined in tokamaks without toroidal field ripple for I p s 5 MA. Ripple loss of
alpha particles is investigated in realistic configurations (D-II-4, D-II-5). Ripple
induced stochastic loss is identified as a crucial loss process. Non-circular crosssection tokamaks are favourable with respect to the ripple loss; this, however,
depends sensitively on the q-value. In Paper D-II-4 it is pointed out that the toroidal
field ripple may change in finite beta plasmas. The possibility of burn control in a
tokamak plasma by controlling the toroidal field ripple is demonstrated in
Paper D-II-5.
Alpha power effects on energy confinement time and ignition are discussed in
Papers D-II-3-3 and D-II-3-2. The Horton-Choi-Yushmanov-Parail model for xe
and neoclassical transport plus ij, mode transport for Xi are used in Paper D-II-3-3;
also, ignition problems in a CIT-like device are investigated. Important corrections
to Xi from energy scattering collisions between electrons and superthermal ions are
given. If the alpha particle loss and the 77, mode can be controlled, ignition is
expected. Alpha particle loss is related to both the power balance and damage of
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the first wall or the divertor plate. Damage of the divertor plate seems to impose a
restriction on the location of the X-point (D-II-5).
Instabilities triggering sawtooth oscillations and fishbone oscillations have
been studied in ignited plasmas (D-IV-2, D-FV-6, D-IV-11); it seems that a stability
window without these types of oscillation could exist in DT plasmas.
Stability against the global Alfve'n eigenmode (GAE) has been studied in
toroidal geometry (D-IV-11). Toroidicity-induced coupling to sideband modes
subject to electron Landau damping stabilizes the GAE at moderate values of the
aspect ratio.
A new global mode, the toroidicity induced shear Alfve'n 'gap' mode, which is
induced purely by finite toroidicity, has been studied (D-IV-11, D-II-3-1). The 'gap'
mode has a frequency lying within gaps in the shear Alfve'n continuum created by
toroidal coupling. This mode can be strongly destabilized by alpha particles for the
low n case (D-IV-11) and the high n case (D-II-3-1).
2.7. Current drive and heating
In the DIII-D neutral beam current drive experiment, magnetic helicity
invariance in a tokamak has been observed (E-III-6). Paper H-I-l demonstrates that
a tokamak discharge has been maintained through DC helicity injection using only
a DC low energy electron beam. In reversed field pinches F - 9 pumping to sustain
the plasma current is well known and is also interpreted as helicity injection.
Paper E-III-7 proposes current drive by wave helicity injection. The circularly
polarized wave has a wave helicity nofi w/k (fi is Planck's constant); a long
wavelength mode with « < Qj (ion cyclotron frequency) is suitable to maximizing
the wave helicity. By balancing the non-resonant part of RF quasi-linear diffusion
against Coulomb collisions, the required input power is obtained. Good current drive
efficiency is expected at high densities. Current could be driven by compact torus
injection into a tokamak, since the compact torus carries magnetic helicity (H-I-l 1).
Access to second stability via profile control with lower hybrid current drive
in a D shaped tokamak with aspect ratio A ~ 3 and q(0) ~ 2 is discussed in
Paper E-IV-8. Microwave heating and current drive using short pulse, high power,
free electron lasers has been studied (G-IV-10). A quasi-linear plateau of high energy
electrons could be produced easily; this would help to improve current drive
efficiency.
In the analysis of the energy and momentum deposition profile, it is necessary
to calculate electromagnetic wave propagation from the antenna or waveguide to the
central resonance region with sufficient accuracy. For ICRF heating, numerical
codes of wave propagation and absorption based on the finite element method have
been developed which include realistic magnetic configuration and antenna
geometry. In Paper G-III-3 the code is extended to an integral equation formulation
of ICRF wave propagation and it is shown that alpha particles affect the higher
harmonic absorption in reactor-like plasmas. A three dimensional electromagnetic

IAEA-CN-50/J-I-3

613

field calculation using the full wave equation near the antenna region is presented in
Paper E-II-5. Regarding the absorption mechanism of ICRF waves, non-local ion
cyclotron absorption due to inhomogeneity of the magnetic field has been studied
(E-IV-3). Stellarators have several types of magnetic field ripple and the non-local
effect may be important for wave absorption.
For lower hybrid wave propagation, a new model based on a variational method
is presented in Paper E-IV-4.
Regarding the absorption of electromagnetic second harmonic electron
cyclotron waves, it is found that the presence of a tail substantially improves wave
absorption at down-shifted frequencies (E-IV-11).
Longitudinal heating of magnetized plasmas by excitation of kinetic Alfve'n
waves has been studied by using a macroparticle simulation code (H-I-8).

3.

STELLARATOR/HELIOTRON CONFIGURATIONS

Optimization of stellarator configurations has been continuing actively since the
Kyoto conference. At that conference two methods to improve the beta limit in
Heliotron-E with high transform and high shear were proposed. One method is to
produce a sufficiently deep magnetic well by shifting the magnetic axis outside [8].
The other method is to apply an additional toroidal magnetic field to shift the t = 1
surface outside [9]. However, at present experimental data for this subject are not
available. The AFT at Oak Ridge National Laboratory has moderate transform and
both shear at the edge and a magnetic well in the inner region. For this type of
configuration, MHD equilibrium and stability theory predicts a beta limit higher than
/? = 5 %. Recently the main effort has been directed to a low aspect ratio torsatron
(A > 3.5) with an I = 2 helical coil and pitch number M less than 12, as reported
in Papers C-I-5-1 and C-I-5-2. It is well known that the flux surfaces near the edge
region are destroyed and the rotational transform is reduced by the strong toroidal
effect, as discussed in Paper C-IV-4. A theoretical method which exploits the modulation of the helical coil winding law and several poloidal coils to improve the edge
region and to increase the plasma volume was developed by Cary and Hanson [10].
It becomes possible to keep i(a) :S 1 even in the case of M = 6. However, the toroidal drift effect on particle motion becomes large and the high energy particle
confinement degrades in a low aspect ratio torsatron. Therefore, the compatibility
between high beta plasma confinement and high energy particle confinement becomes
a serious problem in stellarator research.
At this conference, several methods to improve particle confinement were
presented (C-I-5-2, C-IV-4). One method is to produce an average horizontal
ellipticity with a quadrupole field, which improves the confinement of deeply trapped
particles. Paper C-I-5-2 presents a useful method to study the orbit of deeply trapped
particles with B ^ = min \B(r,d,<p)\ in Boozer co-ordinates. It is pointed out that
neoclassical ripple transport is also decreased by a quadrupole field. At the same time
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the imposed quadrupole field controls the equilibrium limit by changing the ellipticity
of the averaged surface in stellarators with shear, as discussed in Paper C-V-2. The
inside shift of the magnetic axis by the vertical field may also significantly improve
trapped particle confinement. Usually, the magnetic well region is decreased by the
inside shift of the magnetic axis, and the configuration loses stability against pressure
driven interchange modes. An attempt has been made to find a configuration with
2 = 2/M = 10 and A = 8 satisfying both the high beta limit (J3 ~ 5%) and the high
energy particle confinement by shifting the magnetic axis inside (C-IV-4). These
parameters are similar to those of the Large Helical System (LHS) in Japan. The
possibility of adding an 2 = 1 helical winding to the 2 = 2 torsatron is also discussed
in Paper C-IV-5-2. When the sign of the helical sideband is suitably chosen, high
energy particle confinement is improved, since the magnetic field ripples move to the
inside region with good toroidal curvature. The plasma flow effect on the equilibrium
is discussed in Paper C-V-3-1. The magnetic axis shift or the magnetic well is varied
by the flow.
Paper C-IV-5-1 gives MHD equilibrium results for the low aspect ratio helical
axis configuration TJ-II. Paper C-I-4 presents helical axis advanced stellarators
which include the 2 = 1 component. The HELIAS (helical advanced stellarator)
configuration has been studied intensively to optimize the beta limit (j3 > 5%), high
energy particle confinement and neoclassical ripple transport. Quasi-helically
symmetric configurations for confining high energy particles have been obtained. In
principle, alpha particles can be confined sufficiently in this type of stellarator.
Neoclassical ripple transport is also suppressed to a level comparable to or less than
that of the plateau regime. However, significant bootstrap current appears. To
remove a potential energy source of kink instabilities, the bootstrap current must be
minimized. It is suppressed sufficiently in linked mirror type stellarators; however,
high energy particle confinement is degraded. In both types of stellarator a beta limit
above 5 % is obtained by applying the criterion of local stability against the resistive
interchange modes. An optimized configuration representing a combination of the
quasi-helically symmetric stellarator and the linked mirror stellarator would be
suitable for W VII-X. Both W VII-X and the LHS will be designed to obtain a peak
temperature around 5 keV at a density of 1020 rrr 3 .
In Paper C-V-2 a piecewise symmetrical stellarator is proposed with straight
stellarator sections and circular toroidal sections to reduce the neoclassical transport
caused by toroidal drift. This idea has some similarity to the W VII-X concept.
Although neoclassical ripple transport is dominant in the central region, the
global confinement is anomalous, as reported in Paper C-I-l. One future theoretical
problem will be to investigate the origin of the anomalous transport in stellarators and
to find configurations for minimizing the anomalous effect.
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REVERSED FIELD PINCHES

In RFP theory the most interesting phenomenon is that the configuration is
sustained only by maintaining the toroidal plasma current. This means that the
toroidal field is generated from the poloidal field — the dynamo effect. Also, the
RFP equilibrium is close to the minimum energy state called the Taylor state [11]
in the stationary phase. The relation between these two aspects must be solved
consistently. This is an interesting subject of non-linear resistive magnetohydrodynamics. Paper C-II-5 presents non-linear calculations based on a full
MHD model for the RFP stationary state. The turbulence driven electric field has an
important role in sustaining the configuration, and the energy source of the turbulence is the Ohmic current. The loop voltage is determined by both Ohmic dissipation
and this electric field. In the current ramp-down phase, MHD fluctuations decrease
significantly. Of recent interest in RFP research is the thin shell problem, i.e. the fact
that the skin time of the conducting shell is shorter than the discharge duration of the
long pulse experiment. When the ideal conducting shell is replaced by a resistive
shell, linear MHD stability degrades (C-V-7, C-II-2) and the loop voltage necessary
to sustain the stationary configuration increases (C-II-5). Finite beta, minimum
energy equilibria have been obtained by applying a multiple time-scale analysis to an
MHD model (D-IV-13). Anomalous transport due to RPGDT and T;; mode
turbulence is reported to explain the confinement scaling of RFPs (C-II-5). The
RPGDT model is essentially the same as that which has been used to explain the
anomalous transport in the stellarator edge region; the ^i mode also plays an
important role in the tokamak anomalous transport model.

5.

FIELD REVERSED CONFIGURATION AND Z-PINCH

An FRC is a compact toroidal plasma confinement geometry with negligible
toroidal magnetic field. Plasma confinement is provided by a poloidal magnetic field
associated with a diamagnetic toroidal current carried by the plasma toroid. A
theoretical problem of great importance is the explanation of the observed stability
of FRCs to the internal tilt mode. The resistive MHD model always predicts tilt
instability, which is demonstrated in Paper C-IV-15. Non-MHD or kinetic effects
which can be used to suppress the tilt mode have been intensively studied. It is shown
that low frequency modes play an important role in the transport of FRC plasmas.
Paper C-V-14 presents an analysis of FRC equilibrium evolution using the
Grad-Hogan theory and shows the possibility of bifurcation with respect to the
ellipticity of the FRC cross-section. An improved theory on the stabilization of the
n = 2 rotational instability by using a quadrupole field is presented in Paper C-V-13.
For the Z-pinch, MHD models or Braginskii equations are adequate to study
the dynamics. Non-linear fluid simulations of the Z-pinch are presented in Papers
C-IV-4-1 and C-IV-4-2.
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The growth and decay of turbulent vortex structures in non-neutral electron
plasmas are illustrated with beautiful pictures in Paper H-I-5. The origin of the
turbulent vortex is diocotron instability with ( = 2 and k^ = 0. Linear theory
agrees reasonably well with the experiments. Non-linear behaviour is compared with
numerical calculations solving two dimensional non-linear fluid equations, and good
agreement is shown.
The production, study and feedback control of a collisionless, curvature and
rotationally driven, trapped particle mode are discussed in Paper H-I-4. This paper
also provides material for trapped particle instability theory. Paper H-I-7 gives a
discussion of particle diffusion coefficients across a magnetic field in a three wave
dynamic system and in a k"3 spectrum of electrostatic turbulence. The results for the
two systems show a continuous transition between classical diffusion at low amplitudes and Bohm diffusion at higher amplitudes.

7.

SUMMARY

Tokamak theory is becoming sufficiently mature to explain the well known
physical phenomena and to predict new physical phenomena qualitatively and
quantitatively.
Concerning particular problems presented at the Kyoto conference — sawtooth
oscillations leading to a fast crash, L-H transition, the relation between local
transport coefficients and global confinement scaling, profile consistency, etc. —
significant progress has been made, but our understanding is still not complete.
Stellarator theory is trying to optimize configurations with regard to both
MHD and transport. We expect that at the next conference, new experimental data
from Heliotron-E, ATF, CHS and W VII-AS will be presented and a more detailed
comparison between theory and experiment will become possible.
Improvement of energy confinement scaling is a crucial problem in tokamaks
and theoretical work will be directed towards optimizing the configuration to reduce
anomalous transport. It is expected that possibilities of significantly improving confinement will be reported at the next conference.
At this conference the magnetic confinement theory sessions were almost
entirely taken up by tokamak theories. It would be better if theoreticians had a
broader view and if magnetic confinement theory sessions also included theories for
stellarators, RFPs, etc.
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SUMMARY ON
INERTIAL CONFINEMENT FUSION
J.-P. WATTEAU
CEA, Centre d'etudes de Limeil-Valenton,
Villeneuve-St.-Georges, France

In the past few years inertial confinement fusion (ICF) has made progress which
increases the confidence one can have in this second approach of controlled thermonuclear fusion and its reactor application. Work done during these years was
oriented by the following main ideas deduced from results accumulated from the very
beginning of work in this field in the 1960s:
— To implode the target containing the DT fuel following a low adiabat in order
to highly compress the fuel and reach high target gain for small fuel mass and
low driver energy. This requires limiting preheating from suprathermal electrons, shocks and radiation. In particular, high laser flux or long wavelength
irradiations producing suprathermal electrons are inappropriate, as well as
exploding pusher implosions which induce a strong shock in the compressed DT
gas.
— To use short laser wavelengths, of the order of 0.3 /*m, to improve the lasertarget coupling. With such wavelengths, laser absorption and ablation pressure
are higher, suprathermal electron preheating is lower and X-ray conversion is
increased.
— To maintain spherical symmetry during the implosion and avoid the development of hydrodynamic instabilities which destroy the imploded shell or provoke
its mixing with the contained DT fuel, as asymmetries and/or mixing lower the
implosion performance. From this requirement originated indirect drive, in
which the driver energy is first converted to X-ray radiation, which then irradiates the target more uniformly. But indirect drive seems to require more energy
than the direct drive used at the beginning, and the two approaches remain in
competition.
— More recently, to produce a hot spot at the centre of the highly compressed and
cold DT (degenerated plasma) from which the fuel burning starts, to reach gains
of the order of 100 by minimizing the DT internal energy delivered by the
driver. The corresponding DT density and temperature profiles could be
produced by adequate driver pulse shaping and target design.
— Finally, because neodymium glass lasers have poor efficiencies (a few per
mille), to develop other drivers such as KrF lasers or light ion beams which will
be more adapted to higher energy levels and to the reactor concept owing to
their better efficiency and their repetition rate.
619

620

WATTEAU

Bearing these ICF guidelines in mind as well as the main results of the Kyoto
conference, the most important developments in this field discussed at the Nice conference are summarized under four topics: coupling, symmetry and hydrodynamic
stability, drivers and performance.

1.

COUPLING

Even if the implosion is perfectly spherical (the geometry which requires the
smallest energy to compress and heat the DT), several problems still have to be
solved to efficiently couple the driver to the target and reach fuel ignition: driver
energy absorption in the plasma corona, transfer of the absorbed energy to the target
centre in order to avoid fuel preheating, and adequate induced pressure conditions
to yield at the end of the implosion the appropriate ignition density and temperature
profiles for DT burning with a high gain.
The laser fusion target will be surrounded by a plasma corona extending over
a thousand laser wavelengths in which stimulated Raman scattering (SRS) instabilities
will grow and generate hot electrons which will prematurely preheat the fuel. To
evaluate SRS in these future conditions, long plasmas have been produced by different laser-foil interaction techniques: expanding plasma originating from a prepulse,
line focus configuration creating a hot long cylindrical plasma, etc. (Papers B-II-1,
B-II-3, B-I-5). Several interesting results have been obtained with such low Z
plasmas. When thick CH targets are irradiated at 1.06 /*m and 1014 W-cm"2, it is
possible to reduce the convective SRS instability by several orders of magnitude by
using random phase plates or a broad bandwidth oscillator combined with induced
spatial incoherence optics. The measured threshold and backscatter intensity are in
fairly good agreement with theoretical values. Decreasing the wavelength from 0.53
to 0.26 /tm attenuates the backward SRS by a factor of ten, its growth rate and the
electron-ion collision frequency becoming comparable.
Other studies have been done to improve the understanding of collective laser
interaction and energy transport, for example: a two fluid plasma model allowing
local neutrality violation and including the ponderomotive force, to interpret laserplasma interaction in the 1017 W • cm"2 • jmi2 range, and which could explain the uniform second harmonic emission by the whole corona sometimes observed which is
not localized, as usual, in the vicinity of the critical density (B-IV-6, H-I-9); electron
hydrodynamics, which have to replace conventional magnetohydrodynamics for
short spatial and temporal scales and strong magnetic field, in particular for studying
corona filamentation or light ion beam transport and target interaction (B-IV-4); nonlocal thermodynamic equilibrium plasma modelling including line emission, to take
into account observed spectra, evaluate fuel radiation preheating and determine X-ray
conversion for indirect drive implosion (B-I-4, B-II-1, B-III-2), or to study amplification of stimulated emission and to design an X-ray laser.
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Shocks and pressures produced by laser-matter interaction have been studied in
several experiments. By using two successive laser pulses approaching a shaped pulse
and irradiating a multiple step aluminium target, the coalescence of the two shocks
induced has been observed from their breakout on the rear of the target and an overall
compression ratio of about 7 has been deduced (B-II-1). At 0.26 ju.m and
1015 W-cm"2, pressures of 50 Mbar1 have been measured in aluminium and amplified by impedance mismatch in an aluminium-copper-gold plane target to
120 Mbar in gold (B-I-5).
To improve the coupling of a CO2 laser with the interacting plasma, an intermediate approach called magnetically insulated ICF has been proposed (B-II-4-1,
B-H-4-2). The magnetic field self-generated by the great number of suprathermal
electrons created at 10.6 fim is used to insulate the target corona from the cavity containing the target and in which laser beams are focused. With nanosecond pulses and
fluxes of 1014 W-cm"2, kiloelectronvolt CD plasmas have been confined for a few
nanoseconds with magnetic fields of 100 T deduced from hot electron transport. This
value of 100 T has to be compared with the computed kiloteslas which, at least, will
be needed to approach plasma ignition, the energy exchanges between the burning
plasma and the cold cavity through electron, ion and alpha particle transport and radiation transfer requiring a complex modelling.
Direct drive implosion experiments have been carried out at short wavelengths
using shells irradiated by several defocused beams to make the implosion as spherical
as possible: the shell, accelerated at the beginning by the laser Gaussian pulse, transfers its kinetic energy to the fuel at the end of the implosion (B-I-l, B-II-1, B-III-1,
B-III-2, B-I-5). On GEKKO XII at 0.53 pm, using deuterated polymer shells with
the initial aspect ratio2 varying from 20 to 120, implosion velocities of
9 x 107 cm-s"1 and ion temperatures of 9 keV have been obtained for high ratios,
and fuel pR products3 of 25 to 40 g • cm"2 for low ones, the laser energy being transferred to the fuel with an efficiency of 5%. At 0.26 /*m, with the six beams of the
LULI laser, glass shells containing gaseous DT and with an aspect ratio of the order
of 200 have been accelerated to velocities of 4 x 107 cm-s"1 with a moderate
energy of 100 J, and convergence ratios4 of 10 have been measured. In this type of
experiment, illumination uniformity is relatively poor owing to the limited number
of beams, their energy unbalancing and their coherence producing interferences and
hot spots on the target surface. As pointed out (B-I-5), these irradiation irregularities
seem to be partially attenuated by shock, electrons or radiation preheating, but such
a smoothing would certainly limit the fuel compression and could not be considered
to any great extent. On the contrary, to prevent the fuel from preheating, pulse tailoring to increase the ablator density during the implosion, and short wavelengths and
1
2
3
4

1 bar = 1.00 x 105 Pa.
Ratio of the shell radius to its thickness.
Product of the final density p and radius R of the fuel.
Ratio of the initial to the final fuel radius.
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low intensities to reduce the temperature corona and its X-ray emission are recommended (B-III-2). Although the shell hydrodynamics are well rendered by one
dimensional numerical simulation, the measured neutron yield is lower than the computed one, sometimes by several orders of magnitude and especially for high convergence ratios. This discrepancy is attributed to non-uniformity of illumination or to
inappropriate stagnation modelling (B-III-1), i.e. the modelling of the shock preceding the shell, which after being reflected at the target centre bounces several times
against the shell, slowed down by the compressed fuel. Such an interaction is
hydrodynamically unstable and produces shell-fuel mixing, which could partly
explain the observed low neutron yield.

2.

SYMMETRY AND STABILITY

As shown above, implosion experiments suffer from a lack of symmetry and
of hydrodynamic stability, and consequently the work of several laboratories concentrates on these important problems.
In order to smooth laser beams, different techniques are being developed to
attenuate their coherence and the resulting interference pattern in the corona region.
To do this, a beam is usually first divided into many small beams rendered incoherent
with respect to one another, using optical devices based on aleatory phase changes
or a delay time larger than the coherence time, and then these beamlets are recombined through focusing on the target (B-I-l, B-I-2, B-I-4, B-II-3). The following have
been tested or proposed: a random phase plate mosaic, a broad bandwidth source
(short coherence time) together with optical echelons or fibre, an oscillator emitting
many spatial modes, and smoothing by spectral dispersion which is adapted to frequency conversion.
At 0.35 ftm and fluxes of 5 x 1013 W-cm"2, the gold ablated depth has been
reduced by half with the use of random phase plates, which probably eliminate the
beam hot spots (B-I-4). Similarly, at 0.53 jum and 5 kJ, implosions of CD shells with
an initial aspect ratio of 50 seem to be more symmetrical with such a device, the fuel
pR product being increased by a factor of ten (B-I-l).
The main result, however, was that obtained by the Laboratory of Laser Energetics (LLE) at Rochester on the OMEGA facility, taking advantage of short
wavelength, number of beams, smoothing and cryogenic target. OMEGA's
24 beams, delivering 1.5 kJ at 0.35 /urn in 700 ps (Gaussian pulse), were focused
through distributed phase plates producing 240 000 overlapping beamlets on target.
Beam to beam energy balance and timing error were respectively 5% and
3 ps, and the overall illumination non-uniformity was estimated to be 12% (random
mean squared intensity variations). The target was a glass shell with a 250 /xm
diameter and a 5 /urn wall with an internal adjacent layer of frozen DT 5 /^m thick,
the DT thickness variations being less than 20%. Four-frame X-ray images taken
with a 125 ps frame width had a spherical aspect and the observed shell radius varia-
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tions were in good agreement with those predicted from a one dimensional simulation. The fuel pR deduced from the spectrum of deuterons and tritons scattered by
14.1 MeV fusion neutrons was in the range of 20-35 mg-cm"2. Corresponding DT
densities of 20-40 g-cm"3 were inferred from these pR values, assuming that the
fuel is uniformly compressed and the fusion neutrons are produced at its centre.
Although this direct drive experiment is today the closest to a spherical implosion,
it still presents departures from the one dimensional performance, with neutron yields
10 3 and densities 0.5 of the predicted values (B-I-2).
To increase the uniformity of illumination, the Lawrence Livermore National
Laboratory (LLNL) and the University of Osaka's Institute of Laser Engineering
(ILE) are carrying out hohlraum or cannonball indirect drive experiments in which
X-rays produced by the interaction of the laser beams with cavity walls compress and
heat the target towards the cavity centre (B-I-l, B-I-3). Such X-ray drive presents
several advantages: symmetry is obtained with a limited number of beams which do
not need a high degree of smoothing and fuel is less prone to preheating and
hydrodynamic instabilities. However, part of the laser energy is lost in X-ray conversion. At the 0.35 fim wavelength, for which the SRS in hohlraum is limited to 0.1 %
of the laser energy and the fuel preheating by the corresponding suprathermal electrons is negligible, X-ray conversion efficiency with 1 ns pulses and gold targets falls
from 70 to 40% as the irradiation increases from 1014 to 1015 W-cm"2, but this efficiency is improved with longer pulses and smooth beams.
To check the symmetry of the indirect drive and attain high radial convergence
of the imploding shell, LLNL has carried out a conclusive experiment: asymmetric
modes of low spatial frequency were varied by tuning the hohlraum geometry, high
frequency modes being inherently smoothed through X-ray ablation of the shell.
A fractional X-ray flux asymmetry of 15% changed the shape of the imploded core
from spherical to ellipsoidal. The 100 ps X-ray framing images of the core were in
good agreement with those predicted by two- and three-dimensional hohlraum
models, and the deduced indirect drive uniformity was better than 3% — a value to
be compared with the 12% produced in direct drive. Fuel convergence of up to 30
has been measured from X-ray emission, and for DD fuel from the ratio of secondary
DT neutron yield to primary DD yield. The measured and computed convergence
ratios are very close but, for high ratios, neutron yield scatter is still observed and
is attributed to drive asymmetries or hydrodynamic instabilities.
Spherical illumination with light ion beams will probably not be the easiest
procedure, and ion indirect drive has been investigated. By using a double-shell
target, the 30 MeV Li + ions are converted to X-rays in the outer shell, consisting
of a high Z solid external tamper with an internal high Z, low density foam which
radiates X-rays towards the inner imploded shell. For an ion flux of 50 TW-cm"2
the computed energy transfer from the converter to the fuel is 30% and the flux
amplification is 8 (B-III-1).
To evaluate the development of Rayleigh-Taylor instabilities and to model the
shell-fuel mixing which results from the deceleration of the heavy shell by the light
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compressed fuel, experiments have been done in plane geometry. At the Centre
d'etudes de Limeil-Valenton, the front side of a gold-aluminium-gold target was
ablated by a 0.35 jxm beam (gold attenuating beam irregularities); its rear side, where
aluminium is accelerated towards gold and mixes with the latter, was probed by a
second beam of 1.06 /tm. At accelerating fluxes of the order of 1013 W-cm"2, atomic
mixing of 40% of aluminium in gold has been deduced from the variations of an
aluminium line emitted through the rear gold foil and from a code modelling the conversion of ordered into disordered energy (B-I-4). To evaluate the stabilizing effect
of ablative flow in X-ray drive, LLNL has radiatively accelerated fluorosilicone foils
and observed the growth of initial modulations in areal density. Modal growths were
deduced from Fourier analysis of the spatially and temporally resolved transmissivity
of the opaque fluorosilicone to backlighting X-rays. They are well reproduced by
adequate two dimensional simulations taking into account the transit of the rippled
shock, the gravity wave instability and X-ray preheating (B-I-3).
As mentioned above, laser pulse shaping is important to stabilize direct and
indirect drive implosions. For direct drive, a first attempt has been made at ILE by
matching a Gaussian pulse with an appropriate shell geometry in such a way that the
fuel compression is at its maximum before the shell is hit by the shock moving ahead
and reflected at the target centre, the 'stagnation free' implosion mode. In such conditions better agreement is found between measured and computed neutron yield,
apparently because the shell is not prematurely broken and consequently not only the
neutrons produced by the shock but also those originating from the shell compression
are detected (B-I-l).
Finally, an X-ray line point source providing backlighting spatial and temporal
resolutions of 10 /xm and 20 ps, respectively, combined with a 100 nm thick tracer
shell embedded in capsules and selectively absorbing an X-ray line (in order to
improve the signal to noise ratio) have been used to evaluate shell-fuel mixing
(B-II-7-2, B-IV-3).

