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OV1/1 XA9950710

JT-60U High Performance Regimes
S. Ishida and the JT-60 Team

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

In the JT-60U program, the modification to an ITER-like W-shaped divertor configuration has been
completed following the installation of a negative-ion based neutral beam injector. Now, JT-60U is
entering a new experimental phase to demonstrate the integration of high performance regimes for
application to fusion reactors such as ITER and SSTR.

1. INTRODUCTION

High performance reversed shear discharges: Both reversed shear discharges, with a negative
central magnetic shear, and high-Pp discharges, with a weak central magnetic shear, are very attractive
for steady state operational scenarios, since the current profile can be matched to the bootstrap
current profile. After the IAEA meeting in 1996, significant progress was made in high performance
reversed shear experiments with high elongation, an L-mode edge and higher plasma current in
JT-60U. An equivalent QDT of 1.05 was attained at Ip=2.8 MA, demonstrating promising confinement
potential for reversed shear operation.

Divertor modification: Afterwards,
modification from an open divertor to the W-shape
divertor was made, and experiments with the
modified divertor started in June 1997. As shown
in Fig.l , this divertor configuration is
characterized by a semi-closed divertor with a
central dome, inner and outer divertor target
plates, and a slot for pumpout from the private
region, similar to the divertor in ITER. Enhanced
SOL flow, reduced chemical sputtering and
reduced heat load on the target tiles were expected
from its design. Target CFC tiles covering the
divertor and dome surfaces were tapered and
aligned within ±5 mm accuracy. The effective
pumping speed for deuterium at the exhaust inlet
was typically -13 mVs.

As discussed below, it has become vital
to orient future fusion research toward elucidation
of physics and engineering issues which would
be crucial for integration of high performance
regimes toward a reactor-relevant plasma.

2. MODIFIED DIVERTOR EXPERIMENTS

Divertor plates

Fig.l Newly modified divertor configuration

Sustainment of high confinement performance: The duration of sustainment of high
performance plasmas was significantly extended in ELMy high-pp H-mode operation. Before the
divertor modification, the duration of the high performance period had been limited by an increase in
carbon impurities and deuterium recycling to a maximum of -70 MJ of heating energy. After the
modification, a high performance plasma with T r 9 keV and H=T/tE

rlrERffl'p~ 1.7 lasted -9 s at a
constant level of carbon impurity content and deuterium recycling, and the heating energy reached
203 MJ.

Sustainment of good confinement in the reversed shear confinement mode was significantly
improved. The beta limit at the safety factor (q9J~3.7)was improved (to PN~2.3) in combination with
an H mode edge (edge transport barrier) and an ITER-relevant triangularity shape of 8-0.3.
Consequently, enhanced confinement (H factor of 1.7) in the reversed shear configuration was
sustained for 4.3 seconds (18 times tE) with 3.5 MJ of stored energy at Ip=1.5 MA. To avoid

feedback control based on the neutron emission rate was used to turn off beam sources as required.
The LH (lower hybrid) current drive experiment set the scene for the sustainment of the reversed
shear confinement mode by non-inductive current drive longer than a current diffusion time scale.
The ITB (internal transport barrier) was sustained for ~ 2 s with a constant stored energy, maintaining
a reversed shear configuration with a combination of non-inductive current drive by LH wave
injection and bootstrap current.

The ITB plays an important role in understanding the physics of the above improved
confinement. Some correlations between magnetic shear and electron thermal barrier formation in
reversed shear discharges have been found. The dependence of onset conditions for the ITB formation
on sufficient toroidal flow shear suggests turbulence suppression by flow shear. Comparative local
transport analysis of reversed shear and high-(5p discharges revealed that the Er shear strength is
enhanced as the temperature gradient becomes steeper at the ITB, suggesting turbulence suppression
due to an increase in Et shearing rate. The limitation of high performance reversed shear and high-Pp
discharges transiently achieved with high power heating was in good agreement with the prediction
from ideal kink-ballooning stability analysis. However, the beta limit for long duration ELMy
high-|3p H-mode discharges appeared to be substantially lower than the ideal MHD limits. The
resistive MHD modes observed in the sustainment experiment might be responsible for the limitation
of performance sustainment.

Divertor performance: Helium exhaust experiments were made utilizing divertor pumping.
Energetic helium beams were injected into ELMy discharges for a duration sufficiently longer than
the effective helium pumping time (THe*~0.7 s) in order to investigate the production and exhaust of
helium ash in a reactor core plasma. The helium density was maintained at a low level (-4% of
electron density) with xHe*/tE~4, satisfying the requirement for ITER (THe*/rE~10). For reversed
shear discharges with high particle confinement inside an ITB, however, the helium exhaust from the
core plasma was found to be an important issue.

Particle confinement characteristics for ELMy discharges were investigated considering particle
sources distinguishing between beam fueling and wall recycling/gas puffing. Consequently, the
analytically deduced scaling for the total number of ions in the plasma was found to be in good
agreement with experiment. The confinement of H-mode discharges in high density and/or radiative
divertor regimes has not been significantly improved yet. To improve the density controllability and
establish the future fueling scheme, a repetitive shallow pellet injection is being developed for
JT-60U.

Understanding of SOL flow and geometrical effects of the dome have become central issues
to be addressed. The SOL plasma features were measured by reciprocating probes in the main
plasma region and the divertor region. The probes were inserted across the separatrix field lines. It
was found that, along the field line, the SOL plasma pressure is almost constant for attached
plasmas, and the temperature gradient rapidly increases near the X-point for detached plasmas. The
SOL width and the in-out asymmetry of particle and heat flow on the divertor plates were characterized
in relation to the neutral particle back flow and particle pumping rate.

Heating and current drive performance: Negative-ion based neutral beam injectors (N-NBI)
capable of 10 MW/500 keV have been commissioned to inject up to 4.2 MW/360 keV into the
plasma. Enhancement of the ionization cross-section due to multiple ionization processes have been
clearly observed and is consistent with theoretical predictions. The current density profile driven by
N-NBI calculated using the ACCOME code was in good agreement with that deduced from MSE
measurements, supporting the fact that the current drive performance in fusion reactors is predictable.

Degradation of heating efficiency due to TAE modes is a concern for high energy beams
produced by N-NBI as well as alpha-particles in fusion reactors. A low threshold of TAE mode
excitation in terms of <Ptom>, as compared with other tokamaks, has been observed, with continuous
and bursting behaviors of TAE-modes. Clarification of TAE-modes driven by N-NBI and suppression
of the modes by current profile control are being addressed uniquely in JT-60U.

The JT-60U experiments are addressing the improvement of reversed shear plasma performance and
non-inductive current drive in high performance ELMy plasmas with maximum utilization of N-NBI
and establishment of compatible divertor performance. Essential issues associated with the realization
of fusion reactors should be revealed during the quest to integrate these high performance regimes.
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PHYSICS OF HIGH PERFORMANCE JET DIVERTED PLASMAS IN D-T

The JET Team (presented by M L Watkins)
JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK.

Since the last IAEA meeting, JET has completed studies of the more closed Mark IIA
pumped divertor and carried out a series of deuterium-tritium (D-T) experiments (DTE1).
These set new world records for fusion performance in the ELMy H-mode, the optimised
magnetic shear regime and the ELM-free H-mode, and addressed crucial D-T issues of H-mode
threshold, operating space, confinement, RF physics, Alfvenic instabilities, a-particle heating
and technology for ITER.

The H-mode threshold power has been determined in deuterium plasmas (up to
4.2MA/3.8T), in plasmas with D:T mixtures of 40:60 and 10:90, and in hydrogen, and is
found to scale inversely with atomic mass. Thus, the predicted threshold power for ITER is
reduced by 33% in tritium (eg. during start-up) and 20% for high fusion power operation,
thereby increasing operational flexibility. The edge electron density and temperature show no
hysteresis between the L—>H and H—>L transitions, but show an upper boundary for Type I
ELMs which is interpreted as an edge pressure gradient limit over a width which scales as an
ion poloidal Larmor radius. The pedestal pressure increases with isotope mass, and this is
interpreted as being due to the barrier width increasing. There is evidence from a comparison of
ELMs with NB and ICRF heating that this width is determined by fast ions.

Energy confinement in the standard ITER steady state ELMy H-mode follows the
ITERH-EPS97(y) scaling for a wide range of JET conditions (1-4.5MA, 1-3.8T, including
D:T mixtures of 50:50). The D-T pulses, which consist of p* scans at the ITER PN (=2.2) and
at PN=1.3, a high PN (=2.9) pulse, and a high fusion yield low q95 (=2.6) pulse, are all
well-fitted by this scaling, giving confidence that its close to gyro-Bohm p* dependence is
satisfied in D-T, which implies ignition in ITER. However, higher than Greenwald densities
would be required for ignition, and energy confinement in JET with strong gas puffing
degrades above 80% of the Greenwald density.

A weaker mass dependence of confinement than the A ' of ITERH-EPS97(y) would be a
better fit to the data and is consistent with gyro-Bohm transport (A" ' dependence) in the bulk
plasma, modified by a strong positive mass scaling of the pedestal energy. The gyro-Bohm
nature of the bulk plasma is confirmed by TRANSP calculations and trace tritium experiments.

All ICRF heating candidate schemes for ITER were tested during DTE1, demonstrating
strong bulk ion heating for both deuterium minority heating in a tritium plasma and 3He
minority heating in a tritium plasma. With 6MW in a D:T mixture of 10:90 at 3.7MA/3.7T, the
first scheme produced 1.6MW of fusion power and a steady-state Q=0.22 for nearly 3s,
terminating only when the power was switched off. The fusion power is in excellent agreement
with PION code calculations, giving confidence in the predictions for ICRF heating in ITER.

4

The second scheme with 6.5% of 3He in a 3.3MA/3.7T tritium plasma gave Tj=13keV and
Te=12keV with 7.6MW. In addition, second harmonic tritium heating was found to couple
mainly to electrons on JET, but is expected to predominantly heat ions on ITER because the
power density will be lower than on JET.

The ELMy H-mode set world records for high fusion power duration and energy (4MW
for =4s and 21.7MJ at 3.8MA/3.8T) and the ratio of the fusion energy produced to the input
energy was 0.18 over 3.5s (=8TE). Performance was limited to PN=1-3 by the available
additional heating power (=27MW).

In the optimised shear regime, internal transport barriers (ITBs) were formed in D-D with
typically 18MW of NB and 6MW of ICRF heating. The central magnetic shear is low or
slightly reversed, q(0)= 1.5-2, the central pressure is high (up to 3.8bar) and close to the ideal
MHD stability limit for most of the heating pulse, and the ion heat transport inside the ITB can
be reduced to neoclassical levels. Even though the scenario had to be modified in D-T (largely
due to the lower H-mode threshold power), strong ITBs were established for the first time in
D-T (the threshold was not markedly different from that in D-D), and 8.2MW of fusion power
was produced; full optimisation (the tritium concentration (=30%) and PN (=1-9) were
relatively low, and Tj (=40keV) was high) was not possible within the imposed neutron
constraints. A quasi steady-state discharge with both an ITB and an edge transport barrier was
also produced, but will require considerable further development to justify reactor operation at
reduced plasma current.

The ELM-free H-mode set world records in D-T fusion performance, with 22.3MW of NB
augmented by 3.1MW of ICRF heating producing 16. IMW of fusion power and a ratio of
fusion power to plasma input power of 0.6 (if a similar plasma could be obtained in steady
state, the equivalent Q would be =0.9). Projections of D-T performance from D-D experiments
were validated, the factor of 210 (expected from cross section ratios) between D-D and D-T
fusion powers being realised. Magnetic fluctuation spectra showed no evidence of Alfvenic
instabilities driven by a-particles, in agreement with the normalised a-particle pressure, Pa,
being almost a factor of two below the instability limit. Clear evidence of a-particle heating
was demonstrated, with the highest electron temperature showing a strong correlation with the
maximum a-particle heating power at the optimum D:T mixture of =40:60, whilst the global
energy confinement showed no significant isotope dependence when the tritium concentration
was varied from 0% to 90% in otherwise similar discharges (3.8MA/3.4T, 10.5MW of NB
heating). The a-particle heating is consistent with classical expectations for a-particle
confinement and heating in MHD stable plasmas.

DTE1 also provided valuable operating experience with the key ITER and reactor-relevant
technologies of tritium supply and processing, D-T mixture control, and tritium retention and
clean-up. The technology mission of JET continued with the fully remote handled installation
of the Mark II Gas Box divertor in an activated environment. New experimental results from
this third stage of the JET divertor programme for ITER will be reported in the paper.
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RESULTS FROM THE DIH-D SCIENTIFIC RESEARCH PROGRAM*

T.S. Taylor for the DIII-D Team

General Atomics, P.O. Box 85608, San Diego, California 92186-5608

The DIII-D research program is aimed at developing a scientific basis both for advanced
modes of operation that can enhance the commercial attractiveness of a fusion power plant,
and for the inductively-driven ELMing H-mode on which the ITER design is based. Recent
DIII-D work has advanced the understanding of internal transport barriers in terms of ExB
shear, as well as the knowledge base and physics understanding of the H-mode edge barrier.
MHD stability has been improved through wall stabilization and modification of the pressure
and current density profiles. Electron cyclotron current drive, crucial for steady-state
operation, has shown promising results in initial experiments. Finally, DIII-D's high and low
triangularity pumped divertors have demonstrated effective density control and power
handling in support of both conventional and advanced modes of operation.

Recent experiments in DIII-D have shown that ExB shear is crucial to the formation and
sustainment of internal transport barriers (ITB). In DIII-D, the ITB is characterized by sup-
pression of the measured core turbulence, strongly correlated spatially and temporally with
reduction of ion transport. In agreement with theoretical predictions, suppression of turbu-
lence and reduced transport occurs when the ExB shearing rate, fi>ExB. e x c e e ds the calculated
maximum linear growth rate, 7max. of t n e ion temperature gradient modes. However, elec-
tron thermal transport often remains high in discharges with ITBs. The ExB shearing rate is
not sufficient to stabilize shorter wavelength (kg > 10 cm""1) electron temperature gradient
(ETG) modes, and these modes may be responsible for the observed electron transport and
the increase in the transport observed with direct central electron heating.

To further elucidate both the electron and ion transport, perturbative heating with ECH
resonant off axis has been applied, and the resulting temperature response compared against
the prediction of a number of transport models. None of the core models tested reproduce the
magnitude and phase of both the electron and ion temperature perturbations, presenting a
further challenge to transport theories.

In DIII-D, the confinement enhancement factor, H, is well correlated with the pressure at
the top of the H-mode pedestal, in general agreement with gyrokinetic and gyrofluid trans-
port models. This correlation highlights the importance of understanding the physics and
scaling of the edge pedestal in projecting the performance of future tokamaks, such as ITER.
In ELMing discharges, the,edge pedestal width, SPED, scales with the pedestal beta poloidal

p r D S / R ( O
Modeling and experiments have shown several approaches to sustaining high perfor-

mance ITB discharges through avoidance of MHD instabilities driven by large local pressure
gradients. The edge pressure gradient has been controlled by discharge shaping, while peak-
ing of the pressure profile can be reduced through expansion of the transport barrier. ELM-
free discharges with neoclassical ion transport are limited in duration by low toroidal mode
number (1 < n < 5) ideal MHD instabilities driven by the large edge pressure gradient. This
instability and the subsequent large ELMs prevent the sustainment of a strong ITB.
However, we have successfully produced ITB discharges with reduced edge pressure gradi-

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, W-7405-ENG-
48, DE-AC05-96OR22464, DE-AC04-94AL85000, and Grant Nos. DE-FG02-89ER53297, DE-FG03-
86ER53225, and DE-FG03-95ER54294.

ents and reduced sized ELMs by generating plasma shapes (more squareness) in which the
edge has no access to the second stable regime for ballooning modes. In L-mode edge dis-
charges with negative central magnetic shear (NCS) and an ITB, modeling indicates that
increasing the radius of the ITB and the radius of the minimum in the safety factor q, Pqmin,
will give a broader pressure profile and a higher stability limit in strongly shaped discharges.

Wall stabilization as an approach to improving the attractiveness of advanced tokamak
operational scenarios is supported by recent DIII-D experiments in which |3 values up to 1.4
times the no-wall ideal MHD limit have been reached. The no-wall limit was exceeded for
200 ms, much longer than the resistive wall time xw ~ 3 ms. The mode terminating these dis-
charges has the characteristics of the theoretically predicted resistive wall mode, with growth
rates 2-8 ms and real frequencies, Q)rot ~ x^,1. Stabilization of the resistive wall mode with
external active feedback coils is planned.

In discharges with more conventional, monotonic q profiles, the long-pulse beta limit is
often determined by the onset of neoclassical tearing modes. A significant increase in the
beta limit has been found by keeping qo > 1 and eliminating sawtooth-induced seed islands,
which can trigger these metastable modes.

DIII-D disruption experiments have focused on understanding and reducing the magni-
tude of halo currents, and understanding of runaway generation and its amelioration. Killer
pellets reduce the vessel force from halo currents by a factor of at least 4, but sometime result
in the production of runaway electrons. Externally imposed magnetic perturbations can lead
to suppression of the runaways.

To increase the duration of the NCS and other advanced tokamak discharges toward
steady state, the DIII-D program is implementing a 110 GHz electron cyclotron current drive
(ECCD) system with capability for both axial and off axis current drive. Up to 100 kA of cen-
tral current has been driven by ECCD, as determined from complete equilibrium reconstruc-
tion using a 35 chord motional Stark effect system to measure the current density profile.
The efficiency of the ECCD exhibits the expected temperature dependence and agrees with
theoretical predictions. Measurements of off-axis current drive, needed for sustainment of
NCS discharges and stabilization of neoclassical tearing modes, are now under way.

In support of current drive experiments, density control in the range of 0.3 < rig/no < 0.7,
where no is the Greenwald density, has been obtained with the recently installed higher tri-
angularity upper divertor baffle and cryopump. The core impurity density in these discharges
is primarily from carbon and remains approximately constant as the density is lowered;
resulting in Zeff ~ 2 at i^ - 4 x 1019 m~3. Through the use of pellet fueling and divertor
pumping, ne/no - 1 -5 has been achieved in other discharges.

Reductions in peak heat flux to the divertor, needed for ITER have been produced in
detached recombining divertor plasmas. The low Te values (1-2 eV) required for recombina-
tion have been measured and direct spectroscopic line ratio measurements clearly show the
strong recombining zone. Plasma flow in the lower DIII-D divertor region is measured by
probes and spectroscopy, and generally indicate a flow away form the plate on field lines near
the separatrix and a flow toward the plate on field lines further from the separatrix. These
measured flows near the X-point validated against 2-D computations from UEDGE, illustrate
the importance of local divertor geometry in entraining impurities to provide a radiative
divertor solution consistent with AT operation. With strong gas puffing and pumping,
increased enrichment of impurities are obtained in the divertor, enrichments up to 17 for
argon, and up to 2.5 for neon.
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Large Helical Device Project
(Initial Operations and Future Plans)
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The initial experimental campaign of the Large Helical Device (LHD) offers a great
extension of the confinement studies of currentless plasmas in the heliotron
configuration. LHD is a large heliotron with a major radius of 3.9 m and a minor radius
of 0.65 m. Full steady-state capability of operation has been realized by means of
superconducting coils in addition to the physically intrinsic potential involving a
built-in helical divertor. An eight-year construction phase has led to successful
engineering commissioning of the device and consequently to start-up of plasma
experiments (see Fig.l). The basic physics objectives of LHD are : (1) produce high
nxT currentless plasmas and study transport issues to obtain basic data which can be
extrapolated to a reactor-grade plasma, (2) realize high-£S plasma with <p> >5 %,
which is necessary for a reactor and study related physics, (3) install divertor and
obtain basic data for steady-state operation, (4) study behavior of high energy
particles in heliotron magnetic field and conduct simulation experiments of alpha
particles in reactor plasmas, and (5) promote a complementary study to tokamak
plasmas to extend comprehensive understanding of magnetically confined toroidal
plasmas. Engineering achievements have also contributed to advance fusion
technology significantly. LHD employs a pair of helical coil (liquid helium pool
cooled), three sets of poloidal coils (super-critical helium forced-flow cooled), and nine
pairs of bus lines (two-fluid helium forced-flow cooled). The mass at the cryogenic
temperature of 4.4 K is 850 tons. Transition to the superconducting state has been
achieved after the initial 4 week cooling process and excitation of coils has been
completed. Initial plasma experiments have started with 2nd harmonic 84-GHz ECH
(several hundred kW) at 1.5T. High temperature plasmas exceeding the electron

temperature of lkeV have been realized in low density regime. NBI (negative ion
source) with over 100 keV of 5 MW will be applied in the next experimental
campaign. Heating sources will be progressed to 15 MW for NBI at 180 keV, 10 MW
for ECH (3 MW for steady state operation) and several MW for ICRF. The magnetic
field is limited to 1.5 T for the first experimental year so as to accumulate operational
experience of superconducting coils, followed by 3 T operation in the second year.
Operation at 4T with super-fluid liquid helium at 1.8 Kis planned as a future upgrade.
The combination of poloidal coils enables a variety of magnetic-configuration scans
regarding magnetic wells, trapped particle effects, bootstrap currents and so forth.

Local-island-divertor (LID) coils produce an m/n=l/l island yielding an efficient
divertor option in addition to the inherent built-in divertor. Before proceeding to the
high-temperature plasma experiments, vacuum magnetic surface mapping with a
fluorescent bar and electron beams clarifies completeness of both the physical design
and fabrication accuracy, which provides fundamental basis for confinement studies.
Since superconducting coils generate a strong steady-state magnetic field in LHD,
magnetic surface mapping can be done under the identical conditions with plasma
experiments. Progress in experiments of helical devices (CHS, Heliotron E,
Wendelstein VII-AS, and ATF) in the last decade has comprised a complementary
confinement database, which yields the international stellarator scaling 95 (ISS95)
for energy confinement time. Although this scaling describes L-mode plasmas in large
tokamaks as well, the density dependence is pronouncedly unlike tokamak L-mode
scaling. A major concern of confinement studies lie in the extrapolation of this scaling
and confinement enhancement. LHD would demonstrate the performance potential of
the heliotron configuration towards a reactor and make a great contribution to the
steady-state fusion science and technology.

Fig. 1 Photograph of LHD completed after an 8-year-lon construction phase.
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Overview of Recent Results from the Alcator C-Mod Tokamak
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P. Bonoli, C. Boswell, R. Bravenec,6 N. Bretz/ C. Christensen, G. Cima/ W. Dorland/
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There are four key areas of investigation on the compact, high magnetic field, Alcator
C-Mod tokamak. Transport studies on C-Mod provide critical tests of empirical scalings
and theoretically-based interpretations of tokamak transport at unique dimensional pa-
rameters, but with dimensionless parameters comparable to those in larger experiments.
Divertor research on C-Mod takes advantage of the advanced divertor shaping, very high
scrape-off layer power density, high divertor plasma density, unique abilities in diagnosis
and neutral control, and a high-Z metal wall. Ion cyclotron radio frequency power pro-
vides the auxiliary heating on C-Mod, and is exploited for research into wave absorption
and parasitic losses and mode conversion processes. Advanced tokamak research on C-
Mod proposes demonstrating fully relaxed current profile control and sustainment through
efficient off-axis current drive by Lower Hybrid waves.

In the area of transport research, we have continued investigations of the L/H thresh-
old, with emphasis on local measurements. Trends demonstrating a temperature threshold
have been elaborated and compared to high beta edge-turbulence simulations; reasonable
agreement has been obtained. New ultra high spatial resolution (~ 1 mm) measurements of
the H-Mode edge pedestal show features with scale lengths as short as 2 mm. We have be-
gun to gain an empirical understanding of the enhanced D a (EDA) H-mode regime, which
is unique in its combination of good energy confinement (H/7iEf{89P=2), finite particle
confinement (rp ~ 3 • rg), and the absence of type I ELMs, thus producing no transiently
high heat loads onto the divertor. We have found that lower plasma current, high diver-
tor densities, and strong triangularity favor creation of EDA over ELM-free discharges.
Strong on-axis toroidal flows are observed in C-Mod during ICRF heating, and scalings
of these flows with density, current and confinement properties have been measured. The
flow is fastest in discharges with high stored energy (H-Modes) as well as those with core
transport barriers (PEP mode). For a given stored energy, the flow speed is reduced as
the plasma current is increased.

In divertor research, we have implemented impurity injection feedback techniques
to achieve quasi-steady-state detached divertor operation during EDA H-Mode plasmas.
Using nitrogen, the peak divertor plate heat flux was reduced by about an order of mag-
nitude. These results are highly promising: the core perturbation is small (AZe// ~ 0.4,

H/TEH89P ~ 1.6) and the upstream parallel heat fluxes are reactor-like (q\\ ~ 0.5 GW/m2).
The minimal effect on the core is due, at least in part, to the high divertor compression of
impurity gases (Cz — nz,div/nZ,corc)- Cz increases with plasma density, giving high den-
sity operation an advantage. Parallel flows in the scrape-off are measured and appear to
play a role in keeping Cz high. We have developed an analysis technique for determining
the local recombination rate in detached regions, using the deuterium Balmer and Lyman
series intensities. Opacities for the Lyman lines are measured, and the opacity effects re-
duce the overall recombination rates. The results show that, while recombination is still
significant, it is insufficient to explain the magnitude of the divertor plate current reduction
seen during detachment. Instead, this appears to be consistent with a reduction in the
ionization source, along with plasma pressure loss along field lines by ion-neutral friction.
The importance of ion-neutral friction has been verified from parallel flow measurements
of ionized and neutral species in the divertor using spectroscopic techniques. A new 2-D
interpretational analysis code (Edgefit) has been developed and used to confirm our earlier
1-D onion-skin modelling: x± does not depend on magnetic field, and it increases slowly
with n7, typically in the range from 0.1 to 1.0 m2/s. In H-mode, x± is strongly reduced
within the first few mm outside the separatrix.

Radio frequency heating experiments have been concentrated on studying fixed fre-
quency operation at 80 MHz, measuring heating efficiencies for two heating scenarios,
hydrogen minority {D(H)} at 5.3 Tesla and 3He minority {£>(3He)} at 7.9 Tesla. Recent
D(3He) experiments have shown good total power absorption (up to 80%) when the 3He
concentration was optimized (between 2% and 4%). A weaker dependence on minority
fraction is seen for the D(H) case.

Modeling of possible advanced tokamak operation on C-Mod has been undertaken
with the ACCOME current drive and equilibrium code, combined with the PEST-II sta-
bility code. Starting with ICRF heated target plasmas characterized by inductively driven
current profiles (go < 1), it is found that reverse shear current density profiles can be cre-
ated and maintained using off-axis Lower Hybrid Current Drive (LHCD). Reversed shear
plasmas at the /3 limit can be produced in C-Mod at Bo ~ 4.5 Tesla, Ip ~ 0.8 MA, and (ne)
in the range from 1 x 1020 to 2 x 1O20 m~3, with pulse length of about 10 skin times and
2 L/R times. These plasmas are sustained by a high bootstrap current fraction (> 0.7).
The shaped C-Mod geometry (K ~ 1.7, S ~ 0.7) results in high ideal MHD /5-limits, even
in the absence of a conducting shell (/?^ < 3.5).

*Work supported by the U.S. Department of Energy, Contract No. DE-AC02-78ET51013.
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Towards high-power long-pulse operation on Tore Supra
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The Tore Supra tokamak was given the main mission to investigate the route towards
long pulse plasma discharges. This includes the heat exhaust and the particle control (via
development of plasma facing components (PFC)), but addresses also the physics of fully non
inductive discharges and its optimisation with respect to the confinement Tore Supra is thus
equipped with a superconducting toroidal magnet, a complete system of actively cooled plasma
facing components, and a heating & current drive capability insured by high power RF systems,
using actively cooled antennas. The encouraging results already obtained, as well as progress in
PFC, allowed us to recently envisaged a significant improvement in the heat exhaust capability
of Tore Supra. The so-called CIEL-project1 consists in a complete upgrade of the inner chamber
of Tore Supra, which will be installed during the year 2000. The present paper deals with the
experimental and modelling activity linked to the preparation of the long-pulse high-power
discharges using the present Tore Supra equipment: heating and current drive scenarios,
confinement and transport studies, power coupling, discharge control,... An overview of the
results obtained in that field is presented, as well as the progress required in the coming years,
and the expected performance, in terms of current drive and confinement, for the CIEL phase.

Non inductive current drive on Tore Supra
The present auxiliary heating system consists in i6x500kW-klystrons at 3.7GHz for

lower hybrid current drive (LHCD) and 6x2.5MW-tetrodes in the 40-80MHz ion cyclotron
range of frequency (ICRF). A new electron cyclotron range of frequency (ECRF) heating
system is being implemented, and will reach 3MW at 118GHz. All these systems have current
drive capabilities, and are designed at present for 30s (ICRF) or 210s (LHCD, ECRF) pulses.
The power transfer between the heating waves and the plasma mainly results in a strong bulk
electron heating, combined with a significant fraction of non inductive current. The resulting
transport is then dominated by the electron L-mode transport, improved by significant magnetic
shear modification effects2.

Using 2.4MW of LHCD system, the plasma current has already been sustained for 2
minutes at the level of 0.8 MA. The total injected energy (ohmic+LHCD) reached the record
value of 280MJ. The slow density increase observed during these shots confirms the absolute
necessity of a complete particle control system for further progress (i.e. active cooling plus
efficient pumping). Similar discharges were performed for durations up to 75s, using a double
feedback control: the loop voltage is imposed to be zero by retroaction on the ohmic system, and
the plasma current value is feedback looped on the injected LHCD power. These discharges
show confinement enhancement properties analysed in terms of current profile modifications. A
significant progress was done using new inner wall components, combined with reliability
efforts on both ICRF and LHCD systems. This allowed us to couple up to 4MW of ICRF
(hydrogen minority heating) plus 2.2MW of LHCD during 26s, representing a total input
energy of 170MJ.

Significant progress has also been made in the bootstrap current generation using the
direct coupling of the fast magnetosonic wave to electrons, in the ICRF (the so-called fast wave
electron heating (FWEH) scheme). The Tore Supra database now covers a magnetic field range
between 1.3T and 3.9T, and an input power range up to 9.5MW. For the first time, the fast
wave has also been damped by electrons in a scenario where no competing ion cyclotron
damping is present in the plasma (42MHz, 3.9T), confirming the FWEH process. The
corresponding amount of bootstrap current is found not to depend on the operating magnetic
field, and an adhoc expression of the bootstrap current fraction was derived, fitting the
TEXTOR, TFTR and Tore Supra databases. This "FWEH-driven" bootstrap current is now
considered on Tore Supra as a major candidate for supplementing the LHCD non inductive
current on high-density long-pulse operation.

Alternative scenarios, combining ICRF and LHCD, are however under consideration.
We first investigate some possible "synergisn'c" current drive effects between both waves.
Though negative, the results of the experiment combining the fast electrons accelerated by

LHCD and the wave mode-converted from the fast wave at a two-ion hybrid layer location
(monopole operation) are reported. On the other hand, investigations using parameters close to
the TEXTOR so-called radiation improved ("RI") mode, with ICRF minority heating alone, lead
to a promising confinement, comparable to the Elmy H-mode one. Such a regime, where ion
and electron energy contents are more balanced, and where a significant toroidal rotation is
induced by ICRF, is described.

Current profile modifications and control
Beyond the fully non inductive current, the long-pulse discharges need an active control

of the current profile, both for confinement optimisation and MHD stability. It is thus essential
to rely on several non inductive current sources, which allow to shape the current profile, as
well as on real-time determination of the major (local and global) characteristics of the current
profile (central safety factor, minimum safety factor location and value, internal inductance,...).
One can then set appropriate feedback loops on the current sources. This long term work, both
technical and physical, is underway on Tore Supra, in parallel with developments on the current
profile measurements through polarimetry and MSE diagnostics. An example of feedback
control of the plasma internal inductance by the lower hybrid injected parallel index is given.
The occurrence of MHD events linked to strong current profile modifications, as neoclassical
tearing modes, is also depicted and modelled.

Possible hysteresis effects on the current profile are also investigated. In fact, the lower
hybrid deposition profile, as monitored by the new hard X-ray tomography system4, and
modelled, is centrally peaked, due to the multi-pass wave propagation-absorption character in
the typical Tore Supra plasmas. Hollow power deposition profiles were obtained, up to now,
only in the low magnetic field, high-density plasmas, taking advantage of the wave
accessibility. But coupling the LHCD power very early in 4T discharges, during the ohmic
current ramp-up phase, confirmed also that the wave deposition profile is transiently hollow, as
long as the q-profile is hollow. Such "preformed" hollow-q phases lasted up to Is, using 3MW
of LHCD. This effect, when coupling more power, should allow us to perform a steady-state
hollow current profile discharge at high magnetic field values.

Towards CIEL discharges
The power exhaust capability of the "CIEL" plasma facing components will be of the

order of 20-25 MW, in steady-state. The heating and current drive systems, after the necessary
upgrades, should typically deliver in steady-state 10MW of ICRF, 8MW of LHCD and 2-3 MW
of ECRF. Zero-D extrapolations combining LHCD, the bootstrap current, the Zeff behaviour in
limiter configuration, the confinement and its enhancement with respect to the mid-radius
magnetic shear, gave us the basic steady-state performance, in terms of (fully non inductive)
plasma current versus volume averaged density. This mainly leads to two types of scenarios.
The first one takes place at lower density: the plasma current is of the order of 1.5-1.7MA (qa
close to 3), with a negligible fraction of bootstrap current. The lower density however allows
only to control the wall-particle inventory, but not the density profile. It also does not radiate a
significant fraction of the outcoming power. This regime shows a moderate confinement
enhancement. The second mode of operation is more "advanced": it consists in working close to
the Green wald limit of density. The plasma current is of the order of 0.8-1 MA (qa close to 5-
6), with a confinement enhancement factor of the order of 2 (with respect to the iTER96_th
prediction). The bootstrap current fraction reaches 50%, and the density level then allows an
efficient edge pumping by the TPL, as well as a large fraction of radiated power. Normalised
beta values are of the order of 1.5 at 4T, reaching 3 at 2T. Note that this extrapolation is rather
conservative, in the sense that it does not rely on further confinement enhancement triggered by
possible shear flow effects, not yet firmly observed in these pure RF discharges.
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In these years various modes £>r inproved confinement and performance have been investigated in many devices.
However, in order to apply each mode to a future reactor effectively, it is indispensable to examine each steady-state
characteristics in detail.

This paper reviews the teccnt studies on high performance of steady state plasmas in the superconducting tokarrek
TRIAM-IM[I]. The high ion temperature (HIT) mode with a sleep ion lemperature gradient has been sustained for
longer than 60 sec. Broadening ol the current profile has been demonstrated by Ihe combination of two lower-hybrid
waves (I.HWs). The controllability ofa high-performance single null configuration has been examined in a steady-stale
condition. In addition, studies for plasma-wall interaction and material have beer
discharges.

been carried out using long duration

1. High Ion Temperature Mode in an LHCD Plasma
Recently a long duration discharge with the HIT mode has been obtained for the first time

using2.45 GHz LHCD. Experimental conditions are as follows: BT = 5-7 T, IUICD ^ 30 kA,
Prf ~ 25 kW, a - 12 cm and R^ = 84 cm. The ion temperatures T^and Tw have been measured
by perpendicular ( 9~90° ) and tangential ( 0-40° ) neutral particle energy analyzers (NEAP
and NEAT), here 8 is the ang^e between the sight line and the toroidal direction. The HIT
mode is obtained in the following regimes; 1.3x 1012 cm"3 s ne s 1.7x 1012 cm'3 and-2.5 cm
s AR(=R-Ro) s -1.5 cm, where AR is the horizontal plasma position.This mode has been
successfully sustained for longer than 60 sec by fine control of AR and nc, as shown in Fig 1.
The HIT-mode is characterized by the steep temperature gradient formed at around half of the
minor radius, as shown in Fig 2. This temperature profile suggests the formation of a
transport barrier. At the transition to the HIT mode, both T^ and T (//increase simultaneously
within a samplingtime of 10 ms. This indicates that T( becomes almost isotropicjust after the
transition. The estimated value of the pitch angje scattering time is ~ 8 ms for 40°. It is noticed
that energetic ions with small v// are well confined at least during this time scale[2).
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Fig. 1 Time evolution of Ti at r-0 cm andr~3.6cm.
The HIT-mode with the steep temperature gradient of
~ 55 keV/m is successfully sustained for longer than
60 sec.
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Fig.2 Radial profiles of Ti in the HIT mode(closed
circles) and LI X mode (open circles). Here LIT means
low ion temperature.

2. Current Profile Control by Combined LHW's
The controllability of the global current profile has been examined by combination of two

LHW's with different spectra of parallel refractive index. The experimental conditions are as
follows; BT =7 T, ne - 1 x 10" cnv\ P r f s 25 kW(2.45 GHz) and s 105 kW(8.2 GHz). The
internal inductance /, is evaluated from Shafranov A and kinetic measurements of Pp for bulk
particles and energetic electrons.

In 8.2 GHz LHCD target plasmas the /, value is
-2.1 and this does not depend on Prr (8.2 GHz)
from 75 kW to 105 kW. When 2.45GHz is applied,
however, /, is remarkably reduced depending on Prf
(2.45 GHz) with being P,r(8.2 GHz) fixed at - 90
kW, as shown in Fig3. This indicates that j(r) is
changed from a peaked profile to a broad one as
increasing Prf (2.45 GHz). The measurement of the
Hard X-ray emission profile viewing vertically
agrees qualitatively with the trend of /,. When Prf

(2.45GHz) is raised above -15 kW, however, a
transition in j(r) occurs spontaneously. The value of
/; increases at the transition, and this means that j(r) Fig. 3 internal inductance /, as a Junction of
becomes peaked again. The change in the HX profile 2.45GHz power, insets show radial profiles ofiix
also supports this result(3]. emission at 80 keV.

3. Long Sustainment of the Single-Null Divertor Configuration
Fine control systems have been developed to obtain an ultra long duration discharge in the

limiter configuration!-)!. From a viewpoint of a steady reactor operation, however, a control
technique has to be established to sustain the divertor configuration for a long time. A vertical
and horizontal position control system is renewed and a distance between the separatrix and
the limiter is carefully adjusted. Thus it is demonstrated that the divertor configuration with K
- 1.5 has been successfully sustained for ~ 60 sec by 2.45 GHz LHCD. The HIT mode is also
obtained in this configuration. In high density and high power 8.2 GHz LHCD plasmas, an
averaged heat flux is estimated to be - 2 MW/m2on the divertor stripes. In order to obtain
such long duration dischargss, thermal damages on the divertor plate and related impurity
production should be also taken into account|5j.

4. Plasma-Wall Interaction and Material Studies Using Long Duration Discharges
Hydrogen ECR-DC(discharge cleaning) without baking-out has been carried out for 35

hours after a ventilation of the vacuum vessel for two months. It is found that the resistivity
of the first OH plasma after ECR-DC is comparable to that of the final plasma after ~ 2000
long discharges. This clearly indicates that ECR-DC without baking-out the chamber is quite
enough to obtain good plasmas in the future fusion device|6].

The property of the wall pumping has been studied in a long discharge by changing the
particle fueling and closing a valve to a pump unit. It is found that the recycling rate saturates
~ 20sec after the breakdown and the wall pumping speed is evaluated to be ~ 4xlO17 atoms/sec.
The property of the wall pumping depends on the outflux from aplasmaj7i.

A role of high energy charge-exchange (CX) particles in material defects has been
investigated. Test specimens are exposed to long HIT discharges. It is found that the defects
distribute up to 40-50 nm in depth, which corresponds to those by CX particles with 3-6 keV.
An up-down asymmetry of radiation damages is also observed. This observation suggests that
non-uniform efflux of CX particles on the wall has to be taken into account for understanding
of erosion and damage of PFC and the impurity source distributional.
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In this paper we summarize the results from W7-AS which have a
bearing for W7-X and the low shear stellarator line. W7-AS is a stellarator with
modular copper coils; the range of rotational transform can be varied from 0.25
to 0.55; the vacuum iota profile is fairly flat but modified by pressure driven or
externally induced currents. Heating has been upgraded recently; the nominal
ECRH and NBI power flux densities are 0.1 - 0.2 MW/m2. ICRH is applied at
low power levels to study basic heating schemes.

Helical systems require an optimisation in the magnetic field properties to
provide tolerable collisional losses, good equilibrium and a high stability beta.
Low-shear stellarators have to avoid major resonances in the gradient region,
they require specific control over the bootstrap current and they must utilize the
radially extended natural islands at the edge for exhaust purposes. Not yet in the
reach of an optimisation strategy is the search for good confinement regimes
with low turbulence levels. W7-AS is characterized by a partly optimized field
system which has reduced parallel currents (improved equilibrium and lower
collisional losses) and a predicted stability limit of 2% - due to resistive
interchange instabilities.

The improvement of equilibrium by the reduction of parallel currents -
the selected optimisation root which is further applied to W7-X - will be
demonstrated in high P-discharges. The reduction of the Shafranov-shift is in
agreement with equilibrium theory.

Maximal beta values of W7-AS are 1.8-2 %. There is no evidence of
MHD limitation even in cases where resistive interchange turbulence is expected.
As high beta is obtained at low field and high density - unfavourable beam
deposition conditions - the present limitation is evidently one of heating power.

Significant bootstrap current values (<10 kA) are found which modify
the rotational transform profiles demonstrating the necessity of bootstrap current
minimsation as is the case in the W7-X concept. This is further exacerbated by
the very long L/R times (= Is, a = 0.17 cm, R = 200 cm) obtained. Implications
of variable shear (MHD, confinement) will be summarized.

Maximal ion temperatures in W7-AS are up to 1.5 keV. The ion transport
is neo-classical up to close to the edge. The measured negative radial electric
field agrees in the core region with the neo-classical expectation and it reduces
the collisional fluxes by about an order of magnitude from the collisional level
expected without electric field. This observation is of specific importance for the
transport expectations of W7-X. Electron temperatures up to nearly 6 keV are
obtained. In these discharges, ions are decoupled and - as a consequence of their
high collisionality - the electric field is positive - the electron root develops in the
plasma core. There is evidence from the more readily development of the
electron root in configurations with higher toroidal field ripple that it is actually a
driven root in the sense that energetic electrons escaping from the ECRH power
deposition zone determine the ambipolar field.

XA9950717 The confinement of low-shear stellarators has a capricious dependence
on iota. Prerequisite for good confinement (L-mode level) is that resonances are
avoided in the gradient region (by proper selection of iota) or develop in regions
of strong magnetic shear. L-mode confinement depends on the choice of iota and
on the relational loop of confinement and magnetic shear induced by the
bootstrap current. In selected iota windows, the confinement is superior to that
predicted by the international stellarator scaling ISS. In these iota windows,
enhanced confinement regimes can be realised. Besides the H-mode, distinct
transitions occur into quiescent states with substantial energy content
improvements. The confinement can surpass ISS by a factor of two. The
turbulent fluctuation level of these discharges is very low and it is an interesting
but not yet fully documented issue to what extent the neo-classical radial electric
field quenches the base level of electrostatic turbulence. Remarkable is in the
best confinement discharges (55 ms at low power level) the widening of the
electron temperature profile and the increase of core temperature along with a
drop of edge density. The radial range of neo-classical electron transport (lowest
dissipation) is largest in these discharges.

Particle transport is of specific importance in stellarators both from the refuelling
and the impurity content point of view. Off-diagonal transport terms will finally
determine the particle transport equilibrium and the density profile. In 3D
systems without toroidal electric field and a concommittant inward flow term but
an outward flow term emerging from the temperature gradient, hollow density
profiles are expected. With central ECRH, hollow density profiles develop.
Dedicated experiments with induced density perturbations by oscillating gas
flow, with pellet injection or the rapid change of temperature gradients (ECRH
switch-off leads to an increase in core density) have been carried out. There is
evidence of an inward term (which must arise from plasma turbulence) normally
masked by the neo-classical off-diagonal temperature gradient term. The results
are presently being analysed and results will be reported.

The dominant trend in impurity transport is an 1/ne dependence of the diffusion
coefficient. At high density, D-values as low as 0.01 nr/s are observed from
laser-blow-off experiments. In long (1.2 sec) beam heated discharges at high
density, it has been investigated whether these low diffusion coefficients can
give rise to intrinsic impurity accumulation.

In low-shear stellarators, exhaust has to be accomplished via the flux diversion
by natural edge islands and the screening of the main plasma from target
recycling by the interspersed island chain. It has been demonstrated that high
recycling conditions can already be achieved under the present rather open edge
target structures. Strong poloidal plasma drifts can be observed due to the
electric field within the islands. Numerical modelling indicates that momentum
transport occurs not only via the interaction with the ambient neutrals but also
through flow friction of counter streaming plasma fans in adjacent island
sections. 2D multi fluid edge modelling indicate the development of detachment
in a wide density range. 3D modelling of the edge behaviour has been initiated
and examples will be presented.

Successful exhaust requires high density operation to provide conditions of re-
ionisation of recycling atoms within the island. High density operation is safely
possible because there is no MHD operational limit. At high density (up to
3xl020 nr') further density rises lead to a (reversable) collaps of the discharge.
Radiation plays an important role there. To what extent edge transport limitations
interfere will be presented.
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The Spherical Tokamak programme at Culham
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The START (Small Tight Aspect Ratio Tokamak) experiment provided the world's first
demonstration of the properties of hot plasmas in a Spherical Tokamak (ST) configuration,
and was operational at Culham from January 1991 to 31st March 1998. The machine,
although a low-budget device constructed largely from spare parts, incorporated several
novel features. These included a single-turn central rod providing the toroidal field, and an
'induction - compression' scheme which can provide up to 200kA of toroidal plasma
current without use of the conventional central solenoid, which can then be applied to
sustain the plasma current at values up to 300kA. MAST is scheduled to obtain first plasma
in Autumn 1998 and is designed to have a tenfold increase in plasma volume with plasma
currents up to 2MA. Current drive and
heating will be by a combination of
induction-compression as on START, a
high-performance central solenoid, 60GHz
ECRH and 5MW of Neutral Beam
Injection.

START has demonstrated many key
features of low aspect ratio tokamak
plasmas, for example the ability to sustain
highly elongated plasmas (K up to 3 ,
depending on the current profile) without
need of an active vertical feedback system,
and that for more usual current profiles ST
plasmas are naturally truly 'spherical', as
shown in Fig 1. R g

Spherical Tokamak plasmas make very efficient use of the toroidal field and are predicted
[1, 2] to achieve high p. In a collaboration with the US DoE, a Neutral Beam Injector
was shipped from the Oak Ridge National Laboratory and installed on START in order to
provide plasma heating.

Using injection of - 0.5MW of hydrogen at 30kV into a deuterium target plasma, values

of average j3r = — ^ J pdV of 40% have been achieved at normalised currents IN =

I/(aBo) (MA, m, T) up to 8.5, where a = plasma minor radius, Bo is the vacuum toroidal
field at the geometric centre of the plasma, and V is the plasma volume. These values are
substantially more than the highest achieved in a conventional tokamak, namely 12.6% at
IN ~ 3 PL Two additional beam lines from ORNL are now being prepared at Culham for
use on MAST, where at higher energy (70keV) they should deliver a combined injection
power of 5MW.

Values of normalised PJ, over 5.5 have been attained in START, and it is noteworthy that
the highest p discharges, for example 35533, exhibit H-mode like features such as ELM-
like phenomena, increases in confinement and poloidal rotation and the sharp edge seen in
Fig 1, and moreover have energy confinement above that predicted by the ITER97H
scalings.

PT ,%
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x 1996 -2.5
D 1997 -4.5
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Fig 2 fa VS. normalised plasma current in START. The values achieved by conventional
tokamaks are indicated.

The operating space of normalised current and density in START is at least as large as
that in conventional tokamaks, and has been further extended by use of a pellet injector
in collaboration with Ris0 and Frascati. Injection of a frozen deuterium pellet into Ohmic
or NBI heated discharges in START has enabled operation at densities exceeding the
Hugill or Greenwald limits by factors of up to 1.5. Injection into NBI heated discharges
has enabled high Murakami parameters ne R/B (Vf/rtfT) ~ 2.4 to be achieved.

Until October 1996 no major (current-terminating) disruptions were seen in START.
However since installation of the X-point coils close to the plasma at that time disruptions
at low q can occur. The explanation,proposed [4] is that following an IRE (Internal
Reconnection Event) which flattens the current profile, low aspect ratio plasmas exhibit a
significant increase in elongation which acts both to raise q95, enhancing stability, and
also to counteract the inward contraction of the plasma ring, thus avoiding strong limiter
interaction. The close proximity of the X-point coils in START inhibits this elongation
and a much greater clearance is incorporated in the successor device, MAST. It is hoped
that this will restore the strong resilience to major disruptions initially demonstrated in
START, which would be a great advantage in future large, high current devices.

The START experiment has clearly demonstrated the potential of the Spherical Tokamak
as a simple, efficient fusion device. A confinement and performance database, including
profiles, has'beenestablished which extends that for conventional tokamaks and which,
in conjunction with results from the MAST device at Culham and other STs now under
construction will serve to further enhance the tokamak database and enable predictions to
be made of the performance of future applications of. the ST concept, such as a
Component Test Facility or a Power Plant.
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Recent Advances in Indirect Drive ICF Target Physics at LLNL
B. A. Hammel'

Lawrence Livermore National Laboratory

The National Ignition Facility (NIF), currently under construction, will be a
unique facility for studying ignition physics in inertially confined targets, and for
basic and applied research in the field of high energy density science.

In preparation for ignition on the NIF, the Lawrence Iivennore National
Laboratory's Inertial Confinement Fusion Program, working in collaboration with
Los Alamos National Laboratory, Commissariat a l'Energie Atomique, and
Laboratory for Laser Energetics at the University of Rochester, has performed a broad
range of experiments on the Nova and Omega lasers to test the fundamentals of the
NIF target designs. These studies have refined our understanding of the important
target physics, and have led to many of the specifications for the NIF laser and the
cryogenic ignition targets. This paper will summarize recent advances in the areas of
hohlraum energetics and symmetry, shock physics, and implosions.

In the areas of Hohlraum Energetics, we have explored laser/target coupling
using "smoothed" laser beams. Following installation of kinoform phase plates
(KPPs) and the activation of Smoothing by Spectral Dispersion (SSD) on all 10 beams
of Nova, we conducted a series of experiments with gas-filled hohlraums that were
designed to emulate conditions encountered in NIF targets. These experiments
demonstrated a dramatic decrease in backscattered laser light and an increase in
laser/target energy coupling to > 95%. As a result of this work, similar laser
smoothing schemes will be implemented on NIF.

Beam smoothing also had a positive impact on Hohlraum radiation symmetry
in gas-filled hohlraums, nearly eliminating the level of laser beam deflection
observed in previous experiments with unsmoothed beams. In addition, we have
made advances in the measurement and control of time-dependent flux
asymmetries in hohlraums, using "foam ball" capsule surrogates and a two-ring,
NIF-like illumination geometry. These experiments have demonstrated the ability
to measure symmetry swings at the level required for NIF.

In the area of shock physics, we are working to test the accuracy with which we
can follow shocks in cryogenic D2, and to map out the D2 equation of state (EOS) near
the first shock state of the NIF. We have developed and refined several techniques
for these measurements and have measured the shock velocity, particle velocity,
density, temperature, and reflectivity of D2on the principle Hugoniot up to 2.4 Mbar.
These measurements have demonstrated higher compressibility of D2 than
previously expected, resulting in an enhanced "safety" margin in the NIF ignition
designs due to the increased fuel compression.

In the area of Implosion Physics, computational work has advanced with the
advent of 3-D hydrodynamics design tools. Systematic studies of target performance,
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when seeded by 3-D multimode surface perturbations, have identified optimal
materials for the capsule ablator. Experiments are ongoing to test the hydrodynamic
behavior of these ablator materials.

Recent progress with ignition target fabrication includes the development of
Be/B sputtered ablator materials and the formation of smooth cryogenic DT layers
inside of NIF-scale spherical shells.

Research in high energy density physics is also ongoing on Nova. This work
includes measurements of material mixing from hydrodynamic instabilities, and
studies of the opacity of radiatively heated matter. This work was performed under
the auspices of the U.S. Department of Energy by Lawrence Livermore National
Laboratory under Contract No. W-7405-Eng-48, and by Los Alamos National
Laboratory under Contract No. W-7405-Eng-36.
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S.G. Glendinning1, S.Glenzer1, S-Haan1, A. Hauer4, D. Hinkel1, J. P. Jadaud2,
D. Kalantar1, J. KnaueA R. Kauffman1, J.D. Kilkenny1, R. Kirkwood1, W. Kruer1,
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Since we demonstrated high density compression by laser implosion, the key research
issues are how to keep the implosion stability and to generate a hot spark in high density
plasmas. In order to solve these research issues, we have worked on very precise experiments
and theoretical analysis of initial imprint and hydrodynamic instability[l], development of
uniform laser irradiation technologies[2], implosion dynamics of hybrid target and ultra-intense
laser interactions with dense plasmas by using the peta watt module (PW-M) laser in relation
with fast ignitor[3]. In the following, recent research results in the above items are summarized.
[Laser technology and laser plasma physics related to fast ignitor]

The PW-M was constructed and operated in synchronizing with the GEKKO XII laser.
The time zitter is less than 100~ psec. The out-put energy reached higher than 50 J with a
pulse width of 500 fs. We also carried out hole boring and heating experiments for imploded
CD plasmas by the GEKKO XII laser. In the experiments, a pulse train which consists of two
100 J /lOOps pulses is used.

In the heating pulse train experiments, we found that DD neuuon yields increase by one
order of magnitude in comparison with those of non-heating implosions. The shift and spread
of neutron energy are large in the forward direction wilh respect to the heating laser injection
direction. From the neutron energy spread and its angular dependence, it is found that energy
of reacting deuterons reaches several hundreds keV and collimated in the toward direction.
These results indicate that the ions are directly accelerated by very high radiation pressure in
a laser channel.

In 100 TW PW-M laser plasma experiments, we observed neutrons logcther with strong
MeV y-ray emission. The neutron yield is the order of 106 when a CD Toil is irradiated (see
Fig.l). Energetic deuterons in this case may be produced by the Coulomb explosion of
photon bubbles generated by the relativistic modulational instability. Although the experiments
on the fast ignitor are preliminary, the results suggest that imploded core plasmas could be
heated by intense ion beams collectively accelerated by the laser radiation pressure.
[Indirect-direct hybrid implosion experiments]

In order to reduce small scale non-uniformities generated by irradiation intensity fluctuation,
indirect-direct hybrid scheme targets are proposed. This concept combines smoothing by
x-ray heating in the start-up phase and acceleration by the direct drive. We have investigated
two types of hybrid implosion. One is called external x-ray hybrid implosion in which a fuel
pellet is covered with a gold cavity which has 12 holes for direct drive laser beams as shown
in Fig. 2. Pre-pulse beams which are off-axis of main beams irradiate the cavity inner surface
to emit x-ray, and the main beams directly irradiate ihe fuel pellet. The olher is the foam
hybrid target which has been fabricated as reported in the last IAEA conference in Montreal[2].
The fuel pellet is covered by a thick foam layer with a thickness of 20 um and density of 40
mg/cc. In experiments, it is found that effects of irradiation non-uniformii ics on an accelerated
foil are significantly reduced.
[Hydrodynamic instability]

A series of experiments has been conducted on the GEKKO XII laser facility to measure
hydrodynamics of planar targets accelerated by 0.53 nm PCL beams. Since the last IAEA
conference, we accumulated data base on the laser imprint efficiency for various spatial
modes and time dependent laser intensity modulation. Parametric study of Rayleigh-Taylor
instability is also continued to clarify the growth rate reduction by nonlocal heat transport

process. By the implosion stability data base which is available at present, we checked the
stability of a high gain implosion where the gain is 100. It is found that the R-T growth rate
reduction stabilizes the high gain implosion significantly.
[Summary]

In these two years, we concentrated our effort to investigating two innovative implosion
concepts which are fast ignition and direct-indirect hybrid implosion. New findings are listed
below,
(1) A 100 J / 100 ps pulse injected into an imploding pellei penetrates deeply into the

overdensity region to produce a hot dense spot and enhances the neutron yield.
(2) The PW-M laser is operated at 50 J / 0.5 ps and used for target experiments. High neutron

yield with strong y -ray emission is observed.
(3) A new type hybrid target is designed and will be used for experiments.
(4) Experimental and theoretical data basis for implosion hydrodynamics are accumulated.

By using the data base, we found that the hydrodynamic stability of high gain implosion
can be retained.

400 500 800 900 1 10'600 700
time (ns)

Fig.l D-D neutron spectrum measured by a multi-channel neutron spectrometer "Mandala"
Neutrons are generated by 100TW laser beam interaction with a solid CD target. The cncrsiy spread is the order

of MeV as indicated by arrow.
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Fig.2 External x-ray hybrid target
This is a proposed new target design for the indirect-direct hybrid implosion. 12 beams of GEKKO XII laser are

separated into two part. The central small parts of the beams are deflected by optical wedges to irradiate the

gold cavity inner wall. The main parts of the beams directly irradiate the fuel pellet.
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Within the U.S. National inertial confinement fusion (ICF) program, the Laboratory
for Laser Energetics (LIB) has prime responsibility for the development and validation of the
direct-drive approach to inertial fusion. LLE's experimental and theoretical programs in
support of this mission were organized to provide a moderate-gain option for the National
Ignition Facility (NIF). Experimental implementation of the LLE program is carried out on
LLE's OMEGA, 30-kJ, 60-beam, UV laser in collaboration with the Lawrence Livermore
(LLNL) and Los Alamos (LANL) National Laboratories.

This paper summarizes the status of the direct-drive ICF physics program at LLE with
emphasis on the development of beam-smoothing techniques, long-scale-length plasma
interaction experiments, direct-drive planar-foil hydrodynamic instability experiments, the
effect of laser nonuniformity on target stability, integrated spherical-target implosion
experiments, design of direct-drive targets, development of target diagnostic techniques, and
implementation of cryogenic fuel layer technology.

To provide the required irradiation uniformity for direct-drive ICF, we have
developed and implemented on OMEGA two-dimensional smoothing by spectral dispersion
(2-D SSD). The OMEGA SSD system operates with 2-D bandwidth of 1.5 x 1.75 A. Using
recently innovated technology for fabricating distributed phase plates (DPP), the 2-D SSD
system on OMEGA has demonstrated beam uniformity of 4% rms on 1-mm-diam spherical
targets. It is anticipated that the nonunifonnity will be reduced to 1% rms for a 2-D SSD
bandwidth of 3 x 10 A (for modulation frequencies of 3 and 10 GHz, respectively), and by
using distributed polarization rotators (DPR's). The effectiveness of DPR's was demonstrated
on five beams on planar Rayleigh-Taylor targets. Efficient broad-bandwidth frequency
conversion was demonstrated at LLE recently. SSD has also been shown to decrease
backscattered light in indirect-drive targets, and an SSD system is being implemented on the
NIF with the ability not to preclude its 2-D enhancement for direct-drive experiments on the
NIF.

Laser-plasma interactions were investigated in exploding-foil plasma with density-
gradient scale lengths comparable to those expected in direct-drive NIF coronal plasmas. The
plasma was created by exploding CH foils with 18 OMEGA beams. The plasma was then
heated with 20 additional OMEGA beams, creating a density-scale length of approximately
1 mm, a peak on-axis density of 18% of critical density, temperature in excess of 3.5 keV, and
a velocity-gradient length of 1500 /m. An interaction beam outfitted with various phase plates
then permitted carrying out interaction experiments at 2 x 10 1 4 , 6 x 10 1 4 , and 1.5 x
101 5 W/cm2 average intensity. The peak density was determined by stimulated Raman
scattering (SRS) for the underdense plasma. No stimulated Brillouin scattering was observed
in these experiments when phase plates (DPP's) were used.

XA9950721 In the area of hydrodynamic instabilities and laser imprinting, we carried out planar-
foil as well as spherical-target experiments. Various beam-smoothing techniques were used,
including phase plates with no bandwidth, 2-D SSD, and DPR's. The imprinting was observed
using face-on radiography, and it was clearly seen that the smallest level of laser imprinting
corresponded to the best irradiation uniformity achieved with the use of SSD as well as DPR's.
Radiography was also used to measure the Rayleigh-Taylor growth rate in planar foils
accelerated to 100 /an/ns2 at a laser intensity of 2 x 101* W/cm2. These foils had imposed
mass perturbations with initial amplitudes of 20, 31, and 60 /Jrn. The measured growth rates
compare favorably with simulations carried out using the 2-D hydrodynamic code ORCHID.

In a spherical-target experiment designed to investigate hydrodynamic instabilities in
a converging geometry, we have measured conditions in both the fuel and the pusher layers of
imploding capsules. The RT growth during deceleration was measured using buried signature
layers on the inside of the shell and Ar doping in the fuel. The signature layers were either CD
or Ti-doped polymer layers buried 0 to 5 /an from the fuel-pusher interface. X-ray
spectroscopy and monochromatic x-ray imaging were used to interrogate the signature layer.

The development of target diagnostics to characterize the extreme density and
temperature conditions of ICF capsules is a high priority of LLE's program. An alternative to
x-ray backlighting was developed whereby the cold, compressed shell can be imaged using Ka
line radiation in titanium-doped shell implosions. By measuring the dimensions of the cold
pusher shell at the time of peak compression and shell area density via K-edge absorption, it
was possible to estimate the shell density.

Charged particles from fusion reactions are also used to measure core conditions.
Using a novel charged-particle spectrometer jointly developed with MIT, measurements have
been made of the charged-particle spectra emitted during direct-drive shell implosions. In
some of the initial experiments with this device the fuel ion temperature during the
thermonuclear bum was determined by measuring the ratio between DD fusion reactions and
D^He reactions in D^He-filled capsules.

To achieve high-density conditions of interest to NIF direct-drive capsules, a
cryogenic-capsule-target-filling, characterization, and handling system is being constructed in
a joint effort with General Atomics, LANL, and LLNL. This system will be completed in 1999
and used to carry out direct-drive validation experiments in preparation for direct-drive
experiments on NIF.
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Research at Sandia National Laboratories*
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The U. S. Department of Energy is supporting research at Sandia National Laboratories (SNL) to
investigate the possibility of using pulsed power driven magnetic implosions (Z-pinches) to drive
high gain targets capable of yields in the range of 200-1000 MJ. This approach to inertial fusion
energy provides an alternate and complementary technology to the laser-based approaches that are
currently emphasizing target ignition and modest gain on facilities such as Omega and Nova in
preparation for future experiments on the National Ignition Facility. Currently, the SNL program
is pursuing three different concepts aimed at high yield from Z-pinch sources. All of these
concepts employ DT cryogenic capsules (2-4 mm in diameter) that are indirectly driven by
radiation fields that are generated by Z-pinch hohlraum radiation sources. Each of these three
approaches to inertial fusion is similar in concept to the indirect laser approach to ICF [ 1 ].

Fast Z-pinch implosions can efficiently convert the stored electrical energy in a pulsed-power
accelerator into high temperature dense plasmas that radiate as soft, nearly thermal x-ray sources.
The high temperature dense plasma is produced when an imploding cylindrical plasma, driven by
the magnetic field pressure associated with very large axial currents, stagnates upon the cylindrical
axis of symmetry. On the SNL Z facility, currents of 17 to 19 MA are driven through
cylindrically-symmetric loads, producing implosion velocities as high as 7.5xlO7 cm/s, x-ray
energies approaching 2 MJ, and x-ray powers exceeding 200 TW. A new facility, X-l, is currently
being proposed that will have the capability to drive Z-pinches to currents of 60 MA and produce
x-ray yields of 16 MJ and x-ray powers of >1000 TW.

One of the indirect-drive ICF target configurations being pursued at SNL, in collaboration with
Los Alamos National Laboratory, is illustrated schematically in Fig. 1 [2]. This configuration is
described as the imploding liner, or dynamic hohlraum concept. In this system, the high yield ICF
capsule is placed at the center of the smaller low-density foam structure on the cylindrical
symmetry axis of the tungsten Z-pinch imploding wire array. The radiation produced when the
imploding plasma strikes the low-density foam quickly penetrates the low-density material and
begins to ablate the ICF capsule. The stagnation of the imploding plasma and subsequent
compression of the central cylinder results in a high temperature radiation drive in the interior of
the foam. The low-density foam and the material that is ablated from the ICF capsule isolate the
capsule ablation surface from the hydrodynamics of the imploding plasma; this creates a region in
which the radiation mean-free-path is long, allowing a uniform radiation drive at the ablation
surface. This configuration is high risk, however, because the capsule symmetry is susceptible to
both radiation asymmetries and the hydrodynamic coupling that can occur between the imploding
Z-pinch plasma and the imploding capsule. Initial experiments on the Z facility have driven 5 mm
diameter by 1 cm central foam cylinders (without an ICF capsule) to temperatures in excess of 150
eV. Scaling these results to the 60 MA X-l accelerator indicate that high yield capsules may be
driven to yields as high as 600 MJ.

A second indirect-drive ICF concept, termed static-walled hohlraum, that is being investigated at
SNL is shown in Fig. 2 J2]. In this concept, the tungsten-wire arrays, located on each end of a
central static hohlraum, are made incident on inner cylinders that consist of low density CH foams
(5-10 mg/cc) thai are overcoated with thin high-Z coatings. The tungsten wire arrays, upon
striking the foams, generate radiation waves that bum through the high-Z coating. The radiation
then enters and heats the low density foam regions of the top and bottom inner cylinders causing

them to become optically thin to the thermal radiation field located in this region. Radiation then
begins to flow out of the inner cylinders into the static hohlraum. Meanwhile, the tungsten wire
continues to implode the inner cylinders compressing their volumes resulting in higher-temperature
radiation fields that in turn flow into the central static hohlraum. Ultimately, the imploding
tungsten wire array implodes the inner cylinder region to a small final stagnation volume that
produces the final radiation drive to the central static hohlraum. Two-dimensional calculations
predict that 50% of the radiation generated by the Z-pinches impinging onto the inner cylinders can
be directed into the central static hohlraum, and the time-dependent radiation intensity within the
static capsule hohlraum can be tuned by simple structural changes to the shape and density of the
inner, lowdensity cylinders. The symmetry of the x-ray flux at the capsule surface can be tuned
by the placement and number of symmetry shields within the central static hohlraum as well as by
the shape and dimensions of the static hohlraum. Experimental tests of this concept have been
initiated. A 200 MJ yield target has been designed using this concept.

Fig. 1. Schematic of imploding Fig. 2. Schematic of static- Fig. 3. Schematic of Z-pinch
liner hohlraum. walled hohlraum. driven hohlraum.

The third indirect-drive ICF configuration that is being pursued in collaboration with Lawrence
Livermore National Laboratory is illustrated schematically in Fig. 3 [3]. In this ICF concept,
denoted Z-pinch driven hohlraum, two cylindrical wire arrays are imploded in two primary

• radiation cavities located at either end of a capsule-containing central hohlraum. Enclosing each Z-
pinch in a high-Z lined radiation cavity increases the x-ray power in the cavity by approximately
l/(l-fl) where SI is the wall albedo. The albedo of high-Z walls can typically be -0.8, implying
that the radiation power enhancement in each radiation cavity can be ~5. The thermal x-ray
radiation produced by each Z-pinch is then allowed to flow into the central hohlraum through wire
mesh electrodes that are located at each end of the central hohlraum. The thermal x-rays in the
central hohlraum provide the x-ray drive to implode the capsule that is quite similar to the indirect-
drive laser and heavy ion ICF hohlraum configurations. As in the static-walled hohlraum, the
symmetry of the x-ray flux at the capsule surface can be tuned by the placement and the number of
the symmetry shields within the central ICF capsule hohlraum and through varying the length and
diameter of fee hohlraum. Experiments on the Sandia Z facility to investigate the x-ray flux and
temperature that can be produced in a single primary radiation cavity, similar to either the top or
bottom cavities in Fig. 3, are currently being conducted. To date, a radiation temperature of 140
eV has been measured in a Au lined primary cavity that had dimensions 2.5 cm diameter.by 1 cm
tall that was driven by a tungsten Z-pinch that carried approximately 18 MA [4].

•Sandia is a mutaprogram laboratory operated by Sandia Corporation, a Lockheed Martin
Company, for the United States Department of Energy under Contract DE-AC04-94AL85000.
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Target physics programme
for DRIF/CEA laser Megajoule project (LMJ)

The laser megajoule project which will operate by the second decade of 21st century
at Bordeaux, France, has several goals :

-ICF for DT fusion gain with indirect drive scheme as nominal. Others schemes such
as direct drive and fast ignition are also considered

-High temperature plasmas' topics such as equation of state, spectral opacities,
radiative transfer, NLTE atomic physics, hydrodynamics,....

-Other applications such as astrophysics, nuclear properties for fusion reactors,...

To give with more and more precision the baseline specifications of the LMJ, in term
of power and energy, arrangement of the 240 beams and their shaping (cones and balance) ,
the modelings in codes of the key physics occuring in the indirect drive fusion gain targets
have to be improved continuously. For this purpose, devoted experiments has been already
proposed on present lasers, but also on the next generation to come, around 2002 at LIL at
Bordeaux.

Concerning the present lasers, Phebus and PI02 at Limeil, Luli at Palaiseau and
Nova at Livermore under a CEA/DOE collaborative agreement from 1994 up to now, we have
thus tested :

- laser plasma interaction through beam reflectivity and beam steering measurements
with or without several types of smoothing.

- spectral X-ray conversion efficiency in open and closed geometry (as for example a
function of the electron conductivity)

- capsules' behavior, including symmetry of irradiation, ablator and DT physics
(EOS, spectral and mean opacities) and implosion stablity with regard to shells' roughnesses.

Due to some remaining uncertainties in answers, the classical baseline gain target
Limeil 1000 whose drive temperature was 350 eV, has thus evolved to gain targets in the
range « 300 eV-350 eV » with different types of ablators.

Most of present lasers will be closed by the end of this century. So, a new
collaborative agreement is being established for experiments on Omega upgrade (Rochester)
as soon as 1999. Owing to a greater number of beams (30 for indirect drive, 60 for direct
drive), more specific applications will be mainly tested such as :

- enhanced symmetry with possibilities of cones and balance as for LMJ.
- instabilities growth rates closer to LMJ's ones in quasi ID targets
- spectral X-ray conversion efficiency in ID- situation to allow better comparison

with codes.

XA9950723
The aim is to get more accurate definition of fusion gain targets correponding to the

possible specifications of the LMJ.

Ref : Fusion energy 1996 / Proceedings of the 16th international conference on
Fusion energy IAEA Montreal / 7-11 Oct 96 / Vol 3 (IAEA CN-64/B1 -5)
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ITER OVERVIEW

Y. SHIMOMURA, R. AYMAR, V. CHUYANOV, M. HUGUET, R. PARKER,
and the ITER Joint Central Team and Home Teams

This report summarizes six years of technical work by the ITER Joint Central Teams and Home
Teams under the terms of the ITER EDA Agreement [1].

1. Fusion energy programs throughout the world have benefited from a remarkable degree of
openness and global cooperation. The leading fusion experiments such as JET, JT-60U
and TFTR, have realized their full performance potential, producing fusion power of 10-16
MW, achieving equivalent break-even condition or showing a possibility of steady state
operation. At the same time, experiments in these and other devices, theory development
and technology development are broadening scientific understanding and establishing
competence in fusion technologies. The logical next step for all the leading fusion
programs is now to progress to study the physics of burning plasmas in reactor-relevant
condition, and to demonstrate and test the key fusion technologies and engineering in an
integrated system, to demonstrate the feasibility of fusion as an energy source; ITER will
fulfill this next step.

2. As required by the Agreement, the design constitutes a complete description of the ITER
device and of its auxiliary systems and facilities. A detailed design has been developed but
some adaptations may be required to accommodate the design to specific characteristics of
the site to be chosen for ITER [2].

3. The design has been validated by wide-ranging physics and engineering work, including
detailed analyses, experiments in existing fusion research facilities, and dedicated
technology development and tests. The assessment of the ITER Physics Basis draws on
extrapolations from the databases of current experiments and calculations, and concludes
that ITER can be confidently expected to meet the ITER objectives. Unavoidable
uncertainties remain in the extrapolation of performance from current experience to the
ITER size and parameters; these can only be fully resolved through experiments at ITER
scale. The provision of up to 100 MW of auxiliary heating gives assurance of achieving a
fusion power more than 1000 MW within a wide range of uncertainties.

4. The safety assessment shows that ITER could be constructed and operated without undue
risk to health and safety, without significant environmental impact, and will meet the
objectives of demonstrating the safety and environmental potential of fusion power. A
technical base to satisfy regulatory authorities of any potential host country has been
developed.

