MEETING REPORT

SUMMARY OF THE 16TH INTERNATIONAL
ATOMIC ENERGY AGENCY CONFERENCE ON
CONTROLLED FUSION RESEARCH, MONTREAL,
CANADA, OCTOBER 7-11, 1996

This conference on controlled fusion energy research is
hosted every 2 yr by the International Atomic Energy Agency.
The primary emphasis is to overview the physics and to some
extent the relevant technology accomplishments of the preced-
ing 2 yr. The 16th conference was held in Montreal, Canada,
October 7-11, 1996. A total of 305 papers were presented, all
of which will be published in a special issue of Plasma Physics
and Controlled Fusion Research after a review process (July
to December 1997). Papers presented were in the areas of to-
kamaks, inertial confinement fusion (ICF), alternate magnetic
confinement concepts, and the International Thermonuclear Ex-
perimental Reactor (ITER). The number of papers presented
and attendance at this conference are restricted to a fixed num-
ber of participants from each country, which is determined by

the extent of fusion research conducted by that country. Thus,

a large number of papers were presented by the United States
(94), Japan (75), Germany (27), Russia (15), the European Com-
munity (14), France (11), the United Kingdom (9), and Canada
(4). In addition, 32 papers were presented by the ITER project
alone, which reflects the seriousness of this project. Signifi-
cant experimental time has been devoted to large tokamaks to
address the remaining issues for ITER physics and technology.
This summary presents the topics as follows: tokamaks, con-
finement, advanced confinement regimes, power threshold, beta
limits, divertors, helium removal, fast shutdown, halo currents,
density limit, next-step devices, the spherical tokamak, high beta,
current drive, stellarators and torsatrons/heliotrons, reversed-
field pinch (RFP), field-reversed configuration (FRC), sphero-
mak and tandem mirror, ICF, beam interaction with plasma,
filamentation and target ripple, indirect drive, improved targets,
beam smoothing, light-ion beams, and heavy-ion beams.

TOKAMAKS

Atokamak is a toroidal plasma confinement system in which
a toroidally driven plasma current generates a poloidal mag-
netic field that confines the plasma. In addition, toroidal and ver-
tical magnetic fields are generated by external coils to provide a
stable equilibrium. The toroidal field {TF) is much higher than
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the poloidal field (PF), which results in low values for the Troyon
beta. Tokamak physics has developed to the point where it is now
possible to build a reactor-sized device to demonstrate reactor-
relevant plasma operation and to advance fusion engineering to
the point that would allow for the construction of a net power-
producing reactor. A near-term goal of the fusion program is to
build ITER to carry the tokamak concept forward to demon-
strate ignition physics and to develop fusion reactor engineer-
ing. The goal for ITER is to demonstrate controlled ignition and
extended burn in inductive pulses with a duration of ~1000 s at
an average neutron wall loading of ~1 MW/m?. In addition, dem-
onstration of the necessary technology for a fusion reactor is
planned for ITER. The status of tokamak research will be dis-
cussed in the context of the ITER project.

Confinement

For a reactor to be ignited, the alpha-particle heating power

. must exceed the energy loss rate. Early empirical tokamak scal-

ings for an ohmically heated discharge such as the neo-Alcator
scaling showed 7 (the energy confinement time) to have a liner
density dependence (up to a saturation level). For discharges
with auxiliary heating, the confinement was found to degrade
with heating power, and 7¢ for such discharges was summa-
rized in the ITER89P L-mode scaling, which showed a weak
density dependence. A revised scaling based on data from 14
tokamaks was presented at this meeting (ITER96P) and shows
a stronger density dependence but also stronger power degra-
dation. Both these scalings show Bohm-type confinement and
result in 75 of ~2.2 s for the ITER parameters. For ITER to
ignite, 7z should be >2.5 X 7HER%F Thys, the edge-localized
mode (ELMy) H mode is considered to obtain sustained igni-
tion. The ITER93, ELM-free confinement includes data from
7 tokamaks and is now being revised to include data from 11
tokamaks [ASDEX, ASDEX-U, Compass-D, Alcator C-Mod,
Doublet-1IID (DIII-D), Joint European Torus (JET), JFT-2M,
JT-60U, Princeton Beta Experiment-Modification (PBX-M),
Poloidal Divertor Experiment (PDX) and Tokamak Configu-
ration Variable (TCV)].

At the reference conditions on plasma confinement, ITER
has an ~10% margin in 7¢. At 1.5 GW of fusion power, ITER

“must operate above the Greenwald density limit unless the en-

ergy confinement will be ~20% better than predicted by ITER
reference 7 scaling; nGreenwata = Ip/(mwa?) [(10*° m~3-MA -m)]
describes the observed density limit, but it is not known if this
applies to a large-sized device such as ITER.
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The scaling for the ELM-free H mode suggests a gyro-Bohm
scaling [x o xg(p/R), where yp o< T/eB and p is the gyrora-
dius]. Present tokamaks are able to obtain similar values of the
normalized plasma pressure 8 ( 8 « Tn./B%) and the normalized
collisionality v* (¥* ~ gn/T?), but the normalized gyroradius p*
[p* = pg/a ~ (A,T)°?/(aB)] will be smaller in ITER. Detailed
experiments are being carried out on JET in which each param-
eter is changed while the other two are kept fixed. Initial results
indicate a favorable dependence on 3 that, if confirmed by other
machines, would increase ITER confinement at ignition by 10
to 15%.