3.

DRIVERS

Most of the above experiments have been done with neodymium glass lasers,
which are today the most efficient tool. With platinum inclusion free glass, 50 kJ at
0.35 £im is anticipated for Nova by early 1989, and LLNL is developing new
materials and technologies and performing laser design studies to further increase
solid state laser performance. A 10 MJ, 0.35 pm facility, called the Athena project,
handling a single-shot yield of up to 1000 MJ (i.e. a target gain of 100), is conceivable, at a cost of US $750 million.
Nevertheless, the attractive possibilities of the KrF gas laser — short (0.25 /tm)
wavelength appropriate for good laser-matter coupling; broad bandwidth emission
and beam multiplexing well adapted to beam smoothing techniques; high efficiency,
which could reach 10%; and adequate repetition rate for a reactor — have encouraged
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several laboratories to study its physics, to develop this kind of facility and to contemplate such a laser for the megajoule next generation machines (B-II-1, B-II-3,
B-II-7-1, B-II-7-2, B-II-7-3). However, to operate the KrF laser at a 10 kJ, nanosecond level comparable to that of the glass laser, a number of difficulties have to
be solved, such as: pumping uniformity for large gas volumes; scattering from optical
coatings and damage to them; and long path propagation of the beams, their multiplexing required for pulse shortening and their focusing on target.
The Electrotechnical Laboratory at Tsukuba, with its ASHURA laser, has
produced 710 J in 95 ns with an overall efficiency of 2%, the main amplifier being
uniformly pumped at a high rate (1.4 MW-cirT3), and has carried out plane target
experiments at 1012 W-cnr 2 . The Los Alamos National Laboratory (LANL) is
building a prototype driver to address KrF technology issues. Its Aurora system,
designed to produce 10 kJ in 96 beams, each having a 5 ns pulse length, will be operational in 1989. From the acquired expertise, costs of the order of US $100 per joule
are inferred for a 5 J-cmf2 optical fluence and at a level of a few hundred kJ. The
Rutherford Appleton Laboratory and the Naval Research Laboratory also have KrF
facilities under construction: Super Sprite, with 3.5 kJ in 1 ns, and Nike, with
2-4 kJ in 5 ns, respectively. At the Institute for Laser Science of the University of
Electrocommunications in Tokyo, scaling studies have been done which have yielded
the following interesting results: A constant intrinsic efficiency5 higher than 10%
has been measured for a 0.1-1.5 MW-cra"3 range of pumping rate, which makes
conceivable a single-beam output of 500 kJ in 1 ps, the corresponding large KrF gas
volume being pumped at a low rate of 0.1 MW-cm"3 in order to avoid amplification
by spontaneous emission.
Light ion beam development is also in progress and such a driver is considered
as a third competitor for megajoule generation in preference to the heavy ion driver,
which would require large investments for testing. The 1 MJ, 36 module PBFA II
facility of Sandia National Laboratories (SNL) has been operated at half-energy and
in the past two years its characteristics have been improved. The 36 electrical power
pulses, smoothed by a magnetically insulated section, delivered 500 kJ to the diode
with subnanosecond simultaneity. The multispecies ion diode produced 220 kJ in protons, only 75 kJ, however, being focused onto the 10 mm diameter target, owing to
beam bending induced by impedance variations of the diode. With LiF field enhanced
ion sources, a Li + ion purity of 75% has been obtained. From measurements, a
linear relation has been found between the mechanical or dynamic gap (virtual
cathode-anode spacing) of the diode and the focal spot size. This fact could prove
helpful for reaching the 6 mm diameter focal spot required for full scale ignition
experiments at PBFA II with 30 MeV Li + ions (B-E-5).
Particular attention is paid to high voltage techniques and ion diode physics. For
example, a super high voltage system is being developed at ILE. It consists of induction cavities the voltages of which are added by a transmission line which is directly
5

Ratio of laser energy to deposited pumping energy.

626

WATTEAU

connected to the ion diode. By increasing the number of cavities and delaying cavity
excitation times, the output voltage of this flexible accelerator could be augmented
and shaped. On REIDEN IV a 4 MV, 100 ns pulse has been obtained (B-II-6).
Several ion diodes have been studied (B-II-5, B-II-6, B-IV-1, B-IV-2) with varying
materials and geometry, ion plasma sources and magnetic field configurations limiting the electron current, in order to better understand how they work and to improve
their characteristics: a two stage charge stripping ion diode which produces
30 MeV Li3+ ions, with an 8 MV reduced voltage on the second stage diode
(B-II-6); an active anode plasma source consisting of a metal film on an insulator
which is desorbed or vaporized by a leakage electron current to generate pure beams
with a higher ion efficiency (B-IV-1); and a direct irradiation ion diode in which
the cylindrical or spherical diode surrounds the target, which suppresses beam transport and allows a large solid angle of irradiation (B-IV-2). Up to now work has
mainly been concentrated on voltage pulse generation and beam production to reach
the ion fluxes of the order of 1014 W-cm"2 that are necessary for indicative experiments, as planned for the near future on PBFA II. At 1010 W-cm"2, beam-target
interaction studies have been carried out with 1 MeV proton beams and gold plane
targets which tend to show that the target hydrodynamics are strongly affected by the
time variations of ion energy, underlining the importance of voltage pulse shape and
diode impedance variations (B-II-6). To sum up, diode impedance control, ion purity
and energy, and beam focusing and bunching are among the problems to be solved.

4.

PERFORMANCE AND STRATEGY

First, the implosion performance of the main facilities is discussed. For direct
drive, it is not easy simultaneously to attain high temperatures and densities, and two
modes have to be distinguished:
High temperature mode: The fuel is shock heated to ion temperatures of 10 keV
but only compressed to the DT liquid density of 0.2 g-cnr 3 , the nr product6 being
of the order of 1019 m"3-s. These experiments, done on Nova and GEKKO XII, in
particular with large aspect ratio shells, produce intense X-ray emission and high
neutron yields, up to 2 x 1013 with DT on Nova, which are useful for diagnostic
developments.
High density mode: The target shell is progressively ablated and the fuel,
following a low adiabat, is highly compressed, to 100 times its liquid density.
In GEKKO XII and Omega experiments using beam smoothing to minimize asymmetries, a convergence ratio of up to 25 and a fuel pR of 20-40 g-cirf2 have been
evaluated. But ion temperatures are limited to approximately 0.5 keV and measured

6

Product of fuel density n and energy confinement time r.
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neutron yields are lower than computed ones, the discrepancy being attributed to nonuniform irradiation and fuel mixing.
For indirect drive the best performances were obtained on Nova at 0.35 jitm and
20 kJ, with an unshaped pulse and an X-ray flux uniformity of 3% allowing convergence ratios near 30. Hydrodynamics and burn experimental results were in good
agreement with one dimensional numerical predictions. Ion temperatures of
1.9-2.3 keV, fuel densities of the order of 20 g-cnr 3 (100 times the DT liquid density) and a deduced nr in the range of (2-4) X 1020 m"3-s were attained. These nr
results compete with those measured on tokamaks in magnetic confinement fusion,
but higher values have to be reached to burn a large fuel fraction and compensate for
the poor laser efficiency. At 50 kJ, with shaped laser pulse and appropriate hohlraum
design to match drive conditions with capsule requirements, LLNL will improve
these results and scale them to high gains (which require the formation in the compressed fuel of a central hot spot over an alpha particle range, where 4 keV and
(1-2) x 1021 m~3-s ignition conditions are produced).
What are the future prospects of the different laboratories? They depend on the
driver and the implosion mode they have chosen and on their confidence in the recent
results they have obtained.
Regarding direct drive, ILE and LLE plan to upgrade their present facilities to
reach ignition, aiming at 5 keV, 0.3 g-cm"2 DT fuel characteristics. At ILE the
upgraded GEKKO XII will have 24 beams delivering 100 kJ in 2 ns at 0.35 ^m. At
LLE the new Omega laser will have its beam number increased from 24 to 60 and,
using smoothing by spectral dispersion, it will irradiate the target with a 1 % uniformity, producing 30 kJ at 0.35 pm.
The concept of a Laboratory Microfusion Facility (LMF) has been introduced
for the next indirect drive facility. From recent results for the three components of
its ICF programme — Nova experiments; nuclear explosive driven experiments,
called the Halite-Centurion programme; and driver and facility research — LLNL
hopes to burn DT with high gains in the laboratory at the 10 MJ level (B-I-3, the
Athena project). Before building an LMF, LANL is in favour of using an intermediate driver in the 200-400 kJ range to demonstrate driver technology and study
implosions near ignition in order to reduce uncertainties such as those concerning
driver cost and indirect drive target optimization. At SNL studies are in progress on
an LMF light ion approach which will utilize lithium beams transported 2.5-6 m
through the chamber to the target. To address the main issues of this approach,
preliminary experiments on its 22 MV, 0.6 MJ Hermes HI accelerator are being considered. This LMF concept has intensified the work done on the conception of a
laboratory setting making possible the control of high fusion yield in the form of
neutrons, X-rays and debris (B-IV-7, B-IV-8). Different solutions are proposed to
withstand the effects of these emissions, including first wall erosion and shock,
materials activation, tritium buildup and damage to final optics and diagnostics, and
to guarantee reasonable access to the experimental area, in particular to service target
supports and diagnostic instruments.
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In view of the large range of driver energies anticipated for the next generation
facility and the choice between the three main driver candidates — solid state laser,
KrF gaseous laser and lithium ion beam — which ICF strategy is to be recommended?
First, decisions concerning future developments have to take advantage of the
ICF background based on three 'foundations':
— Experimental results obtained at low energy with the present facilities and, for
indirect drive, at full scale with nuclear underground tests, the latter possibility
being specific to the ICF approach and constituting a real advantage for it;
— Elaborated modelling using two- and three-dimensional numerical simulations
progressively improved through laboratory (B-III-1, B-III-2, B-FV-5) and
nuclear experiments;
— Driver and facility development requiring advanced pulse power, optics and ion
accelerator technologies.
Second, to define the next step, it appears wise to estimate as precisely as possible the degree of confidence that one can have in this partly classified background.
Third, owing to the increasing investments needed to build facilities, only
results which could be obtained with a reasonable probability may be promised and
international collaboration is to be encouraged.
In order to progress in this direction, the participants of the ICF round table
meeting at the conference proposed to elaborate strong scientific and technical bases
useful for future choices and dealing with the followings topics:
— The state of the art of ICF and contemplated laboratory extrapolations;
— The scientific programme of an international facility and its required
performance;
— Present driver technology, deduced key decisions and their timing with respect
to this international facility;
— The facility site, its constraints and its links with other laboratories;
— Potential applications of ICF, such as intense neutron and X-ray sources, X-ray
laser and space physics.
5.

CONCLUSIONS

Since the last conference in this series, progress has been made on driver-target
coupling, irradiation uniformity, hydrodynamic stability and fuel conditioning, which
appear to be the four major ICF physics issues to be solved for igniting and burning
DT fuel in a controlled manner.
Good implosion results have been obtained with direct and indirect drive,
respectively, by laser beam smoothing and hohlraum tuning allowing near spherical
irradiation. These results, well rendered by elaborate numerical simulation, and those
claimed from nuclear explosive drive, give us confidence that burn conditions with
a driver energy in the megajoule range can be reached.
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Up to now experiments have been done mostly with neodymium glass lasers at
levels of a few tens of kilojoules; the KrF laser and the lithium ion accelerator are
two other competitors as drivers for the next generation facilities for studying ignition
and high gain targets. These megajoule facilities, handling high fusion yields of up
to a gigajoule per shot, require large investments and attempts are being made to
reduce their cost by developing new and appropriate technologies.
International collaboration must be encouraged, not only to face such investments but also, in a common effort, to evaluate the present ICF capabilities compared
with those of magnetic confinement fusion, to recommend the proper orientation for
future prospects, to obtain the best physics results from new facilities and to progress
as efficiently as possible towards the ICF goals.
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1.

INTRODUCTION

It is a long standing tradition of this series of conferences not to limit the
subjects to be dealt with to the achievements in plasma physics but to include also
sessions on reactor concepts and reactor technology. In the early times this probably
was to keep the fusion community aware of the long term aims of the fusion
programme. But nowadays, with the steadily increasing importance of the plans for
near term experimental reactors and ignition devices, it has become apparent that the
only thorough assessment of the individual achievements in physics and technology
is that made by trying to integrate them into the design of a full reactor system and
to measure its response to these various achievements. With this in mind, the
following summary and conclusions were formulated.
The report is subdivided into the following sections: generation of fusion
processes; special issues; ignition experiments; safety, environment and economy;
near term experimental reactors; conclusions.

2.

GENERATION OF FUSION PROCESSES

It was an important event at this meeting that both JET and TFTR could report
on studies of some elements of the physics of reacting plasmas without having used
DT plasmas as yet. This was done by using DD or D- 3 He plasmas in combination
with ICRF minority heating or NBI. The results have been summarized by
R.R. Parker, so that here it is enough to conclude that, except for some minor deviations, all results agree with neoclassical expectations and do not show unexpected
effects. Certainly, this statement cannot yet include the potential influence of
collective effects, possibly resulting from fusion alphas.
631
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SPECIAL ISSUES

There were a number of papers on some special issues of reactor technology.
All of them are important. It should be kept in mind, however, that their choice is
rather arbitrary; it is the result of the papers submitted and of the decisions of the
paper selection committee. It is thus not possible for the summary speaker to provide
the audience with a complete picture of the present state of fusion technology but
rather only to give a selected overview of what was discussed during this meeting.
3.1. Feasibility of ignition by intense ICRF heating
Radiofrequency heating of plasma to ignition temperatures has the benefit of
reduced neutron streaming losses as compared with those connected with the straight
beam lines in NBI. There is particular interest in ICRF heating because it is among
the cheapest power sources for this purpose. Technologically, the greatest difficulty
connected with this method is with the wave launching antennas and the power
coupling to the plasma without detrimental side effects occurring through the interaction between plasma boundary and antenna surface.
Paper G-III-3 describes theoretical and numerical investigations the results of
which were checked against the experimental observations made on JET. The method
is optimized by applying k] shaping and thus tailoring the tail of the ion distribution
function for maximum contribution of fusion power to heating to ignition. The high
energy components of the distribution function and their influence on wave propagation and absorption are taken into account. Certainly, the results must depend on the
particular assumptions made for the value of rE. For the assumptions made in the
paper, second cyclotron resonance heating of a DT plasma in an ITER-like configuration is forecast to lead to a 25% tail enhancement, so that 25 MW of ICRF heating
should be enough to reach ignition. This is an interestingly low value which will
stimulate the ITER team to check its applicability.
3.2. High energy (about 1 MeV) neutral beam injection
With the introduction of steady state operation as one of the essential aims of
next step experimental reactors, reliable methods for driving the tokamak current are
urgently needed. Usually, lower hybrid waves are considered the favoured method
for this purpose. Under reactor conditions, however, these waves only reach the
outer regions of the plasma but cannot penetrate to the plasma centre, so that other
methods have to be used there. This has the additional advantage of simultaneously
providing some influence on the shaping of the current profile.
High energy (about 1 MeV) NBI is considered to be one of the most promising
methods for driving plasma currents in the centre of reactor grade plasmas.
Paper G-II-5 examines the potential of this method. It is well known that the generation of D° beams from D + acceleration is by far too inefficient because of the low
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neutralization efficiency at these high energies. Energy recovery is also very unsatisfactory under these circumstances. It is for this reason that there is new interest in
H"/D" sources. The paper describes a concept consisting of three beam lines with
eight source modules and 120 separate beamlets each, and delivering the total power
of 110 MW needed for central current drive. It reports on first component testing and
concludes that the method is feasible. The system features a very small angle of
divergence (2-3 mrad), which allows remote positioning of the injector, 50-100 m
off the ignition port. The cross-section of the transmission channel is 1-2 m2, which
opens an unwanted escape route for neutrons — a problem inherently connected with
NBI. It should be mentioned that there are similar developments in other parts of the
world.
3.3. Current drive and means to improve confinement
T. Ohkawa presented a paper (E-III-7) dealing with two distinctly separate
subjects — current drive and means to improve tokamak confinement.
As mentioned above, it is considered a large drawback that all methods
proposed for driving the tokamak current by non-OH methods suffer from very low
efficiency as compared with OH methods. The concern is not only the large power
requirement (similar in magnitude to the fusion alpha power) together with the large
fraction of recirculating power but also the fact that this power occurs as plasma heat
which has to be carried away through the already heavily loaded first wall. In this
connection, Ohkawa's proposal to drive current by helicity injection, i.e. by injection
of circularly polarized low frequency waves, is very interesting. The prediction is
that if the helicity were absorbed by the plasma, Ohmic-like current drive efficiency
would result. This would be a major breakthrough in current drive physics and we
should watch the evolution of this proposal.
The second proposal is to use plasma profile shaping for improving tokamak
confinement. It is intended to achieve this by improving the particle drift orbits such
that a reduced step width slows down the diffusion process. It seems that this is a
standard method for stellarators, with the full potential only occurring once axisymmetry is given up.
3.4. Burn control and helium exhaust
Up to now there has been relatively little conceptual work on burn control.
Partly this results from a feeling that a soft beta limit might suffice, without the need
for any specific control method. But there is growing doubt that things will become
that easy. Paper G-III-7 proposes for burn control a cyclic variation of the fuelling
rate and of the plasma density in turn — a kind of dynamic stabilization. This method
only works if during the time of rising density some extra heating is applied, because
otherwise the loop cannot be closed. For this purpose 10 MW seems to be sufficient,
but this number is dependent on the prevailing confinement time.
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It is an interesting aspect that the paper proposes to use the same technique of
modulated operation to increase helium pumping. Efficient helium pumping is a point
of concern because a flux of about 2 x 1020 s~' has to be pumped out of the plasma
without too high a helium concentration, n^n,, « 5% leading to the maximum fuel
dilution tolerable. The model is heavily based on assumptions. It assumes that the
transport of helium to the boundary layer is anomalous once Ea, the energy of the
alphas, becomes Ea < 3.5g MeV, with g < 1. In the boundary layer the flux is
not stable. Oscillations triggered by the above described method for burn control
increase the parallel helium flux and promise to reduce the pumping requirements by
two orders of magnitude. For deeper explanations the reader is referred to the
original paper.
3.5. Development of superconducting coils, the Large Coil Program
The joint testing of large superconducting toroidal field coils was one of the first
collaborative projects and was recently finished successfully. Six coils, made by
manufacturers from different countries and each one according to a different design
concept, were arranged to form a toroidal magnetic field. In this way each coil could
be tested under full toroidal conditions. All coils have exceeded the design values and
have survived a number of quenches. This provides extremely valuable information
about the construction of such coils. The total magnetic energy at full field ( « 9 T)
has reached 900 MJ. Figure 1 gives an impression of the achievements. The tests
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FIG. 1. Maximum magnetic fields (at reference points), currents and forces achieved in the six-coil
tests of the Large Coil Program.
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also included the application of transient magnetic fields. It was found that the losses
were according to expectations. The technology needed to build such TF coils (NbTi)
can now be considered to be available.
There is one additional lesson to learn from this project: sound technological
developments need their time. The Large Coil Program was started in 1977. The data
collection was completed in 1988, which makes twelve years altogether.

4.

IGNITION EXPERIMENTS

There were three papers on ignition experiments at this conference: on CIT
(G-II-1), Ignitor (G-II-2) and the Soviet TSP experiment, which is not aiming at ignition but is listed here because it will also operate with high temperature DT plasmas.
The aim of these experiments is to study ignition physics and the transition to
the first phases of burn. Their design is governed by the following ideas: The total
DT operation time will be limited such that operation without a neutron shield inside
the TF coils becomes possible. The resulting much smaller coil sizes then tolerate
much higher magnetic fields and, in turn, operation at much higher densities. In this
way parameter regimes with fast internal time constants become accessible that are
not available to high fluence devices. Along these lines rather compact machines can
be designed. It has to be kept in mind, however, that for these concepts it is not
possible to exactly simulate the operational conditions of full scale reactors and that
extrapolations are still necessary. On the other hand, the possibility should not be
underestimated that valuable information about ignition physics and experience in
operating DT machines could be gained from these approaches.
Table I shows some parameters of these ignition experiments. TSP differs from
the other two in that it utilizes a main field compression followed by a major radius
compression in order to create a Q = 1 plasma. The plasma volume is thus smaller
by two orders of magnitude as compared with CIT and Ignitor. It is interesting to
note that the plasma fusion power density in these devices is between 30 and
50MW-m" 3 , as compared with about 1 MW-m"3 for ITER-like devices. This
provides an indication that there are also considerable problems in handling the
plasmas in such compact experiments.

5.

SAFETY, ENVIRONMENT AND ECONOMY

5.1. ESECOM report
The ESECOM report provides an assessment of the competitive potential of
fusion as compared with fission energy. This was done by comparing reactor designs.
Eight fusion concepts, two fusion-fission hybrids and four fission reactor types were
included in the comparison.
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TABLE I. SOME PARAMETERS OF IGNITION EXPERIMENTS
CIT

Ignitor

R(m)

2.1

1.17

1.06 -- 0.42

a (m)

0.65

0.45

0.32 -- 0.13

k = b/a

2.0

1.75

R/a

3.2

2.6

3.3 -- 3.2

3

TSP

V(m )

17.5

4.1

2.1 -- 0.86 - 0.13

B(T)

10-11

10-13

2.0 -- 5.0 - 12.8
0.5 -- 0.5 - 1.3

Ipi (MA)
Pta/V (MW-m"3)
2

P^/S (MW-m" )
0 (Troyon)

11

10-12

800 (burn)

150 (ignition)

3.5

11

6

1.6

5

6

At

= 10rE

= 10TE

Status

Planned

Planned

Being commissioned

The aim of the study was to assess the potential. This means that reasonable
developments and defensible extrapolations in both physics and technology had to be
assumed. This might not find everybody's support, because it requires extrapolations
from the existing database with all the possibilities of being wrong. But it is also clear
that if the arguments used in the assessment were exclusively based on existing
knowledge, one would have assessed the state of the art and could by no means claim
to have addressed fusion's full potential. Thus, educated guesses are essential
elements of this assessment. In this connection it is important to note that advancements were also assumed for the fission reactors, otherwise the comparison would
be unfair. One of the most important merits of the study is that it indicates directions
in which R&D would be most rewarding.
Within the uncertainties of the ESECOM study the following conclusions were
reached which are very positive for fusion.
Magnetic fusion energy systems have the potential
— to become economically competitive even with advanced fission reactors;
— to provide adequate public protection against reactor accidents;
— to have low radioactivity inventories and passive barriers;
— to ameliorate the radioactive waste problem by tailoring isotope composition,
removing those isotopes with long half-lives and using low activation materials.