5. Technology R&D has focused on key issues, in particular, large, integrated R&D projects
aimed at establishing and qualifying the applicable technologies and manufacturing
techniques, including quality assurance (QA), and the subsequent building and testing of
large/full scale models and prototype components of the ITER tokamak. These projects are
in their concluding stages for the purpose of confirming performance and understanding
operating margins. Assessment of results to date indicates that the design is feasible, that it
can be manufactured to specifications, and that it will be capable of meeting its operating
objectives.

6. A planning schedule for ITER construction and commissioning, operations and
decommissioning has been developed. Given appropriate preparations, construction is
expected to last about 9 years from the start of on-site construction until first plasma.
Operation of ITER is planned in detail to progress step by step from the hydrogen plasma
operation with low plasma current, low magnetic field, short pulse and low duty factor
without fusion power to the full deuterium-tritium burn operation in the fifth year. In each

step, characteristics of plasma will be understood which will significantly reduce
uncertainties in the next step. This approach enhances safety and reliability of the ITER
operation.

7. Industries in each of the Parties have established a comprehensive set of cost estimates
based on studies of procurement packages for the supply, fabrication and assembly of all
the ITER systems/components. The total cost for constructing ITER is estimated at 5460
klUA (~ 7210M$, 6,550 MECU, 787,000 M¥, or 41,000 MRb in mid 1997 money
values) for direct capital costs plus 780 klUA for construction management/support and
150 klUA of R&D during the construction period. Yearly operating costs average about
350 klUA. The overall estimated cost complies with the general cost constraint set at the
start of the EDA.

8. The design and supporting documentation are at levels of maturity and detail that would
readily justify, on technical grounds, a decision to construct ITER. Primarily due to delay
of the decision of construction, a three year extension of the EDA until July 2001 is
planned. During this period, the Parties need to resolve the key issues of siting and
regulatory clearance, cost sharing and procurement arrangements, and establishing the legal
framework and organization. It is also planned to continue the technical work for the
project in tasks that will help reinforce the technical basis for a positive construction
decision such as: adapting the design to the specific characteristics of possible construction
sites; supporting preparations for formal applications for licenses to build and operate
ITER; extending prototype testing to provide data on operational margin; finalizing the
design and procurement specifications and related documentation; and consolidating the
scientific basis of ITER operations.
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Energetic Particle Transport and Alpha-Driven Instabilities
in Advanced Confinement D-T Plasmas on TFTR

B. C. Stratton, D. S. Darrow, R. K. Fisher*, E. D. Fredrickson, S. S. Medley, R. Nazikian,
M. P. Petrov, M. H. Redi, E. Ruskov, R. B. White, S. J. Zweben, and the TFTR Group

Princeton Plasma Physics Laboratory, Princeton, NJ, USA
'General Atomics, San Diego, California, USA

Introduction
Deuterium-tritium (D-T) operation of the Tokamak Fusion Test Reactor (TFTR)

provided a unique opportunity to study the physics of fast alpha particles and beam ions in
reactor-relevant conditions. Initial experiments in discharges with monotonic q(r) profiles showed
that confined alpha behavior is well described by classical slowing down and neoclassical
transport, but that sawteeth cause strong redistribution of confined alphas with little loss from
the plasma, in agreement with theoretical models. However, understanding both alpha and neutral
beam ion behavior in advanced tokamak plasmas with reversed central magnetic shear and
enhanced core thermal confinement is important to development of these regimes for a reactor.
Such studies were a major focus of the final TFTR D-T experiments. New results presented in
this paper include: measurement of increased beam ion loss in reverse shear (RS) plasmas;
observation of neoclassical MHD-induced alpha particle loss in D-T plasmas; modeling of the
observed broadening of the alpha radial profiles in weak shear and RS plasmas; and measurement
of the radial structure of core localized alpha-driven Toroidal Alfven Eigenmodes (TAEs) in weak
central shear D-T plasmas.

Neoclassical MHD-induced Alpha Loss
Neoclassical MHD-induced alpha loss was studied using a group of lost alpha detectors

[1]. MHD activity was found to cause alpha loss in -10% of D-T discharges, and all types of
plasma MHD caused alpha loss: normal coherent low frequency modes, higher frequency
coherent modes (KBM), stationary magnetic perturbations, sawtooth crashes, and major and
minor disruptions. MHD-induced alpha loss due to low-n, low frequency modes is generally less
than the first orbit or ripple loss of several percent in TFTR. Monte Carlo guidingcenter orbit
following code (ORBIT) modelingindicates that this alpha loss is roughly consistent with the
observed low-n island size.
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Fig. 1: Comparison of D-T neutron emission from a 70 ms co-injected tritium, beam pulse with
TRANSP calculations for the baseline case (first orbit loss only) and various level of additional beam
power loss for both the tritium and deuterium beams.

Beam Ion Loss in Reversed Shear. Discharges
Short tritium beam pulses were injected into deuterium-beam heated RS plasmas to study

beam ion transport in an advanced tokamak configuration [2]. Measurements of the total 14 MeV
neutron emission and neutron flux at eight radial locations, and the perpendicular plasma stored
energy are compared with predictions from TRANSP code simulations in Fig. 1. The modeling
implies that -40% of the beam power is lost on a time scale shorter than the tritium beam pulse
length of 70 ms. These observations demonstrate that fast ion confinement in RS discharges can
be anomalous; toroidal field ripple loss of beam ions is not sufficient to explain this effect.

Effects of Stochastic Ripple Diffusion on Alpha Confinement
Outside the plasma core, the effect of stochastic ripple diffusion on fast trapped alphas

measured by the Pellet Charge Exchange (PCX) diagnostic [3] is found to be consistent with the
functional dependence of the Goldston-White-Boozer model on alpha energy and q-profile in
supershot and RS discharges, and the measurements are in agreement with ORBIT guidingcenter
code modeling [4]. In sawtooth-free periods of RS discharges.PCX radial.profiles of the alpha
signal are broader than those for supershots. The q-dependence of the observed alpha signal
profiles is in agreement with ORBIT code modeling of RS and supershot plasmas [4].

An effect of the q(r) profile on alpha ripple loss to the outer midplane was directly
observed using a radially-moving scintillator detector. Some of these measurements are consistent
with ORBIT code modeling, but the measured variation of the alpha loss with q(r) could not be
explained by this code. This is probably due to the effect of limiter shadowing on alpha diffusion
into the detector, which can not be modeled with the ORBIT code. The influence of the vacuum
fields on the poloidal distribution of alpha ripple loss has also been found to be significant.
Alpha-Driven Toroidal Alfven Eigenmodes

TAEs driven by energetic alphas are observed in weak central magnetic shear D-T
plasmas on TFTR [5]. Enhanced alpha loss due to TAE activity is not observed. Internal
reflectometer measurements of alpha-driven TAEs are compared with linear calculations of the
radial mode structure. Localization of the modes to the region of reduced central magnetic shear is
confirmed, although the mode structure can deviate from the calculations. The peak measured
TAE amplitude of Sn/n^lOxlO"4 at r/a=0.3-0.4 corresponds to 8B/B=» 10x10-5, while
8B/B=10xl0~8 is measured at the plasma edge. Redistribution of trapped alphas in the presence
of core-localized TAE activity is seen [3] and modeling of the measurements based on an
interaction between the alpha TAE resonance and the effect of stochastic ripple diffusion is in
progress.

This work supported by U. S. DOE contract DE-AC02-76CH03073

References

1. Zweben, S. J., el al., "MHD-induced Alpha Loss in TFTR", 39th Annual American Physical
Society Division of Plasma Physics Conference, Pittsburgh, PA, USA, Nov. 1997.

2. E. Ruskov, et al., "Beam Ion Loss in TFTR Reversed Shear Plasmas", submitted to Physical
Review Letters (January 1998).

3. Medley, S. S., et al., "Confined Alpha Behavior in TFTR Deuterium-Tritium Plasmas",
Nucl. Fusion, to be published (April 1998).

4. Redi, M. H., et al., 24th EPS Conference on Controlled Fusion and Plasma Physics,
Berchtesgaden, Germany, EPS, Paris (1997), Vol. Ill, p., 1069.

5. Nazikian, R., et al., "Toroidal Alfven Eigenmodes in TFTR Deuterium-Tritium Plasmas",
39th Annual American Physical Society Division of Plasma Physics Conference, Pittsburgh,
PA, USA, Nov. 1997.

18



OV4/3 XA9950728

Overview on ASDEX Upgrade Results
O. Gruber for the ASDEX Upgrade Team

Max-Planck-Institut fur Plasmaphysik, EURATOM-Association, D-85740 Garching, Germany

The program of the non-circular toakamak ASDEX Upgrade was concerned to a large extent with

edge and divertor physic in the high power H-mode regime with the new divertor DV-II

configuration, with the aim to identify and optimize ways for safe power exhaust and particle control

(ash removal). Additionally, during the last years core physics, confinement and performance related

played an increasing important role. Especially for the edge-core interplay ASDEX Upgrade has

already done pioneering work. The introduced edge operational diagram characterizes different edge

operating conditions for L- and H-mode in connection with the ballooning and density limits. MHD

stability and B limits and the avoidance and mitigation of disruptions were further main items. The

investigation of scenarios and physics of advanced tokamak plasma concepts also has been started.

The alignment of the internal transport barrier with the optimal shear profile and the compatibility of

these new idea with stationary operation at high power and, simultaneously, cold divertor should be

the key elements of this future program.

Thereby the similarity to ITER in poloidal field coil system and divertor configuration makes

ASDEX Upgrade particularly suited to test control strategies for shape, plasma performance and

mode stabilization (e.g. feedback stabilization of neoclassical MHD modes with ECRH/CD).

Additionally, the similarity in cross-section with other divertor tokamaks is important to determine

size scalings for core and edge physics. This collaborative work including the extrapolation to ITER

parameters has continued with emphasis on the confinement scaling at high densities.

The divertor physics programme was continued with the divertor DV-II installation with the

LYRA version (including a roof baffle and a cryopump with 100 nvVs ), which is rather similar to the

present ITER reference design. In these experiments heating powers of up to 20 MW have been

applied becoming available with the installation of a second NB injector. This heating power yields

to the highest world-wide heating power density and a characteristic number Ph/R0 which is only a

factor three below the ITER value.

The following evident conclusions can be drawn from the comparison between the more close

DV-II and the more open DV-I configurations. No major changes occurred in the typical high power

density ramp-up scenarios including similar values for the upper density limit in H-mode and the

ultimate L-mode density limit. But, as expected the divertor neutral density is higher in the more

closed DV-II. A strong improvement of the helium exhaust efficiency has been reached achieving a

ratio t*(He) / TE « 4. A small increase in the L-H transition power threshold was observed needing

further consideration. Typical CDH scenarios were reastablished using Neon puffing, but no

evidence for enhanced divertor radiation has been observed using nitrogen puffing in the divertor n.

The most important observation in the DV-II geometry is a strongly distributed power flux to the

surrounding structures both during ELM and ELM-free phases: Even at 20 MW heating power the

maximum local heat flux density in the strike point region stays below 5 MW/m2. The origin of this

reduction by about a factor of three compared with DV-I is a larger fraction of divertor radiation (up

to 40% of the heating power) due to increased cooling by hydrogen radiation in this divertor

geometry leading to enhanced carbon radiation. This result is in agreement with B2-Eirene

simulations and should have strong influence on the future divertor designs.

Remarkable results have been achieved in the confinement and performance related physics. The

characterization of the L-H transition in terms of local edge parameters clearly indicates a minor

influence of the collisionality. The H-mode transition can be reached up to high collisionalities, but

the H-mode confinement degrades compared with ITER-92P scaling. ELM frequencies have been

found to be rather independent from the heating method up to 6 MW (being a factor of 2.5 above the

L-H transition power) using either NBI or ICRH minority heating. The reported temperature profile

resilience might be given by turbulent convection relating the plasma parameters at the edge transport

barrier to the core parameters. Thereby the achievable core temperatures and edge pressure gradients

are finally limited when the B limit is approached. Stationary H-mode discharges at a density 20%

above the Greenwald density and at a high confinement level using pellet refuelling from the high

field side have been performed. The higher densities compared with gaspuff refuelled plasmas are not

so much due to profile peaking, but are provided by a widening of the nearly constant density

gradient region inside the separatrix.

At higher heating powers neoclassical tearing modes limit the achievable 13, but also fishbones

may be the limiting factor depending on the collisionality at the resonant q-surface. At high densities

and therefore high collisionality neoclassical modes can be suppressed, allowing slightly higher B N .

At lower plasma densities and therefore reduced collisionality not only m=3, n=2 neoclassical modes

occur as observed previously, but also m=2,n=l modes grow. The seed island size necessary for

neoclassical modes is decreasing at higher B values, while at lower B's a big seed island triggered by

a sawtooth is necessary. The measured saturated island widths agree with the theoretical MHD

calculations. New MHD phenomena were observed as resistive interchange modes with centrally

inverted pressure profiles and cascades of high-n tearing modes in flat shear regions.

For advanced toakamk investigations flat or even reversed shear profiles with q(0)>l were created

by freezing the current profile with 'early' heating (ECRH, ICRH, NBI) during current ramp-up,

which was followed by stronger central heating with up to 7.5 MW NBI in the flat-top. The resulting

plasma parameters in these scenarios are central ion temperatures of up to 11 keV, toroidal rotation

velocities up to 300 km/s and enhanced H-mode confinement. With 5 MW 'early' heating internal

transport barriers for ion energy, electron energy (confirmed by heat wave modulation technique),

particles and rotation were observed around p « 0.4 - 0.5 already during the ramp-up phase. Using

transport analysis ion transport in the plasma center close to the neo-classical value was found during

phases with q(0)>l, which existed up to 0.5 s in the flattop phase.
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Overview of the FTU results

FTU and ECRH+ Groups, presented by F. Romanelli

Associazione EURATOM-ENEA sulla Fusione
C.R. Frascati, C.P. 65, 00044, Frascati, Roma, Italy

+Associazione EURATOM-ENEA-CNR,
Istituto di Fisicadel Plasma, Milano, Italy

FTU is a compact high magnetic field experiment (R=0.93m, a=0.3m, B<8T)
aimed at the study of the heating and current drive in high density plasmas. During the last
two years all the various heating methods have become progressively available on the
device: the electron cyclotron resonant heating (ECRH) power (f=140GHz, tpUise=0.5s)
has been upgraded to 2.0 MW; operation with lower hybrid (LH) power (f=8GHz,
tpulse=ls) up to a power level of 2MW at the plasma have been performed; the ion
Bernstein wave (IBW) heating experiment (f=433MHz, tpUlse=ls) has been also started
at a power level of 0.35MW at the plasma. The main topics of the experimental campaign
have been: the study of transport and MHD behaviour in enhanced confinement regimes
obtained with pellet injection and flat/reversed magnetic shear equilibria; the study of LH
current drive at high density; the investigation of IBW coupling; the impurity transport
studies. In the present paper the main results on all these topics will be summarized.

Enhanced confinement regimes have been achieved in flat/magnetic shear
configuration obtained by a fast current ramp with simultaneous ECRH at a power level
of 350kW in order to freeze the current density profile. Very high electron temperature
values have been achieved, with a central temperature above 8keV. The resulting electron
temperature profile was very peaked, but, in spite of the large temperature and
temperature gradient, the electron thermal conductivity remained at the ohmic level
(Xe^O.lm-s"1). The high core confinement was limited by central MHD activity.
Enhanced confinement regimes have been obtained also with deep pellet injection in
ohmic plasmas. Also in this case the reconstructed safety factor profile exhibits a
flat/hollow profile. An increase by a factor two in the energy confinement time has been
obtained (from 40ms to 80ms) in quasy steady state conditions. The enhanced
confinement phase is terminated by the onset of locked modes if the current density
profile evolves in such a way that sawtooth oscillations do not reappear in the plasma.

Plasma current generation by LH waves has been obtained on FTU up to ITER
relevant density values. The FTU LH experiment was indeed designed in order to
investigate LHCD in the range ne^lO^nr^ . No decrease of the CD efficiency with
density has been observed except for plasma conditions corresponding to non
accessibility of the wave to the plasma core. Full current drive conditions at B=6T,
Ip=360kA and ne=0.5xl020m-3 have been obtained for a time longer than the plasma
resistive diffusion time, with a coupled power Pi_H=10MW. At larger density values
only partial current drive conditions have been obtained so far. The estimated current
drive efficiency for clean plasma condition in all these cases is of the order

T)CD=0.2xl020 m~2AW-l. The analysis of the FTU results shows that the dependence of
the efficiency with the plasma temperature is consistent with the results of the other
LHCD experiments as well as with the expectation of theoretical analyses.

The IBW experiment was designed in order to test the waveguide antenna
coupling in this frequency range. The power density values coupled so far to FTU
plasmas are in agreement with the maximum expected values. The comparison with the
theoretical results of a code for the full-wave evaluation of the plasma surface impedance
shows a good agreement between the measured and the expected dependence of the
reflection coefficient with plasma density at the waveguide mouth.

Impurity transport studies have been performed to investigate the local transport
behaviour of intrinsic (such as Mo) and externally injected (such as Kr) impurities. Upon
using a detailed measurements of the impurity density of three neighboring charge states,
the explicit radial dependence of the diffusion coefficient and of the convective velocity
has been determined and compared with theoretical models of turbulent transport.

The FTU experiment is being upgraded to investigate strongly shaped plasmas
with a high bootstrap fraction. Since FTU is predominantly equipped with electron
heating methods, without associated fuelling or rotation, it will possible to study in
reactor relevant conditions the access to the H-mode and to enhanced confinement regimes
with an internal transport barrier.
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Confinement Physics Study in a Small
Low-aspect-ratio Helical Device CHS

S. Okamura, K. Matsuoka, R. Akiyama, D. S. Darrow", A. Ejiri2', A. Fujisawa,
M. Fujiwara, M. Goto, K. Ida, H. Idei, H. Iguchi, M. Isobe, K. Itoh, S. Kado,
K. Khlopenkov31, T. Kondo31, S. Kubo, S. Lee, G. Matsunaga4', T. Minami,
S. Morita, N. Nikai4>, S. Nishimura, I. Nomura, S. Ohdachi, K. Ohkuni4),

M. Osakabe, R. Pavlichenko3', B. Peterson, H. Sanuki, M. Sasao, A. Shimizu41,
Y. Shirai3', S. Sudo, S. Takagi4', C. Takahashi, S. Takayama31, M. Takechi41,

K. Tanaka, K. Toi, Y. Yoshimura, T. Watari

National Institute for Fusion Science, Toki 509-5292, Japan

Major topics of experimental program of CHS (Compact Helical System) are (1) to in-
vestigate the possibilities and the operational limit of low-aspect-ratio heliotron/torsatron sys-
tem, (2) to examine the special characteristics of plasma dynamics in non-axisymmetric toroidal
systems and (3) to study general physical processes which are commonly important in various
toroidal confinement researches. In order to accomplish these objectives, CHS is equipped
with high heating power density (1.6 MW NBI and 0.8 MW ECH for 0.7 m3 plasma volume)
and varieties of advanced diagnostics which can measure precise profiles and dynamics of
plasma quantities.

The experimental database of CHS confirmed that the global energy confinement of
helical devices follows the similar scaling of the tokamak L-mode discharges. It is basis to
start LHD experiment because the past database of helical confinement were mostly for high-
aspect-ratio devices. The advantage of high beta operation in a low-aspect-ratio heliotron/
torsatron was also confirmed by having increased beta record of helical systems up to 2.1 %.
The remained problem has been the confinement of helically trapped particles in the collision-
less regime.

The flexibility of poloidal field control allows the optimization of magnetic field configu-
ration for the best drift orbit structure of trapped particles. It is realized by shifting the mag-
netic surfaces to the inward side of the torus. However, theories predict that the stability is lost
when the magnetic surfaces are shifted inward. It is believed, therefore, that there is no com-
patibility of the drift-orbit-optimization and the MHD stability for heliotron/torsatron systems.
Experiments have been done in CHS to examine the confinement and MHD stability of the
drift-orbit-optimized configuration. ECH plasmas were used for the confinement study of low
collisionality plasmas and NBI plasmas were used for the MHD stability study with higher beta
values.

The figure shows the beta values and the plasma positions of selected discharges. The
thick solid line shows the ideal interchange mode stability boundary given by the Mercier crite-
rion (high mode number criterion). The left side of the line is the unstable region. The thick
dotted line gives a stability boundary for low-mode instabilities. The drift-orbit-optimization is
realized with the plasma position of 90 cm which is deeply in the Mercier unstable region. The
square and circle points are experimental data points with NBI and ECH, respectively. They
were found to be stable discharges though the Mercier stability was violated.

1) Princeton Plasma Physics Laboratory, Princeton. N. J., USA.
2) The Graduate School of Science, Tokyo Univ., Tokyo 113-0033. Japan
3) The Graduate Univ. for Advanced Studies. Toki 509-5292, Japan
4) Dep. of Energy Eng. Science, Nagoya Univ., Nagoya 464-8603. Japan
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Three triangles are taken from
the high beta experiments in CHS.
An example of the plasma movement
is shown by the arrow for the dis-
charge which became Mercier stable
as the plasma beta increased. The
Mercier stability generally becomes
better when the plasma beta increases
because of the outward shift of the
plasma position and the creation of a
magnetic well, due to the Shafranov
shift. The figure shows that dis-
charges in the inward shifted configu-
ration of CHS were already stable
even in the lower beta region where theories predict instability and a route to a second Mercier
stability is open.

The improvement of confinement in the drift-orbit-optimized configuration was observed
for ECH plasmas with low collisionality. The total energy and temperature profiles were com-
pared for plasmas with the density of 4 x 10'8 m'3 and the electron temperature of 1 keV for
those configurations shown in the figure. As the plasma position was shifted inward, the
global confinement was improved and the temperature gradient became larger.

Various confinement improved mode have been found in CHS also for the anomalous
transport in the standard configuration. In addition to the H-mode and the reheat mode, the
high Ti mode of NBI discharge was found which gave an improved ion confinement [1]. The
effect of the electric field on the confinement was studied by applying ECH to the NBI plasmas
with the HIBP (heavy ion beam probe) and NPA diagnostics for the fast ion confinement
study.

Efforts of measuring electric field has been made continuously in CHS from the begin-
ning of the project. Both the plasma rotation measurement and the HIBP have been used.
Large amount of electric field profile measurements have been obtained for various plasma
heating methods. Many cases were analyzed with neoclassical models resulting a satisfactory
understanding. HIBP is especially powerful for a small sized machine for a fast time resolu-
tion measurement (in the time scale of a micro second). The pulsation of the electric field was
observed recently which gives a key to understand the bifurcation physics of the electric field in
helical systems [2].

High heating power in a small machine excites MHD modes with kinetic effects. Fish-
bone like oscillations and TAE mode were observed [3]. The analysis of these phenomena in a
helical configuration helps full understanding of general MHD physics in toroidal systems.
The comprehensive measurement of plasma rotation (poloidal and toroidal) is also obtained
with the television charge exchange spectroscopy (TVCXS). General understanding of plasma
flow conservation in a toroidal system has been improved.

New diagnostic tools were installed for the general transport study of helical systems. A
tracer-encapsulated solid pellet injector (TESPEL) deposits lithium tracer locally in the plasma
which enables a direct particle transport study [4]. A polarization sensitive spectrometer with a
diagnostic neutral beam was installed for the measurement of the magnetic field structure with
MSE method.

References
[1] K. Ida, et al., this conference
[2] A. Fujisawa, et al., this conference

[3] K. Toi, et al., this conference
[4] S. Sudo, et al., this conference
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Alpha Particle Studies during JET DT Experiments

The JET Team (presented by P R Thomas)
JET Joint Undertaking, Abingdon, Oxon, OX14 3EA,UK

The primary purposes of the JET DT experiments were to demonstrate high fusion
power production and to characterise a range of plasma conditions with DT
mixtures. At the same time, some alpha particle studies were carried out: An
experiment was performed in order to demonstrate unambiguous alpha particle
heating; A search was made for Toroidal Alfven Eigenmodes (TAEs) during high
fusion power pulses; Alpha-driven Ion Cyclotron Emission (ICE) was observed; and
High energy neutral alphas emanating from the plasma core were observed. The
results of these studies are described in this paper.

It was anticipated, from TRANSP simulations based on D pulses, that low power
(10MW NBI), 3.8 MA/3.4T, hot ion H-modes would obtain Q (=Pfusion/Pin) - 0.5,
have long ELM-free periods (~ 2-3s) ior alpha densities to build up and could
readily be scanned from pure deuterium to nearly pure tritium. This latter is

essential to separate the effects of alpha
heating from any isotopic dependence
that the energy confinement might
have. The effect of the alpha heating
can be seen in figure 1. The
diamagnetic and thermal' plasma
energy both show clear peaks at the
optimum mixture, where 1.3 MW of
alpha heating was obtained. The
difference between the energy contents
is mostly due to slowing-down NBI
ions. By comparing the pure D with
"pure" T ends of the scan, it can be seen
that any isotopic effect in the energy
confinement time that there might be is
quite weak. This is reflected in the
electron and ion thermal diffusivities,
obtained using TRANSP, which also
show no obvious trend with average
ionic mass. The slight increase in
confinement in the centre of the scan is
evidently due to the peaked alpha
power source, which nearly doubles

the power transferred to the electrons
FIG. 1 The diamagnetic and thermal
energy contents (top) with the thermal
energy confinement time (bottom) versus on axis. The maximum electron
DT mixture or the alpha heating temperature increase due to alpha
experiment. heating was 1.3 + 0.23 keV in 12.2 keV.

The central ion temperature is nearly 3keV higher at the maximum in alpha heating
power. This is mostly due to the reduction in equipartition power from ions to
electrons. Analysis shows that the level of heating which was observed in these
mhd quiescent plasmas was consistent with classical expectations. Efforts are
underway to elucidate the effects of sawteeth, kinks and ELMs in other plasmas
which were rejected for the alpha heating scan.

The potential for strong coupling in burning plasmas between fusion alpha particles
and TAEs has been of concern for some time. Not only would the effectiveness of
alpha heating be reduced but ejected alphas, on striking first wall components, could
cause considerable damage. TAEs have been observed in JET, driven by ICRH
minority ions and slowing down NBI ions. Also, direct measurements of damping
and growth rates have been made using excitation coils. Studies at JET have put the
computation of these terms on to a reliable basis. During high power hot ion H-
modes, producing up to 16 MW of fusion power, no TAE instability was observed.
Computation shows that, even for the fastest growing n=5 mode, the alpha pressure
was a factor two too small. This is understood in terms of heavy damping by NBI
tritons and the "globalisation" of the mode at high plasma (3. There are some
ambiguous signs that TAEs were excited by alphas in the afterglow of an optimised
shear plasma, although this could have been due to ICRH minority ions as well. It is
predicted on the basis of JET results that ITER will be stable to TAEs at its nominal
operating point.

Although Ion Cyclotron Emission (ICE) is not of concern for alpha particle losses, it
is a collective instability driven by alpha particles in JET, which might have
diagnostic applications in burning plasmas. It is observed that the spectrum, picked
up by probes on the low field side of the plasma, has peaks at harmonics of the
alpha particle in cyclotron frequency at the outboard edges of the plasma. The
power radiated in these features grows as PfuS

 1-3i°-4 and amounts to some iriW for
MW of fusion power. It is interpreted as being due to the excitation of magneto-
acoustic cyclotron instabilities by alphas whose orbits take them near to the plasma
edge. The dependence on fusion power follows from the growth rate of these
modes being proportional to alpha density. The potential diagnostic applications
will be discussed and assessed.

Direct neutralisation of alpha particles in double charge-exchange reactions with
intrinsic impurity ions and the creation of high energy deuteron tails by nuclear
elastic collisions with alphas have been observed in JET DT plasmas. An effort has
been made to put these observations on a quantitative basis and it is now possible to
use them for measurements of alpha particles. The most reliable estimates of the
distribution function arise in plasmas with intense neutral beam heating where
impurities are far from coronal equilibrium and double charge exchange is
enhanced. The distribution functions so obtained are in reasonable agreement with
those computed using classical trapping and slowing down.
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High Performance Experiments
in JT-60U Reversed Shear Discharges

T. Fujita, Y. Kamada, S. Ishida, Y. Neyatani, T. Oikawa, S. Ide, S. Takeji, Y. Koide,
A. Isayama, T. Fukuda, T. Hatae, Y. Ishii, T. Ozeki, H. Shirai and the JT-60 Team

Japan Atomic Energy Research Institute, Naka Fusion Research Establishment,
Naka-machi, Naka-gun, Ibaraki-ken, 311-0193 Japan

The operation of JT-60U reversed shear discharges has been extended to a high plasma
current, low-q regime keeping a large radius of the internal transport barrier (ITB) by control of
the pressure and current profiles, and the record value of deuterium-tritium-equivalent fusion
power gain in JT-60U, QDT" 1 = 1-05, has been achieved at 2.8 MA. The performance was
limited by disruptive beta collapses at qmin~2. The beta limit in the low-qrajn regime has been
improved in H-mode edge discharges with a broader pressure profile, and quasi-steady
sustainment of ITB and improved confinement has been demonstrated.

High performance in high current regime: Internal transport barriers (ITBs) with clear
reduction of particle transport and ion and electron thermal transport are formed inside the radius
of qmin in JT-60U reversed shear discharges [1]. The radius of the ITB was expanded up to
-70% of the plasma minor radius by plasma current ramp-up after the formation of the ITB and
a large improvement of confinement was obtained in L-mode edge discharges [2, 3]. The ratio
of the H-factor to the safety factor, H/qas was enhanced with decrease of qmjn and increase of

normalized radius of ITB, PITB. a s shown in Fig.
1. Here HA595 is a figure-of-merit for ignition
margin. Since the ITB is located inside the radius of
qmin. q profiles with low qmjn and a large radius of
qmin are needed to achieve high performance. Such
q profiles can be obtained in a high current (low
q9s) regime. However, the access to the high
current regime was limited by MHD instabilities
around qmin~3. These instabilities have been
successfully avoided through the control of the
pressure and current profiles by adjusting the
plasma configuration and the beam power [3]; a
larger major radius, which broadened the beam
deposition profile, a larger plasma volume and
reduced beam power were employed during the
period when qm in = 3 was passed. By this
technique, a high current regime (Ip > 2.5 MA) was
reached with good reproducibility keeping a large

radius ITB. The energy confinement time t £ . '
plasma pressure and QDTeq w e r e improved with the
increase of plasma current, and QDT£q = 1-05 was
achieved at 2.8 MA (q95~3.1) [4].
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Fig. 1. H/CI95 as & function of qm-tn. Open
and closed symbols denote plasmas with
0.58 < pITB < 0.62 and 0.63 < p/TB < 0.68,
respectively.

Stability improvement by pressure profile broadening: The high performance
reversed shear discharges encountered a beta collapse when qmjn decreased to 2, which
restricted the fusion performance and the duration of high confinement. The beta limit was PN~2
(PN is the normalized beta) at qmin~2, and the low-qmjn region below qmjn =1.7 could not be
reached [3]. It was observed that fluctuations of electron temperature grew explosively from the
ITB region with a very fast growth time of order -10 us at collapses [5]. These observations on
the beta limit and instability growth time agree with calculated values for low-n kink-ballooning
modes as predicted by the ERATO-J code [6]. Since this mode is destabilized by the large
pressure gradient in the ITB layer, broadening of the pressure profile by combining the H-mode
with the ITB was attempted for the improvement of stability. The beam power during the current
ramp was reduced to prevent the development of a strong ITB, since strong ITBs appeared to

make the H-mode transition difficult [3]. High power
heating at the current flat-top triggered the H-mode
transition. In Fig. 2, beta limits in H-mode edge
discharges and those in L-mode edge discharges are
compared. The stability in the low-qmjn region was
successfully improved in the H-mode edge
discharges, and a high PN value of 2.3 has been
achieved at qmin = 1.5.

Sustainment of internal transport barrier:
To realize a steady state operation of high
confinement reversed shear discharges, both of
sustainment of ITB and sustainment of q profile are
required. In this paper, quasi-steady sustainment of
ITB with an ELMy H-mode edge is reported. This
resulted from the enhanced stability in H-mode edge
discharges. Though the current profile was not kept
stationary because of no active non-inductive current
drive in these discharges, this is a significant advance
towards the steady state operation. An example is
shown in Fig. 3. The ITB with steep gradients in ne,
Te and Tj profiles was sustained for 1.5 s or 4-5

times TE in a high triangularity
discharge (B, = 3.5 T, Ip = 1.5 MA,
q95 = 4.5, 8 ~ 0.28) with an H-
factor of 1.8-2.5 and PN of 1.5-1.8.
The ITB was established and
developed sufficiently by the high
power heating before 6 s, as
indicated by the rise of density along
the central (r/a - 0.17) chord, and
the beam power was stepped down
to avoid a collapse. Though qmin
continued to decrease, the reversed
shear configuration was maintained.
Long sustainment, reaching 4.3 s,
of ITB and reversed shear
configuration with an H-factor ~ 1.7

and PN ~ 1-5 was also demonstrated
using feedback control of the beam
power to maintain a fixed neutron
emission rate.
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Fig. 2. Normalized beta flN at a collapse
against qmin. The operational beta limits
for H-mode edge and L-mode edge
discharges are shown by solid curves.

H=1.8-2.5, pN=1.5-1.8

Fig. 3. Waveforms of a reversed shear discharge with
an ELMy H-mode edge where an ITB was sustained
for 1.5 s with an H-factor of 1.8-2.5 and j}N of 1.5-1.8.
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Overview of KI-Mode results on TEXTOR-94
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This paper discusses the recent developments in the Rl-mode program of

TEXTOR-94 concerning operational window, scaling, and edge-core interplay, with

special attention on the results obtained with a silicomzed wall.

The Rl-mode observed on TEXTOR-94 simultaneously combines many highly

desirable reactor features: (i) confinement of the quality of ELM-free or ELMy H-raode

at densities around the Greenwald density limit, (ii) high beta (Pn=2 or Pp=l-5)> ^e- np

to the previously observed beta limits of TEXTOR, (Si) edge radiation fractions up to

95% of the total input power (iv) negligible effect of the seeded impurity on the fusion

reactivity, (V) high values for the figure of merit for ignition margin fjLspAja np to 0.80

at high densities. Stationary discharges, only limited by the available flux swing and

exhibiting all of the above mentioned features, were obtained for 7s amounting to 160

TE. i-s- the ratio of bum time to confinement time for LTER and of the order of the skin

resistive tiny, for the discharge concerned.

The most striking characteristic of the RI-Mode is the linear density dependence

of Tg, reminiscent of Neo-AIcator scaling, and the very weak current dependence,

contrasting with the usual sellings for additionally heated discharges. A good

description of TE in the RI-Mode is obtained taking the Neo-Alcaior scaling of

TEXTOR-94 and multiplying it by sqrt(Poh/Ptot), where Ptot is the total applied

heating power and Poh is the ohmic power of a corresponding shot at the same basic

plasma parameters (Ip, B t , He, R, a). By definition this scaling gives also a good

description of the LOC obmic confinement, and thus provides a unique scaling for both

(non-saturated) ohmic and (radiatively improved) additionally healed discharges. An

alternative expression is the 1TERH93-P prediction multiplied by the dimensionless

Greenwald factor (n/nor), identifying the HugUI number H^ as an additional

multiplicative dimensionless parameter. It mainratns the gyrc-Bobm character of the

riESH93-P scaling law and in addition incorporates the mflneoce of atomic physics.

The following requirements set the TEXTOR operational window:

(i) a minimal deuterium co-ihjection of 20 to 25% of P M in a deuterium plasma, the

remainder being provided, by ICRH and/or NBI counter-injection, without loss of the

confinement quality. The importance of the heating scenario is underlined by replacing

D° —> D + by H° —» D+ injection, where a confinement increase is still observed, but

much smaller than for the D° -» D* case. For a large range in toroidal velocities,

obtained by changing the ratio of PNBico/PNBIcounier- n o appreciable change in

confinement has been observed.

(ii) y=Piadftot ~ > 0.5 through the seeding (Ne, Ar) or sputtering (Si) of medium Z

impurities. These different nnp'rities lead to very similar results in energy and particle

confinement time and in electron density and temperature profiles. The broader radiating

mantle in the case of Ar makes it more difficult to reach y > 0.75. Impurity seeding does

not lead to a significant change in the central (Motion as inferred from neutron reactivity

studies, due to the partial replacement in the plasma center of the intrinsic impurity by

the seeded one, which according to CXRS measurements can amount up to 1.5%, even

at the highest radiated power fractions.

(iii) an optimum horizontal position depending on the current, toroidal magnetic field,

heating scenario and wall condition;

(iv) a density exceeding 70% of the Greenwald density. From the experiment we find

that best coofinemeut performances at high density (up to 1.2 n<sw) are obtained with

pure wall fuelling and that too strong gas puffing is detrimental for confinement

The impact of the radiating mantle on the plasma edge parameters is

characterized by a reduction of the plasma edge densities and temperatures and a

reduction of the outward particle transport. As a result, an increase in the particle

confinement time and a steepeniog of the density profile occurs. The modifications in

the edge play a major role in establishing RI-Mode confinement The importance of the

proper recycling conditions as indicated by (iii) and (iv) will be summarized in terms of

an edge operational diagram for RI-Mode discharges.
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We have observed a promising H-mode regime, shown in figure 1, which can evolve out of
ELMfree discharges and is characterized by good energy confinement, moderate particle
confinement, and no type I ELMs. [1-2], The edge temperature can reach 600-800 eV, well
above the threshold for type HI ELMs, and the pressure gradient in the transport barrier
would seem to challenge stability limits. Unlike ELMfree discharges, which have long im-
purity confinement time and often end with a radiative collapse, this regime has true steady-
state potential. We have named this regime EDA or Enhanced D a mode after its salient
characteristic. Energy confinement in H-modes is seen to degrade for radiated power more
than 50% of the input power, and for divertor neutral pressures over 40mTorr. For the high-
est levels of radiation or neutral pressure, T E is close to L-mode levels. Excluding these dis-
charges from consideration, energy confinement enhancement relative to the ITER89 L-
mode scaling is found to be 1.8 for EDA discharges and 2.1 for ELMfree. Impurity particle
confinement, t p in EDA plasmas is roughly 2-3 x TE , unlike ELMfree plasmas where ix is
effectively infinite. Analysis of impurity profile evolution shows higher diffusivity and a
weaker pinch for EDA discharges than for ELMfree. This difference may be the result of
additional turbulence which is seen during EDA, characterized by increased density fluctua-
tions in the barrier region seen by reflectometry[3]. These are broadband, extending to at
least 400 kHz usually accompanied by a quasi-coherent feature in the range 60 - 130 kHz.

The conditions under which either ELMfree or EDA H-modes are obtained are beginning to
be understood. EDA plasmas are more likely at the highest plasma density (>3.5xl0 ) and
high divertor pressures. Higher plasma currents favor ELMfree behavior, as does higher in-
put power, and higher triangularity. Density profiles measured by reflectometry and electron
temperature profiles by ECE show widths less than 1 cm, at the limit of the diagnostic reso-
lution^]. An edge soft X-ray array shows the steepest pedestal, with widths as short as 2
mm in high current ELM-free H-modes. X-ray widths also show an inverse dependence on
plasma current and a positive correlation with triangularity. Parameters which cause the X-
ray width to drop are the same as those which cause transitions from EDA to ELMfree be-
havior. Temperature pedestal heights show relatively little dependence on the type of H
mode, which may suggest that the EDA regime mainly affects particle and/or impurity con-
finement. This would be consistent with the observed weak effect on global energy confine-
ment.

Impurity toroidal rotation has been observed in the center of Alcator C-Mod ICRF heated
plasmas, from the Doppler shifts of argon x-ray lines[4]. During the ICRF pulse, the rota-
tion is in the co-current direction (opposite to that during the ohmic portion). The mecha-
nism for this rotation remains obscure although radial electric fields generated by strong
nonambipolar diffusion may be present. When the plasma current direction is reversed, the
rotation during ICRF heating also switches, maintaining the co-current direction. The magni-
tude of the rotation is largest (~1.3xl07 cm/s, 200 kRad/s, 30 kHz,) during the best H-mode
discharges and the rotation velocity during ICRF heating increases with the concomitant
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stored energy increase, regardless of input power or electron density, over a range of two or-
ders of magnitude. The rotation is the same in 8 T as in plasmas at 5 T with otherwise simi-
lar plasma parameters. The.toroidal rotation is peaked at the magnetic axis and falls off
quickly with minor radius. There is no evidence for a poloidal component of the rotation
velocity inside of 6 cm. Values of Er up to 300 V/cm at r/a = .3 have been inferred.

While the trend of increasing rotation velocity with increasing stored energy is clear, there is
also a strong dependence on the plasma current. In otherwise similar plasmas with compara-
ble stored energy increases, the toroidal rotation is higher in plasmas with lower current.
This effect is demonstrated in Fig.2, where the time histories of the plasma current, stored
energy and rotation velocity are shown for two 5.4 T discharges with 2.5 MW of ICRF
power. The stored energy increase during the ICRF pulse in both cases is about 45 kJ, al-
though the 1 MA plasma has a higher stored energy target plasma before .6 s. The 600 kA
plasma rotates about a factor of two faster compared to the higher current case.

REFERENCES

[1] M. Greenwald, et al., 1997, Nucl. Fus., 37, 793.
[2] J A Snipes, et al., Plasma Physics and Controlled Fusion, 38 (1996), 1127
[3] P.Stek, 1997, "Reflectometry Measurements on Alcator C-Mod" PhD thesis
[4] J.E.Rice et al., Nucl. Fusion (\bf 38} (1998) 75.

Fig. 1. Traces comparing EDA (left) and
ELMfree (right) H-modes. The most no-
table differences are seen in the Ha,
divertor pressure, and PRAD signals.

Fig. 2. Time histories of Ip, W M H D and
VTor for two 5.4 T, deuterium H-mode
discharges. The 2.5 MW RF pulse was
between .6 and 1.2 s.}
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The development of new diagnostics and analysis tools has revived investigations of
equilibrium and stability issues. The existence of high quality flux surfaces is the basis for
good confinement in WENDELSTEIN 7-AS. In the usual net-current-free operation the
configuration is characterised by very low magnetic shear, and therefore, small field errors
can lead to large stationary islands particularly around low order rational surfaces. Since also
MHD instabilities as well as magnetic turbulence are expected to lead to deteriorations of a
similar kind, the rotational transform is adjusted by means of the toroidal field system to
avoid major resonances. Optimum confinement is established when iota stays within nearly
resonance-free zones just in the vicinity of 1/3 and 1/2. Detailed measurements of vacuum
flux surfaces using a probing electron beam [1,2] have shown both, a good agreement with
field line tracing calculations as well as the existence of large islands, if low order resonances
are contained in the iota-profile. In the presence of plasma the surfaces are modified by the
equilibrium current, the bootstrap current and the OH current, which is usually applied to
compensate the bootstrap current in order to control the edge rotational transform. The
reconstruction of equilibrium surfaces by magnetic probe measurements is very difficult due
to small field changes, and therefore, a new multi-camera soft X-ray detector system was
installed for tomographic analyses of equilibrium surfaces and mode structures. A particular
aim was to benchmark the VMEC/NEMEC equilibrium against experimental measurements.
The calculated equilibria are widely used for plasma analysis. Very good agreement is usually
obtained between the equilibrium calculations and X-ray tomographic reconstructions
particularly in the gradient region of the X-ray emissivity profiles. Two major effects
predicted by the code calculations could be verified: - firstly, the displacement of the flux
surfaces due to Pfirsch-Schluter currents (Shafranov shift) in agreement with earlier
measurements [2], - secondly the different modification of flux surfaces by parallel and
antiparallel inductive currents [3],

The 3-d magnetic field topology of W7-AS is designed not only to achieve good
equilibrium properties (eg. small Shafranov shift) but also to provide sufficient stability
against interchange modes by the presence of a magnetic well in the vacuum configuration.
The maximum p values reached are around (p) = 2%, which is close to predictions of
marginal stability against resistive interchange and ballooning modes. Pressure driven modes
have been identified at corresponding low order rational surfaces, which enter into the plasma
due to pressure induced changes of the iota-profile. This activity does not lead to significant
deterioration of confinement apart from cases, where the magnetic well depth was decreased
by a strong inward shift. Current driven MHD such as kink and tearing modes, internal and

major disruptions, do not occur because of net-current-free operation. Only in cases of high
bootstrap currents tearing modes can be driven, if a major resonance is in the current density
gradient region. In principle the flexibility of W7-AS to change the iota-profile from normal
to reversed shear by inductive and ECCD currents and to decouple the position of rational
surfaces from the current profile can be used to assess issues related to neoclassical modes [4]
as well. However, at present no systematic stability analysis has been performed.
Tomographic reconstructions of tearing modes have been used to benchmark the data
inversion and image postprocessing codes against well known mode topologies. The
tomographic analysis of pressure and current driven MHD allows to identify particular
rational iota-values and thus help to verify calculations of the bootstrap and ECCD current
density profiles.

The most prominent MHD instabilities in W7-AS are Alfven Eigenmodes driven by
resonant Landau interactions with beam ions. The eigenfunctions usually do not peak at
rational surfaces since the most weakly damped global modes require a gap in the shear
Alfven continuum with k|| • v^ > 0. Therefore, these modes cannot be suppressed easily by
avoiding rational surfaces. The basic features of these modes have been described earlier [5].
Additional experiments were performed, in particular, to study the stability and mode
structures under conditions of different edge iota and shear. An attempt was made to generate
configurations, for which relationships to tokamak data including normal and reversed shear
q-profiles exist. In particular low frequency Global Alfven Eigenmodes (GAE) and core
localized Toroidal Alfven Eigenmodes (TAE) are presently considered to be an important
issue in a tokamak reactor with centrally elevated q or flat q regions [6]. For the first time 2-d
mode structures have been obtained for GAE and TAE modes. A large variety of mode
structures could be analysed by SX tomography including poloidal mode numbers up to m=°,
modes with and without radial nodes and sheared mode structures. In cases of strong particle
drive the Alfven spectra extend to 500 kHz, whereas the main GAE resonances are below
50 kHz. In most cases the modes do not cause enhanced transport.

The role of small scale fluctuations and turbulent structures in the gradient region has been
investigated by a novel crossed-sightline correlation radiometer. In combination with
reflectometer data estimations of turbulent transport could be obtained. Correlations with
magnetic measurements suggest the presence of a drift Alfven turbulence. Phase space
analysis of magnetic signals allows to discriminate between mode activity and turbulence. In
ECRH plasmas mainly turbulent behaviour is found even in cases, where mode-like
oscillations are seen in the raw data. The frequencies are also consistent with global Alfven
waves, which could be marginally destabilised by cascading effects of Alfven turbulence as
found in ASDEX Upgrade [7]. Although correlations exist between turbulence as well as
mode activity with anomalous transport phenomena depending on the magnetic configuration
the underlying physics has not yet been identified clearly.
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A high ion temperature mode (high T: mode) is observed for neutral beam heated plasmas in
Heliotron/torsatrons[l]. The high Tj mode plasma is characterized by a high central ion temperature,
T:(0), and is associated with a peaked electron density profile produced by neutral beam fueling with
low wall recycling. Transition from L mode to high Tj mode has been studied in CHS.

Electron cyclotron resonance heating (ECH) pulse is used to produce a target plasma and a
neutral beam is injected for t = 40 - 140ms. The helical magnetic field is 1.76T and magnetic axis is at
92. lcm, with an averaged minor radius of 17cm. The high Tj mode is obtained at low density with
intensive titanium gettering and with no gas puff during neutral beam injection (NBI). As in seen in
Fig. 1, the absolute value of central electron density, ng(0), in the high Tj mode is similar to that in
the early phase of L mode discharges. For example, n (0) at t = 70ms in the L mode discharge is
almost identical to ne(0) at t = 82ms in the high Tj mode discharge. On the other hand, clear
differences in the n profiles are observed between the high Tj mode and L mode discharges. In the
high T; mode discharge, the electron density profile is peaked ( n£/<ne> = 1.5 ~ 2.0 ), while it is less
peaked ( n /<n£> =1.0-1.5) in the L mode.

o i . , , i , i , i . i . i , i , i . . i i 2 . 5

Fig. 1 Time evolution of central electron density and density peaking factor ne/<ne>, where <ng> is
the volume averaged density, for the L mode and high T- mode discharges in CHS. Gas puff is
turned off at 40 ms for the high T: mode discharge, while there is continuous gas puffing for
the L mode discharge. Arrows indicate the timing of Tj measurements with CXS.
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Fig.2 Radial profiles of ion temperature for L mode and high Tj mode discharges at the timing
indicated by arrows in Fig. 1. The plasma minor radius on the midplane is 13cm.
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Figure 2 shows the profiles of ion temperature
measured on the midplane in CHS with charge
exchange spectroscopy (CXS[2]) for the the high Tj
mode and for the L mode discharge. When the electron
density increases in time with gas puffing, the ion
temperature stays almost constant in time in the L-
mode discharges. However, when the gas puff is
turned off after the neutral beam injection, both ng(0)
and Tj(O) increase in time and the value of Tj(O)
reaches 0.7-0.8 keV. The power threshold and density
limit for the high Tj mode has been studied. As seen in
Fig.3, the central ion temperature increases sharply at
the critical NBI power, P= 0.7MW, while the central
electron temperature increases gradually in proportion
to p ° " as the NBI power is increased. The sharp
increase in ion temperature indicates the transition from
L mode to high Tj mode.The transport analysis shows
a reduction of ion thermal diffusivity at the plasma core
in the high Tj mode by a factor of two, which is
consistent with the jump of central ion temperature by
50% at the transition. The radial electric field estimated
from the poloidal rotation velocity becomes more
negative in the high Tj mode plasma than that in the L
mode plasma and the radial electric field shear is a
candidate explanation of the confinement improvement
in the high Tj mode.

Because of helical ripple, there is a loss cone for
fast ions with energies of a few to ten times of that of
the bulk ions. The loss cone is predicted to extend to
the plasma core for negative radial electric field
(negative potential), while it is expected to be localized
near the plasma edge for positive potential[2]. Both in
the L mode and high Tj mode discharges, the loss cone

0.4 0.6
P(MW)

Fig.3 Central ion and electron temperatures
as a function of NBI heating power.

II

Fig.4 Neutral particle energy spectra for
NBI (L mode and high Tj mode) and
NBI + ECH heated plasma. The lines
are slopes of energy spectra for the
ion temperature measured with CXS.

exists and appears as a dip in the neutral particle energy spectra measured with neutral particle
analyzer (NPA) observed perpendicular to the magnetic field, as seen in Fig.4. The dip is more
significant in the high T: mode discharge, where the radial electric field is more negative, than in the L
mode discharge. There is no dip in the energy spectra observed from the direction parallel to the
magnetic field. The dip in the perpendicular energy spectra disappears when the radial electric field
becomes positive with additional ECH. It is noted that the ion temperature measured with CXS,
indicated as a slope in Fig.4, does not increase when the loss cone disappears. During ECH, the ion
heating efficiency of NBI is expected to improve since a higher fraction of energy deposition to ions
results from the higher electron temperature and the disappearance of loss cone in the energy range of
1 - 6 keV. However, the lack of an observed increase of ion temperature with additional ECH shows
that the improvement of ion heating efficiency is almost canceled by the enhancement of ion heat
transport due to the change of Ef shear. These experiments suggest the importance of the optimization
of the Ef profile (Ef and Ef shear) in order to improve heat transport for bulk ions and reduce the loss
cone region for fast ions.
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The physics research goal of the Large Helical Device (LHD) is to achieve and
study currentless plasmas which can be extrapolated to reactor condition in a heliotron
configuration. ECH experiments have started and confinement characteristics in the
large helical plasmas (/? = 3.9 m, a = 0.65 m) are investigated by systematic scans of
density, heating power and magnetic configurations. LHD has three pairs of poloidal
coil which provide three degrees of freedom in magnetic field, i.e., dipole and quadrupole
fields and leakage poloidal flux. These offer physical controlling knobs of the radial
position of magnetic axis (^,,,=3.6 - 3.9 m), elongation of plasma cross-section (K = 0.8
- 1.3) and toroidal one-tum voltage. The inward shifted configuration is effective to
improve the trapped particle confinement. Magnetic well which stabilizes interchange
instabilities is also sensitive to the magnetic axis position. Particle and heat diffusion
as well as bootstrap currents due to neoclassical transport can be controlled by plasma
elongation. Ten pairs of supplementary normal-conducting coil for the local island
divertor (LID) are used to add the mln=\l\ island to an inherent LHD magnetic
configuration. The 2nd harmonic 84-GHz ECH of several hundred kW has been
employed at the magnetic field of 1.5T in the first experimental campaign. The ray of
ECH is well focused with the waist sizes of 50 mm in the toroidal direction and 15 mm
in the radial direction. Since the focal point is controllable by movable mirrors,
deposition profile effect on transport and kinetic effect of power deposition with relation
to magnetic geometry can be examined in detail.

Progress in experiments of helical devices (CHS, Heliotron E, Wendelstein VII-
AS, and ATF) in the last decade has comprised a complementary confinement database
(Fig.l). The international stellarator scaling 95 (ISS95) for energy confinement time
has been derived from the database as xE = 0.079 a22' R065 F0J%0-" B?•" *2,3

04 ,
where P in MW and n, in 10"m'3. Although this scaling describes L-mode plasmas
in large tokamaks as well, density dependence is pronounced unlike a tokamak L-mode
scaling. Experiments in the existing helical devices have suggested that there is no
clear and hard density limit like the Greenwald limit in tokamaks. The equivalent
Greenwald limit is 6.0X 10"m"3 at 1.5T in LHD, and this region can not be explored by

available ECH power since cut-off density is
4.4X 10"m'3 under the present condition.
Major concern, however, lies in
extrapolation of ISS95. From experience in
tokamaks, larger devices make transition to
saturation from linear ohmic confinement in
lower density regime, which is connected to
L-mode with auxiliary heating. This issue
is studied here since the transition to
saturation regime may occur around n( =1.5
X 10"m'3 under the condition of 1MW at
1.5T in LHD according to a tokamak scaling.
The causal mechanism is supposed to be
related to deterioration of particle
confinement, which is investigated in LHD
with involving consideration of neoclassical
effect and magnetic field structure at the
edge controlled by LID. The diagnostics in
the initial experimental campaign are chosen
among fundamental ones; magnetic surface
measurement, magnetics, a micro-wave
interferometer , X-ray PHA, an ECE
radiometer, VUV and visible spectroscopies,
bolometry, Zeff monitor, visible and IR
cameras, and Langmuir and surface probes.

High temperature plasmas exceeding 1
keV have already been obtained in density
regime as low as 3 X 10'8m"3. Figure 2
shows temporal behavior of a typical plasma
in the initial ECH experiments.
Confinement issues of collisionless helical
plasmas obtained in the first experimental
campaign are discussed with comparison
with empirical scalings and theoretical
consideration of the neoclassical effect in
3-D magnetic structure.
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Fig. 1 Expected operational regime of
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First plasmas have been recently achieved using ECR heating in the TJ-II stellarator. It

is a low magnetic shear stellarator with a major radius of 1.5 m and average minor radius of

0.10-0.20 m [1], The magnetic field (Bo = 1.0 T) is generated by a system of central, toroidal

and vertical coils. The central conductors, which provide the flexibility of TJ-II device, consist

of a circular solenoid and two helical coils which spiral around the central solenoid. TJ-II

stellarator has very favorable MHD characteristics. The existence of closed and nested

magnetic surfaces, in good agreement with the calculated ones, has been demonstrated in TJ-

II by means magnetic surface measurements carried out at low magnetic field.

Two gyrotrons (53.2 GHz, up to 700 kW) have been installed in the TJ-II stellarator.

The first quasioptical transmission line allows for perpendicular injection and the second one

is equipped with a movable mirror located inside the vacuum chamber, thus providing the

possibility of varying the location of power deposition as well as introducing EC current

drive.

First plasmas have been created using one gyrotron (250 kW, At A 100 ms) with

perpendicular injection. Glow discharge cleaning has been used for wall conditioning. ECRH

plasmas with line average electron densities in the range -ne A (0.4 - 1.2) x 10 1 9 m"3 and

central electron temperatures up to Te A 0.5 KeV have been obtained in different plasma

configurations with iota (0) A 1.5 - 1.6 and plasma minor radius in the range a A (0.12 - 0.15)

m. Preliminary analysis, based on ECE profiles and density measurements, yields a (electron)

stored energy up to 400 J with a corresponding energy confinement of the order of 1 ms. The

global particle confinement time is in the range 5-10 ms. The time evolution of a ECRH

discharge is shown in figure 1.

The radial profile of plasma parameters has been investigated in the plasma boundary

region in different plasma configurations by means of probes and movable poloidal limiters.

Good agreement (within ±0.5 cm) has been obtained between the location of the Last Closed

Flux Surface (LCFS) computed from equilibrium codes and the experimental results (Fig. 2).

Evidence of (poloidal) asymmetries has been observed in radiation monitors (bolometry),

which could be an indication of preferential plasma-toroidal limiter interaction in some

locations of the vacuum chamber.
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The TJ-II programme aims initially to explore equilibrium windows between major

resonances to study their influence on global confinement. Particular emphasis will be paid to

control the influence of neutrals and radiation on plasma properties and to study the edge-

core plasma interplay.

Fig. 1 Time evolution of a ECRH discharge

(shot 351; iota (o) A 1.6, a A 0.15 m); (a) line

average density, (b) H« monitor, (c) CV monitor,

(d) ECE signal measured at r/a = 0.23 and

(e) bolometer signal. The influence of

suprathermal electrons is clearly seen in the

ECE signal at the beginning and at the end of

the plasma discharge.

Fig. 2 The radial profile of the ion saturation current

and floating potential. The LCFS position

deduced from equilibrium codes is very close to

the location where the floating potential reaches

its maximum value.
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The characteristics of the plasma confinement are summarized in an empirical scaling,
which is usually described only by "global" values such as the field strength, the plasma size,
the total heating power, the averaged plasma density. According to [I, 2, 3], however, the
peaked plasma profile seems preferable for the confinement. If the plasma profile strongly
affects the confinement, the scaling should be re-evaluated by adding the information about
the profile. Therefore it is important to study the profile effects on the confinement in a wide
range of the profile variation. This paper
discusses the controllability of the density
and temperature profiles and their effects on
the plasma confinement in Heliotron E.

We have obtained various profiles of
the temperature and density by changing the
heating methods, the heating power and the
fueling methods. As a measure of the profile
change, we use the peaking factors of the
electron density, nt(0)/<ne>, the temperature,
TC(O)/<TC> and Ti(0y<Ti>, and the plasma
pressure, p(0)/<p> [4]. The available ranges
of them in this study are summarized in Fig.
1. Each parameter is calculated from the
database for 1x10" m"3 s n " , s 6x10" m"3, 1
MW s PNB, s 3.3 MW, 0.13 MW s PECH <
0.4 MW without pellet injection cases. From
the viewpoint of the profile control, NBI
tends to increase ne(0)/<ne> but ECH tends
to decrease it. A well-focused ECH can well
control the Tt-profile. An oblique launching
ECH has been examined in this experimen-
tal campaign. A focused Gaussian-beam of
fECH = 106.4 GHz with PECIf s 400 kW is in-
jected from the low field side with an angle
of 0° « <p « 50°. The resonant layer for the
second harmonic X-mode is located on the
magnetic axis. Due to the peculiarity of the
field configuration of Heliotron E, the field
strength becomes constant along the propa-
gation path as increasing (p. The ray-tracing
calculation shows that the absorption profile

Low Ti Mode

High Ti Modj
ECH Overlapped
on NBIPIasma

Low Ti Mode

n,{0)Kn

changes from a center-peaked profile to a

Fig.I The available range of the peaking fac-
tors for »„ T# T,, and p. A: ECH (on-axis 106
GHz), v : ECH (oblique injection 106 GHz),

a : NBI + ECH (on-axis 106 GHz),
m: NBI + ECH (S3 GHz), O: NBI.

\

M

7••"i-T-r-

njection Artgle=O°

njection AhcjSe-10
njection Angle=20
Injection Angle=30

o.i o.» i.o

Fig.2 Calculated absorption power profiles
for oblique injection ECH. (The second

harmonic X-mode.)

Calculated Absorption Power Profile b r o a d o n e w U h , h e o u t w a r d sh j f t o f i t s m a x i .
mum position as shown in Fig.2. The measured
peaking factor Tc(0)/<Tc> decreases as in-
creasing (p. The oblique launching ECH has a
potential to drive the non-inductive current
(ECCD). In the heliotron magnetic configura-
tion, however, large field ripples could suppress
ECCD. The observed efficiency of ECCD was
low, s 0.01A/W at ne = 1x10" m'3 compared to
that in tokamaks.

As shown in Fig. 1, there is little correlation
between ne(0)/<n,.> and T^Oy-cT^ for the low-
T; mode. The high-T, mode appears for
ne(0)/<ne> a 2.5 region. For the high-T; mode
plasmas, a positive correlation is observed be-
tween ne(0)/<n,> and Ti(0)/<Ti>. The low-T;
mode is also observed in the same range of
ne(0)/<nc> for the high-T, mode. This means
that the high n^OJ^n^ value is not a sufficient
condition but a necessary condition for the
high-T; mode. The ECH changes Tc(0)/<Tc>
effectively for the low-n~t region although it
cannot extend the range of the peaking factors
of T, and ne. In the high PNB, case, where
ne(0)/<nc> and <ne> are increased, the ECH ef-
fect on the profile becomes weak due to the in-
sufficient power and the cut-off of the waves.

To study the profile effects on the global
confinement time % the LHD scaling TE

LHD [5]
is used as the standard. The normalized confinement time TE/TE

LHD for the low-Tj and the high-
Tj modes is shown in Fig. 3. Note that the LHD scaling is deduced mainly from the data of
the low ne(0)/<nc> range. This figure covers more wide range of ne(0)/<ne>. For the low-T,
mode, TE/TE

LHD decreases with an increase of ne(0)/<ne>. As for the high-T( mode, however,
the degradation of the confinement with nt(0)/<nt> is not observed. In the high-T| mode, the
local ion-heat-conduction coefficient in the central region is about one order lower than that
in the low-T| mode. This improvement in the central region might prevent the degradation of
xE/xE

LHD. Although the Tc(0)/<Tt> dependence of TE/TE
LHD is less clear, the peaked profile

seems preferable from the viewpoint of the global confinement^, 4].
In summary, the plasma profile is changed widely in Heliotron E by controlling ECH and

NBI. In this scheme, however, it is hard to obtain a peaked electron temperature and a peaked
density profile simultaneously. It becomes clear that a peaked density profile is not a suffi-
cient condition for a high Tj-mode. This study indicates that the LHD scaling should be re-
evaluated for plasmas that have a peaked density profile.

1,2

1.1

5 "

0.7

0.6

•
m

Low Tj Mode

o
d
• High T, Mode

o r;**"""rv)
o "~̂

f/g. 3 The relation of the global confine-
ment and the density peaking factor.

O : NBI, m : ECH on NBI,
• : high-T, mode NBI.
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ENERGY AND PARTICLE CONTROL CHARACTERISTICS OF THE
ASDEX UPGRADE 'LYRA' DIVERTOR

M. KAUFMANN, H.-S. BOSCH, A. CARLSON, D. COSTER, Ch. FUCHS,
G. HAAS, A. HERRMANN, A. KALLENBACH, K. LACKNER, K.-F. MAST,

J. NEUHAUSER, R. SCHNEIDER, M. WEINLICH, U. WENZEL
and the ASDEX UPGRADE TEAM

Max-Planck-Institut fur Plasmaphysik, EURATOM Association,
D-85748 Garching, Germany

According to the existing data base ITER might need a power flow over the separatrix in
the order of 100 to 150 MW to stay in the H-mode. A major fraction of this power has
to be radiated before reaching the target plates to limit the power density on the surface
to values around 10 MW/m2. In parallel, the divertor must allow for effective particle
exhaust and impurity control. The ITER divertor with its narrow VV-shape has been
designed according to these requirements, but the basic ideas are still to be confirmed by
experiment.
The new ASDEX Upgrade LYRA divertor (also called Divertor II; see figure 1 for a
poloidal cross section), is rather similar to the present ITER divertor. In parallel with
the installation of the new divertor, the heating power was extended to 20 MW NBI
(P/R < 12 MW/m), which can be partly replaced by ICRH. A cryopump (100 m3/s) was
added to the turbo-molecular pumps. In this paper, a detailed analysis of the new LYRA
divertor characteristics is presented in comparison to the previous, fairly open Divertor I
geometry.

The energy flow was analysed in L- and H-mode up to a heating power of P^eol = 20 MW
with bolometry, thermography, Langmuir probes and spectroscopic observation of hydro-
gen and carbon lines. The thermographic system observes a strong reduction of the heat
flow to the target plates in comparison with Divertor I. For instance, a H-mode discharge
with 20 MW in Divertor II (1 MA, q=4) yields a maximum power density of 4 MW m~2

(averaged over ELMs), a value which was nearly reached in Divertor I already with a
quarter of the heating power (5 MW). The profile shape along the plate is rather similar
in both cases. A comparable reduction of the peak power density can be observed under
practically all circumstances, from L-mode up to the highest power H-mode discharges.
In accordance with this result, the high resolution bolometer shows enhanced radiation
below the X-point.

For given plasma boundary parameters, the neutral density below the dome baffle in Di-
vertor II is strongly increased, when compared with the divertor chamber neutral density
in Divertor I. This is a consequence of the much tighter baffling along the divertor legs.
In parallel with this we also find a higher helium compression, as is evident from a much
faster helium exhaust rate [TJIJTB « 4), while the compression of neon is worse than in
Divertor I. Enhancing the deuterium flow in the scrape-off layer for given main plasma
parameters does hardly influence the He transport there. In discharges with and without
the cryopump, the deuterium flow was varied by a factor 3, while the He exhaust rate
was changed only by 60 percent.

-0.5

Figure 1:
-1.0

Detachment in the outer divertor leg starts close to the separatrix and moves outward with
rising density. The inner leg is detached at medium and high density for practically all
heating powers. Volume recombination becomes important just at onset of detachment.
It leads to very high divertor_densities (up to ne = 1021 m"3) and low temperatures
Te « 1 eV.
To measure plasma flow in the scrape-off layer, a new diagnostic has been installed in
ASDEX Upgrade, observing the scrape-off layer with quasi-toroidal lines of sight. A
poloidal projection of a few chords is included in figure 1. A high resolution spectrometer
(UV/VIS) allows to measure the particle flow velocity from the Doppler shift of the
respective line radiation. During divertor detachment a strong reduction of the deuterium
neutral flow is observed in chords close to the separatrix. In discharges with line averaged
densities above about 7 x 1019 m~3, flow reversal of C2+ and He+ can be observed in
chords viewing mainly along the separatrix. At densities above about 9 X 1019 m"3,
however, where the temperature gradient along the field lines decreases due to the strong
detachment, no flow reversal can be observed in these spectrometer channels.
Comparison of the experimental findings with B2-Eirene calculations allows to identify
at least qualitatively the dominant physical mechanisms involved. Key elements for the
power load reduction are e.g. radial transport, especially together with the steep radial
gradients in the divertor, enhanced carbon radiation in the divertor with carbon produced
by chemical sputtering and well retained in the divertor, inverted target plate inclination
reflecting neutrals towards the hot separatrix and volume recombination in case of detach-
ment. The changed neutral gas behaviour in the divertor is mainly caused by the tight
baffling. The enhanced He and different noble gas pumping can be understood in terms
of the changed pump geometry together with plasma fan transparency and the measured
and (numerically reproduced) divertor flow pattern.
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DETACHED DIVERTOR PLASMAS IN ALCATOR C-MOD:
A STUDY OF THE ROLE OF ATOMIC PHYSICS

B. Lipschultz, J.L. Terry, C. Boswell, S.I. Krasheninnikov. B. LaBombard,

D. Pappas, CS. Pitcher, A.Yu. Pigarov
M.I. T. Plasma Science and Fusion Center, Cambridge, Massachusetts, 02139. USA

J. Weaver and B. Welch
Institute for Plasma Research, U. Maryland, Maryland 20742, USA

Finding ways of dissipating the SOL heat flux is a major part of magnetic fusion research.
Dissipative schemes, such as the radiative and detached divertor [1,2], have been successful in
lowering the temperatures at the divertor plates to ~1 - 5 eV [3,4]. At such low T,.'s ion-neutral
collisions and volume recombination can become important in comparison to ionization[5.6j.
This paper reports results of a study in which the roles of these processes as sinks for momentum
and plasma flow to the divertor plates were investigated.
Volume recombination

Volume recombination has been shown to exist in divertor plasmas (See Ref. [7] for a more
extensive list of experimental and modeling references) but its magnitude and role as a sink for
ions (as evidenced by the reduction in ion flow to the divertor plates) is the subject of ongoing
investigations. The recombination rate, local Te and ne are derived from measurements of the
Balmer and Lyman series spectra and nearby continuum. A typical experimental spectrum of
the D° Lyman series from a recombining region is shown as the soiid iine in Fig. 1. Emission
continuum from radiative recombination is evident at wavelengths £ 920 A in the spectrum.
Shown by the dashed line is the spectrum characteristic of electron impact excitation from the
D° ground state. The difference in scaling of the intensities with transition in the two cases is
apparent, particularly the much larger intensity for the recombining case. The Balmer series
spectrum is similarly affected.

900 920 940 960 980 1000 1020 1040
Wovelongth (A)

Figure 1: The thick solid line shows a D° Lyman „ , „
series spectrum produced by volume recombination. Figure 2: Spatial distribution of D-, emis-
The dashed line snows a spectrum produced primarily sion.
from electron impact excitation.

From Stark-broadening of the Balmer lines we find that the local n , J l x 1021 m"3. Local
T<.'s are as 0.7 eV. based on the intensities of the Balmer spectrum and slope of the radiative
recombination continuum (Fig. 1).

Utilizing the n = 5 — 2 (D.,) emission as a measure of the recombination rate, we have
acquired CCD camera images of the divertor region filtered for D r These images have been
inverted to provide 2D profiles of D-, intensity, Fig. 2. It can be seen that in this detached
discharge, the recombination is peaked between the X-pt and the outer divertor plate. In
particular the recombination is occurring on flux surfaces that impact the divertor plate below
the divertor 'nose'. The primary indication of detachment, pressure loss along a flux surface,
also indicates that detachment is limited to the same flux surfaces. Thus these measurements
are consistent.

If the plasma is opaque to Lyman series radiation, the local recombination/ionization rates
are strongly affected. Using analysis techniques described elsewhere [7], we have determined
that up to ~ 50% of the Lyg photons are trapped, which implies strong trapping (up to ~ 95%)
of L\o emission. The modeling shows that at these levels of trapping the recombination rale is
reduced by a factor ~ 5.

The localized measurements of ne, T,,, the Balmer intensities and the knowledge of opacity
effects allow determination of the local recombination rate based on a technique described in
Ref. [7], During a typical detached-divertor discharge the recombination sink integrated over
the flux surfaces near that plate, IR < 7 x 1021 s~'. This has been compared to the other sink
for ions, the ion current to that divertor plate, lp, before detachment ( * 2 x 1022 s~') and
during detachment (» 5 x 1021 s"1 )• The ion source rate upstream from the plates, Is, must be
balanced by the two sinks, I5 = 1/? + Ip. The measurements of I/? and \p imply that I5 is not
constant as detachment proceeds.
Ion-neutral collisions

The importance of ion-neutral collisions in removing momentum from the ion fluid is difficult
to verify. Ion-neutral collisions are only effective as a momentum sink if the relative velocities of
the two species is non-negligeble. (In steady-state a difference in velocities is due to transfer of
the neutral momentum to the wall.) We have addressed this first issue by comparing the parallel
flow velocities of the deuterium neutral atoms with that of the plasma ions in the divertor using
the Doppler shifts of the atoms (Da, D-,) and various ions (B II, Hell), respectively, as measured
with a high-resolution visible spectrometer. Typical parallel-field drift velocities for the ions close
to the divertor plate are v^ ss IO^ms"1 (toward the plate), which is approximately equal to the
ion acoustic speed, as expected. On the other hand, the corresponding neutral velocities are
measurably lower, typically in the range of 10% to 50% of the ion velocities. Such differences in
velocities between neutrals and ions makes the momentum transfer very efficient in this region.
Somewhat above the plate, yet still in the divertor, the ion velocity is reduced and in some cases
even reversed, as are the neutral velocities.
Summary

The measurements presented here and in Ref.[8] also indicate that the ion source is being
reduced by divertor detachment, probably through a combination of reduced energy available
for ionization[6) and pressure loss along field lines[5]. During detachment, olume recombination
accounts for more than 50% of the total ion sink (lp + I/j). Volume recombination does not
increase substantially as the current to the divertor plate drops. Rather, the concentration of
volume recombination moves along and across flux surfaces, indicative of the movement of the
detachment 'front'.