Advanced Confinement Regimes

Several new operating modes have been discovered that
may allow ITER to operate at higher values of 7¢. A new con-
finement mode called negative central shear (NCS) or en-
hanced reverse shear (ERS) has been obtained [JET, DIII-D,
JT-60U, Tokamak Fusion Test Reactor (TFTR)]. A reversed-
shear configuration has —ve magnetic shear in the inner region
(inside the inner transport barrier) and +ve magnetic shear in
the outer region. It is generally produced by injecting a neutral
beam (NB) during the current rampup phase. High T, (due to
NB heating) retards the current penetration and helps the for-
mation of a hollow current profile necessary for the reversed-
shear configuration. The formation of an internal transport
barrier in the ERS regime dramatically reduces the ion heat
and particle flux from the core.

NCS discharges are characterized by improved perfor-
mance. On DIII-D, By reached 4.0 ( 87 ~ 6.7%) while the con-
finement remained very high, H ~4.5 and 7z ~ 04 s (8 =
2uop/B?, normalized beta By = B aBr/Ip and H = Tg/TITERS9P)-
The central beta reached an impressive 44%.

Because the hollow current profiles generated using NB
during current rampup would decay into normal (positive) shear
discharges on a resistive timescale, for this mode to be reactor
relevant, the negative shear must be maintained by noninduc-
tive current drive in combination with bootstrap current drive.
DIII-D demonstrated that fast-wave current drive can help to
control the current profile in such discharges. On JT-60U, lower-
hybrid current drive was used to sustain the reversed-shear
mode.

On ASDEX-U, the completely detached H mode (CDH)
was produced by neon injection in the divertor, which resulted
in a large radiated power fraction and a detached divertor plasma
while maintaining H mode confinement. The heat load to the
divertor was significantly reduced, but the Z.4 increased.

On TFTR, in general, deuterium-tritium (D-T) plasmas
show improved confinement compared to similar deuterium
plasmas. The supershot regime, which is characterized by
peaked density and pressure profiles and confinement enhance-
ments up to approximately three times ITER89P scaling (ob-
tained by maintaining low edge recycling and neutral beam
deposition in the plasma center), resulted in fusion perfor-
mance to 10.7 MW of peak power and 6.5 MJ of fusion energy
per pulse (at By = 5.5 T, I, = 2.7 MA, and Pyg = 40 MW).

On the Tokamak Experiment for Technology Oriented
Research (TEXTOR), the radiative improved mode (RI mode)
was obtained in quasi-stationary discharges (in a pumped lim-
iter configuration) with strong additional heating in the pres-
ence of NB coinjection and edge radiation cooling using neon
edge impurity seeding. Densities close to the Greenwald limit
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were attained with confinement similar to the ELM-free H mode
with low edge ¢. There were no ELMs, and heat was dissipated
by edge radiation cooling. Impurity seeding did not seem to
have a negative effect on fusion reactivity, which was main-
tained for 1007¢.

The H mode confinement on Alcator C-Mod was found to
exceed the recent empirical H mode scaling by a factor of 1.5.
Whether this is because of better confinement or a result of
inaccuracies in the empirical scaling due to machine size, vari-
ation has an important implication to ITER and needs to be
examined further.

On JT-60U, with improved core confinement, the highest
fusion triple product was recorded in the high 8, H mode at
T{0) = 45 keV [nD{(0)1 T{(0) = 0.51 X 10?' keV-s/m?* with
Woaiamagneie = 9.32 MI for 0.5 s (~1.57g)] with ELM activi-
ties. A 0.5-MeV, 10-MW —ve ion-based NB has begun oper-
ation that will extend NB injection (NBI) into reactor-relevant
plasmas.

Power Threshold

A heating power exceeding a threshold power P, is nec-
essary for the L-H transition after other conditions are satis-
fied. ITER’s scaling for this predicts 100 = 2 MW for ITER at
ne = 0.5 X 10'> m~3, while the JT-60U scaling predicts
53 MW.

However, data from Compass-D and TCV predict higher
thresholds; it is not known if this is because these two devices
are more sensitive to neutrals, which increases P,;,, as docu-
mented by JT-60U (as these are small devices with open diver-
tors). Alcator C-Mod, which is physically similar in size to
Compass-D, has a low P,,,. Experiments on DIII-D and JT-
60U show that P, has a minimum for densities in the middle
of the operating space and increases for densities higher or lower
than this. This has been studied in detail for JT-60U, and it has
been shown that there is a low-density boundary below which
the L-H transition does not occur. JET and DIII-D scalings in-
dicate that Py, scales as $%3, where S is the surface area at the
separatrix. These issues are under further study including edge
neutral measurements on Compass-D and TCV.

Beta Limits

The target operating point for ITER is at 8y of 2.5, which
is well below the ideal magnetohydrodynamic (MHD) 8 limit
of 3.5 for ITER. The ideal MHD beta limit is given as B(%) <
41;,1/aBMA /m-T ™' (I;is the internal inductance). While present
tokamaks have exceeded these parameters, they have done so
at collisionality higher than that at which ITER will operate.
At ITER-like collisionality (and long-duration discharges, with
fully relaxed current profile), the attainable B appears to be
~2.5, and this is accompanied by island formation and con-
finement degradation. At low collisionality, a soft beta limit
exists, which results in degradation of 75 as observed in sev-
eral tokamaks (ASDEX-U, DIII-D, and JT-60U at By of 1.8 to
2.5 and ITER-type collisionality). While this requires further
study, it is encouraging to note that advanced confinement re-
gimes such as the NCS configuration on DIII-D have demon-
strated By of 6 and an H factor of 4 simultaneously.

Divertors

The purpose of divertors is to reduce plasma/surface inter-
actions by exhausting the used plasma via a magnetic divertor
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to a chamber where it can be neutralized and pumped out. New
tokamaks operate with a divertor. Under ITER operating con-
ditions, the heat load to the divertor plates will be large enough
(30 MW/m?) to erode the target plates. Thus, a radiative di-
vertor, one in which a large amount of exhaust heat is radiated
some distance away from the target plates (detached opera-
tion), has been under study for many tokamaks because this
would reduce the heat load to the target plates to ~5 to 10 MW/
m?. During detachment, the ion flux to the divertor target plates
decreases, while the density is increased by gas fueling.