IAEA-CN-50/J-I-5

637

One further point made in the study is of the utmost importance and at the same
time trivial: nothing will materialize automatically! Research and development
programmes have to be launched where they are most rewarding. Only then can the
potential be turned into reality.
Such assessments are useful for determining programme orientation. As time
goes on, they should be deepened and further substantiated. It might also be useful
to include some assessment of the potential of D- 3 He as fuel.
5.2. Low activation materials
Paper G-III-2 describes the initiative in the United States of America for
developing low activation materials for fusion. It is concluded that concentration on
structural materials has the highest merits. It is well known that the development of
entirely new alloys has an inherent time-scale of ten years or, more realistically,
twenty years. With this in mind, fusion has so far taken advantage of what had
already been developed for fission applications and has ignored the fact that the
criteria for fusion are different, owing to the differences in neutron spectra. The aim
of the programme is now to improve the properties of these materials by using only
such alloying elements as have, if activated at all, sufficiently rapid decay characteristics. In this respect the critical elements are N, Ni, Nb, Mo and Cu, at required
concentrations of < 5 0 , <100, <1.0, < 10 and < 1 0 w t p p m , respectively.
In the case of ferritic stainless steels, Mo and Nb could be replaced by V and
W, which would result in a reduction of the activation by six orders of magnitude,
from 102 to 10"4 Ci-cnr 3 (3.7 x 1012 to 3.7 x 106 Bq-cnr 3 ), after an irradiation
of 5 MW-a-rrr 2 and after a decay time of one hundred years. Improvement of
austenitic steel is much more difficult to achieve because it would imply the replacement of Ni, for which an equally powerful substitute is not in sight. Vanadium based
alloys also provide a high potential for designing low activation alloys with the
required thermomechanical properties, but in this case longer lead times are
unavoidable. It is immediately apparent that such a materials development
programme needs a certain breadth and would easily become expensive. This could
be counteracted, perhaps, by suitable international task sharing.
5.3. Tritium retention and conditioning of graphite
Paper G-III-1 provides an extensive study of the conditioning and tritium
retention of graphite limiters. These results are extremely important for today's large
devices when operated with DT. If properly conditioned these surfaces will act as
pumps, though of limited capacity. For today's large devices this capacity might be
fully sufficient and the resulting tritium inventory fully tolerable, but there are serious
doubts whether the importance of graphite will remain the same under the much more
demanding load of future reactors.
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5.4. Reactor considerations
Papers G-I1I-4 and G-III-5 deal with potential improvements of the operating
conditions of future fusion reactors. Both conclude that for fusion reactor power
stations stationary operation is a must and pulsed systems are not acceptable. Both
papers report on the utilization of the property of high Te operation of fusion
plasmas which leads to the generation of intense synchrotron radiation. Proper wall
shaping would transform this radiation into travelling waves with a toroidal
momentum suited for generating plasma currents. These would even be amplified by
the bootstrap effect. If everything is properly designed, a stationary plasma current
of the required magnitude is predicted, without any further need for current drive.
Paper G-III-4 follows the same line but then continues by proposing, in
addition, an improved energy conversion system. For this purpose the emitted
synchrotron radiation is used again for producing non-equilibrium ionization of alkali
seeded Hg vapour in outside cells to allow efficient MHD conversion of the reactor
power output. The gas in the MHD circuit is superheated by the microwave heated
electrons and a plant efficiency of 36% is estimated. This is a very interesting figure
and justifies further investigation of the feasibility of this chain of methods. Owing
to the complexity of the system, it will be difficult to obtain a reliable answer without
further in-depth investigations.
5.5. Non-tokamak design studies
For both RFPs and stellarators it is claimed that those of their properties that
are alternative to those of the tokamak have the potential to lead to more attractive
reactor solutions in all areas where the tokamak concept is weak.
At this conference there was a report on two TITAN studies on RFPs for fusion
reactors. These studies contain a number of interesting and very innovative features.
TITAN I, for instance, uses the same Li metal as blanket material and as electric
conductor for the 'coils' producing both the toroidal and the divertor magnetic fields.
Owing to the envisaged high beta operation of RFPs, the recirculating power is not
higher than about 25%. The wall material is assumed to tolerate a neutron loading
of 18 MW-m"2. Thus a rather high mass utilization for the fusion power core of
700 kW(e)-r' is expected. TITAN II is a loop-in-pool design with LiNO3 dissolved
in the pool water for breeding purposes.
Stationary operation is accepted as a sine qua non, but the assumed means for
current drive still await basic feasibility testing, as do the ideas for the RFP divertor.
In general, it has to be stated that at present the targets assumed seem rather
demanding and the reactor properties claimed are heavily dependent on their achievement. But by the same arguments as used in Section 5.1 it is justified to make
aggressive but still defensible assumptions if the potential of a line or method is to
be assessed. It would be useful if a similar assessment became available for the
stellarator concept.
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TABLE II. PARAMETERS OF NEXT STEP DESIGNS
INTOR

ITER

NET

FER

TETB

JIT

R(m)

4.9

5.5-5.8

5.2-6.2

4.4-5.1

4.0

7.5

a (m)

1.2

1.8-2.2

1.7-2.2

1.3-1.7

0.8

3.0

1.6

1.9-2.0

2.2

1.7-2.0

1.8

2.0

5

5.3-5.0

4.8-5.8

4.9-4.7

5.0

4.5

Ip, (MA)

8

18-25

11-27

8.7-16

3.8

30

Divertor"

SN

DN

DN

SN-DN

SN

SN

k
B(T)

n (1020 nT3)

1.6

0.7-1.2

0.7-1.5

1.1

0.7

0.5-1.0

Pfus (MW)

585

850-1000

400-800

410-733

100

500-4000

1.3

1.0-1.3

0.6-0.7

1.1

0.4

V(m 3 )

294

540-712

600-1200

284-484

170

1260

Pfus^V

2.0

1.6-1.4

0.67

1.4-1.5

0.6

0.4-3.2

Neutron wall load
(MWTTT2)

SN: single null, DN: double null.

6. NEAR TERM EXPERIMENTAL REACTORS
The field of near term experimental reactors included the two concluding papers
on INTOR, followed by three more general and four technical papers on ITER. In
addition, there were reports on NET (EC), FER (Japan), TETB (China) and JIT
(P. Rebut). The latter four papers could be taken as national or personal positions
with respect to ITER. Some parameters of these devices are listed in Table II.
The transition from INTOR to ITER was probably the most important event
which has occurred since the Kyoto meeting two years ago. At that time there was
just the first indication of a new international activity (later called ITER) with
political support at a very high level. Yet it led to an immediate reorientation of the
INTOR Workshop in order to use this established activity to ease and support the start
of ITER. Within two weeks these new tasks were implemented. As described at this
conference, the INTOR work provided internationally tested engineering tools for the
conceptual design of next step devices. It also identified the design drivers. It showed
that within the limits considered (0.3-6 MW-a-rrr 2 ), the neutron fluence goal has
but little influence on the construction cost of a next step device. Only the operation
cost increases with the fluence goal. The INTOR study also showed that the reason
for the rather large differences between the various INTOR-like next step designs
result from nothing other than the differences in the appreciation of the physics and
engineering database and its evolution.
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Even the engineering design philosophies were the same in all parts of the world
— perhaps a consequence of the ten year activity of the INTOR Workshop. In the
meantime the majority of the INTOR people joined ITER and thus carried over the
knowledge and experience gained.
The official start of ITER in May 1988 was very successful. After intensive
discussions it has already completed, on time, the concept definition phase and has
developed an ITER oriented R&D plan.
It might here be appropriate to compare INTOR and ITER with regard to the
evolution in parameters. Concentrating on major effects, we can observe three major
changes:
(a)
(b)

(c)

In ITER the confinement capability is given very great weight. The plasma
current was thus increased from 8 MA to 18-30 MA.
The capability for stationary operation is rated much higher for ITER. Current
drive is now included as a serious option. This method was considered to be
not yet feasible for INTOR, particularly when the necessary control of the
current profile was taken into account.
The maintenance scheme is changed from horizontal to vertical, which is in line
with the increased plasma elongation.

These changes certainly have their consequences. The maintenance scheme now
adopted is clearly an improvement, as is apparent from Fig. 2. It allows much more
efficient positioning of the PF coils, now that the gap between the PF coils can be
made smaller.
When the work on ITER started, it was the uncertainty about the extrapolated
confinement properties that led the physicists to plea for a large increase of the
plasma current in order to establish enough reserves to cover even the less favourable
predictions. This choice then made necessary an increase in plasma cross-section to
keep q below tolerable limits. After this change a reduction in plasma pressure
became necessary in order, by reducing the fusion power density, not to increase the
already rather high wall loading. This could have been done by reducing either n or
T, or both. The new great interest in current drive then led to a reduction of n being
preferred for making current drive more efficient. An even further reduction of the
fusion power was then applied, to cope with the additional thermal wall load arising
from the low efficiency of current drive.
This reduction in global density had as a consequence a reduction of the edge
density but in turn an increase in edge temperature. The edge temperature thus grew
far above the sputtering threshold. Power-wise, it helped to sweep the loss flux across
the divertor plates and thereby to reduce their global erosion. But sputtering is an
instantaneous process and the total sputtered flux of plate material is not affected by
sweeping; it thus easily became too high to be tolerated in view of the required
plasma purity. This turned into a serious difficulty for operating ITER. Help cannot
be expected from the engineers because it is inconceivable that materials will be
found with drastically increased sputtering thresholds.
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In this respect the JIT approach is much more logical. It accepts the large fusion
power of 4 GW (!) during burn which results from the large plasma volume. With
the intended low n startup it might, however, encounter problems similar to those of
ITER. Also, the high tritium consumption connected with the large volume, high
pressure operation is of concern regarding its high operation cost.
In view of these difficulties, it should be examined whether the high density
route could not be improved. The physicists should use the next two years to make
every effort to improve the confinement potential and to reduce the uncertainties in
the predictions. The needed improvement factors are only moderate. If this effort
becomes successful, one could go backward through the chain of arguments. One
would increase the fusion power density, then reduce the size, and thus arrive at
acceptable edge conditions. Certainly this might again raise the importance of the
beta limit and require a new optimization of the device and of the plasma parameters.
As is apparent from Fig. 3, however, the ITER design concept is very flexible and
can react immediately to such developments.

7.

CONCLUSIONS

In the field of technology and reactor concepts the most important development
since the previous conference, at Kyoto, was the start of ITER. Excellent work was
done by the ITER team, and the intensive involvement of the fusion community was
impressive. It is not at all surprising that there are some remaining issues waiting for
acceptable solutions. Some of them are treated in this summary but others, for
example disruptions, would have to be added for completeness. Physicists should
concentrate on them and not lose the momentum. If this is indeed the case, I shall
be very eager to listen to the next summary speaker on this subject, in Washington
in 1990.

CHAIRMEN OF SESSIONS
Volume 1
Session
Session
Session
Session
Session
Session

A-I
A-II
A-m
A-IV
A-V
A-VI

Session E-I
Session E-II
Session E-in

J. TACHON
D.M. MEADE
B. COPPI
K.M. McGUIRE
B.B. KADOMTSEV
N. INOUE

France
United States of
United States of
United States of
Union of Soviet
Japan

M. YOSHIKAWA
Yuanxi WAN
F. WAGNER

Japan
China
Federal Republic of Germany

America
America
America
Socialist Republics

Volume 2
Session D-I
Session D-II
Session D-m

P.K. KAW
V.V. PARAIL
J.D. CALLEN

India
Union of Soviet Socialist Republics
United States of America

Session
Session
Session
Session

A. IIYOSHI
G. MALESANI
V.D. SHAFRANOV
R.K. LINFORD

Japan
Italy
Union of Soviet Socialist Republics
United States of America

C-I
C-U
C-JH
C-IV

Volume 3
Session B-I
Session B-II
Session B-JJI

V.E. GOLANT
C. YAMANAKA
R.N. SUDAN

Union of Soviet Socialist Republics
Japan
United States of America

Session F-I
Session F-JJ

J.F. CLARKE
K. TOMABECHI

United States of America
Japan

Session G-I
Session G-II

K. TOMABECHI
A. GIBSON

Japan
United Kingdom

Session J

M.N. ROSENBLUTH

United States of America

645

SECRETARIAT OF THE CONFERENCE
M. LEISER
V. DEMCHENKO
E. PILLER
J. WEIL
M. SPAK

646

Scientific Secretary
Scientific Secretary
Conference Organizer
Editor
Editor

LIST OF PARTICIPANTS
Airoldi, A.

Istituto di Fisica del Plasma del CNR,
Associazione Euratom-ENEA,
Via Bassini 15,
1-20133 Milan, Italy

Aizawa, M.

Atomic Energy Research Institute,
College of Science and Technology,
Nihon University,
1-8 Kanda-Surugadai, Chiyoda-ku,
Tokyo 101, Japan

Alabyad, A.M.

Plasma Physics Department,
Tajoura Nuclear Research Centre,
P.O. Box 397,
Tripoli, Libyan Arab Jamahiriya

Alejaldre, C.

Asociaci6n Euratom/CIEMAT,
Avenida Complutense 22,
E-28040 Madrid, Spain

Alexander, K.F.

Zentralinstitut fur Elektronenphysik,
Akademie der Wissenschaften der DDR,
Hausvogteiplatz 5-7,
DDR-1086 Berlin, German Democratic Republic

Ane, J.M.

CEA, Centre d'fitudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Aoki, T.

Graduate School at Nagatsuta,
Tokyo Institute of Technology,
4259 Nagatsuta-cho, Midori-ku,
Yokohama 227, Japan

Aoqui, S.I.

Department of Electrical Engineering,
Numazu College of Technology,
3600 Ohoka, Numazu-shi,
Shizuoka 410, Japan

Appenzeller, P.

CEA, Centre d'gtudes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

647

648

LIST OF PARTICIPANTS

Aragones, J.M.

Instituto de Fusi(5n Nuclear,
Escuela Tecnica Superior de Ingenieros Industrials,
Jos6 Gutierrez Abascal 2,
E-28006 Madrid, Spain

Aumayr, F.

Institut fur Allgemeine Physik,
Technische Universitat Wien,
Wiedner Hauptstrasse 8-10,
A-1040 Vienna, Austria

Aydemir, A.Y.

Institute for Fusion Studies,
University of Texas at Austin, RLM 11.222,
Austin, TX 78712-1060, United States of America

Aymar, R.

CEA, Centre d'&udes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

isarov, A.A.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Bakos, J.S.

Central Research Institute for Physics,
Hungarian Academy of Sciences,
P.O. Box 49,
H-1525 Budapest, Hungary

Baldwin, D.

Institute for Fusion Studies,
University of Texas at Austin, RLM 11.222,
Austin, TX 78712-1060, United States of America

Balescu, R.

University libre de Bruxelles,
Campus Plaine CP 231,
Boulevard du Triomphe,
B-1050 Brussels, Belgium

Balet, B.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Bamiere, C.G.H.

Secretariat general de la defense nationale (AST),
51, boulevard de Latour Maubourg,
F-75700 Paris, France

Bartlett, D.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Batchelor, D.B.

Oak Ridge National Laboratory,
P.O. Box 2009,
Oak Ridge, TN 37831-8071, United States of America

LIST OF PARTICIPANTS
Bell, M.G.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Berk, H.L.

Institute for Fusion Studies,
University of Texas at Austin, RLM 11.222,
Austin, TX 78712-1060, United States of America

Bernard, A.M.J.

CEA, Centre d'^tudes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Bernat, T.P.

Lawrence Livermore National Laboratory,
P.O. Box 5506,
Livermore, CA 94550, United States of America

Bers, A.

Massachusetts Institute of Technology,
50 Vassar Street, Room 38-260,
Cambridge, MA 02139, United States of America

Bertschinger, G.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Jiilich GmbH,
P.O. Box 1913,
D-5170 Julich, Federal Republic of Germany

Bhatnagar, V.P.

JET Joint Undertaking,
Abingdon, Oxfordshire. OX14 3EA, United Kingdom

Bhieh, N.M.

Plasma Physics Department,
Tajoura Nuclear Research Centre,
P.O. Box 397,
Tripoli, Libyan Arab Jamahiriya

Bickerton, R J .

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Biglari, H.

Department of Physics, B019,
University of California,
La Jolla, CA 92093, United States of America

Bobeldijk, C.

Bobin, J.L.

Division of Scientific and Technical Information,
International Atomic Energy Agency,
Wagramerstrasse 5, P.O. Box 100,
A-1400 Vienna, Austria
University Pierre et Marie Curie,
LPOC T12 E5,
4, place Jussieu,
F-75252 Paris Cedex 05, France

649

650

LIST OF PARTICIPANTS

Bodin, H.A.B.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Bodner, S.

Naval Research Laboratory,
4555 Overlook Avenue,
Washington, DC 20375-5000, United States of America

Bonnaud, G.G.E.

CEA, Centre deludes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Bortolotti, A.

Dipartimento di Fisica,
Universita di Ferrara,
Via Paradiso 12,
1-44100 Ferrara, Italy

Bottiglioni, F.

CEA, Centre d'&udes nucle'aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Boyd, D.A.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Braams, C M .

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Bradu, P.

DRET/SDR/Division Physique fondamentale et plasmas,
26, boulevard Victor,
F-75996 Paris, France

Bravo Ortega, A.

Instituto National de Investigaciones Nucleares,
Apartado Postal 18-1027, Col. Escand<5n,
11801 Mexico City, Mexico

Brennan, M.H.

School of Physics,
University of Sydney,
Sydney, NSW 2006, Australia

Breun, R.A.

Department of Nuclear Engineering and Engineering Physics,
University of Wisconsin,
1500 Johnson Drive,
Madison, WI 53706-1687, United States of America

Brevnov, N.N.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

LIST OF PARTICIPANTS
Brunelli, B.

Laboratorio Gas Ionizzati,
Centro Ricerche Energia Frascati,
C.P. 65,
1-00044 Frascati, Rome, Italy

Bruner, C.

General Atomics,
1100 17th Street NW, Suite 1200,
Washington, DC 20036, United States of America

Brzosko, J.S.

Stevens Institute of Technology,
Hoboken, NJ 07030, United States of America

Burrell, K.H.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Callen, J.D.

Department of Nuclear Engineering and Engineering Physics,
University of Wisconsin,
1500 Johnson Drive,
Madison, WI 53706-1687, United States of America

Campbell, D.J.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Canobbio, E.

Commission of the European Communities (DG XU/Fusion),
Rue de la Loi 200,
B-1049 Brussels, Belgium

Capes, H.

CEA, Centre d'e"tudes nucMaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Carreras, B.A.

Oak Ridge National Laboratory,
P.O. Box 2009,
Oak Ridge, TN 37831-8071, United States of America

Chatalov, G.

ITER Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

ChStelier, M.

CEA, Centre d'gtudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Cheetham, A.D.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

651

652

LIST OF PARTICIPANTS

Cho, T.

Plasma Research Centre,
University of Tsukuba,
Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Cirant, S.

Istituto di Fisica del Plasma del CNR,
Associazione Euratom-ENEA,
Via Bassini 15,
1-20133 Milan, Italy

Clarke, J.F.

Office of Fusion Energy,
United States Department of Energy,
Washington, DC 20545, United States of America

Cohen, B.I.

Lawrence Livermore National Laboratory,
P.O. Box 5511,
Livermore, CA 94550, United States of America

Collin, J.E.L.

Institut de chimie,
University de Liege,
Sart-Tilman,
B-4000 Liege, Belgium

Conn, R/W.

Center for Plasma Physics and Fusion Engineering,
University of California,
6291 Boelter Hall, 405 Hilgard Avenue,
Los Angeles, CA 90024, United States of America

Conrads, H.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Jiilich GmbH,
P.O. Box 1913,
D-5170 Jiilich, Federal Republic of Germany

Consoli, T.

Laboratoire de physique des plasmas,
Ecole Royale Militaire,
Association Euratom-Etat Beige,
Avenue de la Renaissance 30,
B-1040 Brussels, Belgium

Coppi, B.

ENEA,
Viale Regina Margherita 125,
1-00100 Rome, Italy
and
Massachusetts Institute of Technology,
77 Massachusetts Avenue,
Cambridge, MA 02139, United States of America

Corato, C.

ENEA,
Viale Regina Margherita 125,
1-00100 Rome, Italy

LIST OF PARTICIPANTS
Cordey, J.G.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Corti, S.

JET Joint Undertaking,
Abingdon, Oxfordshire OX 14 3EA, United Kingdom

Coutant, J.

CEA, Centre d'e'rudes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Cox, M.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire 0X14 3DB, United Kingdom

Crandall, D.H.

United States Department of Energy,
ER-54, GTN,
Washington, DC 20545, United States of America

Crowley, T.P.

ECSE Department,
Rensselaer Polytechnic Institute,
Troy, NY 12180-3590, United States of America

Czekaj, S.

Institute of Plasma Physics and Laser Microfusion,
P.O. Box 49,
PL-00-908 Warsaw, Poland

Dalbera, R.

Centre d'analyse de defense, ETCA,
16 bis, avenue Prieur de la Cdte d'Or,
F-94114 Arcueil Cedex, France

Daughney, C.C.

Atomic Energy of Canada Ltd,
Chalk River Nuclear Laboratories,
Chalk River, Ontario KOJ 1J0, Canada

Dautray, R.

CEA, Centre d'&udes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

De Barbieri, O.

NET Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

De Kock, L.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

De Michelis, C.

CEA, Centre d'6tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

653

654

LIST OF PARTICIPANTS

Dean, S.O.

Fusion Power Associates,
2 Professional Drive, #249,
Gaithersburg, MD 20879, United States of America

DeGrassie, J.S.

General Atomics,
P.O. Box 85608, MS 02/522,
San Diego, CA 92138, United States of America

Deliyanakis, N.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX 14 3DB, United Kingdom

Denne, B.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Deschamps, P.

CEA, Centre d'e'tudes nucl^aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Diamond, P.H.

Department of Physics, B019,
University of California,
La Jolla, CA 92093, United States of America

Dietz, K.J.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

DiMarco, J.N.

Los Alamos National Laboratory,
P.O. Box 1663,
Los Alamos, NM 87545, United States of America

Dippel, K.-H.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Jiilich GmbH,
P.O. Box 1913,
D-5170 Jiilich, Federal Republic of Germany

Donne, A.J.H.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Drake, J.F.

Laboratory for Plasma Research,
University of Maryland,
College Park, MD 20742, United States of America

Drake, J.R.

Department of Plasma Physics and Fusion Research,
Royal Institute of Technology,
S-10044 Stockholm 70, Sweden

Dreicer, H.

Los Alamos National Laboratory,
P.O. Box 1663, CTR-DO, MS-F640,
Los Alamos, NM 87545, United States of America

LIST OF PARTICIPANTS
Drevet, C.O.M.G.

CEA, Centre d'e'tudes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Dubois, M.A.

CEA, Centre d'e'tudes nucle'aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Diichs, D.F.

JET Joint Undertaking,
Abingdon, Oxfordshire OX 14 3EA, United Kingdom

Dupas, L.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Edenstrasser, J.W.

Institut fur Theoretische Physik,
Universita't Innsbruck,
Technikerstrasse 15,
A-6020 Innsbruck, Austria

Edery, D.

CEA, Centre d'e'tudes nucle'aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Efthimion, P.C.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Ellis, W.R.

Naval Research Laboratory,
Department of the Navy, Code 4000,
Washington, DC 20375-5000, United States of America

Engelmann, F.

NET Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Evans, T.E.

General Atomics,
P.O. Box 85608, MS 02/516,
San Diego, CA 92138, United States of America

Fabre, E.

Laboratoire pour Putilisation des lasers intenses,
Ecole polytechnique,
F-91128 Palaiseau Cedex, France

Feist, J.-H.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

655

656

LIST OF PARTICIPANTS

Fletcher, J.D.

Atomic Energy Corporation of South Africa,
P.O. Box 582,
Pretoria 0001, South Africa

Fois, M.

CEA, Centre d'etudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Fontanesi, M.

Istituto di Fisica del Plasma del CNR,
Associazione Euratom-ENEA,
Via Bassini 15,
1-20133 Milan, Italy

Fowler, T.K.

University of California at Berkeley,
4155 Etcheverry Hall,
Berkeley, CA 94720, United States of America

Freeman, R.L.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Fujii, T.

Department of Large Tokamak Research,
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Fujisawa, N.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Fukuyama, A.

Faculty of Engineering,
Okayama University,
3-1-1 Tsushima-naka,
Okayama 700, Japan

Furth, H.P.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Fussmann, G.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Gajewski, R.

Division of Advanced Energy Projects,
Office of Basic Energy Sciences,
United States Department of Energy,
Washington, DC 20545, United States of America

LIST OF PARTICIPANTS
Gao, Qingdi

Southwestern Institute of Physics,
P.O. Box 15,
Leshan, Sichuan, China

Garbet, X.

CEA, Centre d'etudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Garcia, L.

Asociaci6n Euratom/CIEMAT,
Avenida Complutense 22,
E-28040 Madrid, Spain

Geiger, J.S.

Atomic Energy of Canada Ltd,
Chalk River Nuclear Laboratories,
Chalk River, Ontario KOJ 1J0, Canada

Ghendrih, P.

CEA, Centre d'etudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Gibson, A.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Gill, R.D.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Gilleland, J.R.

Lawrence Livermore National Laboratory,
P.O. Box 5511, L-644,
Livermore, CA 94550, United States of America

Glasser, A.H.

Los Alamos National Laboratory,
P.O. Box 1663,
Los Alamos, NM 87545, United States of America

Golant, V.E.

A.F. Ioffe Physico-Technical Institute,
Academy of Sciences of the USSR,
194021 Leningrad, Union of Soviet Socialist Republics

Goldston, R.J.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Goldstone, P.D.

Los Alamos National Laboratory,
P.O. Box 1663,
Los Alamos, NM 87545, United States of America

Gormezano, C.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

657

658

LIST OF PARTICIPANTS

Gourdon, C.

CEA, Centre d'etudes nudeaires de Saclay,
IRF/DIR,
F-91191 Gif-sur-Yvette Cedex, France

Grassie, K.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Gravier, R.E.J.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Green, B.J.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Gregoire, M.

CEA, Centre d'e'tudes nucle'aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Gregory, B.C.

INRS-Energie,
C.P. 1020,
Varennes, Quebec JOL 2P0, Canada

Grdsillon, D.M.J.

l^boratoire de physique des milieux ionise's,
Ecole polytechnique,
F-91128 Palaiseau Cedex, France

Grieger, G.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Grosman, A.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Gross, R.A.

School of Engineering and Applied Science,
Columbia University,
New York, NY 10027, United States of America

Grosso, G.

Istituto di Fisica del Plasma del CNR,
Associazione Euratom-ENEA,
Via Bassini 15,
1-20133 Milan, Italy

Gu, Biao

Southwestern Institute of Physics,
P.O. Box 15,
Leshan, Sichuan, China

LIST OF PARTICIPANTS
Gunther, K.

Zentralinstitut fur Elektronenphysik,
Akademie der Wissenschaften der DDR,
Hausvogteiplatz 5-7,
DDR-1086 Berlin, German Democratic Republic

Guzdar, P.N.

Laboratory for Plasma Research,
University of Maryland,
College Park, MD 20742, United States of America

Hacker, H.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Hahn, R.D.

Defense Programs,
United States Department of Energy,
Washington, DC 20545, United States of America

Haines, M.G.

Blackett Laboratory,
Imperial College of Science and Technology,
Prince Consort Road,
London SW7 2BZ, United Kingdom

Hamada, Y.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Hammer, J.H.

Lawrence Livermore National Laboratory,
P.O. Box 5511,
Livermore, CA 94550, United States of America

Harbour, P.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Hartfuss, J.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Hastie, R.J.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Haubenreich, P.N.

ITER Secretariat,
International Atomic Energy Agency,
Wagramerstrasse 5, P.O. Box 100,
A-1400 Vienna, Austria

Hayashi, T.

Institute for Fusion Theory,
Hiroshima University,
1-1-89 Higashisenda-machi, Naka-ku,
Hiroshima 730, Japan

659

660

LIST OF PARTICIPANTS

Heinrichs, G.

Institut fur Theoretische Physik,
Technische Universitat Graz,
Petersgasse 16,
A-8010 Graz, Austria

Hellberg, M.A.