The demonstration of a significant difference in ion and neutral velocities, necessary for
efficient removal of momentum, has been made. This gives further support to the basic models
of momentum removal by ion-neutral collisions.

[1] G. Matthews. J. Nucl. Mater., 220-222. 104 (1995).
[2] A. Loarte, J. Nucl. Mater., 241-243, 118 (1997).
[3] B. LaBombard et al., Phys. Plasmas, 2. 2242 (1995).
[4] S. L. Allen et al., J. Nucl. Mater.. 241-243. 595 (1997).
[5] P. Stangeby. Nuclear Fusion, 33. 1695 (1993).
[6] S. Krasheninnikov et al., Phys. Plasmas. 4, 1638 (1997).
[7] J. L. Terry et al.. Phys. Plasmas. 5 (1998).
[8] B. Lipschultz et al.. to be published in the Proc. of the 13th PSI Conference 1998. San

Diego.
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STUDY OF CLOSED DIVERTOR WITH STRONG GAS-PUFF ON THE JFT-2M
H. KAWASHIMA, S. SENGOKU, T. OGAWA, H. OGAWA, K. UEHARA,
M. MAEDA, Y. MIURA, H. KIMURA, N. SUZUKI and the JFT-2M Team

Naka Fusion Research Establishment, Japan Atomic Energy Research Institute,
Tokai Annex, 2-4 Tokai-mura, Naka-gun, Ibaraki-ken, 319-1195 Japan

A strong divertor gas-puff for high density H-mode tends
to degrade the degree of confinement improvement (H-factor)
in tokamaks [1]. We consider that this is due to the increase of
gas leakage, or back flow, raising the gas pressure in the main
plasma region. In order to reduce this back1 flow, the divertor
modification on JFT-2M was proceeded in two stages, i.e.
CD1 and CD2 (Fig.l). The degree of closure (d/X.) was
changed from 1.3(CD1) to 0.8(CD2) because the baffling
effect was not enough to achieve the purpose in CD1 [2]. The
CD2 is the most closed structure compared with other
machines [3].

A remarkable dense and cold divertor state by a strong gas
puffing together with H-mode can be obtained due to a high
neutral gas pressure in the divertor chamber. An H-mode can be maintained for longer time and an
additional transition to quasi-steady-state improved confinement mode is observed in the high density
region, which presumably due to the decreased back flow. The UEDA code simulation also
represents that the enhancement of dense and cold divertor is strongest in CD2 configuration [4].
These observation and analysis show that the CD2 configuration is more effective to obtain the high
neutral gas pressure and the reduction of the gas back flow.

Fig.l. Schematic view of JFT-2M closed
divertor. (d: width of divertor throat,
A .-particle flux scale length) .
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Fig3. Time evolutions of density (nt),
radiation(Praj) and PQ1* with divertor biasing with
toroidal field (B,) direction of counter- clock-
wise(CCW, viewing from the top) and clock-wise
ICW) cases

Fig.2 Correlation between Po and £>„ , Po in open and
closed (CD2) configurations. (The value of Po"' may be
underestimated since the front of detector (Penning jpuge)
is covered by the shielding plate.)

[CD2 divertor characteristics] 1) In the open divertor, the recycling light (D,,"1"1) and gas pressure
(Po™"1) in main plasma regions increase proportionally with increasing the divertor gas pressure (Po

d'v)
by a strong gas puffing into the divertor chamber at the NB heated plasma (Fig.2). The H-mode
cannot be obtained with the power level of 1MW. Complete decoupling of Po

dlv and D,,™"1 , P0""
d is

established by CD2 divertor. As shown in Fig.2, the increases of D,,""" and Po
mi are suppressed and

the Po
d'v increases solely. 2)A high gas compression ratio (pressure ratio: Po

dl7Po"
1"1) can be obtained

with the L-mode plasmas. The ratio P0
d'7P0 reaches up to -90 in CD2, while it is ~5 with the open

configuration. 3) In the CD2, both inner and outer divertor plates are negatively biased with respect to
the vacuum vessel [5] (the negative radial electric field (Er) is formed in the SOL). When the B,
direction is in the CCW, in which ErxB flow is from the inside to the outside divertor plate, the drop
of the radiation (40%) and density (20%), and the increase of the divertor pressure (factor 2) are
observed (Fig. 3). These effects were not observed in the previous open configuration. It shows the
baffling effect clearly.

[Dense & cold divertor with H-mode] The coexistence of dense and cold divertor with H-mode is
established on CD2 by a strong D2 gas puffing during H-mode (Qdiv) into divertor chamber. By
applying Cf'v, an increment in radiation loss power of main plasma is suppressed gradually and the H-
mode duration ( y is prolonged from 0.06s (Q^OPanvVs) to 0.085s (Fig. 4). The dense and cold
divertor state becomes remarkable (Tc

d"'-5eV, n^'-SxlO m"3) due to a high neutral gas pressure
(P0

dlv-30mPa). This state can be achieved over a wide density range n"c.H=2.1-4.1 xlO m (where
rfc_H is the main plasma density just after H-mode transition). Even if the density during H-mode is
increased by the gas puffing, the gas pressure of main plasma region Po

m'd is not increased and the H-
factor is kept nearly constant ~1.5(Fig.5(a)). Simultaneously, dense and cold state is developed with
increasing density as shown in Fig.5(b). Strong degradation of H-factor with increasing density,
which is observed in other machines [1], is not observed with JFT-2M CD2 divertor. The divertor
plasma is cooled down from ~15eV(CDl) to ~5eV(CD2) since the allowable gas-puff rate during an
H-mode is increased from 3Pam3/s(CDl) to 4Pam7s (CD2) leading to much higher divertor pressure.
In the open divertor configuration, tH is shorten or H-mode is terminated by gas puffing.

0.6 0.S0.7 0.8

time (sec)

Fig.4. Time evolutions of electron temperature, density
and neutral gas pressure in divertor chamber (T/'v.
n,"". Pf") and radiation loss power, electron
density (Pradj ~nt) and Da of main plasma region for CD2.

[ Quasi-steady-state improved confinement
mode] When the gas puffing is applied to high
density H-mode plasma (fi;.H~4xl0"m':l) in CD2, a
quasi-stationary improved confinement mode is
observed for the first time. It is shown in Fig. 6 that
the abrupt increases of radiation loss in the H-phase
are suppressed and the stored energy is almost
constant (H-factor-1.6 at nc/ns

GW=0.61) after an
ELM free H-mode. Te

d'w and nc
div reach to 4eV

and 3x10" m'3, respectively. Coexistence of the
dense and cold divertor with the high confinement
can be established in this mode.

Fig.5. TT./n,01" (n,cw:Greenwald limit)
dependence on the H-factor (ITER89P), Po"
T.andn,*". (Pm,=0.8MW)

0.6 0.7 0.8
time (sec)

0.9

Fig.6. Time evolutions of n^ P^, W, Da at the quasi-
steady-state improved confinement mode obtained with
CD2 for the first time. (Pm,=0.8MW, Q""=4 Pam'/s)

[UEDA-code simulation] In order to optimize
the divertor configuration, UEDA-code is applied to JFT-2M closed and open divertor configurations.
A calculation assuming the high recycling condition shows the increment of
neutral gas pressure and the enhancement of dense and cold divertor are strongest in CD2 compared
with the open and CD1, as observed in the experiment.
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CONFINEMENT DEGRADATION OF ELMy H-MODES AT HIGH DENSITY
AND/OR RADIATED POWER FRACTION

THE JET TEAM
JET Joint Undertaking, Abingdon OX 14 3EA U.K.

In order to attain its fusion power goal, ITER must operate at a density of
about lxl 020 m~3, which is slightly above the Greenwald value for a plasma
current of 21 MA. The most recent ITER steady state ELMy H-mode database
power law regression analysis shows that the energy confinement scales as ne

0-4

[1]. However, most of the discharges in that database were obtained at densities
well below the Greenwald value, and it is clear that this scaling fails for JET
ELMy H-mode discharges as gas puffing is used to raise the volume averaged
density, or when impurity seeding is used to obtain high radiated power
fractions, both of which operating scenarios are envisaged for ITER. It is found
in JET that the edge density r^dge measured near the top of the pedestal increases
and saturates as the gas puff increases. Additionally, the edge ion and electron
temperatures decrease, and the SOL midplane separatrix density between ELMs,
ns, increases towards nedge- Simultaneously, the ELM frequency increases, the
ELM fractional energy drop decreases, and the confinement quality degrades. For
impurity seeded discharges, similar effects are seen.

In this paper we describe global and local analyses carried out at JET in an
effort to elucidate the mechanisms whereby the confinement is degraded. An
often raised question is whether the empirical "Greenwald limit" will apply in
an ITER-sized device. However, it is the product of confinement time times
density, rather than these quantities individually, which is important for
performance. Figure 1 shows a "normalized nt product" (ne/ncw)(XE/XE, 93)
plotted vs. normalized density, (ne/nGw)- Open symbols are data from D2 puffed
discharges in Mk I, Mk IIA, and Mk IIAP at the same triangularity (8 = .13 - .24),
and show (a) little difference between the divertors, and (b) a saturation of the nX
product which sets in as the density increases beyond about 60% of the
Greenwald value. For Mk IIA operation at 8=0.3, saturation does not begin until
about 80% of riGW. The solid symbols are from pulses where N2 was puffed, in
addition to varying amounts of D2, in order to increase the radiated power
fraction (frad)' H93 in these pulses lies below that of the D2-only puffed pulses for
each value of ne/nGW, although the data sets tend to converge at high puff rates.
No isotopic dependence was found between D2 and T2 gas puffed discharges.

Studies of the effects of rotation and fuelling on ELMs showed that
increasing torque input increased feim/ contrary to expectations, with no effect of
fuelling rate, at fixed input torque and power. Experiments on MkllA before and
after plugging of the bypass leakages (Mk IIAP) indicate that confinement is better
correlated with the SOL density than with the midplane neutral pressure.
TRANSP analysis of a series of both D2-puffed and seeded pulses reveals a
similar pattern in both cases. The global confinement degradation appears to be
predominantly associated with increased thermal diffusivity (%eff) for r/a>0.7,
with that in the center remaining unaffected except at the highest puff rates.

The edge degradation can be described in terms of an edge nedge-Tedge
diagram, in which the L-H transition, the Type III ELM regime, the Type I
stability limit, and the density limit, which define the ELMy H-mode operating
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space, appear as regions or curves [2] . The degradation with increasing nedge o r

frad occurs primarily due to loss of the pedestal pressure, iWgeTedge- Although
the measurement uncertainties are large, the best fit to the pedestal width, based
on H2, D2, and T2 discharges at several Bj and I p , is A ~ Pi,fast ~
(mjEfast)1'/2/Bpol' where Efast is the energy of the fast particles at the edge [3]. This
isotopic dependence implies a pedestal energy increasing with mass; the ELM
frequency is observed to decrease with mass. Additional evidence for the
importance of the fast particles comes from comparison of neutral beam (NB)
and centrally heated RF ELMy H-modes. The latter have lower pedestal energy
and smaller, more frequent ELMs, at a given heating power.

A simple expression has been developed for NB heated discharges which
relates the confinement to the ELM frequency and heating power [4], and shows
that good confinement and small, high frequency ELMs cannot be
simultaneously achieved at densities approaching new- The impact on the
divertor of the large ELMs associated with good confinement cannot be
accurately assessed until more is known about the ELM energy deposition spatial
characteristics.

An emphasis of the work to be reported will be placed on evaluating the
edge data in terms of proper dimensionless variables, in order to facilitate
multimachine comparisons of edge phenomena. For example, in the JET
database one can find non-puffed ELMy H-modes, and N2 seeded ELMy H-
modes, having the same core values of the standard similarity variables p", v",
and (3, yet substantially differing values of confinement quality (H93 = 0.9 and
0.65, respectively). This is not surprising, as their edge parameters are different.
These pulses are currently being analyzed in terms of a number of different sets
of edge similarity parameters based on various theoretical models, and the
results will be presented in the paper. One of the goals of this work is to
understand the roles played by both the SOL density and the pedestal parameters
in influencing confinement, and to arrive at a scaling law incorporating
separately the core and edge contributions.

References
[1] J. G. Cordey et. al. EPS 97
[2] M. Kaufmann et. al., Proc. 16th IAEA Conf., Montreal, 1996
[3] J. Lingertat, V. Parail et.al. (to be submitted for publication)
[4] G. Fishpool, Nuclear Fusion (in press)

_IP = 2-3MA 5 = 0.13-0.24
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seeded ELMy H-mode
discharges.
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In order to achieve thermonuclear burn, future devices such as ITER must operate in
the vicinity of the highest accessible density, while maintaining at the same time H-mode-
type energy confinement. Empirically, a (normally disruptive) density limit is observed
with gas puffing, represented by the well-known Greenwald limit n°w oc Ip/a

2 (Figure
1, curve A), where ne is the line averaged electron density, Ip the plasma current and
a the horizontal minor radius. A pronounced feature of this limit is its insensitivity to
the input heating power Pheat- In contrast, the H-mode threshold in the medium density
regime, can be described by Pfc?/1 oc heBt (curve B), where Bt is the toroidal magnetic
field. Within this picture both limits intersect, and it is in this region (or even beyond)
where ITER should operate. There exists, however, rather limited experience for high
density H-mode plasmas and especially for the Lf+H-mode transition power threshold.
In fact, strong deviations from the linear scaling have recently been found experimentally
for high density. To explore the behaviour of both limits at high density and investigate
the plasma performance, experiments on ASDEX Upgrade were carried out with differ-
ent currents (0.6 to 1.2 MA), in a density regime of ne = 0.5 — 1.3 • 102Om~3, and with
auxiliary heating powers up to PNBI = 20 MW. It should be mentioned that the ASDEX
Upgrade divertor configuration has been changed from an open target plate geometry to
an ITER-type socalled "Lyra" divertor since spring 1997 [Gruber et al., this conf.], but
this has obviously little influence on operational limits and global performance.

The H-mode is generally accessible at medium densities, when the input heating power
is above curve B in Fig. 1. Just above the threshold the H-mode is characterized by high
frequency type-III ELM's (8I/ELM / d Pheat < 0), changing to lower frequency type-I ELMs
(d^ELM/dPkeat > 0) with further increased power. Increasing the density ne in the type-I
ELMy H-mode regime by significant gas-puffing (i.e. going to the right in Fig.l), the
ELM frequency increases and the divertor detaches between ELMs. Above densities of
ss 0.7 n^w type-III ELMs re-appear, radiation increases and the power flux into the
divertor reduces. When the edge temperature falls below a certain value, which roughly
coincides with detachment also during type-III ELMs, the discharge falls back into L-
mode. These densities are associated with the H-mode density limit represented by curve
C, which depends only very weakly on Pheat. After the transition to L-mode the divertor
eventually re-attaches depending on the edge parameters. With further increase of ne,
an X-point Marfe develops, grows into the bulk plasma and the discharge disrupts (L-
mode density limit, curve D). The L-mode density limit is found to depend moderately on
Pheat- It is possible to include data with different plasma currents in a single diagramme
with normalized density nz/n^w and power PheatI(/«<?)• While curves B and C are well
described by this normalization, the curve D depends additionally on the conditioning
of the wall surfaces. The energy confinement degrades with increasing density [Suttrop
et al., this conf.], approaching L-mode confinement at the H-mode density limit. The

density profile broadens strongly towards the limit, nf a n^, and the edge pressure
gradient, which is close to the ballooning limit during the type-I ELM phase, degrades
smoothly towards the H.-mode density limit.
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There is no difference in the normalized H-mode density limit between the lowest
(0.6 MA) and highest (1.2 MA) plasma currents despite significantly different neutral
particle densities in the barrier region inside the separatrix (typically 1015 m~3). This
fact shows clearly that neutrals are neither responsible for the observed change in con-
finement nor for the regime transition. In contrast, it is obviously the improvement of
transport with Ip which allows for the correspondingly higher densities, consistent with
the result that the edge temperature at the H—>L-mode back-transition is also indepen-
dent of plasma current.

All the above results were obtained with gas puffing only. Deep cryogenic pellet injec-
tion has allowed to increase h, well beyond the Greenwald limit, while the edge density
increased only weakly indicating an edge density limit. Since the conventional injection
from the magnetic low field side (LFS) suffered from poor fueling efficiency, a new tech-
nique has recently been developed which allows to inject pellets from the magnetic high
field side (HFS). In contrast to LFS launch, the curvature driven major radius accelera-
tion of the ablation plasmoid allows deep pellet mass deposition especially in the H-mode.
In recent experiments, use of the existing centrifuge allowed to achieve densities beyond
the Greenwald limit staying still in the H-mode with feedback controlled pellet injection
from HFS (repetition rate < 80 Hz, pellet velocity < 340 m/s). Combining moderate gas
puffing and deep HFS pellet penetration, we achieved in best cases stationary densities
of about 1.2 n^w in type-I ELMy H-modes and ITER normalized H-mode confinement
close to 1. The actual performance, however, seems to be rather sensitive to the balance
between pellet flux and supporting gas puff and also to the specific feed-back scenario ap-
plied. In addition, the appearance of neoclassical tearing modes in these high performance
shots perturbes the fueling optimization process. Discharges of this type with strongly
varying particle deposition profile are currently being analysed in detail with the aim to
get deeper insight into the particle and energy transport in the bulk and edge region for
densities near and above the Greenwald limit.
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Profile control is the key element for advanced tokamak scenarios. On TdeV (Rp/a:
0.83/0.22 m, BT: 2.0 T and Ip<0.25 MA), localized heating and current drive are provided
by electron cyclotron resonant heating (EC) and lower hybrid current drive (LH), allowing
profile control experiments in the H or L mode confinement regime. Good plasma shape
control, including a variable single-null divertor geometry with steady-state pumping,
permits a systematic characterisation of the L-H transition and allows He exhaust studies
for various confinement regimes and divertor geometries. An update on compact toroid
injection will also be presented.

The new EC system can deliver up to 1 MW at the second harmonic (110 GHz)
launched from the low field side with steerable mirrors. This system complements very
well the LH system (3.7 GHz) which can couple up to 1 MW using a multijunction
antenna. Wave propagation and coupling in L and H-mode have been explored for these
two systems as well as synergistic effects using LH and EC combined. Various coupling
schemes are also being pursued to improve LH antenna coupling to H-mode and other
plasmas and to maintain the quality of the LH spectrum launched from the antenna.

Well-controlled stationary H-modes are obtained with either the EC or the LH
system near or above Prf~0-2 MW, consistent with current H-mode threshold scaling.
However, parametric H-mode studies are easier to perform with EC and most of the data
reported here is obtained with EC alone. During the H-mode phase, the plasma density is
controlled through a combination of divertor pumping and plasma fuelling. Independent
variations of outboard (inactive LHCD antenna) and lower plasma-wall separations, and of
the separatrix-baffle distance of the upper divertor have been carried out, while
maintaining identical divertor strike points, pumping geometries, safety factors and similar
plasma shapes. H-mode thresholds and characteristics are not sensitive to these distances,
including cases where the inactive LH antenna is inside the scrape-of-layer (SOL). On the
other hand, a higher triangularity of the plasma on the opposite side to the X-point is
observed to increase significantly the threshold. Both positive and negative biasing has
been applied to the divertor during H-mode experiments. At constant power input,
positive biasing facilitates the L-H transition, whereas negative biasing renders it more
difficult independently of the ©B drift direction
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He exhaust experiments have been performed for various divertor geometries and
confinement regimes. The divertor allows the separatrix to be incident on a
quasi-horizontal target plate with outboard pumping (OB), or on a quasi-vertical plate with
pumping through the private flux region (PR). At higher densities in a detached regime,
the plenum pressure is typically twice as high for OB than for PR pumping whereas He
enrichment in the plenum is comparable, resulting in a significantly lower He exhaust
efficiency for the PR pumping geometry. B2-Eirene simulations predicted a higher He
enrichment for the PR case compared to the OB geometry. Divertor fuelling did not affect
He exhaust.

Density, temperature and current profiles can be strongly modified with EC heating
and LH current drive. As reported elsewhere, the LH system can drive current efficiently
mostly at mid-radius and further out for our operating conditions. EC heating on the other
hand can be well localized. In general, on-axis EC heating in the H-mode regime results
in rather peaked temperature and flat density profiles with q0 near 1, although qo can be
pushed above 1 by using a current ramp. High q0 profiles, with flat or reversed shear in a
quasi-steady-state regime, are however more easily produced with off-axis EC heating.
Peaked density and rather flat temperature profiles are usually obtained under these
conditions, both with the external transport barrier in place (H-mode) and in the L-mode
regime. Confinement properties for the various profiles are difficult to compare since the
power was deposited at different radii. However, flattening the q profile appears to lead
to improved confinement.

Injection of magnetized compact toroid (CT) plasmoids into the tokamak plasma
have been pursued to evaluate the potential of CTs for deep fuelling a reactor. The main
difficulties with these experiments are the very fast time scales (us) involved in the CT
production, transport and coupling to the tokamak, and the lack of symmetries, both
poloidal and toroidal, for the diagnostic systems at early times after the CT injection. New
data and more sophisticated analysis techniques do not provide conclusive evidence for CT
penetration beyond the edge plasma, contrary to previous reports based on partial data.
First, the accelerated plasmoid appears to transit rapidly to the tokamak edge or SOL
plasma. Next, the fuel seems to diffuse rapidly inward rather then be deposited directly
inside the plasma.

* Supported by the Centre canadien de fusion magnetique with funds from the Canadian
Government, Hydro-Quebec and INRS.
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Consorzio RFX, Corso Stati Uniti 4, 35127 Padova, Italy
This paper presents an overview of the experimental results obtained on the
RFX device since last IAEA conference in Montreal. The overall goal of
the RFX project is to study the physics of the RFP configuration at plasma
current up to 2 MA to assess its potential for reactor application.
The experience gained in the past on RFX has shown that RFP discharges
are strongly influenced by plasma-wall interactions because of the large
ohmic heating power and localised heat load deposition due to wall locked
helical deformations of the plasma column. Although the RFX first wall is
completely covered by graphite tiles to cope with this problem, the
presence of the locked perturbation has limited the effectiveness of this
solution to discharges with plasma current lower than 1 MA. For this
reason until recently detailed physics studies have been limited to the
current range 0.3-0.8 MA. Boronization along with high temperature
graphite operation has been shown to be effective for improving density
control and to reduce the effective charge yielding optimised plasma
performances. The possibility of electromagnetically moving the locking
position and alter the MHD mode phase correlation during the pulse has
been demonstrated in March '98. This has opened the way to the study of
high current discharges with low impurity content.
The analysis of magnetic measurements has shown that the current profiles
in RFX are consistent with the requirement of marginal stability to internal
resistive m=l modes. The very strict limits on shell proximity dictated by
linear MHD stability theory do not apply to the case of RFX. Indeed m=0
modes, predicted to be usually unstable for RFX conditions, are only
observed during dynamo relaxation events while modes resonant outside
the radius of reversal, also predicted to be unstable, are never observed.
The influence of (sheared) flow on the stability of these modes is presently
under evaluation.
We obtained experimental evidences that the helical deformation of the
plasma column is caused by dynamo modes which lock in phase among
themselves: the helical deformation increases during dynamo relaxation
events while it decreases systematically when the dynamo action is reduced
by external pulse poloidal current drive (PPCD). Moreover magnetic
measurements of this deformation are well described by a model where
helical currents are added to an axisymmetric current profile on the
corresponding resonant surfaces of the main dynamo modes seen in RFX.
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By applying a stationary perturbation to the toroidal field we were
successful in controlling, with almost 100% reliability, the wall locking
position demonstrating the robust coupling between an external
perturbation and the plasma. More recently by using GTO switches in
parallel with the single toroidal field coils we have also succeeded moving
dynamically during the shot the helical perturbation. Furthermore by
varying the phasing of the different switches and the switching frequency
we can act on the mode spectrum composition producing in some cases a
nearly single helicity perturbation.
In standard conditions the plasma core of an RFP is dominated by magnetic
transport caused by the dynamo modes. The analysis of density profiles in
RFX has revealed the existence of an outward convective particle velocity
in the plasma core, which has been deduced from the theory of plasma
transport driven by magnetic turbulence. This magnetic turbulence is
possibly reduced by increasing temperature as indicated by the increasing
temperature gradient in the core with decreasing density and by the
increased relaxation activity when core temperature is lowered by deep
pellet injection. The measured particle and energy diffusivity decreases
moving toward the edge which turns out to be dominated by electrostatic
turbulence, as documented by the direct measurement of the
electrostatically driven particle flux. A comparison of local and global
transport parameters shows that edge properties determine global
confinement in standard operation.
Probe measurements in the edge region have identified the existence of a
sheared radial electric field with an associate shearing rate comparable to
tokamaks. The plasma fluid velocity, spectroscopically measured, is
perpendicular to the local magnetic field at the edge, confirming the probe
results. However this velocity becomes nearly parallel to the local magnetic
field moving toward the core; this suggests the existence of different
mechanisms of flow generation in the edge and in the core plasma.
Enhanced energy confinement has been obtained both with pellet injection
and PPCD. With PPCD a clear reduction of the magnetic activity has been
obtained with a decrease of core thermal diffusivity to level comparable to
the edge and transient global confinement improvement up to a factor of3.
With pellets, an increased dynamo activity in the plasma has to be fought to
obtain confinement improvement; this has been achieved using PPCD in
conjunction with pellet injection.
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TPE-RX is a new large reversed field pinch (RFP) experimental
machine, whose major and minor radii are 1.72m and 0.45m,
respectively, maximum iron core flux swing is ±2VS, maximum
designed plasma current (Ip) is 1 MA and designed discharge
duration is 100 ms. TPE-RX has a comparable size with RFXI2! and
MSTI3! which are large RFP machines currently operated.

The main purpose of TPE-RX is to demonstrate the possibility that
the RFP will become a simple and effective fusion reactor by
showing the improved confinement property through obtaining the
low toroidal one turn loop voltage (ViOOp < 10V) and large poloidal
beta (pp >0.1) simultaneously. Then the energy confinement time
(TE) longer than 5ms will be attained. If the improved confinement
in the high pinch parameter regional is reproduced in TPE-RX, (3p -
20% will be obtained and the TE exceeding 10 ms can be expected.

The construction of the load assembly of TPE-RX was recently
finished and the first RFP plasma was obtained at the beginning of
March in 1998. Wave forms of Ip, averaged toroidal magnetic field
in the plasma <Bt>, toroidal field at the outer surface of the vacuum
vessel Btw-out. that at the plasma surface B t w . j n and toroidal loop
voltage are shown in Fig.l. They are obtained after about 2000
small current discharge cleaning shots and 400 RFP shots. The
plasma current up to 260kA is obtained and discharge duration is
about 50ms. The reversal parameter (F=Btw-in/<Bt>) and pinch
parameter (0=Bpw/<Bt>, Bpw; poloidal field at the plasma surface)
are about -0.1 and 1.55, respectively.
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The careful equilibrium control is essential for obtaining this
preferable results. The error field at the thick shell gap, which is
produced by a miss match of the vertical field, is compensated
precisely by a feedback control of saddle coil current in TPE-RX.
Figure 2 demonstrates this compensation. Residual error is only
0.2% of the poloidal field, which is well below the necessary level.

Without applying active equilibrium position control, the resistive
part of loop voltage as low as 17V is obtained at t=30-45ms, where
the decay of Ip is taken into account. By using the modified Bessel
function model, conductive electron temperature (Tec, central value
of parabolic profile) is estimated (internal inductance =1.3 and
helical form factor =7.5 are used). Even if the magnetic field is very
week (~lkG) at the plasma surface, relatively high value of TeCi

about 130eV for Zeff=l or 280eV for Zeff=3 is obtained without
taking into account the anomaly part in Vloop.

In the previous experiment on TPE-lRM20t4], p"p=0.1 and the
electron density in the order of 1019 m-3 are the typical values in
the present operation region of F and 0 . If these values are still
held in the TPE-RX operation the Tec will be 330eV. This value
shows reasonable agreement with T e c estimated by the
conductivity with Zeff=3. Zeff=3 is smaller than the estimated Zeff
value in the TPE-1RM20. Therefore, it is expected in TPE-RX that
the anomaly part in Vloop may not be large and the Vloop can be
reduced by the active equilibrium position control, and the increase
of Tec and reduction of Zeff which may be realized by the increase
of Ip and/or the reduction of impurities by the intensive discharge
cleaning. The measurement of density and temperature will be
started soon and the results will be presented at the conference.
[Reference]
11] G. Malesani, et.al. Proc. of 14th Symp. on Fusion Tech., Avignion 1986, Vol.1, 173
12] R.N. Dexter, D.W. Kent, et.al, Fusion Technology, Vol.l9(January, 1991)131
13]Y. Hirano, Y. Maejima, et.al., Nuclear Fusion, Vol.36(6)(1996)72I
[4] Y. Yagi, Y. Hirano, et.al., J. of Plasma and Fusion Research, Vol.69(6)(1993)700
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Global heat and particle transport in the reversed field pinch (RFP) result primarily from
large, resistive MHD fluctuations which cause the magnetic field in the core of the plasma to
become stochastic [1,2]. Achieving a better understanding of this turbulent transport and
identifying ways to reduce it are critical RFP development issues. We report new measurements
of the Lundquist number scaling of magnetic and ion flow velocity fluctuations. We also report
up to five-fold improved confinement resulting from reduced turbulence accompanying changes
in the current profile, plasma flow, and flow shear for the Madison Symmetric Torus (MST).

Because the dominant RFP turbulence is well described by resistive MHD, the obvious
dimensionless scaling test is with S = tR/tA. Past measurements in devices smaller than MST
(lower 5) focused on magnetic fluctuations, observing a favorable scaling blB~ S~°5 [3]. The
MST experiments aimed to (1) extend the scaling to larger S, (2) include, for the first time, the
scaling of flow velocity fluctuations, (3) help resolve conflicting theoretical predictions for the
scaling, and (4) examine the S-scaling of the MHD dynamo. The main result is that the magnetic
fluctuation amplitude scales more weakly than previously observed, implying a greater need for
controlled reduction or suppression of magnetic turbulence to avoid physically large, high
current RFP reactor scenarios. The range of S accessible in MST is from 7X104 to 106, extending
previous measurements up to S < 104. The scaling in MST appears dependent on the plasma
density. At high relative density b IB -S""018, while at low relative density bIB ~ S"007. A
density dependence suggests viscosity, resistivity profile changes, or dimensionless parameters
other than the Lundquist number might become important. Impurity ion flow velocity
fluctuations (measured with fast Doppler spectroscopy) have a scaling which falls in the range
VIVA ~ s"!008"01^, also relatively weak. Correlating V and b allows direct measurement of
the MHD dynamo <Vxb>. The observed scaling of the dynamo product ^^I064-"-88] i s

stronger than for its constituents, resulting from decreased coherency between V and b with
increasing S.
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The less favorable scaling at larger S implies that active reduction of the turbulence may
be required. In MST, improved confinement has been accomplished (1) by inductive current
profile modification, (2) by biasing the edge plasma with an inserted electrode, and (3)
spontaneously, subject to constraints on toroidal field reversal, plasma density, and wall
conditioning. In all three cases, either or both magnetic and electrostatic fluctuations are
reduced. The largest improvement occurs with inductive current profile control where the
magnetic fluctuation is halved and the confinement increases five-fold [4]. A. new finding is a
large reduction of edge electrostatic fluctuations, which was not the target of current profile
control.

In plasmas with inserted biased electrodes, electrostatic potential fluctuations decrease
and the particle confinement time doubles, evidenced by an increase in density and a decrease in
fueling (reduced Ha emission) [5]. Electrostatic fluctuations are known to cause large particle
transport in the RFP [6]. Although reminiscent of biased H-mode observed in tokamaks, the
edge radial electric field increases but does not exhibit a narrow shear layer. Edge and core
impurity ion velocity measurements indicate a large change in the plasma flow (-25 km/s)
occurs with biasing, appearing at the edge and extending into the core. The change in velocity
shear is small compared to the overall magnitude change of the flow velocity across the profile.
Magnetic fluctuations and energy confinement do not change with bias, consistent with the
understanding that magnetic fluctuations regulate energy confinement in the RFP.

In some MST plasmas, a spontaneous reduction in both magnetic and electrostatic
fluctuations occurs, subject to constraints on toroidal field reversal, plasma density, and wall
conditioning [7]. The improvement in confinement can reach three-fold. Plasma potential
profile measurements reveal that a narrow, ~1 cm wide region of strongly sheared radial electric
field forms at the edge. However, the fluctuation reductions are not limited to this shear layer
and occur for both small and large scale turbulence at all frequencies. These observations, and
those for biased plasmas, suggest the possibility that flow and flow shear will be effective for the
reduction of turbulent transport in the RFP. This subject has emerged only recently and requires
further experimental, and especially theoretical, work. Shearless plasma flow itself needs to be
explored, since, for example, it can affect the rotation of edge resonant fluctuations which might
otherwise be stationary in the lab frame.

This work has been supported by U.S. Department of Energy.

1. G. Fiksel, S.C. Prager, W. Shen, and M. Stoneking, Phys. Rev. Lett. 72,1028 (1994).
2. M.R. Stoneking, S.A. Hokin, S.C. Prager et al, Phys. Rev. Lett. 73,549 (1994).
3. R.J. La Haye, T.N. Carlstrom, R.R. Goforth et al., Phys. Fluids 27, 2576 (1984).
4. J.S. Sarff, N.E. Lanier, S.C. Prager, and M.R. Stoneking, Phys. Rev. Lett. 78, 62 (1997).
5. D. Craig, A.F. Almagri, J.K. Anderson et al., Phys. Rev. Lett. 79,1865 (1998).
6. T.D. Rempel, C.W. Spragins, S.C. Prager et al., Phys. Rev. Lett 67,1438 (1994).
7. B.E. Chapman, C-S. Chiang, S.C. Prager et al., Phys. Rev. Lett. 80,2137 (1998).



EX4/6 XA9950747

Plasma Confinement in the GAMMA 10 Tandem Mirror

K. Yatsu, L. G. Bruskin, T. Cho, M. Hamada, M. Hirata, H. Hojo, M. Ichimura, K. Ishii,

A. Itakura, I. Katanuma, Y. Kiwamoto, J. Kohagura, S. Kubota, A. Mase, Y. Nakashima,

T. Saito, Y. Sakamoto, T. Tamano, Y. Tatematsu, T. Tokuzawa, M. Yoshikawa

Plasma Research Center, University ofTsukuba, Tsukuba, Japan

In the GAMMA 10 tandem mirror, an ion temperature of 10 keV has been attained by the hot

ion mode operation! 1]. However, the density increase due to potential confinement was small.

Recently, a density increase of about 50% was attained by adjusting the heating patterns of ECRH

and ICRF as axisymmetric as possible in a hot ion mode.

The GAMMA 10 tandem mirror consists of a central cell, two anchor cells, and two end mirror

cells. The anchor cells with minimum-B configuration are located at both ends of the central cell and

are connected to the end mirror cells. In the central cell, ions are heated by ICRF heating and a

plasma is sustained by the ICRF heating with gas puffing in the central cell. A positive plug potential

is formed in the axisymmetric end mirror cells by a fundamental ECRH (plug ECH). The axial

magnetic field strength and the locations of each heating system are shown in Fig. l(a).

In order to study the role of the potential confinement on a high ion temperature plasma, the

end-loss ion currents to both ends were measured in detail by a newly developed end-loss-ion energy

analyzer (ELA)[2]. The waveforms of the end loss ion current and the central line density are shown

in Figs. l(b) and (c). When ECRH is applied only at the west side plug, the ion current of the west

side ELA (W-ELA) decreases due to the
ICRF

* (a)
) L I I I I . . . • . . . I I M

BP1

potential reflection, while that of the east

ELA (E-ELA) increases. When ECRH is

applied to both sides, the central cell line

density (NLCC) increases mainly due to the

plugging. The electron density n on the axis

was 1.8xlO18 nv3, and the electron and ion

temperatures Te and Tj were 90 eV and 4

keV, respectively. The ELA currents shown

in Fig. l(c) decrease when both plug

potentials are formed and then gradually

increase as the central cell and anchor cells

were filled with the confined plasma. When

ECRH is turned off, a short burst appears in

the ELA currents due to an axial drain of the
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confined plasma. The steady state ELA current during ECRH is smaller than the current before and

after ECRH. This suggests existence of some amount of radial loss of the potentially confined ions

when both ECRH and ICRF are applied. The radial loss can be estimated from the one end plugging

data (Fig. l(b)) and the radial loss in the axisymmetric central cell turns out to be small. From the

current change in both ELA, the potential reflection ratio was determined to be 60% and the one-pass

radial loss of the potentially confined ion was 9% for this shot. The loss mechanism and the region

where the loss is taking place have not been identified, but we suspect that the loss is taking place

around the fanning minimum-B field region in the

anchor and/or the plug-barrier region.

Figures 2(a) and (b) show the waveforms

of the central cell line density and the end loss

current of the shot when the radial loss was less

than 3% and the density increase was 50%. Figure

2(c) shows energy distributions of end loss ions.

At the time (e) just after the plug potential

formation, the lower energy component observed

at the time (d) before the potential formation

almost disappears by the potential reflection. At

the later time (f), the higher energy component

increases due to ion heating during the potential

confinement. The confining potential $c is shown

in Table I together with the ion temperature Tj//

measured by the ELA. Although the confining

potential decreases with the increase in the density,

the substantial potential is maintained for 50 ms.

However, the density during the plugging is

limited by the decrease in the ratio ^t/Tj//.

In summary, the particle confinement has clearly been shown from the data with one end

plugging and both end plugging. The waveform of the end loss current and the analysis of the end

loss ion energies have illustrated the potential formation and the plugging. The central cell line density

has increased by 50%. Although there is some amount of a radial loss, a shot with a radial loss of 3%

is obtained.
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Dynamic Behavior Associated with Electric Field Transitions in CHS
Heliotron/Torsatron
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Minami, S. Ohdachi, S. Morita.S. Lee, M. Osakabe, R. Akiyama, Y Yoshimura, K. Toi,
H. Sanuki, K. Itoh, A. Shimizu, S. Takagi, A. Ejiri, C. Takahashi, M. Kojima, S.
Hidekuma, K. Ida, S. Nishimura, M. Isobe, N. Inoue, R. Sakamoto, Y Hamada, M.
Fujiwara

National Institute for Fusion Science, Oroshi-cho, Toki, Japan

Amongst fusion oriented devices, toroidal helical plasmas (e.g., stellarator, torsatron,
heliotron) most extend to steady state. This is because static external coils alone can produce
the necessary magnetic field for confinement, and internal plasma current, which sometimes
leads to violent instabilities such as disruptions, is not needed. Current driven instabilities
force the plasma to relax repeatedly, and to form a dynamic steady state, as in the well-
known sawtooth oscillation.

For toroidal helical plasmas, the radial electric field Eris of great importance since it

affects bipolar collisional transport caused by helical ripple. The particular functional
dependence of the bipolar fluxes on Er allows the existence of multiple steady states.
Transition between these states is possible in toroidal helical plasmas, and dynamic behavior
associated with such transitions is expected. In fact, a transition in Er has been already
observed near the core in a CHS toroidal helical plasma[l]. Moreover, we have recently
discovered a "dynamic steady state', where the plasma exhibits successive transitions
between two distinctive electrostatic potential profiles.

An example, of the electric pulsation is shown in Fig. 1, together with the line-
averaged electron density. In the steady state (55 <t < 95ms), the density and average beta
are ne=4xl012cm"3 and (5=0.2%, respectively. In the time trace of the central potential, the
potential repeatedly drops by 0.6kV occur, then quickly recovers. The phenomenon has a
period of ~2ms. During each pulse, the potential collapses and recovers in typical timescales
of 30(Is and 140|xs, respectively. These timescales (~a few dozen microseconds) are much
faster than the diffusive one (~a few milliseconds). The spatial change of potential profiles
before and after crashes are shown in Fig. 2. The plasma repeatedly swings between two
states of higher and lower potential. As the density increases, we have confirmed that the
pulsation frequency becomes higher, and its amplitude becomes smaller. The potential
profiles before and after crashes are shown in Fig. 2 (right) for a high density case of
ne=7xl012 cm"3. In this higher density case, the regime of pulsation is limited around the
plasma core. On the other hand, the effect of pulsation in the lower density case reaches the
plasma periphery, and the other plasma parameters such as density and temperature are
pulsating with the potential.

Before or during the potential crashes, no special activity has ever been detected in
any Mirnov coils. No precursor oscillation has been found in soft X-ray signals. MHD,
therefore, is not the source of the pulsation. A neoclassical calculation using CHS parameters
shows that bifurcations in Er can occur. Figure 3 shows a region where multiple steady
states exist in an ne-Te plane of CHS plasma, together with an example of bifurcation curve.
The pulsation phenomenon presented here can be regarded as a limit cycle originating from
this nonlinear property.
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In conclusion, we have found that a currentless toroidal helical plasma can exhibit a
dynamic repetitive oscillation, like tokamak does, even in a low beta plasma. This self-
excited oscillation is caused by a bifurcation in solutions for the radial electric field. Pursuit
of this phenomenon should contribute to understanding of formation mechanism of improved
confinement modes -a subject of wide interests. This phenomenon should also be
investigated for future reactor equivalent machines, since the fusion produced energy can
force the toroidal helical plasma into this dynamic state.

References
[1] A. Fujisawa, H. Iguchi et al., Phys. Rev. Lett. 7 9 1054(1997).
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Figure I. Electric pulsation observed in potential which has been observed with a heavy ion beam probe.
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Figure 2. Potential profiles before and after crashes.(left)lower density case, which is shown in Fig.
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Figure 3. (left) A region where multiple steady states exist in a ne-Te plane. Contours of electric field are also "

shown, (right) Nonlinear dependence of radial electric field on a plasma parameter. Here, electron temperature
is chosen, and this is the radial electric field on the line of a constant density of ne=5xl0 l2cnr3 in the left

figure. The curve indicates bifurcation characteristics.
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Formation Condition of Internal Transport Barrier in JT-60U

Y. Koide, T. Fujita, H. Kimura, T. Hatae, M. Iwase, H. Shirai, T. Takizuka,
Y. Kishimoto, S. Ide, K. Tobita, S. Moriyama, A. Isayama, Y. Kusama,

M. Nemoto, Y. Kamada, S. Ishida, M. Mori and M. Kikuchi and the JT-60 Team

Japan Atomic Energy Research Institute, Naka Fusion Research Establishment
Naka-machi, Naka-gun, Ibaraki-ken, 311-0193 Japan

The present report deals with the latest knowledge on Internal Transport Barrier [1] with
reduction in electron thermal diffusivity (x,) [2]. Results obtained are: (1) toroidal flow shear (
VV,) affects formation condition of ITB, (2) reversed magnetic shear (s=(r/q)(dq/dr) where q
is a safety factor) correlates with clear reduction in %c. Experimental results are shown in the
following: the former part of it describes the process to get the above result (1) with fixed s; the
latter part is on the result (2) with fixed VV,.

Onset condition of ITB formation with reversed magnetic shear fixed
Experimental procedure for the determination of ITB onset is shown in Fig. 1 (Ip=1.2MA,

B,=3.5T, R=3.3m, a=0.8m). Waveforms of Ip and NB heating power (PNB) at t<5 s are fixed in
order to produce reproducible reversed shear configuration at t=5 s. In this figure, two discharges
with different amount of gas injection at 4.5 < t (s) < 5.6 are compared. In the discharge with
higher line-average density (nc=1.7x 10" m~3 at t=5.2 s; solid lines), a local increase in Tc at p
=0.35 is observed at t=5.6 s. The onset of ITB formation, i.e. reduction in xc, is defined as such
a start of increase in Tc which is accompanied with a local increase in VTC. In the case of lower
n= (1.2x 10" m"3 at t=5.2 s; dashed lines), the onset doesn't appear till t=6 s. PNB after t=5 s is
also scanned systematically to investigate the response of the onset condition; then local plasma

Ma) -r p.0.35 / / H
• > _ i y w onset

£2
0
4
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L(b) j P=o.35 / J j

parameters at the onset (X.0' *) are
examined and are compared with those without ITB
formation. Their spatial gradients just inside the ITB position
(VTe

in, VT/", Vn,,", VV,'11) are also examined. This is
because central NB deposition, which is empirically effective
to trigger the ITB, provides sources of heat, particle and
momentum into the central region; they may increase the
spatial gradients. Absorbed NB power (PNB

Bbi s PNB minus
shine-through power) is plotted as a function of n,.01"" in
Fig. 2(a). Two triangles in this figure are extrapolated data
because the radial positions of ITB for these data are just
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FIG. 1. Comparison of ITB onset
in two discharges with different
ne (higher ne: solid lines, lower
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onsa, (b) absorption power vs.
VV,'°. O designates no ITB case: parameters at p=0.2
and 0.4, and gradients from them.

outside the coverage of nc measurement. This result is in contrast to that of high Pp mode,
where threshold power strongly increased with ac [3] (in this case, ITB onset was defined as an
increase in VT<). The origin of the weak nc dependence in reversed shear discharges has not
been sufficiently investigated yet. However result shown in Fig. 2(b) suggests the threshold of
|VV,'"|: ITB is triggered with |VV,in|>2x 105 s"', below which it is not even with similar PNB"".
This result qualitatively agrees with the concept of turbulence suppression by flow-shear [4].
Since momentum input of neutral beams were almost balanced in these discharges, the cause for
the different sign of VV,'°is not obvious. We are now investigating the difference from the
viewpoint of particle and heat sources from beams, which is motivated by the fact that the
discharges with VV,ln>0 are characterized by higher perpendicular beam power. It should be
noted that, as seen Fig. l(b) and l(c), simultaneous reduction in ion thermal and particle diffusivities
is expected with the xc reduction.

Effect of reversed magnetic shear on ITB formation
Described above are discussion under fixed reversed shear. In Fig. 3, two discharges with

reversed and positive magnetic shear are compared, the former of which is produced by higher
current ramp-up rate (dlp/dt =0.3MA/s) with earlier NB injection and the latter by lower
dlp/dt (=0.2MA/s) with later NB injection (PNB=15MW; Ip, B,, and plasma shape are almost
the same with those discussed in the previous section). At the start of NB injection (At =0),
there is no substantial difference in ne between the two discharges, however, Ts(0) in the case of
s<0 is 20% lower than the other, which is due to hollow ohmic-heating profile. At At =0.3 s in
the case of s<0, ITB formation is
triggered at p m =0.4 (profiles at
the onset are shown by solid lines),
followed by their steep gradients
to grow (At=1.85 s; circles); the
ITB position (shaded regions) is
just inside the radius at which q
takes its minimum value (p^J.
On the other hand, in the case of
s>0, plasma parameters are
saturated at At=1.45 s (dashed
lines) without ITB formation.
Difference in V, is recognized
between the solid line and dashed
line, however, there is no
substantial difference in VVC,
which is shown to be important
in the previous section. Based on
this result, we consider that
reversed shear is another important
factor for the ITB formation as
well as VV,. There is some
indirect evidence in favor of this
view: p m seems to follow radius
of s=-l when pWl> moves
outwards with time.
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FIG. 3. Profiles of two discharges: (a) electron
temperature, (b) toroidal rotation velocity, (c) electron
density and (d) safety factor. Profile evolution of reversed
shear discharge after ITB onset is shown with solid lines
and circles. Profiles saturate without ITB formation in
positive magnetic shear discharge (dashed lines).
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In this paper, reduced thermal transport in improved confinement plasmas obtained in
JT-60U such as hot ion H-mode plasmas [1], high fjp H-mode plasmas [2], reversed shear
plasmas [3] and so forth, is investigated in conjunction with the formation of a sheared
radial electric field. These improved confinement plasmas have much larger stored energy
in the core region compared to L-mode plasmas, and are often accompanied by an internal
transport barrier (ITB), which is formed at a location r - rITB inside the plasma. The
pressure gradient changes discontinuously at r - rrTB.

Figure 1 shows the profiles of temperature, density and safety factor of (a) a normal
shear plasma and (b), (c) reversed shear plasmas with Ip - 1.5 MA and B, - 3.5 T.
Hereafter, we call the ITB of (a) and (b) type I ITB, in which the pressure gradient is very
large in the whole region r < r^-^B- We also call the ITB of (c) a type II ITB, in which the
thin ITB layer with a very large pressure gradient is formed around r - r ^ and the
pressure gradient is relatively small in the region r < rITB. In JT-60U, a type I ITB could
be observed in any kind of improved confinement modes. The type II ITB was observed
only in reversed shear plasmas.

Figure 2 shows the profiles of electron and ion thermal diffusivity, %e and Xi< and the
radial electric field, Er. Each part of this figure corresponds to that of Fig. 1. Profiles of
Er are estimated from the measured toroidal rotation velocity of the carbon impurity and the
poloidal rotation estimated by neoclassical theory. Since the collision frequencies of
electrons and ions are in the banana regime, the orbit squeezing effect is taken into account
in the calculation of Er.

In the case of a type IITB, the thermal diffusivity in the region r < rm is remarkably
smaller than that in the region r > r^, indicating improved core energy confinement.
However, the value of Er does not change much over the plasma cross-section, and no
strong Er shear exists in the region r < rrrB- In the case of a type II ITB, on the other
hand, %t and Xi a t m e ITB l a v e r a r e v e r v small indeed, whereas the value of the thermal
diffusivity in the region r < rITB is not always small, that is, the improved core confinement
is not related to the reduced thermal diffusivity there. A far stronger transport barrier
compared with the type I ITB is formed and the heat flow is dammed up at the ITB in the
region r < r ^ . In the vicinity of the ITB layer where Xt an<^ Xi a r e small, a strong Er

shear layer is localized. In this region, the contributions of the pressure gradient and the
toroidal rotation to Er is of the same order of magnitude.

The type IIITB has a large pressure gradient At the same time, strong Er shear is
formed, which suppresses microinstability. Figure 3 shows the profiles of linear growth
rate of an electrostatic drift microinstability, yL, and ExB shearing rate,&)£xB, in a reversed
shear plasma with 7 , -1 .2 MA and B, - 3.5 T [4]. The type n ITB layer is formed in the
region 0.4 < rla < 0.6. Within the ITB layer, <oE>^ becomes almost as large as yL,
suppressing the microinstability to realize favorable energy confinement with H factor -
2.3.

The characteristics of the core energy confinement are compared between type I ITB
and type IIITB with 7 , - 1 . 5 MA and B, - 3.5 T. Here, the incremental thermal stored
energy in the region r< rm is calculated based on the boundary density and temperature
taken at r — rm. They are expressed as SW'"h. The plasma volume and heating power in
the region r< r ^ are Vm and Pjn, respectively. The dependence of the volume averaged
values, 5W'$jVin, on PJVin is shown in Fig.4. The slope from the origin corresponds to
the core energy confinement The open symbol and the closed symbol indicate plasmas
with type I ITB and type II ITB, respectively. It is clear that the core energy confinement
property of the type II ITB is twice that of the type I ITB.
[1] M. Kikuchi, et al., proc. 14th IAEA Conf., Wurzburg 1992, Vol. 1, p. 189.
[2] Y. Koide, et al., proc. 15th IAEA Conf., Seville 1994, Vol. 1, p.199.
[3] T. Fujita, et al., Phys. Rev. Lett., 78 (1997) 2377.
[4] H. Shirai and the JT-60 Team, to be published in Phys. Plasmas (1998).

Fig. 1 Profiles of electron temperature, ion temperature, electron density and safety factor
((a) normal shear, type IITB, (b) negative shear, type I ITB, (c) negative shear,
type II ITB)

Fig. 2 Profiles of thermal diffusivity and radial electric field (parts correspond to Fig. 1)
1.5 L i . . . i .. . . . | 0 , 1 2

Fig. 3 Profiles of linear growth rate of Fig. 4 Characteristics of energy confinement
microinstability and the ExB
shearing rate in reversed shear
plasma (type IIITB)

in the region r < ^
for type IITB and type IIITB
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CM. Greenfield, C.L. Rettig,1 G.M. Staebler, B.W. Stallard,2 K.H. Burrell, J.C. DeBoo,
J.S. deGrassie, E.J. Doyle,1 P. Gohil, G.R. McKee,3 W.A. Peebles,1 C.C. Petty,

R.I. Pinsker, B.W. Rice,2 T.L. Rhodes,1 R.E. Waltz, L. Zeng1

General Atomics, P.O. Box 85608, San Diego, California 92186-9784 USA

'University of California, Los Angeles, California USA
2Lawrence Livermore National Laboratory, Livermore, California, USA
3University of Wisconsin, Madison, Wisconsin, USA

Recent experiments on the DHI-D tokamak have further elucidated the conditions of and
underlying physics behind the formation of internal transport barriers (ITB). Building on pre-
vious work where tokamak plasmas with neoclassical transport in the ion channel were pro-
duced [1], further experiments have been performed where the initial formation and spatial
expansion of these barriers were more thoroughly explored. Many, if not all, of these plasmas
continue to exhibit anomalous transport in the electron channel, even with neoclassical ion
transport. Further investigation of this phenomenon reveals that this may be related to short
wavelength turbulence which has, in most cases, relatively minor impact on the ion channel.

In agreement with theory [2], observations in several tokamaks have shown that an internal
transport barrier (ITB), most evident in the ion temperature and rotation profiles, can be formed
in a plasma when the calculated linear growth rates for ion temperature gradient (ITG) modes
are exceeded by the ExB shearing rate [3]. This can only occur, however, when other factors,
including locally weak or negative magnetic shear and Shafranov shift, combine to partially
stabilize the mode so that a region of high ExB shear can begin to form with the addition of
sufficient heating power density [4]. This line of reasoning leads to the prediction of a
threshold in heating power, which is experimentally observed in full-field (By = 2.1 T)
discharges in DIII-D at approximately 2.5 MW. The ITB usually forms in the core almost
immediately upon the addition of this power, accompanied by a localized turbulence reduction.
Spatial expansion of this region is minimal unless additional heating power is added. The slow
expansion observed at moderate (<6 MW) power levels occurs in a theoretically predicted [5]
stepwise fashion rather than as a continuous process (Fig. 1), and is observed both as spatially
localized broadening of the kinetic profiles (dashed lines in Fig. 1; also observed in toroidal
rotation, electron temperature and density) and as turbulence reduction characterized by
quiescent periods of increasing duration. These steps usually do not correlate with integer
values of the safety factor, q. More rapid expansion occurs after the onset of additional power,
as has been documented previously [1,3].

Typically, the electron diffusivity %e remains anomalously high even when ITB is
established for ions. We have observed, furthermore, that additional electron heating can
increase transport in both the electron and ion channel. Such a discharge is shown in Fig. 2,
where 2.6 MW of fast wave (60-83 MHz) power was added to a discharge similar to that
shown in Fig. 1 after the transport barrier had developed. Following the addition of the rf
power, the central ion temperature decreases by about 25%, corresponding to an increase of

'Work supported by U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, W-7405-ENG-48,
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about a factor of two in the ion diffusivity ft. A similar decrease in toroidal rotation is observed
at the same time. The lack of a sufficient increase in the electron temperature while the central
electron heating is increased by nearly an order of magnitude implies a large increase in %e-

A possible explanation for this behavior is that as TJTi increases to near 1 over most of the
plasma, ITG turbulence is destabilized, thereby increasing X\. Increased TAE-like activity due
to longer neutral beam slowing down times may also contribute to an elevated apparant Xi
These effects, however, do not explain the observed increased transport in the electron channel.
Linear growth rate calculations indicate that electron temperature gradient (ETG) modes are
likely to exist in these discharges, and might well be large enough to impact transport in the
observed manner. They are predicted to be manifested as short wavelength turbulence in the
/ce S 10 cm"1 range, making them difficult to observe directly. Since these instabilities are not
predicted to respond to ExB shear as a stabilizing mechanism, this may pose an interesting
challenge for future work. This effect may also represent an opportunity in applications for
transport barrier control.
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[2] WALTZ, R.E., et al., Phys. Plasmas 1, 2229 (1994).
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[4] RETTIG, C.L., et al., "Dynamics of Core Transport Barrier Formation and Expansion in

the DIII-D Tokamak," to be published in Phys. Plasmas.
[5] NEWMAN, D.E., et al., "Dynamics and Control of Internal Transport Barriers in

Reversed Shear Discharges," to be published in Phys. Plasmas.
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Fig. I. The transport barrier forms almost immedi-
ately after the application of 5 MW of neutral beam
heating power at 0.3 s into the discharge, and
expands in steps. Such steps are most readily appar-
ent at 0.66 and 1.0 s. (a) Core ion temperature from
charge exchange recombination spectroscopy shows
localized sudden jumps at the barrier growth steps,
(b) Ion diffusivity calculated by TRANSP indicates
barrier expansion at these times. DIII-D 89943.
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Fig. 2. Application of fast wave rf power, heating
only electrons, interrupts the formation of an
internal transport barrier in a discharge similar to
that in Fig. 1. (a) Core ion temperature is reduced at
application of rf while electron temperature under-
goes a slight increase, (b) core ion diffusivity
increases by about a factor of two, but (c) electron
diffusivity increases by a full order of magnitude.
Din-D 89986.
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In the last several years, transport bifurcations in the thermal and particle confinement
characteristics of the cores of tokamak plasmas have joined a long history of bifurcation
phenomena that are pervasive in the edge of many plasma devices. While many elements of
transport barrier behavior in the core appear to be similar between devices, close examination of
barrier and fluctuation dynamics reveal differences that as yet are unexplained, but which serve
as challenges to theories and models of barrier formation. In addition, some elements of core and
edge H mode barrier formation have common phenomenology, suggesting that physics involved
in bifurcations in these distinct regions may involve similar physics.

This paper details results from a comparative study of core and edge transport barrier
formation and dynamics between the DIII-D and the TFTR tokamaks. In addition, a 1-
dimensional model that self-consistently evolves transport driven by drift-wave-like instabilities
and the stabilizing effects of ExB flow shear is used to examine similarities and differences
between the observed core barrier dynamics between devices.

Bifurcations in the core of reverse shear TFTR plasmas with high power neutral beam
heating (typically 25 MW and above at 4.8 T) bear striking resemblence to H mode transitions
observed on DIII-D and elsewhere, pointing to possible common underlying physics [1]. At least
four major characteristics of the phenomenology of the transition phenomena are in common
between the DIII-D edge and the TFTR core. First, large, spontaneous excursions in the radial
electric field shear are observed prior to a confinement change near the location that eventually
becomes a barrier. In both cases, the change in the radial electric field is negative. Second, as the
confinement begins to improve in both the TFTR core and the DIII-D edge, the pressure gradient
contribution to the ExB flow shear development plays an ever increasing role in keeping the
ExB shearing rate high, and in both cases a large negative electric field well develops in the
steep gradient region. Third, local fluctuation measurements made in both devices indicate that
density fluctuation amplitudes near and inside the barrier regions are suppressed at and after the
confinement bifurcation. Finally, both the edge H-mode state and the core TFTR state exhibit

significant hysteresis; back-transitions out of the enhanced state occur at significantly less power
than is required for the initial bifurcation, as is predicted by theory based on ExB shear
suppression [2].

A different set of bifurcation dynamics is found in TFTR reverse shear plasmas with
lower injected beam powers (typically 14 MW and below at 4.8 T), and it is transport barriers in
these plasmas that exhibit the strongest degree of commonality with DIII-D core barriers. In
contrast to the above picture, measurements made in the core of DIII-D and in these TFTR
plasmas do not indicate the presence of an electric field shear precursor prior to measurable
confinement changes. In all DIII-D and in these TFTR plasmas, the most obvious signature for
barrier formation is a strong steepening of the core ion temperature profile. Any power threshold
for barrier formation lies below 2.5 MW on DIII-D, and below 6 MW on TFTR. For fixed
programming of the discharge evolution in each device, barriers form at similar times, which
suggests that the current profile evolution plays a role in triggering the transition. However, on
DIII-D, thermal barriers are formed in some plasmas without shear reversal. This illustrates that,
although magnetic shear reversal may be a facilitating agent in core barrier formation, it is not a
necessary component. This also indicates that any physics picture that might be consistent with
recent observations of barrier formation correlated with a critical off-axis q^j value must also be
general enough to allow for barrier formation in plasmas with monotonic q profiles.

Previous work indicates that ExB flow shear likely plays an important role in the core
barrier dynamics of both devices [3,4]. On DIII-D, the sign of the radial electric field is typically
positive, being dominated by the toroidal rotation drive afforded by unidirectional neutral beam
injection. This situation was simulated in TFTR reverse shear plasmas by forcing the radial
electric field to change sign from negative to positive through the application of unidirectional
beam injection. Enhanced core confinement was observed on TFTR with a positive electric field
hill, like DIII-D, which is consistent with turbulence stabilization of ExB flow shear effects
playing a dominant role in turbulence suppression in both devices with either sign of Er. This
necessary role of flow shear was emphasized within a single reverse shear discharge on TFTR, in
which the transient loss of ExB shear during the switch from balanced to unidirectional injection
(and accordingly from negative to positive E,) corresponded to the time of mimimum global
confinement, and maximum local fluctuation and transport levels.

Finally, recent dynamical modelling efforts [5] that self-consistently includes the
interplay between rotation and pressure in the radial force balance suggest that their interplay
may account for significant details in the local fluctuation dynamics observed on TFTR,
including the fast reductions in density fluctuation amplitude on forward transitions, and the
relatively slow return of high fluctuation amplitudes on a back transition out of the ERS regime.
This model will also be used to explore the apparently different bifurcation dynamics observed
between the DIII-D core and the two TFTR cases outlined above.

This work supported by U.S. DOE contracts DE-AC02-76CH03073 and DE-AC03-
89ER51114.
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Two types of high performance scenarios have been studied in JET during the DTE1
campaign. One of them is the well known and extensively used ELM-free Hot-Ion H-mode
scenario; the other is the relatively recently developed Optimised Magnetic Shear scenario
(OMS). The results obtained during DTE1 with D, DT and pure T plasmas give important new
information about the transport of energy, particles and impurities in these discharges and this
will be discussed in the paper.

As was shown previously [1], the main improvement in energy and particle confinement
in the ELM-free Hot Ion H-mode comes from the edge transport barrier, which not only
reduces the transport within the barrier but also leads to a significant improvement in the core
plasma confinement. Detailed analysis of experimental data from the DTE1 and previous
campaign shows that indeed the energy losses through the separatrix scales as

0 oc -nx^^Tx^Zefflp1 which indicates that transport within the barrier is reduced to the
level of the ion neoclassical thermal conductivity if we assume that the width of the edge
transport barrier, A, scales as an ion poloidal Larmor radius A oc -Je • pgj. This finding has
been further confirmed by the direct study of the edge transport barrier in the Hot Ion ELM-
free H-mode in pure D, DT mixture and pure T plasmas. Analysis shows (Figure 1) that the
plasma pressure (including the contribution of fast particles) at the top of the transport barrier
at the onset of the type I ELMs scales in accordance with the ballooning stability criterion

Rq2 • (nT)i,ar <xs-pgj if the width of the transport barrier A scales as a poloidal ion Larmor
radius. Although at present it is difficult to distinguish whether A is controlled by the thermal
ions or the fast ions produced by neutral beam injection (NBI), the fit is better with the

assumption that A oc pj^' and there are many other indirect observations (difference between

ELMs in NBI and ICRF heated plasmas [2], better plasma performance of Hot Ion H-mode

with tritium NBI heating) which favour A oc pfj?'. Simultaneously, TRANSP analyses of Hot

Ion H-mode plasmas in D, T and DT leads to the conclusion that the effective thermal

diffusivity inside the barrier has a gyroBohm scaling (Zeff "••J^l) in the plasma core and

recovers its Bohm scaling (Xeff x^?) near the plasma edge. As a result of the combined

action of these two factors which work in the opposite directions (core confinement decreases
with the isotope mass and transport barrier height rises with the isotope mass) the overall
energy confinement is practically the same in D and T plasmas.

Two different types of discharges with an Internal Transport Barrier (ITB) have been
studied in JET. The first is produced during strong combined NBI and ICRF heating of a
plasma with a monotonic or flat q profile; the other with LHCD heating alone and a region of
strong negative magnetic shear near the plasma centre.

TRANSP analysis of the discharges with strong combined heating shows that ITB
formation leads to a reduction in both the ion and electron thermal diffusivities inside the ITB
with the former being reduced significantly more than the latter. The particle diffusion is also
reduced.
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Generally, an ITB emerges in the region of the strongest pressure gradient, and its
position then moves gradually outward. Both TRANSP analysis and predictive modelling show
that the dynamics of the ITB formation and its further evolution follows the pattern expected
for turbulence suppression by the combination of the negative magnetic shear and the shear in
plasma rotation.

OMS experiments in JET with pure D and DT plasmas reveal that the quality of the
ITB often starts to degrade (and sometimes the ITB completely disappears) shortly after the
L-H transition. This fact can be also explained in terms of the change in the plasma rotation:
the edge temperature starts to rise quickly after L-H transition and this rise reduces core
temperature inhomogenuity and shear in plasma rotation.

An extensive study of the dynamics of heavy impurity accumulation in the plasma core
following laser blow off has been made for both Hot Ion H-mode and OMS discharges. It was
found that heavy impurities (like Ni) are effectively screened near the plasma edge in th Hot-
Ion H-mode. Two mechanisms might contribute: the first relates to the neoclassical thermal
force, the second is associated with the neoclassical accumulation of impurities near the
maximum density of the main ions, which is observed to be off axis.

The dynamics of laser blow off heavy impurities in discharges with OMS do not always
follow neoclassical theory. Figure 2 shows the characteristic radial distribution of the impurity
radiation some 200 msec after laser blow off for two OMS discharges. The signature of
neoclassical impurity accumulation near the plasma centre is clearly seen for discharge #38441.
However, the second discharge #40572, which has a much better quality ITB, does not show
any sign of impurity accumulation. This could be attributed to the strong poloidal plasma
rotation. For heavy impurities the poloidal Mach number might exceed the critical value of
Mo>l. The resulting centrifugal force will then exceed that of the pressure gradient and
effectively force heavy impurities out of the central region. It is interesting to note, that light
carbon impurity, for which the centrifugal force is significantly smaller, accumulates in the
central plasma.
References
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Figure 1. Transport barrier widtl).as a function
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Hot Ion H-mode JET plasmas.

Figure 2. Radial distribution of the metal
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The steep edge pedestal region, which is characteristic of H-mode plasmas, sets
the boundary conditions for core confinement. Furthermore, the large pressure gradi-
ent in the pedestal is thought to drive the ELM instability, which in turn may limit
the maximum pedestal parameters. Therefore a better understanding of the pedestal
region is necessary in order to fully predict H-mode performance. In particular, the
physics governing the pedestal width and pressure gradient is not well understood.
In this paper, H-mode pedestal characteristics in DIII-D and Alcator C-Mod will be
presented, and their dependencies on various plasma parameters will be discussed. In
addition, ELM behavior will be compared to ballooning mode stability limits.

In both tokamaks, H-mode pedestals have been studied in single-null divertor
discharges. The DIII-D data consist primarily of Te and ne profiles from Thomson
scattering measurements in Type I and Type III ELMM regimes (many with the ITER
shape), while the C-Mod data are mostly from soft x-ray emissivity profiles in both
ELM-free and enhanced Da (EDA) H-modes^. Scalings of pedestal width and pressure
gradient are obtained by varying If, B$, 995, triangularity, and ne. The measured edge
profiles are fit with tanh curves^3! to obtain pedestal widths, heights, and gradients.

In the DIII-D Type I ELM regime, the width, 6, of the electron pressure profile
in the pedestal region was found to scale with the pressure at the top of the pedestal
as 8 oc (/?J'ED) . An alternate scaling with pp was apparently ruled out in a series of
experiments in which the edge pressure and pedestal width remained relatively fixed
as the edge Tc was varied using divertor pumping. In Type III ELM regimes the width
can be up to a factor of 2 larger than in the Type I ELM regime.

In Alcator C-Mod, x-ray pedestal widths range from 7 mm down to < 1.5 mm,
which is much narrower than the Tt or nc pedestal widths seen on other tokamaks.
The edge x-ray emission is primarily from impurity species and therefore it is not a
straightforward matter to infer kinetic profiles from the x-ray measurements. Never-
theless, it is still possible to study the relative scaling of the x-ray width as a function
of plasma parameters, and to compare different types of H-modes. Figure 1 shows
the x-ray pedestals observed at two different times in the same discharge, one during
an ELM-free H-mode and the other during an EDA H-mode. It is consistently seen
that ELM-free H-modes have narrower x-ray pedestal widths than ELMy or EDA H-
modes. The fact that ELM-free H-modes also have much better particle confinement
than ELMy or EDA H-modes suggests that the two phenomena are related. This re-
sult is consistent with the DIII-D observations that Type III H-modes have a wider
pedestal and poorer particle confinement than Type I or ELM-free discharges.

On C-Mod, the scaling of the x-ray pedestal width with Ip, B^, and triangu-
larity has been measured by continuously ramping the relevant parameter in a single
discharge during steady-state EDA H-mode, keeping other parameters fixed. This is
in contrast to fitting values from a database of many different discharges. The x-ray
Supported by US DoE Contracts DE-AC02-78ET51013, DE-AC03-89ER51114, & W-7405-ENG-48.
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Figure 1— X-ray emissivity profiles are shown for Figure 2— The x-ray pedestal in Alcator C-
two different types of H-modes in Alcator C-Mod. Mod gets narrower as plasma current is ramped
Fitting with a tanh function (solid and dashed up. The dependence on l//p is stronger than
curves) yields pedestal widths of 1.4 mm for the linear.
ELMfree case, and 3.6 mm for the EDA H-mode.

pedestal width is found to vary strongly in an inverse sense with Ip, as shown in Figure
2, and no variation is seen with B$. The width is also found to scale linearly with
upper triangularity.

CALCULATED UNSTABLE
ZONE FOR ELECTRON + II
PRESSURE GRADIENT

0.4

Figure 3— Normalized electron pressure gradient, Oc, versus magnetic shear, 5,
over o for Type I ELMs. The shaded area shows the ballooning unstable region.
The effect of possible bootstrap current in the edge has not been included.

The edge pressure gradient has also been studied on DIII-D, in the Type I ELM
regime. The maximum Vpe (just prior to each ELM) scales as would be expected for
the first ideal ballooning mode limit, in that, for a fixed plasma shape, the normalized
edge electron pressure gradient, cct ss Rq2 dpe/dR(B2/2fi0), remains roughly constant
as Ip, B$, and heating power are varied, as shown in Figure 3. However, in many
cases, Vpe alone is larger than the first stable limit, as computed by the BALOO ideal
infinite-n ballooning codeM. Simulations including edge bootstrap current indicate
that local access to the second stable regime at the edge is possible, even at relatively
high S/q2. However, it is unclear how such an effect could account for an increased
Vp while still maintaining scaling consistent with the first stable regime.
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The transilicm from the 1. mode to 11 modi-, triggered by a sudden change of the radial
electric field p., .were observed and theoretical analyzed in many tokamaks"2'. These
changes occur independently of the heating method usml to produce the !I mode. Tlic
evolution of the well-like .structure of the F.. profile formed at the L-H transition has
been investigates in the Dffl-O lokamak1'1. 'Hie improved Ohmie confinement phase has
been observed during the edge multi-pulse turbulent heating (RMTTI) in the HT-6M
tokamak'". In the present work, both theoretical and experimental work has
concentrated on the induction and roles of the edge negative E, well during the EMTH.
The feature and Spatial Structure of the well-like structure of the radial electric field Er.
suddenly formed al the I.-H transition, have been investigated in tlie present experiment
of TTC-(>M. tl is discovered that the formation of the more negative E, well occurs within
0.2ms time scale after the current pulse. The transport barrier was formed during the
improved confinement phase. This transport harrier, including the sleep gradient regions
of density, temperature and the region of Ihe increasing poloidal rotation v^ and toroidal
rotation vv* lies in the Et well, and the H, well was moved inward from the last closed
flux surface (LCFS) in the ll-modc phase. The positions and the depths of the E, well
are depended on the ratio of induced pulse current with plasma Ohmic current. The I.-H
transition arc triggered repeatedly by multi- current pulses in one discharge process.