Many tokamaks have obtained fully detached operation
of the divertor. Detachment usually occurs at some critical den-
sity below which there is no detachment. On Alcator C-Mod,
detached H mode operation was obtained by N, puffing. The
CDH mode on ASDEX-U was obtained by neon seeding. Some
form of impurity seeding to obtain detachment will be used for
ITER. A large portion of JET experimental time has been de-
voted to optimizing divertors under ITER-relevant operating
conditions. On JET, during 1995, a relatively open (to neu-
trals) MkI divertor and in-vessel cryopump were used. For high
power handling, the magnetic configuration was swept (4 Hz)
horizontally with the help of the in-vessel divertor coils (to
spread the energy over a large area of the target plates). This
allowed energies in excess of 180 MJ [carbon-fiber composite
(CFC) tiles] and 120 MJ (beryllium tiles) to be conducted to
the tiles without the occurrence of significant sublimation or
melting. The value E,, reached 13.5 M. The steady-state H mode
with a radiative divertor using N; as the seed gas was studied.
In 1996, Mk2, a relatively closed divertor, with continuous wa-
ter cooling was installed. More flux-wetted area should allow
power-handling factors ~3 to 5 times that of MkI. Operation is
underway in which the flux strike points are chosen to be on
either the horizontal or the vertical plates to determine the ef-
fect of plate orientation as well as effects on impurity retention
and neutral recycling.

The goal for the component lifetime in ITER is 3000 full-
power discharges, including up to ~10% full-power disrup-
tions and 10% transient power excursions (~20 MW/m?, up to
105 of “attached” operation). Thus, the choice of target plate be-
comes important. Present tokamaks use beryllium or graphite
plates. Graphite has a large hydrogen retention capability, which
might lead to an unacceptable tritium inventory, while beryl-
lium suffers from a high physical sputtering yield as well as from
alow melting point and a high vapor pressure. Therefore, the use
of tungsten is planned for many parts of the ITER divertor plates
because tungsten exhibits much more resistance to erosion and
hydrogen retention. But, the high self-sputtering of tungsten
means that the temperature must be <75eV. Also, tungsten con-
centration in the main plasma must be <1075,

On ASDEX-U, almost 90% of the plasma-facing surface in
the strike zone was covered by tungsten. In most cases, under nor-
mal discharge conditions, the tungsten concentration in the main
plasma was close to, or even lower than, 10 . Powerload on the
tungsten plates reached 6 MW/m? under stationary conditions
and peak loads of up to 15 MW/m? during ELMs in low-density
H mode discharges. Tokamak de Varennes (TdeV) researchers
are in the process of installing tungsten target plates on the lower
divertor, while using CFC on the top divertor so that a compar-
ison could be obtained under similar operating conditions.

Tore Supra, a limiter tokamak, has installed 2 new type
of divertor called an ergodic divertor to control plasma/wall
interaction.
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Fully detached plasmas (with high neutral pressure) show
degraded H mode confinement, while those with impurity seed-
ing or semidetached operation show increased Z.4. This may
be due to unoptimized divertor designs that lead to leaks of
neutrals due to looser baffles; thus, with many tokamaks (JET
in particular), there is a concerted effort to provide tighter baf-
fling to improve and optimize divertor operation.

Helium Removal

For ITER, the helium ash produced by the fusion reac-
tions must be removed at a rate of 2 Pa-m3/s so that the core
helium concentration can be maintained below 10%. Calcula-
tions show that this translates to a global helium confinement
of <7 to 15 energy confinement times (7§;./7¢ < 7 to 15), de-
pending on the impurity content of the plasma. Also, present
experiments show the helium enrichment in the divertor to be
>().2 (relative to the separatrix), which is adopted as the re-
quirement for the helium concentration in the divertor of ITER.

To simulate ITER-like conditions in DIII-D, a helium NB
was used to fuel the core. A divertor cryopump was used to
exhaust the helium; 7§./7¢ ~ 8.5 was obtained. The divertor
helium enrichment was between 0.2 and 0.6. The exhaust rate
seemed to strongly depend on the divertor pumping rate. In ad-
dition, helium transport studies on DIII-D show Dye/ x4~ 1
in all confinement regimes to date (with little dependence on
the normalized gyroradius), while the steady-state helium den-
sity profile has the same shape as the electron density shape,
which suggests that preferential helium accumulation should
not be a problem with ITER. Because these results were ob-
tained for nondetached plasmas, whether such a high level of
helium retention can be obtained for a detached plasma needs
to be determined. In a detached plasma, the mean-free-path
against ionization of the helium neutral recycling from the di-
vertor is expected to be long, leading to a possible reduction of
the retention time in the divertor. However, it is believed that
through a combination of gas puffing and divertor pumping,
scrape-off-layer (SOL) flow could be generated, which can be
used to increase helium exhaust, while maintaining the desired
core density. Helium exhaust in ASDEX-U was found to im-
prove with increasing divertor neutral flux density, and in the
H mode and the radiative CDH (fully detached), the enrich-
ment in the divertor was >0.2. The nominal ITER gas fueling
rate is 50 Pa-m?/s (for replacing D-T burnup), while up to 200
Pa.m3/s is allowed for to generate SOL flow for flushing out
impurities (and helium), and as much as 500 Pa-m?/s is avail-
able for 50 s.

Fast Shutdown

Single-null plasma configurations such as will be used in
ITER are susceptible to vertical displacement events (VDEs),
which can lead to a disruption. To reduce divertor erosion, one
should have the means to rapidly remove the thermal and mag-
netic energy before the plasma moves a significant distance
(<3 s for ITER).