Plasma Physics Research Institute,
University of Natal,
King George V Avenue,
Durban 4001, South Africa

Hemsworth, R.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Hender, T.C.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX 14 3DB, United Kingdom

Herold, H.

Hershkowitz, N.

Institut fur Plasmaforschung,
Universitat Stuttgart,
Pfaffenwaldring 31,
D-7000 Stuttgart 80, Federal Republic of Germany
Department of Nuclear Engineering and Engineering Physics,
University of Wisconsin,
1500 Johnson Drive,
Madison, WI 53706-1687, United States of America

Hinton, F.L.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Hirose, A.

Department of Physics,
University of Saskatchewan,
Saskatoon, Saskatchewan S7N 0W0, Canada

Hoffman, A.L.

Spectra Technology, Inc.,
2755 Northup Way,
Bellevue, WA 98004, United States of America

Hogewey, G.M.D.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Holmes, A.J.T.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Hong, S.H.

Department of Nuclear Engineering,
Seoul National University,
Seoul 151, Republic of Korea

U S T OF PARTICIPANTS
Hora, H.

University of New South Wales,
P.O. Box 1,
Kensington 2033, Australia

Horton, C.W., Jr.

Institute for Fusion Studies,
University of Texas at Austin, RLM 11.222,
Austin, TX 78712-1060, United States of America

Huang, Chaosong

Institute of Plasma Physics,
Academia Sinica,
P.O. Box 26,
Hefei, Anhui, China

Hubner, K.

Institut fur Angewandte Physik II,
Universita't Heidelberg,
Albert-Uberle-Strasse 3-5,
D-6900 Heidelberg 1, Federal Republic of Germany

HugUl, J.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Huo, Yuping

Institute of Plasma Physics,
Academia Sinica,
P.O. Box 26,
Hefei, Anhui, China

Husimi, K.

House of Councillors,
San-gi-in 708,
2-1-2 Nagata-cho, Chiyoda-ku,
Tokyo, Japan

Hutchinson, I.M.

Plasma Fusion Center,
Massachusetts Institute of Technology,
167 Albany Street, NW16-286,
Cambridge, MA 02139, United States of America

Hutter, T.

CEA, Centre d'&udes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Ibrahim, A.A.I.

Department of Nuclear Physics,
Nuclear Research Centre,
P.O. Box 765, Tuwaitha,
Baghdad, Iraq

Iida, H.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

661

662

LIST OF PARTICIPANTS

Iiyoshi, A.

Plasma Physics Laboratory,
Kyoto University,
Gokasho, Uji,
Kyoto 611, Japan

Ikegami, H.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Imasaki, K.

Institute of Laser Engineering,
Osaka University,
2-6 Yamada-oka, Suita,
Osaka 565, Japan

Inoue, N.

Department of Nuclear Engineering,
Faculty of Engineering,
University of Tokyo,
7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

Inutake, M.

Plasma Research Centre,
University of Tsukuba,
Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Ishimura, T.

Plasma Physics Laboratory,
Faculty of Engineering,
Osaka University,
2-1 Yamada-oka, Suita,
Osaka 565, Japan

Itoh, K.

Plasma Physics Laboratory,
Kyoto University,
Gokasho, Uji,
Kyoto 611, Japan

Itoh, S.

Research Institute for Applied Mechanics,
Kyushu University,
87 Kasuga,
Fukuoka 816, Japan

Itoh, S.I.

Institute for Fusion Theory,
Hiroshima University,
1-1-89 Higashisenda-machi, Naka-ku,
Hiroshima 730, Japan

Jaenicke, R.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

LIST OF PARTICIPANTS
Jain, K.K.

Institute for Plasma Research,
Bhat, Gandhinagar 382 424, India

Jakubowski, L.K.

Institute for Nuclear Studies,
PL-O5-4OO Otwock-Swierk, Poland

Jankowicz, Z.

Institute for Nuclear Studies,
PL-05-400 Otwock-Swierk, Poland

Jarvis, O.N.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Jensen, V.O.

Rise National Laboratory,
P.O. Box 49,
DK-4000 Roskilde, Denmark

Jerzykiewicz, A.

Institute for Nuclear Studies,
PL-05-400 Otwock-Swierk, Poland

Jiao, Boliang

Southwestern Institute of Physics,
P.O. Box 15,
Leshan, Sichuan, China

Johner, J.

CEA, Centre d'Studes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Johnson, R.R.

KMS Fusion,
3621 South State Road,
Ann Arbor, MI 48108, United States of America

Jones, S.E.

Physics Department,
Brigham Young University,
Provo, UT 84602, United States of America

Jones, T.T.C.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Kadomtsev, B.B.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Kadota, K.

Kaftandjian, V.P.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan
Centre St. Jerome,
University de Provence,
F-13397 Marseille Cedex 13, France

663

664

LIST OF PARTICIPANTS

Kaleck, A.

Institut fur Plasmaphysfc,
Euratom-KFA Association,
Kemforschungsanlage Julich GmbH,
P.O. Box 1913,
D-5170 Jiilich, Federal Republic of Germany

Kamelander, G.

Institut fur Energie- und Anlagentechnik,
A-2444 Seibersdorf, Austria

Kamitani, A.

Nuclear Fusion Development Department,
Mitsubishi Electric Corporation,
2-3 Marunouchi 2-chome, Chiyoda-ku,
Tokyo 100, Japan

Kammash, T.

Department of Nuclear Engineering,
University of Michigan,
North Campus,
Ann Arbor, MI 48109, United States of America

Kaneko, S.

Department of Applied Physics,
Faculty of Engineering,
University of Tokyo,
7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

Karttunen, S.J.

Nuclear Engineering Laboratory,
Technical Research Centre of Finland,
P.O. Box 169,
SF-00181 Helsinki, Finland

Kato, T.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Kato, Y.

Faculty of Engineering,
Osaka University,
2-1 Yamada-oka, Suita,
Osaka 565, Japan

Katsurai, M.

Department of Electrical Engineering,
University of Tokyo,
7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

Kaufmann, M.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

LIST OF PARTICIPANTS
Kaw, P.K.

Plasma Physics Programme,
Physical Research Laboratory,
Navrangpura, Ahmedabad 380 009, India

Kawahata, K.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Keen, B.E.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Keilhacker, M.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Kever, H.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Jiilich GmbH,
P.O. Box 1913,
D-5170 Jiilich, Federal Republic of Germany

Key, M.

Rutherford Appleton Laboratory,
Chilton, Didcot Oxfordshire, OX11 OQX, United Kingdom

Kikuchi, M.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Kilic, H.

Stevens Institute of Technology,
Hoboken, NJ 07030, United States of America

Kilkenny, J.D.

Lawrence Livermore National Laboratory,
P.O. Box 5511,
Livermore, CA 94550, United States of America

Killeen, J.

Lawrence Livermore National Laboratory,
P.O. Box 5509, L-561,
Livermore, CA 94550, United States of America

Kingsep, A.S.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Kirov, A.G.

I.N. Vekua Institute of Physics and Technology,
USSR State Committee on the Utilization of Atomic Energy,
Sukhumi, Union of Soviet Socialist Republics

665

666

LIST OF PARTICIPANTS

Kishimoto, H.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Kitsunezaki, A.

Japan Atomic Energy Research Institute,
2-2-2 Uchisaiwai-cho, Chiyoda-ku,
Tokyo 100, Japan

Kiyama, H.

Electrotechnical Laboratory,
1-1-4 Umezono, Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Kiyama, S.

Electrotechnical Laboratory,
1-1-4 Umezono, Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Klingelhofer, R.P.W.

Institut fiir Kernverfahrenstechnik,
Kernforschungszentrum Karlsruhe,
P.O. Box 3640,
D-7500 Karlsruhe 1, Federal Republic of Germany

Kliiber, O.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Knobloch, A.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Komarek, P.

Institut fur Technische Physik,
Kernforschungszentrum Karlsruhe,
P.O. Box 3640,
D-7500 Karlsruhe 1, Federal Republic of Germany

Konshin, V.

Division of Physical and Chemical Sciences,
International Atomic Energy Agency,
Wagramerstrasse 5, P.O. Box 100,
A-1400 Vienna, Austria

Koppendorfer, W.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Kovrizhnykh, L.M.

Institute of General Physics,
Academy of Sciences of the USSR,
Ulitsa Vavilova 38,
117942 GSP, Moscow V-333,
Union of Soviet Socialist Republics

LIST OF PARTICIPANTS
Kozhevin, V.M.

D.V. Efremov Scientific Research Institute of
Electrophysical Apparatus,
P.O. Box 42,
Leningrad, Union of Soviet Socialist Republics

Krall, N.A.

Krall Associates,
1070 America Way,
Del Mar, CA 92014, United States of America

Kunkel, W.B.

Lawrence Berkeley Laboratory,
University of California,
1 Cyclotron Road, MS 4/230,
Berkeley, CA 94720, United States of America

Lallia, P.P.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Laurent, L.

CEA, Centre d'e'tudes nucl&iires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Lechevalier, C.

Centre d'analyse de defense, ETCA,
16 bis, avenue Prieur de la C6te d'Or,
F-94114 Arcueil Cedex, France

Lecomte, M.

Framatome,
1, place de la Coupole, Tour Fiat,
F-92084 Paris — La Defense Cedex 16, France

Lecoustey, P.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Lehnert, B.

Department of Plasma Physics and Fusion Research,
Royal Institute of Technology,
S-10044 Stockholm 70, Sweden

Leloup, C.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Lengyel, L.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Leuterer, F.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

667

668

LIST OF PARTICIPANTS

Lewis, H.R.

Los Alamos National Laboratory,
P.O. Box 1663,
Los Alamos, NM 87545, United States of America

Litnonaev, V.I.

USSR State Committee on the Utilization of Atomic Energy,
Staromonetnyj pereulok 26,
109180 Moscow, Union of Soviet Socialist Republics

Linford, R.K.

Los Alamos National Laboratory,
P.O. Box 1663, MS-F646,
Los Alamos, NM 87545, United States of America

Lister, J.

Centre de recherches en physique des plasmas,
Ecole polytechnique federate de Lausanne,
21, avenue des Bains,
CH-1007 Lausanne, Switzerland

Lloyd, B.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Logan, B.G.

Lawrence Livermore National Laboratory,
P.O. Box 5511, L-640,
Livermore, CA 94550, United States of America

Lomas, P.J.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Lomer, W.M.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire 0X14 3DB, United Kingdom

Longinov, A.V.

Institute of Physics and Technology,
Academy of Sciences of the Ukrainian SSR,
310108 Khar'kov, Union of Soviet Socialist Republics

Luhmann, N.C., Jr.

Electrical Engineering Department,
University of California,
7535 Boelter Hall,
Los Angeles, CA 90024, United States of America

Luxon, J.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Maassberg, H.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

LIST OF PARTICIPANTS
Maeda, H.

Department of Thermonuclear Fusion Research,
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun,
Ibaraki-ken 319-11, Japan

Maisonnier, C.

Commission of the European Communities (DG XII/Fusion),
Rue de la Loi 200,
B-1049 Brussels, Belgium

Malesani, G.

Istituto Gas Ionizzati del CNR,
Associazione Euratom-ENEA,
Via Gradenigo 6A,
1-35100 Padua, Italy

Manickam, J.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Martin, G.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Maschke, E.K.

CEA, Centre d'e'tudes nucl&ires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Mase, A.

Plasma Research Centre,
University of Tsukuba,
Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Matsuoka, K.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Matsushima, I.

Electrotechnical Laboratory,
1-1-4 Umezono, Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Mauel, M.E.

Department of Applied Physics,
Columbia University,
Mudd Building, Room 208,
New York, NY 10027, United States of America

Mavrin, A.S.

ITER Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

669

670

LIST OF PARTICIPANTS

McCracken, G.M.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire 0X14 3DB, United Kingdom

McCrory, R.L.

Laboratory for Laser Energetics,
University of Rochester,
250 East River Road,
Rochester, NY 14623-1299, United States of America

McDonald, T.E.

Los Alamos National Laboratory,
P.O. Box 1663,
Los Alamos, NM 87545, United States of America

McGuire, K.M.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Meade, D.M.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Mertens, V.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Messiaen, A.M.

Laboratoire de physique des plasmas,
Ecole Royale Militaire,
Association Euratom-Etat Beige,
Avenue de la Renaissance 30,
B-1040 Brussels, Belgium

Milch, I.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Mfnguez, E.

Institute de Fusion Nuclear,
Escuela Te*cnica Superior de Ingenieros Industrials,
Jos£ Gutierrez Abascal 2,
E-28006 Madrid, Spain

Misguich, J.H.

CEA, Centre d'£tudes nucle'aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Miyamoto, K.

Department of Physics,
Faculty of Science,
University of Tokyo,
7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

LIST OF PARTICIPANTS
Miyoshi, S.

Plasma Research Centre,
University of Tsukuba,
Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Mizoguchi, T.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Mohamed-Benkadda, S.

Laboratoire Fusion CDTA,
Haut commissariat a la recherche,
B.P. 1017,
Alger-Gare, Algeria

Mohri, A.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Moreau, D.

CEA, Centre d'&udes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Moreau, E.D.

Commissariat a l'gnergie atomique,
31-33, rue de la F&Ie'ration,
F-75015 Paris, France

Morino, N.

Nuclear Fusion Project Division,
Hitachi Ltd,
6-4 Kanda-Surugadai-cho, Chiyoda-ku,
Tokyo 101, Japan

Morris, A.W.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Morse, E.

Department of Nuclear Engineering,
University of California at Berkeley,
Berkeley, CA 94720, United States of America

Mourier, G.

Thomson-CSF,
Division tubes electroniques,
38, rue Vauthier, B.P. 305,
F-92102 Boulogne-Billancourt Cedex, France

Moyer, R.A.

Institute of Plasma and Fusion Research,
University of California,
6791 Boelter Hall,
Los Angeles, CA 90024-1597, United States of America

671

672

LIST OF PARTICIPANTS

Mucchielli, F.

CEA, Centre d'e'tudes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Mukhovatov, V.S.

ITER Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Miiller, G.A.

Institut fur Plasmaforschung,
Universitat Stuttgart,
Pfaffenwaldring 31,
D-7000 Stuttgart 80, Federal Republic of Germany

Muto, C.

Japan Atomic Industrial Forum Inc.,
1-1-13 Shimbashi, Minato-ku,
Tokyo 105, Japan

Mutoh, T.

Plasma Physics Laboratory,
Kyoto University,
Gokasho, Uji,
Kyoto 611, Japan

Nagayama, Y.

Department of Physics,
Faculty of Science,
University of Tokyo,
7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

Nakai, S.

Institute of Laser Engineering,
Osaka University,
2-6 Yamada-oka, Suita,
Osaka 565, Japan

Nardi, V.

Dipartimento di Fisica,
Universita di Ferrara,
Via Paradiso 12,
1-44100 Ferrara, Italy

Navratil, G.A.

Department of Applied Physics,
Columbia University,
Mudd Building, Room 202,
New York, NY 10027, United States of America

Newton, A.A.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Niedermeyer, H.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

LIST OF PARTICIPANTS
Nielsen, P.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Ninomiya, H.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Nishihara, K.

Institute of Laser Engineering,
Osaka University,
2-6 Yamada-oka, Suita,
Osaka 565, Japan

Noda, N.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Noterdaeme, J.-M.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Nuhrenberg, J.

NET Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Obiki, T.

Plasma Physics Laboratory,
Kyoto University,
Gokasho, Uji,
Kyoto 611, Japan

Obysov, V.A.

USSR State Committee on the Utilization of Atomic Energy,
Staromonetnyj pereulok 26,
109180 Moscow, Union of Soviet Socialist Republics

O'Connor, G.T.

InterScience, Inc.,
12850 Middlebrook Rd.,
Germantown, MD 20874, United States of America

Ogawa, K.

Electrotechnical Laboratory,
1-1-4 Umezono, Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Ogawa, Y.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Ohkawa, T.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

673

674

LIST OF PARTICIPANTS

Okabayashi, M.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Okada, O.

Central Research Laboratory,
Hitachi Ltd,
1-280 Higashikoigakubo, Kokubunji,
Tokyo 185, Japan

Oktay, E.

United States Department of Energy,
Washington, DC 20545, United States of America

Ono, M.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Oomens, A.A.M.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Ornstein, L.T.M.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Ortolani, S.

Istituto Gas Ionizzati del CNR,
Associazione Euratom-ENEA,
Via Gradenigo 6A,
1-35100 Padua, Italy

Ott, W.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Ouvry, J.

CEA, Centre d'etades de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Overskei, D.O.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Pacher, G.W.

Institute of Research,
Hydro-Qu6bec,
C.P. 1000,
Varennes, Quebec JOL 2P0, Canada

Pacher, H.D.

INRS-Energie,
C.P. 1020,
Varennes, Quebec JOL 2P0, Canada

LIST OF PARTICIPANTS
Palumbo, D.

Commission of the European Communities (DG XII/Fusion),
Rue de la Loi 200,
B-1049 Brussels, Belgium

Parail, V.V.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Parker, R.R.

Plasma Fusion Center,
Massachusetts Institute of Technology,
Cambridge, MA 02139, United States of America

Parlange, F.

CEA, Centre d'etudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Pease, R.S.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Pecquet, A.-L.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Pegoraro, F.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Pegourie, B.

CEA, Centre d'e'tudes nucl&ires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Perkins, F.W.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Pesic, S.

Boris KidriS Institute of Nuclear Sciences,
P.O. Box 522,
YU-11001 Belgrade, Yugoslavia

Peysson, Y.

CEA, Centre d'etudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Pfirsch, D.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Phillips, M.W.

Grumman Space Systems Division,
107 Morgan Lane,
Plainsboro, NJ 08536, United States of America

675

676

LIST OF PARTICIPANTS

Pinkau, K.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Poffe", J.P.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Polman, R.W.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Porkolab, M.

Plasma Fusion Center,
Massachusetts Institute of Technology,
Cambridge, MA 02139, United States of America

Post, D.E.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Post, R.S.

Plasma Fusion Center,
Massachusetts Institute of Technology,
190 Albany Street,
Cambridge, MA 02139, United States of America

Prager, S.C.

Department of Physics,
University of Wisconsin,
1150 University Avenue,
Madison, WI 53706, United States of America

Prater, R.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Puiatti, M.E.

Istituto Gas Ionizzati,
Corso Stati Uniti 4,
1-35020 Camin, Padua, Italy

Qian, Shangjie

Southwestern Institute of Physics,
P.O. Box 15,
Leshan, Sichuan, China

Rager, J.-P.

Commission of the European Communities (DG XII/Fusion),
Rue de la Loi 200,
B-1049 Brussels, Belgium

Rau, F.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

LIST OF PARTICIPANTS
Ravcliffe, A.

Oak Ridge National Laboratory,
Building 550, MS 376,
Oak Ridge, TN 37831, United States of America

Rax, J.M.

CEA, Centre d'enides nucliaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Rebut, P.H.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Rem, J.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Renner, H.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Ribe, F.L.

Department of Nuclear Engineering, BF-20,
University of Washington,
Seattle, WA 98195, United States of America

Ringler, H.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Riviere, A.C.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire 0X14 3DB, United Kingdom

Robinson, D.C.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Rodrigo, A.B.

Comisi6n Nacional de Energfa At6mica,
Avenida del Libertador 8250,
1429 Buenos Aires, Argentina

Rodriguez, L.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Rogister, A.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Jiilich GmbH,
P.O. Box 1913,
D-5170 Julich, Federal Republic of Germany

677

678

LIST OF PARTICIPANTS

Romanelli, F.

Associazione Euratom-ENEA sulla Fusione,
Centro Ricerche Energia Frascati,
C.P. 65,
1-00044 Frascati, Rome, Italy

Rondeau, G.D.

Laboratory of Plasma Studies,
Cornell University,
369 Upson Hall,
Ithaca, NY 14853, United States of America

Rosenbluth, M.N.

Department of Physics, B019,
University of California,
La Jolla, CA 92093, United States of America

Roslyakov, G.V.

Nuclear Physics Institute,
Siberian Branch of the Academy of Sciences of the USSR,
Prospekt Nauki 11,
630090 Novosibirsk, Union of Soviet Socialist Republics

Roubin, J.P.

CEA, Centre d'&udes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Rutherford, P.H.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Sabbagh, S.A.

Plasma Physics Laboratory,
Columbia University,
Mudd Building, Room 202 SW,
New York, NY 10027, United States of America

Sakanaka, P.H.

Laboratdrio de Plasmas,
Instituto de Ffsica,
Universidade Estadual de Campinas,
C.P. 6165,
13 081 Campinas, SSo Paulo, Brazil,

Salpietro, E.

NET Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Saltmarsh, M.J.

Oak Ridge National Laboratory,
P.O. Box Y,
Oak Ridge, TN 37831, United States of America

Samain, A.

CEA, Centre d 'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

LIST OF PARTICIPANTS
Saoutic, B.

CEA, Centre d'emdes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Sato, K.N.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Sato, T.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Sawada, Y.

Fusion Technology Development Office,
Toshiba Corporation,
1-1-6 Uchisaiwai-cho, Chiyoda-ku,
Tokyo 100, Japan

Scarin, P.

Istituto Gas Ionizzati del CNR,
Associazione Euratom-ENEA,
Via Gradenigo 6A,
1-35100 Padua, Italy

Scheffel, J.

Department of Plasma Physics and Fusion Research,
Royal Institute of Technology,
S-10044 Stockholm 70, Sweden

Schluter, A.

NET Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Schmidt, G.L.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Schmidt, H.

Institut fur Plasmaforschung,
Universitat Stuttgart,
Pfaffenwaldring 31,
D-7000 Stuttgart 80, Federal Republic of Germany

Schnack, D.D.

Science Applications International Corporation,
10260 Campus Point Drive,
San Diego, CA 92121, United States of America

Schoenberg, K.F.

Los Alamos National Laboratory,
P.O. Box 1663,
Los Alamos, NM 87545, United States of America

679

680

LIST OF PARTICIPANTS

Schopf, K.

Institut fur Theoretische Physik,
Universitat Innsbruck,
Technikerstrasse 15,
A-6020 Innsbruck, Austria

Schuller, F.C.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Schumacher, U.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Scott, S.D.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Sekiguchi, T.

Faculty of Engineering,
Yokohama National University,
Tokiwadai, Hodogaya-ku,
Yokohama 240, Japan

Seligman, H.

International Atomic Energy Agency,
Wagramerstrasse 5, P.O. Box 100,
A-1400 Vienna, Austria

Sen, A.

Institute for Plasma Research,
Bhat, Gandhinagar 382 424, India

Sen, A.K.

Department of Electrical Engineering,
Columbia University,
Mudd Building, 500 W 120th Street,
New York, NY 10027, United States of America

Shafranov, V.D.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Shaing, K.C.

Oak Ridge National Laboratory,
P.O. Box 2009, Building 9201-2, MS-8071,
Oak Ridge, TN 37831-8071, United States of America

Sheffield, J.

Fusion Energy Division,
Oak Ridge National Laboratory,
P.O. Box 2009,
Oak Ridge, TN 37831-8070, United States of America

Shi, Bingren

Southwestern Institute of Physics,
P.O. Box 15,
Leshan, Sichuan, China

LIST OF PARTICIPANTS
Shiina, S.

Atomic Energy Research Institute,
College of Science and Technology,
Ninon University,
1-8 Kanda-Surugadai, Chiyoda-ku,
Tokyo 101, Japan

Shimada, T.

Electrotechnical Laboratory,
1-1-4 Umezono, Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Siemon, R.E.

Los Alamos National Laboratory,
P.O. Box 1663,
Los Alamos, NM 87545, United States of America

Sigmar, D.J.

Plasma Fusion Center,
Massachusetts Institute of Technology,
167 Albany Street, NW16-286,
Cambridge, MA 02139, United States of America

Silawatshananai, C.

Physics Department, Faculty of Science,
Prince of Songkla University,
P.O. Box 3, Sub 2, Kohong,
Hatyai 90112, Thailand

Simonen, T.C.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Sinman, A.

Physics Department, Nuclear Fusion Laboratory,
Ankara Nuclear Research and Training Centre,
Besevler, Ankara, Turkey

Sinman, S.

Electrical and Electronics Engineering Department,
Plasma Engineering Laboratory,
Middle East Technical University,
Ankara, Turkey

Skarsgard, H.M.

Department of Physics,
University of Saskatchewan,
Saskatoon, Saskatchewan S7N 0W0, Canada

Sklizkov, G.V.

P.N. Lebedev Institute of Physics,
Leninskij Prospekt 53,
117924 GSP, Moscow V-333,
Union of Soviet Socialist Republics

Slough, J.T.

Spectra Technology, Inc.,
2755 Northup Way,
Bellevue, WA 98004, United States of America

681

682

LIST OF PARTICIPANTS

Sluijter, F.W.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Smeulders, P.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Smirnov, V.P.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Sokolov, Yu.A.

Soures, J.M.

ITER Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany
Laboratory for Laser Energetics,
University of Rochester,
250 East River Road,
Rochester, NY 14623-1299, United States of America

Speth, E.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Stabler, A.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Stacey, W.M.

Fusion Research Center,
Georgia Institute of Technology,
Atlanta, GA 30332, United States of America

Start, D.F.H.

JET Joint Undertaking,
Abingdon, Oxfordshire OX 14 3EA, United Kingdom

Steinmetz, K.

Commission of the European Communities (DG XU/Fusion),
Rue de la Loi 200,
B-1049 Brussels, Belgium

Steuer, K.-H.

Stdckel, J.

NET Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany
Institute of Plasma Physics,
Czechoslovak Academy of Sciences,
Pod vodarenskou vili 4,
CS-182 11 Prague 8, Czechoslovakia

LIST OF PARTICIPANTS
Storm, E.

Lawrence Livermore National Laboratory,
P.O. Box 5506, L-481,
Livermore, CA 94550, United States of America

Stott, P.E.

JET Joint Undertaking,
Abingdon, Oxfordshire OX 14 3EA, United Kingdom

Strachan, J.D.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Strait, E.J.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Strauss, H.R.

Courant Institute of Mathematical Sciences,
New York University,
251 Mercer Street,
New York, NY 10012, United States of America

Stringer, T.E.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Su, Yuan

Southwestern Institute of Physics,
P.O. Box 15,
Leshan, Sichuan, China

Sudan, R.N.

Sugihara, M.

Suzuki, N.

Laboratory of Plasma Studies,
Cornell University,
369 Upson Hall,
Ithaca, NY 14853, United States of America
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan
Department of Thermonuclear Fusion Research,
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun,
Ibaraki-ken 319-11, Japan

Sweetman, D.R.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Sydora, R.D.