IIT-6M is a small air core tokamak with major radius R=65 cm and minor radius
f>=18.7cm defined by a full circular limiler. A coil winded II turns near the vacuum
chamber, which is called an auxiliary healing coil IAT10). was used for IsMTII. The
experiment was performed under condition of the < Mimic heater! deuterium plasma with
toroidal magnetic field B r 1.0 T. plasma current lp~ M)KA - fiOKA, the center chord

average density n, = 1.0 x l l l " » \ peak electron temperature of 700ev and the
plasma duration of 60 ms -70 ms. The plasma current is in the opposite direction of the
toroidal magnetic field. A series of current pulses (A/ r XKA-I4KA. rise time K l 0 0 / « ,
300 its duration and adjustable current pulse repetition rate < 200 / f t ) , generated by
AIIC. were applied at the. plateau of the plasma current to induce the H-like mode. AH
of the pulse number, the time interval between two pulses nnd the pulse amplitude can
be adjusted. The rising time of the current pulse is shorter than the magnetic diffusion.
The plasma current ramp-up is very fast, it is large than 100 MA/s. In our experiments,
it was also discovered that the shallower /•:, well-like structure is just inside the LCTS
at the Ohinic. phase (I. mode) before 2ms <>r I-.MTI! .then it is rapidly moved inward in
the Jl-mode phase. It was also discovered that there are variations in the depth and
position of the F.t well for different discharge condition. It is depended on the
magnitude of I-,,/Ir It is shown that the more large rnlio of InI/Ip ,the more deep of E,
well. In the fig.2, it was shown that the theoretical value of E, during the II-mode phase
is basically close to measured value, but no well shape, of K, by Ihe theoretical predict.
The experimental results further evidence that the negative well shape of R, in the H
mode is tlnminanlly maintained by the poloidal rotation [inlir term, it was also analysed
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that /;„ play a key role in inducing the rapid variation of the F, and its shear, which
may further trigger the transition and lead to the turbulence suppression"'. The
continuous fast variation of the plasma current over a period much shorter than the field
diffusion lime-scale. There are some difference for the spatial structures of ET

triggered by IJMTH from other ways. The I II-T.-II ... transition was induced
conlitmourly by a series of IT wells and transport barriers, which are triggered
continuously by multi-current pulses. So. the good plasma edge conditions can be kept
continuously. It could be a way to improve confinement considerably in a tokamak

The simululnt behaviors were obtained on HT-7 superconductor Toakmak in our
institute.
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Recent Results from Divertor and SOL Studies at JET
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JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3EA, UK

This paper presents an overview of recent JET divertor and SOL physics results of importance
to ITER. A more closed and ITER like divertor (MkllGB) is currently being installed by
remote handling and it is anticipated that any relevant new results will also be included. The
following are the main topics which will be covered:

Long Term Tritium Retention and Carbon Flakes: Long term tritium retention is a very
serious issue for ITER which may also strongly influence the choice of divertor materials.
During DTE1 around 20% (6g) of the tritium injected into the torus was retained in the torus.
However, this way of presenting the result is not very useful for extrapolation to ITER. The
retained tritium is thought to be co-deposited with carbon in the divertor. A more relevant
normalisation is the percentage of the tritium ion fluence arriving at the divertor target which
is retained. This has a value ~2% of the total ion fluence or ~4% of the ion flux to the inner
target where most of the carbon deposition has been observed. These numbers appear
consistent with a previous observation of carbon flakes in the inner divertor which were
saturated with deuterium. The carbon in these flakes amounted to at least 4% of the ion
fluence to the inner target and can account for the tritium retention within the error bars.

Intrinsic Impurity Production in Mklla: Analysis of L-modes, ELMy H-modes and hot ion
H-mode discharges has revealed that the divertor impurity sources have doubled over a wide
range of conditions in the Mklla compared with Mkl. This result has now been shown to be
consistent with the higher base temperature of the CFC tiles in Mklla (~300°C) compared
with Mkl (~50°C) in the context of recent chemical sputtering data for carbon [1] showing a
fairly strong temperature dependence of the yield at low incident ion energy. Experiments
were carried out at JET in which the vessel temperature was reduced from 325 C to 150 C
which also reduced the divertor tile temperature by a similar amount. Reductions in divertor
carbon yields were observed in all regimes consistent with the chemical sputtering
predictions. Impurity yields between ELMs and in L-modes appear generally consistent with
laboratory data. However, this result cannot explain the carbon deposition observed in the
whole of the inner divertor whose ultimate origin is the main chamber. ELMs may play a role.

Interaction of ELMs with the Divertor Target: A fast IR camera deployed at JET during

the Mklla campaign has shown that ELM power is deposited in ~100JJ.S predominantly at the

inner divertor away from the strike point. This timescale is ~10 times shorter than previously

assumed by ITER and has a significant impact on the estimates for the severity of ELMs. The

energy distribution has not yet been satisfactorily evaluated due to the existence of ~40|j.m
thick carbon deposits on the inner divertor whose thermal properties are uncertain. It is also
clear that ELMs can take the surface temperature above 2000° C and so sublimation of surface
deposits is a possible mechanism for distributing the carbon within the inner divertor.

Detachment Physics: Recent spectroscopic analysis has shown that volume recombination is
an essential part of the detachment process. In horizontal configurations recombination starts
away from the separatrix, near the comer where the geometry is more closed for neutrals.
EDGE2D simulations predicted an isotope dependence in the detachment density for pure
plasmas which has now been confirmed experimentally. Due to the higher H-mode threshold
power, hydrogen plasma experiments have revealed a power dependence in the L-mode
density limit of ne oc (/>„ - Pmil)".

Analysis of Separatrix Density and SOL Transport Coefficients: Current ITER
assumptions for separatrix density and SOL transport coefficients are almost arbitrary due to
the problems of accurate separatrix identification and general lack of consistency in existing
databases. The 'onion-skin' plasma modelling approach employed at JET [2] has been used to
overcome this problem and provide scalings for cross field conductivity yUff°L an^ upstream
separatrix density n*p. In contrast to the core plasma, %^does not scale with ion Larmor
radius and is inconsistent with the predictions of Bohm or Gyro-Bohm models. In the SOL, a
best fit is obtained to the collisional skin depth model [3]. The study of separatrix density in
ELMy H-modes shows that the common assumption of «"' lnc=0.3 for all conditions is
incorrect. The ratio in JET is dependent on ELM frequency and plasma triangularity reaching
values down to n f /« , , =0.2 at low ELM frequencies (fELllf-5Hz). However, even with
relatively modest gas puffing the separatrix density is driven close to the value at the pedestal

«r' /f>, K "7 '"* =0-

Helium Enrichment: The Mklla divertor offered a unique opportunity to compare helium
enrichment in three distinct divertor configurations: horizontal target (H), corner (C) and
vertical (V). ITER ignition margins are sensitive to enrichment. In JET, L-mode comparisons
showed enrichments in the ratio 0.5(H):l(C):0.35(V) falling with density in all cases. In
ELMy H-mode, the enrichment was -0.2 with no clear dependence on configuration or
density. This figure is in line with current ITER assumptions.
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Steady-state Exhaust of Helium Ash in the W-shaped Divertor of JT-60U
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The continuous and efficient removal of helium ash (thermalized a particles) is one of the
key issues in future steady-state tokamak reactors, such as the International Thermonuclear
Experimental Reactor (ITER) and the Steady State Tokamak Reactor (SSTR). ITER is designed
to operate in H-modes with partially-detached divertor for helium ash exhaust.

The JT-60U divertor was modified from the open divertor to the W-shaped pumped
divertor in Feb.-May, 1997. Three ports of NBI cryopumps with an argon (Ar) frost are used to
exhaust helium (He) gas. The epoch-making results of helium ash exhaust are reported in this
paper.
(1) Injecting neutral beams of 60 keV helium atoms into ELMy H-mode plasmas for 6 s,

efficient He exhaust was realized with He pumping using Ar frosted cryopumps in the new
divertor. In a steady state, good He exhaust capabilities (i*He'tE=4 anc* h'S*1 enrichment
factor) were successfully demonstrated in ELMy H-mode plasmas.

(2) A previous study of He transport in reversed shear plasmas indicated that the improvement
of the He particle confinement inside the internal transport barrier (ITB) without He
pumpingfl]. After the divertor modification, helium exhaust in reversed shear plasmas has
been investigated using He gas puff. Helium removal inside the ITB is about three times as
difficult as that outside the ITB.

Steady-state Exhaust and Control of Helium Ash
Helium exhaust was possible with wall pumping due to gettering by solid target

boronization (STB) in low density H-mode plasmas and low recycling divertor so far[2]. The
divertor modification enabled helium exhaust in high density H-mode plasmas and high
recycling divertor with the divertor pumping.

The new divertor consists of inclined divertor plates (vertical divertor) and a dome arranged
in a W-shaped configuration. Helium neutral particles accumulated in the private region are
exhausted through an inner exhaust slot. Three Ar frosted NBI cryopumps have a total pumping
capacity of 2,200 Pam3. The pumping speed for He was experimentally evaluated at 13 m3/s.
It is detennined by the conductance of the slot and the throat under the dome. In JT-60U, a long
pulse NB heated discharge of ~5 s for He
exhaust is possible for 30-40 shots using Ar
frosted NBI cryopumps with a large
pumping capacity. In DIII-D, helium
exhaust experiment was carried out with He
beam injection for 1.4 s and an in-vessel
cryopump with an argon frost[3].
However, helium exhaust in a steady state
was not achieved because of the limited He
pumping capability.

In the new divertor, effective He
exhaust was demonstrated with He beam
injection of 1.6xlO2O/s (equivalent to 90
MW a heating) for 6 s into an ELMy H-
mode discharge (IP=1.4 MA, Bt=3.5 T,
P N B = 1 2 MW) in Fig. 1. The He density
with helium pumping reached a saturation
level at 1.2 s after the start of the He beam

n100s

11 12 13

injection. The He concentration reached
4% of the electron density in the main
plasma and was kept constant for 4 s. This
indicates that the He fueling rate (equivalent

9 10
Time (s)

Fig. 1. The time evolution of steady-state He exhaust
with He beam injection for 6 s into an ELMy H-mode
discharge (Ip=1.4 MA, Bt=3.5 T, PNB=12 MW).
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w/o He pumping

with Ha pumping

to 0.7 Pa-m3/s) is balanced with the He pumping. In this discharge, t*He=0.7 s and
^He/tE3^ with H-factorfsTE/tE1768"89^!^ were achieved, well within the range generally
considered necessary for successful operation of
future fusion reactor (i.e., T*He/tE-10). s u c n as
ITER. Here, t*ue is the global residence time of He
within the plasma chamber and TE >S the energy
confinement time. The enrichment factor of He,
Tl=[PHy2PD2]div/[nHe/ne]main. w a s a b o u t 1.1, which
is 5 times larger than the ITER requirement of
T|=0.2. The exhaust rate increased with the electron
density in the main plasma.

Without He pumping, the He concentration
linearly increased up to 10% at 5 s after the start of
the He beam injection, which was 2.5 times as much
as that with pump in Fig. 2. Furthermore, T|=0.6
was obtained without He pumping. Hereafter,
helium exhaust in a partially-detached divertor will
be done for ITER.

_a, with H« pump

6 7 8 9 10 11 12
time (s)

Fig. 2. Comparison of the time evolution of
the He density with and without He pumping.

Helium Exhaust in Reversed Shear Plasmas
In reversed shear mode, the electron density in the central region is peaked and the

confinement is remarkably enhanced. In particular, the ITB is formed near the position of
minimum q. ne(r), Te(r) and Tj(r) profiles inside the ITB are peaked in JT-60U. Helium ash
removal from the reversed shear plasma is a matter of concern.

Helium exhaust characteristics in the reversed shear plasma of hydrogen (Ip=1.2 MA and
Bt=3.5 T) were investigated using a short pulsed He gas puff. Figure 3 shows the time
evolution of the He density at r/a=0.13 and r/a=0.81 in the reversed shear mode. The decay
time of the He density (equivalent to the local i*He) at r/a=0.13 inside the ITB(r/a=0.5) is x=5.5
s. While the decay time at r/a=0.81 outside the ITB is 1=1.9 s. The He residence time inside
the ITB is three times as long as that outside the ITB. This result indicates that it is fairly
difficult to remove helium particles inside the ITB as compared with those outside the ITB as
predicted from the previous result. This is due to the improvement of He particle confinement
inside the JTB.

This behavior of helium in reversed shear modes is clearly different from that in ELMy H-
modes. The decay time is almost constant at the center and the peripheral region in ELMy H-
modes. In general, T*ne is defined as the global
residence time from the decay time of total helium
particles. However, the He residence time in reversed
shear plasmas should be newly expressed as the local
residence time. In a fusion reactor, the burning
efficiency is large near the central core plasma due to
high temperature and high density. Therefore, it is
necessary to consider the local weight of the burning
efficiency for a reversed shear operation.

The capability of helium exhaust depends on
helium neutral pressure in the divertor region. It is
possible to obtain better result of He removal in the
high density deuterium operation of reversed shear
modes.

2
•r
E 1.5

JC0.5
ITB

gas puff
v pump on

5.5 7.5 86.5 7
time (s)

Fig. 3. Comparison of the time evolution of
the He density at r/a=0.13 inside the ITB and
r/a=0.81 outside the ITB in a reversed shear
plasma.
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RADIATIVE AND SOL EXPERIMENTS IN OPEN
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In 1997, a new divertor baffle and cryopump were installed in the upper divertor of the
DIII-D tokamak. This configuration has allowed the comparison of recycling and impurity
transport in open and closed divertors in a single tokamak device and provides density
control for high-8 (triangularity) experiments. We also recently added new physics
measurements in the lower open divertor, including: 1) direct absolutely-calibrated
measurements of the principal line-emissions of carbon in the divertor, 2) line-integrated
and 2-D measurements of recombination with visible and ultraviolet spectroscopy, and
3) plasma ion and impurity flow measurements from divertor Mach probes and tangential
views of Doppler shifts of line emission in the divertor. This paper presents experimental
results of divertor and SOL experiments to control the exhaust power along two major
lines of research: partially-detached divertor (PDD) operation by deuterium gas puffing
and intrinsic carbon divertor radiation at high core density (n/ngW ~ 0.75), and reduction of
divertor heat flux with impurity radiation with the goal of operation at moderate core
density (ne~ 0.4 x 10 m in DIII-D). The PDD operation is consistent with ITER
operation, as Zeff ~ 1.8 and H(ITER-89P) ~ 1.8. The lower density, higher electron
temperature solution can serve as a target plasma for ECH current drive with the near-term
available rf power on DIFI-D.

In the research of the PDD regime, our new diagnostics have enabled more detailed
examination of the relevant physical processes. 2-D Divertor Thomson Scattering
measurements have shown an extended region of 1-2 eV in the divertor below the X-point
during detachment. The radial profile of the plasma density and therefore pressure at the
divertor plate peaks away from the separatrix; hence the nomenclature "partially detached
divertor" (i.e., detached at the separatrix, but reattached outboard of the separatrix). The
distance of the density peak from the separatrix becomes greater as one moves from the
X-point to the divertor plate, suggesting the influence of neutrals which do not follow the
field lines. Comparison of the radiated power in the divertor and the heat flux to the plate
with the measured temperature profile indicate that the SOL power cannot be carried by
classical conduction, a convective term with flow less than M=l can explain the energy
flow. Most of the divertor radiation is due to carbon emissions; we measure the principal

'Work supported by U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, W-7405-ENG-
48, DE-AC04-94AL85000, W-31-109-ENG-38, DE-AC05-96OR22464 and Grant No. DE-FG03-
95ER54294.
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cUniversity of California at San Diego, San Diego, California.
°Oak Ridge National Laboratory, Oak Ridge, Tennessee.
Dickinson College.

transition in CIV at 1550 A. Initial estimates of plasma flow and temperature from probes
near the divertor plate indicate semi-quantitative agreement with the required convected
heat flux. Line-ratio measurements of neutral deuterium radiation in the visible (Baa/Bay
from both line-average measurements and 2-D inverted tangential images) and the
ultraviolet (Lya/Lyp) have shown that there is a recombination zone near the inner strike
point before the PDD, which then moves to the outer strike point during the PDD.
Operation with pure He plasmas with a PDD and comparison with UEDGE calculations
has indicated that chemical sputtering of carbon in the private flux region is an important
impurity generation source. The overall behavior of He-detached plasmas is similar to
deuterium, even though the principal radiator changes from carbon to helium, and very
different atomic physics processes are involved. An insertable sample probe, DiMES, has
been used to measure erosion in PDD discharges and has shown that there is little if any
net erosion (and perhaps net deposition) at the separatrix in these discharges.

Flow measurements of plasma ions and impurities from probes and spectroscopy have
been compared with 2-D computations from UEDGE. A general trend of the
measurements is that there is a plasma flow away from the divertor plate on field lines near
the separatrix in attached plasmas, while the flows are towards the plate on field lines
outboard of the separatrix. The UEDGE results up to this point have predicted similar
qualitative behavior in attached plasmas. In the model, the flow is unidirectional towards
the plate when the plasma detaches at the outer strike point. Further details of these
measurements and modeling will be presented.

The design of the new upper baffle was guided by UEDGE and DEGAS modeling
which predicted a reduction in the core ionization of a factor of 3 in single null.
Measurements of edge H a and a transport calculation using the measured ne profiles have
estimated 2 times lower ionization in the closed upper divertor compared to the open lower
divertor, in rough agreement with the model predictions. UEDGE modeling has also
shown changes in the plasma flow patterns as the separatrix is moved closer to the baffle,
thus we may be able to use divertor geometry as a tool to control plasma and impurity
flows and thereby concentrate impurity radiation in the divertor at modest densities.
Preliminary indications of the usefulness of flows in closed divertors has been shown in an
experiment with a forced SOL flow obtained by midplane deuterium puffing and divertor
pumping. Argon impurity injection in the closed divertor resulted in enhanced divertor and
SOL radiation. (For more details of impurity transport studies, see Ref. [1].)

Density control with the closed divertor (high-8 SN plasmas) has been used to reduce
the "natural" ELMing H-mode density from nc/ngw - 0.6 to about 0.3. These results are
similar to those obtained with the lower (open) pump. The core impurity density in these
discharges is primarily due to carbon, and remains constant as the electron density
decreases. The resulting Zeff at 4 x 10 m is about 2.5. The exhaust rate can be
increased(decreased) by moving the separatrix towards (away) from the pump aperture,
the up/down magnetic balance is important in determining the sharing of the heat and
particle flux between the upper closed and lower open divertor.

[ 1 ] WADE, M.R., et al., this conference.
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H-mode Power Threshold and Confinement in JET H, D, D-T and T Plasmas

The JET Team (presented by J.G. Cordey)

JET Joint Undertaking, Abingdon, Oxon, OX 14 3EA, UK.

H-mode power threshold and confinement scaling discharges have been completed at JET

with deuterium, tritium, 50:50 D-T plasmas, and pure hydrogen plasmas. Plasma currents

from IMA to 3.8MA were investigated at toroidal fields to give the same q95 (= 3.4), while

within the capability of the JET heating system, the normalised plasma pressure, p \ was

matched across a fairly wide range of the dimensionless scale length p*. The appropriate

isotopic mix of the plasmas was achieved by a combination of wall loading, gas fuelling, and

the use of deuterium, tritium and hydrogen neutral beam injection.

The H-mode power threshold for the transition into a dithering H-mode was measured for

these plasmas using a slow ramp of the power for both NB heated and ICRF heated plasmas.

The measured threshold power was the same for both heating schemes and showed a distinct

reduction with increasing tritium content, commensurate with an inverse mass (A"1) scaling.

As the power was increased beyond the threshold the energy confinement first increased

linearly then saturated at a power level some 20 to 30% above the threshold. This behaviour

was confirmed using a series of steady state discharges at gradually increased power levels.

The isotope dependence of the confinement in ELM-free H-modes was found to be weakly

dependent on isotope mass and in contradiction to the existing ELM-free scaling expression

ITERH-93(1) in which Te scales as A04 .

In contrast the ELMy H-mode data is reasonably well fitted by the recently derived ELMy

scaling expression ITERH-EPS97(y) (2) as can be seen in Fig. 1. The D-T pulses, which

consist of two p* scans (one at the pN = 2.2 of ITER, and one at |3N = 1.3), a high beta pulse

(PN = 2.9) and a high fusion yield low q95 (= 2.6) pulse, are all well-fitted by the scaling

expression , giving confidence that the close to gyro-Bohm p* dependence of this expression

is satisfied in D-T, which implies ignition in ITER.

The mass scaling of ITERH-EPS97(y) is xt <*A0'2. To investigate the origin of the weak

positive mass dependence in ELMy H-modes two different techniques have been followed.

The first is to separate the stored energy into a core component and a pedestal component; the

second is to complete a full local transport analysis using the TRANSP code.
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The stored energy in the pedestal, which is obtained from the ECE and interferometer

measurements of temperature and density respectively in the edge region, is found to scale

quite strongly with both current and mass, i.e. Wpd °c I u A0'96. The origin of the strong mass

scaling could be related to the differing ELM behaviour in the H, D and T discharges.

After removing the pedestal from the total thermal stored energy it is found that the

thermal confinement time of the core T A com - A'016101. This latter result is in line with the

expected isotope dependence of gyro-Bohm transport which is Tt ~ A'0'2 when expressed in

terms of engineering parameters. The result is further confirmed by the local transport

analysis which also shows poorer confinement in the core for the higher mass isotopes.

Thus to summarise the weak positive scaling of the total thermal energy confinement upon

mass is apparently due to a combination of a negative index dependence upon mass (i.e. gyro-

Bohm like scaling) of the core region with a strong positive index mass dependence of the

pedestal.

The consequences for ITER of these results will also be presented in the paper.
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Fig. 1. The thermal
confinement scaling versus
the ITERH-EPS97(y) scaling
expression, the solid symbols
are NBI and the open ICRH
data. The isotope labels are
as follows T H, • D, • D-T
and A T .
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Improved Performances with LHCD on HT-7 Superconducting
Tokamak
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Synopsis
In HT-7 superconducting tokamak lower hybrid current drive ( LHCD ) experiments

have been launched mainly for two objectives: to sustain long pulse discharges and to
improve plasma confinements. Fully LHCD sustained discharges with pulse lengths of
several seconds have been achieved. Plasma confinements are greatly improved in some
partially LHCD sustained discharges. The EFIT code''1 has been modified for the
reconstruction of the magnetic surfaces in HT-7, preliminary results have been obtained.

HT-7 tokamak121 has major radius of 1.2m, minor radius of 0.28m, a stainless steel ( SS )
liner, two fixed and one moveable SS limiters with molybdenum tips. There are two layers of
thick copper shells, between them are located 24 superconducting coils which can create and
maintain a toroidal magnetic field up to 2.5 Teslas. On the machine a LHCD system131 was
constructed at the end of 1996. The wave source consists of 12 klystrons that can deliver
12 X lOOkW microwave at a frequency of 2.45GHz. The wave is launched to the tokamak
plasmas by a grill type of coupler which is composed of two rows and 12 columns of SS
waveguides. The power spectrum of the launched wave can be flexibly adjusted in the range
of 1 <N ; /

 pca <4 by feedback controlling the phase difference between adjacent waveguides.
Before LHCD experiments, the tokamak vacuum vessel was usually prepared by
boronization.

On HT-7 superconducting tokamak a feedback control technology to simultaneously
keep plasma current and plasma position in their preset values has been developed. With the
feedback control, fully non-inductive performances with LHCD have been realized. Shown in
Fig. 1 is an example in which 50 kA plasma current is fully sustained by lower hybrid current
drive ( 200kW, N»' =2.45 ) for about 2 seconds. During the non-inductive phase both the
plasma current and the poloidal magnetic flux are constant and the loop voltage is zero.
Recharges of the OH transformer by means of LHCD have also been achieved when the
plasma current and the horizontal position are kept as constants, but the poloidal magnetic
flux gradually decreases and the loop voltage is negative. The poloidal magnetic flux is
measured by a loop that wraps the iron core of the transformer.

LHCD improved confinements have been achieved on HT-7 in such discharges in
which the plasma currents are usually partially sustained by LHCD. The situation is as the
example shown in Fig.2. The whole process after the onset of the lower hybrid ( LH ) wave
can be divided into two phases. Phase I appears to be specially for the development of the
plasma density, in the period plasma particle confinement time ( T

 p ) increases by a factor
of 2 to 3 as compared with the pervious OH phase; phase II appears as the drastic increase of
the electron temperature in plasma central region as well as even longer T p . The energy
confinement times T E in the three ( OH, Phase I , phase II ) phases in this case are
calculated to be 4.9ms, 12.5ms, 15.8ms respectively. During the LHCD phases the ion
temperature does not change significantly as measured by neutral particle analyzer, but the
plasma electron temperature gradually increases as measured by a soft x-ray energy spectrum
analyzer. From phase I to phase II, the soft x-ray intensity signals from the central region of
the plasma increase greatly, but those from the outer region increase with a much slower rate,
meanwhile, HCN laser interferometer signals ( three channels: r= -18.5cm, 0, 18.5cm ) do not
change much. Sawteeth are visible in soft x-ray signals in the two phases. During the LHCD
phases, the plasma radiated power measured by a bolometer increases in a similar way as the
intensity of the plasma soft x-ray radiation and, on the other hand, Zeff does not increase.

Plasma disrupts at the end of phase II due to an m=2 mode instability.
The experimental evidences show that plasma electron temperature profile is greatly

peaked and the shape of the plasma electron density remains unchanged from phase I to
phase II. The great increase of electron thermal energy in phase II suggests an improved
confinement and effective slow-down of LH wave driven superthermal electrons. The
transition from phase I to phase II is supposed to be attributed to the redistribution of the
plasma current profile.

The profile change can be deduced from lj electromagnetic measurement and other
diagnostics, but detailed measurements of the current profile are still under development. To
reconstruct the magnetic flux surfaces in HT-7 tokamak, the original EFIT code"1 has been
modified to take account of the effect of HT-7 iron core. The iron core is considered as a 2D
axisymmetric equivalent magnetized current filaments while the eddy currents on the
conductor shells are simplified as the plasma nearby F-coils. This 2D model is further
divided into small rectangular sub-regions, each of which is assumed to have a constant
magnetic permeability. The modification of the EFIT code has been confirmed to be suitable
for the reconstruction of HT-7 magnetic surfaces by test computation and to be used for the
analysis of experiments.

#17977
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Fig. I. Waveforms of a fully LHCD sustained
discharges. From 800ms to 2800ms both
plasma current and poloidal magnetic flux
are constants, the loop voltage is zero and
the plasma position does not change.
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Fig.2. Waveforms of a typical LHCD
improved performance. In the phase I,
plasma density increases while Ha

radiation even decreases; In phase II,
Central channel soft x-ray intensity
drastically increases while electron
density and impurities' concentrations
have no significant change. Loop voltage
falls to the half of the original value after
the onset of LH wave.
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Electron transport studies in the Rijnhuizen Tokamak RTP
Dominant off-axis electron heating; Evidence for electron transport barriers.
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RTP (R=0.72 m, a=0.16m, BT<2.5 T, Ip<150 kA, pulse length =0.5 s, boronised vessel, ECH: 500 kW, 110
GHz 2nd harm. X-mode, injected from the low field side) is unique for its combination of dominant 2nd

harmonic ECH and high-resolution diagnostics.

Experiments in RTP show electron thermal transport barriers near (halfj-integer values of q.

• The presence of the barriers is revealed by a stepwise response of the electron temperature to a
variation of the deposition radius of highly localised ECH. (Fig. 1). Perturbative transport
experiments, using modulated ECH, gave further evidence of the transport barriers.

Fig. 1 A shot-to-shol scan of the ECH deposition
radius pdgp showing the discrete response of the
central Tc: discrete levels separated by sharp
transitions (triangles=data). The transitions are
much sharper than the width of the power
deposition. Similar transitions are observed for a
dynamic scan of Pdep> within a discharge.
The data set shown is for qa=5, ne(0>s5x 10'9 nr3.
pECH=3°0 kW. Similar data sets have been
measured for %=4 and 7, for ne(0) = 2.5 - 7xl019

m"3, and PgcH = 80 - 350 kW.
The transport model shown in Fig.2 gives a good
reproduction of this experiment (circles).

The link of the barriers to the (halfj-integer q-values is deduced from the feet that the minimum
value of q crosses an integer or half integer value for each discrete transition of the Te-profile. This
is supported by a variety of corroborating evidence, including MHD modes and direct current
density measurements with tangential Thomson scattering.

A transport model featuring transport barriers near the integer and half integer q-values (Fig.2)
proved very successful in simulating the experimental results (see Fig.l). In this model X is z
function of q only, so that a low shear region can lead to a strong barrier.

Fig. 2 The discrete response of Te(0) to a shift of
pdep can be explained by invoking electron
transport barriers near rational q-values. In this
model the levels of the Te-plateaux are fitted, but
the location and sharpness of the transitions are
not. The fart that they come out so well gives credit
to the transport model.
The same model also reproduces a number of other
features of off-axis ECH, such as the formation of
sharp ears on the Tc-profile (see Fig. 4)

The Te-profiles of ECH heated discharges go from very peaked (central deposition, Fig 3a) to
extremely hollow for Pdep5'" 6, when the electron pressure profile can become hollow (Fig.3b,c).
The peaked profiles often exhibit fitamentation in the central region.

Fig. 3 Profiles of Te and pe measured with high resolution Thomson Scattering, with ECH deposition at i/a = 0 (a) and 0.6
(b,c). In all cases, the observed profiles are quasi-stationary for many current diffusion and energy confinement times. The
discharges shown had qa=7 and ne(0)=s3.S x 10'' m"3 .

For specific values of the deposition radius, i.e. close to the sharp transitions in Fig.l, the Te-profile
develops sharp off-axis peaks (Fig.4a), which periodically collapse in a sawtooth fashion (Fig 4b).
These off-axis sawteeth have been observed at q=3/2, 2 and 3, and were studied using Double Pulse
Thomson scattering and two multi-channel ECE systems.

Fig. 4 Sharp off-axis peaks, near the B-C and D-E transitions (see Fig. 1) exhibit a sawtooth behaviour, leaving
the centre unaffected.

It was demonstrated that also Ohmic plasmas have discrete states. For given density, a variation of the
plasma current results in stepwise changes of confinement. Similarly, a very clear bifurcation of Ohmic
states was observed in post-ECH plasmas.

Experiments with pellet injection included oblique injection and injection into ECH plasmas. A new,
fast imaging system showed how parts of the ablation cloud break loose and drift outward at high
speed. This observation, confirming a theoretical prediction by Rozhansky et al [2], may explain certain
inconsistencies between different ablation diagnostics.

An ECE-imaging diagnostic was used to measure frequency and wave number spectra as well as spatial
distributions of Te-fluctuations. Results in Ohmic and ECH plasmas will be presented.

This work was done under the Euratom-FOM association agreement, with financial support from NWO
and Euratom.
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Russian Research Center «Kurchalov Institute" 123182 Moscow. Russia

The physical mechanisms of small-scale density fluctuations in frequency range 5
- 500 kHz have been investigated with correlation reflectonietry in olunic healing
discharges in transition from «S» to «B» regime after gas puff cut off[l] (SOC. IOC [2] )
and during deuterium pellet injection. The discharge of L mode type with ECRH was also
studied. This work is continuation of previous research [3].

A process of strong density' peaking after gas cut off have a form of the wave of
strong gradient travelling from periphery to the center with characteristic lime 150 ins.
leading to the reduction of r|j from 2.5 to 1. During this transition the level of «broad
band» turbulence is steadily decreased, while level of «quasi-coherent» fluctuations
increased al several measured centra! radii. It is in accordance with previous observation at
the edge [3]. New phenomenon of temporal suppression of «quasi-coherent» fluctuations
was observed in core plasma. The appearance of minimum al giving radius correlales with
the travelling wave of strong gradient and may be explained by experimentally obsened
velocity shear associated with the wave. A computer simulation of density profile transtion
showed the necessity of the use of transport barrier. A new type of «quasi-coherenl»
fluctuations at 220 kHz with ^=1.4 cm and kxxp~l was clearly observed during the
minimum. This mode is present also later together with usual «quasi-coherent»
fluctuations with frequency 120 kHz, ?.JL=1.9 cm and kj.xppO.75. The most important
difference is that the former mode is symmetrical poloidally. while the latter had 3-5 limes
higher amplitude at low field side with respect to high field side

In order to discover additional peculiar properties of both modes toroidal
correlation reflectometry was applied [4]. It was possible because low and high field side
antenna arrays were situated in one port with poloidal angle 57.5° between them.
Therefore magnetic field line may connect two arrays afler one toroidal mm at q=0.84 and

q=l.I6 and after two turns
resonant q values are 1.68 find
2.32 respectively. Three cross-
correlation functions are
presented in Fig. la.b.c for the
case of reflection layer near
q=l with successfully slightly
increasing reflection radius due
to density rise. The first
function have zero phase shift
and amplitude 0.36. Computer
simulation taking into account
of significant uncorrelated
background at the same
frequencies showed that tliis
value corresponds to nearly
100% correlation of «quasi-
coherenl» mode. It is seen thai
increase of radius leads to the
increase of phase shift and
decrease of amplitude as the
result of departure from the

resonance condition due to increase of q with radius. It is important that resonance
conditions were found about 1 cm inside q=l ( which was documented by the behavior of
measured phase of reflected signal in sawtooth event ). The sign of the phase shift
evidenced that we deal with resonance at q=0.84. shifted to q=l due to oblique propagation
of fluctuations at angle about 0.4° to the field line. Additional proofs for this conclusion
may be found in Fig. 2. where three resonanses were observed in one type of discharge.
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Fig . l . C ross-correlation functions of two
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Reflection layer was varied by the slow density ramp up in three successive discharges. A
q=I position was found from SXR pin-hole chamber, while q=2 directly from
reflectometry measurements of in=2 island position [5). The reflecting radii were obtained
from multichannel interferometry. The resonant q values for our antenna system are
shown with four horizontal dotted lines. It is clearly seen that all correlation spikes are
shifted from resonance q values about +/- 0.1 and have radial width about 0.5 cm. The
most reliable evidence is the splitting of resonance q=1.68 into two spikes which
correspond q shift also +/- 0.1 and the angle of fluctuations to magnetic field a=+/-0.2° at
r=16 cm. The mode with higher frequency of 220 kHz correlates at the approximately the
same radii and have the similar propagation angle to the field line, which may evidence a
similar physical origin. Taking into account all existing data we conclude that «quasi-
coherent» mode has ^=1.5+2 cm. kjxp-l-rt.75. angle to the field <x=0.2"+0.4g and
X| p200+600 cm. with poloidal asymmetry A=3+5. For higher frequency «quasi-coherent»
mode ^^1.2^-1.4 cm. kj^xp^l. similar angle to the field and poloidal asymmetry A=l. .
All presented properties, including high sensitivity' to density' gradients, are typical for the
Slab and Toroidal ITG modes correspondingly.

Turbulence evolution in discharges with deuterium pellet injection and ECR
heating with central and periphery power deposition will be also presented.

10 20 30
R adiu s, cm

F i g . 2 . R e c o n s t r u c t e d p r o f i l e q ( r ) a n d r a d i a l l o c a t i o n s

o f b u r s t s o f t o r o i d a l c o r r e l a t i o n b e t w e e n l o w

a n d h i g h f i e l d s i d e a n t e n n a s .
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Pressure-driven edge instabilities with low toroidal mode numbers typically terminate the
ELM-free phase of DIII-D high performance discharges, often accompanied by a permanent
loss of the internal transport barrier. These discharges are characterized by broad pressure
profile typical in H-mode plasmas. Recent calculations and experiments show that discharge
shaping can be used to reduce or eliminate access to the second stable regime for high-n
modes at the edge, thereby limiting the edge pressure gradient and bootstrap current density
which would otherwise destabilize the low-n modes.

The edge instabilities terminating the ELM-free phase have moderate toroidal mode
number n = 2-5 with a fast growth time Y"1 = 20-150 |is. The attainable P value decreases as
the fraction of plasma current contained in the edge region increases, and is consistent with
the previously observed operational limit of normalized beta PN " 4 A- The instability can
have global effects, ranging from a slight change of Te near the edge with a saturation of the
plasma stored energy, to a drop of Te across the entire plasma with a decrease in the plasma
stored energy. The transport barriers observed in VH-mode and negative central shear
discharges are usually destroyed. After this first edge instability occurs, the discharge goes
into an ELMing quasi-stationary phase at similar or lower p values. Low n magnetic
perturbations are rarely observed during this phase, which suggests that these later ELM
events may be driven by edge instabilities with significantly higher n.

The results of ideal stability calculations are consistent with many observed features of
the instability. Low n = 1-3 stability analysis using both experimental and simulated equi-
libria suggests that plasmas with broad pressure profiles, as typically observed in VH- and
H—mode discharges, are more unstable to n > 1 modes, and that large edge pressure gradient
and current density are the main driving forces. Modes with higher n and a narrow peeling
feature become unstable first. The results also suggest that the radial width of the unstable
modes increases with the width of the large pressure gradient region at the edge, as
qualitatively observed in VH-mode discharges. A conducting wall is not effective for
stabilization against these n > 1 modes.

Second ideal ballooning access in the plasma edge region plays an essential role in the
occurrence of these instabilities and the resulting ELM character by facilitating the
development of a steep edge pressure gradient and the associated edge bootstrap current.
Edge instabilities with n = 2-5 have been observed in discharges with a variety of poloidal
cross sections with high elongation and moderate squareness including Dee and crescent
shapes, and single- and double-null divertors, all of which have second ballooning stability

'Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC05-
96OR22464, W-7405-ENG-48, and Grant No. DE-FG02-92ER54139.

access in the plasma edge region. The edge pressure gradient in these discharges substantially
exceeds the first ideal ballooning stability limit [1]. However, in a recent experiment with
high squareness discharges (Fig. 1), these n = 2-5 edge instabilities are not observed or have
much lower amplitude. A weak internal transport barrier is maintained in the ELMing phase.
These square-shaped discharges have low edge pressure gradients (Fig. 1) which are limited
by the first ballooning stability, and the ELMs have very high frequency and low amplitude
quite unlike those from the moderate squareness discharges discussed above. These results
are consistent with the theoretical simulations of ballooning mode stability using self-
consistent pressure and bootstrap current profiles [2] which show that high elongation and
moderate squareness facilitate the second ballooning access, whereas for both high and low
squareness the edge region is securely in the first regime.

These results suggest that both the high n ballooning modes and the intermediate to
moderate n modes play a role in the edge instabilities and that the appearance of ELM
amplitude and frequency is determined by the complex interactions between the edge current
density and pressure gradient. Second ballooning access is necessary to allow buildup of a
large edge pressure pedestal beneficial for plasma core ignition. However, a large edge
pressure gradient and its associated large edge bootstrap current destabilize the intermediate
to low n kink modes. An optimization between the two is essential for high performance.
Since these instabilities are sensitive to details of the edge pressure gradient and the edge
current density, to allow a more definite comparison with theory new experiments are
planned using the recently upgraded 35-channel MSE system [3] together with a radial
sweeping technique to better characterize the plasma edge and the instabilities. A new high n
peeling/ballooning mode code in which a crucial role is played by the edge current density
using realistic numerically computed equilibria as input is also developed in collaboration
with the Culham group for a more detailed comparison with the experimental observations.

[1] OSBORNE, T.H., et al., Proc. of the 24th EPS Conf. on Contr. Fusion and Plasma Physics,
Berchtesgaden, Germany (European Physical Society, 1997) Vol. 21A, Part III, p. 1101.

[2] MILLER, R.L., et al., "Ballooning Mode Stability for Self-Consistent Pressure and Current
Profiles at the H-Mode Edge," to be published in Plasma Phys. and Contr. Fusion.

[3] RICE, B.W., et al., Phys. Rev. Lett. 79,2694 (1997).

Fig. 1. Comparison of edge pressure of a high squareness
discharge to that of a moderate squareness discharge.
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At ASDEX Upgrade the maximum achievable /3 is often limited by the onset of
neoclassical modes. Most common is a (m, n) = (3,2) mode toroidally coupled with a
(2,2) mode. As in other experiments low collisionality has been found to be a necessary
condition for the onset of the modes. Whereas it is usually low enough for the onset of
the (3,2) mode, the (2,1) mode which is located outside the plasma centre, can be found
only in shots with low densities. The fi value for the mode's onset has been found to be
proportional to the poloidal gyro-radius of the plasma ions. Although this behaviour
has been predicted by the ion polarization model [1], it differs from the scaling laws
found in other experiments. The neoclassical modes at ASDEX Upgrade are often
preceeded by a sawtooth crash, which provides the seed island which is believed to
be necessary for the onset of these modes [2]. For large enough /?, however, one also
finds neoclassical modes without an observable seed island. In these shots, between
two sawteeth the pressure rises well above that pressure which would be required for
the mode's growth after a sawtooth crash. Therefore, it may be concluded that the
size of the necessary seed island decreases with rising pressure.

Besides the onset conditions for the neoclassical modes, its growth time and its
size on saturation have been investigated. Numerical simulations have been performed
using the large aspect ratio approximation. The resulting growth times as well as
the maximum island sizes agree well with the experimental observations [3]. Further-
more, the stabilization of neoclassical modes by phased electron cyclotron current drive
(ECCD) and heating (ECRH) have been studied numerically [4].

Since at ASDEX Upgrade the heating power has been considerably increased, there
is now a greater influence from the fast particles present. The observed relation between
the appearance of fishbone oscillations and sawteeth supports the following interpre-
tation of the the stabilizing and destabilizing effect of fast particles. During the time
between two sawteeth the plasma pressure rises. Due to the stabilizing effect of fast
particles it may even grow well above the ideal MHD limit. Only when the pressure
becomes large enough such that the destabilizing effect of the bulk plasma exceeds the
fast particle stabilization, the sawtooth crash will occur. Since the fishbone leads to an
expulsion of fast particles out of the plasma, their stabilizing effect decreases. Therefore
the sawtooth always coincides with the fishbone phase where a major fraction of the
fast particles has just been expelled. For large enough heating power, the fast particles
also influence the neoclassical modes. Although the fishbones usually disappear during
the presence of neoclassical modes, the frequency of these modes starts to behave like
that of a fishbone. Since in this case the amplitude of the (2,2) mode (which is coupled
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to the (3,2) mode) increases, one may conclude that fast particles should be able to
resonate with a (2,2) mode.

The investigation of low and reversed shear scenarios will become one of the central
topics at ASDEX Upgrade in the near future. Up to now, interesting MHD phenomena
have been found in the low and reversed shear scenarios achieved by impurity accumu-
lation of high-Z elements in the plasma centre. These shots are characterized by strong
radiation in the plasma centre leading to high resistivity and a very flat shear region
first developing in the vicinity of the 9 = 1 surface and later moving up to higher
q-values. When the low shear region is around the 9 = 1 surface, modes with high
toroidal mode numbers, typically up to 20, have been observed [5] . These modes have
been shown to be tearing modes. High-n tearing modes are usually stable, however,
due to high current gradient and low shear they become unstable. The coupling of dif-
ferent poloidal harmonics due to the toroidal geometry and plasma shaping supports
the mode growth [6]. Due to the strong radiation in the plasma centre, sometimes a
positive temperature gradient develops in the low shear region. The resulting positive
pressure gradient drives a (4,3) mode unstable. This mode has been identified to be a
resistive interchange mode which is coupled to tearing modes due to the non-monotonic
^-profile [7]. This is the first observation of an interchange mode in regions with in-
verted pressure profiles (p' > 0). Previously, those modes have only been observed in
reversed shear scenarios for usual pressure profiles (p' < 0).

In advanced scenarios, double tearing modes, sometimes coupled to a resistive in-
terchange mode, may lead to a considerable performance degradation. A non-linear
cylindrical tearing mode code which includes neoclassical effects as well as plasma ro-
tation will be applied to investigate the non-linear growth of double tearing modes.
Of special interest is the influence of differential rotation between the corresponding
rational surfaces as well as the role of the bootstrap current for different pressure
profiles.

[1] H.R. Wilson et al. Plasma Phys. Control. Fusion 38 (1996)

[2] H. Zohm et al. Plasma Phys. Control. Fusion 39 (1997)

[3] Q. Yu, S. Giinter, submitted to Phys. Plasmas (1998)

[4] Q. Yu, S. Giinter, submitted to Plasma Phys. Control. Fusion (1998)

[5] A. Gude et al. accepted for publication in Nucl. Fusion (1998)

[6] S. Giinter et al. accepted for publication in Nucl. Fusion (1998)

[7] S. Giinter et al. submitted to Nucl. Fusion (1998)
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Electron Cyclotron Heating (ECH) experiments on TCV (Tokamak a Configuration

Variable, achieved parameters: R=0.89m, a=0.25m, K=2.58, -0.7<8<0.9, B=1.43T,

I,,=1MA), are presently aimed at the study of the confinement properties of shaped, ECH

dominated plasmas. For these studies, an ECH power of over 1MW is injected at the second

harmonic, 82.7GHz. This power level is already an order of magnitude larger than ihe Ohroic

power during ECH, bat represents only a fraction of the total power being installed, which will

attain 3MW at the second harmonic and 1.5MW at the third harmonic (118GHz).

The electron confinement time, t^ , degrades with increasing power, \c.~P"a"', with

a -0.5 as generally observed. However, there are already indications that the power

degradation may be stronger at high q, and at negative plasma triangularity 8,, for a given power

deposition location. The coupled power deduced ftom diamagneb'c measurements is similar to

the absorbed power deduced from ASTRA transport calculations.

Within the range of plasma shapes and
currents investigated, % increases with density
and elongation as already observed with purely
Obmic heating [1]. The favourable dependence
with decreasing triangularity over the range
-0.4<5<0.4, found in Ohmic conditions, still
holds with 500KW ECH power injected,
PJX/POH"5 ' as shown in Fig. 1. The electron
confinement time also increases with q, up to
0^-5, yielding a nco-Alcator-likc scaling with
density and q,.

For optimal confinement, the power
deposition location has to be within the inversion
radius, inside which x^ shows no marked depen-

9hoH 3017-13024

Fig. 1. Electron energy confinement
time depends on triangularity, far Ohmic
and ECH plasmas, P^SOOkW,
K=1.32, q=3.5, nn=2IQ"m'

dence on the heating location. The highest central temperatures, however, are obtained with the
deposition close to the inversion radius, under which condition the sawtooth period is
maximised. As the deposition moves further outside the q=l surface, %. decreases, often
sharply (indicating the presence of a transport barrier). These observations stress the role of the
q=l surface in the confinement of additionally heated discharges. The link between the
measured confinement times and tbts sawtooth relaxations resulting from different deposition
profiles is being studied.

Different forms of sawtooth relaxation and MHD activity appear when the location of the
power deposition is changed. Depending on the deposition relative to the sawtooth inversion

surface, relaxations change typically from saturated sawteeth (deposition inside q=l), to
"humpback" or usual sawteeth (deposition near q=l), to usual sawteeth (deposition outside
q=l). In the example of a qa scan, Fig. 2, the sawtoolh shape appears in addition to be
influenced by the power density inside the inversion surface. Sawteeth tend to disappear when
q, is increased, leading to small "hills" on the soft X-ray intensity and an absence of crashes,
Fig. 2a, as the inversion radius progressively shrinks, Fig. 2b. The saturation or decrease of
the soft X-ray intensity after the initial rise following a crash, is always linked to the appearance
of MHD mode activity. Part of these experimental results are interpreted on the basis of a
numerical model, which solves the heat balance equation in the presence of a growing m=l
island, plasma rotation and localised ECH.

The sawtooth shapes are markedly different when heating above or below the axis, on
the q=l surface, although there is no variation of the sawtooth period. This change in the
sawtooth shape may well be due to the presence of a small component of current drive, with
opposite sign in these two different geometries. This change in geometrical conditions also
appears to influence the formation of transport barriers.

OH ECRH q a invereion radius lor qa scan
2.0
1.9

1.2
1.0

VMM

3.0 , ,
2.6 i'Z
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2.5 23

0.45 0.6 0.65 0.7 0.75 0.B 0.85 0,9 0.95 1
radial position [ m ]

0.46 0.47 0.S7 0.88 0.89
t ime[s]

a) b)
Fig. 2 a) Central softX-raytrace for different q, (K=1.32. n,Q=2l0" [m3], Pec=500kW).
The resonance location is near R=0.82 m. b) Inversion surface from soft X-ray
tomographic reconstruction.
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The reversed shear configuration in association with improved confinement through in-
ternal transport barriers, ITB, is considered an attractive candidate for tokamak reactors.
Previous studies on JT60U[l] and TFTR[2] have shown that the highest achievable /3 is
generally determined by low-n ideal MHD instabilities which are global in nature. At lower
values of p other MHD events are often observed which result in a momentary loss in con-
finement, or even a minor beta collapse, and may affect the steady state stored energy. These
events are localized to the vicinity of the transport barrier, as the Tc(r) profiles is locally
flattened within a time period of less than one millisecond. Figure la shows an example of
such mode activity in JT60U. The two panels of this figure show the evolution of Te at three
radii and a power spectrum from a magnetic probe. The time period shown in the figure
covers an early phase of the discharge after the transport barrier has formed, gmjn « 3 and
the plasma-/? is well below its peak value and is still increasing. At the time shown in the
figure, t ~ 5secs., /?„ = 1, here @N — j^-g- This discharge eventually achieved the highest
performance observed in JT60U at 7.3secs., in terms of equivalent QDT[1]> with /?#• =1.9.

4 9 dm.Is?
(al

Figure 1: MHD activity during the heating phase of reversed shear discharges in (a) JT60U, shot
27969, /P=1.5MA, £r=4.3T, gedge =5.9 and (b) TFTR, shot 104977, IP=1.1MA, Br=3.4T and
Sedge =6 .0 .

Analagous observations from TFTR are shown in Fig. lb, which omits the MHD power
spectrum and includes an expanded view of one of the events. In this case as with JT60U
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the MHD burst occurs when /?jv is well below the peak value achieved later in the discharge
and qmin as 1. At t=1.8secs. f}N ~ 0.8 compared to pN =1.3 which was reached at 2.2secs.

In both experiments these modes are associated with low-n, typically n = 1, MHD
activity, where n is the toroidal mode number. We refer to these events as barrier localized
modes, BLMs. In both experiments precursors and postcursors are sometimes observed,
while some shots have no oscillatory precursor. This is analagous to the obseration with
sawteeth, with the difference that the relaxation of Tt is localized and does not extend to the
core. In both experiments when an oscillatory precursor is observed it has a growth-time in
the range 50-100/US suggesting an ideal MHD instability.

It is interesting to note that in the case of the high-/?p mode in JT-60U, which is charac-
terized by a strong ITB for ion transport in the region of weak positive shear, similar BLMs
were also observed[3].

The experimental observations clearly indicate that the local value of the pressure gradi-
ent, rather than the global /? is the critical parameter coupled with the low shear and the
proximity of low-n rational surfaces. The ideal MHD analysis[3] of model equilibria which
emphasize these features confirms that localized n = 1 modes can be destabilized, suggesting
that this could be a valid model for explaining the experimental observations.

Analysis of these events starts with an investigation
of the relative importance of local plasma parameters;
the safety-factor q, and the gradients in the pressure
and g-profiles, s and a on the ideal MHD stability,
here s = | * and a = - ^ f : . These are constant
on a flux surface and vary across the plasma. We con-
truct model equilibria with highly localized pressure
profiles and determine the critical value of a needed
to destabilize an n = 1 instability as we vary the local
value of q where a is maximum. We also indepen-
dently vary the shear at that same location. Figure
2 shows this dependence in a tokamak with an elliptic
cross-section. Similar curves are obtained for the circu-
lar case. Detailed comparisons with the experimental
measurements will be presented.

A thorough understanding of BLMs is important

Figure 2: The maximum stable a as
a function of q for two values of s. All
quantities are evaluated at the peak in
the pressure profiles. The geometry is
denned by J?/a=4.6, K = 2, and 5 =
0.1.
for many reasons: During the current ramp and penetration, suppression or avoidance of
the low-n modes localized at qmin m integer is a key factor for achieving high performance.
At the same time for steady-state operation of high performance discharges with the ITB,
small repetitive release of stored energy and He ash, in a manner analogous to the effect of
grassy ELMs, could be beneficial. Consequently understanding and control of these modes
may be the key to both achieving high-/3 and for steady state operation.
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and Implications for ITER

R. J. Buttery'. M. De Benedetti4, D. A. Gates', Y Gribov5, T. C. Hender', R. J. La Haye', P. Leahy',
J. Leuer3, A. W. Morris', A. Santagiustina2, J. T. Scoville3, B. J. Tubbing2, and the JET2,

COMPASS-D1 and DIII-D3 teams.

'UKAEA Fusion, Oxon, UK (UKAEA-Euratom Association). 2JET Joint Undertaking, Oxon, UK.
'General Atomics, San Diego, USA. "imperial College, London, UK. ^ITER-Naka Joint Working Site.

Error fields are a cause of concern for ITER. They can drive the formation and growth of locked

modes in otherwise MHD stable plasmas, leading to a disruption. Disruptions and associated

vertical displacement events could cause damage or reduce operational lifetime in a large device

such as ITER. Error field induced modes are more easily produced in low density plasmas, such as

those presently envisaged for access to H mode on ITER. Previous experiments on error field

locked modes in Ohmic plasmas - most notably COMPASS-C [1], DIII-D [2] and JET[3] - have

shown error field sensitivity increases with size and magnetic field. This places crucial design and

operational constraints on ITER, for which some form of error field correction, possibly together

with additional rotation from neutral beam injection, is considered essential.

Error fields inevitably arise in any tokamak from sources such as coil positioning errors, eddy

currents, coil feeds and connections, etc. Experimentally the resonant (2,1) error field component

has been observed to induce dominantly (2,1) locked modes in a range of tokamaks [1,2,3]. This is

understood [1,4] to occur when the magnetic torque exerted by the error field in the vicinity of the

q=2 surface overcomes inertial and viscous torques, stopping the MHD fluid and driving island

growth - a process known as 'mode penetration'. From torque balance considerations [5], the

criteria for mode penetration can be obtained in terms of the main plasma parameters. This analysis

indicates that toroidal field (B$) and major radius (R) scaling are key issues for ITER.

With saddle coils or other asymm-

etrically placed toroidal bars, error fields

can be simulated. Thus thresholds for

mode penetration (B^) can be measured

directly and key parameter scalings tested.

Present results from JET show weak B ,̂

dependence (B^/B^, <* By'iJ). This confirms

regression fits to DIII-D data (^B^""), but

is much weaker than the strong TF scaling

seen on COMPASS-D ("B^2") (see Fig 1).

This difference is being investigated, and

may be the result of differences in
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q=3.1,n=2.10"mJ)
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B 4
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Fig 1: TF scaling for JET, COMPASS-D and DIII-D

collisionality regime, 'q' scaling varies between the machines, possibly due to the different

harmonic content of the applied fields. On all three machines a linear density scaling is verified over

a large range and with good accuracy. Plasma shape (single null divertor compared to limiter) had

little effect on JET, but lower values of internal inductance, I,, substantially lowered thresholds.

Size scaling to ITER can be extracted from

other scaling measurements, using non-

dimensional arguments of the type used to verify

the consistency of confinement scaling.

Comparisons between this approach for JET data

(giving B ^ R°4) and direct cross machine

extrapolations (giving B^°= R"") (see Fig 2)

using similar plasmas show good consistency,

within error bars introduced by varying

harmonic effects. This shows a weakly positive

scaling, and consequently higher threshold for

ITER compared to previous expectations, with Fig 2: Radial scaling across machine (constant
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predicted tolerance of 8B, / B<j, ~ 7xlO"5. TF, n, q), with TF scaling to ITER also shown.

Correction of the naturally occuring error field on JET shows that much lower densities can be

accessed without locked modes, and that once a locked mode forms in ITER-like plasmas,

correction normally caused the mode to spin up and decay away, instead of following the usual path

of growing to disruption.

Comparing ICRH and NBI heated plasma from

JET shows that the momentum injected by the

neutral beams significantly raises thresholds, while

raising (5 with ICRH had much smaller (weakly

positive) effects on the threshold (fig 3). Transition

to H-mode had little effect on the threshold.

Measurements of sidebands effects, originally

identified on DIII-D[6], have been refined with

further measurements and better fitting models for

o

6
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•
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i A ^ A

• NBI heated
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—i 1 i 1

0 2 4 PHea,6 8 10

Fig 3: Threshold with additional heating

sideband coupling applied to double null plasmas from DIII-D and single null plasmas from

COMPASS-D. These show good qualitative agreement, highlighting important contributions from

both the (1,1) and (3,1) field harmonics through toroidal and viscous coupling.

In response to this and previous studies, a three harmonic correction system is being designed

for ITER. These results give confidence that the correction system planned will be adequate. As

well as preventing error field locked modes, it may assist in either preventing locked modes from

other sources developing into disruptions, or the locking of modes entirely.
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In JT-60U, a comprehensive study of energetic particle drive Alfven Eigenmodes (AEs)
is being conducted in order to clarify excitation conditions of AEs, and the impact of AEs on
plasma characteristics such as energetic ion confinement, and to establish methods for
controlling AEs. Energetic particles are produced with the Negative-ion-based Neutral Beam

(NNB: 500 keV/10 MW) and the 2coCH ICRF heating (4 MW). The following new results were
obtained in recent studies. Both burst and continuous modes were observed with the NNB
injection in a low flf, regime of <$t,>~Q.l%. Multiple toroidicity-induced Alfven Eigenmodes
(TAEs) excited inside the q-1 surface during the ICRF heating are more harmful for energetic
ion confinement than those excited outside the q=l surface. Ellipticity-induced Alfven
Eigenmodes (EAEs) also degrade energetic ion confinement, and the NNB injection can
stabilize these EAEs.

E30472 _
1.5*?

0 IL.

\ j j . i Time (s)

1. NNB-driven TAE modes
Continuous TAEs were observed with

H°-NNB injection (360 keV, 1.5-2 MW) into
helium plasmas for the first time as beam-ion-
driven TAE modes. As shown in Fig. 1, TAE
modes continued for 0.35 s, in contrast to burst
TAEs lasting a few milliseconds excited with
tangential NBI in TFTR [1] and DIII-D [2],
The TAE modes are excited for vh 7vA~0.4-0.7
(vy/: parallel velocity of beam ions, vA:
Alfven velocity). The volume-averaged beam
beta is <ph><0.1%, which is about one-fifth to
one-tenth the threshold value for excitation of
TAEs in TFTR and DIII-D (<p h>-l% at

vw/vA~0.5, <Ph>~0.5% at vi,./vA-l). The
TAEs were detected only during a ramp-up
phase of the plasma current, and no TAE was
observed at a higher electron-density after
reaching a flat-top. A magnetic shear effect
and damping by electrons are considered to be
the stabilizing mechanism there.

Burst modes with n=l (40-70 kHz) and n=2 (70-110 kHz) were also observed when
D°-NNB (350 keV, 2.6-3 MW) was injected into a D+ plasma, where vy/lvA-OS-Ofi and
<Ph>~0.2%. A mode burst starts with the n=2 mode, and this mode seems to trigger the n-1
mode, which causes the mode burst to terminate. The amplitude of magnetic fluctuations of
the burst modes is about ten times as large as that of the continuous modes in Fig. 1.
Accompanying these bursting activities were 2-3% drops in the neutron emission rate. This
small drop indicates that the loss of co-injected NNB ions is small.

2. Alfven eigenmodes driven by ICRF heating
It was confirmed that a significant loss (60-70%) of ICRF-accelerated trapped ions in

the MeV range during TAE mode excitation [3] is caused by multiple TAE modes excited

100:
4.5 Time (s) 5.0

Fig. /; NNB-driven TAE modes with toroidal
mode number of n=l and n~2. Time traces
of plasma current I _. line-averaged electron
densiryli^ and NNB power P^g ore shown.
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inside the q=l surface and that these modes are more harmful than those excited outside the
q-1 surface. Figure 2 shows time traces of frequency spectra and plasma parameters in a
typical discharge heated with ICRF waves in the latter part (lj=1.24) of the discharge. Multiple
TAE modes with medium to high toroidal mode numbers (n=5-13) were observed before
sawtooth crashes. A decrease in the neutron emission rate due to the appearance of TAE
modes indicates a loss of energetic ions over 3 MeV. The stored energy and electron
temperature saturates or decreases simultaneously with the energetic ion loss. The NOVA-K
[4] calculations show that these TAE modes are driven inside the q=l surface. When the ICRF
heating in the early part (lj-1.01 -1.12) of the discharge drives TAE modes with n=2-4 outside
the q-1 surface, a strong impact on the neutron emission rate, electron temperature or stored
energy is not measured.

The expulsion of energetic ions by EAEs was verified for the first time. High
frequency modes of 525-550 kHz with n=3-7 were detected for 0.2 s after the first sawtooth
crash at 9.6 s as shown in Fig. 2. The neutron emission rate decreases again due to the high
frequency modes. The NOVA-K analysis suggested that these high frequency modes were
EAEs excited at the q=l surface.

In a weak negative-shear discharge, modes with very rapid frequency chirping were
observed during the ICRF heating. The frequency of these modes with n=3-5 rapidly increases
from -30 kHz up to ~110 kHz, which is consistent with the TAE mode frequency, in a period
of ~ 150 ms as shown in Fig. 3. The large frequency chirping is not well understood by the
present theory.

E28263

6.5 7 7.5
Time [s]

Fig. 3: Chirping modes observed in a weak
negative-shear discharge. Four series of modes
are distinguished with different styles of
numbers showing toroidal mode numbers.
Theoretically predicted TAE mode frequency
fjAFls shown with a broken line.

9.5 10 10.5
Time {sj

Fig. 2: Time traces of frequency spectra in two
frequency bands. ICRF power Pjf-, NBI power P^Q.
line-averaged electron density ~h~c. diamagnetic
stored energy W^o. central electron temperature T^
and rate of neutron emission Sn from "B(p. n)"C
reaction. Toroidal mode numbers of TAEs and EAEs
are shown in the frequency spectrum.

3. Interaction between ICRF-driven Alfven eigenmodes and NNB-injected ions
The NNB was injected into a discharge similar to that shown in Fig. 2 to investigate

the interaction between AEs and NNB-injected passing ions. The EAEs disappeared during
the NNB injection (350 keV/].6 MW), where vw/vA~0.55. The damping mechanism was
shown by a stability analysis using the NOVA-K code to be beam ion Landau damping.
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This paper describes experimental results using Negative-ion-based NBI(N-NBI) in JT-60U.
The N-NBI, which is the only system operated in tokamak experiments in the world, contributes to
ongoing ITER Physics and Engineering R&D activities. Experiments in JT-60U have demon-
strated the predictability on the use of N-NBI in a tokamak fusion reactor: 1) lonization process of
N-NBI fast particles was confirmed to be explained by multi-step ionization process for the first
time. 2) N-NB driven current profile was experimentally determined for the first time. 3) Passing
N-NBI fast ions are well confined in the weakpoloidal magnetic field of reversed shear plasmas.

Progress on JT-60U N-NBI system
Since N-NB injection started in 1996[1], JT-60U's N-NBI has

been making a steady progress(Fig. 1). In order to clarify and over-
come engineering problems of high energy NB, R&D has been
carried out along with the operation of JT-60U's N-NBI system.
We confirmed high production efficiency of negative-ions and high
neutralization efficiency in the range of 300-400keV, and obtained
the prospect to solve several problems accompanying the high-
voltage acceleration of negative ion beam at high-power for long
duration, e.g., improvement of break-down voltage in the nega-
tive-ion accelerator by the improvement of electrodes. As a result,
beam energy EB up to 400keV, injection power Pmj up to 4.2MW
and duration time over Is have been achieved. We aim at further
advancement by improvement of beam uniformity and Figure l :
convergence.
Ionization process of N-NBI high energy particles

•JSP.!

8 910

•i 1997

Progress on the N-NBI system.
EB=360, PmJ=4.2MW and pulse duration
0.7s are simultaneously achieved.

single-step
' irocess

The multi-step ionization, which arises from excitation processes of the beams and the subse-
quent ionization, can be important in neutral beams with energies of several hundreds of keV or
higher, as requested on ITER. As a result, the ionization cross-sections can be enhanced by the multi-
step processes and theoretically the cross-secitonal enhancement increases with raising EB or nc. As
the ionization cross-sections have a large impact on the estimation of beam deposition, for reliable
design of N-NBI with the energy of lMeV on ITER, experiments to validate theoretical predictions on
the multi-step ionization should be done in the high energy range, which can be conducted only with
JT-60U's N-NBI system. Ionization process of N-NBI has
been studied experimentally from shine-through measure-
ments[2]. The shine-through is estimated from the tempera-
ture rise of armor tiles of the N-NB facing first wall during
N-NB injection using thermocouples. Figure 2 shows de-
pendence of measured shine-through of 350keV N-NBI on
neL, where neL is the integral of electron density ne along the
beam path. Two theoretical predictions, single- and multi-
step ionization processes, are also shown in the figure 2. Ex-
perimental results reasonably agree with multi-step process
calculation by Janev et al.[3] over a wide range of
ncL (0.7-3.0xl020/m2 corresponding to ne=1.0-
4. lxlO"/m3) within the experimental error due to
20% uncertainty in Zeff.

Figure 2 :

0 1 2 3
neL (1020 m"2)

neL dependence of shine-through. Solid lines are
theoretical results using single- and multi- step
ionization processes. Hatched areas correspond
to 20% error of Z_.
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Heating and Current Drive by N-NBI
For research of current drive and current profile control using N-NBI, profiles of non-inductive

current driven by N-NBI should be determined routinely. N-NBI experiments have been performed
for heating and current drive study with the following parameters: E8=360keV, P ^ ^ . 1MW, Ip=0.6MA,
nc=0.7xl0"/mJ and T.(0)~2.5keV. As for heating by N-NBI, increases in stored energy and T. are
observed during N-NB injection and the decay-times after the turn-off of N-NBI pulse are longer than
those for Positive-ion-based NBI(P-NBI) because high energy ions of N-NBI have longer slowing-
down time than P-NBI ions. Non-inductive portion of current is the difference between the total cur-
rent density j(p) and the inductive current density j^Cp). j(p) is determined from equilibrium recon-
struction with MSE spectroscopy. joh(p) can be calculated by determining the internal electric-field
profile E/;(p) and the resistivity profile calculated from
measured Tc(p), nc(p) and Zt(t(p) assuming neo-classi-
cal conductivity, where E/7(p) is calculated from time-
evolution of poloidal flux profile *F(p)[4]. An experi-
mentally determined non-inductive current profile by
N-NBI is shown in figure 3 (solid line). The centrally-
peaked profile is confirmed experimentally as expected
from on-axis trajectory of N-NB. Total non-inductive
driven current is 102kA and the current-drive efficiency
is 0.29xl0"A/W/m2. A calculated result using current-
drive code ACCOME is also shown (dashed line). They
agree well within the experimental error, which means
that the heating deposition and current drive perfor-
mance of N-NBI can be predicted based on the theory, which is essential for the reliable design of N-
NBI on ITER. Using this technique and various NBI in JT-60U(N-NBI, co-/counter-directional and
on-/off-axis tangential P-NBI), we can advance the study of current profile control to optimize and
maintain steady-state current profile for high performance in JT-60U plasmas, especially, reversed
shear plasmas and high bootstrap-current fraction plasmas.

Confinement of N-NBI high energy ions
In reversed shear plasmas, loss of high energy trapped

particles can be enhanced due to ripple transport because
the banana-width becomes large in the negative shear re-
gion with weak poloidal magnetic field. N-NBI fast ions
are expected to be confined well in the plasma without
suffering ripple transport because most of them are ini-
tially produced in passing orbits. In figure 4, increase in
neutron emission by N-NB injection both into positive and
negative magnetic shear plasmas are plotted as a function
of a quantity propotional to the calculated neutron emis-
sion. Both positive (open circles) and negative (closed
circles) shear results are on the same line. This means Figure 4
that N-NBI fast ions are well confined even in a weak
poloidal magnetic field of reversed shear plasmas as
expected.

0.4 0.6
P

Figure 3 : N-NB driven current profile. Experimen-
tal result(solid line) agrees well with theo-
retical calculation(dashed line).
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The ratio of measured increase of neutron
emission to calculated one is constant,
which means confinement of N-NBI fast
ions is not degraded in negative shear with
weak poloidal magnetic field.

We will study heating and current-drive characteristics of N-NBI in detail and establish current
profile control with N-NBI and P-NBI for steady-state high performance discharges.
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REACTOR RELEVANT ICRF HEATING IN JET D-T PLASMAS
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Strong bulk ion heating, producing central ion temperatures up to 13 keV, and

significant fusion power levels up to 1.6 MW have been generated in ion cyclotron resonant

heating (ICRH) experiments in the JET D-T campaign These experiments have allowed the

physics and performance of several scenarios to be assessed with special emphasis on those

schemes which have highest priority for application to ITER. The scenarios included He3 and

deuterium minority heating at their fundamental resonances as well as second harmonic

tritium heating. This was the first time deuterium minority ICRH had been used and its

optimisation generated a record steady state fusion Q-value. In addition, a new scheme,

namely fundamental minority tritium ICRH in deuterium plasmas, has been demonstrated as

a viable heating method.

1. Reactor-relevant schemes

The He3 minority scheme was operated with the resonance in the plasma centre and

with He3 fractions up to 10%. The D:T ratio was typically 40:60, the central electron density

was 3.6 x 10"m'3 and the ICRH power was close to 8 MW at a frequency of 37 MHz. Bulk

ion heating predominated and produced central ion temperatures (Tio) up to 13 keV compared

with central electron temperatures (TJ) up to 12 keV. The neutron emission was entirely

thermal in origin and corresponded to 0.5 MW of fusion power. An H-mode was formed

with type 1 edge localised modes (ELMs) and a confinement time Hn, normalised to the

ITERH-97P scaling law, of 0.95. This value is sufficient to ignite ITER. Theoretical

calculations with the PION code, show that the ion and electron heating fractions are 55%

and 45% of the input power, respectively.

For the deuterium minority heating, the power, density and deuterium concentration

were optimised for maximum suprathermal fusion power which occurs for a deuteron energy

of about 120 keV. This was also close to the equipartition energy so that optimum fusion

reactivity was achieved with almost equal bulk ion and electron heating. For an input power

of 6 MW the fusion power reached 1.6 MW. The steady state Q-value, defined Ef^/E^,,

was 0.22 over a period of 2.7s. In this example Tto reached 6.6 keV and Ta was 7.2 keV. In

discharges with lower density but higher deuterium fraction, Ti0 and Tm reached 10 keV and 8

keV, respectively. The confinement time, H,,, was 0.9. The ELMs were high frequency and

low amplitude and an upper limit of 0.5% can be placed on the fraction of plasma energy
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content carried to the limiter by each ELM. This value is below the maximum (-1%)

allowed for ITER. The fusion power predicted by the PION code is in excellent agreement

with the measurements.

The second harmonic tritium ICRH produced energetic triton tails in JET and mainly

electron heating. As a result the fusion power was mainly due to thermal reactions and was

typically a factor of four less than with He' minority heating under similar conditions.

However, PION calculations for ITER, where the power density per particle is about six

times less than on JET, show that this scheme will produce mainly ion heating on the route to

ignition.

2. Tritium minority heating

The tritium minority experiments were carried out with 5% tritium concentration.

Tritium minority in deuterium plasma is an example of a so-called inverted scenario in which

a (cold-plasma) cut-off exists between the antenna and the resonance. Nevertheless, the

resonance was Doppler broadened sufficiently in the present experiments to allow the fast

wave to damp on the tritons. The neutron emission was twenty times thermal and significant

Doppler broadening of the neutron energy spectrum was observed indicating a tail

temperature of about 30 keV. A detailed analysis of the dependence of the neutron emission

on the RF power showed that at least 50% of the power was absorbed by the tritons.

3. Extrapolation to ITER

Both the He3 and deuterium minority schemes produced more ion than electron

heating. The second harmonic tritium ICRH predominantly heats the electrons in JET,

although in a reactor such as ITER, the reduced power density and increased electron density

will allow mainly ion heating. The energy transfer rates to ions and electrons as, calculated

by the PION code, predict strong ion heating for the He3 and deuterium minority schemes and

mainly electron heating for the second harmonic tritium scheme as observed in the

experiments. The calculated neutron emission and the fast ion energy contents for both the

deuterium minority and the second harmonic tritium experiments are in excellent agreement

with observed reaction rates. These results give great confidence in the code calculations for

JTER which predict around 70% bulk ion heating on the route to ignition by both the He3

minority (2.5% He) and second harmonic tritium schemes.
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LHCD Current Profile Control Experiments
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Achievement of high confinement in recent reversed magnetic shear (R/S) experiments[1-4]
emphasizes the importance of plasma current profile control. In JT-60U lower hybrid wave
(LHW) current drive (LHCD) experiments, the goal is to establish a firm basis for current
profile control and confinement improvement. Especially on the R/S discharges, generation,
sustainment and control of R/S by means of LHCD were demonstrated[5, 6]. Sustainment of an
internal transport barrier (ITB) by optimizing a current profile actively by LHCD is the next
issue to be investigated for steady state sustainment of a high confinement R/S plasma by
LHCD. Information on the driven current profile is essential for success. In this paper the
following major progress in JT-60U LHCD experiments towards current profile control and
steady state confinement improvement are presented: 1) Driven current profiles have been
measured by motional Stark effect (MSE) measurements, and the difference of driven current
profiles on injected LHW parameters has been clarified for the first time. 2) Sustainment of
ITBs in R/S plasmas by LHCD has been investigated. In both temperature and density profiles,
ITBs have been maintained successfully for 2 s in an LHCD R/S plasma. An LHCD driven
current profile which is required for sustainment of a steady state R/S plasma with an ITB has
been suggested by the driven current measurement.