In Alcator C-Mod, this requires a dissipation of 1 MJ in
500 us. In addition, T, must be reduced to <10 eV so that the
plasma inductance over resistance time can be reduced to pro-
vide the necessary 0.5-ms quench times. Injection of plastic
pellets impregnated with 2.5 mg of silver powder resulted in
the quench time being reduced from 5 to 1 ms. Such quenching
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was observed to be accompanied by a short burst of hard
X rays at the time of pellet ablation (also seen with other toka-
maks), which indicates the probable generation of runaway elec-
trons. Calculations for ITER show that small amounts of
impurities can consume the thermal energy in <1 s, but be-
cause of the large amount of magnetic energy that is available
in ITER, runaway electrons would be an issue.

On JT-60U, fast current shutdown by killer pellet injection
was demonstrated without generating harmful runaway elec-
trons. This was accomplished by a set of external helical coils that
were pulsed ~500 ms before pellet injection. The magnetic
“burst” fluctuation eliminated the superthermal electrons.

Another scheme proposed by ITER is the massive injec-
tion of D, or helium of more than 50 g to dissipate the stored
magnetic energy in <1 s without leading simultaneously to a
large runaway current.

Halo Currents

During the last 2 yr, toroidal asymmetry of the halo cur-
rent was observed on many tokamaks during VDEs (Alcator
C-Mod, ASDEX-U, Compass-D, DIII-D, JET, and JT-60U).
Halo currents are currents that flow from the plasma into the
vessel wall and back into the plasma. The toroidal asymmetry
can create large mechanical forces on the ITER shield and vac-
uum vessel. In addition VDEs can also create eddy currents,
which results from the inductive response of the wall to changes
in plasma current or position.

On Compass-D, poloidal and toroidal halo currents dur-
ing VDEs were studied. The creation of locked modes of var-
ious phases prior to the VDE had no effect on the halo currents,
which suggests that the initial conditions of the disruption are
less important than the dynamics during the quench phase.

In Alcator C-Mod, halo currents are found to be toroidally
asymmetric, with peaking factors (peak/average) typically 2
to 3. The asymmetric pattern usually rotates toroidally at a few
kilohertz, thus ruling out first-wall nonuniformity as the cause
of the asymmetry. In Alcator C-Mod, the maximum halo cur-
rent during a disruption scales as ~I3/B,, or I,/qos.

Density Limit

Experiments to date have not been able to exceed the
Greenwald density limit while maintaining nondegraded H-
mode confinement. The reference ITER operational scenario
requires n, ~ 1.1 to 1.5 X ngreenwata- ASDEX-U demon-
strated n, ~ 1.5 X ngreenwata Under degraded H mode condi-
tions; similar results were obtained on DIII-D. While the
Greenwald scaling is not fully understood, it is thought that
this may be related to an edge radiation limit. Deep fueling has
been suggested as a means to overcome this limit.

In addition to the gas injection system, ITER will use two
centrifugal pellet injectors designed to inject up to 100 Pa-m?3/s
of D-T (8-mm pellets and v ~1.5 km/s). These pellets, how-
ever, are not expected to penetrate deep into the ITER plasma.

A recent experiment on ASDEX-U involved the injection
of low-velocity pellets from the high-field side of the tokamak.
This resulted in significantly improved pellet penetration, high-
fuel-coupling efficiency, and unperturbed H mode confine-
ment up to the Greenwald limit. An explanation given is that
this takes advantage of favorable drifts that help to transport
the deposited pellet material toward the plasma center.
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Recently, it was proposed that high-velocity compact to-
roid (CT) injection may provide the means to deep fuel ITER.
The first experiment on deep fueling by CT injection was dem-
onstrated by the Compact Toroid Fueler (CTF) device on the
TdeV without any adverse perturbation to the tokamak. A tan-
gential CT injector has begun operation on the STOR-M toka-
mak at the University of Saskatchewan. The University of
California, Davis, group has obtained 1000 consecutive CT
pulses at 0.1 Hz, which demonstrates that CT injector technol-
ogy allows pulsed operation. CT injection experiments on the
JFT-2M tokamak are scheduled to begin in November 1997. A
second-generation CT fueler (CTF-II) has begun operation on
TdeV. A CT fueler is being designed for the Large Helical De-
vice (LHD) stellarator. The University of Washington group
proposed a CT-FRC fueler for ITER. A large experiment
(TRAP) suitable for fueling JET is in operation, but tokamak
CT-FRC experiments are yet to be performed.

Next-Step Devices

While from this summary it might appear that ITER is a
paper study, it is important to note that key areas of technol-
ogy are being addressed by ITER that include the construction
of full- and large-scale components of the ITER nuclear com-
ponent. ITER will use 20 superconducting TF coils and 7
superconducting PF coils plus the central solenoid. The double-
walled vacuum vessel is directly attached to the TF coil. Seven
critical areas have been identified with ITER, and experimen-
tal construction is underway to demonstrate the relevant tech-
nology. Two projects are aimed at developing superconducting
technology (the central solenoid project by Japan and the TF
model coil project by the European Community). Three projects
are developing in-vessel components (the vacuum vessel sec-
tor project to produce a full-scale sector of the ITER vacuum
vessel; the blanket module project aimed at producing and test-
ing full-scale modules of the primary wall, limiter, etc.; and
the divertor cassette project to test a full-scale section of the
divertor). Two projects will develop the necessary remote-
handling technology (the blanket module and the divertor
remote-handling projects).