Department of Physics,
University of California,
405 Hilgard Avenue,
Los Angeles, CA 90024-1547, United States of America

683

684
Szichman, E.J.

Szustakowski, M.

Tachon, J.

LIST OF PARTICIPANTS
Soreq Nuclear Research Center,
70600 Yavne, Israel
Institute of Plasma Physics and Laser Microfusion,
P.O. Box 49,
PL-OO-908 Warsaw, Poland
CEA, Centre d'e'tudes nucl&ires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Tagle, A.J.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Takabe, H.

Institute of Laser Engineering,
Osaka University,
2-6 Yamada-oka, Suita,
Osaka 565, Japan

Takeuchi, H.

Fujitsu Ltd,
1-17-25 Shinkamata, Ota-ku,
Tokyo 144, Japan

Takuma, H.

Institute for Laser Science,
University of Electrocommunications,
1-5-1 Chofugaoka, Chofu,
Tokyo 182, Japan

Takuma, T.

Central Research Institute of Electric Power Industry,
11-1-2 Iwato Kita, Komea-shi,
Tokyo 201, Japan

Tamano, T.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

Tamaru, T.

Hiroshima Institute of Technology,
725 Miyake Itsukaichi-machi, Saeki-ku,
Hiroshima, Japan

Tamura, S.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Tanaka, M.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

LIST OF PARTICIPANTS
Tanaka, S.

Department of Physics,
Kyoto University,
Kitashirakawa, Sakyo-ku,
Kyoto 606, Japan

Tanaka, Y.

Tokyo Design Office,
Kawasaki Heavy Industries Ltd,
4-25-2 Minamisuna, Koto-ku,
Tokyo, Japan

Tang, W.M.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Tanga, A.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Tarditi, A.

Dipartimento Ingegneria Elettrica,
Universita degli Studi di Genova,
Via Opera Pia 11A,
1-16143 Genoa, Italy

Taroni, A.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Taylor, J.B.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Taylor, R.J.

Tokamak Fusion Laboratory,
University of California,
1540 Boelter Hall,
Los Angeles, CA 90024-1600, United States of America

Teillac, J.

Commission of the European Communities (DG XII/Fusion),
Rue de la Loi 200,
B-1049 Brussels, Belgium

Tendler, M.

Department of Plasma Physics and Fusion Research,
Royal Institute of Technology,
S-10044 Stockholm 70, Sweden

Tennfors, E.

Department of Plasma Physics and Fusion Research,
Royal Institute of Technology,
S-10044 Stockholm 70, Sweden

Thayer, D.R.

Lawrence Berkeley Laboratory,
University of California,
1 Cyclotron Road,
Berkeley, CA 94720, United States of America

685

686

LIST OF PARTICIPANTS

Thomas, P.R.

JET Joint Undertaking,
Abingdon, Oxfordshire OX 14 3EA, United Kingdom

Thomassen, K.

Lawrence Livermore National Laboratory,
P.O. Box 5511, L-640,
Livermore, CA 94550, United States of America

Thompson, E.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Toda, S.

Department of Nuclear Engineering,
Faculty of Engineering,
Tohoku University,
Aoba-Aramaki,
Sendai 980, Japan

Todd, A.M.M.

Grumman Space Systems Division,
107 Morgan Lane,
Plainsboro, NJ 08536, United States of America

Todd, T.N.

United Kingdom Atomic Energy Authority,
Culham Laboratory,
Abingdon, Oxfordshire OX14 3DB, United Kingdom

Todoroki, J.

Institute of Plasma Physics,
Nagoya University,
Furo-cho, Chikusa-ku,
Nagoya 464-01, Japan

Tomabechi, K.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Tomita, H.

Mitsubishi Electric Corporation,
2-3 Marunouchi 2-chome, Chiyoda-ku,
Tokyo 100, Japan

Tonon, G.

CEA, Centre d'e'tudes nucl^aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Toschi, R.

NET Team,
Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Troyon, F.

Centre de recherches en physique des plasmas,
Ecole polytechnique f&le'rale de Lausanne,
21, avenue des Bains,
CH-1007 Lausanne, Switzerland

LIST OF PARTICIPANTS
Tsuji, S.

Department of Large Tokamak Research,
Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311 -01, Japan

Uemura, A.

Nuclear Power Generation Division,
Hitachi Ltd,
6-4 Kanda-Surugadai, Chiyoda-ku,
Tokyo 101, Japan

Ulrickson, M.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Uo, K.

Plasma Physics Laboratory,
Kyoto University,
Gokasho, Uji,
Kyoto 611, Japan

Ushigusa, K.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Vallet, J.-C.

CEA, Centre d'&udes nucl£aires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Van Dam, J.W.

Institute for Fusion Studies,
University of Texas at Austin,
Austin, TX 78712-1060, United States of America

Van der Wiel, M.J.

FOM Instituut voor Plasmafysica 'Rijnhuizen',
P.O. Box 1207,
NL-3430 BE Nieuwegein, Netherlands

Van Houtte, D.

CEA, Centre d'e'tudes nucleaires de Cadarache,
B.P. 1,
F-13108 Saint-Paul-lez-Durance, France

Vandenplas, P.E.M.

Ecole Royale Militaire,
Avenue de la Renaissance 30,
B-1040 Brussels, Belgium

VanDevender, J.P.

Pulsed Power Sciences 1200,
Sandia National Laboratories,
P.O. Box 5800,
Albuquerque, NM 87185-5800, United States of America

687

688

LIST OF PARTICIPANTS

Vanni, A.

Istituto Gas Ionizzati,
Corso Stati Uniti 4,
1-35020 Camin, Padua, Italy

Vasin, N.L.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Velarde, G.

Instituto de Fusion Nuclear,
Escuela Tecnica Superior de Ingenieros Industrials,
Jose1 Gutierrez Abascal 2,
E-28006 Madrid, Spain

Veron, D.

CEA, Centre d'e'tudes de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Vlases, G.C.

Aerospace and Energetics Research Program, MS FL-10,
University of Washington,
Seattle, WA 98195, United States of America

Volkov, E.D.

Institute of Physics and Technology,
Academy of Sciences of the Ukrainian SSR,
310108 Khar'kov, Union of Soviet Socialist Republics

Von Hellerman, M.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Vukolov, K.Y.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Waelbroeck, F.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Julich GmbH,
P.O. Box 1913,
D-5170 Julich, Federal Republic of Germany

Wagner, F.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Wakatani, M.

Plasma Physics Laboratory,
Kyoto University,
Gokasho, Uji,
Kyoto 611, Japan

Waltz, R.E.

General Atomics,
P.O. Box 85608,
San Diego, CA 92138, United States of America

LIST OF PARTICIPANTS
Wan, Yuanxi

Institute of Plasma Physics,
Academia Sinica,
P.O. Box 26,
Hefei, Anhui, China

Watkins, MX.

JET Joint Undertaking,
Abingdon, Oxfordshire 0X14 3EA, United Kingdom

Watteau, J.-P.

CEA, Centre d'etades de Limeil-Valenton,
B.P. 27,
F-94190 Villeneuve-Saint-Georges, France

Weiland, J.G.

Institute for Electromagnetic Field Theory,
Chalmers University of Technology,
Elektrogarden 1,
S-41296 Goteborg, Sweden

Weller, A.

Max-Planck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Wesson, J.A.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Weynants, R.R.

Ecole Royale Militaire,
Avenue de la Renaissance 30,
B-1040 Brussels, Belgium

White, R.B.

Wilhelmsson, H.K.B.

Willi, O.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America
Institute for Electromagnetic Field Theory,
Chalmers University of Technology,
Elektrogarden 1,
S-41296 Goteborg, Sweden
Imperial College of Science and Technology,
Prince Consort Road,
London SW7 2BZ, United Kingdom

Willis, J.W.

United States Department of Energy,
Washington, DC 20545, United States of America

Wilson, J.R.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

689

690

LIST OF PARTICIPANTS

Winter, H.

Institut fur Allgemeine Physik,
Technische Universitat Wien,
Wiedner Hauptstrasse 8-10,
A-1040 Vienna, Austria

Winter, J.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Julich GmbH,
P.O. Box 1913,
D-5170 Julich, Federal Republic of Germany

Witkowski, S.W.A.

Max-PIanck-Institut fur Quantenoptik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Wolf, G.H.

Institut fur Plasmaphysik,
Euratom-KFA Association,
Kernforschungsanlage Julich GmbH,
P.O. Box 1913,
D-5170 Julich, Federal Republic of Germany

Wolfe, S.W.

Department of Physics,
University of Saskatchewan,
Saskatoon, Saskatchewan S7N 0W0, Canada

Woo, J.T.

InterScience, Inc.,
105 Jordan Road,
Troy, NY 12180, United States of America

Wootton, A.J.

Institute for Fusion Studies,
University of Texas at Austin,
Austin, TX 78712-1060, United States of America

Xie, Jikang

Institute of Plasma Physics,
Academia Sinica,
P.O. Box 26,
Hefei, Anhui, China

Yamada, M.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Yamamoto, K.

Japan Atomic Industrial Forum Inc.,
1-1-13 Shimbashi, Minato-ku,
Tokyo 105, Japan

LIST OF PARTICIPANTS
Yamamoto, T.

Experimental Plasma Physics Laboratory,
Department of Thermonuclear Fusion Research,
Japan Atomic Energy Research Institute,
Tokai-mura, Naka-gun,
Ibaraki-ken 319-11, Japan

Yamanaka, C.

Institute of Laser Engineering,
Osaka University,
2-6 Yamada-oka, Suita,
Osaka 565, Japan

Yamanaka, T.

Institute of Laser Engineering,
Osaka University,
2-6 Yamada-oka, Suita,
Osaka 565, Japan

Yamato, H.

Toshiba Research and Development Centre,
Toshiba Corporation,
4-1 Ukishima-cho, Kawasaki-shi,
Kanagawa-ken, Japan

Yasaka, Y.

Department of Electronics,
Kyoto University,
Sakyo-ku, Kyoto 606, Japan

Yatsu, K.

Plasma Research Centre,
University of Tsukuba,
Sakura-mura, Niihari-gun,
Ibaraki-ken 305, Japan

Yoshida, Z.

Department of Nuclear Engineering,
Faculty of Engineering,
University of Tokyo,
7-3-1 Hongo, Bunkyo-ku,
Tokyo 113, Japan

Yoshikawa, K.

Institute of Atomic Energy,
Kyoto University,
Gokasho, Uji,
Kyoto 611, Japan

Yoshikawa, M.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

Yoshino, R.

Naka Fusion Research Establishment,
Japan Atomic Energy Research Institute,
Naka-machi, Naka-gun,
Ibaraki-ken 311-01, Japan

691

692

LIST OF PARTICIPANTS

Zac"ek, F.

Institute of Plasma Physics,
Czechoslovak Academy of Sciences,
Pod vodarenskou v££i 4,
CS-182 11 Prague 8, Czechoslovakia

Zankl, G.

Max-PIanck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Zarnstorff, M.C.

Plasma Physics Laboratory,
Princeton University,
P.O. Box 451,
Princeton, NJ 08543, United States of America

Zasche, D.

JET Joint Undertaking,
Abingdon, Oxfordshire OX14 3EA, United Kingdom

Zehrfeld, H.P.

Max-PIanck-Institut fur Plasmaphysik,
Boltzmannstrasse 2,
D-8046 Garching, Federal Republic of Germany

Zhitlukhin, A.M.

I.V. Kurchatov Institute of Atomic Energy,
Ulitsa Kurchatova 42, P.O. Box 3402,
123182 Moscow, Union of Soviet Socialist Republics

Zukakishvili, G.G.

I.N. Vekua Institute of Physics and Technology,
USSR State Committee on the Utilization of Atomic Energy,
Sukhumi, Union of Soviet Socialist Republics

Zurro, B.

Asociaci<5n Euratom/CIEMAT,
Avenida Complutense 22,
E-28040 Madrid, Spain

AUTHOR INDEX
In the index entries the roman numeral refers to the volume number;
the following numerals refer to the page within that volume.

Abe, Y.: II 153, 411
Abel, G.: I 495
Adachi, J.: m 299
Adati, K.: 1287, 347; H 677
Afanas'ev, V.I.: I 699
Afshar-Rad, T.: m 65
Agim, Y.Z.: I 409
Aikawa, H.: 167, 207, 733
Akaishi, K.: 1551; II 337
Akaoka, N.: I 67
Akasaka, H.: I 67
Akazaki, M.: H 337
Akiba, M.: 167, 111, 265, 505, 605,
621
Akino, N.: I 67
Akiyama, R.: I 287
Akulina, D.K.: H 359
Alabyad, A.M.: 1477
Alejaldre, C : II 389
Aleksandrov, V.O.: I 645
Alikaev, V.V.: I 513
Alladio, F.: 1637
Allen, J.: 1461
Allen, S.L.: I 83, 193
Almagri, A.F.: II 419, 757
Alper, B.: H 431
Amano, T.: II 411, 447, 637
Amemiya, H.: II 337
Amiranoff, F.: m 51
Anderson, F.S.B.: H 349
Ando, A.: I 287, 347, 563; II 411
Ando, R.: I 287
Ando, T.: I 67, 111, 265, 505, 605,
621
Andr6, M.: HI 43
Andryukhina, E.D.: H 359

Annoh, K.: 167, 111, 265, 505, 605,
621
Antoni, V.: II 661
Antonsen, T.: II 251
Aoki, I.: 167
Aoki, T.: 1287; II 411, 677
Aoyagi, T.: 167, 111, 265, 505, 605,
621
Aragon<§s, J.M.: III 131
Arai, T.: I 67
Arakawa, K.: I 67, 111, 265, 505,
605, 621
Araki, M.: I 67
Arimoto, H.: II 447
Arkhipov, N.I.: E 683
Arshad, S.: 1445
Arunasalam, V.: I 27, 183, 395
Asakura, N.: I 97; H 671
Ashida, H.: I 437
Ashraf, M.: 1275, 541
Askinasi, L.G.: I 699
Assadi, S.: II 419, 757
Austin, M.: 1293
Aydemir, A.Y.: II 131
Azechi, H.: Ill 3, 89, 187
Azizov, E.A.: I 239
Azumi, M.: I 67, 111, 265, 505, 605,
621; H 121
Baba, T.: II 337
Badalec, J.: I 359
Bagatin, M.: II 661
Bagdasarov, A.A.: I 423, 513
Bagryanskij, P.A.: II 483
Bailey, J.E.: III 99
Baker, D.R.: I 347
Bakos, J . S . : I 3 5 3

693

694
Balabanov, Yu.V.: 1513
Baldock, P.: II 565
Balescu, R.: m 521
Balet, B.: I 367
Baranowski, J.: II 737
Barbato, E.: 1637; II 171
Bard, W.D.: II 441
Bardotti, G.: I 637
Barnes, C.W.: I 27, 183, 257, 395,
655; II 539
Barnes, D.C.: II 721
Barnsley, R.: 1461, 541
Barr, W.L.: III 441, 547
Barth, C.J.: 1323
Bartiromo, R.: I 637
Baseggio, E.: n 661
Bassan, M.: II 661
Bassett, D.: m 65
Bastasz, R.: Ill 419
Batanov, G.M.: n 359
Batchelor, D.B.: 1611
Bateman, G.: Ill 341
Batenyuk, A.A.: II 579
Baumler, J.: I 583
Bayley, J.M.: n 565
Becker, G.: I 145, 229, 583
Becker, W.: I 583
Beckstead, J.A.: II 419, 757
Behringer, K.: I 229
Beidler, C : n 369
Bekki, N.: II 211
Beianger, C : I 495
Belavin, M.I.: H 691
Bell, A.R.: II 565; III 65
Bell, G.L.: II 349
Bell, J.D.: U 349
Bell, M.G.: I 27, 67, 183, 257, 395,
655, 691; III 419
Bell, R.: I 97
Benattar, R.: Ill 51
Bengtson, R.D.: I 293
Berezhetskij, M.S.: II 359
Berezhnyj, V.L.: II 599
Berezovskij, E.L.: I 513
Berk, H.L.: II 211, 291
Berlizov, A.B.: I 513

AUTHOR INDEX
Bernabei, S.: I 97
Bers, A.: 1611
Bertschinger, G.: I 571
Berwald, D.H.: m 325
Bespoludennov, S.G.: III 469
Bessenrodt-Weberpals, M.: 1145,229
Besshou, S.: I 551
Betello, G.: I 367
Beuken, J.-M.: 1571
Bevir, M.K.: H 431
Bhadra, D.K.: I 669
Bhatnagar, V.P.: I 367, 593
Bhattacharjee, A.: n 291
Bhieh, N.M.: 1477
Bi, D.-G.: 1287; II 411
Bickerton, R.J.: I 67
Bieg, K.W.: IH 99
Bigelow, T.S.: II 349
Biglari, H.: I 307; II 53, 261, 277,
467
Bilbao, L.: II 743
Bishop, C M . : 1275
Bishop, R.C.: II 721
Bitter, M.: 127, 183, 257, 307, 395,
655
Bloom, E.E.: III 429
Bobrovskij, G.A.: I 513
Bodin, H.A.B.: H 431
Bodner, S.: m 81
Boedo, J.A.: I 293
Bogdanov, B.B.: II 527
Bogen, P.: 1571
Boileau, A.: I 495
Bol, K.: I 97
Bolton, R.A.: I 495
Bomba, B.: I 145, 229, 583
Bombarda, F.: I 637
Bondarenko, S.P.: n 599
Bonoli, P.T.: I 747, 759
Borshchegovskij, A.A.: I 513
Bortolotti, A.: II 743
Bosch, H.-S.: I 27, 145, 183, 229,
257, 395, 583, 655
Boucher, C : I 495
Boyd, D.A.: I 593
Bracco, G.: I 637

AUTHOR INDEX
Bradley, D.K.: m 17
Brambilla, M.: I 583
Bramson, G.: I 193
Brandt, S.: n 737
Brau, K.: I 145, 229, 583; H 493
Braun, F.: 1583
Bravenec, R.V.: I 293
Breizman, B.: II 291
Bretz, N.L.: I 27, 183, 395; II 153
Breun, R.A.: II 475; m 487
Brice, D.: HI 419
Briguglio, S.: II 171
Brooker, P.: II 475; m 487
Brooks, J.N.: m 419
Brooks, N.H.: I 83, 193, 527
Brooks, R.D.: II 517
Brouchous, D.: U 475; IH 487
Brower, D.L.: I 281, 293
Browning, J.: II 475; IE 487
Bruhns, H.: I 145, 229, 583
Brunsell, P.: II 751
Brzosko, J.S.: H 743
Brzozowski, J.: II 751
Buceti, G.: 1637
Buchenauer, D.: HI 419
Biichl, K.: I 229, 583
Buchse, R.: I 145, 229, 583
Budnikov, V.N.: I 645
Budnifz, R.J.: III 325
Budny, R.: I 27, 183, 395; m 419
Buffa, A.: II 661
Bunting, C.A.: II 431
Buratti, P.: I 637
Bures, M.: I 593
Burger, G.: I 353
Burkhardt, L.C.: n 419
Burrell, K.H.: I 83, 193, 527, 669
Bush, C.E.: I 27, 183, 395, 655;
IU419
Bussac, M.N.: II 77
Bykov, V.E.: II 403
Cable, M.D.: m 29
Caiaffa, E.: I 637
Callen, J.D.: I 409; H 53
Callis, R.W.: I 83, 193, 669
Campbell, D.J.: 1377, 593

695

Campbell, E.M.: III 29
Campbell, R.B.: m 441
Cao, Y.: 1571
Cappello, S.: II 661
Caramana, E.J.: II 467
Cardinali, A.: I 637; II 171
Carlson, A.: I 145, 229, 583
Carlstrom, T.N.: I 83, 193, 527
Carolan, P.G.: II 431
Carraro, L.: II 661
Carreras, B.A.: 1611; II13, 53, 261,
277, 389, 397, 467
Carter, M.D.: H 349
Cartwright, D.C.: III 119
Cary, J.R.: II 397
Casey, J.: H 493
Castraeane, J.: I 495
Causey, R.A.: III 419
Cavallo, A.: 127, 183, 257, 395, 655,
691
Cayton, T.E.: II 419
Cenacchi, G.: H 171
Cesario, R.: I 637
Chaki, M.: n 671
Chan, V.S.: 1681
Chance, M.S.: I 83, 193, 527, 669;
H 111
Chang, Z.: 1409
Chankin, A. V.: 1513
Chartas, G.: n 419, 757
Chatalov, G.: Ill 261
Che, H.Y.: I 415
Chechkin, V.V.: II 599
Cheetham, A.D.: I 483
Chen, D.: I 415
Chen, J.: I 293
Chen, Jiefu: I 121
Chen, K.I.: I 747
Chen, L.: n 77
Chen, Y.P.: II 77
Chen, Z.X.: n 447
Cheng, C.Z.: II 291
Cheng, Shiqing: III 493
Chernyshev, F.V.: I 699
Chevalier, G.: 1495
Chiba, S.: 167

696

AUTHOR INDEX

Chistyakov, V.V.: I 423, 513
Chittenden, J.P.: II 565
Chkhaidze, A.Ch.: II 579
Cho, T.: H 501
Choi, P.: n 565, 587
Chrien, R.E.: II 517
Christiansen, J.P.: I 367, 593
Chu, M.S.: I 83, 193, 527, 669, 681
Chu, T.K.: I 27, 183, 395
Chudnovskij, A.N.: I 423
Chukbar, K.V.: HI 167
Chuyanov, V.A.: I 239
Cima, G.: I 293
Clement, S.: I 467
Clemente, R.A.: II 713
Coda, S.: 1747
Coe, S.: m 65
Coggeshall, S.V.: ffl 119
Cohen, B.I.: 1759
Cohen, R.H.: 1759
Cohen, S.A.: I 27, 183, 395
Colchin, R.J.: H 349
Cole, A.: Ill 65
Coleman, J.: II 493
Coleman, L.W.: m 29
Coleman, M.D.: III 147
Colestock, P.L.: I 27, 183, 395, 593,
691; II 77; III 341
Colin de Verdiere, G.: m 175
CoUeraine, A.P.: I 83, 193, 669
Conn, R.W.: 1453, 571; m 315
Conner, K.A.: 1293
Connor, J.W.: 1275; II 33
Conrad, J.R.: II 475; III 487
Conrads, H.: I 571
Content, D.: I 83, 193, 527
Cook, D.L.: HI 99
Coppi, B.: II 201, 243; in 357
Coppins, M.: II 565
Corbett, W.J.: 1453, 571
Cordey, J.G.: I 367, 377, 593
Core, W.: I 593
Correll, D.L.: III 29
Corrigan, G.: I 367
Corti, S.: I 367
Costa, S.: II 661

Cottet, F.: Ill 51
Cottrell, G.A.: I 593
Coutant, J.: Ill 43
Couture, P.: I 495
Cowley, S.C.: II 33
Cox, M.: I 275
Craddock, G.G.: II 277
Crawford, E.A.: H 517
Crisanti, F.: I 637
Crocker, J.G.: III 325
Crow, J.T.: in 99
Crowley, T.P.: 1293
Crume, E.C., Jr.: H 13, 349
Cui, B.J.: E 475
Cui, B.S.: HI 487
Culverwell, I.D.: H 565
Cunnane, J.A.: n 431
Daido, H.: m 89
Dairaku, M.: I 67
Dangor, A.E.: II 565
Darrow, D.S.: I 415; El 477
Datlov, J.: I 359
Dautray, R.: m 43
Davis, S.L.: I 27, 183, 395
Dawson, J.M.: U 153
De Angelis, R.: 1637
De Groot, B.: I 323
De Haas, J.C.M.: I 483
De Keyzer, L.: I 571
De Kluiver, H.: I 323
De Kock, L.: I 467
De Marco, F.: I 637
DePretis, M.: 1637
De Sutter, B.: I 583
DeBoo, J.C.: I 83, 193, 527
Decoste, R.: I 495
Decroisette, ML: m 43
Decyk, V.K.: H 153
Deeney, C : II 587
DeGrassie, J.S.: 1341, 347
Delene, J.G.: HI 325
Delettrez, J.A.: m 17
Deliyanakis, N.: I 275, 541
Delvigne, T.: I 571
Demers, Y.: 1495
DenHartog, D.J.: II 419, 757

AUTHOR INDEX
Deng, Chuanbao: I 137
Deng, Huichen: I 121
Deng, X.: II 757
Deng, Zhongchao: I 121
Denton, R.E.: II 131
Descamps, P.: I 571
Desjarlais, M.P.: in 99
Detragiache, P.: II 201, 243
Dexter, R.N.: I 409; II 419, 757
Diamond, P.H.: I 293, 307;
H53, 261, 277, 467; m 369
Dikij, A.G.: II 599
DiMarco, J.N.: II 419
Dimits, A.M.: II 251
Dimock, D.L.: I 27, 183, 395
Dimoff, K.: I 495
Dippel, K.-H.: 1453, 571
Dodel, G.: I 145, 229, 583
Domlnguez, N.: II 261, 389, 397
Dominguez, R.R.: 1193, 681; II 261;
III 369
Dong, J.Q.: H 251
Dong, Jiafu: I 121
Donne, A.J.H.: I 323
Donskaya, N.P.: II 359
Doran, D.G.: in 429
Dorland, W.: 1691
Dory, R.A.: II 65
Downing, J.N.: H 419
Downs, R.L.: HI 159
Doyle, B.L.: m 419
Drake, J.F.: H 131, 251
Drake, J.R.: H 751
Drake, R.P.: HI 29
Dremin, M.M.: I 513
Dresner, L.: m 381
Dreval, V.V.: I 513
Driscoll, C.F.: in 507
Drozdov, V.V.: U 527, 611
Duan, Shuyun: m 493
Duborgel, B.: m 43
Duchs, D.F.: I 367
Dunlap, J.L.: II 349
Durodie, F.: I 571
Durst, R.: I 293
Dyabilin, K.S.: H 359