LHCD driven current profile measurement
In order to sustain improved confinement accompanied by an ITB in steady state, it is

necessary to stably maintain and control a current profile in the presence of a steep pressure
gradient at the ITB. For this purpose, it is essential to measure the LHCD driven current profile
and to understand its dependence on various parameters. In earlier experiments, a driven
current profile had been studied based on hard X-ray (HX) measurements, magnetics, etc., but
measurements and studies of a driven current profile itself had not been carried systematically.
On JT-60U, since the MSE diagnostic was installed, driven current profile measurement has
become available[7, 8] and has been applied to detailed LHCD physics studies. An example of
the driven current profile measurement is shown in Fig.l. In the experiment, the plasma current
/p = 1.2 MA was nearly fully driven by LHCD. Although the loop voltage Vg was -0.07 V at
the plasma surface in the two cases, it was shown by the MSE measurement that the V( profile
in the plasma was significantly different. The difference is attributed to the difference in the
driven current profile. As shown in the figure, the driven current profile which is deduced from
the MSE measurement is flatter around the normalized flux
radius p = 0.4-0.6 in the case where the phase between the 1.5
multi junction antenna modules (A(|>) is set to 180°. The _
difference agrees with what is expected from the difference in ^ ^ Q
A<(>, and also with the HX measurement qualitatively, but ^
gives more detailed information on the driven current profile. «s
That is, the A<t> = 180°case is more favorable for sustaining an ""̂  0.5
R/S configuration, although further reduction of the central ~d
current density would be required. Furthermore, it was
confirmed by the current and HX profiles measurements, that
the absorption of LHW depended mainly on the safety factor
(<?) profile. Since the trajectories of LHW are mainly Fig.l : An example of the LHCD
determined by the q profile, this result suggests that wave driven current profile measurement.
traiprtnrie* aorw with thp thenrv The Phase between the multi junction
trajectories agree with the theory. a n t e n n a m o d u l e s ( A $ ) w a s se t t o 0°

(solid line) and 180° (dashed line).
Sustainment of Internal Transport Barriers

In the previous LHCD experiments on JT-60U R/S plasmas, quasi-steady sustainment of
the R/S configuration and control of the ITB by LHCD and current profile control were

0 0.2 0.4 0.6 0.8 1
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demonstrated[5, 6]. Furthermore, formation of an R/S configuration by LHCD alone was
shown[6]. Towards a steady state improved confinement R/S plasma by LHCD, the next issue
is to optimize a current profile including the bootstrap current in order to sustain improved
confinement accompanied by an ITB stably. A particularly important issue is whether iTBs in
the temperature and density of both electrons and ions
can be maintained by LHCD. An advantage of using
LHCD is that the current profile can be controlled
separately from the pressure profile. The recent results
are shown below.

In the experiments, an R/S plasma accompanied by
an ITB was initially formed by applying neutral
particle beam injection (NBI) during the /p ramp-up
phase. When both the R/S configuration and the ITB
were well developed, the NBI power was lowered to
about 1/3 and the LHW power was

8

© 1

o
C

0
5

6 7
Time (s)

_._ ____ power was injected Fig-2 : (a) The LHW (solid line) and the NBI
simultaneously (Fig.2 (a)). The time evolution of the (dashed line) powers, (b) The electron density
electron density inside (at p = 0.29) and outside (at ^ ^ a V - ^
p = 0.67) the ITB is shown in Fig.2 (b). The density the dens i ty ins ide the ITB was kept high.
inside the ITB was kept nearly constant, indicating 2
sustainment of the ITB, for about 2 seconds after initiation of _ .
the LHW injection as indicated by an arrow. The density
profile at 7.5 s is shown in Fig.3 (a). The steep gradient around
p = 0.55 shows the existence of an ITB. Steep gradients in the
electron and ion temperatures are observed as well, suggesting
formation of ITBs in these parameters. As shown in Fig.2 (b),
around 8 s, the density inside the ITB starts falling quickly,
suggesting the disappearance of the ITB. In Fig.3 (b), q profiles
just after the NBI power step-down and during LHCD deduced
from the MSE measurement are shown. The safety factor
profile at 7.9 s, just before the density inside the ITB starts
decreasing, shows a slow increase towards the center indicating
the presence of the R/S region in the center. Preliminary
analysis of the MSE data indicates that the LHCD driven
current profile extends further out in minor radius than the 0 0.5 1
bootstrap current and contributes to formation of the R/S. p
Moreover, it is suggested that, if the driven current was Fig.3 : (a)T n e density profile at
increased by about 50%, LHCD together with the bootstrap 1-5. s- a stfef g£idif"' 'n d i c a t e s

current would be able to drive the full plasma current, ^ ^ t e 2 ^ S ? " h e
maintaining the R/S. This result gives a quantitative clue R/S configuration is kept until the
towards a steady state R/S plasma accompanied by an ITB. ITB disappears.

As described above, the dependence of changes in driven current profiles on injected LHW
parameters was clarified for the first time by measurement of a driven current profile. Active
sustainment of ITBs in both the temperature and density profiles by LHCD was demonstrated.

References
[1] S. Ishida, et al., Phys. Rev. Lett., 79, 3917 (1997).
[2] T. Fujita, S. Ide, H. Shirai, M. Kikuchi, O. Naito, et al., Phys. Rev. Lett., 78, 2377

(1997).
[3] F. M. Levinton, et al., Phys. Rev. Lett., 75, 4417 (1995).
[4] E. J. Strait.er al., Phys. Rev. Lett., 75,4421 (1997).
[5] S. Ide, T. Fujita, O. Naito and M. Seki, Plasma Phys. Controlled Fusion, 38, 1645 (1996).
[6] S. Ide, O. Naito, T. Fujita, T. Oikawa, M. Seki and the JT-60 team, in Fusion Energy

1996 (Proc. 16th Int. Conf. Montreal, 1996), IAEA Vienna, Vol. 3, 253 (1997)
[7] C. B. Forester al., Phys. Rev. Lett., 73, 2444 (1994).
[8] T. Oikawa,e( al., This conference.



CD1/5 XA9950772

Plasma heating and sustainment in the ion cyclotron range of
frequencies on the stellarator W7-AS

D.A. Hartmann, G. Cattanei
W7-AS Team, ICRF Group

Max-Planck-Institut fur Pla3maphysik, EURATOM Ass., 8511,8 Garching, Germany

Electromagnetic waves in the ion cyclotron range of frequencies (ICRF) have become
a successful and reliable means for plasma heating in tokomaks. A variety of different
heating schemes became increasingly successful with the advance of larger devices and
better wall conditioning. In stellarators ICRF heating is still in the process of being
established. It is hampered by the comparative smallness of the devices and - for some
heating schemes - by the large aspect ratio, but is desirable in order to achieve ion
heating without particle refueling.

Here we report, that on the stellarator W7-AS resonant and non-resonant ICRF heat-
ing scenarios were successful both in increasing the ion and electron temperature of
ECRH or NBI target plasmas and in sustaining the plasmas under steady-state con-
ditions. The investigated scenarios were: D(H), * He(H) minority heating (minority
species in brackets), D(H) mode conversion heating, second harmonic H heating. In
all heating schemes there was no significant rise of impurities and the plasma density
was controllable for ne(0) > 4 x 1019 m ~3 . However, the sensivity of the minority and
mode conversion schemes to the hydrogen concentration required preceeding wall con-
ditioning with glow discharges in B^Ds or subtle changes to hydrogen sources (e.g. the
position of graphite limiters and presence of diagnostic hydrogen beams), respectively.
The relative hydrogen concentration nn/nc was infered from active charge exchange
measurements and spectroscopically from the ratio of Ha/Da. Both measurements
agreed within the absolute errors of ±0.1.

The stellarator W7-AS is a five-fold modular advanced stellarator with a toroidally
averaged major radius R=2.04m. The volume averaged radius of the last closed flux
surface is typically re// = 18 cm. The typical rotational transform was t = 0.34 .

The used ICRF antenna is located on the high field side where the plasma has an
elliptical cross-section and a tokamak-like magnetic profile. The antenna has four ports
1 . One RF generator was connected to two ports, the other two ports were resonantly
short circuited. In n -phasing the antenna excites a narrow k\\ -spectrum centered
around fcii = 6 m " ' . The antenna was operated at 34 and 38 MHz with voltages in

the unmatched part of the transmission line reaching 50kV cff for up to one second,
corresponding to RF generator powers of 1MW. The antenna loading resistance typically
doubled with plasma. Thus it was estimated that the RF power radiated from the
antenna is about half of the generator power.

At small hydrogen concentrations of about 10%, minority heating was successful if
the hydrogen resonance was located at the plasma center. Heating ECRH discharges
with ICRF the diamagnetic energy rose by up to 25%. An increase of the deuterium
temperature of about 150 eV over the plasma cross-section was observed. The electron
temperature rose off-axis by 150 eV as a possible result of electron transit time magnetic
pumping and Landau damping close to mode conversion layer. A tail in the hydrogen
velocity distribution with energies up to 45 keV was measured at an angle of 40 ° to the
magnetic field. Using only ICRF, plasmas were sustained for one second under steady-
state conditions with electron and ion temperatures of 450eV and densities of ne(0) =
4. x 1019 m ~3 . For hydrogen concentrations higher than 10% the mode conversion
layer moved to the plasma edge and no efficient plasma heating and sustainment were
possible. No fast wave direct electron heating was observed in this case.

At medium hydrogen concentrations of about 30% the mode conversion heating scheme
was successful if the hydrogen resonance was shifted to the low field side, outside of the
plasma column. For this case in W7-AS, the two ion hybrid layer moves from the low
field side to the high field side of the plasma for changes in the hydrogen concentration
from 20 to 40%. Heating ECRH plasmas with ICRF the diamagnetic energy rose by
about 15%. The electron temperature rose by about 100 eV over the plasma cross-
section, in some cases localized heating near the plasma edge occured. Plasmas could
be sustained solely with ICRF for up to 400 msec under steady-state conditions with
elctron and ion temperatures of 400eV and densities of ne(0) = 4. x 1019 m ~3 .

Second harmonic hydrogen heating scheme was successful for discharges with hydrogen
NBI. With typical plasma parameters of ne(0) = 5 x 1019m~3 , Te(0) « TH(0) = 450 eV
and 400kW NBI both electron and ion temperature rose by about 200 eV. These plasma
were sustained solely with ICRF reaching steady-state values of the electron density
(ne(0) = 5 x 101 9m~3) , electron temperature (Te(0) = 300 eV) and the hydrogen
energy spectrum (TH(0) = 400 eV and Tft" = 2 keV)

1 G.Cattanei et al., Topical conference on Radiofrequency Heating and Current Drive,

(Brussels 1992), p. 121.
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This paper deals with specific control issues related to the advanced Tokamak scenarios in
which rather accurate tailoring of the current density profile is a requirement in connection with the
steady state operation of a reactor in a high confinement mode. The importance of the current density
profile on plasma confinement has been illustrated in many experiments where a strong reduction of
the anomalous transport has been observed in a weak or negative magnetic shear region. The
improved confinement regimes are characterized by the formation of an internal transport barrier
(ITB). This affects the current profile evolution through the self-generated bootstrap current, and
modifies the plasma rotation shear through the diamagnetic velocity. A strong non-linear interplay
between the current density, plasma momentum and pressure profile thus takes place on different time
scales and its consequences on the real-time control of the discharge are generally underestimated in
the proposed operation scenarios.

In order to identify some control requirements which would characterize this mode of
operation, various feedback schemes have been numerically tested. As an example, we consider an
ITER steady state scenario where the plasma current is maintained non-inductively by a combination
of bootstrap current and off-axis lower hybrid (LH) current and where the central seed current is
generated by fast waves. Because of limitations in the current ramp rates, the scenarios which would
allow to run ITER in steady state, in the advanced confinement regimes, typically include three
phases with different control aspects :
i) during a low density, low beta phase of the discharge, an optimized non-inductive current profile
is set up, with the subsequent formation of an ITB, and almost complete relaxation of the ohmic
voltage is obtained after a few hundreds seconds ;
ii) this current density profile must then be maintained while the plasma cross-section is increased to
full aperture during the current ramp-up to about 12-13 MA ; this is achieved by a proper combination
of ohmic power and external off-axis current drive power to prevent current profile peaking ;
Hi) the third phase consists of a relatively slow and controlled fuel density ramp during which the
fusion power rises up to about 1500 MW and the required bootstrap current gradually replaces the
externally driven current until a stable burning steady-state phase is reached. Control of the current
density profile and of the ITB during this phase is difficult but is most important in order to prevent
the discharge from quenching through current peaking and loss of confinement or, conversely,
through the loss of the central seed current when the off-axis bootstrap current inductively generates
too large a negative central loop voltage which the central current drive source cannot compensate.

Our study has shown that applying current drive power in the plasma core to control the
safety factor on axis through a simple "proportional+integral+derivative" (PID) scheme generally fails
since it results in strong central heating and therefore in a further "freezing" of the current which is to
be modified. A successful strategy consists in considering various non-inductive currents as internal
current loops which act as primary circuits of a transformer on the inner inductively coupled plasma
layers. We have implemented this principle in our simulations with a set of coupled feedback loops,
such that magnetic diffusion provides the required profile corrections, and that the inductive currents
automatically vanish when the system has converged towards the required plasma state.
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Our main conclusion is that adequate current profile control can be performed if real-time
magnetic flux reconstruction is available through a set of dedicated diagnostics and computers, with
sufficient accuracy to deduce the radial profile of the safety factor and of the internal plasma loop
voltage. It also follows from this work that the value and location of the minimum safety factor can be
precisely controlled mrough the surface loop voltage and the LH power, but that a compromise must
be made between the accuracy of the central safety factor control (e.g. from MHD requirements) and
the total duration of the current and fuel density ramp-up phases, so that the demonstration of a full
steady state fusion burn in TTER will demand pulse lengths of several thousands seconds.

A full scenario with the proposed plasma control scheme is shown in the figure below. The
current profile is maintained basically by the bootstrap current which is about 65% of the total plasma
current, while the LH current fraction amounts to 30% and the rest of the current is driven by fast
waves.

The principles developed in this work are general and could be tested in present long-pulse
tokamaks if the alpha-particle power can be replaced by powerful external core heating to provide the
required pressure profile and bootstrap current while the plasma density is raised up to the values
which are relevant for high performance reactor operation.
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Time, s
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This paper treats recent development of quasi-steady ELMing discharges with enhanced confinement,
high-f} stability and current drive capabilities, where increase in absolute values of fusion performance and
sustainment time are emphasized. After modification to the new W-shaped pumped divertor, a long heating
lime (9sec) of high power NB (20 -25MW) became possible without harmful increase in impurity and
particle recycling. In addition to it, optimization of the pressure profile and selection of appropriate
electron density enabled us to extend pulse length with high performances; DT equivalent fusion gain
QD7~0.1 was sustained for 9 sec (triangularity S =0.16), and QDr-0.16for4.5 sec (S =0.30) at I =1.5MA.
In the latter case, H-factor (=T £ /y r e R S 9 P L ) -2 .3 , ^ 2 and /3p~J.6 were sustained with 60-70% of
noninductive current drive (NB driven and bootstrap). The new extension of pulse length accelerates
understanding of roles of parameters with long lime constants such as the current profile and particle
recycling. Concerning the former, appearance oflow-n resistive modes is the issue, because sustainable ji^
in a long pulse is lower ( ~ 2 for 5- 9sec) than that achievable transiently (-3.2 ~ ideal limit) due to these
modes. To improve the stability, high 5 and high density are beneficial. On the other hand, at the edge, the
confinement and steadiness of the H-mode are affected by giant ElMs and depth of the edge pedestal Ape$.
The depth Apel! in the ELMing phase is 2-3 times larger than that in the ELM-free phase and reaches -10-
15cm with a constant pressure gradient. With increasing recycling, the pedestal layer moves inward and
ELM frequency increases, which cause the gradual confinement degradation in a long pulse.

1. Sustainment of High Integrated Performance and High Fusion Gain
Toward the simultaneous achievement of i) high confinement, ii) high p limit, iii) high bootstrap

fraction and iv) high efficiency of heat and particle exhaust in the steady-state, discharges have been
optimized in JT-60U mainly based on the high-p H-mode with q(0)>l. Up to Ip=lMA, an optimized
pressure profile with high triangularity 5 (=0.35) enabled the favorable integrated performance with H-
factor- 2.5 and PN~3 under full non-inductive current drive (bootstrap -60%) sustained for 2s (~10%)[l,2].
With the new W-shaped pumped divertor [3], a long heating time with high power became possible. We
obtained an ELMy H-mode with Qo-p-O.ll, H-factor -1.7, T;(0)-10keV and PN~1.8 sustained for 9 sec (-
50%) under a high NB power of 20-25MW (Ip=l .5MA, B,=3.6T, 8=0.16) (Fig. 1). Even with the high total
energy input up to 203MJ, no increase in impurity (carbon) and particle recycling was observed. Before the
divertor modification, increase in carbon and recycling degraded performance at - 3 sec of high power ( 20-
30MW) heating. In case of high 8 (=0.3), the better performance with QOT-0.16, H-factor-2.3, |3N~2 and
Pp~1.6 was sustained for 4.5 sec with 60-70% of non-inductive driven current at a relatively high density of
-45% of the Greenwald limit. Duration of the high 8 equilibrium is limited (< 5sec) by heat capacity of the
shaping coils. In this discharge regime, a current profile with spontaneous shear reversal close to the
steady-state solution was observed by long sustainment of a high Pp value (-1.8). Without the divertor
pumping, gradual increase in recycling degraded energy confinement.

Figure 1.
(a):Sustainment of high"
QDT for long duration,
(b): low-6 (0.16): Stored
energy ~4MJ and Ti(0)~
10keV with PNB=20-25
MW were sustained for -
9 sec (~50TE). The total
energy input reached 203
MJ. (c): high-5 (0.3): D-D v .
neutron rate -1x1016/s, <?• 1 ?
PN~2 and H-factor -2.3 *°
under 60-70% of non- !Z
inductive current drive 3

sustained for - 4.5 sec.

E30006,1.5MA, 5=0.30
E29941.1.5MA, 8=0.16

new long pulse high performance regime

8 time (sec) 1 0

12] fast collapse i resl8tlv« mode onset

0.1 0.2 0.3 0.4
Triangularity 8

Figure 2. H-factor x PN increases with triangularity Figure 3. Regions of fast collapses, onset of resistive
8. Sustainable values of H p^ for >2sec is -60% of modes and degradation in confinement on the density
that achievable in a short duration. - PN P'ane (Ip=1-5MA, B,=3-3.5T, PNB=15-25MW).

2. B-limits in Long Pulses
In these long pulse discharges, we controlled the heating profile to produce the optimum peakedness of

pressure profile p(r) for maximizing PN [2]. At a larger peakedness, the PN-limit is lower due to the Pp-collapse
which is consistent with the ideal kink-ballooning limit. At a smaller peakedness, PN is limited by giant ELMs
which is consistent with the high-n ballooning limit. The ELM-limit increases with 8 [2], Figure 2 shows Hpf>j
increases with 8 in any duration from 'transient' to 'long pulse'. However, the level of HfSN decreases with
extending sustainment time. Among discharges with dW/dt=0 (W: stored energy), HpN decreases by -40%
from a short duration (upper envelope of open circles) to quasi-steady>2sec (closed stars). This is due to
slowly (-100ms) growing resistive instabilities with mode numbers of (m/n)=(3/2), (2/1), (3/1) etc. The island
width estimated from the Te profile is 10-30cm. So far, even with the optimum p(r), sustainable PN is -2.5 for
2.6sec and -2 for 5-9sec at Ip=1.5MA, B,=3.6T, q95~4 and lp l with collisionality similar to ITER (transiently
PN

 max =3.2; Fig.3). The threshold pN for onset of the resistive modes (closed circles) increases with increasing
electron density and with broadening of p(r). The neoclassical tearing mode is a candidate. When q(O)<l,pN

is lower (-1.5) due to (m/n)=(l/l) mode and sawteeth. In Fig.3, at a density higher than -3.4xlO"nv3 (-50%
of Greenwald limit), pN decreases because of confinement degradation at high recycling. For sustainment of
long pulse discharges, we kept the optimum set of density and pN to avoid both the resistive modes and
confinement degradation. (For example, the shot E30006 shown in Fig.l hasfiN =2 with ne=3.2xl019nr3.)

3. Giant ELMs and Deepening of Edge Pedestal
To sustain high confinement, control of ELM effects is essential. In JT-60U ELM-free H-mode, the edge

pedestal A^ is 3-5cm at Ip~2MA and scales with the ion poloidal gyro radius. On the other hand, in the giant-
ELMy phase, Ap^ can be 10-15cm (r/a~85%). Figure 4 shows onset of giant ELMs makes A-^j large (b)) and
the pedestal temperature in the ELMy phase can be higher than that in the ELM-free phase (c)). Figure 4d)
shows that the pedestal layer shifts inward after increase in particle recycling. Such shrink of the edge pedestal
degrades the confinement at a high recycling. In this case, the ELM frequency %LM was also increased from 1
40Hz (7.4s) to 260Hz (7.7s). We found fELM increases linearly with increasing density (or particle recycling)
in case of gas puffing in addition to the known dependence on heating power and the ballooning parameter [1].
By these results, it can be explained that the energy confinement slowly decreases with increasing particle
recycling in long pulse H-mode plasmas without divertor pumping. On the other hand, the maximum edge
pressure gradient was almost unchanged in all cases (Fig.4b)-d)).
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Figure. 4. Change of edge ion temperature profile. Depth of pedestal is changing due to ELMs and recycling.
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Advanced Tokamak (AT) operating modes have been successful in improving the fusion
performance of many existing tokamaks, as evidenced by the record D-D fusion reactivity
achieved in DIII-D[1], JET [2], and JT-60U [3]. Through optimization of the plasma shape
and radial profiles, AT modes lead to improved confinement, p, and bootstrap fraction
relative to standard (ITER-like) ELMing H-mode. Improvements are observed in many
different AT regimes such as VH-mode, negative central shear (NCS) with an internal
transport barrier (ITB), high pp, and high t\. To date, however, the duration of peak
performance in all of these modes is limited to about 1-2 energy confinement times (TE),
generally as a consequence of evolving pressure profiles and eventual MHD instability.
Before AT modes can be seriously considered as an operating mode for a future fusion
reactor, present experiments must sustain AT performance in a controlled manner for longer
pulse lengths. In this paper, we review results of recent experiments on DIII-D directed
towards this goal.

The normalized quantity PNH serves as a useful figure-of-merit for performance, where
PN = p/(I/aB) and H is the enhancement in thermal energy confinement time relative to the
ITER98 ELMy H-mode scaling. Plotted in Fig. 1, for a variety of DIII-D ELM-free and
ELMy H-mode discharges, is the length of time each discharge exceeds a given value of
PNH. While ELM-free edge conditions lead to the best overall AT performance with PNH -
8-11, the duration is limited by edge instabilities and the accumulation of impurities near the
edge. Recent DIII-D experiments have focused on the formation and evolution of ITBs in
plasmas with L-mode or ELMing H-mode edge conditions, which likely are more
compatible with long-pulse sustainment.

In NCS discharges with an L-mode edge and an ITB, pulse length is typically limited to a
few hundred ms by internal n=l MHD modes driven by excessive pressure peaking in the
core. High pressure peaking also leads to a large but poorly aligned bootstrap current, causing
rapid evolution of qmin- Reducing and controlling the pressure peaking is essential for
extending the pulse length in this regime. By reducing the shear reversal (smaller qo - qmin).
raising the edge q, and lowering the neutral beam power and hence central fueling, L-mode
edge discharges with an ITB have been sustained for more than 2 s (>5 Tg). In these cases
qmin reached a near-stationary value (>1), with the duration limited only by the neutral beam

'Work supported by the U.S. Department of Energy under Contract Nos. W-7405-ENG-48, DE-AC03-
89ER51114, DE-AC02-76CH03073, DE-AC05-96OR22464 and Grant No. DE-FG02-89ER53297.
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pulse length. However, the radius of the ITB remains narrow in these discharges and fast ions
represent a large fraction of the total stored energy.

Modeling indicates that for L-mode edge NCS discharges to be a viable AT mode, the
radius of the ITB and the radius of qmin (Pqmin) must be increased to a normalized radius of
p > 0.6. DIII-D data is suggestive that the ITB can expand with pqmin, but not conclusive
because the variation of pqmi|l is limited. Furthermore, discharges with an ITB and monotonic
q have been observed. To better understand the dependence of transport on the q-profile
shape versus other stabilizing mechanisms such as ExB shear, we have developed new
inductive startup techniques to produce larger Pqmin- Using H-mode transitions early in the
current ramp to help raise the electron temperature in the region 0.5 < p < 1.0 and slow
current diffusion, profiles with pqmin = 0.7 and t\ ~ 0.6 have been obtained. Experiments to
produce an ITB in this configuration are in progress.

An ELMing H-mode edge is also compatible with long-pulse operation. The naturally
broad H-mode pressure profiles lead to higher p and better bootstrap alignment than in
L-mode. The best long-pulse performance has been achieved in low-density non-sawtoothing
ELMing H-mode where PNH ~ 4.5 was sustained for -1 s (shot 89756 in Fig. 1). The q
profile was monotonic in this case. Using new startup techniques, NCS q profiles have now
been sustained for up to 2 s in ELMing H-mode (Type I ELMs), however, no significant ITB
was observed and confinement times remain typical of standard ELMing H-modes with
monotonic q. The combined effects of higher density, reduced Tj/Te, reduced ExB shear, and
perturbations due to ELMs are believed to contribute to the lack of improved transport in the
core. In order to reduce the effect of ELMs, we have explored shape variations, in particular
increasing the squareness shape parameter, which reduces 2nd stable access at the edge for
ballooning modes and lowers the first stability limit on p'. Small high-frequency ELMs and a
lower edge pedestal were observed in this shape, consistent with expectations from
ballooning stability calculations. Under these conditions ITBs were produced with NCS q
profiles. Experiments in low squareness shapes, which should exhibit similar edge stability
properties, are underway.

[1] LAZARUS, E.A., et al., Phys. Rev. Lett. 77,2714 (1996).
[2] KOIDE, Y., et al., Phys. Plasma 4,1623 (1997).
[3] SOLDNER, F.X., et al., Plasma Phys. Control. Fusion 39, B353 (1997).
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Control of the plasma current profile is necessary to extend present high performance
regimes achieved transiently on the DIII-D tokamak to steady state. Beyond the obvious
need to maintain the total plasma current non-inductively, both the plasma stability and
transport are dependent on the current profile. Electron cyclotron current drive (ECCD) is the
leading candidate to fulfill this role on DIII-D due to the straightforward ability to control
both the location and magnitude of the driven current under a wide variety of conditions.
Recent experiments have clearly demonstrated the ability to affect the central current density
and the plasma internal inductance in open loop tests with injected power >1 MW at
110 GHz. The central current driven by ECCD is up to 100 kA and total non-inductive
current fractions (including neutral beam and bootstrap currents) over 75% have been
achieved in 0.6 MA L-mode discharges. The current drive efficiency exhibits the predicted
linear increase with electron temperature Te and is similar to previous results from fast wave
current drive [1].

The present ECCD system on DIII-D consists of two gyrotrons at 110 GHz. The first is a
diode-type gyrotron rated at 900 kW for 2 s. The second is a triode-type gyrotron rated at
1 MW for 0.8 s. Both gyrotrons are limited in delivered energy by heating of the output
window. Evacuated corrugated transmission line (31.75 mm diam.) delivers the power to the
tokamak. Despite the long transmission line (-40 m), less than 5% is expected to be lost in
the waveguide between the gyrotron and the tokamak. Two of the miter bends contain
grooved mirrors to alter the linear polarization from the gyrotron to almost any desired
polarization. The waves are launched into the tokamak from a copper mirror which can steer
the beam poloidally. The toroidal angle is fixed in each launcher — one is set for co-current
drive (0 = 24-31° depending on poloidal steering and waveguide position) and the other is set
for purely radial launch. The experiments reported employ second harmonic absorption of
the X-mode.

Power modulation techniques are employed to determine where the beam illuminates the
resonance. Plasma response is measured by a 32-channel heterodyne radiometer measuring
the electron temperature perturbation. Signal processing by Fourier analysis is used to

*Work supported by U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC05-
96OR22464, DE-AC02-76CH03073, W-7405-ENG-48, and Grant No. DE-FG03-96ER54373.
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increase the signal-to-noise ratio. The main absorption moves with the steering of the beam
as expected. However, secondary peaks which appear for the farthest off-axis steering can be
identified with second pass absorption of both X-mode and O-mode. (Due to low electron
temperature and density in the outer half of the plasma and large k||, the second harmonic
X-mode first pass absorption is incomplete.) The slightly impure polarization limits the type
of transport experiments which can be done at present, but does not significantly affect the
current drive experiments.

Current drive experiments have clearly demonstrated modification of the central current
density. The current drive is measured by the technique of taking spatial and temporal
derivatives of the reconstructed poloidal flux V|/ [2]. This is only feasible due to the excellent
internal field measurements from the 35-channel motional Stark effect diagnostic. At any
given value of enclosed toroidal flux (roughly minor radius), the time derivative of \|/ gives
En, while two spatial derivatives give the current density J. Assuming neoclassical resistivity
[2], the ohmic current density aE|| can be subtracted from total J to give the non-inductive
current JNI. Both modeling and appropriate fiducial discharges have been used to separate
the ECCD from the neutral beam current drive (NBCD) and bootstrap current. An example
of central current drive is shown in Fig. 1. The discharge is developed to be a sawtooth-free
L-mode plasma by the addition of early beam injection to maintain q(0) > 1. The top trace is
V|/ at the magnetic axis. On application of the EC power, 3\|/(O)/3t changes sign indicating
that the central loop voltage has gone from positive to negative. This indicates the central
non-inductive current drive is larger than the existing ohmic current; therefore, a back emf is
generated. For reference a discharge without ECCD is shown. The central loop voltage
remains positive throughout. Despite the long skin time, the ECCD is sufficient to modify
the current density as indicated by q(0) [°= J(0)] in the second trace. The bottom trace shows
that even the global quantities (here I;) change on the time scale of the ECCD pulse (-1 s).
Because the current adds to the existing current, q(0) = 1 is achieved more rapidly as
demonstrated by the earlier onset of sawteeth. Up to 200 kA of central ECCD has been
observed in discharges like these. The efficiency of the central ECCD exhibits the expected
temperature dependence and agrees with the current drive predicted by a linear model [3]. A
more stringent test of this model will be the off-axis ECCD experiments now in progress.

[1] PETTY, C.C., et al., Radio Frequency Power
in Plasmas, 12th Top. Conf. (1997), p. 225.

[2] FOREST, C.B., et al., Phys. Rev. Lett. 73,
2444(1994).

[3] COHEN, R.H., Phys. Fluids 30, 2442 (1987).
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Fig. 1. Time histories of the poloidal flux at the
magnetic axis y(0), t"e safety factor al the axis q(0),
and the internal inductance (£j) for a discharge with
(solid line) and without (dashed line) ECCD. The
single gyrotron delivers -0.5 MW starling at
1500 ms. 3000
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In these years improved confinement modes originated from the current profile j(r) (e.g. reversed shear) have been

investigated. Before applying these modes to a future fusion plasma, it should be confirmed whether j(r) can be

controlled during longer duration discharge than L/R time of the plasma. In TRIAM- 1M, a current profile control

experiment has been carried out by the combination of two lower-hybrid waves (LHW's: 8.2 GHz+2.45 GHz). The

internal inductance 1. is remarkably reduced by superposing the 2.45 GHz LHW on the 8.2 GHz LHCD plasma. This

means that j(r) changes from a peaked profile to a broad one. The result is also supported by hard X-ray measurements.

A transition phenomenon, however, occurs after j(r) has been formed in a steady state, and j(r) spontaneously

changes from a broad profile to a peaked one. A power threshold for the transition seems to exist. In this control

scheme, j(r) can be well controlled below the threshold power.

The current profile control has been investigated by superposing 2.45 GHz LHW on 8.2 GHz
LHCD plasma in TRIAM-1M (R~84cm, a~12cm, SUS wall, Mo limiter, Mo divertor plate). The
experimental conditions are as follows: The peak parallel refractive indexes of 8.2GHz LHW and
2.45GHZ LHW are adjusted at 1.5 and 1.7,
respectively. The RF power of 8.2GHz is varied
from 75kW to 105kW and that of 2.45GHz 0 to
20kW. The line averaged electron density is ~1013

cm3. The toroidal magnetic field Bt is7T.
It is expected that the current profile j(r) can be

controlled by combining two LHW's with different
power spectra; that is, by changing the power
deposition profile. The accessibility condition is not
dominated for the propagation of LHW because of
high Bt. In this experiment, the internal inductance
L and the hard X-ray emission profile viewing
vertically are used as the index of j(r). The value of
1{ is calculated using Shafranov A and kinetic
measurements of f$p for bulk particles and energetic
electrons. The p value for the energetic electrons
is deduced by the HX energy spectrum.

Figure 1 shows the waveforms of the combined
LHCD discharge. The 2.45GHz LHW with the
power of 18 kW is injected to the 8.2 GHz LHCD
plasma from 5 sec to 10 sec. When the 2.45GHz
LHW is superposed, the plasma current increases
from 20kA to 28kA with a time constant of ~100ms

"8

IZ4SLHW
8,gGHzLHW(7ffl<W)

(b)

(e)

4 6
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Fig. 1 The time evolutions of (a) plasma current,

(b) electron density at r=0cm, -6cm, (c) Shafranov

A, (d) Mol line intensity, (e) CX neutral flux

(E~2keV) near the boundary.

(i.e. an L/R time constant) and Shafranov A decreases from
1.2 to 0.6. The change in 1. before and after superposition is
estimated to be -0.5 from the Shafranov A. As shown in
Fig.2(a) and (b), hard X-ray profile change agrees qualitatively
with the change in 1.. Thus j(r) can be changed by superposing
2.45 GHz LHW. Moreover, j(r), namely I. can be controlled
within AlxO.6 by varying the power of 2.45 GHz [1].

As is seen in Fig.l, a spontaneous transition phenomenon
with j(r) profile change occurs even after a reasonable steady
state condition has been obtained. The timing of the transition
is indicated by the dotted line in Fig. 1. At that time, the plasma
current decreases and the electron density at the plasma center
increases. Shafranov A increases from 0.6 to 0.9. The current
profile should have become peaked again, since 1. increases to
the previous level before superposing the 2.45 GHz LHW. This
peaking is supported by the change in the hard X-ray emission
profile as shown in Fig.2(c). The impurity (Mo) influx to the
plasma due to interaction between the plasma and the limiter/
divertor plate increases after superposing 2.45 GHz LHW. The
time scale of this transition seems to be comparable to the L/R
time constant. The plasma-wall interaction may be one of the
reasons for the transition. In fact, the Mol line intensity
continues to increase gradually as shown in Fig.l(d). So, the
edge plasma should be cooled by this impurity and the transition
may occur at some threshold level.

The transition is sensitive to the RF power
of 2.45GHZ LHW. The transition is not
observed in the case of the 8.2 GHz LHCD
plasma only. The relative change in I. is plotted
as a function of the RF power of 2.45GHz in
Fig.3. The transition occurs two times as
indicated by arrows in the figure and j(r)
spontaneously changes to a more peaked profile.
A power threshold seems to exist for the
transition.

The current profile can be well controlled
below the threshold power by varying the power
of 2.45 GHz. It is expected that the
controllability will be more improved by
reduction of the interaction between the plasma
and the limiter/divertor plate.

-1.0

Fig. 2 Hard X ray (E=80keV) emission

profile at each phase (i, II, 111) shown

inFig.l(a)

164716

Fig. 3 Dependence of 41, on the power of 2.45 GHz. The

value Ali means the difference between li of combined

LHCD plasma and that of 8.2 GHz LHCD plasma. The

arrows indicate the timing at the current profile transition.
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On Tore Supra, the superconducting toroidal field system associated with a set of actively
cooled limiters and divertor neutralizes provide a unique opportunity to perform long pulse
operation when the plasma current is partially or folly driven non inductively. A 2 minute
discharge was obtained by driving, with RF waves, 80 % of a 0.8 MA plasma current.
The RF heating and current drive system includes waves at the ion cyclotron resonance
heating (ICRH) frequency, at the lower hybrid (LH) frequency and at the electron cyclotron
resonance (ECRH) frequency. The 6 antennas are in-port components as designed for ITER.
The 3 ICRH antennas use the resonant double loop concept, proposed by ORNL [1]. This set-
up allows to reduce the volume where high voltages and currents can be found to the current
strap and the matching capacitors. High RF power densities have been reached (15MW/m2),
and routinely used (10MW/m2) for pulse length between a few seconds and 30s. The remote
vacuum feedthrough is located in a matched transmission line working with VSWR < 1.2. A
feedback control of the matching capacitors keeps the VSWR below 1.2 during any plasma
conditions. During transients, higher VSWR values can trigger power limitations from the
generator system. The ICRH system is powered by 6 large-band generators (40-80 MHz). The
end stages are using Thomson Tubes Electroniques TH525 tetrodes, which have been
developed to allow a maximum anode dissipation power of 2 MW and a maximum output
power of 2.2 MW between 40 and 70 MHz for pulse duration up to 30 s. The output power
drops at 1.5 MW for CW operation (extensive 45mn tests).

The 2 LH antennas are powered by 16 klystrons operating at 3.7 GHz [2]. All the components
(klystrons, transmission lines and antennas) are actively cooled. The nominal output of the
TH2103 klystrons is 500kW/60s. On test load, an output of 400 kW for 1000s was obtained.
On plasma, 6 MW were coupled for 8 s (37 MW/m2, ERF=5.5 kV/cm). On Tore Supra, a
power density of 25 MW/m2 (ERF » 4.5 kV/cm) can be routinely achieved. Such a power
density was injected for 70 s in the limiter configuration and 20 s in the ergodic divertor
configuration. In both cases, a constant power reflection coefficient (<RLH>), resp. 5 and 7 %,
and a stationnary temperature, below 800°C, of the most heat loaded component, the antenna
guard limiter, were obtained.

Using two ICRH antennas and one LH antenna only, 6.5 MW were coupled for 25 s to a
plasma (Ip = IMA, < n > = 2.5xl019m"3). In this combined high power heating scenario, a good
stationary coupling is maintained with Rc=5 QJm for ICRH and <RLH> = 5% for LH (Fig. 1).
The antenna surface temperature was stable and did not exceed 900 °C on the guard limiters.
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Figure 1. Tore Supra pulse with 6.5 MW of
RF power injected for 25s

30

The ICRH and LH antenna guard limiter have to sustain high heat fluxes provided not only by
the convective heat from the plasma but also by fast particles due to specific, RF field induced,
acceleration processes occurring in the vicinity of the antennas. A new guard limiter, made
from carbon fibre composites tiles brazed on Cu-Cr-Zr water-cooled plates, allow stationary
heat fluxes up to 10 MW/m2 with a reasonable surface temperature (T<1000°C) and a good
margin with respect to the critical flux.
In order to increase the power available from an in-port antenna, a new LH launcher is under
construction with a radiating surface enhanced by almost a factor 2. This antenna will allow to
couple 4 MW at 25 MW/m2 level. This antenna includes a new type of poloidal splitter, a TE
01.03 mode converter, and a 6 waveguide multijunction as a toroidal divider. The water-cooled
prototype module has been successfully tested on test bed at high power (ERF = 6.8 kV/cm) for
1000 seconds with stationary temperature.
The building of Tore Supra's ECRH system (3 MW at 118 GHz) is now in an advanced stage
[3]. The prototype gyrotron is being developed by a consortium including the Commissariat a
PEnergie Atomique (France), the Ecole Polytechnique Federale de Lausanne (Switzerland), the
Forschungzentrum Karlsruhe (Germany) and Thomson Tubes Electroniques (France). The
tube is now being tested in CEA's site of Cadarache after successful tests at full power (500
kW) for pulses up to 5 seconds long. Long pulse tests are planned for duration up to 210
seconds. If these tests are successful, according to the schedule of manufacturing for the series
tubes, the first generator module (1.5 MW) will be available for the 1999 experimental
campaign and the second module by mid-2000.
The ECRH antenna already installed on Tore Supra will launch from the low field side six
microwave beams grouped by two's in three sets of independently steerable beams. Each set
can be directed from top to center of the plasma in the poloidal plane, and at an angle of+30°
to -30° in the toroidal direction. The polarization direction and ellipticity can be changed for all
beams, making possible experiments of heating and current drive both at the first harmonic in
ordinary mode or at the second harmonic in the extraordinary mode.

[1] Beaumont B. et al., Proc.of the 15th Symp. on Fusion Technology, Utrecht,
The Netherlands, (1988) 503.
[2] Rey G. et al., Proc.of the 17th Symp. on Fusion Technology, Rome (1992) 628.
[3] Pain M. et al, Testing of the 118 GHz - Quasi-CW gyrotron for the Tore Supra and TCV
Tokamaks, 20th Symp.on Fusion Technology, Marseille, 1998,
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Up to now, the Lower Hybrid (LH) wave remains one of the best candidate for an efficient
drive and control of the current which flows in the plasma. Such a goal is very attractive, owing to
the improved performances which are observed on main tokamaks by tailoring the current density
profile. Though numerous work has already been done in this field, a lot of detailed investigations
remain to be carried out in view to get a clear understanding of the wave propagation and
absorption processes which take place in the plasma, both in the core and edge of the plasma, and
therefore achieve long pulse operation. In this paper, recent progresses on the fast electron
dynamics in the core of the plasma by means of a powerful non-thermal bremsstrahlung
tomography are reported for TORE SUPRA LH experiments. Much in the same way, detailed
theoretical and experimental investigations of the anomalous heat load of components magnetically
connected to the LH radiating waveguide array are presented.

Fast electron dynamics from non-thermal bremsstrahlung tomography

The new tomographic system which has been
installed recently on TORE SUPRA with 59 lines-of-sight
and 8 energy channels between 20 and 200 keV for each
chord has allowed investigations of the LH wave dynamics at
a level of accuracy never reached on any tokamak [1]. Based
on a robust CdTe technology, the time and space resolutions
of the diagnostic are respectively 4 ms and 5 cm. At very
high input power level, the noise induced by neutron/y rays
remain at a low enough level for a clear identification of the
fast electron dynamics during combined heating regimes [2].
Hence, as shown in Fig.l, sawteeth which are clearly
observed in the lowest energy channel become evanescent at
higher energy. This new and original result, which is very
robust from shot to shot, is still observed when sawteeth
have a giant amplitude, a surprising result with respect to the
local modification of the magnetic topology which is expected
around the q = 1 surface. Recent LH-assisted ramp-up
experiments have also emphasized the important role play by

6.0
Time (s)

Fig.l. Variation of the sawteeth amplitude
vs. photon energy for a central chord.

the equilibrium in the LH power deposition profile. In particular, at low and moderate central
electron density, it is observed that LH power absorption takes place systematically in the core of
the plasma, even if a transient negative shear is achieved in this regime, whatever the waveguide
phasing at launch. Consequences for an effective current density profile control by the LH wave are

discussed, in connection with realistic ray-tracing calculations coupled with a 2-D relativistic
Fokker-Planck solver.

Moreover, no signature of any synergy between the LH wave and the fast wave mode
converted at a two-ion hybrid layer has been observed with the tomographic system, neither on the
photon temperature nor the intensity of the non-thermal x-ray emission, unlike on JET experiments
[3], even at much higher power density level and for close launching conditions.

LH power dissipation at the plasma edge

During LH current drive experiments on ASDEX, TORE SUPRA [4] and TdeV [5],
anomalous heat loads are observed on components magnetically connected to the radiating LH
waveguide array. An analysis performed by infrared thermography on TORE SUPRA has assessed
that the heat flux is a function of the LH input power level and the electronic density in front of the
grills. In some specific configurations, a high recycling regime may lead to high densities in the
scrape-off layer and heat fluxes up to 7 MW/m2 have been measured. Such a process is related to
fast electron generation in front of the LH grill. The large number of harmonics in the launched LH
power spectrum for very high values of the parallel refractive index N,, (1N,,I > 25 ) may carry a
sufficient fraction of the power (2-3 %) to accelerate the thermal edge electrons (- 20 eV) by
resonant wave-particle interactions up to an energy threshold given by a vanishing overlap of the
spectrum Fourier modes. It is found that, for typical electric field strength (4-5 kV/cm), electrons
may be accelerated up to 5 keV, using a simplified 1-D model [5,6]. As shown in Fig. 2., the heat
flux level normalized to the convective fraction on the LH guard limiter of TORE SUPRA may be
well reproduced by calculations which describe the edge acceleration process.

The generation of a fast tail in the velocity
distribution at the edge of the plasma is also
confirmed by an electrostatic particle-in-cell model
where the local electric field is determined in a self-
consistent manner by 2-D and 3-D calculations in
configuration and momentum spaces respectively.
Comparison between calculated and measured radial
power dissipation profiles are presented. The
possibility that additional acceleration processes may £3
take place by parametric decay of the LH wave in the o
vicinity of the grill, or LH wave scattering by local Z
density fluctuations is also discussed [7].

The experimental and theoretical
identifications of the key role played by the fraction
of LH power launched at high-N,, values in the
acceleration process of thermal electrons at the edge g'
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observed anomalous heat flow may be reduced by an gmrd l"""er

appropriate shaping of the edge of the LH waveguide septa. Recent experiments performed on
TdeV and TORE SUPRA with rounded septa have confirmed this analysis, which open the route of
reduced power dissipation at the edge during LH experiments, a critical condition for long pulse
non-inductive current-drive operation.
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The FTU experimental programme is mainly devoted to study enhanced confinement regimes in
a range of plasma densities relevant for ITER. The RF systems operating on FTU, 8 GHz
Lower Hybrid (LH), 140 GHz Electron Cyclotron and 433 MHz Ion Bernstein waves (IBW),
are well tailored both for Heating and Current Drive (CD) in the required range of plasma
parameters. In this paper the results of the LH and IBW experiments will be reported.
The LHCD efficiency has been studied in the following ranges of plasma parameters:

0.3< rT<1.15-1020 m"3, 0.2< PLHS1.2 MW, 0.22< Ip<0.5 MA, 4< B.^7.1 T with a peak

value N(| k= 1.32-5-2.43 and good directivity. No operational limit was met so far due to

impurity influx up to the highest power achieved P ^ l - 7 MW with a power density at the grill

mouth larger than 10 kW/cm2 and pulse length tpulse > 0.7 s. At n^>l-1020 m"3 the value of

the effective charge Z ^ during the LH phase is Z^-< 1.5, very close to the ohmic value,

whereas for ne < 0.5-1020 m"3 it rises from Z t f >2 to Z^j =3, due to the increase of the total

input power, from P^O.45 MW to >0.9 MW, and to the FTU metallic walls [1].

CD efficiencies T|CD=0.2 1020 m'2 A/W for clean plasma conditions are obtained with no

significant degradation as the density is increased up to the accessibility limit. Even though the
limited available power does not allow to reach full CD conditions at high density, a reliable
evaluation of the CD efficiency can be done, within the experimental errors, because in FTU
the effect of the residual electric field on the suprathermal electron tail is small. Data are given in

Fig. 1, where T|CD is plotted versus ne. Considering points around ne=l-10 m" for which

a good degree of accessibility is maintained T|CD values close to the maximum values are

achieved. On the contrary when the accessibility is marginal (N||pk=1.52 and BT= 6) the r ^
values are spread down to 0.1. If situations with accessibility even further reduced are
considered (BT=4 T, Nn k=1.52) very low T|CD are obtained. The comparison between
different launched spectra shows how the CD efficiency gets smaller as the N||pk is increased,
i.e. the LH waves become slower. The inaccuracy of the measurements can partially account
for the scatter of the experimental data, but low bulk electron temperatures (<Te> < 0.4 keV)
are generally associated with the lower CD values, and higher ones (<Te> > 0.8 keV) with the
higher CD values. This has been directly seen in a series of shots where the density has been
maintained approximately constant around ne=0.75*10 m" , and the safety factor between
5.6< q <8.7 varying the current in order to vary Te, data are given in fig 2. Preliminary
experiments with Electron Cyclotron heated plasmas confirm these observations [2]. We
attribute the fact that our efficiency is larger than in Alcator C [3], the only other tokamak which
operated up to now at so high densities, to the larger FTU electron temperatures, therefore we
confirm the possibility to attain at ITER densities efficiency values as high as found in JET or
JT-60 at much lower density.
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The IBW experiment on FTU [4] has the purpose to test the coupling of the IBW to a tokamak
plasma, via mode-conversion of a LH waves launched by a phased waveguide grill antenna
(two waveguides with dimensions w =3.7 cm, h=40 cm). The waveguide antenna and the
operating frequency, at least a factor 3 higher than the one used in the previous experiments,
should contribute to reduce the impurity injection during the RF pulse [5], and give to this
experiment major chances to prove the effectiveness of the IBW in tokamak plasma heating.
The maximum RF power coupled to the plasma was 350 kW (300 msec of pulse duration),
limited only by the RF power generator. The RF power reflection was found mainly dependent
on the scrape-off plasma density and the waveguide phasing. The values of the plasma density

at the antenna mouth ncAn, = 1016 * 10" m'3 and waveguide phasing A® « 30 were found for
optimum coupling. In this condition the antenna is located in the region of propagation of the
slow electron plasma waves with n ; />l; this region occurs between the cut-off, nc » 10'5 n v \

and the cold LH resonance density, ne = 4 1017 m'3. During the experiment the measured RF
power reflection coefficient of the antenna increased by increasing the plasma density at the
antenna mouth. This trend is in agreement with the waveguide antenna coupling model
developed for the IBW coupling to the plasma [6]. The impurity injection observed during the
RF pulse was mainly due to oxygen and carbon; the metallic impurity behaviour, instead,
showed a decrease during the RF pulse. The Zeff value showed an increase < 10% at the
maximum RF power. The maximum RF power up to now injected into the plasma corresponds
to a small fraction of the ohmic input (< 10 + 15%). An upgrade of the RF generator will allow
to couple an RF power of about 500 kW during the next campaign.

[1] M.L. Apicella et al., Nucl. Fus., 37, 381, (1997)
[2] V. Pericoli Ridolfini et al., Proc 24 EPS Conf. on Controll. Fusion and Plasma Phys,

Berchtesgaden, Germany, 9 - 13 June 1997, V.21A, Part JJI, p. 1157
[3] M. Porkolab, J. J. Schuss, B. Lloyd, et al., Phys. Rev. Lett., V. 53 , p. 450, (1984)
[4] Cesario et al Europhysics Topical Conference on RF H and CD of Fusion Devices,

Bruxelles 1998
[5] Cesario et al Nucl. Fusion, Vol. 34, n. 11 (1994), 1527)
[6] Cesario et al. Nucl. Fusion, 38, n.l, (1998), p. 31
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ECRH AND ECCD EXPERIMENTS IN AN EXTENDED POWER RANGE
WITH 70 AND 140 GHz AT THE W7-AS STELLARATOR

V. Erckmann. U. Gasparino, H.P. Laqua, H. MaaBberg,
W VII-AS Team
Max-Planck-Institut fur Plasmaphysik, EURATOM Association,
85748 Garching, Germany

ECRH Group
Institut fur Plasmaforschung, Universitat Stuttgart, Germany

V. Irkhin, S. Malygin
GYCOM, Nizhny Novgorod, Russia,

An overview on physics studies on ECRH and ECCD in an extended
parameter range at W7-AS is presented. Experiments were performed with an
upgraded ECRH power of up to 1.5 MW at 140 GHz and 0.4 MW at 70 GHz.
Both systems have a flexible optical launching system for on/off axis heating
and current drive. The power can be modulated with frequencies up to 10 kHz
for perturbative studies of heat transport, power deposition and current drive.
The 140 GHz system operates in 2nd harmonic X-mode (X2) launch at 2.5 T.
Electron temperatures of up to 5.7 keV, which can only be explained by the
beneficial effect of positive radial electric fields ('electron root') III, were
measured with 1.3 MW heating power at densities of 2 1019 m-3. This electric
field is generated by ECRH driven particle losses as experimentally confirmed
by the threshold behaviour and the response to heating inside and outside the
loss cone. At the highest power densities of about 50 MW/ m3 burst-like
instabilities are observed from ECE, which occur on a much faster time scale
than the collisional one and are attributed to wave instabilities.

The accessible plasma density with X2 heating is limited by the cut-off
condition (< 1.25 1020 m-3). This restriction is removed with mode conversion
heating, where an ordinary mode is converted to an extraordinary and finally to
Electron Bernstein Modes (O-X-B process) 121. Heating via the O-X-B process
at densities far above the X2 cut-off was successfully applied for the first time at
W7-AS, a thorough analysis of the experiments is presented. The theoretically
predicted parameter dependence on the density gradient, launch angle, and
magnetic induction was investigated experimentally and good agreement with
theory was found. Localized power deposition of the electron Bernstein waves
was measured as a function of the magnetic induction as shown in Fig. 1.

Fig. 1. Localized absorption of Electron-Bernstein waves in experiments with
mode conversion heating. The deposition profile is obtained from SX-
diagnostics (switch-off technique).

New ECCD experiments were performed at high input power (1.2 MW).
The EC driven current can be measured with a high accuracy (±100 A) because
it is not masked by a large inductively driven current as in tokamaks. A toroidal
launch angle scan was performed at a density of 2.5 1 0 " m-3 with inductive
compensation of the EC driven current (Ip=0) to maintain net current free
conditions with Ijnd + Iboot + IECCD = 0 ( I;nd ' s t n e inductive component, IbOOt
and IgcCD a r e t n e bootstrap and the EC-driven components, respectively). The
microwaves were injected from low-field-side in X2 mode polarization. During
the scan the toroidal magnetic field was adjusted to keep the (Doppler shifted)
deposition profile close to the plasma axis (AB /B s 10%, for [<pinj| = 30°).
Under these conditions, linear ray-tracing predicts a peaked deposition profile
with power densities of the order of 50 MW/m3. The required inductive loop
voltage is shown in Fig. 2 as a function of the launch angle (<pinj = 0°
corresponds to perpendicular injection, Iind = - I|,oot)> together with the linear
ECCD-efficiency from ray-tracing /3/ using the measured density and
temperature profiles. The dependence on the toroidal angle of injection is
accurately reproduced. To obtain quantitative agreement, a plasma resistivity of
R = 4 ui2 has to be assumed, which is close to the neoclassical Spitzer value
4 < Rnpo [u,£2] < 6 predicted for T^g =2. No strong discrepancy with linear
theory is therefore observed (if trapped particle effects are included), even at
these extremely high power densities. The maximum efficiency r)E C C D = 30
A/kW corresponds to a normalized efficiency YECCD = ne tcCD R ' PECRH -
0.015 1020 AAVm2. One has to notice that due to the low-field-side injection,
the EC-waves tend to interact and be absorbed by electrons from the bulk of the
distribution function and collisions are sufficient to suppress a strong
deformation of the Maxwellian distribution function. A different situation would
appear if the power could be deposited to tail electrons. In this case a higher
ECCD-efficiency is expected and quasi-linear effects become of importance even
at considerably lower power densities.

Fig.2. Left: Loop voltage vs. toroidal angle of injection in net current free
discharges, V,oqp = -(Ibopt + IECCD) / Ra . <pinj = 0° corresponds to
perpendicular injection. Right: Theoretically predicted current drive efficiency
(linear theory including trapped particle effects).

The different current contributions flow at different radial positions, i.e.
the bootstrap current is localized in the pressure gradient region whereas the
inductive current follows the plasma conductivity profile and the ECCD is
localized around the resonance. Thus the radial profile of the rotational transform
can be strongly modified by ECCD. Experiments were performed with negative
rotational transform in the plasma centre, i.e. i = 0 inside the plasma and, for co-
CD, central rotational transform well above i > 0.5. In the latter case strong
ECCD driven m=2 tearing mode activity is observed.

l\l R Brakel et al., Plasma Phsys. Control. Fusion 39, (1997) B273-B286
121 H. P. Laqua et al., Phys. Rev. Lett. 78, 3467 (1997)
131 Gasparino, U. ct al., Theory of Fusion Plasmas, Varenna, (1990) 195

83



CDP/06
XA9950782
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The experiments on control of sawtooth oscillations (STO) by electron cyclotron current drive (ECCD)
have been performed on the WT-3 tokamak (R0=65cm, a=20cm, B,() (MAX)=1.75 T). Stabilization and

excitation of STO are observed for counter-ECCD and co-ECCD, respectively, when the position of the
power deposition is located inside the inversion radius. These results are due to the modification of the
current profile near the magnetic axis.
In order to concentrate the EC wave power near the magnetic axis, the gyrotron output (frequency =
89GHz, max. power =I50kW) is focused near the center of torus. The elliptical Gaussian power
distribution measured with a thermal image camera has radii of 0.8cm in the direction parallel to the
major axis and 1.3cm in the toroidal direction at the focal point. By tilting the launching minor, the
launch angle is varied, and the index of refraction parallel to the magnetic field N^ is changed from -0.6

to 0.6. Also the launch angle to the equatorial plane can be varied. The EC wave is obliquely launched
from the low-magnetic field side in the extraordinary mode at the second harmonic.
The EC waves are injected into Ohmic heating discharges with the plasma current Ip=100 kA and line

average electron density n e=0.5X10* cm , in which STO are steadily excited. The position R2Qcc

where w-ZQ^ is satisfied, is fixed near the center of torus during the experiments. Fig. 1 shows the

typical plasma response to the EC wave injection in the cases of N^=0.56 and Nw=-0.56. Here, for

convenience1 sake, co- and counter-injection indicate the EC wave injection with N^>0 and N//<Q,

respectively. The EC wave propagates in the direction of electron drift for co-injection, while the EC

wave propagates in the direction of I for counter-injection. There are no notable differences in I p and

n c between co- and counter-injection, but there arc differences in the loop voltage and STO observed in

the soft X-ray signals. 1) The loop voltage for counter-injection is higher than that for co-injection

(Fig. I(a)). 2) STO are enhanced for co-injection (Fig. 1 (b)), while they are stabilized for counter-

injection (Fig. l(c)). The loop voltage falls from its value for the perpendicular injection (Nw=0) with

increasing N/(i for co-injections, and increases with increasing IN^I for counter-injections. It is inferred

that the differences of the loop voltages for different N^ are attributed to the driven current by ECCD

Assuming that the resistivity is identical for the discharges with the same IN/,1 and that the amount of the

driven current I^^j does not depend on the directions of ECCD, 1 ^ ^ is derived from the comparison

between the loop voltages for co- and counter-injection: Iccai=(Vco-Vcntr)/(Vco+Vcnu.)xIp. In the range

of IN^I<0.4, Igxd increases with increasing IN^I and remains almost constant in the range of

0.4<IN^I<0.6 as shown in Fig.2. In the cases of counter-injections, in which the driven current is anti-

parallel to I the periods of STO become longer as IN^l increases up to 0.4, then the STO are slabiliz.ed

for discharges with IN^I>0.4. In contrast, STO increase their amplitudes during co-injection, in which

the driven current is parallel to I . In this case, their periods are shorter than those of perpendicular

injection. The driven current I g ^ and the response of STO are investigated as a function of R2£3cc ^

changing the toroidal field shot by shot. Here, I^^j is evaluated from the loop voltages of the

discharges with N / /=0.56 and -0.56. The maximum of I a x x l is observed at R2JJCC =64cm, and 1 ^ is

positive in the range of 62cm<R2Qcc <67cm. During these experiments, the position of magnetic axis
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estimated using magnetic probes is R=66cm. Thus the maximum 1 ^ is observed when R2QC. is
displaced by 2cm from the magnetic axis toward the high-field side. As shown in Fig.3, STO are
stabilized by ECH at R2jjcc=61cm, corresponding to the position of the inversion radius estimated by

soft X-ray tomography [1], while the stabilization takes place when R2QCC is located inside the inversion
radius for counter-ECCD. Dependence of 1 ^ ^ on the injection angle to the equatorial plane is also
investigated. Maximum of 1 ^ is observed when the optical axis of EC wave passes through the
magnetic axis, and 1 ^ ^ decreases as the optical axis moves farther from the magnetic axis. In these
experiments, stabilization of S'l'O is observed for counter-ECCD when the optical axis passes inside the
inversion radius. Because the beam radius is smaller than the inversion radius, this result suggests thai
the stabilization is caused by the decrease of the current inside the inversion radius. Also the result
shown in Fig.3 suggests the STO stabilization for counter-ECCD is due to the decrease of the current
density near the magnetic axis, because only the electrons moving parallel to I can be selectively heated

by countcr-ECCD around the magnetic axis when R2Qcc is shifted toward the high-field side from the
magnetic axis. Thus the current density near the magnetic axis decreases. As a result, the safety factor
at the magnetic axis q(0) possibly rises higher than unity.
ECCD experiments are also performed in Ohmic heating discharges with I =70kA and ne=0.5X

10 cm , in which STO arc not excited. In this case, STO arc excited by co-IiCCD. In contrast to the
counter-ECCD, the excitation of STO by co-ECCD is inferred due to the increase of the current density
near the magnetic axis which leads q(0) to fall below unity.

[1] Y. Terumichi et al., in Plasma Phys. and Contr. Nucl. Fusion Research 1990 (Proc. 13th Int. Conf.
Washington), vol.1, IAEA, Vienna (1991) 777.
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The 140 Ghz ECRH system recently installed on the FTU tokamak is capable of delivering up

to 1.6 MW of power at the plasma for 0.5 s. The system is composed by four units, each one

including a gyrotron, a quasi-optical matching unit to an oversized, circular corrugated

waveguide carrying the HEi,i mode, and a set of mirrors to launch the EC wave in the form of

a polarized gaussian beam. The system allows a highly localized deposition of the EC power.

The most important aim of the FTU ECRH experiment is to investigate energy transport and

ECCD in high density plasmas with a strong electron-ion coupling.

Experiments were performed by injecting up to 0.4 MW of EC power both in steady-state

discharges, with standard monotonic q-profiles, and during the current ramp-up phase. In the

latter case, flat/inverted q profiles were obtained. Peaked electron temperature profiles, with

central values above 8 keV (Fig.l), were achieved during on-axis ECRH at ne=0.8 1020 nr3

during the current ramp, up to Ip 700 kA at 5-̂ 7 MA/s rate. Electron temperature profile

measurements by ECE analysis and by Thomson scattering are in good agreement and the

absence of supra thermal features in ECE spectra confirms the full absorption of the EC power

by thermal electrons. A value for the local electron thermal diffusivity as low as xe ~0-2 m 2 / s

at the centre was found. With off-axis ECRH, hollow temperature profiles were generated,

which flattened inside the absorption radius after the initial transient. A scan of the EC

absorption layer location from the centre to r/a= 0.45 in steady state Ip=350 kA discharges

produced a similar family of electron heating profiles (Fig.2), which are peaked with on-axis

absorption and flat inside the heated layer when the EC resonance is shifted towards the edge.

The thermal response of the plasma to localized ECRH heating in these conditions is consistent

with a diffusive character of energy transport. No heat pinch is required to fit the experimental

results.

EC on-axis heating at the fundamental resonance was performed in FTU in a range of peak

electron densities up to the cut-off value for the O-mode ncrit=2.4 1020 irr3. Localization is lost

by strong refraction only when the peak electron density is close to cut-off, as shown by ray-

tracing calculations and demonstrated in high density scans performed either by gas-puffing or

by pellet injection. A power of 350 kW was launched for 0.1 s during steady-state discharges at

700 kA, 1.2 keV of central electron temperature (averaged over several sawteeth), in addition to

1.2 MW of ohmic heating power. As a result of the electron-ion coupling the neutron yield

increases in a range of densities with an upper limit given by the cut-off value, and a lower limit

at no=O.7 1020 nr3, where the coupling is loosened. A maximum neutron yield enhancement

of 70% is observed at no=1.7 lO2^ nr3. From the neutron emission measurement on ion

temperature increase AT;: T; =10% can be inferred.

A time dependent interpretative transport code was used to estimate the power flow into and

through the ions. The xi values which better describe the observed enhancement of neutron

emission are a few times the neoclassical values, as already observed in ohmic FTU plasmas

in this density range. The dependence of xi on electron density will be analyzed.

Sawteeth have been transiently suppressed by off-axis ECRH at 350 kW in low current,

qa=7-f8.5 discharges, through a broadening of the current density profile, following the fast

resistivity drop around the EC heated layer. On high current discharges (700 kA), the observed

effect of ECRH on-axis at 350 kW when POH/PEC?^, is an increase of the sawtooth period,

due to the increased resistive diffusion time.

REFERENCES
1) S.Cirant etal., Proc. of 10th Joint Workshop on ECE Emission and ECRH, T.Donne and

Toon Verhoeven Editors, 369 (1997).
2 P. Buratti et al., Plasma Phys. Contr. Fusion 39, B383 (1997).
3) L.Argenti etal., Proc. 17th Symposium on Fusion Technology, Rome, September 14-18,

1992. p.432
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Evolution of the electron temperature
profile during central ECRH on a
discharge with reversed magnetic shear.

Electron temperature increase averaged over
several sawtooth cycles (upper profiles) and
power deposition profiles during the EC
resonance position scan in I =350 kA steady-
state discharges. The shaded areas indicate the
sawtooth inversion radii.
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Non-inductive current drive, additional heating, start-up assistance, profile control etc. in the
next generation of tokamaks can be provided by the launching of Electron Cyclotron (EC)
waves. Within the EURATOM-FOM Association a major part of the programme is devoted
to technological developments, such as a new EC source, and to studies of the interaction of
EC-waves with the RTP tokamak plasmas.
Technical developments.

• First microwave generation in the FOM Free Electron Maser.
A free electron maser (FEM) has been built as a pilot experiment for a mm-wave source for
applications on future fusion research devices such as ITER. A unique feature of the Dutch
fusion-FEM is the possibility to tune the frequency over the entire range from 130 to 260 GHz
at an output power exceeding 1 MW. In the first phase of the project the electron gun is
mounted inside the high-voltage terminal (inverse setup). The entire beam line was tested
successfully with extremely low loss current, less than 0.05%. First generation of mm-waves
was achieved in October 1997 [1]. Highest peak power measured so far is 730 kW at 200
GHz. This was achieved with a beam current of 8 A and an acceleration voltage of 1.77 MV.
Output power, start-up time, and frequency correspond well with simulation results. The same
simulation yields the design values of !.2 MW at 12 A beam current. These values are
expected to be reached next year after reassembling of the device in the normal setup.

• The RTP launching structure.
The present ECR system at RTP consists of two 60 GHz, 200 kW gyrotrons used for ECRH
and ECCD at the first harmonic and one 110 GHz gyrotron (500 kW) for studies at the
second harmonic frequency. In the first set-up the 110 GHz beam at RTP was launched
radially in the midplane from the outboard side using a fixed mirror in front of the tokamak
window. In the fall of 1996 the launcher has been extended with a set of two in-vessel mirrors,
which allow deposition over the entire poloidal cross-section in a broad range of toroidal
directions. It is also possible to sweep the deposition of the RF power, during a plasma pulse,
over a preprogrammed trajectory. The mirror motion can be started by a trigger derived from
the plasma diagnostics as a first step towards active instability control [2].
For current drive studies optimum launching in toroidal direction requires elliptical
polarization of the beam. Therefore an elliptical polarizer, consisting of two grooved,
rotatable mirrors, has been installed recently.

* Partner in the Trilateral Euregio Cluster
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Experimental results
• Second harmonic EC current drive.
In the RTP tokamak (R = 0.72 m; a = 0.16 m, BT < 2.5.T; Ip < 150 kA) second harmonic
current drive is obtained with the 110 GHz gyrotron [3]. Considerable fractions (typically
25%, maximal 60%) of the plasma current are driven in a very localized way. The dependence
of ECCD on RF power, density, injection angle, and toroidal field have been investigated
extensively with linear polarization of the launched power. Then the efficiency - HCRICD/PRF -
is » O.lxlO19 A/Wm2. In the first experiments with elliptical polarization an improvement of
this figure of merit of « 30 % is observed. This agrees nicely with the expected increase in
coupling efficiency to the 2X-mode for off-perpendicular launching.

• Avoidance of density limit disruptions.
After the energy quench of a density limit disruption, the temperature of the plasma drops
significantly. This causes a resistive decrease of the plasma current, and a loss of position
control. In RTP we have investigated the possibilities to reverse this process by the injection
of EC power. Density limit disruptions were produced by puffing with He gas in a He plasma.
The precursor instabilities were monitored by a signal representative of the m = 2 power. A
predefined threshold in the amplitude of this signal was used to trigger the 110 GHz gyrotron.
By changing the position of the EC resonance layer it was found that a delay or avoidance of
the quench occurred more frequently for some positions [4]. For example with radial injection
of the power reversal was only obtained for a narrow region around r/a = 0.6. The highest
success rates (up to 70%) were obtained for injection in co-drive direction for resonance
positions r/a = 0 and r/a = 0.5.

• Cross polarization scattering experiments.
In a recent series of experiments the phenomenon of mode conversion (or cross polarization
scattering (CPS)) reported in [5] was further investigated. Then it was found that during
heating experiments (60 GHz, 160 kW, 40 ms) with the waves injected from the low field side
in O-mode a considerable fraction (several percent) was converted to X-mode before reaching
the high field side detectors. The main results are that: - CPS is only seen with the deposition
radius r/a < 0.22, i.e. inside the q = 1 surface; - The X-mode level strongly diminishes with
increasing density; - The signals are detected in a narrow band of 10 MHz around the injected
frequency; - Usually a time delay of 1 to 10 ms between the start of the ECR pulse and X-
mode signals is observed; - There is a strong correlation between the observed X-mode level
and the time behavior of the EC emission from the hot core.

There is strong evidence that CPS is connected to the presence of filaments within the q = 1
radius. These filaments cause probably strong magnetic field fluctuations, which are needed
for an enhanced CPS.

This work was done under the Euratom-FOM association agreement with financial support
from NWO and Euratom.
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The Tokamak Fusion Test Reactor (TFTR) recently completed 14 years of operation, the
last decade of which included detailed studies of the physics of wave plasma interactions in the ion
cyclotron range of frequencies (ICRF). A significant part of the concluding experiments focused
on the development of techniques for localized current and pressure profile control that are relevant
to deuterium-tritium (DT) high performance plasmas. In this paper, results from the final
experiments on DT mode conversion (MC), poloidal shear flow drive with both direct launch ion
Bernstein wave (IBW) heating and indirect launch off-axis mode conversion heating, tritium
minority heating and ICRF effects on toroidal rotation will be presented.

Steady-state operation in advanced tokamak regimes will require auxiliary means of
controlling both the current and pressure profiles. Noninductive currents driven by mode converted
ion Bernstein waves have previously been demonstrated in TFTR with non-DT plasmas [1]. Initial
mode conversion experiments in D-T plasmas were hampered by significant parasitic ion
absorption on a dilute lithium-7 minority present in the plasma due to wall conditioning
processes [2]. After switching to the use of deuterium-like lithium-6 for the final run period, mode
conversion at the D-T ion-ion hybrid resonance was explored and found to provide localized ion or
electron heating, depending on the target plasma parameters. For ion temperatures above 25 keV,
significant Doppler broadening of the tritium cyclotron harmonic layer occurred, leading to tritium
ion absorption near the mode conversion layer where the E+ wave field polarization peaks.
Localized electron heating which correlated with the input ICRF power modulation was observed
when Tj was below approximately 25 keV. Results are consistent with analysis from the ID kinetic
wave code, METS95 [3]. This newly developed code solves for the wave fields and absorption
profiles without assuming the small Larmor radius limit, as has been done commonly in the past.
In related experiments with lower tritium concentrations (<20%), tritium minority heating rather
than mode conversion heating occurred. An energetic tritium tail population formed and toroidal
Alfve'n eigenmodes were excited. Direct tail temperature measurements obtained with the PCX
diagnostic indicate that T^, ~ 175 keV + 40% in this regime.