In Italy, the Ignitor project too has experimental work in
progress to develop the necessary technology for this small,
high-field-ignition tokamak. This device aims to obtain ig-
nited plasmas with high densities (n, ~ 102! m ~*, a parameter
demonstrated by Alcator C-Mod) and relatively-low tempera-
tures (T,,, T;, = 12 keV). The concept is an extension of the
high magnetic field/high-density experiments such as Alcator
C-Mod and the Frascati Tokamak (FT) machines in Italy. Su-
percooled (initial temperature of 30 K obtained using helium
gas cooling), normal conducting magnets have been adopted
in this design. Detailed engineering design study has been com-
pleted. Full-sized prototypes of all the main machine compo-
nents have been constructed. The construction of the complete
central solenoid; the central post; and an entire section (&th)
of the machine, including a fully tiled sector of the plasma cham-
ber, and their assembly have been funded.

The JT-60SU (the Superupgrade, a superconducting de-
vice) device is under consideration in Japan. Because high-
density steady-state operation is important for a demonstration
reactor, a complementary approach is adopted in JT-60SU to
have a high Greenwald density limit by choosing B7/R ~ 1.1
to 1.3 T/m as compared with Br/R ~ 0.63 t0 0.7 T/m in ITER
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and ~1.3 T/m in an envisioned steady-state tokamak reactor
(SSTR) (the Greenwald scaling, n, line averaged ~B/R is un-
favorable for large-sized tokamaks at the limited magnetic field
of a superconducting magnet).

THE SPHERICAL TOKAMAK

This is a low-aspect-ratio tokamak (A ~ =1.5), generally
referred to as a spherical tokamak. The low aspect ratio is
achieved by minimizing the size of the central ohmic solenoid
(possibly removing it entirely) and excluding blankets from
this region. In reactor versions, only a single-turn copper TF
coil center post may exist. Current drive in large devices must
be noninductive, which makes them steady-state devices.

High Beta

The primary advantage is that the Troyon beta is very high.
For example, reducing the aspect ratio from 2.5 to 1.2 results
in a twentyfold increase in the Troyon beta for the same plasma
current. This increases the fusion core power density and re-
sults in physically small devices. In a study conducted by Gen-
eral Atomics and described in some detail here, a device with
A = 1.4, R = 1 m (DIII-D size) would produce ~800 MW
(thermal), and 160 MW (net electric) and have a gain defined
as Qpiane = gross electric/recirculating power ~ 1.7. Such a
device would have all the operating systems and features of a
power plant and would constitute a pilot plant. In this design
study, only a single-turn copper TF center post is present on
the inboard side. Cooling the center core was not an issue; rather,
the minimum physical size of the device was dictated by an
acceptable amount of wall loading, which was assumed to be
8 MW/m?. At this wall loading, the resistivity of the center
post will increase by 50% in 7 yr. Replacing the center post
does not seem to be an issue, but the high power density is a
challenge to the divertor. The presence of a single-turn TF coil
also implies the requirement of unusual low-voltage high-
current power supplies, which appears to be possible.

Current Drive

In addition to the standard radio-frequency current drive
(RFCD) and NB current drive (NBCD) schemes, the study ex-
amined direct-current helicity current drive (HCD) and esti-
mated a power requirement of only 10 kW for the assumed
broad temperature profiles. However, previous calculations for
peaked profiles resulted in powers of 60 to 100 MW, which is
twice that for RFCD and NBCD. This large variation in the
efficiency needs further study. Experimentally, the Helicity In-
jected Tokamak (HIT) device at the University of Washington
was the first to demonstrate HCD. The HIT-II, now in opera-
tion, as well as Current Drive Experiment Upgrade (CDX-U)
at Princeton University, the Small Tight Aspect Ratio Toka-
mak (START) at Culham Laboratory in the United Kingdom,
and Free Boundary Experiment (FBX-II) in Japan are ex-
pected to examine the HCD concept in greater detail. Opera-
tion at high g as is envisioned for a spherical tokamak means
that 8, can be sufficiently high to drive significant amounts of
bootstrap current. In addition, a large toroidal component of
the diamagnetic current is also produced because of the high
toroidicity of the spherical tokamak, and calculations show that
the total self-driven current can be large.
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Spherical tokamak research was first motivated by the very
good results on the START device, and even now the bulk of
the high-temperature plasma results are from this tokamak.
START operates in limiter and double-null configurations. Other
observations of START are as follows. It has a vertically stable
plasma without any feedback stabilization, and it has no current-
terminating disruptions for A < 1.8, but it suffers from internal
reconnection events (IREs) in which large positive current
spikes occur. IREs have also been observed and studied on
CDX-U. Also, an NB injector was recently installed. This has
led to an increased Murakami parameter (n.R/B) as well as
high central betas (~48%) and high volume-averaged (~8.5%)
betas. Beta is at present limited by the available power; NBI
power is being increased, and calculations predict that a beta
~20% may be possible. Energy confinement at low A appears
to be as good as or better than most H mode scalings from
conventional devices (up to twice ITER-93H). With NBI, there
has been no evidence so far for a power degradation, but
PNBI <15 POH'

Globus-M is under construction in Russia. The successor
to START, which is the Mega Ampere Spherical Tokamak
(MAST) (I, < 2 MA), is being built at Culham Laboratory.
The U.S. fusion program is considering the construction of a
similarly sized device, National Spherical Torus Experiment
(NSTX) at Princeton or University Spherical Tokamak Exper-
iment (USTX) at the University of Texas.