697

Dyachenko, V.V.: 1699
Dyer, G.R.: II 349
Dylla, H.F.: I 27, 183, 395, 655;
m4i9
Eberhagen, A.: I 145, 229, 583
Ebisawa, N.: I 67
Eddleman, J.L.: m 547
Edenstrasser, J.W.: n 311
Edgell, D.: U 475
Edlington, T.: I 527, 541
Edmonds, P.H.: I 293
Edwards, A.W.: I 377
Edwards, L: in 65
Efremov, S.L.: I 513
Efthimion, P.C.: I 27, 183, 307, 395
Egorov, S.M.: I 513
Ehrhardt, A.B.: I 27, 183, 395, 655;
HI419
Ejima, S.: I 193
Ejiri, A.: U 671
Eliezer, S.: ffl 535
Ellis, R.: U431
Ellis, R.A., Jr. I 97; n 539
Ellis, R.F.: U 419
Ellis, R.J.: m 29
Emaami, M.: I 323
Endicott, R.D.: m 325
Engelhardt, W.: I 67
Englade, R.: H 201
England, A.C.: H 349
Eninger, J.E.: n 751
Equipe Tore Supra: I 9
Erents, S.K.: I 467
Eriksson, L.G.: I 593
Esipov, L.A.: I 645
Esiptchuk, Yu.V.: I 513
Esser, H.G.: I 571
Evans, D.E.: II 431
Evans, T.E.: 1341, 347
Evrard, M.P.: I 593
Fabbro, R.: Ill 51
Fabre, E.: m 51
Fahrbach, H.-U.: I 145, 229, 583
Fan, S.P.: I 293
Faral, B.: m 51
Fedyanin, O.I.: II 359

698
Feldbacher, R.: m 459
Fenstermacher, C.A.: IE 119
FER Design Team: III 299
Fernandez, J.C.: II 539
Ferron, J.: I 83, 193, 527, 669;
II 475; m 487
Fews, P.: m 51, 65
Fidone, I.: Ill 453
Field, A.R.: II 431
Fielding, S.J.: 1461, 541
Fietz, W.A.: HI 381
Figueira, J.F.: III 119
Figura, E.S.: II 565
Fine, K.S.: m 507
Finken, K.-H.: I 453, 571
Foit, J.J.: H 121
Foldes, I.B.: I 353
Fomin, I.P.: II 599
Fonck, R.J.: I 27, 97, 183, 395, 655
Foreman, L.R.: III 119
Forster, J.C.: I 293
Foster, M.S.: I 281, 293
Fraguas, A.L.: H 389
Fredrickson, E.D.: I 27, 183, 257,
307, 395, 655
Freeman, R.L.: I 193, 527
Frigione, D.: I 637
Fritsch, R.: I 583
Fu, Bo: I 121
Fu, G.Y.: n 291, 319
Fuchs, G.: I 571
Fuchs, V.: 1611
Fujii, T.: I 67, 111, 265, 505, 605,
621
Fujimoto, T.: I 563
Fujisawa, A.: II 671
Fujisawa, N.: Ill 299
Fujita, H.: II 677
Fujita, J.: I 287, 387; II 411, 677
Fujita, T.: U 671
Fujiwara, M.: II 411
Fukao, M.: 1563
Fuke, Y.: n 671
Fukuda, T.: 167, 111, 265, 505, 605,
621
Fukuda, Y.: II 671

AUTHOR INDEX
Fukumoto, H.: I 193
Fukuyama, A.: m 435, 441
Funahashi, A.: I 67, 111, 265, 505,
605, 621
Furth, H.P.: I 27, 183, 257, 395;
IH341
Furukawa, H.: I 67
Furutani, Y.: Ill 139
Fussmann, G.: I 145, 229, 583
Fyakhretdinov, A.N.: I 513
Gabellieri, L.: I 637
Gaigneaux, M.: I 571
Galbraith, D.L.: III 89
Galkin, S.A.: II 527; i n 469
Galmiche, D.: HI 175
Galvao, R.: I 367
Gamez, M.L.: m 131, 541
Gammel, G.: I 27, 97, 183, 395, 655
Gan, Dechang: I 121
Gandy, R.F.: I 293; H 349
Gang, F.Y.: II 467
Gao, Qingdi: I 121
Garbet, X.: E 163
Garcia, L.: H 53, 261, 389, 397
Gardner, J.: HI 81
Gardner, W.: I 691
Garner, H.R.: I 347; II 677
Gates, D.: I 415
Gaudreau, M.: I 747
Gauss, S.: Ill 381
Gee, M.: Ill 547
Gehre, O.: I 145, 229, 583
Gentle, K.W.: I 145, 229, 293, 341,
583
Georgievskij, A.V.: II 403
Gerber, R.A.: III 99
Gernhardt, J.: I 145, 229, 583
Gerver, M.: I 747; II 493
Gerwin, R.: II 419
Giannella, R.: I 637
Giannone, L.: I 145, 229, 583
Gierke, G. von: I 145, 229, 583
Giese, P.E.: I 353
Giesen, B.: I 571
Gilbert, J.: m 419
Gill, R.D.: I 377

AUTHOR INDEX
Gimblett, C.G.: II 431
Giudicotti, L.: II 661
Giulietti, A.: Ill 65
Gladush, G.G.: 1239
Glagolev, V.M.: H 651
Glasser, A.H.: n 557
Glaude, V.: 1495
Glendinning, S.G.: HI 29
Glock, E.: I 145, 229, 583
Glowienka, J.C.: II 349
Glukhikh, V.A.: 1239
Goebel, D.M.: I 453, 571
Goetz, J.A.: I 409
Gohil, P.: I 193, 527
Golant, V.E.: 1699
Goldfinger, R.C.: n 349
Goldhar, J.: m 81
Goldstein, S.A.: m 99
Goldston, R.J.: I 27, 67, 183, 307,
395, 655; m 341, 419
Goldstone, P.D.: in 119
Goldsworthy, M.P.: m 181
Golovato, S.N.: II 493
Golovin, I.N.: II 691
Goncharov, S.G.: I 699
Gondhalekar, A.: I 483
Gonzalez, C : HI 131
Goodall, D.H.J.: I 461
Gordeev, A.V.: m 167
Gorelov, Yu.A.: I 513
Gorini, G.: I 367
Gorshkov, A.V.: I 513
Goruppa, A.A.: n 527
Goto, S.: II 705
Gottardi, N.: I 193, 367
Gould, R.W.: in 507
Goulding, R.H.: n 349, 475; III 487
Graessle, D.E.: I 409
Graffrnann, E.: I 571
Grafov, V.N.: H 359
Grande, M.: ffl 65
Grashin, S.A.: I 513
Grassie, K.: I 445; H 41
Gray, I.: m 397
Grebenshchikov, S.E.: II 359
Green, T.S.: m 397

699

Greene, G.J.: I 27, 183, 395, 691;
III 477
Greene, J.M.: I 83, 669; E 65
Greenfield, C M . : I 193; II 441
Gregory, B.C.: I 495
Grek, B.: 127, 183, 395, 655
Gribkov, V.A.: II 579
Grieger, G.: II 369; IH 203, 631
Griesbach, O.: HI 419
Grigor'eva, L.I.: II 599
Grisham, L.R.: I 27, 183, 395, 655
Groebner, R.J.: I 83, 193, 527, 669
Grolli, M.: I 637
Gruber, O.: I 145, 229, 583
Gryaznevich, M.P.: I 699
Gu, Biao: m 493
Guan, Weishu: III 493
Guasp, J.: II 389
Gubarev, S.P.: H 599
Guillaneux, P.: Ill 43
Gunji, H.: I 67
Giinther, K.: n 179
Guo, Dequan: I 137
Guo, Gancheng: I 121
Guo, Qiliang: I 137
Guss, W.C.: II 493
Gutarev, Yu.V.: H 599
Guzdar, P.N.: n 251
Haas, G.: I 145, 193, 229, 341, 583
Haddad, E.: I 495
Hahm, T.S.: II 153, 277
Haines, E.: 1409
Haines, M.G.: H 565; III 65
Halliwell, J.W.: II 349
Hallock, G.: H 493
Hallock, G.A.: I 293
Hamada, S.: U 705
Hamada, Y.: I 287, 347
Hamamatsu, K.: I 67, 111, 265, 505,
605, 621; n 121; m 435
Hamamoto, M.: II 677
Hameiri, E.: H 467
Hamil, R.A.: in 99
Hammel, J.E.: II 557
Hammer, D.A.: HI 147
Hammer, J.H.: m 547

700

AUTHOR INDEX

Hammett, G.W.: 127, 183, 307, 395,
655, 691
Han, J.H.: H 261
Han, W.: I 367
Hanada, K.: 1563
Hanada, M.: I 67
Hanatani, K.: I 551; H 337, 637
Hanson, D.E.: III 119
Hanson, J.D.: H 397
Hara, M.: I 67
Harada, M.: II 337
Haraguchi, K.: I 67
Harbour, P.J.: I 467
Hardtke, A.: I 453
Harmeyer, E.: II 369
Harned, D.S.: II 467
Harris, D.B.: III 119
Harris, J.H.: II 349
Hartman, C.W.: III 547
Hartwig, H.: I 571
Harvey, R.W.: I 193, 527, 669, 759
Hasegawa, A.: m 89, 527
Hasegawa, K.: 1207, 733
Hashkel, A.M.: 1477
Hassam, A.B.: n 251
Hasselberg, G.: n 233
Hastie, R.J.: II 33
Hatcher, C.W.: III 29
Hatchett, S.P.: HI 29
Hattori, K.: II 457, 671
Haubenreich, P.: m 381
Hauer, A.A.: m 119
Hawkes, N.: I 461
Hawryluk, R.J.: 127, 183, 395, 655,
691; m 419
Hayase, K.: 1437
Hayashi, T.: n 145, 637
Hayden, R.J.: H 431
Hazeltine, R.D.: n 131
He, Yexi: I 137
Hedin, E.R.: II 751
Heidbrink, W.W.: I 83, 193
Heifetz, D.B.: in 419
Heindler, M.: HI 459
Heinrichs, G.: Ill 459
Hellerman, M. von: I 367

Hellsten, T.: I 593
Helton, F.J.: I 83, 193; II 65
Helton, J.W.: H 65
Hendel, H.W.: I 27, 183, 257, 395,
655, 691,
Hender, T.C.: 1445; H 41, 431
Henins, I.: II 539
HER Group: n 509
Herold, H.: n 587
Herrmann, H.: I 583
Herrmann, W.: I 145, 229
Hershkowitz, N.: H 475; III 487
Hickok, R.L.: I 293
Hidalgo, C : I 299
Hidekuma, S.: 1287, 347; H 411, 677
Hildebrandt, D.: I 353
Hill, D.N.: I 83, 193, 527, 669
Hill, K.W.: 127, 183, 257, 307, 395,
655; m 419
Hillis, D.L.: H 349
Hinnov, E.: 127, 183, 395
Hino, T.: II 337
Hinton, F.L.: I 193; II 327
Hintz, E.: I 571
Hiraki, N.: I 629
Hirano, Y.: II 457
Hiratsuka, H.: I 67
Hirayama, T.: I 67, 111, 265, 505,
605, 621
Hiroe, S.: II 349
Hiroki, S.: I 67
Hirokura, S.: 1287
Hirooka, Y.: m 419
Hirose, A.: I 323
Hirota, I.: I 437; H 457
Hiruta, K.: 167
Ho, S.K.: m 547
Ho, Y.L.: H 419, 467
Hoenen, F.: I 571
Hoffer, J.K.: m 119
Hoffman, A.L.: II 517
Hoffman, D.: I 691
Hoffman, M.A.: HI 441
Hofmann, J.: I 145, 229, 583
Hofmeister, F.: I 583
Hogan, J.T.: H 65

AUTHOR INDEX
Hojo, H.: H 501
Hokin, S.A.: I 513; H 757
Holdren, J.P.: III 325
Holland, A.: I 97
Holman, G.T.: HI 99
Holmes, A.J.T.: m 397
Holzhauer, E.: I 145, 229, 583
Honda, A.: I 207, 733
Honda, M.: 167, 111, 265, 505, 605,
621
Honda, T.: ffl 299
Honda, Y.: II 727
Hong, B.G.: II 211
Hong, R.-M.: I 83, 193, 669
Honrubia, J.J.: i n 131
Hora, H.: m 181, 535
Horiike, H.: 167, 111, 265, 505, 605,
621
Horiuchi, R.: II 145
Home, S.: H 493
Horton, L.D.: II 349
Horton, W.: II 211
Hosea, J.C.: 127, 183, 395, 691
Hoshino, K.: I 207, 733
Hoshogane, N.: I 621
Hosobuchi, H.: m 299
Hosoda, R.: 167
Hosogane, N.: I 67, 83, 111, 193,
265, 505, 605
Hosokawa, M.: II 411
Hossain, M.: II 273
Hothker, K.: I 571
Hotta, E.: II 757
Houlberg, W.A.: H 13; m 341
Howald, A.M.: I 347; II 677
Howe, H.C.: H 349
Howell, R.B.: I 27, 183, 395, 655
Howl, W.: I 83, 193
Hsieh, C.L.: I 83, 193, 527
Hsu, C.T.: H 97
Hsu, W.L.: HI 419
Hsuan, H.: I 27, 183, 257, 307, 395,
655
HT-6M Group: I 131
Hu, Gao: I 121
Huang, Chaosong: n 509

701

Huang, J.H.: III 309
Huang, L.K.: 1293
Huang, Rong: I 137
Huang, X.P.: m 507
Huang, Zh.Q.: HI 309
Hiibner, K.: I 145, 229, 583
Hughes, M.H.: II 65, 319
Hugill, J.: 1275,445, 461, 541
Hugrass, W.N.: II 517
Hulse, R.A.: I 27, 183, 307, 395
Humphreys, D.R.: HI 99
Hunt, J.P.: m 29
Huo, Yuping: I 137
Ichiguchi, K.: 1551
Ichimura, M.: II 501
ICRF, NBI and NTX Operation
Groups: I 347
ICRH Team: I 453
Ida, K.: 1287, 347; II 411
Ide, S.: I 563
Idei, H.: II 411
Ignacz, P.N.: I 353
Ignat, D.: m 341
Ignitor Program Group: III 357
Iguchi, H.: II 411
Iguchi, T.: II 671
Iida, H.: Ill 299
Iida, K.: I 67
Iida, M.: I 563
Iida, Y.: H 645
Iijima, T.: I 67, 111, 265, 505, 605,
621
lima, M.: I 551; H 337
Iiyoshi, A.: 1551; II 337, 637
Ijiri, Y.: H 337
Ikeda, Y.: I 67, 111, 265, 505, 605,
621
Ikegami, H.: I 287
Il'in, V.I.: I 513
Imai, T.: I 67, 111, 265, 505, 605,
621
Imasaki, K.: Ill 105, 187
Imre, K.: I 611
Ingraham, C : II 431
Ingraham, J.C.: II 419
Inman, M.: HI 397

702

AUTHOR INDEX

Innocente, P.: II 661
Inoue, N.: II 431, 671
Inoue, S.: I 727
Inoue, T.: I 67
INTOR Group: HI 203
Intrator, T.: II 475; III 487
Inui, Y.: Ill 441
Inutake, M.: H 501
Irby, J.H.: II 493
Irzak, M.A.: 1645
Isaev, M.Yu.: n 611
Isaji, N.: 167
Isaka, M.: 167
Ishibori, I.: I 207, 733
Ishida, S.: I 67, 111, 265, 505, 605,
621
Ishii, K.: II 501
Ishikawa, M.: m 441
Ishimura, T.: II 705
Ishizaki, R.: Ill 89
Isler, R.C.: II 349
Isobe, H.: m 153
Itakura, A.: II 501.
Itami, K.: I 67, 111, 265, 505, 605,
621; n 671
Itatani, R.: 1563, 727
Itige, N.: I 67
Ito, T.: I 67, 111, 265, 505, 605, 621
Ito, Y.: n 705
Itoh, K.: I 551; II 23; in 435
Itoh, S.: I 629
Itoh, S.I.: H 23; m 435
Itoh, T.: I 563
Ivanov, A.A.: II 483
Ivanov, N.V.: 1423, 513
Ivers, T.H.: I 415
Iwamasa, M.: I 563
Iwamura, K.: I 563
Izawa, Y.: m 3
Izvozchikov, A.B.: I 699
Jaanimagi, P.A.: i n 17
Jackson, G.L.: I 83, 193, 341
Jacquinot, J.: I 367, 593
Jadoul, M.: 1571
Jaeger, E.F.: 1611
Jaehnig, K.P.: I 27, 183, 395, 655,
691

Jahns, G.L.: I 83, 193
Jakob, B.: Ill 381
Jakubka, K.: I 359
Jakubowski, L.: JJ 737
James, R.A.: I 193, 527, 669
Janeschitz, G.: I 145, 229, 583
Janicki, C : I 495
Janos, A.C.: I 27, 183, 395, 655;
II 539; IH 419
Janz, S.: I 527
Jarboe, T.R.: H 539
Jardin, S.: II 65; III 341
Jarvis, O.N.: I 483, 593
Jassby, D.L.: 127, 183, 257, 395, 655
Jennings, W.C.: I 293
Jernigan, T.C.: II 349
Jerzykiewicz, A.: II 737
JET Team: I 41, 159, 215, 247
Ji, H.: II 671
Jiang, Hongying: I 753
Jiang, W.: m 153
Jitsuno, T.: m 3, 89, 187
Jobes, F.C.: 127, 183, 395, 655, 691;
UI419
Johner, J.: in 453
Johnson, D.J.: EU 99
Johnson, D.L.: HI 99
Johnson, D.W.: I 27, 183, 395, 655
Johnson, J.L.: I 395; II 65, 111;
III 341
Johnson, L.C.: I 27, 183, 257, 395
Johnson, P.C.: I 461, 541
Johnson, P.R.: m 99
Johnson, R.R.: m 159
Johnson, W.A.: m 99
Jones, R.D.: III 119
Jones, S.E.: UI 515
Jotaki, E.: 1629
JT-60 Team: I 67
Junker, J.: H 369
Juraszek, D.: JH 175
Kadomtsev, B.B.: III 227
Kadota, K.: 1287; II 677
Kaeppeler, H.J.: II 587
Kaita, R.: 127,97, 183, 307, 395, 691
Kajiwara, T.: H 337

AUTHOR INDEX

Kakizaki, T.: 167
Kako, E.: I 287
Kakurin, A.M.: 1423, 513
Kallenbach, A.: I 145, 229, 583
Kallne, E.: I 67
Kiillne, J.: I 67
Kalnavarns, J.: 1495
Kdlvin, S.: I 353
Kamada, Y.: 167, 111, 265, 505, 605,
621; II 671
Kamimura, T.: H 153, 411, 637
Kaminaga, A.: I 67
Kamitani, A.: H 727
Kammash, T.: m 89
Kanabe, T.: IH 3
Kaneko, H.: 1551; n 337, 349
Kaneko, O.: 1287, 347; H 411
Kaneko, S.: H 727
Kaneko, T.: I 67
Kania, D.R.: HI 29
Karasev, B.G.: I 239
Kardaun, O.: 1229, 367
Kardon, B.: I 571
Karger, F.: I 145, 229, 341, 583
Karita, A.: I 287
Karlsson, P.: II 751
Karzhavin, Yu.Yu.: 1513
Kasai, S.: 1207, 733
Kashihara, S.: HI 299
Kashiwa, Y.: 1207,733
Kasilov, S.V.: I 707
Katanuma, I.: II 501
Kato, S.: n 337
Kato, T.: I 67; HI 381
Kato, Y.: II 727; m 3
Katsurai, M.: II 645
Kauffman, R.L.: m 29
Kaufmann, M.: I 145, 229, 583
Kawabata, T.: H 337
Kawabe, M.: I 67
Kawahata, K.: I 287, 347, 387
Kawai, M.: I 67
Kawakami, R.: Ill 139
Kawakami, T.: 1207, 733
Kawamata, Y.: I 67
Kawamoto, T.: D 4 1 1 , 677

703

Kawano, Y.: 167, 111, 265, 505, 605,
621
Kawasaki, K.: I 67, 505, 621
Kawasaki, S.: I 629
Kawashima, H.: 1207, 733
Kawasumi, Y.: I 287
Kaye, S.: 197; HI 341
Kazawa, M.: I 207, 733
Kazimi, M.S.: Ill 325
Ke, F.J.: II 77
Kearney, K.: El 81
Keck, R.L.: III 17
Keil, D.: II 475; HI 487
Kellman, A.G.: I 83, 193, 527, 669
Kensek, R.P.: IH 99
Kerbel, G.D.: 1759
Kernbichler, W.: m 459
Kerst, D.W.: II 419, 757
Kesner, J.: 1747; H 493
Kessler, T.J.: in 17
Key, M.: m 65
Khalilov, M.A.: I 699
Khautiev, E.Yu.: H 579
Khimchenko, L.N.: I 353, 461
Khodyachikh, A.V.: n 403
Kholnov, Yu.V.: H 359
Khvostenko, P.P.: I 423
Kieras-Phillips, C : I 27, 183, 395,
691; HI 341
Kihara, Y.: in 139
Kikuchi, K.: I 67, 207, 733
Kikuchi, M.: I 67, 111, 265, 505,
605, 621
Kilkenny, J.D.: IH 29
Kilpatrick, S.J.: I 27, 183, 395, 655;
HI419
Kilpio, Yu.N.: I 513
Kim, H.: ffl 17
Kim, J.: I 83, 193, 669
Kim, J.Y.: 1293
Kim, S.: 1293
Kim, S.K.: 1281
Kim, Y.B.: II 53
Kimura, H.: 167,111,265, 505, 605,
621
Kimura, T.: I 67, 111, 265, 505, 605,
621

704
Kindsfather, R.R.: H 349
Kingsep, A.S.: III 167
Kinoshita, S.: I 83, 193, 669
Kirkwood, R.: 1747
Kishimoto, H.: I 67, 111, 265, 505,
605, 621
Kishimoto, Y.: H 121; HI 435
Kislov, A.Ya.: 1513
Kissel, S.: I 593
Kisslinger, J.: II 369
Kitagawa, S.: I 287, 347
Kitagawa, Y.: m 89
Kitamura, S.: I 67
Kitsunezaki, A.: I 67
Kiwamoto, Y.: II 501
Kiyama, H.: I 437
Kiyama, S.: I 437
Kiyono, K.: I 67
Klesov, V.V.: H 483
Kleva, R.G.: II 131
Kluber, O.: I 145, 229, 583
Knauer, J.P.: m 17
Knowlton, S.: I 593
Kobayashi, N.: I 67, 605
Kobayashi, S.: I 551; II 337
Kobayashi, T.: Ill 299
Koch, R.: I 571
Kociecka, K.: II 737
Kodama, K.: I 67
Koenig, M.: Ill 51
Kogoshi, S.: II 645
Koide, Y.: I 67, 111, 265, 505, 605,
621
Koike, T.: I 67, 111, 265, 505, 605,
621
Kojima, M.: I 287
Kolesnichenko, Ya.L: II 89
Kolik, L.V.: n 359
Koltai, L.: I 353
Komarek, P.: Ill 381
Komata, M.: I 67
Komeiji, S.: Ill 113
Komori, A.: II 337
Kondo, I.: I 67, 111, 265, 505, 605,

621
Kondo, K.: I 551; n 337

AUTHOR INDEX

Kondoh, T.: I 207, 733
Kondoh, Y.: II 457
Konen, L.: I 571
Konishi, K.: I 67
Kononenko, V.I.: II 599
Konoshima, S.: I 67, 111, 265, 505,
605, 621
Konovalov, V.G.: II 599
Kopecky\ V.: I 359
Kornblum, H.N.: HI 29
Kornherr, M.: I 145, 229, 583
Korotkov, A.A.: 1699
Kortbawi, D.: I 409; H 419, 757
Korten, M.: I 571
Kosarev, P.M.: n 691
Koshelev, K.N.: H 579
Kosttsov, Yu.A.: I 699
Kotchenreuther, M.: II 131
Kotsubanov, V.D.: II 599
Koumoto, T.: I 287
Kovalev, S.V.: H 599
Kovrizhnykh, L.M.: n 359, 623, 631
Kovrov, P.E.: 1423, 513
Koyama, K.: 1437; HI 113
Koz'minykh, Yu.L.: H 483
Krakowski, R.A.: III 315, 325
Krall, N.A.: H 721
Krasheninnikov, S.I.: III 469
Krasnikov, Yu.L: II 483
Krauz, V.I.: n 579
Kravchin, B.V.: II 599
Kremens, R.L.: III 17
Krieger, K.: I 145, 229, 583
Krikunov, S.V.: 1699
Kristal, R.: HI 119
Kritz, A.H.: I 759
Krokhin, O.N.: U 579
Kronast, B.: n 517
Krupin, V.A.: I 27, 183, 239, 395
KrysTca, L.: I 359
Krzhizhanovskij, E.R.: II 483
Kubo, H.: I 67, 111, 265, 505, 605,
621
Kubo, S.: 1287; II 411
Kubota, Y.: I 287
Kucheryaev, Yu.A.: II 691

AUTHOR INDEX
Kucinski, J.: I 145
Kugel, H.W.: I 67, 97
Kukushkin, A.S.: m 469
Kumazawa, R.: I 287; II 677
Kumazawa, T.: I 347
Kunieda, S.: 167, 111, 265, 505, 605,
621
Kuo-Petravic, G.: I 395
Kurihara, K.: I 67, 111, 265, 505,
605, 621
Kuriyama, M : I 67, 111, 265, 505,
605, 621
Kuroda, T.: I 287, 347
Kurtmullaev, R.Kh.: II 527
Kusaka, M.: I 67
Kusama, Y.: 167, 111, 265, 505, 605,
621
Kushima, T.: I 67
Kusse, B.R.: III 147
Kuvshinov, B.N.: II 47, 303
Kuznetsov, V.V.: I 513
Kuznetsov, Yu.K.: II 403
Kwon, M.: n 349
Kwon, O.J.: II 53, 277
Kyrazis, D.T.: III 29
LaHaye, R.J.: H 431, 441
Labaune, C : m 51
Lachambre, J.-L.: I 495
Lachkar, J.: IH 43
Lackner, K.: I 145, 229, 583
Lakhin, V.P.: II 303
Lallia, P.P.: I 367; II 191
LaMarche, P.H.: I 27, 395; IE 419
Lamb, M.: IH 65
Lane, B.: I 747; II 493
Lane, S.M.: III 29
Lang, R.S.: I 145, 229, 583
Langer, W.D.: I 27, 395; III 419
Langley, R.A.: II 349; IH 419
Lao, L.L.: I 83, 193, 527, 669
LaPointe, M.A.: I 409
Larionova, N.F.: II 359
Larsen, J.T.: III 159
Laufenberg, J.: II 757
Laukhin, Ya.N.: D 527
Laurent, L.: II 163