In previous experiments on PBX-M, the combination of off-axis direct IBW ion heating
and core NBI fueling and heating led to the formation of an internal transport barrier (ITB) and
consequently, an enhanced core confinement regime (CH mode) [4]. It has been suggested that the
formation of the internal transport barrier was due to localized sheared poloidal flow driven by the
IBW absorption [5]. Since the location of the ITB is controlled by the location of the IBW
absorption layer, IBW may provide a means of controlling the local pressure profile in tokamaks.
A new IBW antenna was installed and direct IBW heating experiments were conducted on TFTR in
1997. Though core heating was observed with the directly launched ion Bernstein waves, coupling
was degraded by parasitic surface mode excitation and at most 50% of the launched power was
absorbed in the plasma core [2]. Nevertheless, a localized sheared poloidal flow was observed
with a new poloidal rotation diagnostic, as illustrated in Fig. 1 for a plasma with about 200 kW of
core power absorption. The direction of the observed poloidal flow is in agreement with theory.
However, the flow produced by the IBW was insufficient by a factor of 3-4 to suppress local
turbulence [2] and create a local transport barrier. A simple measure of the amount of power
required for transport barrier formation may be obtained by requiring the shear in the poloidal

flow, 3Vp / 3r , to exceed the turbulence suppression condition, C s / Ls , where C s is the sound

speed and Ls is the connection length [6]. For TFTR, the estimated power required for turbulence

suppression is 1 - 2 MW. Improved core absorption was obtained on TFTR with in-phase as
opposed to out-of-phase poloidal launch. Hence, poloidal launch control may be the key to
achieving sufficient core power absorption to meet the modest power requirements for turbulence
suppression and transport barrier control in future tokamaks.

Off-axis mode conversion heating experiments were also conducted in D-3He plasmas to
investigate whether sheared poloidal rotation could be driven efficiently with mode converted ion
Bernstein waves as well as with direct launch IBW. As in the direct launch case, a small localized
poloidal flow was detected. However, the location of the peak flow occurred slightly to the low
field side of the mode conversion layer and may have been associated with the nearby wave cut-off
layer. Further analysis and theory development is under way to understand these observations.

3-5T.ME(s)4-°

Fig. 1. The change in poloidal speed, v6, resulting from
the application of direct launch IBW is shown for different
major radii.

Confinement enhancement in reversed shear (RS) discharges is associated with large core
pressure gradients and large radial electric fields, as inferred from the radial force balance equation
for a given plasma species 7]. The inferred sheared E x B flows may suppress turbulence, thereby
resulting in the observed confinement enhancement. Studies by Synakowski et al [8] have
demonstrated that varying Er by changing the NBI-induced toroidal velocity can optimize the
duration of the enhanced performance phase of RS discharges. ICRF heating has been observed to
substantially decrease both NBI-induced co and counter toroidal rotation in all regimes except for
mode conversion on TFTR. The physical mechanism is not clear, but the rf tends to act like a
viscosity rather than a torque. Nevertheless, the effect of ICRF on toroidal rotation may provide a
means of optimization of reversed shear discharges.

'Work support by U.S. D.O.E. Contract #DE-AC02-76CH03073.
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In Alcator C-Mod, ICRF (ion cyclotron range frequencies) heating is the primary
auxiliary power source. The system routinely injects up to 3 MW at 80 MHz into the
plasma. The principal heating scenarios are D(H) and D(3He) minority heating (minority
species in parentheses) for 5.4 T and 7.9 T plasma discharges, respectively. Compared
to D(H) minority heating, D(3He) minority heating has lower theoretical single pass ab-
sorption. However one would expect the absorption efficiencies {r)abs = Pabs/Pinj) to be
similar because the launched wave should be absorbed on successive transits. Initial ex-
periments indicated that nab, was lower for D(3He) (50 - 70%) than D(H) (80 - 90%) [1].
In these experiments, n^i depended upon minority fraction with an average rjaj, ~ 75%
for njHe/n,. ~ 2 — 10%. Experiments varying the H and 3He concentration were done to
investigate the transition from minority to mode conversion heating.

In the D(3He) case, n3He/n<. was scanned from ~ 1 - 30% at 7.9 T and n,, ~ 2 - 3 x
1020m~3. The vai,s is calculated from the discontinuity in the slope of the stored energy
at RF transitions. Shown in Fig. 1 is the r]at, as a function of n3H«./ne. The absorption
is maximum when nsne/ne ~ 2 — 10%. The decrease in TJO6J below this concentration
is probably a result of the decrease in single pass absorption which scales as minority
concentration. It is unclear where the remaining power is absorbed. However, we speculate
that this power may be absorbed parasitically at an Alfven resonance, located on the
tokamak high field side, or by RF sheath effects near the plasma edge. For n3He/ne >
2 — 10%, the measured nai, decreases which may be an artifact of the analysis. In these
L-mode discharges, significant mode conversion is measured off-axis, outside the q = 1
surface, where the local confinement time may be significantly shorter than the global
confinement time. The analysis requires 10 msec (diagnostic limitation) to determine a
slope at an RF transition, which is no longer much less than the local confinement time.
Local analysis of the electron absorption can be analyzed over smaller time interval (~
1—2 msec) reducing the ambiguity due to thermal transport. Furthermore, analyzing the
local electron absorption provides an opportunity to compare theoretical deposition profiles
calculated from full wave codes with experimental data. Shown in Fig. 2 is a comparison
between TORIC (full wave code) and experimental electron power deposition profiles. The
square symbols represent the expected experimental profile given the predicted profile and
the ECE resolution. The experimental and theoretical profiles are in good agreement.

In the D(H) scenario, the minority concentration was scanned from ~ 1 — 30 % as
measured by passive charge exchange. We investigated the absorption and mode con-
version efficiency and electron and ion heating power for D(H) as a function of minority
concentration. Mode conversion in D(H) discharges has been relatively unexplored, and

calculations suggest that efficient D(H) mode conversion may be difficult to achieve. This
can be understood physically because the incoming fast wave must tunnel through a larger
evanescant region to reach the mode conversion layer. Analysis of modulation experiments
will be presented along with calculations of single pass absorption and full wave analysis.

1.0
Figure 1: Total absorbed power versus
3He concentration from discontinuity in
slope analysis of plasma stored energy at
RF transitions.
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Figure 2: Comparison of experimental and
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Early RF heating was also combined with Li pellet injection to investigate the influence
of central q > l(qo) on accessing and maintaining pellet enhanced performance (PEP)
mode. Up to 2.5 MW of ICRF power was injected into the plasma resulting in 4.6 keV
central electron temperatures at ne ~ 1.25 x 102om~3 before the onset of sawteeth (<
0.23sec). Accessing PEP mode depended upon the timing of the pellet injection into the
current rampup. Early pellet injection discharges did not exhibit PEP behavior when 90
is expected to be » 1 and Ip ~ 0.5 MA. For later injection (but before onset of sawteeth
and <jo < I)- PEP mode was readily obtained. However, there was little indication that
the PEP mode was extended beyond what is normally observed in flat top PEP modes.
•Work supported by US DoE under Contract No. DE-AC02-78ET51013.
References

[1] P.T. Bonoli et al., in Plasma Phys. and Cont. Nuclear Fusion, Proc. of the 16"1 Int.
Conf., (Montreal, 1996), (IAEA 1997).



CDP/11 XA9950787

Comparing high power ion cyclotron resonance frequency heating
with neutral injection in ASDEX Upgrade :

differences, similarities and synergies

J.-M. Noterdaeme, D. A. Hartmann, A. Stabler, M. Brambilla, B. Briisehaber,
J.C. Fuchs, J. Gafert, A. Gude, B. Kurzan, R. Neu, W. Suttrop, S. Vergamota*,
F. Serra*, H.-P. Zehrfeld, ASDEX Upgrade Group, ICRF Group, NI Group

Max-Planck-Institut fiir Plasmaphysik
Euratom Association
D-85748 Garching, Germany

* Centra de Fusao Nuclear, Instituto Superior Tecnico,
EURATOM Association
P-1096 Lisboa Codex, Portugal

In the past, high power regimes have been investigated - on tokamaks with
divertors - to a large extend with neutral injection (NI) heating. High power ion
cyclotron resonance frequency (ICRF) heating has been hampered by the sensitivity of
the ICRF coupling to the plasma parameters in the edge. Specifically in divertor
machines, where large powers frequently lead to type I ELMy H-modes and thus to
large variations in the edge parameters, it was harder to access the high power regime
with ICRF. Consequently, most of the high power data include inherently NI specific
features such as the coupling between power and refueling, a broad and density
dependent power deposition profile, fast particle effects and often rotation. Many of
those features will not be present in future large machines such as ITER.

The recent installation of 3 dB couplers on ASDEX Upgrade, has effectively
shielded the RF generators from the changes in coupling (even from those due to type I
ELMs, despite their high frequency and strong variation on a short time scale) allowing
them to operate on an almost constant load. Significant increases in the maximum ICRF
power to the antennas (up to 5.7 MW) and in the power routinely achievable for
standard scenarios (4 MW) could thus be achieved. Comparison of ICRF and NI at
high power has thus become possible in ASDEX Upgrade.

With ICRF, heating can be separated from refueling; further, by using different
heating scenarios, fast particle effects can be isolated, the deposition can be specifically
targeted to ions or electrons, and the narrow power deposition can be localized
indepedently of density. Thus, high power ICRF and its comparison with NI permit to
separate the effects specific to the heating methods.

At 5 MW, we are typically 3 times above the H-mode threshold. With 0.4
MW/m^, the resulting average power density exceeds by a factor 4, the maximum
achievable in JET for a comparison between ICRF and NI.

Significant differences were observed in the density and temperature profiles,
and in the sawtooth behaviour between ICRF and NI reflecting the distinctions in
refueling and power deposition (for ICRF: H minority heating in D, central position of
the resonance layer, f = 30 and 31.6 MHz, Bt = 2.1 T, Ip =1 MA, power to the antennas
4.7 MW and for NI : D injection, 60 keV, injection angle 19s w.r.t. perpendicular at the
center, 5 MW). Whereas the central density is only slightly less with ICRF than with NI
(5.7 101 9 m"3 vs 6 10 1 9 irr3), the profile is much flatter with ICRF (the density at

r/a=0.9 is still 96 % of the central density, vs 75 % for NI). At the top of the sawtooth,
the central electron temperature is higher with ICRF (5.5 keV vs 4 keV for NI). The
higher temperature extends over the whole profile but the ratio (ICRF/NI) decreases
towards the edge (1.25 at r/a = 0.4, close to 1 near the separatrix) resulting in a more
peaked profile. At the bottom of the sawteeth, the differences in central Te are smaller:
3.6 keV for ICRF, 3 keV for NI.

The higher average electron temperature and sawtooth amplitude with ICRF
exist simultaneously with a shorter sawtooth period (82 ms vs 120 ms with NI). This is
not only due to faster initial central heating rate (58 eV/ms vs 22 eV/ms), but also due to
a shorter period during which the electron temperature is saturated. For minority
heating, the sawtooth period increases with increasing power (from 48 ms at 3 MW to
82 ms at 4.7 MW). When the position of the resonance layer is varied, a more central
position of the resonance layer result in a longer sawtooth period. This indicates
competing mechanisms : on the one hand localization of the electron heating and
resultant change in current profile and on the other hand a stabilizing effect of fast
particles. The latter can be separated by using mode conversion heating (He3 in H ) : the
power goes to the electrons and no stabilizing effect due to fast particles occurs; in this
case the sawtooth period decreases with increasing ICRF power and the influence of the
localization of the power can be analyzed [1].

The global (bulk+divertor) bolometric radiation in unseeded plasmas is similar
for ICRF and for NI (Prad/Ptot = 0.7). Its distribution is different: for ICRF the
radiation from the bulk plasma is slightly less than for NI (Prad b/ptot = 0.3 vs 0.4) and
that from the divertor higher (Prad d/Ptot= 0-4 vs 0.3) at the highest powers.

In contrast to JET results [2], no differences were observed in ELM frequency
for powers ranging from 2.5 to 5 MW, where the plasma is far into the H-mode (1.5 to
3 times the threshold power, type I ELMs). The average electron temperature near the
separatrix (0.95 < ppol < 1-05) is similar for NI and ICRF heated plasmas. Whereas
the heat pulse due to the sawteeth leads to a somewhat larger temperature excursion in
the case of ICRF (consistent with the larger amplitude of the sawteeth in the center), the
variation of the edge electron temperature due to the ELMs is the same for ICRF and NI
heated plasmas in the range 0.95 < ppol < 1.05.

Differences are observed between ICRF and NI in the edge near the H-mode
threshold: at the L-H transition, the fluctuation in the electron density for purely ICRF
heated plasmas do not show a complete broad band suppression as is observed with NI
heating, but only a suppression at the frequencies 50 ± 30 kHz, leaving a high
frequency fluctuation at around 100 kHz in the ELM free H phase.

On TEXTOR [3], a beneficial effect of adding ICRF heating has been observed
on the accumulation of high-Z impurities. By injecting impurities with repetitive laser
ablation on AUG (and with the observed identical behaviour of the ELMs), we can pro-
vide a constant impurity source at the edge. This allows the comparison of the impurity
transport behavior during NI heated and ICRF heated periods in one single discharge.
Preliminary experiments confirm a difference in the inward transport of the impurities.
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RF Research in CDX-U

The efficacy of high harmonic fast wave (HHFW) electron heating and off-axis
current drive, and the development of non-inductive startup schemes, are two critical issues
for very low aspect ratio spherical torus (ST) devices. In high-P ST plasmas, the plasma
dielectric constant is much larger than in conventional tokamaks. HHFW can be used for
current drive from startup through the high performance phase, since high frequency fast

waves are effectively absorbed in plasmas with p from 5% up to about 50%. Noninductive
startup is a necessity for an ST-based reactor, since the OH transformer in the center stack
would have to be eliminated to take full advantage of the compact ST geometry.

As the first fusion facility to investigate radio frequency (RF) heating and current
drive in an ST, the Current Drive Experiment-Upgrade (CDX-U) is exploring the physics
of fast wave coupling, heating, and startup. A concern with HHFW heating is the large
magnetic field line pitch at the outboard midplane of ST's, which could lead to undesirable
slow wave excitation. To address this concern, a rotatable, two strap antenna was installed
on CDX-U. Like the NSTX design, the antenna has an insulating limiter to minimize any
RF-induced modifications to the scrape off layer, and is operable at arbitrary phasing.

One of the first detailed measurements of wave field profiles in an HHFW
experiment was made with a vertical interferometer as the beam was scanned in major
radius (pig. 1). The RF-induced fluctuations in the line-integrated density were found to be
proportional to the line-integrated background density. This implies that the line-
averaged electric field amplitude profile is
reasonably flat, and that wave fields are
present in the plasma core. The observed
loading can also be accounted for by fast
wave excitation until the straps are within
approximately 30° of being parallel to the
edge magnetic field. Parasitic loading and
impurity generation are weak and nearly
independent of antenna phasing and
angle. These results are encouraging for
the application of the HHFW in future ST
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Fig. 1 Normalized RF-induced fluctuations
in the line-integrated density imply a flat
electric field amplitude profile.

devices, since they relax the antenna requirements for optimized loading and coupling.
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First Evidence of RF Heating in an ST

Fast wave election heating has been observed in CDX-U with a Langmuir triple
probe in both hydrogen and deuterium plasmas ((U/QH = 8 and a/Qfo - 16, respectively).
The temperature data are from a normalized minor radius of r/a = 0.6, or about two-thirds
of the way out from the center of the plasma. An increase of up to about 50% in the local
electron temperature is observed during RF heating, with 70% of the incident RF power
coupled to the plasma based on the increase in stored energy and radiated power. The rate
at which the electron temperature drops at the termination of the RF pulse is consistent with
the estimated energy confinement time, and much slower than the characteristic decay time
of the RF pulse. This indicates that the probe is responding to Te rather than RF pickup.

RF Startup with High Harmonic Fast Waves

Plasma breakdown in CDX-U is usually effected with a separate RF system for
electron cyclotron resonance heating (ECH). Recent experiments demonstrated
noninductive startup solely with HHFW. Plasma densities up to »1012 c m 3 were obtained,
although electron temperatures were only 5 - 10 eV. This is more than an order of

, magnitude higher density than the values obtained with ECH alone. These studies will be
repeated in die future with additional RF sources operating near the ion cyclotron
frequency. Numerical modeling of CDX-U performance indicates (hat noninductive startup
of plasma currents up to 50 kA (q(a) <= 10) will be feasible in CDX-U using these systems
for heating and current drive.

Innovations in Diagnostics and Impurity Control

Sensitive imaging diagnostics are important for understanding plasma conditions
during the relatively cool start-up phase of the discharge. Ultrasoft X-ray arrays are
planned for this purpose on the National Spherical Torus Experiment, a next-generation ST
device at the Princeton Plasma Physics Laboratory. A prototype multilayer mirror (MLM)
detector for this system was successfully tested on CDX-U, using the C V emission at 40.5
A. A scan of the mirror angle around the C V line showed a spectral resolution of 1.3 A,
and the time evolution of the signal matched the data from a photodiode detector with a 30-
90 A filter. Because the X-ray energies are determined from the angle of the Bragg
scattering off the MLM, the detectors avoid a direct view of the discharge. This also makes
them useful for edge fluctuation measurements, since unlike standard filtered photodiode
detectors their signals are not dominated by the emission from the plasma core.

The low toroidal fields and core plasma densities common to the ST preclude
electron temperature measurements based on standard electron cyclotron emission
techniques. Theory suggests, however, that the Electron Bernstein Wave (EBW) can
propagate from the emission region to the plasma periphery, where it can be detected.
Studies of the EBW should then allow proof-of-principle tests of both electron heating and
electron temperature measurements, and the latter diagnostic application would augment the
twelve spatial point Thomson scattering (TS) system planned for CDX-U.

The control of impurities is a critical issue for all magnetic confinement devices. For
this purpose, titanium gettering has been used in CDX-U. In addition, preliminary
experiments with a Boron Low Velocity Edge •Micropellet Injector have been performed.
Further studies of its effectiveness will be conducted with diagnostics that include a filtered
gated TV camera, bolometry, visible spectroscopy, and soft X-ray arrays.

*This work supported by USDoE contract No. DE-AC02-76-CH0-3073.
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The excitation and localized damping of electron Bernstein waves (EBW) in

toroidally confined plasmas presents the possibility of efficient means for plasma heat-
ing, current drive, and current profile control with external power in the electron cy-
clotron range of frequencies (ECRF). Such use of EBW is particularly interesting for
high-/? plasmas (e.g., MAST, NSTX), but is also applicable to moderate and low-/?
tokarnaks on which it can be tested.

In high-/? plasmas, ECRF excitations from the outboard side in the ordinary (0)
or extraordinary (X) modes are cutoff near the plasma edge. However, the X modes
can be directly mode-converted to EBWs at the upper-hybrid resonance (UHR). The
EBW can then propagate into the center of the plasma and damp on electrons near the
Doppler-shifted electron cyclotron resonance (or its harmonics). This mode conversion
can be enhanced (in principle, up to 100%) by the presence of the left-hand cutoff of
the slow X mode. The right-hand cutoff of the fast X mode, the UHR, and the left-
hand cutoff of the slow X-mode form a "triplet" cutoff-resonance-cutoff scenario of the
type encountered in the mode conversion of the fast Alfven waves to ion Bernstein
waves [1], Such a mode-conversion process is not limited to any particular launch
angle of the incident X-mode. Rather, a broad range of fc||'s can undergo significant
mode conversion to EBWs.

In order to determine the appropriate parameter regimes for which a significant
fraction of the input X-mode power can be mode-converted to EBWs, we have used
a slab geometry model for wave propagation along the equatorial plane. We have
treated the mode conversion process in a cold plasma in which the resonant power
absorption at the UHR is equivalent to the power mode-converted to EBWs [2]. We
have also generalized this treatment to include the kinetic EBW, thereby eliminating
the singular cold plasma UHR layer [3]. Both treatments give essentially the same
mode conversion coefficient. While the cold plasma model provides a simple route to
an analytic evaluation of the mode conversion efficiency, the kinetic mode conversion
description provides a detailed interpretation of the mode conversion process and the
energy flow.

Following our previous analytical studies [1], the power mode-conversion coeffi-
cient is:

4e-ir" (1 - e-*" H (i)

where, for the X-mode [2]:

n = Ln = — Inn.(s) (2)

6 = phase of Ff—irj/2), SleuH is the electron cyclotron frequency at the UHR, and 4>
is the phase difference between the slow X mode propagating towards the left-hand
cutoff and the reflected component propagating towards the UHR. Using the form
of r) given in Eq. (2), we find that r; scales as rj ~ BLn, where B is the magnetic
field, and Ln is the density scale length at the UHR. To achieve a mode-conversion
coefficient of 50% or more in conventional tokamaks (high B's) would require very
short density scale lengths — such as near the edge in the H-mode of operation. For
NSTX and for high-/3 devices with a comparatively low magnetic field, the density
scale length does need not be as short.

We have generated a full-wave mode conversion analysis, and a numerical code for
high-/? scenarios in NSTX. We find that over a broad range of frequencies, from about
16 {jtiz to about 19 GHz, the mode-conversion efficiency is greater than 50% and has
a maximum of 98% near 16 GHz. In this frequency range, the second harmonic of the
electron cyclotron frequency is located approximately halfway into the plasma near
where the energy deposition of the EBW is found to be localized. Figure 1 shows
the mode conversion efficiency as obtained from the full-wave cold plasma resonance
absorption model, and from the full-wave kinetic model which explicitly includes the
EBW. The results can be understood in terms of the analytical description described
above and can be used as a guide in designing systems to accomplish this type of
efficient excitation of EBWs.

We have also studied the dispersion characteristics of the EBW and determined
the damping rate of EBWs near the harmonic of the electron cyclotron frequency.
Details of the mode conversion scenarios, and the propagation of EBWs will be pre-
sented.
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Figure 1: Mode conversion vs. frequency for NSTX. Solid line based on cold plasma
resonance absorption model; dashed line based on model for mode conversion to ki-
netic electron Bernstein wave. R = 1.05m, a = 0.44m; nt0/n0 = nE + (1 - ne)(l -
x2/a*)i/2. nQ = 3 * iOi9/m3; T.o/To = TB + (1 - TE)(1 - x2/a2)2; To = 3 keV;
nE=TB = 0.02; |B| = 0.27T at plasma edge.
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Advanced tokamak modes with high confinement, high /?jv, and high bootstrap cur-
rent fraction can lead to more economical fusion reactors. The key tools for advanced
tokamak research are flexible pressure and current density profile control by heating and
current drive. Alcator C-Mod is a unique facility for testing the physics of current profile
control and access to advanced tokamak modes of operation. The compact device size
(iZo = 0.67 m) allows significant off-axis current generation at reactor relevant densities
and magnetic fields (Bo c* 4 - 5 T and (ne) £ 1 x 1O20 m~3). The highly shaped C-Mod
geometry (KX ~ 1-8, Sx ;$ 0.8) leads to increased /3-limits relative to elliptical and circular
configurations. Also, the discharge duration at Bo — 4 — 5 T and Te(0) ĉ  5.0 keV is in
excess of TL/R, making advanced tokamak physics studies possible in plasmas with fully
relaxed current density profiles. This is to be contrasted with experiments to date [1,2]
where enhanced confinement modes have only been achieved transiently.

Scoping studies have been carried out using a sophisticated current drive and MHD
equilibrium code (ACCOME) [3] to identify a path to an improved confinement regime
using off-axis current profile control in the form of lower hybrid current drive (LHCD).
These improved confinement modes are characterized by reversed shear current density
profiles with q(i)>) > 2 everywhere, i.e. the enhanced reversed shear (ERS) [1] and negative
central shear [2] modes. It has been found that reverse shear current density profiles with
<?(t/>) > 2 can be created and maintained using 3 MW of off-axis LHCD at 4.6 GHz. Lower
hybrid current drive is ideally suited for off-axis current generation because the LHCD effi-
ciency is not reduced significantly by the effects of trapping or lower electron temperature.
The time dependence of this discharge evolution is simulated by a sequence of equilibria
starting with an ICRF heated target plasma representative of what has been achieved ex-
perimentally in C-Mod [4] and ending with a plasma near the /3-limit (/?N ~ 3.5) [5]. The
initial equilibrium is characterized by q(0) ^ 1, Bo c? 4.0 - 4.4 T, ne(0) ~ 1.5 x 1020 m"3,
and Te(0) cz 3.0—3.5 keV. The final equilibrium near the /?-limit is shown in Fig. 1 and was
obtained for Bo = 4 T,n«,(0) = 2.0 x 1020 m"3 and Te(0) = Td(0) = 7.5 keV. The boot-
strap current fraction is high for this case with /be = Ibs/Ip — 0.74 and Ip = 0.81 MA. The
plasma pressure used in Fig. 1 is consistent with 4—6 MW of ICRF heating power, assuming
a confinement enhancement factor over the ITER-89P confinement time of .HITER-89 — 2.5.

The MHD equlibria computed from the ACCOME analysis have been analyzed for
ideal MHD stability using the PEST-II stability code [6]. The equilibrium shown in Fig. 1
is found to be stable up to a /?N — 3.7 without a conducting shell. The /?-limit is set
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in this case by the onset of the n = 1 external kink mode. With a conducting shell
placed at rw = 1.3a, the /?-limit is found to /?N ~ 5.2 and is now set by the onset of
the n = 3 external mode. Detailed current profile control results and stability analysis
will be presented for the discharge evolution discussed above. Modelling results will also
be presented for equilibria that can be produced in C-Mod beyond the /9-limit, assuming
successful access to an enhanced confinement regime (.HITER—89P *S 3).
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Figure 1: ACCOME simulation of C-Mod advanced tokamak mode at Bo — 4.0 T,
ne(0) = 2.0 x 1020 m- 3 , Ip = 0.8 MA, f^ = 0.74, JLH = 0.19 MA, PSM = 3.0 MW,
and /?N = 3.0.

Full-wave simulations of the ICRF scenarios used to heat the C-Mod plasmas to the
/5-limit will also be shown. One heating option is off-axis (H) minority heating in a D
majority plasma at 4.4 T using 60 and 80 MHz ICRF sources. The second option would
rely on central (H) minority heating at 4.0 T and 60 MHz combined with (2fk>He) minority
heating at 80 MHz.

•Work supported by the US Department of Energy Contract No. DE-AC02-78ET51013.
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Synopsii

The improvement of tokamak plasma confinement under non-inductive steady-state base is
a key issue for the magnetic confinement fusion research. For this purpose, efforts have
been done on HT-6M tokamak. The quasi-steady state( tH> 10 itch) H-mode with high
plasma density ( ELM and ELM free) was routinely obtained by the injection of Low
Hybrid Healing (LHH) and Low Hybrid Current Drivc(LHCD) with power threathod of
50KW . By enhanced boronization and Helium glow discharge, very good wall condition
was achieved which is optimized to the LHW coupling with plasma: low edge density
(0 3~l.5xlO"cms). higher electron temperature (Te >20eV) in SOL and the suitable
distance between antenna and plasma ( 0.5-1.5cm). For LH wave achieved ll-mode
experiments, HT-6'M tokamak is operated in circular limiter configuration in D2 working
gas with major radius <>5cm, minor radius 20cm, toroidal field 1 Tesla and plasma current
less than 100KA . The antenna spectrum was scanned in wide range and iE is still about
1.5-2.0 limes than I.-mode scaling. The plasma density increases almost three times
during the H-phase by gas puffing and the particle confinement time increase more than
two limes even with the line average density 3xlO13cm" which is about 60% greenwald
density limit. Impurity radiation was reduced for most part of H-phase unless a burst of
metal impurity terminating the H-phase. A hollow Te profile was achieved in high density-
case The transport code was used to simulating the experiments data which shows that
impurities ( mainly carbon and oxygen) and the electron heat diffiisivUy Xe were dramatic
suppressed. Figure 1 is a typical shot of H-mode achieved by combining off-axis LH
hutuing and I.H current drive.
The Low hybrid wave antenna spectrum were mainly fixed at Nn - 2.4 for both healing
and current drive lo prevent any central I -H power deposition. The experimental results
show a good agreement with theoretical prediction for the LH off-axis power deposition
profile with a reproducible manner. The high density and low toroidal magnetic field
provide the I.H wave a weak absorption and multipass wave propagation regime. For
undemanding such H-mode mechanism, the standard ray-tracing code and the wave
diffusion mode based on the solution of a wave diffusion equation that is derived from the
wave kinetic equations were used. The later shows better fit to the experimental data
When A certain of fraction of the plasma current ( 50% to 15% for the line average
density 1.0xl0"cm'3 to 2.5xlO'1cm'3) is non-inductively sustained by the low hybrid
waves, the hollow current density profile was formed and the magnetic shear is reversed
at the normalized plasma radius of 0.4 ( Figure 2). The off-axis electron heating is mainly
contributed by LH heating and the current density profile was modified by two LH waves
These off-axis hollow current profile and enhanced confinement improvements are
attribute to a strong reduction of electron thermal diffusivety in the reversed shear region.
The movable Langmuir probe array and Mach probe were finely scanned from 0.9
normalized radius to SOL. The edge electrostatic and density fluctuations were reduced
dramatically by I.HW during the H-phase. Both radial electric filed shear and toroidal
rotation velocity were changed during I. to H transition. By using the wavelet technique,
the edge eleciroslalic and density fluctuations were analyzed. The coherent structure of
density fluctuation was fond at the plasma edge. The low frequency instability
penetration at edge has been shown. The electric well inside last closed flux surface play
a key role to suppress the turbulence in the edge.

Figure 1. Typical shot of quasi steady-state H-modc by LH
waves B T - M i r , N: urn = 2.4. N; l n a > - 2.4,

f 2.45 GIlz, TeO = 550 eV.

Figure 2. Off-axis profiles in different
time for Fig. 1. (a) cununl dcnsily
and LH energy deposition profiles.
(b)q profile.
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STRUCTURE AND PARAMETERS DEPENDENCES OF ALFVEN
WAVE CURRENT DRIVE GENERATED IN THE LOW-FIELD SIDE OF

SIMULATED SPHERICAL TOKAMAK

S.CUPERMAN, C.BRUMA AND K.KOMOSHVILI
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In view of the crucial importance of the non-inductive current drive in low aspect ratio
(spherical) tokamaks [1], we have investigated the structure and basic features of Alfven
wave current drive (AWCD) in spherical tokamaks. Thus, (i) we considered the case of
a current-carrying cylindrical tokamak; (ii) the plasma is surrounded by a helical sheet-
current antenna and by a perfectly conducting wall of radius; (iii) toroidicity effects are
simulated by actual tokamak r-dependence for the axial magnetic field component B02',
(iv) the full-wave (E\\ ^ 0) equation is consistently solved; (v) subsequently, the power
deposition and AWCD are evaluated.

The aspects investigated include:
a) The pre-ignited stage in which a two-fluid, resistive dielectric tensor is used in the

solution of the wave equation; and a warm plasma stage in which a Vlasov-based dielectric
tensor is utilized.

b) In each of these stages, three possible contributions to the AWCD are considered,
namely, due to momentum transfer, plasma flow and helicity injection [2].

c) Dependence on antenna parameters (toroidal and poloidal wave numbers and fre-
quency); this concerns local as well as global (in the GAE, KAE, continuum and SQEW
frequency ranges) power deposition.

d) Localization and efficiency studies corresponding to various combinations of antenna
parameters.

Some illustrative results are presented in Figs.1-2.
In conclusion, these model and results represent a reasonable description of the AWCD

generated in the low-field side of low aspect ratio tokamaks. The generation of three
AWCD components considered here is demonstrated. In the pre-heated stage, the helicity
injection component is dominant — the other two (smaller) components are comparable;
this relative importance changes with the increase in temperature and /?-value.

A more detailed discussion of the analytical and numerical methods used in this work
as well as of the results obtained will be published elsewhere [3].
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Impuri ty t ranspor t studies on the FTU tokamak
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R. de Angelis, M. Finkenthal &, M. May &, K. B. Fournier ' , W. H. Goldstein '

Associazione EURATOM - ENEA sulla Fusione , Frascati, Rome Ilaly
* Institut National de la Recerche Scientifique (INRS), Montreal, Canada

# Lawrence Livermore National Laboratories
& Johns Hopkins University

This work presents studies of medium-heavy (Mo, Kr) impurity transport in the
FTU tokamak performed in collaboration with Lawrence Livermore National
Laboratories (LLNL) and Johns Hopkins University (JHU). Molybdenum is an intrinsic
impurity which originates from the FTU limiter. The originality of this work is the fact
that the absolute value of the fluxes of the central ions (Mo 33* - 30*) are measured,
together with lower ionisation states (Mo 25* - 23* ) populated in the half radius region.
Since all these ions have an ionisation equilibrium very sensitive to the local plasma
processes, they are an excellent tool to investigate the anomalous transport.
These fluxes are then related to a theoretical model of impurity turbulent transport.
Finally Kr , a very similar element (mass and charge) to Mo, is injected in order to study
its radiation capability and transport properties with completely different initial
conditions with respect to Mo.

A direct measurement of the impurity radial flux T31+ in the plasma core has
been obtained using the continuity equation [1] for Mo31*

where S , a represent the total ionisation and recombination rates and Ne is the electron
density profile. The radial profiles of Mo32*, Mo31* and Mo30*. have been obtained by
inversion of the soft X ray signals , measured with a rotating crystal spectrometer [2],
along six different lines of sight in a series of reproducible discharges. An atomic fully
relativistic ab-initio collisional-radiative model developed at LLNL and JHU allowed the
reconstruction, from the spectra, of the radial profiles for the three molybdenum ions.
Fluxes are negligible (within the experimental errors) in the central region r/a <0.2 ,
but very large in the intermediate region 0.2 <r/a <0.7 where values are much higher
than the anomalous values used in previous impurity transport simulations, which used
only global information on the impurity content ( Zeff , radiated power etc.). The flux
r32+of Mo 32+can be obtained in the same way (fig.l). It is possible to show that for low
impurity concentration, i.e. in the limit in which impurities do not alter the
background turbulence (e.g. by destabilising impurity-driven modes) and are simply
passively advected by it, turbulent impurity flux can be written as

(1)
- D -

dT
CN,

with D and C being dependent on the turbulence characteristics and weakly dependent
on the impurity charge [3]. Thus, using r3i+ ) T32+ the radial profiles of C(r) , D(r) can
be derived. The fluxes of lower charge states (Mo 25* - Mo23*) can be evaluated by using
the values of C and D determined above. These ions are measured using the absolutely
calibrated GRITS (grazing incident ultraviolet spectrometer) developed at JHU. Since
these ions are mostly populated in a region where the transport coefficients are high,
they are far from the coronal equilibrium. Thus their transport behaviour provides a
stringent test to the above determined expression (1) for r

On this experimental basis, the impurity transport will be compared with
theoretical models for turbulent fluxes[4]

A further experimental verification of the transport model developed with
Molybdenum can be made injecting Krypton gas.
Since the intrinsic impurity content remains constant, the difference between the
Bremsstrahlung signal at a time before injection and at the time after the injection
yields the Bremsstrahlung emissivity profile, due entirely to Krypton. Then using the
squared averaged charge , the total Kr density profiles are found. This technique has
been applied at different times during the evolution after the injection (fig.2). The
results show a central flat profile up to r/a=0.3 and a sharp increasing profile up to
about r/a =0.7where the analysis loses its validity. Such a radial shape evolves linearly
in time.
These profiles, which indicate the presence of a transport barrier at mid-radius
requiring an high density gradient to assure inward transport, are consistent with the
expression of C and D inferred by using Molybdenum.

The same method has been used to obtain, from the bolometric measurements, the
cooling curves of Kr (Ar) as function of electron temperature ( 200 - 2000 eV) and
compared with the averaged ion model (Post) and very recent detailed atomic
calculations (HULLAC) developed at LLNL.

Finally, the effect of plasma cooling, due to these injected gases will be
comparatively shown. The creation of a radiative mantle is found to be strongly
dependent on the transport properties of the gases.
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Part One: Hn Line Shape in Front of the Limifcr in HT-6M Tokamak

B.N.Wan, J.Li, Z.W.Wu. J..L011, J.K.Xie and IIT-6M group
Institute of Plasma Physics, Academia Sinica. P.O.Box 1126 Ilefei, China 230031

For a better understanding of recycling it is of general interest to know (he velocity
distribution of neutral particles being recycled at a limilcr. It can be derived from the line shape
of Hn, D,i for Doppler dominated broadening. In HT-6M ll« spectral line shapes are obtained
from observation of particle recycling at main stainless steel limiter. The line of sight is
oriented through the plasma center, such that photos from particles moving towards the plasma
center are shifted to shorter wavelength and wavelength .shift due to plasma rotation is avoided.
A typical II,, line shape is displayed in fig.la. Energy distribution of particles up to 20eV is
shown in fig.2. The result shows dial particles are dominated by PC (O.feV), charge exchange
(CX) atoms and reflected atoms originating from the liniilcr surface.

To simplify tiie interpretation of the characteristic details in II,, line shape, II,, line shape is
represented by three Gaussian profiles. Emission of CX atoms is deduced by fitting the II,, line
shape in the far wing " 'as shown in fig. I. The FWIIM of 6.5A corresponds ion temperature of
!70eV in good agreement with measurements by NPA . The residual shown in fig.2b is fitted
by double Gaussian profiles. The first one is from reflected atoms and contributes about 47% of
whole II,, emission, corresponding particle reflection coefficient RN-0.6. comparable to those
expected for a clean metal surface (RN™0.55)'2'. Wavelength shift of-0.7A. corresponds a bulk
velocity of 3.2x105m/s. The second one with narrow FWIIM from FC atoms contributes 32%
of II,, emission, corresponding to 40% of recycled particles.

For typical IIT-6M edge conditions with 60% reflected particles and 40% FC atoms,
continue equations of particles and a 10 Monte-Carlo simulation reproduce spatial profile of
neutral particles derived from multi-channel IF I!,, monitoring. Therefore, to lower particle
reflection at the liniiter surface is an important issue to control recycling in ITT-6M tokamak.
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[ig.l Typical II,, line shape (top) in ohmic Fig.2 Energy distribution of neutral II atoms
discharge. Bottom figure is residual derived from II,, line shape shown in fig.l.
spectrum after emission of charge exchange The result obtained in I DC is shown as
is subtracted. broken line.

I). B.N.Wan. J.S.Yanget al. Fusion Engineering and Design 34-35 (1997) 261
2). R.Behrish and W.Eckslcin. Physics of Plasnui-WnlJ liilcraclinns in Controlled Fusion, Eds.
D.E. Post and R.Behrish (Plenum, New York, 1086)
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Part Two: Current Relaxation and its Roles in Improved Confinement

In IIT-6M tokamak. a mode of an off-axis 1,1 ICF) with help of second LMW healing was
found to be very effective to control current density profile and gel improved confinement1'1

indicated by dropped loop-voltage, increased plasma current and common features in
confinement improvement. The plasma current increases from 60kA to 70-90kA by LI1CD
and I.Ill I depending on target plasma and power and NB of LIIW. The MUD and
fluctuation is suppressed substantially at the onset of II,, dropping. SX radiation shows a
complicated behavior such as giant, double, triplet sawteeth, which are relevant to current
density profile.

Code simulation shows LMW can produce off-axis current drive in high electron density'1'.
Most power of LIIW deposits in radial region of 0.3a-O.6a. Both multi-channels MX
monitoring and MX Pi 1A toroidal scanning oriented langentially to electron current show off-
axis energy deposition of LI I waves. Current density profile can be significantly modified
with typical current increment of 20kA by LIIW. Formation of reversed shear in half radius
and large gradient out half radius in plasma current can he expected. As a result of off-axis
current increment, instabilities due to (earing mode cause double or triplet sawteeth in SX
radiation '" depending on position and fraction of current produced by LIIW. Typical
examples are shown in fig.l. Normally, multi-sawteeth in SX radiation occur at 30-60ms
after decreasing of (he 11,, radratt<in. which is in order of time scale of resistive diffusing from
0.5a to plasma center. It is also in time scale of electron temperature relaxation as shown in
fig.l. Sustain of improved confinement is relevant to 1.11 heating producing higher electron
temperature and prolonging current diffusion. Clear evidence was found that developing of
MUD corresponding an unfavour current density profile terminates the improved
confinement.

Observations by a varity of diagnostics show that current density profile produced by off-
axis 1.1 ICD and LIII1 and its relaxation and roles in confinement improvement are strongly
correlated. Flic current relaxes in lime scale of resistive diffusion. It governs performance of
improved confinement and relevant behaviors.
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Fig.2 Electron temperature profiles

Fig.l Typical waveforms of double and
triplet sawteeth in SX radiation observed in
off-axis LI ICD and LMM.

I). J.Li et. al. "Quasi-steady Stale High Confinements al High Density by LI ICD in 1IT-6M
Tokamak" IAEA-FI-CN-69-CDP15
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Pellet injection experiments on Tokamaks
in ASIPP, China

Y. Yang, Y. Bao, J. Li, X. Gu, Y. He

(Institute of Plasma Physics Academia Sinica, Hefei 230031, P. R. China)

Pellet injection has been proved to be an effective method for deep fiieling
of fusion devices. Both the particle confinement and the energy confinement
were observed improved in many experiments. With or without supersonic
beam injection, pellets are injected in HT-6M and HT-7 tokamaks, and
attractive results are obtained.

For HT-6M (R=O.65m, a=0.2m) and HT-7 (R=1.22m, a=0.28m), with the
bulk plasma electron density of around lxio'^cm'3 and electron temperature
Of 500eV for HT-6M and lkeV for HT-7, pellets with the size of around
<t>0.6x0.8 for the former and 01.0x2 for the latter (Fig.l) arc acceptable
accounting to Parks model:

TPB-.l .47x 107neq-' % , * ) - ' -6 5rpo5 / 3 .
One multi-shot in-situ pellet injector is constructed. By careful control of the
freezing temperature, filling pressure, and freezing time, pellets with the size
from (j>0.6x0.8 to § 1.5x2 are obtained reliably. Propelled by high pressure gas
He, the pellets reach a velocity of round 0.9 km/s.

During the experiment, typical
phenomena are observed: sudden rise of the
electron density and loop voltage, the
decrease of Zeff, etc. Deep fueling can be
seen obviously from the multi-channel HCN
signal directly and Ha, SX emission signals
indirectly. Multi-channel Ha array indicates
that: intensity increases considerably and
recovers instantly. The time interval
corresponds to the lifetime of pellets, which
ranges from several hundred microsecond to
several mini-second for pellets of different
size. The result of Abel inversion of Ila
signal corresponds well with the deposition
depth presumed by Parks model. The
ablation of pellet is discussed in detail.

Fig. 1 Picture of pellet for HT-7
(ruler is placed beneath the trajectory,
imm between 2 grids)

With multi-pellet injection during ohmic discharge, electron density is raised
approaching to, even exceeding the Grecnwald limit. Because of the profile
effect, deep fueling by pellet injection results in considerably higher line
averaged densities than which is obtained by other methods with the same
boundary densities. Since the density limit disruptions are more sensitive to the
density of edge region than to that of centre, density limit disruptions arc
avoided by careful handling the edge plasma parameters. The result may be
extrapolated to reactor plasmas and makes the future ftision reactor more
economical, because higher fusion power density will be available at a given
plasma beta.

Some interesting phenomena are observed too. The suppression of the
fluctuation in the edge plasma is observed from the edge probe signal. The
central radiation reaches a maximum after injection, big saw-tooth occurs. The
reason might be the impurity accumulation in the core, which could cause
central m=l MHD oscillation, and even minor disruptions. It could also be
presumed from the difference between the SX ray emission in the center and
that at the edge. The connection between pellet fueling and MHD activities is
further examined in the paper.

In addition, although it is generally acknowledged that the power loss in the
centre that exceeds the local power input can cause a flattening of the electron
temperature, and even lead to a radiation collapse of the plasma, recent
investigation shows that the accumulation can peak the resistivity profile, then
flatten the current density, and lead to the change on the q profile as a result.
The reversed shear mode-like good confinements are realized on HT-7 Hy the
injection of a pellet during the Ip ramp-up stage to get a hallow j(r) profile. The
suddenly increasing plasma current constrains itself from diffusing to the center
immediately, on the other hand, the flattening of electron temperature and
peaking of density cools down the central plasma. As a result, the resistivity
peaks. The related mechanisms are analyzed in the paper.
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HIGH TIME-RESOEVED MEASUREMENTS OF RADIATION EMITTED
BY IMPURITIES INJECTED ON THE MT-1M TOKAMAK

B. Kardon, S. Kalvin, G. Kocsis, G. Petravich and S- Zoletnik

Department of Plasma Physics
KFKI Research Institute for Particle and Nuclear Physics.

PXXB. 49, H-1525 Budapest. Hungary

•'. Non-intrinsic impurities were injected in the form of pellets into the tokamak
plasma to study the characteristics of striation phenomenon and the particle transport
both poIoidaJijr-.and tdroidaUy.

Laser accelerated aluminium micro pellets served as the .impurity source. The
pellets could be accelerated upto 1 km/s velocity depending on laser fluence. The
typical velocity was about 350 km/s. Pellets with different size from 10 p. to 100 p. in
t̂an-i arid 10 p- thick containing about 10w - 10 ls atotos were used. Such amount of

impttrities/did not disturb globally the background plasma and during the experiment
tfc. global-characteristics of plasma, were kept constant. .

The impurity cloud formed around the pellet was observed by detecting the line ra-
diation (intensity and space distribution) of Al I, Al II arid AI III. The detection of emit-
ted light ofatoms and ions was simultaneously performed by triggerable cameras, single
and multichannel photomultipliers armed with interference filters and monochroiaator-
.phGtomdtipIier: combination- The pellet cloud distribution could.be measured with good

' space resolution by cameras — 0.1mm, while the multichannel photomultipher provided
: ^ resolution - l^s^

• . The observations showed dramatic change in fluctuation of light emitted by species
of different ionic charge. While the line radiation of aluminium, atoms did not present

; &ny fluctuation, the line radiation belonging to Al H and Al m ions exhibited intense
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fluctuations. In this paper the influence of pellet size is discussed on the fluctuating
. character and on the cloud expansion.

Hydrodynamic model was elaborated to predict the pellet ablation process and the
pellet cioud expansion. To calculate the intensity of line radiation of different ions and
radiation losses an atomic physics model was involved in the hydrodynamic model, too.
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HIGH PERFORMANCE WITH MODIFIED MAGNETIC SHEAR IN JET D-D AND
D-T PLASMAS

The JET Team (presented by C Gormezano)
JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, United Kingdom.

High performance plasmas have been produced in JET in the optimised shear regime
in which the magnetic shear is modified by controlling the plasma current profile, and the ion
heat transport is reduced to neo-classical levels in the central plasma region called the
Internal Transport Barrier (JTB). The motivation for developing these scenarios is to achieve
plasma discharges with energy confinement and fusion performance higher than in the
present ELMy H-modes and also to assess the potential for steady-state reactor application.

ITBs for electrons and ions have been produced on JET. Electron ITBs are produced
when Lower Hybrid waves are launched during the current ramp-up phase of the plasma.
Central electron temperatures close to lOkeV have been produced for several seconds with
2MW of LH waves with a substantial decrease in electron heat diffusivity within a radius of
r/a = 0.3. On the other hand, ion and electron ITBs and the highest fusion performance are
obtained with a combination of Neutral Beam Injection (NBI) and Ion Cyclotron Resonance
Heating (ICRH). Most of these experiments were aimed at producing high fusion yield in
D-D and D-T plasmas and will be described in this paper.

1. Optimised Shear Plasmas in D-D
The method used in JET for optimising the current profile in order to produce ITBs

consists of pre-heating the plasma with a proper sequence of low power LHCD, ICRH and
NBI during the plasma current ramp-up. When high power is applied (typically 18MW of
NBI and 6MW of ICRH) at the end of the pre-heat phase, an ITB can be formed under a
variety of conditions depending upon the initial current profile, initial density and power
waveforms. After an initial L-mode or ELMy H-mode phase, ITBs can be produced in
combination with either an L-mode or an H-mode edge.

High fusion yield has been produced when the plasma stays in L-mode for as long as
possible and the ITB is formed as early as possible. Delaying the H-mode onset is achieved
by using a magnetic configuration which allows the maximum pumping of the divertor
cryopump, a low triangularity magnetic configuration and by maintaining the current ramp
throughout the main heating phase. ITBs are usually produced with low central magnetic
shear and when a q=2 magnetic surface is in the plasma, hence the importance of the target
current profile which is tuned by adjusting the current ramp-up rate and the applied power
during the pre-heat phase. When an ITB is established, the resulting improved core
confinement ensures that the plasma loss power across the separatrix remains for some time
below the H-mode threshold power. The ion temperature, the plasma density and usually the
electron temperature start to increase very rapidly within the ITB, the extent of which
expands with time in a similar way as the q=2 magnetic surface. The L-mode phase transits
into an ELM-free H-mode phase one to two seconds after the high power phase.

Both NBI and ICRH are controlled in real time to avoid too much peaking of the
pressure profile and the resulting disruptions due to excessive plasma pressure gradients.
Best performance is achieved when the central plasma pressure remains close to the ideal
MHD stability limit for most of the heating pulse. The maximum fusion yield is achieved
either at the end of the L-mode phase or during the subsequent ELM-free H-mode. Record
neutron yields, up to 5.6 1016 neutrons/sec, have been achieved in this way in JET D-D

plasmas. With Bt = 3.85T and Ip up to 3.6MA, central ion temperature of 35keV, central
density of 6 1019nr3 and a central pressure up to 3.8 bar have been achieved. The ITB
expands up to r/a = 0.66. TRANSP analysis indicates that up to 75% of the neutrons are
thermal and that the ion diffusivity is in the range of its neo-classical value, the electron
diffusivity being also significantly reduced within the ITB.

2. Optimised Shear Plasmas in D-T
The direct application of the scenario developed in D-D does not produce ITBs in

D-T. The two main reasons for this were the lower L to H-mode power threshold in D-T and
the different current profile at the start of the main heating phase. After some scenario
development, the H-mode could be delayed, and reproducible ITBs could be produced in D-T
with additional heating power and current profiles similar to those in D-D. MHD analysis
has also indicated similar limits in pressure gradients induced disruptions. As shown in fig.l,
central ion temperatures close to 40keV and ion temperature gradients of 150keV/m were
achieved in D-T plasmas together with plasma pressure gradients of lObars/m. Fusion power
up to 8.2MW were obtained together with a fusion triple product of njTjTE=1.1021nr3keVs.
TRANSP analysis indicates a reduction in X; and Xe which is comparable in D-T and D-D.
The highest ion temperatures observed in D-T are likely to be attributable to the lower central
density.

While the early part of the main heating phase leading to the triggering of an ITB has
been reasonably well optimised, the limited available 14MeV neutron budget has prevented
the further optimisation of the high power phase and the tritium concentration, which would
have allowed higher central densities, the optimum D-T concentration and thus higher
neutron yield to be reached.

Control of the current profile, the plasma edge and the central pressure are expected to
lead to improved performance and longer pulse duration for these scenarios with modified
shear. As well, scaling studies which would form the basis for extrapolation to the next step
have to be undertaken. Preliminary results along these lines from the coming campaign with
the new gas box divertor will be given.

Poise No: 42940 (DT) Pulse No: 42940 (OT)

\ t = +0.8S
From LIDAR

3.2 3.4 3.6
Major radius (m)

2.0 2,5 3.0 3.5
Major radius (m)

Fig. 1: Time evolution of T{ profiles from charge exchange spectroscopy and ofne

profiles from Thomson scattering for D-T pulse 42940 (B=3.85T, Ip up to

3.6MA). Times refer to start of high power phase.p
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TOWARDS STEADY-STATE TOKAMAK OPERATION WITH DOUBLE
TRANSPORT BARRIERS

The JET Team (presented by F.X. Soldner)

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK

Improved core confinement and sustainable plasma edge conditions could be combined on
JET by the superposition of an internal transport barrier characteristic for the Optimised Shear
regime and an edge transport barrier of an ELMy H-mode regime. This allows to overcome
both limitations of Optimised Shear operation, the disruptive high performance collapse and
the gradual roll-over. Pressure profile broadening in the H-mode prevents excessive core
peaking inside the internal transport barrier. The ELMs, on the other hand, limit the build-up
of edge pressure gradient and edge bootstrap current as encountered in ELM-free hot-ion H-
modes. Transport analysis of Double Barrier (DB) mode discharges shows a sustained
reduction of the heat conductivity across the whole plasma cross section, with the ions in the
core at neo-classical level.

Steady-state with improved confinement at an H-factor H I T E R ' 8 9 » 2 for four energy
confinement times and a neutron rate up to Sn= 3.3xlO"y' have been obtained in Optimised
Shear discharges in deuterium on JET. In deuterium-tritium discharges the Double Barrier
mode of operation has resulted in 50% higher fusion power output than in conventional
sawtoothing steady-state ELMy H-mode plasmas (Fig. 1). Neutron saving measures required
a ramp-down of the heating power by the real time control systems after only two energy
confinement times in the case of the Optimised Shear discharge. A fusion gain of Q = 0.4 has
been attained with the DB mode in the Optimised Shear ELMy H-mode, compared with Q «
0.2 in the conventional steady-state ELMy H-mode. Confinement improvement up to HITER'S9

= 2.3 could be achieved and maintained in the Optimised Shear ELMy H-mode, compared
with H1TER"89 = 1.7 in the conventional ELMy H-mode. The ELMs are more benign, with the
amplitude an order of magnitude smaller in the Optimised Shear ELMy H-mode.

The density profile in the DB mode is broad and similar in shape to the ELMy H-mode profile
while ion and electron temperature profiles are peaked. This indicates a favourable
combination of improved core energy confinement and moderate particle confinement
improvement, thereby reducing the risk of impurity accumulation. Deep fuelling is required in
the actual experimental schemes for the formation phase of the internal barrier and the initial
density build-up in the core. Local particle transport studies have shown, on the other hand,
that ions deposited at the plasma periphery can diffuse across the internal transport barrier in
the ELMy H-mode phase. Therefore peripheral fuelling and exhaust from the core region
should be feasible in presence of a well established internal transport barrier with an ELMy
H-mode edge.

Further improvement of the Double Barrier Optimised Shear regime can be expected from
active profile control according to the results of self-consistent scenario studies with transport
and MHD stability codes based on JET experimental discharges. The calculations use recently
developed models for the transport in Optimised Shear plasmas and for the ELMy edge
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region in the 1.5D code JETTO. The MHD stability of ballooning, kink, tearing and infernal
modes is analysed with the codes CASTOR and MISHKA. The performance can be improved
by expanding the internal transport barrier and minimising the width of the outer ELMy H-
mode layer. Current profile control with off-axis Lower Hybrid Current Drive (LHCD) allows
to broaden the high confinement core region by extending the low magnetic shear zone
further outward. This raises the beta limit by brodening the pressure profile. A fusion gain
well in excess of 1 can be achieved and maintained with the actual JET heating and current
drive systems according to the modelling results. This will be tested in the next experimental
campaign. A modest upgrade of heating power and current drive capability should allow to
demonstrate Q>1.5 operation for several confinement times. The Double Barrier mode
therefore gives a perspective of stable quasi steady-state high performance operation on JET
in the Optimised Shear regime at high beta values in reactor relevant conditions.

Steady-state conditions in Advanced Tokamak operation with double barriers on ITER are
predicted in transport code calculations using the transport model validated on the JET
Optimised Shear scenario. The persistent pressure gradients in a wide internal transport
barrier give rise to large bootstrap currents and allow full non-inductive current drive with
additional RF current drive. The external RF current drive is also required to correct for
misalignments in the bootstrap current profile. In a 13 MA discharge, a fusion power output
of 1.3 GW can be obtained, using off-axis current profile control with LHCD to expand and
control the location of the internal transport barrier.

Pulse No: 42733: ITB + ELMy H-mode Pulse No: 42982: ELMy H-mods

5.0 5.5 6.0
Time (s)

14 16
Time (s)

Fig. 1: Comparison of the Double Barrier mode with Optimised Shear (left side) and the

conventional ELMy H-mode (right side) in DT discharges on JET.



EXP1/07 XA9950799

Trace Tritium Transport in JET

The JET Team (presented by K-D Zastrow)

JET Joint Undertaking, Abingdon OX 14 3EA, United Kingdom

Trace amounts of tritium (1-2% of the deuterium content) were introduced in short puffs

(=40 ms) into the low-field midplane edge of steady-state deuterium plasmas in JET. The

transport properties of the edge and core plasma, and the dynamic tritium recycling, determine

the evolution in space and time of the 14 MeV neutron emission following these puffs [1].

The JET experiments offered a unique opportunity to perform measurements of fuel ion

transport in an ITER relevant regime. The main objective of these trace tritum transport

experiments was to apply the dimensionless parameter approach, used in the study of energy

confinement, to particle transport and to connect particle and energy transport in the same

dataset. The effect of strong gas fuelling on particle transport and its relationship to the H-

Mode density limit was also studied.

The JET neutron profile monitor [2] measures the line integral and total neutron emission

with 10% relative accuracy. Using the neutron measurements and their errors, the triton

particle transport coefficients and their confidence intervals are computed from a least-squares

fit of the model parameters to the chordal data. The analysis uses a 1V2-D transport code with

diffusive and convective particle transport terms (SANCO), and a dynamic recycling model

[3] which describes the isotopic changes in the wall. The neutron emissivity is modelled with

a post processor (CHEAP [4]).

Experiments were conducted in L-Mode, and steady-state ELMy H-Mode plasmas. For L-

Mode discharges the transport seems to follow Bohm-scaling throughout the plasma. The

pinch velocity in the plasma for r/a<0.5 was zero within the errors of the method. For H-Mode

discharges the transport is best described by gyro-Bohm scaling for r/a<0.5, and Bohm-scaling

near the edge (r/a>0.7). In addition, the results suggest the formation of a diffusive transport

barrier in H-mode. However, in all cases, the errors in transport coefficients for r/a>0.7 are

dependent on the errors of the edge and wall model parameters. The diffusivity in ELMy H-

Modes that results from the analysis is shown in Fig. 1, and compared with electron and ion

thermal diffusivities and electron particle diffusivities from TRANSP, and with the gross

conductivity (ab/4xE). It can be seen that the energy and particle transport coefficients are

strongly correlated.

With strong deuterium fuelling the H-mode density increased by only 25% and then

saturated at 90% of the Greenwald density limit. At the same time the penetration probability

for the trace tritium was only slightly reduced. The derived interior and exterior tritium

transport coefficients were also only weakly dependent on the deuterium fuelling rate. These

results suggest that ion fuelling via the edge pinch and not ionisation inside the separatrix are

responsible for maintaining the core density. This conclusion is also consistent with EDGE2D

edge fluid code analysis which requires very similar values for the scrape-off layer pinch and

diffusivity in order to match the ion-saturation current profiles measured at the divertor target.

[1] P Efthimion et al, Phys. Rev. Lett. 75, 85 (1995)

[2] O N Jarvis et al, Fusion Eng. And Design, 34-35, 59 (1997)

[3] J Ehrenberg, in Physical Processes of the Interaction of Fusion Plasma with Solids,

Academic Press, p. 35 (1996)

[4] M G von Hellermann, et al, in Diagnostics for Experimental Fusion Reactors, Plenum

Press, p. 281 (1996)
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Fig. 1: The plasma transport coefficients at half radius, determined by TRANSP, plotted vs

the triton particle diffusivity obtained from the time evolution of the 14 MeV neutron

emission profile. Data are from 1MA/1T, 2MA/2T and 3MA/3T naturally fuelled discharges.

101



EXP1/08
XA9950800

DT FUSION POWER PRODUCTION IN ELM-FREE H-MODES IN JET

The JET Team ( presented by F.G. Rimini)
JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK.

The first pilot experiments using 10% tritium in deuterium in the ELM-free H-mode at JET
produced 1.7MW of fusion power as reported at the Wiirzburg IAEA [1].Thereafter the JET
programme turned to the study of two divertor designs of increasing closure. The impact of
these changes on the ELM-free regime in deuterium were described at the IAEA meetings in
Seville [2] and Montreal [3]. At the latter meeting TFTR reported a DT fusion power of
10.7MW with PDT/PIN =0-27 [4] in the supershot regime.

Since the Montreal meeting, the properties of ELM-free Hot-Ion H-modes with combined
NB and ICRF heating at the Hydrogen minority resonance have been extensively explored. At
the same time, the understanding of the MHD stability of the regime progressed with the
identification of the so-called Outer Mode as an ideal external kink, driven by the edge current
gradient. A method for mitigation and avoidance of the Outer Mode by decreasing the plasma
current during the ELM-free phase was successfully developed. As a result the performance,
robustness and reliability of the regime have been improved, extending the DD neutron yield
to 5.2xlO16 s"' at 3.8 MA/3.4 T with combined NB+ICRH, thereby making the regime an ideal
candidate for experiments in DT.

The first experiments were undertaken at constant NB power, around 11 MW, to assess the
possibilities for DT mixture control. By injecting NB with varying Tritium content, from 0 to
100 9c, it was demonstrated that core fuelling was dominated by wall/target recycling rather
than NB fuelling, despite low recycling conditions and a density rise comparable to the rate of
NB fuelling. The spatial variation between D and T sources allows a detailed analysis of
particle transport, as will be discussed. The insights from these experiments made it possible
to arrange an optimum core DT mix by adjusting the DT mix in wall/target, gas and NB. No
deleterious effect on plasma confinement [5] or edge stability was observed in Tritium rich
plasmas, and in the low power experiments it was found that the sawtooth-free period tends to
increase with increasing Tritium concentration. The first high power experiments at 3.8 MA
/3.4 T delivered 12.9MW of fusion power, close to that expected on the basis of DD
performance if the effect of alpha heating was included. In these experiments QJN=PDT/PIN
reached 0.57, and the ratio of fusion power to total loss power (including thermal, rotation and
fast ion loss channels) steadied at Qt0,p =0.75 for both NB only and combined NB plus ICRF.
Numerical studies of the ICRF power depositions show, for DT as well as for DD discharges,
that up to 40% of the power can be absorbed at the 2(0CD resonance by bulk and NB ions,
thereby increasing by 30-35 % the power input to the bulk ions in the plasma core. The
analysis also suggests that the non-thermal DT neutron yield, due to ICRF Deuteron
acceleration, is negligible. At lower power with NB only QIN =0.55 and QI0< =0.85 were
achieved and exploited for the alpha particle heating experiment described in [6].
Subsequently the plasma current and toroidal field were raised to 4.2MA/3.6T (fig. 1) and
using the higher NB power available in tritium a significant further gain in performance was
achieved, P D T = 1 6 . 1 M W , QIN =0.6 and Q,ol

p =0.9, as a result of the favourable dependence of
both confinement and stability on plasma current. No alpha particle driven Toroidal Alfven
Eigenmodes (TAE) were observed, which was consistent with theoretical analysis. A mixed
(H)D and 2(0CT scenario was also tested at high current, but produced only 12.3 MW of fusion
power for a total input power of 25.1 MW. The extra RF power appears to contribute only
electron heating. The analysis confirms that nearly half of the 2(0CT power is directly absorbed
by electrons via TTMP+ELD, while the rest is absorbed by the Tritium, producing a high
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energy tail which then transfers collisionally most of its energy to the bulk electrons. The non-
thermal contribution of the Tritium tail to the DT reactivity is negligible.

In all cases, the high performance phase was transient, limited by external kink modes and
ELMs in a similar manner to DD ELM-free H-modes. Power step-down experiments in DD
would suggest that QIN -QIOIP might be sustained for a confinement time, but even here the
performance is ultimately limited by edge stability.

It is encouraging to find regimes, such as the Hot-Ion ELM-free H-mode, where the fusion
performance can significantly exceed the baseline steady state ELMy H-mode, and such
plasmas find ready application in studies of particle and energy transport, alpha particle and
ICRF heating and TAE stability. However, it is clear that means of controlling the steep edge
gradients, and the resulting edge MHD activity, would need to be found before this regime
could be used in a fusion reactor, and this will be discussed in the paper.

Fig.l. Time traces for ELM free H mode with 16.1 MW of DT fusion power. Top box; Input
power, diamagnetic stored energy total fusion power and alpha heating power. Middle box;
ion and electron temperature. Bottom box; Ratio of fusion power to input power, ratio of
fusion power to total losses and Balmer alpha signal.
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Internal Transport Barrier formation in ohmically heated plasma

An Internal Transport Barrier (ITB) was found in ohmically heated plasma in

TUMAN-3M tokamak. The experiments were performed in the circular limiter configuration

in the boronized vessel. Typical plasma parameters before ITB formation were as follows.

Ro=O53 m, a,=0.22 m, B,=0.7 T, Ip=150 kA, <ne>=(l. 5-3.0) 1019 m"\ To(0)=0.5 keV [1],

The ITB reveals itself as a steep gradient zone on the electron temperature profile

measured by Thomson scattering technique. The steep gradient zone is seen on no(r) also. No

measurements of the ion temperature profile were performed in that experimental run. The

regions with steep VTe and Vnc coincide well and are in between r=0.Sa and r=0.7a. The ITB

appears more frequently in the shots with higher plasma current. At lower currents (Ip<120

kA) the ITB is unusual. In the investigated scenario the ITB formation is followed by the

transition into the Ohmic H-mode, what results in the edge pedestal establishing. In the

Ohmic H-mode with ITB thermal energy confinement time is in the range 12-20 ms. The

enhancement factor over ITER93H(ELM-free) scaling is up to 2.0.

Possible mechanisms of the ITB formation in ohmic regime have been analyzed. On

the base of transport simulations the evolution of the current density profile during ITB

formation has been evaluated. Although ITB forms at the end of current ramp-up stage no

reversed magnetic shear was found in the transport simulations. The working hypothesis for

explanation of the core transport reduction is the turbulence suppression by ExB sheared

rotation. The nonambipolar drift of the trapped particles is considered as a cause of a radial

electric field generation in the plasma interior.

Study of the (3 limit in the Ohmic H-mode

Because of high confinement properties, the H-mode provides good opportunity to

achieve high beta value in a tokamak. In this paper the results of the experimental study of (3t

and pN limits in the H-mode obtained in a circular limiter configuration without auxiliary

heating are presented [2].

In the described experiments (3 was increased by applying intensive deuterium puffing

in the Ohmic H-mode. Stored energy was measured using diamagnetic loops and compared

with W calculated from kinetic data obtained by Thomson scattering and by microwave

interferometry. Measurements of the beta were performed before and after boronization and

in the scenario with fast Current Ramp-Down in Ohmic H-mode.

The substantial increase in the pt as a result of boronization was found. At similar

values of parameter I/aB the maximum toroidal beta is by a factor of 1.5 higher in the

boronized vessel compared to unboronized. In addition it was possible to increase I/aB by

20% after boronization. Highest achieved P, is 2.0% at <ne>=61015 m'5. Corresponding pN is

2.0. At the above value Px saturates without disruption ("soft" limit). There is no MHD

activity growth while PN nears to the maximum value. The stored energy is limited by

increasing transport.

The possibility of increasing Px in the experiments with the fast Current Ramp-Down

(CRD) was investigated. In the described experiments the current decay rate was up to 25

MA/s. As a result of CRD the decays in the density and in the stored energy appear. The

decrease is caused by H-L transition. Possible explanation for the H-L transition is reduction

of the input power below the threshold value No MHD activity is observed during Current

Ramp-Down.

Further experimental study of p limit are in progress. In order to sustain H-mode

during CRD the experiments with Ion Cyclotron Heating have been started in TUMAN-3M

recently.
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RECENT RESULTS OF ECRH ON L-2M STELLARATOR
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The report presents the results of experiments carried out in the L-2M stellarator (R = 100 cm,

a < 11.5 cm, 1 = 2, i(0) = 0.2, i(a) = 0.8 ) . These experiments were concerned with the ECR plasma

confinement and heating at the second harmonic of the electron cyclotron frequency. One gyrotron (f =

75 GHz, P = 0.4 MW) was used; a well-focused Gaussian beam was launched into a stellarator from

low field side. Variations in the characteristics of the plasma were studied with varying the

toroidal magnetic field from 1.3 to 1.36 T.

Studies of the initial stage of the microwave discharge showed the resonant character of the

breakdown. The minimum breakdown-delay time was observed when the resonance conditions were

satisfied at the vacuum magnetic axis. When an external vertical magnetic field was applied (thereby the

magnetic axis turned out shifted either inward or outward the torus axis), the minimum breakdown-

delay time was observed for lower and higher magnetic fields, respectively.

As a result of the plasma heating ( Tt(0) ~ 1 keV, nc ~ 1-2x10" m'3), the shape of magnetic

surfaces changed. The Shafranov shift observed experimentally lied between 1.8 and 3.3 cm; for the L-

2M, in accordance with theoretical predictions, this should lead to the formation of a magnetic well. On

the basis of the X-ray multichord measurements and diamagnetic measurements of <p>, calculations of

equilibrium plasma configurations were performed, which made it possible to re-plot the electron

temperature profile Te(r) as a function of the magnetic-surface radius r(v|/) and, as a first

approximation, to estimate the distributions P(r).

Analysis of the shape of the electron temperature profile for various stellarator magnetic

fields (when the resonant region is shifted toward or outward the torus axis) showed that if the resonant

region was situated on the inside of the magnetic axis, then flattened profiles were observed as expected

for a circular energy deposition region. However, if the resonance was shifted outside, then no flat

temperature profiles were observed, and the central electron temperature either remained constant or

even became somewhat higher. For the present, we cannot explain this effect; it is to be studied in

further experiments.

Modulated ECRH at several frequencies has been used in several experiments to measure the

profile of electron thermal conductivity as well as the power deposition profile.The deposition in

resonant zone coincides to ray-tracing calculation but deposition also takes place outside the resonant

zone.

For decreasing the plasma-wall interaction and, consequently, growth in the density and

radiation losses during the discharge, a graphite limiter was used in a number of experiments. The
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limiter could be introduced inside the vacuum separatrix at a distance up to 2.5 cm, limiting the

plasma radius(a) noticeably. At the same time, the limiter cut off the region in which the shear was

maximum. However, from analysis of the limiter experiments, it follows that the large-shear region

near the plasma boundary ( s = rq' /q » 1, q=l/i) has a little effect on the energy confinement time (t)

, which with other conditions being equal depends on the plasma radius ( t ~ a2)

ECE measurements at frequencies below the electron cyclotron frequency (f = 71 GHz)

showed the presence of a group of suprathermal electrons with energies of- 30 keV. From X-ray

spectra measured by a Si(Li) spectrometer, it follows that the spectrum is close to a Maxwellian for

energies lower than E ~ 6TC and has a suprathermal "tail" which can be described by an "efficient"

temperature exceeding the temperature of bulk electrons by an order of magnitude.

Recently, plasma fluctuations near the boundary have been studied extensively by using the

wavelet analysis, which provided more detailed information about turbulence features near the plasma

boundary. Normalized fluctuation levels are in the range of (3- 20)% and fluctuations are dominated

by frequencies bellow 300 kHz. In the edge plasma region located inside the last close magnetic

surface the radial coherence of fluctuations is due to high frequency fluctuations (>100 kHz). The

poloidal coherence is dominated by low frequencies. Linear coupling of resistive interchange modes is

considered as a candidate to explain the existence of highly radial correlated fluctuations in the high

frequency range.

The power degradation has been observed in ECRH experiments on Stellarator L-2M.

Three types of experiments were run to find the common property of the power degradation

phenomenon : (a) The global analysis of the stationary phases during ECRH to get evidence of the

power degradation confinement and existence of the incremental confinement time, (b) The dynamic

phases was studied during stepping the heating power by relative small fraction. (c)The transition

phase from ECRH phase to free-decay phase was studied too.

ECRH experiments was done where electron temperature and its profile was parameter

changed by heating power only.

The phenomenon of nonlinear dependence of the plasma energy on the heating power, which

leads to quasi-saturation of the plasma energy at high values of the heating power, is accompanied by an

nonlinear increase in the plasma heat losses. The temporal evolution of the plasma energy during

transition from one quasi-steady state of plasma to another (corresponding to another level of the

plasma energy) and during the free-decay phase of the discharge is described well with the power

balance equation and the heat loss power function Ploss(W) describing heat losses for the quasi-steady

state (W, P). The transition time is much less then energy confinement time for both case. The ECR

heating efficiency was found to be close to unity in this experiments.
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The H-l heliac [1] is medium-sized helical axis stellarator experiment with major
radius R = 1 m, average plasma minor radius a = 0.15-0.2 m. Its "flexible-heliac" [2]
coil set permits extraordinary variation in the low-shear rotational transform profile in
the range 0.6 < t < 2.0 and variable average magnetic well. The ultimate design ratings
of the H-l facility are toroidal magnetic field B = 1 T and heating power P A 500 kW;
however, during its initial operating period, experiments have been limited to lower
magnetic field B 2 0.2 T and P 2 100 kW, and so have concentrated on studying
confinement phenomena in low-density discharges. These discharges are produced in
helium, neon, and argon using 50-100 kW of high-cyclotron harmonic helicon wave
heating (f = 7 MHz) and typically have pulse lengths of 80 ms, electron densities ne

=0.5-2 x 1012 cm"3, electron temperatures 71, = 10-30 eV, and ion energies T-, = 50-100
eV. These plasmas are diagnosed by a variety of probe and optical techniques.