STELLARATORS AND TORSATRONS/HELIOTRONS

These can provide a currentless steady-state MHD equi-
librium configuration of plasma using only the external fields
produced by the windings outside the plasma. These have the
advantage of having no current disruptions. The rotational trans-
form that is needed to confine the plasma is formed by the ex-
ternal coils. A stellarator has TF coils plus / pairs of helical
windings. The helical windings next to each other carry cur-
rent in opposite directions. In advanced devices such as Wen-
delstein VII-X (WVII-X) (approved for construction in
Germany), twisted (but a modular set) TF coils produce all of
the necessary magnetic fields. In addition, there are no toroidal
windings making coil and blanket replacement easier. A
torsatron /heliotron has only / helical windings (instead of 2I)
with currents all in the same direction. The LHD (construction
>75% completed) in Japan is an example of this. The helical
windings also produce the toroidal fields, so there are no TF
coils. For heliotrons/torsatrons, vertical field coils are needed
to counteract the vertical field of the helical windings. In a
heliotron /torsatron—-type configuration, a built-in-separatrix
configuration at the free space between helical coils leads to a
helical divertor structure. For the stellarator, a local island di-
vertor concept has been developed and studied in WVII-AS.
Such a divertor would be used on WVII-X. Such localized di-
vertors would be used during the initial operation of the LHD.
Preliminary experiments to demonstrate this concept were per-
formed on the Compact Helical System (CHS) (Japan).

An international helical system database on 7¢ has been
compiled [the International Stellarator Scaling (ISS 95)]. An
interesting result is that the L-mode confinement of the stel-
larator and tokamaks is similar. This would mean that the
gross confinement properties should not be dominated by the
parameters, which are very different in the two concepts, i.e.,
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magnetic shear, major rational values of the rotational trans-
form, and plasma current. A difference in confinement is that
there exists evidence for pinches in the particle and possibly
energy transport areas in tokamaks, whereas in the stellarator
no pinches have been seen. In an experiment in which up to
30-kA current was driven in WVII-AS, the density profile re-
mained flat. In comparison, the ASDEX data (a similarly sized
tokamak) showed a peaked density profile. However, the Ware
pinch velocity at 30 kA is only 3 cm/s, whereas it is 25 cm/s
for the ASDEX discharge. To study whether higher toroidal
electric fields are needed to create a pinch, experiments at higher
collisionality are being conducted.

The density dependence indicated by the ISS scaling is
absent in modern tokamak scalings that include auxiliary heat-
ing. The density limit is much higher in a helical device than in
a tokamak of similar size. A possible reason is that helical de-
vices do not have current disruptions. The maximum plasma
parameters obtained to date are as follows: T,(0) = 3 keV,
T:(0) = 1.6 keV, (n,) 2103 X 10 m3,(B) = 2.1%, and 7¢ =
40 ms (not all simultaneously). For next-generation devices, 8
of 5% is projected.

Improved confinement modes have been obtained. The first
is the high 7; mode, which has been observed in NB-heated
plasmas in Heliotron-E (H-E) (Japan) and WVII-AS at low den-
sities. The value 7 is ~40% larger than in the L mode (in H-E).
Both 7; and n, are peaked. The second is the pellet mode, where
in H-E, pellet injection caused the T; profile to become peaked
and T;(0) increased after pellet injection. The third is the H
mode, which was observed in WVII-AS and CHS. The fea-
tures are similar to those in tokamaks. The fourth is the Reheat
mode; in CHS, an increase in the stored energy was observed
together with density peaking when gas puffing was turned off
in a high-density regime. The peaked n, profile is triggered by
the decrease in the edge neutral density.

In the stellarator, the radial profile of the electron thermal
diffusivity is relatively flat, or it even increases toward the cen-
ter (in contrast to tokamaks where it sharply decreases toward
the center). In the L mode, y,. and y; are similar in magnitude
and profile. In improved modes, y; decreases toward the plasma
center (~0.5 to 1 m?/s); the values are close to those observed
in improved modes in tokamaks.

The Shafranov shift was observed to be reduced in WVII-
AS, as expected from a reduction in the Pfirsch-Schliiter cur-
rent. This was a confirmation of a theoretical result that was an
objective of configuration optimization in WVII-AS.

LHD expects its first plasma in 1998, while WVII-X is
scheduled for operation in 2004. Extrapolation of the WVII-X
concept (the Helias reactor design at the Institute for Plasma
Physics, Garching, Germany) to a reactor results in the follow-
ing parameters: R = 22 m, a = 1.8 m, and B on axis = 5 T with
an output power of 2.5 to 3.8 GW at a plasma volume
=1400 m?.

REVERSED-FIELD PINCH

This is a toroidal device similar to a tokamak. Differences
are that By is similar in magnitude to B, and q is always <1.
RFPs are stabilized by large magnetic shear. Toroidal plasma
currents produce Bg. The toroidal field is partly produced by a
weak TF coil but mainly by large poloidal currents flowing in
the plasma. The other difference is that the toroidal magnetic
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field on the axis reverses itself from the imposed direction and
continues up to the wall. This field reversal is generated by the
plasma in a process known as the dynamo effect as a result of
relaxation processes.

This dynamo effect is not fully understood. Research con-
tinues to be directed at understanding the mechanisms respon-
sible for sustaining the RFP magnetic configuration and transport
in these plasmas. On the TPE-1RM20 device (Japan), a new dy-
namo mechanism (diamagnetic dynamo effect) was found, which
indicates that pressure gradients may play a role in the dynamo
activity. A new operation mode was found and named the im-
proved high-theta mode, in which the values of the electron den-
sity, poloidal beta, and 7 were doubled.

On the Madison Symmetric Torus (MST) device (United
States), by application of a transient poloidal inductive electric
field, a fivefold enhancement of 7 was obtained as a result of
reducing the amplitude of the tearing-mode fluctuations. In ad-
dition, methods are being developed for current profile con-
trol, which are expected to reduce transport associated with
current-driven fluctuations.

On the Extrap T2 device (Sweden), resistive shell opera-
tion and confinement was investigated (in RFPs, radial equi-
librium control by external fields requires a resistive wall, while
the RFP equilibrium requires high wall conductivity to stabi-
lize MHD modes). Wall boronization and helium-glow dis-
charge cleaning has resulted in much better plasma performance
(compared to that 2 yr ago). Pulse lengths about eight times
the magnetic field penetration time were obtained. On the Sep-
aratrix Test Experiment (STE-2) device (Japan), the influence
of external helical perturbations on RFP dynamics was inves-
tigated, and it was found that the mode-coupling process could
be controlled by external helical fields.