705

Lauro-Taroni, L.: I 367
Laux, M.: I 467
Lazarev, S.L.: II 651
Lazaros, A.: II 431
Lazarus, E.A.: I 83, 193
Lazzaro, E.: I 377
LCT Team: III 381
Le Breton, J.-P.: HI 175
Lea, L.M.: III 397
Lean, H.W.: 1275, 593
Lebeau, D.: 1571
Lebedev, S.V.: 1699
LeBlanc, B.: I 27, 97, 183, 395, 655
Leboeuf, J.N.: H 261
LeBrun, M.J.: II 211
LeClair, G.: 1495
Lee, D.K.: II 349
Lee, G.S.: II 13, 261
Lee, J.D.: III 441
Lee, J.K.: I 83; II 277
Lee, P.: I 193
Lee, S.R.: IE 419
Lee, W.W.: II 153
Leeper, R.J.: IH 99
LeHecka, T.: I 193
Lehmberg, R.: HI 81
Lehnert, B.: II 751
Leneva, A.E.: II 651
Lengyel, L.: I 229
Leonard, A.W.: I 347; HI 547
Leonov, V.M.: 1477
Lerche, R.A.: HI 29
Lesnyakov, G.G.: II 599
Letzring, S.A.: ID 17
Levinton, F.M.: II 539
Lewis, H.R.: n 557, 721
Li, G.Q.: III 309
Li, Guoxiang: I 137
Li, Huazhi: I 121
Li, Jin: II 751
Li, Kehua: I 121
Li, Linzhong: I 137
Li, Shubei: I 121
Li, Wenlai: I 753
Li, Youyi: I 121
Li, Zanliang: I 753

706

AUTHOR INDEX

Liang, Wenxue: I 121
Lie, Y.T.: I 571
Likhtenshtejn, V.Kh.: U 691
Likin, K.M.: II 359
Lin, H.: I 293
Lindemuth, I.R.: II 557
Lindl, J.D.: III 29
Lipin, B.M.: 1699
Lisitano, G.: I 145, 229, 583
Lister, J.: I 193
Little, R.: I 27, 183, 395
Litunovskij, R.N.: I 699
Litvinov, A.P.: II 599
Litwin, C : III 487
Liu, C.S.: II 251
Lloyd, B.: I 541
Lockner, T.R.: m 99
Logan, B.G.: 1759; m 325, 441, 547
Lohr, J.M.: I 193, 527, 669
Lomas, P.J.: I 83, 193, 367, 593
Long, J.W.: H431
Longinov, A.V.: I 707
Lopes Cardozo, N.J.: I 323
Lorcher, M.: I 145, 229, 583
Lotz, W.: n 369
Lovberg, R.H.: II 557
Lovell, T.W.: H 419, 757
Lowdermilk, W.H.: in 29
Lowry, C : I 593
Lubell, M.S.: Ill 381
Luce, T.C.: I 193, 527
Luckhardt, S.: I 747
Lue, J.W.: III 381
Luhmann, N.C., Jr.: I 281, 293
Luo, Yaoquan: I 753
Luton, J.N.: in 381
Lutsenko, V.V.: H 89
Luxon, J.L.: I 83, 193, 527
Lynch, V.E.: I 611; H 389, 397
Lyon, J.F.: H 349, 397
Lysojvan, A.I.: I 27, 183, 395, 691
Lyster, P.: II 261
Mabuti, Y.: I 67
MacAulay, A.: I 97
Machuzak, J.: n 493
MacLatchy, C : 1495

Maebara, S.: I 605
Maeda, H.: I 207, 733
Maeda, M.: II 337
Maehara, S.: I 67, 111, 265, 505,
621
Maejima, Y.: 1437; II 457
Maekawa, T.: I 563
Maenchen, J.E.: III 99
Maeno, K.: 167, 111, 265, 505, 605,
621
Magula, P.: 1359
Magyar, G.: I 377
Mahajan, S.M.: II 211, 291
Mahdavi, M.A.: I 83, 193, 527
Mai, H.H.: I 495
Maisonnier, C : I 3
Majeski, R.: II 475; m 487
Maksimov, Yu.S.: I 513
Malakhov, N.P.: I 477
Malmberg, J.H.: m 507
Malyutin, A.I.: H 527
Mancuso, S.: I 637
Manhood, S.: 1541
Mania, A.J.: II 713
Manickam, J.: I 395; II 65; III 341
Manka, C : III 81
Manos, D.M.: 127, 183, 395
Mansfield, D.K.: 127, 183, 257, 307,
395, 655, 691; m 419
Mantica, P.: 1275, 541
Maqueda, R.J.: II 697
Marinucci, M.: I 637
Markelov, V.A.: I 513
Marklin, G.J.: II 539
Marshall, F.J.: m 17
Marshall, T.C.: I 415
Martin, P.: U 431, 661
Martin, T.H.: m 99
Martin, T.J.: II 33
Martinez-Val, J.M.: HI 131
Martini, S.: II 661
Marty, L.: Ill 51
Martynov, D.A.: I 423
Martynov, S.A.: H 403
Masai, K.: 1287, 347; H411
Masamune, S.: II 447

AUTHOR INDEX
Mase, A.: H 501
Masugata, K.: Ill 153
Masumoto, H.: I 287; H 677
Matoba, T.: 167, 111, 265, 505, 605,
621
Matsuda, K.: I 193, 527
Matsuda, S.: 167, 111, 265, 505, 605,
621
Matsuda, T.: I 207, 733
Matsuda, Y.: I 759
Matsukawa, M.: I 67, 111, 265, 505,
605, 621
Matsukawa, T.: I 67, 111, 265, 505,
605, 621
Matsumoto, H.: I 193, 207, 733
Matsumoto, Y.: Ill 113
Matsuo, K.: H 337
Matsuoka, A.: II 447
Matsuoka, K.: H 411
Matsuoka, M.: I 67, 111, 265, 505,
605, 621, 699
Matsushima, I.: Ill 113
Matsuura, H.: II 337
Matsuura, K.: I 347
Matsuzaki, Y.: I 67, 111, 265, 505,
605, 621
Matthews, G.F.: 1461, 541
Matthieussent, G.: Ill 51
Matter, N.: II 261
Mauel, M.E.: 1415; II 291, 319
Maurer, W.: IH 381
Mayberry, M.: I 193
Mayer, H.M.: I 145, 229, 583
Mayo, R.M.: II 539
Mazzitelli, G.: 1637
Mazzucato, E.: I 27, 183, 395
McBride, J.: H 467
McCall, G.: II 565
McCall, G.H.: n 557
McCann, R.T.: I 27, 183, 395, 655
McCarthy, A.L.: I 377, 593
McCarthy, M.P.: I 27, 183, 395
McCool, S.C.: 1281, 293, 341
McCormick, K.: I 145, 229, 583
McCoy, M.G.: 1759
McCracken, G.M.: I 461, 467

707

McCrory, R.L.: m 17
McCune, D.C.: I 27, 183, 307, 395,
655
McDaniel, D.H.: IE 99
McDonald, T.E.: III 119
McGrath, R.T.: I 453; m 419
McGuire, K.M.: 127, 183, 307, 395,
655
McKay, P.F.: III 99
McKenty, P.W.: HI 17
McLean, H.: m 547
McMarche, P.H.: I 183
McNeill, D.H.: I 27, 183, 395, 655
Mead, W.C.: m 119
Meade, D.M.: I 27, 183, 395
Meassick, S.: H 475; III 487
Medley, S.S.: I 27, 183, 307, 395,
655, 691; III 419
Medvedev, A.A.: 1513
Meeker, D.J.: III 547
Mehlhorn, T.A.: III 99
Meisel, D.: I 145, 229, 583
Meiss, J.D.: H 131
Menon, M.M.: II 349
Merkel, P.: H 369
Merlin, D.: n 661
Mertens, V.: I 145, 229, 583
Meshcheryakov, A.I.: II 359
Messiaen, A.M.: I 571
Meyer, B.: Ill 175
Meyerhofer, D.D.: m 147
Michard, A.: ffl 51
Migliuolo, S.: H 201, 243
Mikhajlov, M.I.: II 611
Mikhajlovskij, A.B.: II 47, 303
Miki, N.: Ill 299
Mikic, Z.: H 721
Mikkelsen, D.R.: 127, 183, 257, 395
Millar, W.: I 275, 541
Miller, A.: I 395
Miller, G.: U 419
Miller, R.L.: I 669, 681; H 291
Mills, B.E.: ffl 419
Milroy, R.D.: II 517, 721
Mima, K.: HI 3, 89, 139, 187
Minagawa, H.: II 337

708
Miner, W.H.: 1293; III 369
Minguez, E.: Ill 131, 541
Minyaev, O.A.: I 699
Mioduszewski, P.K.: II 349
Minn, A.A.: E 721; III 547
Mironov, Yu.K.: U 599
Miroshnikov, I.V.: I 513
Misguich, J.H.: m 521
Mitarai, O.: I 323
Miura, Y.: 167, 207, 733
Miya, N.: I 67, 111, 265, 505, 605,
621
Miyachi, K.: I 67, 111, 265, 505,
605, 621
Miyahara, A.: I 453
Miyamoto, K.: I 387; II 671
Miyamoto, S.: m 105
Miyanaga, N.: Ill 3, 89, 187
Miyazaki, K.: m 441
Miyo, Y.: I 67
Miyoshi, S.: II 501
Mizoguchi, T.: Ill 299
Mizuno, M.: 167, 111,265, 505, 605,
621
Mizuuchi, T.: I 551; II 337, 349
Moeller, C.P.: I 193, 527
Mogaki, K.: I 67
Mohri, A.: 1287, 347; II 411
Mompea'n, F.: I 299
Mondino, P.L.: I 67
Monoszon, N.A.: I 239
Montgomery, D.B.: IE 341
Monticello, D.A.: I 395
Montvai, A.: II 369
Moreau, D.: I 721
Morgan, P.D.: I 483
Mori, M.: 167, 207, 733
Mori, S.: m 299
Mori, T.: I 287
Morikawa, J.: II 671
Morimoto, H.: II 671
Morimoto, S.: I 551; E 337
Morishita, T.: m 435
Morita, S.: 1287, 347; II 411
Moriyama, S.: I 67, 605, 629
Morris, A.W.: 1445

AUTHOR INDEX
Morrison, P.J.: II 131
Morse, E.: HI 547
Moschella, J.J.: in 147
Moses, R.W., Jr.: II 419, 431
Mostovych, A.: IE 81
Motley, R.W.: I 27, 183, 257, 395;
II 539
Motojima, O.: I 551; II 337, 349
Mourgues, F.: II 163
Moyer, R.A.: I 409, 453
Mozin, I.V.: I 239
Mucchielli, F.: Ill 175
Mueller, D.: 127, 183, 307, 395, 655,
691; III 419
Muir, D.: I 367
Miiller, E.R.: I 145, 229, 583
Munro, D.H.: EU 29
Munson, C.P.: II 419
Murakami, M.: H 349; III 3, 187
Murakami, Y.: I 27, 183, 395; II 671
Muraoka, K.: II 337
Murmann, H.D.: I 145, 229, 583
Murphy, A.B.: I 583
Murphy, J.A.: I 27, 183, 395, 655
Murphy, T.: I 257
Muto, M.: I 67
Mutoh, T.: I 551; II 337
Myer, R.: n 493; El 341
Mynick, H.E.: II 111
Nabatov, A.L.: I 513
Nagami, M.: I 67, 111, 265, 505,
605, 621
Nagao, A.: I 629
Nagase, K.: I 67
Nagashima, A.: I 67, 111, 265, 505,
605, 621
Nagashima, K.: I 67, 111, 265, 505,
605, 621
Nagashima, T.: I 67, 111, 265, 505,
605, 621
Nagata, A.: II 447
Nagata, M.: II 539
Nagaya, S.: I 67
Nagayama, Y.: I 387; E 671
Naito, O.: I 67, 111, 265, 505, 605,
621

AUTHOR INDEX

Naitou, H.: n 153
Najmabadi, F.: Ill 315
Nakach, R.: Ill 521
Nakai, M.: HI 3
Nakai, S.: m 3, 89, 105, 139, 187
Nakamura, H.: I 67, 111, 265, 505,
605, 621
Nakamura, K.: I 629
Nakamura, M.: I 563
Nakamura, Y.: I 67, 629; II 337, 637
Nakashima, K.: ID 299
Nakashima, Y.: n 501
Nakasuga, M.: II 337
Nakatsuka, M.: m 187
Nakatsuka, T.: in 3
Nakayama, Y.: n 145
Nakazawa, I.: 1207, 733
Nakazawa, M.: II 671
Nanobashvili, S.: I 359
Nardi, V.: II 743
Narihara, K.: I 287
Navarro, A.P.: I 299
Navratil, G.A.: I 415; II 319; m 499
Nawrot, W.: H 737
Nazarov, N.I.: II 599
Nebel, R.A.: 11419,467, 557
Neilson, G.H.: II 349
Nelson, B.: m 487
Nemoto, M.: I 67, 111, 265, 505,
605, 621
NET Team: m 285
Neudachin, S.V.: I 513
Neufeld, C.R.: 1495
Neuhauser, J.: I 145, 229, 583
Nevins, W.M.: I 759; III 547
Newton, A.A.: II 431
Neyatani, Y.: 167, 83, 111, 193,
265, 505, 605, 621
Nicolle, J.-P.: m 175
Niedermeyer, H.: I 145, 229, 583
Nielsen, P.: I 593
Nieschmidt, E.B.: 127, 183, 257, 395
Nihei, H.: II 671
Nikolskij, I.K.: H 599
Nilles, E.J.: II 419, 757
Ning, Z.: I 409

709

Ninomiya, H.: I 67, 111, 265, 505,
605, 621
Nishiguchi, A.: Ill 3, 139
Nishihara, K.: m 3, 89, 139, 187
Nishikawa, M.: II 727
Nishimura, H.: Ill 3, 89, 187
Nishimura, K.: H 4 1 1 , 677
Nishimura, M.: II 337
Nishino, N.: I 67, 111, 265
Nishio, S.: m 299
Nishitani, T.: I 67, 111, 265, 505,
605, 621
Nishizawa, A.: 1287; II 411
Nobusaka, H.: I 67
Noda, N.: 1387, 551; H 337, 411
Nogi, Y.: II 705
Nolte, R.: I 145, 229, 583
Nomoto, H.: I 67
Noonan, P.G.: II 431
Norimatsu, T.: in 3, 187
Norreys, P.: m 65
Noterdaeme, J.-M.: I 145, 229, 583
Notkin, G.E.: I 513
Novakovskij, S.V.: H 303
Novik, K.M.: I 645
Novikov, V.M.: I 513
Niihrenberg, J.: H 369
Obara, K.: I 67
Obenschain, S.: Ill 81
Obiki, T.: I 551; E 337
Obinata, H.: I 67
O'Brien, M.: I 541
Obysov, V.A.: H 691
Ocafia, J.L.: HI 131
Oda, T.: n 337, 677
Odajima, K.: I 111, 207, 265,
605, 621, 733
Odazima, K.: I 67, 505
Ogawa, H.: 1207, 733
Ogawa, I.: I 287
Ogawa, K.: II 457
Ogawa, T.: 1207, 733
Ogawa, Y.: I 67, 287, 347, 583
Ogiwara, N.: I 67, 111, 265, 505,
605, 621
Ogura, K.: 1563

710
Ohara, Y.: I 67
Ohasa, K.: I 67, 207, 733
Ohga, T.: I 67, 111, 265, 505, 605,
621
Ohgo, T.: II 677
Ohi, S.: II 705
Ohkawa, T.: I 83, 193, 681; II 23
Ohkubo, K.: I 287
Ohkubo, M.: I 67
Ohmori, J.: HI 299
Ohsaki, H.: II 645
Ohshima, T.: I 67
Ohta, K.: I 67
Ohta, M.: I 67, 111, 265, 505, 605,
621
Ohtake, I.: II 337
Ohtsuka, H.: I 207, 733
Ohuchi, S.: 167
Ohuchi, Y.: 167
Ohyabu, N.: I 193, 341; II 277
Oikawa, A.: I 67
Oka, Y.: I 287
Okabayashi, M.: I 97
Okada, H.: I 551; H 337
Okada, S.: II 517, 705
Okajima, S.: I 287
Okamoto, M.: HI 441
Okamura, S.: I 287, 347; H 411, 677
Okano, H.: I 207, 733
Okazaki, T.: I 527
Okuda, I.: IH 113
Okumura, Y.: I 67
Okuno, K.: IH 381
Okuyama, H.: II 645
Olsen, J.N.: HI 99
Omori, K.: I 67, 111, 265, 505, 605,
621
Omori, S.: I 67, 111, 265, 505, 605,
621
Omori, Y.: I 67
Ongena, J.: I 571
Ono, M.: I 97, 415; HI 477
Ono, Y.: II 539
Oohara, H.: I 67
Oomens, A.A.M.: I 437
Opaleva, G.P.: n 599

AUTHOR INDEX
O'Rourke, J.: I 377, 483, 593
Orsitto, F.: I 637
Ortolani, S.: II 661
Osborne, T.H.: I 83, 193, 527, 669
Oshiyama, H.: II 447
Osipenko, M.V.: II 221
Ottaviani, M.: II 171
Ouroua, A.: I 293
Ouvry, J.: m 43
Overskei, D.O.: I 83, 193
Owadano, Y.: m 113
Owens, D.K.: I 27, 183, 395, 655,
691; m 419
Oyama, H.: n 337
Ozaki, T.: 1287, 347
Ozeki, T.: I 67, 83, 111, 193, 265,
505, 527, 605, 621
Paccagnella, R.: II 431, 661
Pacher, G.W.: 1495
Pacher, H.D.: I 495
Painter, S.L.: II 397
Panaccione, L.: I 637
Panov, D.A.: II 691
Parail, V.V.: II 3
Pardo, C : I 299
Pare", V.K.: H 349
Parham, B.J.: 1275
Park, H.K.: 127, 183, 257, 395, 655;
m 419, 477
Park, W.: I 395
Parker, R.R.: II 65; III 341, 557
Parks, P.B.: HI 547
Pashnev, V.K.: H 599
Pasqualotto, R.: II 661
Paszti, F.: 1353
Patel, A.: II 431
Patlay, I.I.: II 599
Patterson, D.M.: I 293
Paul, S.: I 97
Pautasso, G.: I 655
Pavlichenko, O.S.: II 599
Pavlov, I.P.: I 699
Pavlov, S.S.: 1707
Pavlova, G.P.: II 599
Pawley, C : m 81
Pawtowicz, W.: Ill 75

AUTHOR INDEX
Paynter, R.: I 495
Pedrosa, M.A.: I 299
Peebles, W.A.: I 193, 281, 293
Pegoraro, F.: I 377; II 201, 243
Peletminskaya, V.G.: II 403
Peng, L.L.: n 475
Penn, K.J.: III 99
Peranich, L.S.: I 347
Perepelkin, N.F.: II 349, 599
Pereverzev, G.V.: I 739
Pericoli-Ridolfini, V.: I 637
Perkins, F.W.: II 111, 153; m 369
Perkins, L.J.: m 547
Perkins, S.: I 193
Perlado, J.M.: III 131
Perry, M.: I 83, 193, 527
Persing, H.: II 475; HI 487
Pes'id, S.: 1767
Petersen, P.I.: I 83, 193, 669
Petravich, G.: I 353
Petrie, T.W.: I 83, 193
Petrov, A.E.: H 359
Peyser, T.: m 81
Philipono, R.: I 193
Phillion, D.W.: m 29
Phillips, J.C.: I 83, 193
Phillips, M-: HI 341
Phillips, M.W.: n 65, 319
Phillips, P.E.: I 293
Pickrell, M.M.: II 419
Pieroni, L.: I 637
Pietrzyk, Z.A.: II 517
Pillsbury, R.: m 341
Pimenov, A.B.: I 513
Pinos, I.B.: II 599
Pinsker, R.: I 193
Pismennyj, V.D.: I 239
Pistunovich, V.I.: m 469
Pitcher, C.S.: 1461, 467
Pitts, R.A.: I 275, 541
Plyusnin, V.V.: II 599
Podda, S.: 1637
Pogutse, O.P.: II 221
Poirier, D.: I 495
Politzer, P.A.: I 193, 669
Polyakova, G.N.: II 599

711

Pomphrey, N.: II 65; m 341
Ponomarenko, N.P.: II 599
Pontau, A.E.: III 419
Popov, I.A.: I 513
Popov, S.N.: n 359
Popovichev, S.V.: I 513
Porcelli, F.: I 377; II 201, 243
Porkolab, M.: I 747, 759; m 341
Porter, G.D.: I 83, 193, 669
Poschenrieder, W.: I 145, 229, 583
Pospieszczyk, A.: I 571
Post, D.: m 233
Post, D.E.: m 341
Post, R.S.: I 747; U 493
Potemkin, N.R.: I 513
Poukey, J.W.: m 99
Powell, C : H 743
Powell, E.: I 97
Poznyak, V.I.: 1513
Prager, S.C.: I 409; II 419, 467, 757
Prater, R.: I 193, 527
Pregenzer, A.L.: III 99
Preische, S.: I 97
Prestwich, K.R.: m 99
Probert, P.: H 475; III 487
Pronko, M.: HI 81
Pu, Y.K.: II 201
Puiatti, M.E.: II 661
Puri, S.: I 583
Pustovitov, V.D.: II 611
Pyatak, A.I.: I 707
Qi, Xiazhi: I 753
Qian, Shangjie: I 121
Qin, Pinjain: I 137
Qin, Yunwen: I 121
Qiu, Lijian: II 509
Quintenz, J.P.: m 99
Raman, R.: II 517
Ramirez, J.J.: m 99
Ramos, J.: I 747
Ramsey, A.T.: I 27, 183, 257, 307,
395, 655; HI 419
Ran, L.B.: I 145
Rasmussen, D.A.: II 349
Ratel, G.: 1495
Rau, F.: II 369

712
Rax, J.M.: I 721
Razdobarin, G.T.: 1699
Razumova, K.A.: I 513
Rebut, P.H.: I 367; II 191; III 403
Redi, M.H.: I 27, 183, 257, 395;
II 153
Reiman, A.H.: II 111
Rej, D.J.: II 517
Remkes, G.J.J.: I 323
Rempel, T.D.: I 409; II 419, 757
Remsen, D.B.: I 193
Ren, Zhaoxing: II 509
Renk, T.J.: m 99
Rensink, M.E.: I 193
Reshetnyak, N.G.: II 579
Ress, D.B.: III 29
Reusch, M.: 197
Reuther, T.C.: in 429
Rewoldt, G.: II 77, 153
Reznik, S.N.: II 89
Rhodes, T.L.: I 293
Richard, N.: I 495
Richards, B.: I 293
Richet, J.-N.: HI 175
Rickard, G.J.: II 565; III 65
Riedel, K.S.: 1445
Riedler, J.: Ill 459
Riemer, B.W.: m 299
Righetti, G.B.: I 637
Riley, D.: m 65
Ritz, C.P.: 1293; II 277
Riviere, A.C.: 1541
Roberts, D.: H 475; in 487
Roberts, D.E.: I 145, 229, 583
Robertson, E.: HI 65
Robertson, S.: II 431
Robinson, D.C.: I 275, 445, 541
Rochau, G.: m 99
Rodichkin, I.G.: I 513
Rodrigo, A.B.: II 697
Rogister, A.: II 233
Rognlien, T.D.: I 759
Rogozin, A.I.: II 483
Rohr, H.: I 145, 229, 583
Roj, I.N.: I 513
Romain, J.P.: III 51

AUTHOR INDEX
Romanelli, F.: 1637; II 171
Rondeau, G.D.: III 147
Roquemore, A.L.: 127,183, 395, 655
Rose, S.: Ill 65
Rosenau, P.: II 557
Rosenbluth, M.N.: II 261, 291, 319
Rosenthal, S.E.: in 99
Roshchin, V.I.: U 359
Roslyakov, G.V.: H 483
Rosocha, L.A.: III 119
Ross, D.W.: I 293; II 131, 291;

m 369
Ross, G.: I 495
Roth, J.: I 145
Roubin, J.P.: II 163
Rowan, W.L.: I 293, 341
Rowcliffe, A.F.: m 429
Rozhdestvenskij, V.V.: I 699
Rubtsov, K.S.: II 403
Rudakov, L.I.: m 167
Rudakov, V.A.: U 403
Rudyj, A.: I 145, 229, 583
Ruiz, C.L.: III 99
Rumsby, P.: HI 65
Rusbridge, M.G.: U 431
Rusbuldt, D.: 1571
Rutherford, P.H.: I 27, 183, 395;
II 77; UI 341
Ryter, F.: I 145, 229, 583
Saadat, S.: HI 65
Sabbagh, S.A.: II 319
Sack, C : I 367
Sadler, G.: 1483, 593
Sadowski, M.: H 737
Saegusa, M.: I 67
Safronov, V.M.: II 683
Sagara, A.: 1287,453
Saigusa, M.: I 111, 265, 505, 605,
621
Saint-Jacques, R.A.: I 495
Saint-Onge, M.: 1495
Saito, K.: II 457, 671
Saito, R;: m 299
Saito, T.: I 27, 183, 257, 395; H 501
Saitoh, N.: 167
Sakamoto, K.: I 67, 111, 193, 265,
505, 527, 605, 621

AUTHOR INDEX
Sakamoto, M.: 1287, 347
Sakamoto, Y.: II 337
Sakanaka, P.H.: II 713
Sakasai, A.: 167, 111, 265, 505, 605,
621
Sakata, S.: I 67
Sakharov, N.V.: I 699
Salpietro, E.: m 245
Saltmarsh, M.J.: II 349
Salukvadze, R.G.: II 579
Samain, A.: 1721; II 163
Samm, U.: I 571
Sandmann, W.: I 145, 229, 583
Sannikov, V.V.: I 513
Sano, F.: 1551; II 337, 349
Santi, D.: I 637
Santini, F.: I 637
Sanuki, H.: II 411, 637
Sapozhnikov, A.V.: II 359
Sarff, J.S.: II 419, 757
Sarkissian, A.: I 323
Sarksyan, K.A.: II 359
Sasajima, T.: I 67
Sasaki, T.: m 3
Sasao, M.: I 287
Satherblom, H.E.: n 751
Sato, E.: I 207, 733
Sato, K.: 1287
Sato, K.I.: n 447
Sato, K.N.: I 287, 347
Sato, M.: I 111, 265, 505, 551,
605, 621; II 337
Sato, T.: I 287; II 145, 637, 677;
IE 527
Sato, Y.: 1437
Satomi, N.: H 539, 727
Satou, K.: I 67
Satou, M.: I 67
Sauthoff, N.R.: I 27, 183, 395
Savrukhin, P.V.: I 513
Sawada, K.: II 501
Sawahata, M.: I 67
Sayer, R.: Ill 341
Sbitnikova, I.S.: H 359
Scapin, M.: II 661
Scarin, P.: II 661