For fields above a critical value that depends on pressure and somewhat on
magnetic configuration, the plasma undergoes a transition (Fig. 1) during which the
line-average density doubles and the density gradient increases (Fig. 2), and the
average ion energy increases markedly. These transitions can occur singly or as a
sequence of forward/backward "dithering" jumps, and are accompanied by a deepening
of the potential well, an increase in the magnitude of the inwardly pointing radial
electric field and a reduction or even reversal in the (normally outward) fluctuation-
induced particle flux (as measured using Langmuir probe techniques). These
phenomena are remarkably similar to those seen during L-H transitions in larger
tokamaks and stellarators with heating in the megawatt range.

Fig. 1. Time trace of the line-average density
in an H-l discharge with B =0.0615 Tin a
magnetic configuration with t A 1.41. The
confinement transition occurs at t A 40 ms.
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As with any confined plasma, the radial electric field is determined by the
constraint of quasi-neutrality and the balance of the outward ion and electron fluxes. In
the low-magnetic-field regime in which H-l is now operated, the ion gyroradii are
quite large, pi la ~ 0.1-0.5 (depending on the working gas), and computational studies
of ion orbits show that direct losses remain important even when radial electric fields
like those measured in the experiment are included. Modelling studies suggest that this
radial electric field is nonetheless consistent with ambipolar ion and electron fluxes
when both diffusive and direct losses are included [4].

Fig. 2. Radial profiles of plasma density
(«e) and radial electric field (Ej) in H-l.
Profiles taken 5 ms before (dotted) and 5 ms
after (solid) transition to improved
confinement. The plasma boundary r/a = 1
is determined by the last closed magnetic flux
surface, and is also the location of the helicon
wave antenna.

Time series studies of the evolution of the plasma potential during plasma
formation show that the entire plasma initially charges up positively to almost 50 V as
the electron density and temperature increase in ~ 0.5 ms, and then a central potential
well forms as the ion energy (and direct losses) increase on a time scale ~ 2 ms. The
initial charging of the plasma is consistent with expectations for rf sheath effects driven
by the helicon antenna at low plasma densities [5]; the subsequent ion heating, which
determines the final shape of the potential well, is still under investigation.

Preparations are under way to increase the magnetic field to 0.5-1.0 T, to
increase the low-frequency heating power to 200 kW, and to add 200 kW of 28 GHz
ECH power. These improved capabilities will permit the decoupling of electron and
ion heating and experiments at higher plasma densities and temperatures.

This work was supported by the Australian Department of Industry, Science, and
Tourism and the Australian Institute of Nuclear Science and Engineering as part of the
Major National Research Facilities program.
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The experimental program of the non-circular Tokamak ASDEX Upgrade is focused on the

physics needed for next generation divertor tokamaks, namely safe power exhaust and particle

control, confinement and performance related questions, and MHD stability and 13 limit. While

these investigations and the ITER studies seem to offer a viable solution for the next step despite

some remaining uncertainties, there are clear indications that an appropriate control of radial

profiles together with internally (bootstrap) and externally driven currents might offer the chance

for further optimizing of the tokamak concept towards steady state machines. Therefore the

investigation of scenarios and physics of advanced tokamak plasma concepts has been started on

ASDEX Upgrade. The compatibility of these new ideas with stationary operation at high power

and, simultaneously, cold divertor should be one of the key elements of this program.

Furthermore, the similarity to ITER in plasma shape, in relative distance of the plasma to poloidal

field coils and in the divertor and performance studies, makes ASDEX Upgrade particularly suited

to test advanced tokamak control strategies for shape, plasma performance (including profile

control) and mode stabilisation.

To achieve high confinement and plasma pressures flat or even reversed shear profiles with qo>l

are needed, which can be created by freezing the current profile during fast current ramp-up at low

plasma densities (< 3 10" m"3). This recipe is hampered by the limited plasma current ramp-up rate

in ASDEX Upgrade (S 1 MA/s). Therefore,'early' heating during current ramp-up has been used

in order to reduce the current penetration and to create such flat / hollow current profiles. Off-axis

ECRH (< 1 MW), off-axis ICRH (< 1 MW minority heating) or central NBI (< 5 MW) has been

applied. This procedure leads to flat q-profiles with q>l which exist up to 0.5 s in the current

flattop phase according to MHD modes observed by SXR cameras (q,s « 4). The heating during

current ramp-up was followed by stronger central heating with up to 7.5 MW NBI.

The resulting plasma parameters in these scenarios are central ion temperatures of up to 11 keV,

central electron temperatures of up to 7 keV, toroidal rotation velocities up to 300 km/s (high

values seem to be necessary for the reduction of transport) and enhanced H-mode confinement

compared with ITER 92P scaling. Only with the 5 MW NBI preheating a clear internal transport

barrier for ion energy, electron energy (short phase in the ramp-up), particles and rotation was

observed around p « 0.4 - 0.5. Thereby the existence of a electron tramsport barrier was

confirmed by heat wave modulation technique using ECRH.
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These experiments are accompanied by transport calculations with the 1-1/2-d ASTRA code both

in simulation and analysis mode. In the simulations the full transport equations are self-

consistently solved and the heating scenarios are varied in the ramp-up phase and in the current

flat-top to achieve shear optimized profiles aligned with the pressure transport barrier and to

control them. To create the internal transport barrier both the anomalous thermal conductivities for

ions and electrons are switched off inside the reversed/ flat shear region with dq/dy < 0 and only

the neoclassical contributions are taken. The problem encountered is then given by the time

evolution of the bootstrap current driven by the pressure increase due to the reduced transport, the

CD due to the nearly perpendicular beams and the inductively driven ohmic current. This ohmic

current can even be reversed near the center by the evolving bootstrap and driven currents. In the

current flattop phase when the ohmic currents driven near the plasma boundary during the ramp-up

disappear, the reversed shear region with the reduced transport and the hot plasma region limited

by an internal barrier shrink, as observed in the experiment.

In the analysis mode of the measured profiles an ion transport in the plasma center close to the

neo-classical value was found, which existed only during the phase with q(0) > 1, while for q(0) <

1 a strongly enhanced anomalous ion heat conductivity was found. The calculated current diffusion

and the evolving q-profiles are in agreement with the occurence of low (m,n) MHD modes.

Short term plans, which will be reported at the conference, are further tests of the operating

scenarios including fuelling by HFS pellet injection, the alignment of the shear profiles with the

internal transport barrier, current profile measurements using 'motional Stark effect' spectroscopy

(the first channel was already put into operation) and MHD stability investigations.

In the medium term an off-axis current drive capability is required for sustainment of stationary flat

or reversed shear profiles with q(0)>l. This can be attained in a flexible way by mode conversion

CD which will be available on ASDEX Upgrade during this year. NBCD using tangential

injection by turning of one existing injector is planned. Central CD to maintain a seed current can

be provided by NBCD with the existing nearly perpendicular beams, ECCD and fast wave CD.

Presently flattop times of 4-5 s are feasible which will allow to study the transport barrier physics

on the energy and particle confinement time scales and the MHD stability problem. Plasma shapes

with higher triangularities up to 0.5 can be run already in the DV-II with the outer strike point on

the roof baffle, but this requires a modification of the ICRH antennae in summer of this year.
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Tokamak plasmas with weak or reversed central magnetic shear have
demonstrated remarkable improvements in particle, ion thermal, and momentum
confinement within a core transport barrier [1,2]. The likely role of ZJxB flow shear
stabilization of turbulence in the formation of these internal transport barriers has
motivated the development of new diagnostic techniques to measure the radial
electric field, Er, in the plasma core [3,4].

E r can be evaluated using the radial force balance equation,
Er = Vp/(eZn) + v^Be - V$BQ , where p is the ion pressure, e is the electronic charge, Z
is the charge number, n is the ion density, u^and ve are the toroidal and poloidal
velocity, BQ and BQ are the toroidal and poloidal magnetic fields. The carbon pressure
and toroidal velocity have routinely been measured on TFTR using charge exchange
recombination spectroscopy. A new spectroscopic diagnostic was installed to
measure poloidal velocity profiles, and the motional Stark effect (MSE) diagnostic
was modified to measure Er [5] in the plasma core.

Similar reverse shear discharges show a clear transport bifurcation after a
threshold power is exceeded (Fig. la). New measurements show a bifurcation in the
poloidal velocity of carbon impurity ions before the time of the transport
improvement[6] (Fig lb). In a narrow radial channel (Ar < 2 cm), the ion rotation
velocity reverses direction for those discharges which will undergo a transition to
enhanced confinement. Other parameters such as carbon u^andp show little or no
change at the time of the v$ excursion. An inversion is used to recover local ve values
from the chord-integrated measurements[7j. The peak values of v$ can reach
105 m/s, especially in lower magnetic field discharges (Fig. 2a). These measurements
are corroborated by measurements from the MSE diagnostic, which measures a
transient change in Er with remarkably similar temporal history and spatial extent.
Good quantitative agreement is found when using the local values and the force
balance equation to compute Er spectroscopically with the change in Er from MSE
during the excursion. (Fig. 2b). The measured ExB shearing rate, COEXB. during the
excursion can be more than an order of magnitude above that required to initiate an
ERS transition.

A comparison can be made between the new local core measurements of ue and
the values predicted by neoclassical theory. For reversed shear plasmas, the
neoclassically predicted carbon VQ is essentially zero across the profile. In Fig. lb, VQ
in the core, while zero just after pellet injection, increased until the ERS transition,
contrary to the neoclassical prediction. The source of this discrepancy is not known
but may be due to injected beam current or to toroidal field ripple. The offset between
the measured and neoclassically predicted VQ persists after the transition to ERS.

This difference leads to a more positive measured value of Er than previously inferred
using neoclassical predictions for VQ. The resulting differences in Er' would suggest
that COEXB

 w a s previously underestimated before the transition and overestimated
after the transition when neoclassical predictions were used.

The poloidal Mach number Mp=vgBI(vthB0) has been proposed as a critical
parameter in the L-H transition[8], where v^ - (T; / wi;) . For Mp larger than 1, the
number of trapped ions and therefore the poloidal viscosity decreases. During the
large VQ / Er excursion , Afp > 10 for carbon ions (Fig. 2a). This implies that Mp > 4 for
deuterium ions. Within the narrow shear layer, which is on the order of the banana
width, trapped ions should be depleted which also should result in a reduction in heat
transport [9]. However, after the excursion when u6 relaxes, the observed suppression
of the transport must be due to other mechanisms.

This work supported by U.S. DOE contract DE-AC02-76CH03073.
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Fig. 1 (a) The ERS transition time is
indicated by the bifurcation in the local
carbon pressure, (b) A bifurcation in the
carbon vg precedes the confinement
improvement. A lithium pellet at 1.4
seconds quenched vg.
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Fig. 2 (a) A large excursion in the carbon
vg is seen in a low BT discharge. The
poloidal Mach number for carbon
exceeds 10. (b) Good agreement between
Er determined spectroscopically and from
MSE is observed.
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Recent advances toward understanding the confinement trends of transitionless enhanced con-
finement regimes, e.g., the TFTR supershot regime, as well as newly observed trends in L-Mode
confinement are described. A model of toroidal ITG modes, suppressed by radial electric field shear,
draws together the diverse confinement trends of supershots with a common underlying mechanism
[ 1 ]. The model spans a wide range of performance from degraded confinement to the best lithium-
enhanced deuterium-tritium discharges.

Progress demonstrating the fundamental effect of radial electric field shear on ion thermal con-
finement has been made through controlled experiments in the L-Mode regime [3]. Neutral beam
torque scans at constant power revealed a systematic improvement of thermal confinement with tor-
oidal rotation, stronger at high p*. Recent direct measurements of radial electric field Er are used
to better characterize this trend, which is asymmetric as a function of the beam directionality.

This evidence for the beneficial effect of externally imposed Er shear supports a model of trans-
itionless improved confinement [1] in which turbulence suppression by intrinsically generated Er

shear plays a central role. The ion temperature profiles of over sixty TFTR supershot experiments
are reproduced by the model, encompassing large variations with heating power, isotopic mass,
density peakedness, lithium conditioning, toroidal rotation, and perturbation experiments. These
results are unifying in the sense that ET shear, proposed to explain transitions to enhanced confine-
ment in the H-Mode, VH-Mode, and reverse shear regimes, is shown to be important in transition-
less enhanced confinement trends.

Two separate approaches are taken to self-consistently calculate the ion temperature and neo-
classical ET [1]. First, the confinement trends are described through the expedient criterion taking
the Er shearing rate and maximum linear growth rate of the toroidal ion temperature gradient (ITG)
instability approximately equal in the core. An equation for the ion temperature profile in the in-
ner half-radius is derived. Second, nonlinear calculations that simultaneously evaluate the radial
electric field, ion temperature, and a model for the turbulent diffusivity are carried out for a large
number of discharges. These extend the model of Ref. [4] using an approximation based on toroidal
gyrofluid simulations [5], together with a self-consistent neoclassical radial electric field [2]. The
main conclusions are shown to be largely independent of the nonlinear turbulent saturation level in
the inner half-radius. Finally, relatively accurate growth rates from a comprehensive gyrokinetic
code are compared with shearing rates from the measured radial electric field.

Isotope Effect- A mechanism for the strong DT isotope effect in supershot plasmas, invoking
shear-flow stabilization, has been described. Figure 1 shows the results for a matched pair of DD
and DT discharges. Figure 2 shows that the model reproduces the stored energies of an ensemble of
45 TFTR supershot discharges, distinguishing the isotope effect at each power. The model repro-
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duces both the TE OC Af1® scaling of supershots and the weaker TB OC Af5 scaling of the L-Mode
regime, and is qualitatively consistent with the absence of the effect in JET DT H-Mode plasmas.

Favorable Power Scaling- The continuous departure from L-Mode confinement TE OC l/V^heat
toward the favorable core confinement scaling with temperature x< oc l/Tj characterizing super-
shots has also been reproduced (Fig. 3). The enhanced confinement zone expands with heating
power. Radial electric field shear becomes increasingly important as the ion temperature increases.

Lithium Enhanced Performance and the Scaling with Density Peakedness- Figure 4 shows the
model reproduces the dramatic increase in the ion temperature with lithium pellet conditioning. The
supershot scaling TE OC ne(0)/(ne) is also reproduced.

Causality- Pellet perturbation experiments are reproduced, demonstrating extended evolution
of the ion temperature and measured and simulated radial electric fields after the density profile
recovers.

Measured vs. Neoclassical Er- Large non-monotonic features in the measured toroidal velocity
profiles of the impurity ions are consistently explained by the same neoclassical calculation [1,2]
which provides ET. On the other hand, recent direct measurements reveal a significant offset of the
measured carbon poloidal rotation Vf, in the ion diamagnetic direction, relative to neoclassical val-
ues. Neoclassical calculations including beam torques have been carried out, however, experiments
varying the tangential beam torque produce little change in the measured Vf. Turbulence generated
flows observed in global gyrokinetic simulations are investigated toward a possible resolution.

This work supported in part by U.S. DOE contract DE-AC02-76CH03073.

Figure 1. D-T isotope effect.
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Figure 2. D-T Isotope effect in 45 discharges.
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Figure 4. Lithium pellet scan is reproduced by model.
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Core transport barriers have been formed in many tokamak plasmas with reversed or weak
magnetic shear [1-4]. While these enhanced core confinement states may provide a path to a
more economical tokamak-based fusion reactor, the possibility of reduced and even neoclassical
transport in the core make it essential to ascertain the nature of working ion transport and its
relation to the transport of helium ash, background impurities, and thermal energy. For example,
if neoclassical transport processes are dominant in the core, then the interplay between the
impurity fluxes and the fluxes of the fuel ions will play an essential role in determining fuelling
efficency. In addition, the question of whether the benefits of favorable energy transport are
outweighed by helium ash retention is of significant concern if neoclassical processes prevail,
especially if confinement in the electron thermal channel is not significantly improved.

To improve the understanding of the particle transport in reverse shear plasmas, a series of
perturbative transport experiments with multiple ion species were performed. The experiments
provide characterization of the ion transport to supplement the electron transport results. Tritium
and helium gas puffs were injected into the steady state period of reverse shear plasmas. On
TFTR, tritium operation provided a unique tool for studying hydrogenic ion transport [5]. The
tritium density was inferred from the measurement of the 14 MeV t(d,n)a neutrons. Similarly,
helium particle transport was observed using charge exchange recombination spectroscopy
(CHERS) [6]. Multiple ion species were introduced as minority ion species to provide a stringent
test of transport theory. In addition, measured time-dependent profiles and fluxes of carbon, the
dominant impurity on TFTR, were measured routinely. Neoclassical theory predicts that the
transport of these ions should be much faster [O(m/mf)

1/2] than the electron transport because
their behavior is governed by collisions with the deuterium and major impurities (e.g. carbon in
TFTR) rather than collisions with the electrons. Therefore, these studies may determine if ion
particle transport is governed by neoclassical effects or by microinstabilities that lead to
comparable transport of electrons and ions. Local particle transport characteristices were
compared to electron and ion thermal transport, evaluated from power balance analysis.

To examine if the tritium and helium transport approach neoclassical values, we utilized the
NCLASS code [7]. NCLASS is a multi-species fluid model for the steady state parallel and
radial force balance equations. The bootstrap current, electrical resistivity, and particle and heat
fluxes are evaluated in terms of the rotation velocities, friction and viscosity. NCLASS utilizes
the actual measured profile data and plasma equilibrium.

The tritium density profile evolution for the ERS and RS plasmas were compared. The RS
profile fills in and becomes flat in ~ 0.05 s. In contrast, the profile in the ERS plasmas is still
hollow after 0.13 s. Eventually the profile becomes peaked by 0.18 s as a result of the plasma
outside the reverse shear region diffusing away and not by inward transport. While the ERS

profile is hollow there is a steep density gradient that moves slowly across the reverse shear
region. The slow movement of the steep density gradient across the reverse shear region is
indicative of a particle transport barrier. The helium density evolution is very similar to that of
the tritium in the ERS plasma. The profile remains hollow for a long period of time in the
presence of a steep density gradient. Again, the evolution is indicative of a core transport barrier
within the reverse shear region of the plasma.

The tritium and helium profile data were analyzed using regression techniques on the perturbed
particle flux [5]. The tritium diffusivities for the RS and ERS plasmas are similar outside the
reverse shear region, but inside the reverse shear region the ERS diffusivities are lower by an
order of magnitude. Although the tritium diffusivity has been dramatically reduced, it is still a
factor of 20 times larger than the effective diffusivity for the electrons. Furthermore, it has
previously been shown that plasma fluctuations are very small in the reverse shear region of the
ERS plasma, while in the RS plasma the fluctuations can be characterized by large bursts [8].
The electron transport and fluctuation results motivated comparison of the tritium diffusivities
with neoclassical predictions. The NCLASS code was used to calculate neoclassical fluxes and
transport coefficients using the experimental profile data. Within the reverse shear region, the
measured diffusivities are comparable to the neoclassical predictions. In addition, the measured
helium diffusivities and the corresponding NCLASS predictions for the ERS plasma are similar
to tritium. The helium diffusivities also have a steep gradient near the outer boundary of the
reverse shear region. The drop in diffusivities across the gradient is also an order of magnitude,
and agree with the NCLASS predictions within the reverse shear region. The order of magnitude
reductions in particle diffusivities for both helium and tritium across a small region of the plasma
radius are also indicative of transport barriers. In contrast to the ERS plasma, the tritium RS
diffusivities are more than an order of magnitude greater than NCLASS predictions.

The tritium convective velocities in the RS and ERS are similar in magnitude. The RS plasma
has a core pinch while it is negligible in the ERS plasma. The smaller pinch in the ERS
contributes to the slower inward flow of tritium density into the reverse shear region. However,
the dominant factor in the slower inward transport is the smaller diffusivity.

The observation of neoclassical transport in the ERS plasmas motivated the study of tritium
transport in ERS plasmas at different magnetic fields. Neoclassical theory predicts the transport
to scale as the inverse of the poloidal field squared. Tritium puffs were introduced into two ERS
plasmas at toroidal fields of 3.5 and 4.8 T at constant q. Both the time evolution of the tritium
density and the transport coefficients within the reverse shear region were consistent with the
poloidal field scaling of neoclassical theory.

Lastly, the observation of a transport barrier and neoclassical transport raises the concern of the
helium ash accumulation in a reactor with ERS transport characteristics. While the helium
diffusivity exhibits a particle transport barrier in the core, the effective thermal diffusivity is
comparable, indicating that helium ash buildup would not be a concern for a reactor with these
transport characteristics. However, since the electron heat flux dominates the thermal power
balance, the behavior of this channel may be central to determining the importance of ash
removal in enhanced confinement regimes in future reactors. There is also steady state carbon
data for all these plasmas. Equilibrium analysis will be completed and the profile scale lengths
will be compared to those of helium and tritium, and to the predictions neoclassical theory.

* This work was supported by U. S. DoE Contract No DE-AC02-76-CH03073.
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A dense and fast compact toroid (CT) injection is considered to be a core fueling method on a
fusion reactor. Some promising results on the CT injection were obtained in a few tokamaks[l-3].
A main objective of the CT injection experiments on JFT-2M is to realize a high confinement H-mode
at high density. The initial experiments started in November 1997. We have the following new
unique results. (1) The CT was locally captured in the toroidal magnetic field and moved vertically
in the poloidal plane. (2) The radiation loss decreased after the CT injection in OH plasmas. (3)
ELM-free H-mode did not terminate immediately after CT injection.

[CT injector]
Himeji Institute of Technology (HIT) developed the CT injector (HIT-CTI) for the JFT-2M

tokamak experiment. The CT plasma is formed by a magnetized coaxial plasma gun consisting of
two coaxial electrodes and a bias solenoid. Then the plasma is accelerated in the second coaxial
electrodes of 1 m long with diameters of 70 mm for the inner electrode and 110 mm for the outer
electrode. These formation and acceleration electrodes are powered by capacitor banks of 20 kV (29
kJ) and 40 kV (74 kj), respectively. In order to make CT length short, the formation power supply
was designed to have very short rise time of 7 us. The CT is compressed to a diameter of 70 mm in
the focus cone at the end of accelerator. Initial test has been performed at HIT using another
capacitor banks without focus cone. In this test, measurements using magnetic probes and a He-Ne
laser interferometer indicated the following typical CT parameters : nCT(density) = 1.6 x 102' m"3, VCT

(velocity) = 200 km/s, BCT (magnetic field) = 0.4 T. The CT injector is installed in the JFT-2M
tokamak perpendicularly to the toroidal magnetic field axis on the midplane. The injector was
conditioned by three days of electrode bakeout under vacuum at 2 0 0 ^ before the injection
experiments.

[CT penetration into vacuum toroidal field ]
The penetration depth of the CT into the tokamak magnetic field is determined by the balance

between the kinetic energy of the CT and the toroidal magnetic field pressure[4]. A fast framing
camera is used to observe the extent of CT penetration into the JFT-2M vacuum toroidal field.
Figure 1 shows pictures of CT at different toroidal magnetic field Ey (a) B T = 0 , (b) B T = 1 T with the
counter clock-wise (CCW) direction
viewing from the top of the torus, and
(c) B =1 T with clock-wise (CW)
direction. The CT travels straight and
crashes into the inside wall in the case
of B T = 0 . When the magnetic field is
applied, the pictures show that the CT
is able to go to the extent of plasma
region (r/a-8 0.7) and moves up or
down on the poloidal plane, according
to the direction of the toroidal magnetic
field. To analyze this CT motion, the
following two mechanisms can be
considered. The CT is negatively
charged because the electrode is biased
at 30-40 kV negatively to the vacuum
vessel. The second one is the electric
field in the backward direction caused
by a charge separation in the CT F I G - ' Pictures of the CT inside ihe JFT-2M vacuum
plasma. vessel taken byafast framingcamera. (expos ure time: 50us)
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[CT injection into OH plasmas]
Initial plasma injection experiments have been performed with toroidal fields of 0.9 - 1.3 T and

plasma currents of 150 - 200 kA in a single null plasma configuration. Figure 2(a) shows the
plasma parameters for the CT injection into OH plasmas with the CT bank voltage for acceleration
V =30 kV (solid line) and VA=20kV (dotted line). For the V A = 3 0 kV case the stored energy W
increased by 30 % after the CT injection accompanied by 20% decreases in the radiation loss P and

the loop voltage V . These
increment and decrements are
enhanced with increasing V i.e. CT
penetration. This reduction in the
radiation loss indicates no plasma
contamination by the CT injection.
In the time behavior of W there is

MHD
no change during the first 6 ms after
the CT injection. And it rises up
with a relatively slow time constant
(-30 ms). The total CT energy
(kinetic plus magnetic energy) is
roughly estimated to be 0.4 kJ which
is much smaller than the increment in
the stored energy ~2kJ. These
experimental data suggest that the
increment in W directly from the

MHD
input CT energy is not observed.
The potential causes of the
confinement increase of 30% may
include the density increase and
density profile change, which remains
the area of active investigation.

Figure 2(b) shows the rapid
increase in the electron density just after the CT injection. The line-averaged density (central chord)
increased at a rate of -0.2X1019 m"3/2ms, and transient spike was observed in the bremsstrahiung
emission inside the separatrix (r/a>0.7), indicating particle fueling by the CT injection. The increase
in the tokamak particle inventory is 3.4x 1018, which is consistent with the estimated CT inventory of
6x 10'8, assuming the typical CT density value of 1.6x 102' m"J obtained from the experiment at HIT.

650 700 750
lime (ms)

FIG.2 Time evolution of the plasma parameters for the CT injection
into OH plasmas, (a) The stored energy, the radiation loss and the loop
voltage for the different CT acceleration voltages (VA). (b) The linc-
averaged electron density (central chord) and the visible brcmsstrahlung
emission at r/a>0.7.

[CT injection into H-mode plasmas]
Figure 3 shows the CT injection into the ELM-free H-

mode plasma. Giant ELMs occur 5 ms after the CT
injection. The CT injection affected onset of the giant
ELMs because in the case of gas puffing only through the
CT injector, ELMs began with much higher electron density
and radiation loss than those in the CT injection shot. The
life lime of the CT is in the order of 50 us in tokamak
magnetic field, which was confirmed from observation by
the fast framing camera. This experiment shows the ELM
free H-mode does not disappear just after the CT injection.
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Density controllability is required in a fusion reactor for control of fusion power, where
understanding of particle confinement is indispensable. In this paper, the particle confinement
in JT-60U taking account of the effect of particle source distribution was systematically
investigated for the first time. The scaling law for the ion number in the main plasma of
ELMy H-mode plasmas was established with a new method where the confinement times of
the particles supplied by NBI and by recycling and gas-puffing are individually investigated.
The comparison between the experimental data and the scaling was performed for the high
Pp ELMy H-mode and reversed shear plasmas. An enhancement of the particle confinement
was quantitatively estimated for the reversed shear plasma. Furthermore, in order to understand
the mechanisms for the enhancement of the particle confinement in the reversed shear plasma,
the particle diffusivity and the convection velocity were evaluated.

Particle confinement: In the NBI heated plasma, particles are fuelled in the central region
by NBI and in the edge region by recycling and gas-puffing. The center and edge fuelled
particles have different confinement times [1]. In this paper, the confinement times for the
particles fuelled by NBI (tp

NB) and by recycling and gas-puffing (T.p
R) were separately defined,

and we established the scaling law for the total ion number (N,) inside the separatrix. In the
steady state, N, can be expressed as follow,

B S S ' %i p R o p | > % B
where SR, S0P and SNa are the particle sources due to recycling, gas-puffing and NBI, respectively.
The value of N: was estimated from the electron density measurement and Zeff evaluated
using Bremsstrahlung emission. The value of SR was estimated from D a emission intensity.
Since a large fraction of the recycling neutral particles ionizes in the divertor and scrap-off
layer (SOL) in JT-60U [2], the particle source in the divertor and SOL region largely contributes
to the main plasma density [3]. Therefore, t R was defined as the particle confinement time
including the divertor and SOL, which means that the value of S,
includes the particle source in the divertor and SOL.

We derived the scaling law based on
the data-set for the ELMy H-mode plasma
with the plasma current (ip of 1.0-1.8 MA,
the toroidal magnetic field (BT) of 2.5-3.5 T,
the absolute input power (P,te) of 5-25 MW,
the line averaged electron density (ne) of 1-
6x10" m"3 and Z^l .5-3.5 . The dependence
of TLR and Tp

NB on ne, Ip and Plbs were considered
as follows,

Tp
R=Tp

R(O)(n</lx]0'9m-3)<'

used in this analysis

V"HNB(0)(nyixl0"mJ)6

(L/lMA)T(P<b/10MW)'1.
Here, the dependence on BT was neglected
because of the narrow scanning range. We Fig. 1 Comparison between experimental total ion
assumed that the dependence on L, and Pa6s number and its scaling. Closed circles, open circles
are the same for T.p

R and T NB. By using a and squares show the data for ELMy H-mode, high Pp
least squares fitting method, the values of ELMy H-mode and reversed shear plasmas.
Tp

R(0)=6.4 ms, Tp'lB(0)=400 ms, a=-0.41, respectively.

(3=0,25, Y=0.38, T|=-0.98 were obtained. In Fig. 1, closed circles show the comparison
between scaling and experimental data. It can be seen from this figure that the experimental
data are well fitted to the scaling law under the above assumption. It is noted that the
dependence of xp

Ron nc is different from that of tp
NB. The negative dependence of tp

R on n,
can be explained by the localization of the particle source in the edge region including
divertor and SOL with increasing % The positive dependence of tp

NB on \ reflects the
characteristics of plasma core confinement. The dependence on L, and Pabs has the positive
and negative dependence, respectively, similarly as the dependence of the energy confinement
time in the ELM-free H-mode plasma. A preliminary scaling study suggests that the
dependence on L, and Pabs are qualitatively similar forTp

R and xp
NB. This result supports the

above assumption. Separate determination of dependence of Tp
R and T NB on Ip and Psbs

should be performed together with investigation of dependence on other parameters such as
B^ plasma size and plasma configuration based on database in many machines.

In Fig. 1, open circles and squares show the comparison between the experimental data
and the above scaling in the high pp ELMy H-mode and reversed shear plasmas, respectively.
An enhancement of the particle confinement in the high fip ELMy H-mode plasma is not
observed. However, in the reversed shear plasma, the particle confinement seems to have
different dependence. Furthermore, some data suggests that particle confinement is enhanced
from the scaling up to a factor of two. This enhancement is closely related with the particle
transport, which is discussed in the next section.

Particle transport: In order to investigate the mechanisms for the enhancement of the
particle confinement in the reversed shear plasma, the profiles of the particle diffusivity and
the convection velocity were evaluated from the gas-
puffing modulation experiment using the helium gas
[4]. Figure 2(a) shows the density profile in this
experiment. The internal transport barrier (ITB) is
observed in the region of r/a=0.4-0.55 as shown in
the hatched region. Figure 2(b) and (c) show the
particle diffusivity and the convection velocity,
respectively. The particle diffusivity is in the range
of 1-2 mVs and is reduced by about a factor of 2 in
the ITB layer. There is 90% probability of the
reduction of the particle diffusivity in the ITB layer,
even if we consider the large error bar. The inward
pinch velocity of -2 m/s is observed in the ITB layer
and the outward velocity of 3 m/s is observed inside
ITB. The inward pinch velocity in the ITB layer
supports the experimental result that ITB exists in
the helium density profile even if the helium was
only fuelled outside ITB by gas-puffing [5].

This result shows that ITB largely contributes
to the enhancement of the particle confinement, and
the particle confinement inside ITB is not enhanced.
Since NBI source can penetrate to the region inside
ITB, Tp

NB is enhanced by ITB. Although the recycling
and gas-puffing source can not penetrate to the region
inside ITB, the existence of the inward pinch velocity
in the ITB region suggests that not only tp

NB but also
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Fig. 2 Profiles of (a) density, (b) particle
diffusivity and (c) convection velocity in
the reversed shear plasma.
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Summary
Transport of a magnetic confined plasma is still one of the key subjects to be clarified

because of its importance for fusion reactor development. In order to promote particle transport
study, the concept of tracer-encapsulated cryogenic pellet (TECPEL) has been proposed [I], and
the technology of a TECPEL injector has been substantially developed [2]. The basic concept is to
observe behavior of tracer particles deposited locally for local transport measurement. For proof of
principle, a tracer-encapsulated solid pellet (TESPEL) is injected into the Compact Helical System
(CHS). TESPEL consists of polystyrene (polymer: -CH(QH5)CHr ) as an outer part and LiH as
an inner core, while TECPEL consists of hydrogen isotope as an outer part and low Z material as
an inner core. Therefore, TESPEL can be handled at room temperature, and therefore the device
can be much simpler, so it is more appropriate to a medium size plasma experimental device such
as CHS. The diameter and thickness of the typical polystyrene shell are 300 p.m and 50 (Xm,
respectively. The tracer core is a LiH block with a typical diameter of 50 urn The photo of a
produced pellet is shown in Fig. 1. The method for accelerating a pellet is pneumatic. A typical
accelerating pressure for He gas is 10 atm, and the typical pellet velocity with this pressure is about
300 m/s.

The target plasma of CHS is heated by the neutral beam injector (NBI) with power of
about 1 MW. This NBI is also utilized as a neutral beam source for the charge exchange
recombination spectroscopy (CXRS). The light emission from the pellet is collected with an optical
system, and then it is divided by a half mirror to two photomultipliers, each having a filter.
Therefore, simultaneously Ha and Li II (or Li I) can be registered with 10 |Xs time resolution.
Furthermore, two CCD cameras are also equipped for observing the images of Ha, and Li II (or Li
I). From the CCD images, it is found that the pellet reaches the central region of the plasma. An
intense emission region of Li II is localized to within about 10 mm diameter in the central region of
the plasma. The thickness of the pellet trace seen as Ha light is less than 10 mm. Photomultiplier
signals of Ha and Li II show that at first HK appears for about 500 (J.s and then Li II emits for a
short period of about 50 us. Those results indicate clearly the local deposition of the tracer particles
in the core region.
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The temporal development of line density values at three different chords is shown in Fig.
2 in case of R^ = 97.4 cm. The density increase of ~ 5 X 10" cm"3 due to pellet injection is
consistent with the particle number contained in the polystyrene shell (the contribution of the
core is negligible). The wavelength of 449.9 run (L2II) is adopted for CXRS of Li ions. In
contrast to the conventional CXRS systems using CCD, here photomultipliers for higher time
resolution (up to 10 us) are used. Typical L M CXRS signals are shown in Fig. 3. The delay of
the peak ( 10 ms in the distance of 4 cm) is seen at the outer radius. With the equations (n means
the density of the fully stripped Li ions):

— + (rr) = 0, T = -DVn-Vn

the diffusion coefficient D is 0.16 m2/s at r/a = 0.38 (inward pinch V can be neglected because of
no source in the outeT radius at the initial phase). Although the detail comparison between the
experimental data and transport simulation is necessary, the important point is that the local
analysis is possible. The data are now being accumulated.

In conclusion, a new diagnostic method for particle transport study with TESPEL has
been experimentally implemented for the first time. The results from CHS have shown that this
method will be a useful technique for studying local particle transport

References
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Fig. 1 Photo of TESPEL. Insertion hole is shown in (a),

and LiH core is seen in the upper right side(b).

Fig. 2 Typical density change by pellet injection
97.4 cm. Case without pellet is also shown.

Fig.3 Li JU (CXRS) at three differentposition in case of

R«=97.4 cm. a) r/a » 0.23, b) r/a - 0.53, c)

r/a = 0.82.
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(1) Introduction In toroidal plasmas, energetic ions generated by NBI and/or

ICRF heating or D-T fusion reactions may destabilize various types of MHD modes such

as toroidal Alfven eigenmodes (TAE modes) and fishbone instabilities, and in turn suffer

enhanced loss due to stochastic magnetic fields caused by growth of these MHD modes.

This issue is particularly important for helical systems with appreciable magnetic field

ripple. In the Large Helical Device(LHD), TAE modes and fishbone instabilities might be

excited with appreciable amplitude by 180 keV-NBI and ICRF heatings. Fishbone

instabilities[l] and TAE modes[2] were identified, for the first time, in NBI heated

plasmas of the CHS helioton/torsatron.

(2) Fishbone instabilities Figure 1 shows fishbone instabilities with

m=3/n=2(m,n : poloidal and toroidal mode numbers) newly identified in an outward-

shifted plasma (i.e., Rax=94.7 cm)[l]. This instability exhibits the fishbone like

modulation in the magnetic probe signals, inducing bursts of increased energetic ion loss.

They are suppressed within 1-2 ms after turn-off of the NBI pulse, and this time scale is

comparable to the confinement time of energetic ions. Radial profiles of soft X-ray

fluctuations indicate the presence of two rational surfaces with the same mm. The inner

rational surface plays a crucial role in driving the fishbone instability. The obvious

difference between the CHS fishbone instability and the tokamak one is that the relevant

MHD mode is presumably the interchange mode with m>l instead of the internal kink

mode with m=l. The mode frequency is swept from 80 kHz to 50 kHz during each burst,

and it agrees well with the trapped-particle toroidal-precession frequency estimated to be

-64 kHz. In inward-shifted plasmas(Rax=92. lcm), the m=2/n= 1 fishbone instability is

excited at 20-55 kHz frequency when Bt=0.9 T. This frequency also agrees well with the

beam ion precession frequency. The m=2/n=l fishbone instability often accompanies a

sawtooth crash which is observed in the soft X-ray signals. The plasma stored energy

saturates due to the sawteeth. Effects of helical field ripple on the mode excitation are

under investigation.

(3) TAE modes Another important kinetically driven mode is the TAE mode. In

Fig.2 the frequencies of magnetic fluctuations with very narrow frequency spectrum are

plotted as a function of the predicted TAE mode frequency (i.e., frAE=VA/[47iRq]),

where these modes have low toroidal mode n=l or 2[2]. The frequency and other

characteristics of these modes are consistent with those expected of TAE modes. The

observed TAE modes usually show continuous mode behaviour in time instead of the

bursting behaviour typical of the fishbone instabilities. The relative amplitude of poloidal

magnetic fluctuations to the toroidal magnetic field is fairly low(~ 3x10"^), and these

modes have no measurable effect on energetic ion loss outside the last closed flux

surface, although internal redistribution of the energetic ions density might take place. In

low beta heliotron/torsatron plasmas, the rotational transform (1/q) increases toward the

plasma edge, and the TAE gap frequency is also increased toward the edge. Therefore,

continuum damping at the Alfven wave resonance might play an important role arid limit

the maximum possible amplitude of the modes. This effect is under investigation.

Another interesting issue of TAE mode in a heliotron/torsatron is the study of mode

coupling among modes with different toroidal mode number.
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Poloidal flows have been found to play an important role in the transition to improve
confinement regimes in fusion plasmas. Sheared poloidal flows can influence the
turbulence by shear decorrelation mechanisms and, as a consequence, modify transport.
Several mechanisms have been proposed to explain the generation of sheared poloidal
rotation in the plasma boundary region including ion orbit losses [1] and Reynolds stress
[2].

In the present paper we have studied the link between poloidal flows and fluctuations via
the Reynolds stress in plasmas. The experimental results are compared with theoretical
calculations of resistive interchange and ballooning turbulence induced poloidal flows.
This comparison is particularly relevant in understanding the effect of turbulence via
Reynolds stress in the generation (or damping) of poloidal flows, and its relation to the L
to H transition.

The radial profile of the fluctuation driven flows via Reynolds stress has been
investigated in the plasma boundary region of stellarator (TJ-IU) and tokamak plasmas
(JET, ISTTOK) using multi-arrays of Langmuir probes. In addition, the generation of
poloidal flows by Ion Berstein Wave (IBW) is under investigation in toroidal plasmas.
The latter experiments would explore, from the experimental point of view, the
possibility of active suppression of turbulence by externally driven IBW. The <ivrive>
term of the electrostatic Reynolds stress has been related to the ExB velocities, and
experimentally computed as R = <iVriVe> = <iE riEe>/B2, iE r and iEe being the radial
and poloidal components of the fluctuating electric field and B is the toroidal magnetic
field. The experimental set-up provides a measurement of radial and poloidal electric field
fluctuations in a plasma volume smaller than the typical correlation volume of
fluctuations.
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The Reynolds stress shows a radial gradient in the proximity of the naturally ocurring
velocity shear layer in the plasma boundary region of TJ-IU, JET and ISTTOK. Figure 1
shows the radial profile of the poloidal phase velocity of fluctuations and the Reynolds
stress in the boundary of the TJ-IU torsatron. The radial gradient in the Reynolds stress
is maximum (dR/dr A 10^ ms ' 2) at the radial location where the poloidal phase velocity
of fluctuations changes sign from propagation in the ion to the electron drift direction
(velocity shear layer location). Similar value for the radial gradient in the Reynolds stress
(dR/dr) has been found in the plasma edge region of ISTTOK tokamak. Preliminary
experiments have shown dR/dr A 107 ms"2 in the Scrape-Off Layer Side of the velocity
shear layer location in JET tokamak plasmas.

The importance of fluctuation induced flows in the evolution of the poloidal flow
requires a comparison with the magnitude of the flows driven or damped by other
mechanisms. The damping term due to magnetic pumping in the plasma edge region is
YMP vj9, where v;g is the ion poloidal velocity. For JET and ISTTOK edge plasma

parameters, yMP is expected to be of the order \\\ A 104 s"1. Assuming V;Q of the order
of the ExB poloidal velocity (v0 A 10^ m s'l), the contribution of magnetic pumping to
the time evolution of the poloidal flow is comparable to the contribution of fluctuations
via Reynolds stress. The damping of the poloidal rotation due to atomic physics (charge
exchange) can be expressed as v j c x vi9, where viCX is the momentum loss rate due to
charge exchange mechanisms. For typical edge plasma conditions it follows that the
contribution of atomic physics to the time evolution of the poloidal flow is in the range of
107 m s~2. For the SOL region, an important influence of the radial electric field caused
by the sheath conditions at the target plates is expected. These results illustrate the
importance of fluctuation induced flows in the plasma boundary region of fusion plasmas.

The poloidal flow generation by different instabilities is under investigation. We have
found that the Reynolds stress has two terms: One is proportional to the poloidal flow
velocity, and leads to a dynamo instability and the generation of sheared flow. The
second one is an effective turbulent viscosity and damps poloidal flow. For resistive
interchange turbulence in stellarators, the Reynolds stress is dominated by the second
term. Similar calculations are in progress for ballooning modes in tokamak geometry.

Fig. 1. Radial profile for the phase velocity of fluctuations and the cross-correlation between poloidal and

electric field fluctuations in the TJ-IU torsatron.

[11K. C. Shaing and E.C. Crume, Phys. Rev. Lett. 63 (1989) 2369.

(2) B. A. Carreras, V. E. Lynch, L. Garcia, Phys. Fluids B 3 (1991) 1438.
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The recent experimental activity on FTU has produced some plasma scenarios with

low/negative magnetic shear, obtained by ECRH during fast current ramps and multiple

injection of deuterium pellets penetrating beyond the sawtooth inversion radius. The results of

transport analysis in these conditions can be used to test the energy transport properties of these

configurations in a range of parameters that can not be easily reached in other tokamaks as they

are typical of a compact high magnetic field machine.

ECRH experiments [1] at 140 GHz have resulted in a maximum temperature above

8 keV, with an electron temperature gradient in excess of 100 keV/m. Multiple pellet injection

[2] has been used to obtain high density plasmas with enhanced global energy confinement (and

peak electron density ne(0)=4xl020 m~3). The absence of the sawtooth activity for a significant

time interval allows to perform a detailed interpretative analysis of the energy transport in the

core of the plasma discharge and provides a set of experimental data that can be used to test the

available transport models.

In ECRH experiments, up to 360 kW of radio frequency power at 140 GHz have been

injected during the current ramp-up phase of 700 kA plasma discharges. Heating at the

fundamental frequency, with perpendicular, low field side launch with ordinary polarisation has

been used, so that the resonant magnetic field is 5 T. Both on axis and off axis heating has been

applied. According to resistive diffusion calculations, the q profile remained non monotone

during most of the ECRH pulse. The results of the diffusion calculations are confirmed by the

MHD features of the discharge. The interpretative analysis demonstrates the diffusive behaviour

of the core energy transport and the attainment of low values of the electron thermal diffusivity

as shown in the figure, where also the q profile is given. It is remarkable that the low xe values,

which are comparable or below the ohmic ones, have been obtained in the presence of high

temperature gradients and large thermal fluxes. The shaded area in the figure shows the

uncertainty arising from the evaluation of the ohmic power input. The results of the transport

analysis are robust for r/a<0.3, where the power balance is dominated by the EC power source.

The data have been used to test the mixed Bohm-gyro-Bohm model that has been recently

proposed [3], where the magnetic shear plays an important role.

FTU Pulse #12688 t=96ms

r/a

This model has been calibrated on

JET experimental data and it has

been verified on the results of other

large tokamaks (TFTR, DIII-D), so

that FTU data provide an

assessment in a different range of

plasma parameters.

The comparison with the Bohm-

gyro-Bohm model shows that the

model results are too pessimistic in

the case of these FTU plasma

discharges, as the weight of its

gyro-Bohm term seems to be

overestimated in the FTU parameter

range.

In pellet injection experiments performed in optimum conditions (Ip=700 kA, pre-pellet density

ne=1.2xl020 irr-1), the global confinement time was increased from 40 to 80 ms. The sawtooth

activity was suppressed by the pellet, due to a slight broadening of the current profile in the re-

heating phase; as a consequence, only the diffusive heat transport was left in a wide plasma

region of nearly zero magnetic shear. Transport analysis shows a drastic reduction of the

electron heat transport in this region, and a reduction of the ion heat transport to the neoclassical

value.

The paper illustrates the modelling of the described plasma discharges, with particular emphasis

to the Bohm-gyro-Bohm model results. Some modifications to this model are suggested in

order to reconcile it with the experimental data.

REFERENCES

[1] S. Cirant et al. "Long pulse ECRH experiments at 140 Ghz on FTU tokamak", Proc. of

10th Joint Workshop on ECE Emission and ECRH, T.Donne' and Toon Verhoeven

Editors, 369 (1997).

[2] D. Frigione et al. "Improved confinement on FTU sustained by multiple pellet injection"

24th EPS, Berchtesgaden 1997, vol 3 p 1177.

[3] G.Vlad et al. "A general empirically based micro-instability transport model", 1997,

accepted for pubblication by Nuclear Fusion.

115



EXP2/02 (R)-EX7/2 (R) XA9950814

Experimental tests of confinement scale invariance on JET, DIIID, AUG and CMOD

J.P. Christiansen1, R. Budny5, J.G. Cordey1, M. Greenwald4, O. Gruber2, A. Hubbard4,
I. Hutchinson4, G. Huysmans1, P. Lomas1, C. Lowry', T. Luce3, S. de Pena Hempel2,
C. Petty3, F. Ryter2, H. Salzman2, B. Schunke1, J. Schweinzer2, J. Stober2, W. Suttrop2, K.
Thomsen1, B. Tubbing1, S. Wolfe4.

1. JET Joint Undertaking, Abingdon, OX 14 3EA, UK.
2. Max Planck Institut fur Plasma physik, D-85740 Garching, Germany.
3. General Atomics, San Diego, CA 92186-5608, USA.
4. MIT Plasma Science and Fusion Center, Cambridge, MA, USA.
5. Princeton University, PPPL, P.O. Box, 451, Princeton, NJO8543, U.S.A.

Many experiments on tokamaks such as JET, TFTR, DEUX), PLT, Alcator and ASDEX

have been devoted to studies of the scaling of confinement with dimensionless parameters like

normalised Larmor radius p-, collisionality v. and p . The aims of such experiments are to

improve the accuracy of extrapolations e.g. in p>, and to examine if confinement is governed

by electrostatic processes, by collisions etc. The use of dimensionless parameters to describe

confinement is based on the scale invariance principles by Kadomtsev and Connor-Taylor [1]

which predict that the product COCTE (cyclotron frequency times confinement time) is invariant

under any transformation in which p., v«, p, q and plasma shape are invariant. Early tests on

PLT and Alcator confirmed such an invariance [2] in a series of ohmic identity experiments.

The variety of plasma shapes (including X-point location and strike zones) that are

possible on JET has allowed a four tokamak comparison of confinement in the ELMy

H-mode regime: a highly triangular plasma cross section matches CMOD, weaker

triangularity and more elongated shapes were used to match DIUD and ASDEX Upgrade

(AUG). In order to establish the appropriate values of p«, v., P each tokamak is required to

operate at the edge of its operational space. For JET this means low plasma current (< IMA)

and magnetic field (< IT) and NB power in the range 0.6 - 10 MW. The experiments on JET

include density scans (for comparison with DIHD, AUG), power scans (for comparison with

CMOD and AUG), q scans (DIHD, AUG) and variations of power, density at the L to H

threshold. The experiments on AUG have already been carried out; the L to H transition

physics together with the JET - AUG comparison will be reported at this conference [3]. A

comparison of local and global confinement in JET and AUG will be presented for JET and
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AUG pulses from the above scans at values around p« = 2.3 10"4, pN = 1.5, v .= 0.015,

BTE = 0.4.

For the JET pulse which matched the CMOD pulse globally with p . = 3 10"4, PN = 1.0,

v<= 0.1, B T E = 0 . 2 5 , due to the slight differences between the JET and CMOD shape the

ELM-free period only has been subjected to a local analysis (TRANSP code). The slight

differences in shape of the outermost flux surfaces result in slight differences of edge current

Jt; this in turn affects the MHD stability limits at which the ELM's occur; the choice of the

ELM-free period is therefore made to eliminate any effects from ELM's.

Preliminary experiments on D n m have indicated that it is possible to achieve a match of

global values p . = 4 10"4, pN = 2, v. = 0.02 and BT E = 0.25; further experiments on DIUD are

to be carried out to provide profile data on Tc, T(, ne.

This four tokamak comparison involves analyses of confinement and edge properties such

as pressure pedestal, L to H and H to L transitions, ELM's. The comparison should provide

an experimental verification of the confinement scale invariance principle for a considerable

range in parameters. Minor radii are JET (0.97m), DUID (0.57m), AUG (0.48m),

CMOD (0.22m). The experiments do not reveal any confinement scaling properties since p«,

v«, PN remain fixed; the experiments should however demonstrate that the choice of these

dimensionless parameters is the appropriate one.

[1] B.B. Kadomtsev, Sov. Phys., J. Plasma Phys. 1 (1975) 29.
J.W. Connor, J.B. Taylor, Nucl. Fus. 17 (1977) 1047.

[2] R. Goldston, et al., EPS Amsterdam, Vol. I. 134 (1990).

[3] F. Ryter, et al., Dimensionally similar studies of H-mode transition and confinement in
ASDEX upgrade and JET. This conference.
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The H-Mode transition and confinement are key issues for future fusion devices. Com-

parisons between tokamaks are expected to bring insight into the physics mechanisms and to fi-

nally allow reliable extrapolation to fusion reactors. One physical approach to this problem con-

sists of comparing experiments performed in 2 (or more) devices of different size in which di-

mensionless parameters are made equal [1]. The advantage of considering dimensionless vari-

ables is that their values can be chosen equal to that of the futures device, except p*. This method

has already been applied to confinement studies, for instance in JET and DIII-D at low densities

[2,3]. Common experiments between ASDEX Upgrade and JET have been started, where the em-

phasis is put both on confinement scaling at high densities and also on the L-to-H transition scal-

ing. The results will be described and discussed in the paper. It must be underlined that a new ap-

proach had to be developed for the L-to-H transition case because it introduces an additional con-

dition, as discussed below.

In the "confinement identity experiments" the four dimensionless variables (p*, v*, P, q)

as well as plasma shape are respectively the same in the two devices [2]. This determines how the

controllable machine parameters must be scaled between the devices: B T ~ R"*' , Ip ~ R~" ,

ne ~ R"2, Ptot ~ R~3/4, yielding T ~ R~l#. In addition the heating power deposition profiles must

be as similar as possible. Phenomena occurring on the Debye length scale or related to atomic

physics are assumed to be negligible. If the energy transport is determined by plasma physics

only, i.e. by a function depending on p*, v*, p, q, transport must be the same in both devices un-

der such conditions. A set of pulses has been recendy performed in JET for confinement identity

experiments in which the ASDEX Upgrade shape has been matched in JET. These discharges

provide low and high density cases, a variation of the heating power in each case, and in addition

a q scan for the low density case. These experiments significantly extend the parameter range

previously used in the JET/DIII-D experiments, in particular towards high density where confine-

ment degradation occurs.

The corresponding low density discharges were already performed in ASDEX Upgrade

and show good matching with JET. This seems to confirm that transport is determined by the

physiscs associated with the chosen dimensionless parameters. The detailed transport analyses are

underway. The corresponding high density experiments are being performed in ASDEX Upgrade.

In both devices the confinement degrades at high density and these experiments are expected to

yield information on the cause of this effect. The results will presented and discussed in the paper.

The understanding of the H-mode physics progressed sigificantly during the last years but

the actual cause of the L-H transition is not yet identified. An approach using similarity experi-

ments with dimensionless variables may help determine which variables play a role and therefore

contribute to physics understanding. For this purpose the data are taken at the plasma edge (95%

of the poloidal flux) where the L-to-H transition is assumed to occur. Investigating the L-to-H

transition introduces an additional condition because the heating power is not free. This is ex-

pressed by fLH(p*,v*P) = const.

The values of the global experimental parameters required for this new approach have

been planned using previous experimental studies of the edge temperature at the L-to-H transition

in ASDEX Upgrade [4] and JET [5]. The pulses have been first done in JET and afterwards in

ASDEX Upgrade in an iterative way to match the edge values of JET. The experiments provide a

variation of v* and p of a factor of 5 and 2 respectively in each device, the variation in p* being

only about 30%. Among the discharges performed so far, one pair yields equal values for the

three variables, for slightly different q values. In this case the edge temperature scales as R~*/2 t

as expected from the considerations presented above for confinement. The rest of the data pro-

vides matched (p*,P) pairs for which v* is quite different in the two devices. This suggests, as al-

ready indicated in [4], that the transition physics only weakly depends on v*. The last experi-

ments and results will be presented and discussed in the paper.
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COMPASS-D, due to its small size (R=0.56m, a=0.18m) and long pulse length (relative to
field diffusion times), provides valuable data when establishing scalings for H-mode
thresholds, confinement, ELM behaviour and scrape-off layer thickness for ITER. An
adaptable 60GHz ECRH system has allowed high power ECRH (1.8MW installed power) to
be used over a wide range of plasma parameters from low collisionality high p to high density
H-modes. This system injects neither particles nor momentum, and is thus representative of
the situation on ITER. A 1.3GHz 400kW LHCD system has provided additional flexibility
for long pulse operation and optimisation of high /} discharges.

H-modes
COMPASS-D is the smallest device with well-characterised H-mode plasmas in ITER-like
plasma configurations (i.e. single null divertor, with elongation -1.6). Data is available for
both confinement in ELMy-H-mode regimes, and for the power required to produce and
sustain H-mode. Recent increases in the toroidal field have allowed ECRH to be used at the
fundamental resonance (typically a launch angle of ±10-20° to the toroidal field is used,
balanced to minimise current drive). H-modes can thus be produced both Ohmically and with
additional heating [1]. The scaling of the threshold power (P,h; the radiated power fraction is
modest) is very much at variance with the conventional scalings for ITER. In particular Plh

increases as nc falls (at low n,), whereas the present multi-machine scalings imply Plh increases
almost linearly with density. This can be explained at least in part by the confinement
behaviour, assuming that a certain plasma pressure is required to form the transport barrier
(e.g. by stabilisation of peeling modes), and the power required to attain a given normalised
pressure is shown in figure 1. It has been shown that as the edge plasma becomes collisionless
and an edge bootstrap current develops, it is no longer possible to stabilise the peeling mode
by increasing the plasma pressure. This may explain earlier observations on COMPASS-D
where H-mode access was nearly impossible at low density despite injecting power more than
an order of magnitude above the scaling prediction. This type of complex behaviour is likely to
underlie the difficulty in producing a reliable scaling for the H-mode power threshold for
ITER. Deuterium plasmas are the norm, but operation in hydrogen indicates a favourable
isotopic dependence. As the ECRH power deposition is varied from central to ~a/2 (by a Bt

scan) there is a fall in P:h consistent with the B^ scaling expected from a plasma pressure
(rather than power) threshold, or as a result of localised heating nearer to the transport barrier.
The confinement in ELMy H-modes on COMPASS-D, based on an estimated 75% absorption
of the ECRH power, is close to the ITERH97 scaling. New measurements of nc and Tt at the
edge (from spatially resolved Hel line ratio measurements using thermal helium gas feed)
show that increased edge gradients indeed appear on entry into H-mode. Detailed high time-
resolution measurements of the poloidal and toroidal flow show fast changes in ve and v^ at
the plasma edge (only) simultaneous (to within ~100|Xs) with the transition and ELMs, with
smaller changes further into the plasma.

High pn plasmas
Operation at lower magnetic field (~1.1T) allows high p at low collisionality to be attained and
sustained with VW/)<100mV for timescales equivalent to more than 10% of the ITER 1000s
flat-top, when normalised to the resistive diffusion time, and thus at least comparable to much
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larger tokamaks. Without optimisation of the injected ECRH power waveforms these
discharges reach /3n~2 only transiently due to the impact of 2,1 neoclassical tearing modes [2].
However, with careful discharge programming, quasi-stationary operation at Pn~2 has been
established. Performance is then limited by higher poloidal mode number pressure-driven
modes and fast MHD events leading to a progressive degradation of energy confinement. If
lower hybrid current drive is added to disruptive discharges, disruptions can be delayed or
even avoided (see figure 2).

Scrape-off layer and ELMs
High spatial and temporal resolution probes in the divertor target have been used to track the
behaviour at ELMs. The power deposition zone moves very little, and although the width
increases by -50% (compared to ELM-free) there is still a factor 5 increase in power density
on the target at an ELM, when up to 5% of the plasma energy and particle content is lost.

The SOL thickness has been measured over a wide range of parameters on COMPASS-D, and
compared with many (twenty-one) analytic models of the edge transport coefficients. It is
possible to reject many of the models, and it is found that those with scale lengths based on the
collisionless skin-depth are the most successful [3]. The same models correlate well with data
from JET and Alcator C-Mod, devices with much higher edge collisionality. If this can be
extrapolated to ITER it leads to a thin predicted mid-plane SOL thickness.
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Fig. 1: Threshold power for H-mode access for
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The investigations of dynamics of superthermal electrons at OH discharges ( B z ~ 2,5
kGs, n c ~ l-j-2»1013 nT\ U~ 230*330 6A, q L - 3) and under oblique ECH (PECH - 700 kW, f =
140 GHz, heating on 2nd resonance, lunch angle 69°) were made on tokamak T-10. Spectra
analysis of plasma emission on 1st ECR (f = 40 - 90 GHz, O-mode), on 2nd ECR (f = 100 -
170 GHz, X-mode), in range of magnetised Langmuir oscillations (0.1 - 18 GHz), in SXR-
range (2 - 50 keV) and HXR-range (100 - 2000 keV) were fulfilled. Simultaneous ECE
measurements on both resonanses got possibility besides the evaluation of total energy of
upthermal electron components to determine a relation of them perpendicular and longitudinal
energy. Essential longitudinal anisotropy in electron energy distributions is kept practically full
time of discharge current.

It is possible to choose two kinds of fast electrons on them space location. The first
are born at the initial stage of discharge and are distributed through full cross-section of plasma
column. Us energy spectrum is being essentially soft as far as a growing of Langmuir range
fluctuations under plasma pinching by primary current of accelerated electrons. The hard
electron component (E > 100 keV) is went practically to zero level at the first act of ELM-like
instability. Relative part of upthermal electrons in total local density rises typically to plasma
periphery. Analysis of ECE and SXR dynamics shows that energy quench inside column
during instabilities on q = 3 is determined largely by loss of energy in upthermal component.
Depth of ECE modulation in plasma centre does not exceed 20%, while in periphery it can
reach 70%. Electrons of HXR-range do not appear under ECH as rule. Distributed in space
electron group produces apparently a periodical pinching of current channel, a rise of electric
field on the front of pinch-wave, an excitation of plasma oscillations up to unstable them
amplification under critical value of electric field [1].

Another electron group {it was discovered by second low frequency maximum in
spectrum of 1st ECE) appears on the edge of plasma column (very likely next to limiter) under
energy saturation of the central plasma area. According to set of sign, this component is mainly
result of wave transport. It can exist also up to end of discharge decreasing at the acts of
instabilities and increasing many times under ECH of the internal regions. ECE intensity of this
group is reduced with a rise of plasma density and evidently depends essentially on vacuum
cleaning of limiter and chamber. At discharges of another kind, localised electron beam was
registered for average plasma density up to 3»I013cm'3. At that case, moment of slow decrease
of its ECE to neglected small level corresponded usually to development of disruptive
instability.

Under ECH, ECE intensity of periphery superthermal electron flux rises essentially
(FIG. 1b) and then then
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FIG. 1. ECE spectra at phase of quasistationary total plasma current on 1st (b) and 2nd (a)
resonance. I - OH stage, 2 - on-axis ECH (Bz = 25 kGs), 3 - off-axis ECH (Bz = 28 kGs).
Space scales were marked in supposition of "thermal" emission nature . Energy scale
corresponds to the local supposition of beam next to limiter (30 cm). I - 270 kA, nc ~

ECE intensity of boundary beam enhances on a shift of absorption zone to areas of lower or
higher magnetic field. Analysis of 2nd ECE (FIG. la) shows that transverse energy of
distributed upthermal electron flux in an external plasma region can reach 0.5 - 0.7 keV on
longitudinal energy 15 -20 keV. Characteristic total energy of edge beam depending on time
and way of creation can be 30 - 70 keV with perpendicular energy no more then several
hundreds keV. Radiation temperature of corresponding emission surpasses tens times that just
before ECH and is comparing with central electron temperature under ECH.

An effective generation of electron edge beam can not be explained by direct
absorption of input EC power (resonance conditions are not satisfied) or by stationary increase
of electric field in the plasma periphery and, as at OH stage too, is the result of non-local
(wave) transport.

Analysis of spectrum of Langmuir fluctuations (FIG. 2) and its dynamics at OH stage
and under ECH give possibility to believe that those oscillations are driving force of transport
phenomena including the development of kinetic instabilities of electron component and, as
consequence, global instabilities. Actually, those oscillations and superthermal electrons,
which are responsible on them excitation, can be observed full discharge time essentially non-
linear increasing with current ramp up to critical level. Spectrum of oscillations is transformed
in certain manner remarkably earlier the moment of quench. It saturates in range of spectral
maximum, decreases in high frequency part and increases on low frequencies. Just before
instability on q = 3 (also on q = 1 and 2), this spectral overpumping occurs exponentially in
time forming as rule sharp maximum in vicinity of low frequency spectra! boundary. Set of
peculiarities of spectrum and its dynamics shows to possibility of existence in plasma at the
same time several space modes of potential oscillations connected with details of magnetic
field structure (q = 1,2,3) [2].

Fig.2. Spectra of plasma oscillations: 1
- OH regime, 2 - ECH, 3 - difference
between curves 1 and 2. Mode
corresponding to excitation of
oscillations inside q = 1 is distinguish
in low frequency range. Main part of
spectral energy apparently is stipulated
for mode which is excited inside zone
q-2.

Certain conformity between spectrum of plasma oscillations and energy spectrum of
fast electrons was discovered. The intensity of oscillations under ECH increases significantly
in high frequency range of spectrum. A behaviour of intensity in this range including many
details correlates with confidence with ECE dynamics of edge superthermal electron
component. In particular, synchronous modulation of boundary ECE is observed on excitation
of saw-tooth oscillations on q - I in plasma centre: slow increase together with electron
temperature inside q = 1, exponential enhancement on energy saturation in the centre with fast
rise of low frequency fluctuations and, finally, slow decrease corresponding to cooling phase of
zone outside q - I.

The forming of edge superthermal electron flux by potential waves through transport
of longitudinal electron momentum can be physical ground of so called regimes with "
improved confinement". Certain correlation in dynamics of ECE, plasma noises and atomic
spectral lines allows to think about essential role of atomic processes in limiter area for
excitation and stabilisation of ELM-like (q = 3) instabilities. Evaluations of current part
carrying by superthermal electron flux and its influence to total plasma storage are being
fulfilled.
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The ELMy H-Mode provides good confinement under steady-state conditions and is

therefore envisaged as a possible operation regime for future fusion devices. The transition

into the H-Mode (L-H transition) occurs above a threshold power, an essential parameter in

planing a next device. The confinement properties of the ELMy H-Mode depend on the

plasma parameters and their influence should be known for confinement predictions. These

two topics are an important part of the research program in ASDEX Upgrade and the last re-

sults are presented in this paper.

Two important modifications were carried out since the last IAEA conference in Mont-

real 1996: a deep closed divertor (DV-II), with cryo pump, has replaced the previous open

one (DV-I) and the NBI heating power has been doubled, providing 15 MW in hydrogen and

20 MW in deuterium.

The H-Mode power threshold and L-H transition in DV-I and DV-II have been compared

in detail in the middle range density region (below 70% of the density limit) where it increase

linearly with density. The threshold power in DV-II is higher than in DV-I by about 20%

which is statistically significant. It is widely accepted that the L-H transition occurs at the

plasma edge and therefore an important effort was made in ASDEX Upgrade to investigate

the dependence of the L-H transition on edge parameters. A scaling has been obtained for the

edge temperature at the L-H transition in DV-I [1], The edge temperature measurements in

DV-II agree with the results from DV-I. Therefore, the 20% higher power threshold in DV-II

can be explained by the observation that for the same line averaged density the edge density

is higher in DV-II than in DV-I by about 20%. It will be also shown that local and global re-

sults of the L-H threshold are in accordance. The results with edge local measurements are

being compared with present theoretical models and good agreement with some of them is

achieved.

A possible contribution to the understanding of L-H physics is provided by a type of L-

H transition in which a steepening of the edge gradients and confinement improvement first

occur in time, without the usual L-H signatures. The typical H-mode signatures are occur

later and cause a further but weak confinement improvement. Such a behavior suggests that

the L-H transition requires two conditions which are generally fulfilled simultaneously, but

not in these cases. It can be speculated that the cause for the two conditions are connected

with the different behaviour of the convective and conductive transport, respectively.
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The confinement properties of the type-I ELMy H-Mode will also be described in the pa-

per. A main characteristic is the relation between edge and core plasma. Dedicated experi-

ments using density ramps and power scans, with and without cryo pump, were performed to

address the relation between edge and core. In this regime the edge pressure gradient is lim-

ited by the ELMs at about the ballooning limit, in a region between the separatrix and the top

of the pedestal (pped)- The electron temperature at the pedestal top depends on the condi-

tions, in particular power and density. It is for instance decreasing with increasing density

with gas puffing [2]. The temperature profiles in the core plasma (pned < P < 0) exhibit a

constant logarithmic derivative: the shape of this part of the profile on a log-scale does not

vary and its height is defined by the top of the pedestal. Such a behavior is expected from

transport models based on the existence of a critical gradient. Additional information on

transport in the ELMy H-Mode is provided by the propagation of "heat waves" achieved by

modulated ECRH: a strong asymmetry of the transport is observed between the LFS and

HFS propagation of the ECRH deposition when it is placed around mid-radius. This also sug-

gests the existence of a critical gradient. The confinement with type-III ELMs is generally

good, 10% to 20 % lower than for type-I ELMs, and will also be described and discussed.

The extension of the heating power allowed to obtain for the first time in ASDEX Up-

grade type-I ELMS in hydrogen plasmas, providing a comparison between hydrogen and

deuterium under the same conditions. The confinement in hydrogen is clearly lower than in

deuterium confirming the isotope effect observed earlier in ASDEX Upgrade under different

conditions [2]. The behavior at very high power will also be discussed. In hydrogen a satura-

tion of the electron temperature occurs which is not observed in deuterium. This is not due to

global MHD phenomena and transport analyses will be made to identify the cause of this dif-

ference.

Various phenomena such as ELMs, MHD instabilities (fishbones, neoclassical tearing

mode) or high density operation with gas puffing limit the confinement performance in

steady-state ELMy H-mode. They will be discussed as well as the consequences for a future

fusion device.
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Ignition scenarios like those developed for ITER require plasma densities which will
be close or above the Greenwald limit. Generally it is observed that exceeding this limit
may lead to a degradation of plasma confinement or to a violent end of the discharge.
The achievable density limit and the related processes, such as radiative instabilities and
MHD phenomena, which eventually lead to disruption, have been investigated in the
limiter tokamaks TEXTOR-94 and RTP.

Two types of radiative instabilities have been observed prior to density limit disrup-
tions in TEXTOR-94: (i) in strongly polluted plasmas the density limit is reached when
the radiation power, dominated by impurity radiation, equals the heating power in a
poloidally symmetric way, while (ii) in clean tokamak discharges with high heating power
another type of density limit usually sets in, leading to the so-called Greenwald limit.
This second type of the density limit is characterized by a MARFE precursor, which is
a thermal instability resulting from a nonlinear polbidally asymmetric radiation cooling
mechanism. Thus, by suppressing the MARFE it has been attempted to overcome the
Greenwald limit. However, in contrast to the Greenwald limit, which is only a function of
the averaged plasma current density and does not reveal any dependency on the heating
power, the onset of the MARFE can be shifted to higher densities, if the auxiliary heating
power is increased. Moreover the development of the MARFE is influenced by the spatial
distribution of the neutral deuterium fluxes at the plasma edge [1].

In the circular limiter tokamak TEXTOR localized recycling at the high field side
is found to be important as trigger for MARFEs. Based on these observations, the
application of powerful neutral beam heating (NBI) together with the modification of the
recycling properties in the vicinity of the MARFE allowed to exceed the Greenwald limit
in L-mode discharges by a factor of 2. Those excessive densities were obtained by regular
gas feed without any peaking of the density profile. A scaling of this "cold" density limit
with respect to the plasma current is shown in figure la. This figure illustrates the linear
dependence of the density limit on the plasma current. For this particular heating power
(PavLX = 1.9MW) the density limit is twice as high as the Greenwald limit. A maximum
density of nfL = 1.1 x 102Om~3 was reached at a plasma current of Ip = 350kA, which
refers to an edge safety factor of q(a) = 3.3. The dependence of the density limit on the
heating power will be also presented. Furthermore quasi-stationary sawtoothing discharge
phases (>> Te) up to a density of 1.8x the Greenwald limit have been performed.

However, those observations, which led in L-mode discharges to the so-called "cold"
density limits, significantly higher than the Greenwald limit, are different from those
observations made in Radiative Improved mode (Rl-mode) discharges. The Rl-mode is
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Figure 1: a: Density limit versus the normalized averaged current density, Greenwald
limit (dashed), 2x Greenwald limit (dash-dot) b: The Te-profiles (as function of the
normalized radius) are aligned in time relatively to the onset of the current quench. The
narrow, hot profile was obtained just before the onset of the current quench (solid), the
flat, broad profile at the end of this phase (dotted) and the narrow, 200 eV-profile 0.53
ms afterwards (dashed).

an operational regime, which features high energy confinement and strong edge radiation
cooling due to line radiation from seeded impurities [2], There, a confinement degradation
due to excessive gas puffing is often observed at high densities. A comparison of the "cold"
limit with the density limit in Rl-mode discharges will be presented.

The radiative instabilities trigger various MHD-modes [3]. Their growth leads to
a rapid loss of energy, and finally to a current quench. At the RTP tokamak a high
resolution double pulse Thomson scattering is being used to study the time evolution
of the electron temperature profile during the energy quench. In Fig.lb a few typical
examples from a sequence of Te-profiles are shown obtained in discharges that disrupted
at the density limit. With this novel diagnosic it is demonstrated, that the energy quench
is caused by an interaction of m/n = 2/1, m/n = 3/2 and m/n = 1/1 MHD-modes.

The density limit originates in the development of radiative instabilities at the plasma
edge and a subsequent onset of MHD-niodes which eventually destroy the plasma con-
finement. The understanding of the MARFE evolution and the characteristics of the
MHD-modes provide a better knowledge of the density limiting processes.
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Simulations have shown that perturbative transport experiments, where the dynamic
plasma response is probed, can provide a more sensitive test of transport models compared to
a comparison of measured and simulated temperature profiles from a power balance analysis.
A perturbation source that deposits heat locally into the plasma particle species under study is
preferred. Experiments have been performed on the DIII-D tokamak using modulated ECH
as the perturbative heat source with the resonance layer off axis. The electron and ion
response to the perturbation is measured and the amplitude and phase of the perturbations is
compared to predictions from several transport models.

To avoid inherent plasma perturbations such as sawteeth and ELMs, an MHD quiescent
discharge in an L-mode configuration, limited on the inside wall of the vacuum vessel,
was chosen .as the target plasma with a plasma current of 0.8 MA and electron density of
2 x 10 m . Early in the discharge, 4 MW of neutral beam power was applied to produce a
sawtooth-free period during which 1 MW of ECH was applied in 20 ms pulses every 40 ms
for a duration of 1 s. A toroidal field of 1.67 T resulted in second harmonic ECH power
absorption (f0 = 110 GHz) at a normalized plasma radius p = 0.24-0.32. Discharges with
ECH resonant layers at p = 0.4 and 0.5 have also been studied.