FRC, SPHEROMAK, AND TANDEM MIRROR

The FRC is a high-beta CT plasmoid containing only a
poloidal magnetic field. On the FRC Injection Experiment (FIX)
device (Japan), a rapidly rising magnetic pulse from a pair of
half-turn coils was used to heat a translating FRC apparently
without confinement degradation. The spheromak CT contains
toroidal and poloidal fields of similar magnitude. In an exper-
iment (Japan and the United States) in which two spheromaks
with opposing toroidal fields were merged together in the axial
direction, a high-beta FRC resulted with increased ion temper-
ature (due to magnetic field annihilation). A tandem mirror has
a cylindrical magnetic configuration with complex magnetic
plugs at the ends to reduce losses. On the Gamma-10 device
(Japan), direct electron heating in the central cell reduced the
energy drain from the hot ions due to reduced electron drag
and resulted in more effective ion heating in a hot ion mode.

INERTIAL CONFINEMENT FUSION

ICF involves compressing a target pellet to ignition by pow-
erful laser beams or ion beams. Ablation of the outer shell of
the target causes a spherical shock wave to be launched inward
that can compress and heat the fuel to ignition. The resulting
small thermonuclear explosion deposits energy on the cham-
ber walls and surrounding blanket. In general, the drivers (la-
sers or ion beam) must focus ~1 to 10 MJ of energy in ~10 ns.
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For high-energy gains, the compressed value of the final fuel
is ~1000 g/cm>. In implosion experiments at GEKKO XII
(Japan), high-energy compression up to 600 g/cm?® has been
demonstrated. The energy required for such compression is
much less than the energy that would be required to heat the
entire target up to the ignition temperature.

Beam Interaction with Plasma

When the laser strikes the target surface, some of the sur-
face atoms will be vaporized and ionized, forming a plasma
around the target. The laser beam energy will be partly re-
flected by this plasma and partly absorbed. Two processes, stim-
ulated Brillouin scattering (SBS), which backscatters the
incident light, and stimulated Raman scattering, which pre-
heats the fuel by superthermal electrons, are detrimental for
beam absorption. When a prepulse precedes the main laser pulse,
the early plasma formation enhances SBS during the main la-
ser pulse, reducing absorption. Preheating raises the internal
fuel pressure and prevents the attainment of high fuel densi-
ties. Thus, it is desirable to delay heating until compression is
nearly complete.

In ignition-sized capsules, the laser beam needs to pen-
etrate a significant distance inside the surface plasma, so that
the target can be sufficiently heated. Increasing the laser fre-
quency allows deeper penetration of the beam because the crit-
ical density for reflection is higher. This aspect as well as the
demonstrated high-conversion efficiency of the KrF laser beam
(laser energy/stored energy) of ~10%, and the capability to
operate this laser system in a repeated mode, makes this best
suited for laser fusion. However, the advanced state of glass
laser technology and capability of tripling the frequency of the
neodymium-glass laser (which puts the final frequency close
to the KrF laser frequency) and the near-term goal of demon-
strating ignition on a single-pulse device has resulted in the
large facilities using this system.

Filamentation and Target Ripple

Self-focusing of a laser beam in a plasma may cause the
laser beam to split into several smaller self-focusing beams;
the process is called filamentation. Filamentation causes non-
uniform irradiation of the target, which can cause the Rayleigh-
Taylor instability. Rayleigh-Taylor instability can also result
from surface ripples on the target surface. Pellet asymmetry
problems are expected to be more severe at short wavelengths.
Several developments have occurred during the past several
years to overcome this problem.

Indirect Drive

In this scheme, the pellet is contained in a cavity (a hohl-
raum) fabricated out of a high-Z material. The beams are di-
rected onto the cavity surfaces, which results in the production
of X rays that heat the fuel in a symmetric manner without the
original problems of filamentation. A negative aspect is that
the coupling of the beam energy to the target is reduced (only
~10 to 15% in present experiments and anticipated improve-
ments up to 25% after optimization). Gas-filled hohlraum tar-
gets are proposed to achieve ignition at the National Ignition
Facility (NIF). Experiments are now being performed with the
Nova laser (United States) using methane- and propane-filled
hohlraum targets to assess the effect of gas fill on radiation
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drive and symmetry and to verify modeling of NIF gas-filled
hohlraums. Now under construction, NIF is expected to pro-
duce the first controlled ignition within the next 10 yr. The ~9.5-
mm-long, 5.5-mm-diam NIF hohlraum target contains a 1.1-
mm-radius target pellet. The target is heated with a 1.8-MJ laser
pulse and is expected to produce between 1 to 10 MJ of fusion
energy. The hohlraum scheme is now used by many facilities.

Improved Targets

Among other schemes, this involves depositing a layer of
foam on the fuel pellet, which diffuses the effect of nonuni-
form laser imprinting due to filamentation. In addition, mod-
ern targets also include a coating of high-Z material over the
foam. The incident laser beam converts the high-Z material into
a strongly radiating plasma, which uniformly ionizes the foam
by soft X rays. Although driven directly, the presence of a high-Z
shell and the indirect coupling of the laser energy to the pellet
(by X rays) has some resemblance to the hohlraum concept.
Variations of this concept are being developed at General Atom-
ics (United States), Institute of Laser Engineering and Institute
for Laser Technology (Osaka, Japan), Commissariat a I'Energie
Atomique (CEA) (France), and other facilities.