713

Scarmozzino, R.: Ill 499
Schaffer, M.J.: I 193, 669; H 441
Scheffel, J.: H 751
Schilling, G.: I 27, 183, 395, 655
Schirmann, D.: HI 175
Schissel, D.P.: I 83, 193
Schivell, J.: 127, 183, 395, 655;
IE 419
Schluter, A.: H 369
Schluter, J.: I 571
Schmidt, G.L.: I 27, 183, 367, 395
Schmidt, H.: H 587
Schmidt, J.: m 341
Schmitt, A.: m 81
Schnack, D.D.: H 467
Schneider, F.: I 145, 229, 583
Schneider, U.: I 145, 229, 583
Schoch, P.M.: I 293
Schoenberg, K.F.: n 419
Schofield, A.E.: H 419
Schopf, K.: EI459
Schroeder, U.: Ill 131
Schultz, K.R.: III 315, 325
Schurtz, G.: Ill 175
Schweer, B.: I 571
Schwenterly, S.W.: HI 381
Scott, S.D.: I 27, 183, 307, 395, 655
Scoville, J.T.: 183, 193
Scudder, D.W.: II 557
Sebata, T.: I 67
Seghayer, S.A.: 1477
Segre, S.E.: I 637
Seimiya, M.: I 67, 111, 265, 505,
605, 621

Seka, W.D.: HI 17
Seki, H.: H 645
Seki, M.: I 67, 111, 265, 505, 605,
621
Seki, S.: I 67, 111, 265, 505, 605,
621
Seki, Y,: m 299
Sekiguchi, A.: IH 499
Sekiguchi, T.: II 645
Sekimoto, H.: m 441
Semenov, V.N.: H 527
Sen, A.K.: m 499

714

AUTHOR INDEX

Sengoku, S.: 1207,733
Senju, T.: H 337
Seraydarian, R.P.: I 83, 193
Sergeev, V.Yu.: I 513
Sergeev, Yu.F.: II 403
Sesnic, S.: I 97
Sevillano, E.: I 145, 229, 583; II 493
Sgro, A.G.: II 721
Shafranov, V.D.: H 611
Shaing, K.C.: H 13, 53
Shakhatre, M.: H 587
Shakhovets, K.G.: I 699
Shang, Zhenkui: III 493
Shapoval, A.N.: II 599
Shasharina, S.G.: II 623
Shats, M.G.: I 359; H 359
Shchepetov, S.V.: n 631
Shcherbakov, A.G.: II 691
Shcherbinin, O.N.: I 699
Sheehey, P.T.: H 557
Sheffield, G.: in 341
Sheffield, J.: H 349, 397; III 369, 577
Shen, W.: II 419, 757
Shen, X.M.: I 571
Sheng, G.Zh.: HI 309
Sherbak, A.F.: 1513
Shi, Bingren: I 121
Shi, H.W.: m 309
Shibanuma, K.: I 67
Shibata, T.: 1207, 733
Shiina, S.: II 457
Shiina, T.: 1207, 733
Shimada, M.: I 83, 193
Shimada, R.: I 67
Shimada, T.: I 67; H 457
Shimamoto, S.: Ill 381
Shimamura, S.: II 705
Shimbo, F.: I 287
Shimizu, K.: 167,111,265, 505, 605,
621
Shimizu, M.: I 67, 111, 265, 505,
605, 621
Shimoji, K.: II 671
Shimomura, Y.: I 67, 111, 265, 505,
605, 621; HI 273
Shimotori, Y.: m 153

Shinohara, S.: II 671
Shinozaki, S.: I 67
Shipman, J.: Ill 81
Shiraga, H.: m 3
Shirai, A.: H 671
Shirai, H.: I 67, 111, 265, 505, 605,
621
Shirakata, H.: I 67, 111, 265, 505,
605, 621
Shishkin, A.A.: H 403, 599
Shishkin, B.V.: I 513
Shitomi, M.: I 67
Shlachter, J.S.: II 557
Shoji, T.: 1207,733; II 411
Shpigel', I.S.: H 359
Shugaev, D.Yu.: I 513
Shumaker, D.E.: II 721; m 547
Shurygin, R.V.: H 221
Shvets, O.M.: H 599
Sidelnikov, Yu.V.: II 579
Sidnev, V.V.: II 683
Siemon, R.E.: II 517
Sigmar, D.J.: II 97; III 341
Siller, G.: I 145, 229, 583
Simm, C : 1495
Simmet, E.: I 145, 229, 583
Simonen, T.C.: I 83, 193, 527, 669
Simonetto, A.: I 275, 541
Simpkins, J.E.: II 349
Simpson, W.W.: m 99
Sing, D.: I 293
Singh, R.: H 233
Sinnis, J.C.: I 27, 183, 395
Sitt, B.: Ill 43
Skarsgard, H.M.: I 323
Skibenko, A.I.: II 599
Skfadnik-Sadowska, E.: H 737
Skovoroda, A.A.: II 691
Skupsky, S.: Ill 17
Skvortsov, Yu.V.: H 683
Skvortsova, N.N.: II 359
Slavnyj, A.S.: II 599
Slough, J.T.: H517
Slutz, S.A.: IE 99
Smeulders, P.: I 367, 377
Smirnova, A.D.: U 359

AUTHOR INDEX
Smith, D.K.: II 493
Smith, D.L.: in 429
Smith, G.R.: I 759
Smith, R.: n 517
Smith, R.A.: m 507
Smithe, D.: I 691
Smoiyakov, A.I.: II 303
Snider, R.T.: I 83, 193, 527
Sobehart, J.L.: II 697
Soboleva, T.K.: m 469
Sokolov, M.M.: I 513
Soldner, F.X.: I 67, 145, 229, 583
Solntsev, A.M.: I 513
Soltwisch, H.: 1571
Solvin, D.R.: m 547
Soures, J.M.: i n 17
Speck, D.R.: m 29
Speth, E.: I 145, 229, 583
Spong, D.A.: II 53
Spragins, C.W.: II 419, 757
Sprott, J.C.: 1409; II 419, 757
Squire, J.: I 747
St. John, H.: I 83, 193, 669
Stabler, A.: I 145, 229, 583
Stacey, W.M.: III 199
Staebler, G.M.: I 193; H 327
Stallard, B.W.: I 193, 527, 669
Stambaugh, R.D.: 183, 193, 527, 669
Stamp, M.F.: 1467
Stamper, J.: m 81
Stangeby, P.C.: 1461,467
Stansfield, B.L.: I 495
Start, D.F.H.: I 367, 377, 593
Staudenmeier, J.L.: II 721
Stav, R.D.: I 83, 193
Steiner, D.: Ill 315
Steinmetz, K.: I 583
Stening, R.J.: m 181
Stepanenko, M.M.: I 513
Stepanov, A.Yu.: I 645
Stepanov, K.N.: I 707
Steuer, K.-H.: I 145, 229, 583
Stevens, D.C.: I 611
Stevens, J.E.: I 27, 183, 395, 655,
6 9 1 ; i n 419
Stinnett, R.W.: i n 99

715

Stix, T.H.: HI 477
Stockdale, R.E.: I 83, 193, 527
Stockel, J.: I 359
Stodiek, W.: 127, 183, 395
Storm, E.: HI 29
Stotler, D.: Ill 341
Stott, P.E.: 1467
Strachan, J.D.: I 183, 257
Strait, E.J.: I 83, 193, 527, 669
Stratton, B.C.: I 27, 183, 307, 395,
655; III 419
Strauss, H.R.: H 273, 467
Strelkov, V.S.: I 513
Strickler, D.: IE 341
Stringer, T.E.: I 367
Stroth, U.: I 83, 145, 193, 229, 583
Struckman, C.K.: i n 147
Stubberfield, P.: I 377
Stygar, W.A.: i n 99
Sudan, R.N.: m 147
Sudo, S.: 1551; II 337
Suemitsu, H.: I 563
Sugai, H.: n 337
Suganuma, K.: I 67
Sugawara, T.: I 67
Sugie, T . : I 6 7 , 111,265,505,605,
621
Sugihara, M.: m 299
Sugimoto, S.: H 705
Sugisaki, K.: 1437
Sugiyama, L.: H 201
SukhodoFskij, V.N.: n 359
Sullivan, J.D.: n 493
Summers, D.D.R.: I 467
Sunaoshi, H.: I 67
Sundaram, A.K.: II 53
Sushkov, A.V.: I 513
Suter, L.J.: HI 29
Suzuki, K.: I 67, 207, 733; H 637
Suzuki, M.: 167
Suzuki, N.: 167,207, 733
Suzuki, S.: I 67
Suzuki, T.: HI 441
Suzuki, Y.: 167
Swain, D.: I 691
Sweeney, M.A.: m 99

716

AUTHOR INDEX

Sydora, R.D.: II 153
Synakowski, E.: I 293
Szichman, H.: in 535
Szigeti, J.: 1353
Szydtowski, A.: II 737
Tachibana, H.: I 67
Taggart, D.P.: II 517
Tagle, A.J.: I 467
Tait, G.D.: 127, 183, 395, 655, 691;
IH419
Tajima, T.: II 211
Takabe, H.: HI 3, 105, 139, 187
Takagi, M.: Ill 3
Takahashi, C : II 411
Takahashi, H.: 197
Takahashi, M.: 167,265
Takahashi, S.: I 67, 111, 265, 505,
605, 621
Takahashi, T.: I 67; II 705
Takahashi, Y.: m 381
Takasaki, M.: I 67
Takase, Y.: I 67, 307
Takatsu, H.: 167, 111, 265, 505, 605,
621
Takeda, S.: I 437
Takeiri, Y.: I 551; n 337
Takeno, H.: I 727
Takeshita, A.: I 67
Takeuchi, H.: I 67, 111, 265, 505,
605, 621
Takita, Y.: II 411
Takiyama, K.: II 677
Takizuka, T.: I 67, 605; n 121
Takuma, H.: m 125
Tamai, H.: I 207, 733
Tamano, T.: II 441
Tamaru, T.: II 447
Tamura, S.: 167, 111, 265, 505, 605,
621
Tan, Fuzhuan: I 753
Tan, I.: 1409
Tanahashi, S.: 1287, 347, 387; II411
Tanaka, H.: 1563
Tanaka, K.A.: m 3
Tanaka, Motohiko: III 527
Tanaka, S.: I 67, 563

Tanaka, T.: 167; II 645
Tanaka, Y.: 167, 111, 265, 505, 605,
621
Tang, Jihui: I 753
Tang, W.M.: II 153
Tanga, A.: I 593
Tani, K.: I 67, 111, 265, 505, 605,
621
Tani, K.: II 121
Tani, T.: I 207, 733
Taniguchi, Y.: I 287
Tanimoto, M.: HI 113
Tarabrin, Yu.A.: II 691
Tarakanov, A.V.: I 513
Taran, V.S.: II 599
Tarasyan, K.N.: 1513
Taroni, A.: I 367
Tataronis, J.A.: HI 487
Taylor, G : I 27, 183, 257, 395, 655,
691
Taylor, P.L.: I 193; II 441
Taylor, T.: I 527
Taylor, T.S.: I 83, 669
Taylor, T.T.: I 193
Tennfors, E.: II 751
Terakado, M.: I 67
Terakado, T.: I 67
Ternopol, A.M.: I 461
Terreault, B.: I 495
Terry, P.W.: I 293; H 261, 277;
III 369
Terumichi, Y.: I 563
TEXTORTeam: 1331,453
TFTR Group: I 257, 307, 655, 691;
in 419
Thayer, D.R.: II 277
Theriault, D.: I 495
Thiell, G.: IH 175
Thiessen, A.R.: III 29
Thoe, R.S.: III 29
Thomas, C.E.: n 349
Thomas, D.: I 293
Thomas, P.R.: I 67, 367, 593
Thome, R.: m 341
Thomsen, K.: 1367, 593
Tibone, F.: I 367

AUTHOR INDEX
Tietbohl, G.L.: III 29
Timberlake, J.R.: 127, 183, 395, 655
Timonin, V.V.: I 513
Titishov, K.B.: I 513
TJ-I Group: I 299
Tkhoryak, T.O.: n 599
Tobita, K.: I 67, 111, 265, 505, 605,
621
Todd, A.M.M.: II 65, 319
Todd, T.N.: I 445
Todoroki, J.: II 411, 637
Toi, K.: 1287, 347
Tokutake, T.: 167, 207, 733
Tomabechi, K.: m 215
Tomie, T.: m 113
Tomita, Y.: 1347
Tong, Xingde: I 137
Tonini, G.: I 637
Torti, R.: II 493
Totsuji, H.: Ill 139
Totsuka, T.: I 67
Towner, H.H.: I 27, 183, 395, 655
Toyarria, H.: n 671
Toyoda, H.: H 337
Toyoshima, N.: I 67, 111, 265, 505,
605, 621
Trost, P.K.: I 193
Trubnikov, B.A.: II 651
Trukhin, V.M.: I 513
Tsai, S.T.: n 77
Tsidulko, Yu.A.: II 483
Tsigankov, V.A.: II 359
Tsois, N.: I 145, 229, 583
Tsubouchi, D.: II 501
Tsugita, T.: I 67
Tsui, H.Y.W.: II 431
Tsuji, S.: I 67, 111, 265, 387, 505,
605, 621
Tsukahara, Y.: I 67
Tsuneoka, M.: I 67, 111, 265, 505,
605, 621
Tsuzuki, K.: II 411
Tsuzuki, T.: I 287
Tubbing, B.: I 593
Tuccillo, A.A.: 1637
Tudisco, O.: I 637

717

Turman, B.N.: in 99
Turnbull, A.D.: I 83, 193
Turner, R.E.: in 29
Tuszewski, M.: n 517
Uchimoto, E.: I 409
Uckan, T.: U 349
Ueda, K.: Ill 125
Ueda, N.: n 23
Ueda, Y.: II 539, 705
Uehara, K.: I 67, 111, 265, 505, 605,
621
Uesugi, Y.: 1207, 733
Ulbricht, A.: m 381
Ulrickson, M.: I 27, 183, 395, 655,
691; in 419
Umehara, M.: I 67
Umoto, J.: Ill 441
Uno, S.: I 207, 733
Uramoto, Y.: I 67
Usami, H.: I 67
Ushigusa, K.: I 67, 111, 265, 505,
605, 621
Usui, K.: I 67
Utkin, A.A.: H 599
Utsumi, ML: II 671
Valanju, P.M.: HI 369
Valisa, M.: II 661
Valovic, M.: I 359
Van Belle, P.: 1593
Van Dam, J.W.: II 291, 319
Van Eester, D.: I 571
Van Nieuwenhove, R.: I 571
VanOost, G.: 1571
Van Wassenhove, G.: I 571
Vandenplas, P.E.: I 571
VanDevender, J.P.: III 99
Varias, A.: n 389
Vasil'ev, M.P.: II 599
Vasin, N.L.: I 423, 513
Vayakis, G.: 1275, 541
Ve"csey, G.: Ill 381
Vedenov, A.A.: I 239
Veerasingam, R.: II 419
Veilleux, G.: I 495
Velarde, G.: Ill 131
Velarde, P.M.: m 131

718
Velikhov, E.P.: I 239
Venzke, D.: I 353
Verbeek, H.: I 145
Verdon, C.P.: m 17
Vershkov, V.A.: I 307, 513
Villoresi, P.: II 661
Virmont, J.: m 51
Vlad, G.: H 171
Vlases, G.C.: II 517
Vlasov, V.P.: I 513
Vojtsenya, V.S.: II 599
Volkov, E.D.: H 403, 599
Volkov, V.V.: I 423, 513
Volkov, Ya.F.: H 599
Volkov, Yu.A.: II 623
Vollmer, O.: I 145, 229, 583
Von Goeler, S.: I 27, 145, 183, 229,
395, 583
Voronov, G.S.: II 349, 359
Wade, M.R.: II 349
Waelbroeck, F.L.: I 571; n 131
Wagner, F.: I 145, 229, 583; II 277
Waidmann, G.: I 571
Wakatani, M.: I 551; H 337, 637;
III 605
Waltz, R.E.: I 193; H 261; m 369
Wampler, W.R.: m 419
Wang, Enyao: III 493
Wang, J.: I 415
Wang, Jihai: m 493
Wang, Long: I 753
Wang, Wenshu: I 753
Wang, X.H.: H 291
Wang, X.R.: HI 309
Wang, Y.P.: H 727
Wang, Zhanhe: I 121
Ware, A.A.: H 97
Watanabe, K.: I 67; II 145, 727
Watanabe, T.: H 677
Watari, T.: I 287, 347
Watkins, J.G.: I 453
Watkins, M.L.: I 367, 483; II 191
Watteau, J.-P.: m 43, 619
Weber, P.G.: II 419
Webster, R.B.: II 517, 721
Wedler, H.: I 583

AUTHOR INDEX
Weill, J.-B.: IH 175
Weiner, R.: HI 341
Weisen, H.: I 367
Weitzner, H.: I 611
Weixelbaum, L.: I 353
Wen, Yunjian: n 475; III 487
Wenzel, K.: 1293
Wenzel, V.: I 353
Werley, K.A.: H 419
Wesley, J.C.: in 341
Wesner, F.: I 583
Wesson, J.A.: I 377, 593
West, W.P.: I 293
Westerhof, E.: I 377
Weynants, R.R.: I 571
White, R.B.: II 77, 111
White, T.L.: II 349
Whyte, D.: I 495
Wiedwald, J.D.: m 29
Wieland, R.M.: I 27, 183, 395, 655
Wienhold, P.: I 571
Wilcock, P.D.: H 431
Wilczyflski, A.: m 75
Wiley, J.C.: I 293; II 131; i n 369
Wilgen, J.B.: H 349
Willi, O.: m 65
Williams, I.: HI 65
Williams, M.D.: I 27, 183, 395, 655
Wilner, B.: II 751
Wilson, J.M.: III 99
Wilson, J.R.: I 27, 183, 395, 691
Wilson, K.L.: m 419
Wing, W.R.: E 349
Winter, J.: I 571
Wobig, H.: II 369
Wolf, G.H.: I 453, 571
Wolfe, S.W.: I 323
Wotowski, J.: HI 75
Wong, C.S.: II 587
Wong, K.-L.: 127, 67, 183, 307, 395,
655, 691; III 419
Wood, R.: I 83, 193, 527
Woodworth, J.R.: HI 99
Wootton, A.J.: I 293, 341; H 277
Wright, B.L.: II 517
Wroblewski, D.: 1293

AUTHOR INDEX
Wu, L.Q.: m 309
Wiichner, F.: Ill 381
Wurden, G.A.: II 419
Wiirz, H.: I 145, 229, 583
Wysocki, F.J.: II 539
Xiao, Hong: I 121
Xie, Jikang: I 137
Xie, Zh.Y.: m 309
Xu, Deming: I 121
Xu, Guangbi: I 121
Yabe, T.: Ill 3, 139
Yagi, Y.: II 457
Yaguchi, K.: n 337
Yagyu, J.: 167
Yahagi, E.: I 437
Yamada, H.: I 287, 347; II 411
Yamada, M.: H 539; HI 299
Yamada, S.: U 447
Yamagishi, K.: II 671
Yamagiwa, M.: I 605; II 121
Yamaguchi, N.: II 501
Yamamoto, M.: I 67
Yamamoto, S.: m 299
Yamamoto, T.: I 207, 733
Yamanaka, C : III 3, 89, 105, 139,
187
Yamanaka, M.: m 3, 65, 89
Yamanaka, T.: HI 3
Yamashina, T.: II 337
Yamashita, O.: I 67
Yamauchi, T.: 1207, 733
Yamazaki, A.: I 563
Yamazaki, K.: 1347; II 411
Yamazaki, T.: I 67
Yan'kov, V.V.: El 167
Yanagi, N.: 1551
Yang, H.R.: I 145
Yang, Qingwei: I 121
Yang, Shikun: I 121
Yang, Size: I 753
Yang, X.Z.: I 293
Yang, Y.X.: m 309
Yano, M.: HI 113
Yao, X.Z.: II 493
Yaoita, A.: Ill 113
Yaramishev, G.S.: I 513

719

Yaroshevich, S.P.: I 699
Yasaka, Y.: 1727; HI 487
Yatsu, K.: II 501
Yatsui, K.: in 153
Ygolev, V.L.: I 513
Yokokura, K.: I 67
Yokomizo, H.: I 67
Yokoyama, K.: I 67; II 447
Yoneda, T.: I 67
Yonekawa, I.: I 67, 111, 265, 505,
605, 621
Yoshida, H.: I 67, 111, 265, 505,
605, 621
Yoshida, K.: Ill 3
Yoshida, Z.: II 431, 671
Yoshikawa, K.: HI 441
Yoshikawa, M.: I 67
Yoshikawa, S.: I 27, 183, 395
Yoshino, R.: I 67, 111, 265, 505,
605, 621
Yoshioka, Y.: I 67
You, Ch.L.: HI 309
Young, K.M.: I 27, 183, 257, 395
Yu, X.H.: 1293
Yuan, Chengjie: I 121
Yushmanov, P.N.: II 3
Z^ek, F.: I 359
Zagar, D.M.: III 99
Zago, S.: II 661
Zalkind, V.M.: U 599
Zanza, V.: 1637
Zarnstorff, M.C.: 127, 183, 395, 655;
II 153; in 419
Zasche, D.: I 377
Zaveryaev, V.S.: I 513
Ze, F.: m 29
Zebrowski, J.: H 737
Zehrfeld, H.P.: U 41
Zelenin, G.V.: II 599
Zeng, D.: U 743
Zhang, Guangyang: I 121
Zhang, Hongyin: I 121
Zhang, W.: 1323
Zhang, Y.Z.: H 211, 291
Zhang, Z.: I 293
Zhang, Zexiang: I 753

720
Zhao, Hua: I 753
Zhao, Junyu: I 137
Zheng, Yongzhen: I 121
Zhil'tsov, V.A.: H 691
Zhitlukhin, A.M.: II 683
Zhong, Yunze: I 121
Zhou, Peide: I 121
Zhukovskij, V.G.: I 477
Zhuravlev, V.A.: I 513
Zichy, J.A.: m 381
Zielinski, J.: H 493

AUTHOR INDEX
Zille, R.: II 369
Zilli, E.: H 661
Zoletnik, S.: I 353
Zolotukhin, A.V.: H 599
Zonca, F.: II 171
Zuo, Henian: I 121
Zurro, B.: I 299
Zushi, H.: I 551; n 337
Zuzak, W.: I 495
Zweben, S.J.: I 27, 183, 257, 395,
655, 691; H 153, 277

HOW TO ORDER IAEA PUBLICATIONS
An exclusive sales agent for IAEA publications, to whom all orders
and inquiries should be addressed, has been appointed
in the following country:
UNITED STATES OF AMERICA

UNIPUB, 4611-F Assembly Drive, Lanham, MD 20706-4391

In the following countries IAEA publications may be purchased from the
sales agents or booksellers listed or through
major local booksellers. Payment can be made in local
currency or with UNESCO coupons.
ARGENTINA
AUSTRALIA
BELGIUM
CHILE
CHINA

CZECHOSLOVAKIA
FRANCE
HUNGARY
INDIA
ISRAEL
ITALY
JAPAN
PAKISTAN
POLAND
ROMANIA
SOUTH AFRICA
SPAIN
SWEDEN
UNITED KINGDOM
USSR
YUGOSLAVIA

Comision Nacional de Energi'a Atomica, Avenida del Libertador 8250,
RA-1429 Buenos Aires
Hunter Publications, 58 A Gipps Street, Collingwood, Victoria 3066
Service Courrier UNESCO, 202, Avenue du Roi, B-1060 Brussels
Comisi6n Chilena de Energfa Nuclear, Venta de Publicaciones,
Amunategui 95, Casilla 188-D, Santiago
IAEA Publications in Chinese:
China Nuclear Energy Industry Corporation,Translation Section,
P.O. Box 2103, Beijing
IAEA Publications other than in Chinese:
China National Publications Import & Export Corporation,
Deutsche Abteilung, P.O. Box 88, Beijing
S.N.T.L.,Mikulandska4,CS-116 86 Prague 1
Alfa, Publishers, Hurbanovo namestie 3, CS-815 89 Bratislava
Office International de Documentation et Librairie,48, rue Gay-Lussac,
F-75240 Paris Cedex 05
Kultura, Hungarian Foreign Trading Company,
P.O. Box 149, H-1389 Budapest 62
Oxford Book and Stationery Co., 17, Park Street, Calcutta-700 016
Oxford Book and Stationery Co.,Scindia House, New Delhi-110 001
Heiliger & Co. Ltd.
23 Keren Hayesod Street, Jerusalem 94188
Libreria Scientifica, Dott. Lucio de Biasio "aeiou",
Via Meravigli 16, 1-20123 Milan
Maruzen Company, Ltd, P.O. Box 5050,100-31 Tokyo International
Mirza Book Agency, 65, Shahrah Quaid-e-Azam, P.O. Box 729, Lahore 3
Ars Polona-Ruch, Centrala Handlu Zagranicznego,
Krakowskie Przedmiescie 7, PL-00-068 Warsaw
llexim.PO. Box 136-137, Bucharest
Van Schaik Bookstore (Pty) Ltd, P.O. Box 724, Pretoria 0001
Diaz de Santos, Lagasca 95, E-28006 Madrid
Diaz de Santos, Balmes 417, E-08022 Barcelona
AB Fritzes Kungl. Hovbokhandel, Fredsgatan 2, P.O. Box 16356,
S-103 27 Stockholm
Her Majesty's Stationery Office, Publications Centre, Agency Section,
51 Nine Elms Lane, London SW8 5DR
Mezhdunarodnaya Kniga, Smolenskaya-Sennaya 32-34, Moscow G-200
Jugoslovenska Knjiga.Terazije 27, P.O. Box 36.YU-11001 Belgrade

Orders from countries where sales agents have not yet been appointed and
requests for information should be addressed directly to:

Division of Publications
International Atomic Energy Agency
Wagramerstrasse 5, P.O. Box 100, A-1400 Vienna, Austria

INTERNATIONAL
ATOMIC ENERGY AGENCY
VIENNA, 1989

SUBJECT GROUP: III
Physics/
Plasma Physics, Fusion