Beam Smoothing

Direct drive has the advantage of high-beam coupling to the
target (>>50% possible). Hence, several schemes are being de-
veloped for beam smoothing that will be necessary for a uni-
form spherical compression. For example, one scheme involves
the use of a random phase plate to introduce a randomness in the
phases of the beam. This effectively creates a smoother beam by
overlapping many small beamlets of random phase. Variations
of this and other schemes are used at the Gekko VII facility to
reduce the nonuniformity root mean square (rms) to <<10%, which
has resulted in a 50% reduction of the growth rate of the Rayleigh-
Taylor instability. Near-term plans are to heat a 600 g/cm?> com-
pressed target using the 13th arm (to be installed) of the Gekko
XII system. The 13th arm will deliver a short pulse (100 J in
1 picosecond) and may demonstrate Fast Ignition. In fast igni-
tion, the compressed fuel with a high density created by a
conventional laser implosion is heated by an ultraintense short-
pulse laser (a few picoseconds) before the core disassembles (less
than a few picoseconds). The concept may reduce the required
laser energy for ignition because only a small part of the pellet
core needs to be ignited. The burn wave may ignite most of the
remaining fuel.

Beam smoothing on the Omega system (United States) has
resulted in the attainment of the highest thermonuclear yield
(1.4 X 10'* D-T neutrons) and yield (>>1% of scientific break-
even) ever attained in laser fusion experiments.

Smoothing of the Nike KrF laser beams (United States)
has resulted in each of the beams having a nonuniformity of
~1% rms in a 4-ns pulse. This beam nonuniformity is a factor
of ~10 better than any existing glass laser when used in the
ultraviolet. With Nike, multiple beams (37 to 44) are over-
lapped on the target, reducing this nonuniformity still further
to a few tenths of a percent. Preliminary experiments were very
encouraging. Using a smooth foil target resulted in mass non-
uniformity below the diagnostic measurement level.

Several smaller laser systems are in operation around the
world to study the physics issues involved. At the Imperial
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college in the United Kingdom, foam-buffered targets are stud-
ied. Development of high-yield capsules for NIF is proceed-
ing at Los Alamos National Laboratory. At the ASTERIX laser
facility in Germany, the extent of allowed preheat for various
high-Z ablator material /hohlraum geometry is being studied.
A labyrinth hohlraum, suited for single-beam laser systems,
in which a cone stops the incoming laser pulse such that the
primary X rays cannot reach the sample, has been developed.
At the Electrotechnical Laboratory in Japan, a KrF system
“Super Ashura” is being developed to establish KrF laser driver
technology and to perform experiments at a 5-kJ level. In ad-
dition to one-dimensional simulations of a megajoule ablator,
development of a megajoule laser system is underway at CEA-
Limeil-Valenton in France. The Plex Corporation and Pulse
Sciences (United States) have proposed a KrF-based fusion
facility, while the Osaka group has proposed a diode-pumped
solid-state laser fusion power plant.

Light-lon Beams

Compared to lasers, light-ion beams have the following
advantage: ~25% beam efficiency, which means that lower-
gain targets could be used. Therefore, less stored energy is re-
quired (10 MJ compared with 50 to 10 MJ for lasers). Light-
ion beams may produce less target preheat. The Particle Beam
Fusion Accelerator II (PBFA II) at Sandia National Laborato-
ries (SNL) has the world’s largest light-ion-beam accelerator.
This is used to indirectly drive capsules by radiation that is
produced when the high-energy lithium beam travels through a
high-Z radiation case. The radiation is deposited in a low-
density foam that surrounds the fusion capsule. An issue for
ion beams is the transport of beams over long distances (this is
called standoff). A promising concept is self-pinched trans-
port. In this scheme, the ion beam is focused down to a small
radius, stripped, and then injected into a low-pressure gas. The
azimuthal magnetic field produced by the ion current confines
the beam. An issue is whether gas breakdown will produce suf-
ficient current to allow self-pinched transport. Experiments to
demonstrate this are being initiated on GAMBLEII (1-to 1.15-
MeV protons at 150 kA and a diode outer radius of ~10 cm) at
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the Naval Research Laboratory and on SABRE (3.5- to 6-MeV
lithium beams, 150 kA, and a diode radius of ~6 cm) at SNL.

Heavy-lon Beams

These have the advantages of even more improved cou-
pling of the beam energy to the target, low-beam current
(~10 kA), stiffness of heavy beams that eases focusing, high-
beam conversion efficiency (~30%), and ability for multi-
pulse operation with present technology. Recent calculations
(EURATOM-ENEA in Italy in collaboration with Germany and
Spain) show that thermonuclear fusion can be attained with a
beam energy of ~2 MJ. The reference target is a two-sided
irradiated cylindrical hohlraum, enclosing a spherical fusion
target. Lawrence Berkeley Laboratory and Lawrence Liver-
more National Laboratory have constructed a 2-MV, 800-mA
potassium injector. Because reactor applications require ~10-kA
beams at 10 GeV, heavy-ion-beam fusion is the least devel-
oped of the various inertial fusion concepts.

Results presented at this conference show that significant
progress in fusion physics has been made (discovery of several
advanced confinement regimes and D-T operation), which is
further demonstrated by the action of countries that have ap-
proved the construction of large next-generation fusion facili-
ties. These are the NIF laser fusion project in the United States,
the WVII-X stellarator in Germany, and the LHD in Japan. In
addition, other projects are awaiting full approval. These are
the Ignitor device in Italy, the NSTX device in the United States,
the CEA-LV laser facility in France, and JT-60SU in Japan.
Construction and operation of the ITER device will help to ad-
dress the fusion engineering issues related to a reactor.

Roger Raman
Canadian Fusion Fuels Technology Project
800 Kipling Avenue, KR108
Etobicoke, Ontario, M8Z 554, Canada
May 23, 1997
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