The ECH heat pulse produced perturbations 8Te ~ 200 eV at the resonant layer, observed
by monitoring electron cyclotron emission (Fig. 1). The pulse shape is consistent with inte-
gration of the applied heat pulse with some deviation from a linear rise due to transport dur-
ing the heat pulse. The electron perturbation rapidly propagated to the plasma core with little
phase shift while the amplitude was reduced to -40 eV. The ion temperature droped in
response to the electron heat pulse. Fourier analysis of charge exchange recombination radi-
ation indicated the ion response at the resonant layer is -180° out of phase with the electron
response and also rapidly propagated to the plasma core, maintaining its out of phase relation
to 6Te. The amplitude of 8T\ increased as the perturbations propagated to the plasma core, in
contrast to a decrease in 8Te.

Several theoretical and empirical models for describing electron and ion thermal transport
have been examined. Two models which represent extremes in stiffness, a strong dependence
on temperature gradients, are the IFS/PPPL model [1] based on ion temperature gradient
(ITG) mode turbulence which depends sensitively on a critical temperature gradient and the

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC02-
76CH03073, and Grant Nos. DE-FG05-96ER54346, DE-FG02-92ER54139, and DE-FG03-86ER53225.
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Itoh-Itoh-Fukayama (IIF) model [2] based on current diffusive ballooning mode theory which
has no critical temperature gradient dependence. The GLF23 model [3] contains ITG modes
and trapped and ETG electron modes. Simulations of the electron and ion temperature
response to the ECH perturbation were performed with these models using a time-dependent
transport code.

The predicted phase of 8Te and STj in the plasma core proved to be the most sensitive test
for differentiating between the models. The IFS/PPPL model describes the ion phase well
whereas the IIF model describes the observed electron phase behavior well (Fig. 2).
However, only the GLF23 model agrees with both the electron and ion phase behavior. For
ITG based models, the Tj response is largely determined by the effect of the Tj/Te ratio on the
ITG mode threshold. As the electrons are heated at the ECH resonant layer, Ti/Te decreases
which in turn destabilizes the ITG-driven transport and thereby increases the ion transport at
that location. This behavior is consistent with the observed ion response to the electron heat
pulse. The IFS/PPPL model, however, incorrectly predicts a ~180° phase shift in 5Te as it
propagates inward from p = 0.28 to p = 0.1 whereas the experimental result is only a small
phase shift. The IIF model agrees well with the electron phase behavior, but incorrectly
predicts only a small phase shift for the ion pulse with respect to the electron pulse in the
core. Each of the model predictions were in fair agreement with the 8Te amplitudes observed
at the resonant layer while the GLF23 model gave the best agreement in the plasma core for
both 8Te and STi amplitudes.

The overall observations indicate that the electron and ion responses to the ECH pertur-
bation are out of phase with each other at the plasma core and at the resonance layer. Only the
GLF23 model predicts this characteristic at the plasma core which could indicate that electron
modes may be playing a key role in the heat transport of these discharges.

[1] KOTCHENRE'u'THER, M., et ai. Phys. Plasmas 2, 2381 (1995).
[2] ITOH, S.I., et al., Phys. Rev Lett. 72, 1200 (1994).
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Significant progress has been made towards predicting and understanding heat transport
in L-mode and H-mode plasmas on DIII-D using the related methods of similarity and scale
invariance. Experimentally determining the transport scalings in this way helps to distinguish
between various proposed instability mechanisms of turbulent transport and permits a
comprehensive energy confinement scaling relation to be developed that is founded in the
principles of plasma physics.

The scalings of heat transport with safety factor (q), normalized collision frequency (v),
plasma beta (P), and relative gyroradius (p,) have been measured on the DIII-D tokamak in
order to develop a strong experimental constraints on theoretical models of turbulent
transport. Gyroradius scaling experiments have shown gyroBohm-like scaling for ITER-
relevant H-mode discharges both globally and locally [1], which is consistent with the
majority of anomalous transport theories that assume that the radial wavelength (or radial
correlation length) of the turbulence scales with the Larmor radius. Beta scaling experiments
have found confinement to have only a weak P dependence [2], which favors theories of
anomalous transport for which ExB transport is dominant over magnetic flutter transport.
Collisionality scaling experiments showed an increase in heat transport with increasing v for
H-mode plasmas and no v dependence of heat transport for L-mode plasmas [2]. Thus, the
measured v scaling falls between those of the collisionless ion temperature gradient (ITG)
and collisionless trapped electron modes and that of the resistive ballooning mode; the v
scaling of the dissipative trapped electron and dissipative trapped ion modes which is in the
opposite direction was not observed.

Recent experiments on DIII-D have found a strong safety factor scaling of heat transport
at all radii for H-mode plasmas. In the first experiment, the safety factor was varied by a
factor of 1.4 at fixed magnetic shear (see Fig. 1) while the other dimensionless parameters
such as p. , P, and v were kept constant. The confinement time was found to scale like xth °=
q-2.42± 0.31 for t n j s c a s e A local transport analysis also found a strong safety factor
dependence of the effective thermal diffusivity, as shown in Fig. 2, the magnitude of which
agreed with the scaling of the global confinement time. This transport scaling is close to the
expected scaling of the resistive ballooning mode and is near to the upper limit of the scalings
for the toroidal ITG mode and the collisionless trapped electron mode. In the second
experiment, the safety factor and magnetic shear were both varied such that 495 was scanned
at fixed qo- A weaker confinement scaling was measured for this case, tth <* <?95'43±0'23; this
weaker scaling was attributed to the smaller variation in the volume-averaged q profiles.

The combined q, pt, P, and v scalings of heat transport for H-mode plasmas on DIII-D
reproduce the physical parameter scalings of confinement derived from regression analysis of
multi-machine databases, with the exception of weaker power degradation. Converting a con-
finement scaling relation from dimensionless variables to physical (dimensional) variables is

Work supported by U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC05-
96OR22464, and W-7405-ENG-48.

p-0.61 ^ .9 Q-0.11 ^0.41 ^0.66

a straightforward algebraic manipulation. Assuming a power law form for the scaling
relation, the dimensionless parameter scalings for H-mode plasmas on DIII-D can be
summarized as

T °= S i " 1 r T 3 1 5 ± a 2 «0.03±0.11 y-O.42±O.O3 -1,43±0.23

,0.84±0.16 D 0.39±0.20 0.18±0.07 D-0.41±0.06 ,2.00±0.24

where Q is the cyclotron frequency and L represents the physical size scaling (i.e., a, /?, etc.)
needed to make the scaling relation dimensionally correct. For comparison, a thermal
confinement scaling for ELM-free H-mode plasmas that is nearly dimensionally correct has
been determined for the ITER project [3],

T93H= 0.036 /'•06Ba32n1°917/>-<

A comparison of these two relations finds that the B, n, and size scalings agree to within
1 o, while the difference in the / scalings is a little larger. The main discrepancy is in the
power scaling, where the DIII-D experiments find a weaker power degradation than ITER-
93H, leading to a more optimistic projection for H~mode confinement on larger machines.

To further differentiate between various theory-based transport models, the scaling of
transport with TeITi is also being studied. In addition, the 7e/7; dependence of transport is
being studied to test an important predicted scaling of theory-based transport models.
Experiments in L-mode plasmas on DIII-D have shown that intense electron heating, using
either fast wave or electron cyclotron heating, in a beam heated plasma with 7;» Te increases
the electron and ion thermal diffusivities and slows the plasma rotation. Further experiments
on DIII-D will study the 7e/7,- dependence of heat transport in H-mode plasmas in three
ways: (1) 7e/7; scans at fixed beta, (2) Te scans at fixed 7;, and (3) 7; scans at fixed Te. The
combined results of these experiments will test an important dependence of theory-based
transport models that affects both the critical gradients and the incremental diffusivities.
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We have succeeded in significantly exceeding the Greenwald density limit [1
(nf >l.5x rtqW, ncw=lpJ7w1^ with good energy confinement (T £ >1.1 X T^ER'9

using pellet injection and divertor pumping. One of these discharges is shown below.
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Greenwald scaling has presented a challenge to the plasma physics community
because theories predict additional dependencies, e.g. heating power (Pheat) and impu-
rity concentration (nz/ne). The scaling has consequences for fusion reactors: many D-T
reactor designs must operate above this limit to be economically competitive with other
energy production technologies. Theories indicate that several distinct processes exist
which can limit density in either the core, edge, or divertor plasma. Motivated by
ITER's need to operate at ne > new with H-mode energy confinement, a multi-year
experimental campaign has been carried out in DIII-D to investigate these density-
limiting processes. These processes include divertor detachment (which can lead to

"Work supported by the U.S. Department of Energy under Contract No. DE-AC05-96OR22464, DE-
AC03-89ER51114, W-7405-ENG-48, DE-AC04-94AL85000, and Grant No. DE-FGO3-95ER54294.
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divertor collapse), particle confinement and fueling limits, MARFE formation, and
MHD activity and are discussed in this paper.

When the divertor temperature reaches a few eV, partial divertor detachment is
observed and the plasma pressure and ion current near the divertor strike point drop. If
the density is increased further, the divertor temperature drops and the divertor radiation
increases resulting in thermal collapse. This is followed by effective impurity
penetration into the core plasma, a sudden reduction of edge temperature, and shrinkage
of the current channel and/ or the formation of an X-point MARFE. Experimentally,
H-mode confinement is lost if the density is increased after the onset of partial
detachment. We have studied the scrape-off layer (SOL) and divertor conditions at
detachment; we find semi-quantitative agreement of the critical upstream ne with
models, but the observed heating power dependence of the critical ne is weaker than
predicted. We bypassed divertor collapse as a density limiting process by particle source
profile control. The SOL ne was maintained below the divertor collapse limit with
divertor pumping, and the ratio of ne to SOL ne was increased with pellet fueling.

A reduction in particle confinement time as ne approaches new was proposed [1] as
the mechanism behind the Greenwald limit. However, we observed [2] no correlation
between the particle confinement time and rig/now for pellet-fueled discharges. We
observed a stronger than linear plasma current dependence of the density decay time
following pellet injection. In addition, pellet fueling efficiency was found to decrease
with heating power. At high Bt with heating power near the L-H confinement transition
limit, pellets produced H-L transitions which rapidly ejected the pellet density in
<10 ms. Access to high density was achieved by operating at low Bt, giving more mar-
gin over the L-H threshold.

We compared edge plasma parameters at MARFE formation to those predicted by
models and found semi-quantitative agreement. We have also derived [3] an edge
density limit which scales as (lp96/a )*{PheatR) inz/"e) • i e - comparable to
Greenwald scaling. This limit was obtained by examining MARFE onset requirements
in the presence of the ITER-89P energy confinement scaling. In practice, MARFEs were
avoided by low edge safety factor operation and divertor pumping.

We find that MHD modes can be de-stabilized at densities as low as nelnQyj~ 0.8
during pellet fueling; the cause is unclear. MHD activity was observed over a wide
heating power range but was avoidable at Pheat < 3 MW. By operating at reduced heat-
ing power (PN < 1.7), we have suppressed these modes.

By studying each process and selecting conditions to avoid it, we have achieved
H-mode discharges at ne/ncw ~ 1 -5 for up to 600 ms. These discharges were ELM-free,
and owing to core impurity accumulation, ended in a central radiative collapse. Our
effectiveness in heating the center was limited by the neutral beam technique; the heat-
ing deposition became hollow during the high density phase. This will not be a problem
in burning plasmas in which the alpha heating profile will always be centrally peaked.

[1] GREENWALD, M., TERRY, J.L., WOLFE, S.M., EIIMA, S., BELL, M.G.,
KAYE, S.M., NEILSON, G.H., Nucl. Fusion 28,2199 (1988).

[2] MAINGI, R., MAHDAVI, M.A., JERNIGAN, T.C., LA HAYE, R.J., BAYLOR,
L.R., et al., "Investigation of Physical Processes Limiting Plasma Density in
DIII-D," Phys. Plasmas 4, 1752 (1997).

[3] MAHDAVI, M.A., MAINGI, R., LA HAYE, R.J., JERNIGAN, T.C., PETRIE,
T.C., et al., "Recent H-Mode Density Limit Experiments on DIII-D," to be
submitted to Phys. Rev. Lett.
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Global scaling of the H-mode power threshold (PTH) a n d local conditions at the edge of
the plasma just before an L-H transition have been studied in the DIII-D tokamak. Besides
the usual dependence on density and toroidal field, at least three other effects have been
found to have a significant influence on PTH- These include the effect of a sawtooth crash,
which can trigger an L-H transition, the direction and magnitude of the ion VB drift relative
to the X-point location, which can change P T H by factors of 2 to 3, and the effect of neutrals,
which can have more subtle and counter intuitive effects on PTH- The observed variability of
the power threshold with the wall conditioning in many devices suggests that atomic physics
may be important and an obvious potential mechanism is the coupling of the neutral
dynamics to the transition mechanism. Each of these effects has been studied experimentally
and compared with physics models or numerical calculations. In addition, parameters
measured at the plasma edge just before an L-H transition have been analyzed and compared
to theories of the L-H transition. Operational space of L - and H-mode is given in terms of
dimensionless edge parameters. It is found that edge gradients of temperature and pressure
may be more important than the magnitude of the edge values themselves.

Over half of the L-H transitions in the DIII-D database are triggered by sawteeth. The
sawtooth crash provides an additional transient power flow to the edge of the plasma where
the L-H transition takes place. This power flow depends on the inversion radius of the
sawtooth, the stored energy in the plasma, and the dissipation of the power as it flows to the
plasma edge. In an experiment in which the sawteeth were suppressed by neutral beam
heating during the early current ramp phase of the discharge, PTH increased from 3 MW in
the sawtooth triggered case to 5 MW when the sawteeth were suppressed. Thus edge power
flow due to sawteeth may significantly influence the observed PTH scaling.

The direction of the ion VB drift relative to the X-point location has a dramatic influence
on the magnitude of PTH- Hinton [1] and later Hinton and Staebler [2] have attributed this
effect to neoclassical cross-field fluxes of both heat and particles driven by poloidal
temperature gradients on the open field lines in the scrape-off-layer (SOL). In its simplest
form, these fluxes influence PTH by either adding to or subtracting from the power flow to the
edge of the plasma. A ID analysis of heat conduction in the SOL shows that these cross-field
fluxes can be a large fraction of the input power. It is proposed that some of the observed
scaling of P T H is due to the variation of the magnitude of these fluxes and may not be
intrinsic to the scaling of the physics of the L-H transition itself. Many qualitative features of
this model are in agreement with observations of PTH scaling, such as the existence of a
density threshold, the importance of the X-point position, and the increase of P T H in double-
null configurations.

The effect of neutrals on the L-H transition has been studied in a series of experiments
where heavy gas puffing was used to ramp up the density and divertor cryopumping was used
to ramp down the density during an L-H transition[3]. Transport and neutral modeling of the
plasma edge region using B2.5 and DEGAS indicates that during heavy gas puffing, an

'Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114, DE-AC05-
96OR22464, W-7405-ENG-48, DE-AC04-94AL85000 and Grant No. DE-FG03-95ER54294.

increase of neutral density in the SOL creates an increase in plasma density that, in turn,
increases the opacity to the neutrals and reduces the neutral density inside the separatrix. This
reduces the neutral effects in this region and lowers PTH- When the cryopump is used, the
neutral penetration is greater and PTH increases. Analysis shows that PrH/n correlates well
with the normalized neutrals penetration, Xn/rs, (rs=separatrix radius), or with the ratio of the
neutrals charge-exchange damping rate to the neoclassical damping rate, Vcx/Ltneo, in the
region 0.9 < r/rs< 0.95 inside the separatrix. A mechanism possibly responsible for the
neutrals effect on the transition threshold is a change in the damping of the poloidal
component of the ExB shear flow [6], [7].

A technique of fitting a hyperbolic tangent to the edge profiles has eliminated the scatter
caused by the flux surface reconstruction [4] and has improved the localization of the edge
measurements [5]. With this technique, the position of the maximum edge density gradient
remains relatively constant across the L-H transition, and is therefore, a good location to
evaluate the local edge conditions relevant to the formation of the edge transport barrier in
H-mode. At this location, Te increases with increasing toroidal field. Modeling of heat flow
in the SOL suggests that this increase may be due to a higher T e necessary to drive parallel
heat conduction. In an operational space diagram of Te and ne evaluated at the pedestal of the
density profile shown in Fig. 1, the pre-transition data are not well separated from the normal
L mode data, indicating these measurements do not clearly resolve the L-H transition
operating space.

The improved localization of the edge parameters now permits more detailed comparisons
with L-H transition theories. Collisionality of the edge plasma varies in the range of 5-50,
and is not likely to be a key parameter. In a model based on 3D simulations of edge
turbulence by Rogers and Drake [8], the threshold condition is parameterized in terms of
C M H D a n d (XDIAM. both of which contain edge gradients. Figure 2 shows that OCMHD m a y
provide a better separation of the L-mode and pre-transition data than T e and n,> shown in
Fig. 1, indicating edge gradients may be important for the L-H transition. Due to the lack of
separation of the data with OCDIAM' the importance of this parameter is not clear. Quantitative
comparisons will require improvements in the model to include realistic geometry.

[1] HINTON, F.L., Nucl. Fusion 25, 1457 (1985).
[2] HINTON, F.L., STAEBLER, G.M., Nucl. Fusion 29,405 (1989).
[3] CARRERAS, B.A., et a!., to be published in Phys. Fluids (1998).
[4] CARLSTROM, T.N., GROEBNER, R.J., Phys. Plasmas 3, 1867 (1996).
[5] GROEBNER, R.J., CARLSTROM, T.N., H-mode Workshop, Kloster Seeon (1997).
[6] SHAING, K.C., HSU, C.T. Phys. Plasmas 2, 1801 (1995).
[7] CARRERAS, B.A., DIAMOND, P.H., VETOULIS, G., Phys. Plasmas 3,4106 (1996).
[8] ROGERS, B.N., DRAKE, J.F., Phys. Rev. Lett. 79, 229 (1997).
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To study the applicability of artificially enhanced impurity radiation for mitigation of the
plasma-limiter interaction in reactor-regimes, krypton and xenon gases were injected^ into TFTR
supershots2 and high 1* plasmas.3 The response of the electron and ion temperatures to greatly
increased radiative losses from the electrons was used to study thermal transport mechanisms. At
neutral beam injection (NBI) powers (PB) > 28 MW, carbon blooms4 were suppressed, leading to
improved energy confinement (TE) and neutron production in both D and ET plasmas, and the
highest DT fusion energy production (7.6 MJ) in a TFTR pulse. Comparisons of the measured
radiated power profiles with predictions of the MIST impurity transport code5 have guided studies
of highly-radiative plasmas in ITER.

1. Local transport studies

The highly radiative plasmas provided a unique tool for local transport studies, because
the distribution of power loss between (1) radiation and
(2) conduction plus convection was greatly changed
(e.g., from 25:75% to 75:25% globally) in a locally
measurable way, while the NB deposition profile was
relatively unchanged. These experiments were
performed by puffing Kr and Xe gases into TFTR
supershots with NB powers of 16 - 22 MW. Feedback
control of the gas puff rate, based on the measured
radiated power fraction, was used to maintain steady
state conditions. At radiated-power fractions, fr = Prad /
Pheat. as high as 80% the energy confinement time was
not reduced. The electron temperature Te(r) was hardly
changed, while the ion temperature Tj(r) increased
significantly in the radiative plasmas. Transport
analyses coupled the rigidity of Te(r) to increased
heating from ion-electron equipartition energy as both
the electron density rie(r) and ion temperature Tj(r)
increased. Preliminary simulations of Te(r) and Tj(r)
based on the IFS-PPPL6 and RLWB7 transport models
predicted a larger decrease in Te(r) in the highly
radiative shots, relative to similar non-radiative
plasmas, than observed. In these comparisons, flow
shear effects were not included in the simulations, and
the simulations did not accurately predict Te in the non-
radiative plasmas. Comparisons of the measurements
with more complete models including flow shear
effects will be presented.

The transport analysis indicated that Xe did not change in the core with the increased
radiation from Xe, while %\ and 3C<j> decreased, as shown in Fig. 1. The Da and CII brightnesses
decreased by 40 and 15%, respectively. The reduced Da emission would correlate with a

0.5
minor radius r/a

Fig. I Radial profiles of the electron and ion
thermal diffusivity and the momentum
diffusivity with intrinsic If, " 0.25, solid) and
Xe-enhanced if, => 0.75, dashed) radiation.
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confinement improvement of 10% under the normal supershot scaling. The carbon poloidal
velocity 15 cm inside the last closed flux surface tripled to 6 km/s with the Xe puff, resulting in a
factor of two increase in the radial electric field (to 45 kV/m) at this location. These observations
will be compared with theoretical predictions.

2. Power and particle handling
At heating powers above 30 MW in TFTR, the performance (neutron production and

energy confinement time) was often limited by large influxes of carbon and hydrogenic species
from the limiter.8 The radiative-regime experiments successfully reduced the power flowing to the
wall by removing a larger fraction of the heating power through radiation. In D plasmas with
PB > 28 MW, increasing the radiated power fraction from the normal -25% to levels of 45 -
90% by injection of either Kr or Xe resulted in either unchanged or significantly improved TE and
neutron production, relative to that in similar shots without impurity gas puffing. A DT shot with
Kr injection to maintain fr = 70% produced 7.6 MJ of fusion energy, a record for TFTR. The
radiative plasmas were successfully used in conjunction with lithium wall conditioning to further
reduce wall impurity influxes.

3. Implications for reactors

This demonstration of the successful removal of a large fraction of the heating power as
radiation under reactor conditions without degrading confinement or significantly diluting the fuel
ions creates the possibility for improving power handling in fusion reactors. Reduction of the
power flowing to the edge may substantially ameliorate the divertor heat load problem. The high
specific radiative power of Kr and Xe at reactor temperatures permitted additional radiation power
of -10 MW with minimal fuel dilution (IAnf/nfi < 10%, nz/rie ~ 10"3), where nf, nz, and n« are,
respectively, the densities of fuel (tritons plus deuterons), the impurity gas, and electrons. The
power was radiated across the entire plasma; the profile from Kr was slightly hollow and that
from Xe slightly peaked in the center. For both gases the measured radiated power profile shapes
were reasonably predicted by the MIST impurity transport code with the assumptions of a
diffusion rate D(r) = 1 m V , a convective velocity multiplier of I,5 and Lotz ionization rates. The
required high-Z impurity gas concentrations were determined from spectroscopy.

The TFTR findings have been used to guide MIST simulations of highly-radiative plasmas
in ITER. Topics studied are the (1) high-Z impurity concentration and (2) fuel dilution to remove
a specified amount of the heating power, and (3) investigations of radiative stability inferred from
profiles of the rate of change of radiated power with Te.

* This work supported by U.S. DOE contract DE-AC02-76CH03073.
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S.A. Sabbagh et al., Plasma Physics and Controlled Nuclear Fusion Research 1994 (Proc. 15th
Int. Conf., Seville, Spain, Sep. 1994) (IAEA, Vienna, 1995) Vol. 1, 663.
A.T. Ramsey etal, Nucl. Fusion 31, 1811 (1991)
R.A. Hulse, Nucl. Technol./Fusion 3, 259 (1983)
M. Kotschenreuther et a/., Phys. Plasmas 2, 2381 (1995)
P.-H. Rebut et al., Phys. Fluids B 3, 2209 (1991)
K.M. McGuire et al., Phys. Plasmas 2, 2176 (1995)
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Heat transport, an important issue for magnetic confinement fusion, can be investigated in
two different situations : stationary and transient. Studies of these two regimes are complementary
in order to better understand the transport mechanisms in tokamaks.

The similarity approach is an excellent method to investigate the dimensionless scaling laws
in the stationary regime [1], These dimensionless scaling laws present a major interest for
extrapolating existing results to next step devices such as ITER, in order to predict their
performances. Compared to usual scaling laws, they have the advantage to reduce the number of
governing parameters and to give precious informations on transport and turbulence characteristics.
Similarity experiments have been performed in Tore Supra, and dimensionless scaling laws have
been investigated as a function of p* (gyroradius), p (pressure) and V* (collisionality) for transport.
It has been found that the electron heat diffusivity % normalized to the Bohm diffusivity %' scales
a s •/• ix" o= (p*)04(/J)"(v*)'" in /.-mode regimes and %"" I %" ~ (p*)'(/))'5(v*)' in ohmic
regimes. The electron transport is thus weakly collisional in L regimes and strongly collisional in
ohmic regimes. The scaling in p' shows that the electron transport is nearly of the gyro-Bohm type
in both regimes. This gyro-Bohm behavior has been confirmed by density fluctuation measurements
and is consistent with turbulence numerical simulations when the gradients are well above the
instability threshold. The strong dependence in p indicates that the turbulence which causes this
transport is electromagnetic in both regimes. This is corroborated by the magnetic fluctuation
measurements where a good agreement has been found between the experimental heat flux and that
estimated from magnetic fluctuations. In figure 1 the electron heat flux induced by magnetic
turbulence (QT* = ~n,/C!^t'> ' s plotted versus the temperature gradient vr,, and x'""" >s given by
X'°"' = Lrvllr(BIB)1 where Lc is the correlation length, v,,, is the electron thermal velocity and S is
the magnetic fluctuation. From this figure, a critical temperature gradient is clearly observed, and its
value is very close to the experimental one. Thus in stationary regimes the features of electron
transport are diffusive, electromagnetic, with short correlation length compared to the plasma size.

Nevertheless in transient regimes, the transport behavior is not compatible with a simple
diffusive model, since large scale transport events are observed with a propagation time smaller than
a diffusion time. This phenomenon, called non local transport (NLT), has also been observed in
TEXT [2] and TFTR [3] in perturbative heat transport experiments : a strong cooling in the edge
plasma provokes a notable heating in the central region of the plasma within a time much smaller
than a diffusion time. Edge cooling experiments have also been performed in Tore Supra using three
different methods : oblique pellet injection, impurity injection by laser ablation and gas injection.
The non local transport features have been confirmed in the ohmic regime for the two first
scenarios, in particular the existence of a threshold on the plasma line density nr and current / for
the observation of this effect (figure 3a) : nr 11p

m < 1.0 (lO"m"' MA'"1). A second threshold on the

relative line density variation caused by the pellet injection has also been observed: i»c / „, s nj.
Original results have been obtained in the L regime with LH heating. Significant

enhancements have been found for the non local feature in this regime when compared to the ohmic

regime. These results differ from those obtained in TFTR and TEXT, where this effect tends to
disappear with additional heating (NBI, ECRH). The limit on n,/l"'- is now extended:

L / ip"-] = i.4x lo"(m"J/*'"!), and no limit has been observed for An, in, in LH regimes (Fig.Sb).

The latter is resulting from the presence of a large quantity of suprathermal electrons in the plasma
created by the LH wave. Indeed large relative density variation An, I n, can not be reached in this
case due to the reduced pellet fuelling efficiency, which is directly linked to the more peripheral
pellet penetration caused by suprathermal electrons. Note that in this L regime, the non local feature
has also been observed with gas injection, while in the ohmic case the result is uncertain.

10

8

(S 4

10J 10.4 10.5 10.6 10.7

Fig.2 Time evolution of the electron temperature
Tr measured by ECE in the LH regime and the line
average density nl (dashed line).

A more interesting result on the non local transport has been obtained in a LHCD scheme with
a 100% non-inductive plasma current where the plasma current is totally carried by the suprathermal
electrons. During this phase, the sawtooth activities have been fully suppressed as shown in Fig.2.
Furthermore, during the pellet injection there is no variation of hard x-ray spectroscopy, which
measures the suprathermal electron distribution with a time resolution of 4 ms. These observations
indicate that the mechanism governing the non local transport is not correlated with the change of
current profile. Moreover the characteristic time of the current change is much slower than that
observed in the NLT phenomenon. Thus the mechanisms based on spatial redistribution of the
plasma current, or modification of the magnetic shear, could be excluded for the non local transport.
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summary

The wavenumber/frequency spectra S(k,O)) of microscopic potential fluctuations as

well as density fluctuations are, for the first time obtained in the core region by a multi-

sample-volume heavy ion beam probe. The instantaneous turbulence-driven particle

flux, calculated from potential and density turbulence has oscillations of which

amplitude is about 100 times larger than the steady-state outwards flux, showing

sporadic behaviours.

Local measurement of plasma turbulence in a toroidal magnetic confinement device

has been the target of the intensive experimental research, since the anomalous

particle/ energy confinement may be caused by the microturbulence in the plasma. The

heavy ion beam probe is particularly suited for the local study of the density turbulence

of the tokamak plasma because of the potentiality for density and potential

measurement. The potential turbulence of the microintability of the tokamak plasmas

is, however, difficult, since the fluctuating potential due to the micro-turbulence in the

tokamak plasmas is smaller than the injected beam energy by many orders. Therefore,

the measurement of the potential turbulence in the tokamak plasma by HH5P tends to

have a low signal-to-noise ratio (SNR) and only a few results were published so far.

In addition, the large-amplitude quasi-coherence modes with the frequency to 30 to 40

kHz, complicate the potential turbulence of small scale oscillations. In spite of these

difficulties, we obtained wavenumber/frequency spectra S(k,co) of the density and

potential turbulence, and the wavenumber-resolved fluctuation-driven particle flux in

the high temperature region of JIPP T-11U tokamak plasma, by the employment of

multiple detector system and by the increase of the beam current and the sensitivity of

the detector.

Figure 1 shows the contours of two-dimensional (wavenumber/frequency) spectra

of the density Sne(k,co) = (nel(k,co)|2) potential S0(k,co) = <|$(k,co)|2), (a), (b)), and
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real[{ne(k,co) E(k,co))], (c), at the position of about r/ap = 0.5 and 9=0 (weaker Bt

field side). The particle flux <nv> driven by the turbulent electric field is proportional

to <nE> through E/B particle drift. S(j>(k,<D) is noisy but similar to Sne(k,co). Fig.

l(c) and detailed analysis shows that the oscillations around 150 kHz mostly cause the

turbulence-driven particle flux. This flux is outwards and its magnitude corresponds

to the particle confinement time of about 5 ms under the assumption of the uniformity

of the flux on the magnetic surface.

Figure 2(a) shows the calculated turbulence-driven instantaneous total particle flux

ne(t) v(t) =n^(t)E('t)/ B t at each sampling time of 1 fis for the case of Fig. 1. Figure 2(b)

shows a time behaviour of the turbulence-driven total particle flux of Fig. 2(a) averaged

for 100 |^s. The characteristics of the wave forms are much similar in (a) and (b) even

though the time scale is 1 (is/div. for the instantaneous particle flux (a) and 100 (Xs/div.

for the averaged flux. The difference is that we are able to observe the averaged negative

flux (outwards) readily among the large fluctuations in Fig. 2(b). The appearance of the

quasi-steady flux in Fig. 2(b) can be understood, since the main density turbulence has

the correlation time of a few microseconds. The ratio of the instantaneous flux to the

average flux is so large (about 100) and the polarity of the instantaneous flux is always

changing. We may call these signals as sporadic or intermittent behaviour.

Reference
[1] HAMADA, Y., et al., Nucl. Fusion 36 (1996) 515 , 1047, 37 (1997) 999.

Fig. 1
Fig. 2

Figure 1. Contours of the two-dimensional (space/time) Fourie spectra of density and potential

turbulence (a), (b). and <nE> proportional to the particle flux driven by the turbulence, (c). Ld

= 2.5 cm. Figure 2. The instantaneous turbulence driven-particle total particle flux, (a) and the

averaged( for IOOJIS) instantaneous particle flux, (b). Both have arbitrary vertical scales, but the

vertical scale of (a) is 100 times larger than that of (b).
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We report experiments on turbulence-induced transport in cases of aspect ratios A of 1.3 and 2.5 using a single
machine. There is little aspect ratio dependence in electrostatic fluctuations. The relative levels of magnetic fluctuations
in the core region are 0.02% and 0.1 % for A = 1.3 and 2.5, respectively. The electron heat transport estimated from the
magnetic fluctuation level of 0.02% is 0.3 kW/m!, which is less than 1% of the electron heat transport of 50 kW/m!

estimated from the loop voltage and the plasma current.

Motivation and Introduction
High (3 performance of the START experi-

ments is outstanding[l]. However, the research
field of spherical tokamak is quite new and
there are little experiments on turbulence-
induced transport in ST. Our main motivation
for studying physics of fluctuation-induced
transport in ST is at first, transport optimiza-
tion to get information for the second genera-
tion ST, secondly, comprehensive understand-
ing of confinement physics of toms plasmas
including conventional tokamaks and reversed
field pinches. We have observed turbulence
suppression and transport reduction in the
presence of a sheared flow in JFT-2M tokamak
[2]. We also have measured fluctuations and
electron heat transport in REPUTE-1 RFP
plasmas [3].
TST-M Device Description

The center-post of TF coils( 24 MI cables
of 12 mm in diameter) and the OH solenoid of
50 turns of Tokyo Spherical Tokamak (TST)
have been replaced by new TF coils and an OH
solenoid of 200 turns to get a higher toroidal
field and larger volt seconds[4]. Whole TF
coils sit now inside the vacuum vessel except
connection points to avoid arcing problems.
The experiments have been carried out on this
new version(TST-M [5]). Typical operation
parameters of TST-M are as follows; major
radius R=38 cm, minor radius a= 15-29 cm,
aspect ratio A=1.3~2.5, toroidal field in the
center of the vacuum vessel, Bt0 < 0.3T,
plasma current Ip < 60 kA with OH flux swing
of 20 mVs. There are an inboard 5 mm thick
aluminum shell and top and bottom 10 mm
thick aluminum shells( 4 sectors) to avoid
vertical instability.

Method of getting Aspect Ratios of 1.3

and 2.5 in a single machine
Two types of flux swing have been used for

the plasma initiation; one is to make a plasma
by increasing OH flux. The other is to make a
plasma by decreasing OH flux. The minor radii
of the plasmas are estimated from the radial
profiles of the ion saturation current of the
Langmuir probe and the profiles of the vertical
magnetic field on the equatorial plane. The
leakage flux from the OH solenoid and the
plasma current give the repulsion force to the
inboard plasma from the center post, thus the
ion saturation current drops sharply at R=23 cm

Fig. 1 Radial profiles of (a) the ion saturation current of

the Langmuir probe and (b) the vertical magnetic field.

The gray areas show center posts. White and black dots

correspond to the increasing OH flux case and the

decreasing OH flux case, respectively.

in case of the increasing OH flux(white dot) as
shown in Fig. 1. In case of the decreasing OH
flux, the force direction is opposite. The plasma
expands near the center post (black dot). The
vertical magnetic field changes its sign at R=38
cm, indicating the location of the magnetic axis.

The magnetic flux surfaces are obtained as
shown in Fig.2 using the filament model for the
plasma current and the external field coil cur-
rent. The estimated aspect ratio is 1.3 in case of
the decreasing OH flux and 2.5 in the increas-
ing case.

Fig.2 Flux surfaces of (a) decreasing OH flux case and (b)

increasing OH flux case. The gray areas show center posts

and dotted lines show the cross section of the vacuum vessel.

Measurement of Turbulence
Fluctuations have been measured in cases

of the aspect ratios of 1.3 and 2.5. Other experi-
mental parameters are as follows; toroidal field
Bt0 = 0.18T. The electron temperature mea-
sured by the triple Langmuir probe is in the
range of several 10 eV and the line-averaged
electron density measured by 50 GHz interfer-
ometer and the triple Langmuir probe is
8 xlO18 m3 in both discharges. The plasma
current Ip and the safety factor qcyl are
Ip = 50 kA, q = 1.1 and Ip = 30 kA, qcy| = 6.7
for A=2.5 and 1.3, respectively.

The relative level of the electrostatic fluc-
tuations measured by triple Langmuir probes is
5-10% in the core region. There is little aspect
ratio dependence. The radial profiles of the
relative fluctuation levels of the magnetic field
measured by inserting pickup coils are shown
in Fig. 3( vertical: Bz and radial: Br). The Br
fluctuation level for A=1.3 is 0.02% and much
lower than that for A=2.5 : 0.1 % as shown in
Fig. 3(b), with nearly the same magnetic
Reynolds number. But even so, quantitative
comparison of fluctuations between ST and
conventional tokamak is difficult because of
wall effects and different q profiles. Our most
concern now is how the magnetic fluctuation

deteriorates the electron heat transport in ST,
because a higher plasma current flows with a
lower toroidal field in ST than in conventional
tokamaks as in RFPs. In a REPUTE-1 RFP
plasma, the magnetic fluctuation level is 1-3% ,
which is responsible for the electron heat
transport[3]. The electron heat transport using
Rechester-Rosenbluth heat transport theory [6]
and the observed fluctuation level of 0.02% for
A=1.3 is 0.3 kW/m2, which is less than 1% of
the electron heat transport of 50 kW/m2 esti-
mated from the loop voltage and the plasma
current. Thus in ST, our present result shows
the magnetic fluctuation is not responsible for
the electron heat transport as in conventional
tokamaks. The magnetic fluctuations will be
reduced in a hotter plasma due to a higher
magnetic Reynolds number so that the mag-
netic fluctuation will not have dominant effects
on the electron heat transport in the next gen-
eration ST.

magnetic axis

3x10° " " "

o.s

n n-

• %

•". A=2.5
• A=1.3

i

0.2 0.4 0.6

R(m)

0.8

Fig. 3 The radial profiles of the relative fluctuation level

of the vertical (a) and radial (b) magnetic field.

Black and white dots show the cases with aspect ratios of

1.3 and 2.5, respectively.
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High Ion Temperature Discharge and Its Long Sustainment on TRIAM-1M
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A high ion temperature discharge in the lower hybrid (LH) current drive scheme has been first obtained in
the world in the superconducting tokamak TRIAM-1M. The high ion temperature mode is triggered by a
transition which occurs within an operation window for thedensity and horizontal plasma position. A steep
ion temperature gradient (~ 55 keV/m) is formed near the core region at the transition. Long sustainment of
this discharge is successfully demonstrated by the fine control of the horizontal plasma position and density.

I. HIT (High Ion Temperature) discharger.! ]
The HIT discharge has been studied in TRIAM- 1M [2] under the following

experimental conditions; B=5-7 T, I L H CD^ 30 kA, P r f -25 kW, 1 x 1012 cm"3 s n e s 3 x
1012 cm"3, a ~ 12 cm, and Ro=84 cm .The workinggas was hydrogen. The peak parallel
refractive index of injected lower hybrid waves (LHW's) for current drive is adjusted at
around 1.7 at which LHWs couple to electrons above 100 keV. Since there is no linear
mode conversion point in the plasma due to the low density, the direct ion heating due
to LHW's cannot be expected. The ion temperature Ti has been measured by neutral
particle energy analyzers (NEA's). A typical HIT discharge is shown in Fig 1. It is
found that the HIT discharge is realized at ne~1.5 ± 0.2x 1012 cm"3, and for -2.5 cm
£ AR(=R-Ro) =s -1.5 cm. Here AR is the

horizontal piasma position. The optimum
window for HIT may be qualitatively
explained as the following. For the density
window, the coupling of LHW to the
plasma and the slowing down process of
energetic electrons play an essential role. In
low density, electrons are easily accelerated,
but the coupling becomes worse. On the
contrary, the improvement of the coupling
is competed with the enhancement of the
slowing down process in high density. As
the results, the number of energetic
electrons has an optimum value at the

...................
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:
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Fig. 1 A transition to a high Ti mode occurs at
t ~ 11 sec, and back-transition to a lowTi mode at
t~22sec.

appropriate density. If the ion heating is assumed to be due to the wave excited by the
energetic electrons[3], the density window of HIT may be explained by this behavior of
energetic electrons. For the position window, the coupling and the loss of energetic
electrons are essential. An outward shift of plasma improves the coupling. However, as
the orbits of energetic electrons shift outward, the energelic electrons frequently hit the
limiter. On the contrary, an inward shift of plasma reduces the loss of energetic electrons,
but it makes the coupling worse. Therefore, the number of energetic electrons has an
optimum value at the appropriate position.
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2. Characteristics of HIT discharge
Two kinds of NEA's, NEAP and NEAT, have been used to investigate an ion heating

process, where the NEAP chords view a plasma perpendicularly ( 6 ~ 90°) and the
NEAT chord views it tangentially ( 6 -40°). Here 6 is the angle between the sight line
and the toroidal direction. At the fast transition, both Tj determined from NEAP and
NEAT increase simultaneously within a sampling time of 10 ms. A pitch angle
scattering time for 40 degree is ~ 8 ms. These observation suggest that the ion
temperature becomes almost isotropic via collisions for ~ 10 ms and energetic ions with
small parallel velocity are well confined at
least for this time scale.

The HIT discharge is also characterized
by the steep temperature gradient formed
around the half minor radius, which is
considered to be a position of the transport
barrier, as shown in Fig 2. This temperature
profile has been obtained in good
reproducible discharges by shifting the
vertical position of the plasma by ±2 .5 cm
on the shot-to-shot basis. The obtained
steepest temperature gradient was - 55
keV/m. In addition to the formation of the transport barrier, an up-down asymmetry in
Ti profile is also found to be remarkably improved. These two results indicate that the
confinement of trapped ions has been largely improved.

3. Steady operation of HIT discharge
It is very important to demonstrate 2

the sustainment of HIT discharge in a
steady state. A steady operation
should be affected by time variation of
the wall pumping rate and the recycling
rate. The wall pumping rate has been
estimated to be 4x 1017 atoms/sec by
closing the gate valve to a pump unit. It
has been found that it takes about 20
sec for the saturation of the recycling

2 0 40 6 0 80 100
<r> (mm)

Fig.2 Ti profiles before (open circles) and alter the
transition (closed circles).

T Transition!
0 20 40 60 80 100

Time ( sec )

Fig.3 The HIT state is realized at 5 sec, and

after thai it is maintained for 95 sec.

rate[4]. Thus, by using the several feedback control systems[5], various trials have been
carried out to sustain the HIT discharge for longer than the saturation time scale of the
recycling rate. A typical HIT discharge demonstrating a steady operation with high
performance is shown in Fig. 3.
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Long-Time Sustainment of Single Null Divertor Configuration
onTRIAM-1M
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The establishment of a technique to sustain a single-null configuration with high elongation,

K, for a long time has been desired for the future thermonuclear experimental reactor such as ITER.

The single null configuration with K - 1.5 has been demonstrated for 60 sec by 2.45 GHz LHCD

only. The High Ion Temperature (HIT) mode in the single null configuration has been successfully

sustained.

High speed and
long time magnetic
sensor is necessary.
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1. Challenge to obtain long duration discharges with high K
Figure 1 shows an overview of the achieved K plotted as a function of the discharge duration in

various tokamaks in the world. This figure shows difficulty of the long duration discharge with
high K. Generally speaking, main reasons of the difficulty are vertical displacement event (VDE)
and power handling on the divertor plate. In TRIAM-1M, although a discharge in the circular
limiter configuration has been successfully maintained for more than 2 hours using hall effect
sensors without drift problem of integrators[l ], 2.5
occurrence of VDE cannot be avoided in the
single null configuration because of the slow
time response of the hall effect sensors. The
vertical position control system was improved
to aim at the long duration sustainment of the
single null divertor configuration by LHCD. As
a result, the single null configuration with K ~
1.5 is achieved for 60 sec by 2.45 GHz LHCD
only; here PRp = 22 kW, B,« 6 T, nt = 1 x 10 l2

cm3, Te = 600 eV, and Ip = 23 kA. The present pig. 1. Plasma elongation, K, as a function of

duration time is limited by V2t value of the discharge duration in various tokamaks.

power supply for the vertical position control Q : TRIAM-IM (LHCD only) in divertor configuration

and the drift of the integrators, where V is the « . TRIAM-IM (LHCD only) in limiter configuration

voltage of the power supply. ^ : OH+CD in divertor configuration

A : OH+CD in limiter configuration

2. Power handling and input thermal energy to the divertor plate
The energy of 200 MJ has been injected into the plasma in the limiter configuration for the 2

hours discharge and the good power handling can be obtained with controlling the plasma position[ 1 ].

Hall effect sensor
without integrator

10-2 10-1 10° 3 101 102

Discharge Duration (min)
103

5 10 15
Discharge duration (sec)

Fig. 2. Discharge duration dependence

of input energy to divertor plate

In the single null configuration, the injected energy ^

during 60 sec reaches up to 10 MJ.

The input energy to the divertor plate has been

measured from the temperature rise of cooling water

of the divertor plate. The thermal input calculated by

integrating the temperature rise multiplied by the

water flow is plotted as a function of discharge

duration shot by shot in Fig. 2. Since the plasma is

produced in the limiter configuration from 0 sec to 4

sec, the thermal input to the divertor plate is not

detected during this phase. From 4 sec to 6 sec, the

plasma configuration is drastically changed and the

single null configuration is achieved at 6 sec. After 6

sec the thermal input to the divertor plate increases

almost linearly with the discharge duration. From the

slope, the input power is estimated to be 10 kW, which

is about 30 % of the energy loss from the plasma.

3. High Ion Temperature (HIT) mode in the single null configuration
The HIT mode[2] can be also obtained in the single

null configuration as shown in Fig. 3. The
configuration changes from the circular (4 sec) to
the divertor (6 sec). The ion temperature gradually
goes up in the course of formation of the single null
configuration. The HIT mode on the single null
configuration is successfully maintained for more
than 25 sec and the back-transition occurs at 38 sec
due to the increase in the electron density. The
characteristics of HIT mode in the single null
configuration are quite similar to those in the limiter
configuration.

These results show the possibility that the high
performance plasma can be sustained in the single
null configuration in a steady state manner by the
fine control of the electron density.

#6J3724 X-poiht

Center :

I
600 20 40

Time (sec)

Fig. 3. The time evolutions of ion

temperature measured by neutral particle

analyser at r = 0 cm and r = 4 cm.
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Confinement Studies during LHCD and LHW Ion Heating on HL-1M
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LHCD and ion heating by LHW were conducted on HL-1M with a LHW system, composed of
a 2x12 multijunction launcher and two klystrons of 500kW. For the LHCD experiments, more
attentions were paid to the confinement improvements by LHCD and the its mechanism. We carried
out investigation on the relationship between the confinement and the edge plasma phenomena.
Moreover, distinct ion heating by LHW was observed at high density.
The main results are as follows.
1. Confinement Improvement by LHCD and the mechanism analysis

The confinement improvement during LHCD was observed in the modest density range
(nt<1.5xl0l3cm'3) on HL-1M[1]. This was confirmed by the following phenomena. When LHW is
launched into the plasma, the density increases remarkably and the Ha from edge plasma decreases.
In the more direct way, the confinement improvement was studied by injecting impurity such as Al
with laser blow-off. It was found that the particle confinement time during LHCD is xP=33rnS,
while TP=15mS for similar shots of ohmic heating alone.

The improvement of confinement during LHCD was found to be always accompanied with the
increase of poloidal flow velocity Vp,,, at the boundary plasma. Furthermore, it was found that the
direction of the poloidal flow reverses as the toroidal magnetic field BT reverses, while the plasma
current keeps unchanged direction[2]. It seems that the increase of the poloidal flow velocity is
related with the BT. This suggests that the increase of the poloidal flow velocity can be clarified as
the effect of E ^ B . It is thought that the increase of the poloidal rotation and its shear will lead the
formation of the barrier of transport, which results in the improvement of confinement. The results
support the model for explaining the improved particle confinement during LHCD proposed by
Voitskhovich[3]. In the model the production of radial electric field due to the energetic electrons
loss is considered to play a dominant role in the improvement of confinements.

2. Suppression of the fluctuation of the edge plasma
The improvement of confinement was found to be always accompanied with the suppression of

the fluctuation of the boundary plasma. The behaviors of the ion saturation current of the boundary
plasma was measured with four probes located in inner side(HFS), upper side, outer side(LFS) and
lower side of the plasmas, sequentially. The decrease of the ion saturation current means a decrease
of the outward particle flux from the core plasma to the scrape-off layer plasma. In general, the
decrease of the ion saturation current and the suppression of the fluctuation seem to be related to the
enhanced poloidal rotation and its shear of the edge plasma, as mentioned above.

Furthermore, it was found that the behaviors of the suppression of the fluctuations for the
siliconized wall are different from those for the boronized wall. Therefore it is concluded that the
suppression of the fluctuation is even related to the wall condition which dominates the recycle of
edge plasma.
3. ELM-like behavior and low frequency perturbation mode during LHCD

On HL-1M, two types of perturbations have been observed for different density during LHCD.
One is typical ELM-like mode, under the condition of low density of about lxlO'3cm'3 , which
features a decrease of Ho radiation from edge plasma and spikes on the H a radiation, as shown in
Fig. l(a). In this case, the confinement was always improved.
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The other type of perturbation emerges at the high density of about 2xl0 l 3cm'3 , which features
an increase of Ha and total thermal radiation. Moreover there is sawtooth-like oscillation on the
soft-X ray from the central part of the plasma, as shown in Fig. l(b). The oscillation was identified
not to be a normal MHD behavior. In such case, the confinement of plasma was no longer
improved.
4. MHD activities during LHCD

The effects of LHCD on MHD activities were studied with the soft X-ray detector array. A
complete suppression of sawtooth and a complete suppression of the Mirrnov fluctuation were
observed during LHCD in separated shot. Here the Mirrnov fluctuations before and after LHCD
was verified as m=l mode. In both of the cases it is suggests that the current profile was modified
by LHCD. Beside the normal effects of LHCD on MHD activities, a sudden collapse of the all
signals of soft-ray radiation from different chords was observed during LHCD with no significant
change on plasma density measured by HCN interferometer and on plasma temperature monitored
by ECE. Furthermore, there was even no change on thermal radiation measured by bolometer for
the collapse of soft-X signal. The mechanism of the collapse is under investigation.

5. Ion heating with LHW

Although the 90° phased antenna on HL-1M launches a almost unidrectional wave spectrum,
which is suitable for efficient current drive, remarkable ion heating by LHW was observed when the
plasma density was over 3.5X 10bcirT3. The ion energy spectrum was measured with a charge
exchange analyzer. It was observed that beside the increase of the temperature of bulk ion, a larae
of amount of ion tail was formed in the ion spectrum in this case. It was found that the increase of T,
is in direct proportion to plasma density and in inverse proportion to electron temperature (namely
Ip). The condition for ion heating is similar to these of parameters decay instability[4]. So it is
believed that the parameter decay instability is the most possible mechanism.

SXRGI.II.) 5 5

Bolo(iu.)

Fig. 1 (a) ELM-like perturbation at low density (b) Low-frequency perturbation at high density
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MHD studies in FTU plasmas with low and negative magnetic shear
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Plasma configurations with extremely peaked pressure profile and negative or low magnetic

shear in the plasma core are obtained in the FTU tokamak by early ECRH during fast current

ramps and by deep deuterium pellet injection. In both cases the plasma core shows very good

confinement properties, but various kinds of magnetohydrodynamic (MHD) modes are

observed which can degrade the confinement or lead to disruptions.

Early ECRH raises the central electron temperature from 1 to 8 keV; the current penetration

is then slowed down and profiles with negative magnetic shear in the plasma core are obtained.

The most evident MHD activity in these discharges is the onset of a m=2 double tearing mode

when a pair of q=2 resonances appears in the plasma. Double tearing instabilities were observed

previously in discharges with off axis Lower Hybrid Current Drive or with hollow temperature

profiles [1,2], but with ECRH the effect of pressure peaking can be studied in extreme

conditions, indeed the local poloidal beta (pp(r)=2|j0(<p>-p(r))/Bp(r)2, o being the average

within the radius r) at the minimum q radius can reach values fSp >3. The growth of the double

tearing mode causes a flattening of the Te profile which can be either localized around the

minimum q (annular crash, see Fig. 1) or extended to the plasma center (core crash).

FTU Pulse #12611

Fig. 1. (a) Te profile before (1) and after (2,3) the double tearing crash. The shaded

area represents the post cursor oscillation, (b) Temperature evolution near the

inversion radius (R=0.87 m). The dashed lines in (b) mark the times at which the

profiles in (a) are taken.

The speed and the extent of the profile flattening increase with the pressure gradient. The

time scale of the core crash (=25 \is) is shorter than the linear resistive growth time

(Yiin"'a!a)A'1S"3=!80 us, where S is the Lundquist number, and coA the Alfven frequency). This

implies that either the m=2, n-1 double tearing mode has an explosive non-linear growth, or the

system is ideally unstable.

Discharges with early central ECRH are also affected by an erratic MHD activity, which

causes small drops (=5%) in the peak temperature, correlated with the growth of rapid

(10+20 kHz) sinusoidal Te oscillations at r/a=0.3. This activity is likely to give a significant

contribution to energy transport; indeed, a short time before the onset of sawteeth, the

temperature drops disappear, and the energy content within r £ 0.4 a increases at a rate which is

close to 70% of the net power input in the same plasma volume. The correlation with the

sawteeth onset suggests that the activity disappears when the q reverts to a monotone profile,

and then that the driving mechanism could be resistive interchange. A quantitative analysis of

different driving mechanisms (resistive interchange in the negative shear region, tearing and

neoclassical tearing in the positive shear region) will be presented.

Pellet injection suppresses the sawtooth activity and is followed by a quiescent phase

lasting about one resistive diffusion time. In this period, the temperature and q profiles are

nearly flat in the plasma core, while the density is extremely peaked, so that the pressure profile

is similar to the one obtained with ECRH. At the end of the quiescent period, a rotating kink

distortion of the plasma core with m=l, n=l helicity grows to a large amplitude. The soft x-ray

profiles show a large displacement (up to 10% of the minor radius), but the profile peaking is

not reduced; this leads to identify the cause of the distortion as a saturated ideal instability. Ideal

m=l modes can saturate at large amplitudes if the q profile has an off-axis minimum at q=l [3].

In some cases the m=l, n=l helical perturbation of the equilibrium is destroyed by a

sawtooth crash, but in most cases it persists and destabilizes a m=2, n=l mode that rotates at

half angular frequency (i.e. the signals from the m=l and m=2 modes are exactly at the same

frequency). The m=2 mode tends to lock to external error fields, giving rise to disruptions.

The confinement and the global stability properties of reversed and low magnetic shear

regimes can be affected by the MHD phenomena considered in this work. This paper illustrates

the experimental results obtained on FTU and their analysis within the framework of MHD

stability theory, with the aim of clarifying the conditions to be fulfilled in order to achieve MHD

quiescent regimes.

References

[1] F. Alladioetal., IAEA-F1-CN-64/E-5, Montreal, 1996

[2] A. A. Tuccilloetal., Invited Lecture 12th APS Topical Conf. RF Plasmas (1-3 April 1997,

Savannah, Georgia) AIP Press.

[3] J. A. Holmes etal., Phys. Fluids 3 1 (1988) 1202.

133



EXP3/02 XA9950832

IMPROVED CONFINEMENT INDUCED BY TANGENTIAL CT INJECTION
IN STOR-M1
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Compact torus (CT) injection for fuelling magnetically confined fusion reactors was originally
proposed by Parks and Perkins et al. [1,2]. The first disruption-free injection was achieved by
Raman et al. on TdeV at normal injection angle [3]. The tangential CT injection experiments
were subsequently performed on the STOR-M tokamak with the University of Saskatchewan
Compact Torus Injector (USCTI) [4]. Some indications of improved confinement were observed
in both experiments. In this paper, we will present clear signatures of the improved confinement
induced by CT injection in STOR-M.

The USCTI injector is of coaxial type with formation and acceleration sections. The injector
accelerates a compact torus (hydrogen plasma, 5 cm in radius, 15 cm in length and (1 ~ 4) x
1015 cm"3 in density) to a velocity exceeding 150 km/sec before injection. The particle inventory
in CT is approximately 50% of that in STOR-M. The injection angle is almost tangential to the
tokamak magnetic axis. After preliminary CT injection experiments on STOR-M, USCTI has
been modified to reduce the trailing particles following the CT, which facilitates disruption-free
CT injection into STOR-M. Diagnostics employed in the experiments include: (a) microwave
interferometer monitoring the electron density averaged along the central vertical chord, (b) Ha

emission monitor aiming horizontally through the centre of the discharge, (c) a rake probe array
measuring the electron density and the floating potentials at the plasma edge, and (d) Mirnov
coils monitoring m = 2,3 MHD activities. During the injection experiments, the parameters of
the ohmically heated STOR-M tokamak were: R = 46 cm, a = 12 cm, Bt = 0.8 T, Ip = 20 kA,
and ne = (0.5 - 2) X 1013 cm"3.

Figure 1 shows the waveform of the tokamak discharge parameters: from top, plasma current,
loop voltage, Ha radiation intensity, electron density, horizontal displacement, and TO = 2,3
MHD oscillations. Following the CT injection at i = 15 msec, the discharge current and loop
voltage remain almost intact, indicating a constant Spitzer temperature. The H,, decreases
abruptly following the CT injection by approximately 35% and returns to the nominal level at
i = 20 msec, indicating an L-H transition and an H-L back transition respectively. The electron
density increases from 0.85 X 1013 to 1.75 x 1013 cm"3 and then remains at this high level until
the end of the discharge. The global energy confinement time, without taking the CT power
input into account, increases from 1 msec (prior to CT injection) to 2.5 msec maximum. The
plasma position shifts outwards during the time interval between t = 15 msec and t = 20 msec,
owing to the increase of energy stored in the discharge column. The m = 2 MHD oscillation
level decreases after the CT injection and starts to grow at t = 18 msec. The m = 3 MHD
oscillation level experiences little change initially until t = 18 msec, when it starts to grow.

The STOR-M edge plasma was studied using a rake probe array. Steepening of the density
profile was observed across the SOL and edge regions between r = 11 cm and r = 13.5 cm. The
floating potential increases and its fluctuation decreases (Fig. 2) in the same region.

Central CT penetration into STOR-M is not expected for these CT parameters. If deposition
of the kinetic energy (11 J) and magnetic energy (47 J) carried by the CT occurs in 5 msec, a
power of 12 kW is released to the discharge in addition to the 75 kW of ohmic heating power.

The additional edge heating and favourable perturbation of the tokamak magnetic field may be
responsible for triggering the H-mode in a manner similar to the case of H-mode induced by
edge turbulent heating [5].

In summary, the H-mode like discharges triggered by CT injection in STOR-M are charac-
terized by an increase in the electron density, significant reduction in the Ha radiation level,
steepening of the edge density profile, suppression of the m = 2 Mirnov oscillations, and sup-
pression of the floating potential fluctuations. These features are similar to those associated with
the H-modes induced with edge turbulent heating or by electrode/limiter biasing in STOR-M.
In contrast to the edge turbulent heating induced H-mode in STOR-M, the floating potential
at the plasma edge and SOL increases during the CT injection induced improved confinement
phase.
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Neo-classical tearing modes are thought to be responsible for the beta limit in long pulse

discharges which can be well below the limit set by ideal MHD instabilities [1,2]. Modes with

the characteristics of neo-classical tearing modes have been identified in JET long pulse

ELMy H-mode discharges. The modes are mostly triggered by a large sawtooth crash after

which the modes persist until the neutral beam (NB) power is switched off. The toroidal mode

number is predominantly n=2. The reduction in confinement time caused by these modes is

between 10 and 20%. After the appearance of the n=2 mode the sawteeth are in general

suppressed and the electron temperature profile is locally flattened around the q=1.5 surface.

These modes can appear above a normalised plasma pressure P s of about 2. but long pulse

discharges without continuous n=2 modes exist up to pN -2.6.

Mode Structures

The n=2 modes have been observed in the fast 48 channel ECE diagnostic. The electron

temperature perturbation shows the characteristics of an island structure, i.e. a minimum in the

perturbation at the q=1.5 surface and a phase jump of 180 degrees at the minimum.

The modes have also been observed with the SXR cameras. The 178 viewing lines of the JET

SXR diagnostic allow a detailed tomographic reconstruction of the perturbation of the SXR

emission in the poloidal plane. The tomographic

reconstruction of the n=2 mode shows coupled m=2

and m=3 poloidal harmonics and a phase inversion at

the same radius as the ECE data. The amplitude of J

the mode is much larger on the low field side, where

the m=2 and m=3 components add up. than on the

high field side. A similar structure of the neo-

classical tearing mode was found in AUG [2] and

DIII-D [3]. Both diagnostics show the perturbation to

be a relatively global mode. The mode is largest

inside the q=1.5 surface and extends inward up to the

magnetic axis. The component outside the q=1.5

3.0 3.2 3.4 3.6 3.8
R [m]

Fig. 1 The amplitude of the
perturbation in the electron
temperature profile due to an n=2
mode. The frequency of mode is
18kHz. The q=1.5 surface is at
R=3.45m.

surface is relatively small, the maximum amplitude being 30-40% of the amplitude inside the

q=1.5 surface (figure 1). This relative amplitude appears to be a function of PN . At higher pN

(-3) the central part of the n=2 mode (predominantly the m=2 component) increases and the

island feature (which is mostly the m=3 component) becomes more difficult to distinguish.

Scaling with v* and p*

A database has been collected containing 40 discharges from the MK-IIA experimental

campaign in which a continuous n=2 mode is present. The parameters of the discharges are

taken at the time the n=2 mode appears. All the discharges have a ITER relevant q,s value of

3.4. Some of the discharges are still ELM-free when the n=2 mode appears. The value of pN at

the onset of the instability appears to be independent of the collisionality, v*. There is

however a strong, almost linear, dependence on the normalised Larmor radius, p*. This

scaling is very different from the scaling PN - 5.2 v*"' used in the ITER physics report and

Ref [1 ]. Theory predicts the onset to scale as paA'VV.. where \VC is the minimum seed island

w idth which will trigger the neoclassical tearing mode and depends on the particular details of

the threshold model. In particular, in the polarisation current model Wc~ Vg pbi, where g is a

function of collision frequency and p,,, is the ion banana width. For v/ E C O « 1 , which is typical

of these JET discharges (v; is the ion collision frequency, s the inverse aspect ratio and co the

mode frequency, taken to be the diamagnetic frequency) g is approximately independent of

collisionality and one obtains peep* as observed. However, when v/ E to ~ 1 , g is a much

stronger function of collisionality and this will be explored as a possible explanation of the

different scaling found on JET. The implications for ITER will be discussed in the paper.

High beta discharges

At higher values of p s . typically above 3.5. n=l modes appear. These n=l modes grow to

such a large amplitude that a soft-stop is triggered by the JET control system, i.e. the plasma

is slowly terminated by ramping down the heating power and plasma current, to avoid a

disruption. The occurrence of the n=l modes is not reproducible, in some discharges the mode

appears immediately in the high beta phase, in others only at the end of the NB heating after 5

s. It is the n=l mode which ultimately limits the maximum PN, the n=2 modes alone lead to a

degradation of the confinement but not a limitation in pN. Long pulse high beta discharges

with a PN above 3. with an n=2 mode present, have been sustained for 4 s, the full duration of

the NB heating phase.
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As it is known the Reverse Shear (RS) TFTR plasmas show an improved confinement
[1]. Unfortunately experiments also show a relatively enhanced amount of disruptions. [2] .

In this work the Electron Cyclotron Emission (ECE - that is most probably has the
electron temperature and nonthermal components) in two crosssections separated by 126
degrees in the toroidal direction [3]was analyzed. Fig.l shows q(R) profiles calculated from
TRANSP -(solid line) and corrected using the experimental position of the singular surfaces -
(dashed line) before disruption. It was found that in the cases when amplitude of the initial
perturbation is rather high in region near qmin a helical snake-like bulge appears between
qmin and external magnetic islands. This structure is located near X-point of the primary
internal qmin island and rapidly propagates through external magnetic surfaces until it reaches
the region of external magnetic island. At this moment a sharp spike of nonthermal ECE
appears which suggests the beginning of the turbulent processes. Subsequent electron energy
flow from the internal to external region occurs through this toroidally localized helical bridge
(Fig.2a, 2b). The temperature becomes toroidally symmetric between qmin an^ external
islands only 20-40 usec later. It is possible to propose that the disruption instability could be
initiated when the X-point of magnetic islands happen to coincide in one toroidal position
near torus equator. The local outward electron energy transport near X-point can be explain
by the development of the "positive" magnetic island[4]. As known the development of the

helical resonant plasma current J perturbations can cause the formation of magnetic islands

(0-point in the region of negative current density J modulation and X-point in the region of

positive J modulation). While j perturbations are small, their growth results only in

increase of the sizes of islands ("negative"), not changing their geometry. At J > </>, rdq /
qdr "positive" magnetic island can be formed near to a former X-point (here <y>,.-mean
current density in rs region, q- safety factor). Thus the X-point should be splitted on two, and
on its former place a new "positive" magnetic island (extended on r, perpendicularly to the
axes of the plasma) will be formed. As a result the electron transport increases near X-point.

The size of a positive island increases with increase of J and reduction of the shear near

q(rs)=m. In non monotonic shear tokamak discharges it is possible to expect the development

of positive magnetic islands in qmin area.
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On T-10 the influence of ECRH/ECCD on the behavior of plasma MHD-
activity was investigated on the phase of plasma current Ip rise for the reliable
prevention of disruption. The phase of plasma current rise was chosen because on this
phase of tokamak discharge the probability of the disruption instability development
is maximal.

The main goals of the experiments were following:
1. Demonstration of reliable disruption prevention by ECRH/ECCD.
2. Determination of the minimum HF power launched into plasma (in

comparison with the ohmic heating power) required for the reliable disruption
prevention.

3. Study of the disruption precursors, which can be used in the feed-back
system for the disruption prevention.

4. Determination of the optimal conditions required for the reliable
disruption prevention (HF power turn-on moment, HF-pulse duration etc.).

The experiments were carried out at two discharge scenarios, which could
lead to the disruption instability development.

In the first scenario the disruption was caused by high gas puffing. On T-10
at the given toroidal field Bt and plasma current growth rate dl/ck there is the
maximum plasma density growth rate (dn/dt)ma>i. The more rapid density growth
brings to the rapid monotonous growth of MHD-activity with the consequent
development of disruption instability. The analysis of the magnetic probes signals
shows that the MHD mode with m/n=2/l is developed in this case. The value
(dn/dt)mXi depends on the chamber walls conditions and on the non-controlled
increase of the impurity influx from the chamber walls due to the plasma-wall
interaction on the current growth stage .

In this scenario the "regular" disruption (which occurred at the same time
td »const) had been produced by the additional gas puffing turn-on with the resulting
density growth rate dn/dt > (dn/dt)mm. Two modes of the gas puffing were under
consideration:

a) for a short time (At = 40 ms). In this case the non-controlled brief
influence of the impurities influx was imitated.

b) For a long time till the plasma current Ip flat-top. It imitated the
protracted non-controlled influence caused by the increased long
interaction with chamber walls on initial stage of the discharge.

The main results of these experiments can be formulated by the following
way:

1. At additional gas valve opening the monotonous growth of MHD activity
of the m/n=2/l mode with the characteristic time tMHD»50T70 msec was observed.
This growth was finished by the disruption instability.

2. The level of m=2 MHD-activity at which the disruption occurs, changes
slightly on the discharge parameters variations. This level is determined by the
magnetic island m=2 width which becomes comparable with the distance between
q=2 surface and plasma boundary .

3. The turn-on of the HF pulse at the time moment corresponding to -80%
from maximum MHD level or earlier leads to MHD activity suppression and to the
reliable disruption prevention. In this case the HF power level required for disruption
prevention is almost 10 times lower than the ohmic heating power.

4. The shift of the power absorption position on AR < 0.7 a±, slow influences
on the HF power value required for the disruption prevention. The further shift of the
power absorption position AR > 0.7 ai, leads to the strong increase of the required HF
power. It can be explained by the HF power one-pass absorption decrease.

The aforesaid means that the m=2 MHD activity can be considered as the
disruption precursor and it can be used in the feedback system intended for the
disruption prevention.

The second discharge scenario is the scenario with low gas puffing. The
disruption occurred when the plasma density growth rate dn/dt appears to be lower
than the minimum value (dnldi)m\n. In this case the character of the MHD-activity
development is completely different from the first scenario and has the form of the
separate brief repeating flashes. The amplitude of these flashes is increasing with
approaching of the plasma current to flat-top. Each MHD-flash begins from the
m/n=3/l mode development with the consequent development of m/n=2/l mode
which leads to the disruption. It is possible that the disruption can be caused by the
locked mode development. In the experiments dn/dt value was chosen so that the
disruption instability at qL=3 would be obtain regularly. HF-power turned-on at the
different time moment relatively to m/n=3/l mode flash.

The main results of these experiments with low gas puffing was follow:
1. The turn-on of the HF pulse leads to disruption prevention. But in this case

the HF power level required for disruption prevention is comparable with the ohmic
heating power.

2. For disruption prevention it is necessary that HF power has been turn-on
till plasma current flat-top.

3. MHD activity suppression and disruption prevention had been obtained
even at that shift of the power absorption position when the one-pass absorption
decreased more than at 10 times.

All these peculiarities allow to conclude that in this case the main acting
factor for disruption prevention is not the HF power. But it is the additional gas flow
connected with the HF-power launch which prevents the plasma column expansion
and MHD mode m/n=3/l developments.
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The reversed shear experiments on T-10
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The experimental investigations of the possibility of the internal transport barrier
formation in the electron component were carried out on T-10 tokamak. The on-axis Electron
Cyclotron Current Drive in opposite direction to the initial ohmic current (COUNTER-ECCD)
was used for produce reversed shear region s<0 in the plasma core. The main feature of the T-
10 experiments is the absorption of HF power launched into the plasma by electrons and
therefore the main role of the electron component in the plasma behavior.

The preliminary calculations of the total plasma current profiles j(r) with taking into
account the EC- current JCDW calculated with the TORAY code [1] have shown:

1) It is possible to form the stationary nonmonotonous q(r) profiles with reversed shear
in the plasma core (r/a<0.35) using the on-axis COUNTER-CD.

2) hi the broad range of the plasma parameters (the line average density
n e=(l-rl .5)xl01 9 m'3; the plasma current Ip=150V75 kA) and absorbed HF-power

(Pab up to ~1 MW) it is possible to change q value on the boundary of the reversed
shear region in the range qmjn=l-=-3.

The experiments were carried out in the plasma parameters range and HF-power values
mentioned above. In all cases experiments were performed with both Counter-ECCD (which,
according to calculation, would have provide a reversed shear q profile) and Co-ECCD (with
monotonous q profile). This allowed to compare the electron transport and confinement for

different q(r) profiles under similar conditions (plasma current Ip, line average density n e ,

magnetic field Bt and others). The main results are following:
1. It is no clear signs of the internal transport barrier formation at qmin^ (Ip=150 kA). The

central plasma temperature Te(0) and (3P value are the same in cases CO- and COUNTER-
CD (i.e. at the different q(r) profiles) within the experimental accuracy.

2. When plasma current decreases (Ip=100, 75 kA) and the qmin value approaches to qmin=2 a
development of the internal MUD mode m=2 was observed about 100 ms after HF pulse
turn-on. This mode leads to additional electron transport appearance with electron plasma
energy losses ~30% from the plasma core.

The same phenomenon was observed in the experiments with COUNTER-CD, when
the nonmonotonous q(r) profile (with two resonant surfaces q=2) was realized mainly due to
skin current density distribution on the stage of the plasma current growth. In this case qmjn
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value decreased from qmin>3 to qmjn~l (HF-power was turned-on at the same time with the Ip

growth beginning). The development of the internal MHD modes m=3 and m=2 was observed
when the q profile crossed the resonant surfaces q=3 and q=2. The losses of the electron
energy content from the plasma core (stronger at MHD m=2) was observed in these times.
However at the ohmic discharges (without HF-power turn-on) q(r) profile remained
monotonous and the q=3 and q=2 surfaces cross (in the Ip growth process) did not lead to the
development of the internal MHD modes and to the electron transport increase.

Thus, the nonmonotonous q(r) profile with qmjn not far from qmin=2 (with two
resonant surfaces q=2) is dangerous and can leads to development of the internal MHD modes
and to appearance of the additional electron transport.
3. In the regimes when the EC-current value was sufficient to increase the qrain higher than
qmin=2 (Pab~lMW, Ip=75 kA), after the transition qmin over qmin=2 (after the MHD phase) the
sharp increasing of the Te(0) value was observed. This level of Te(0) is close to the Te(0)
value in the CO-ECCD regimes (although -10% lower). This restoration of the Te(0) is a
result of the disappearance of the additional electron transport (observed at the MHD mode
development) and is not a result of the internal transport barrier formation.
4. The analysis of the experiments with the HF-power turn-on at the Ip grows stage have

shown that the plasma behavior features (such as the moment of sawtooth appearance in
all regimes (OH, CO- and COUNTER-CD); the moments of the MHD modes m=3 and 2
appearance) agree well with the calculations (with an accuracy ~5-H7%).

5. hi T-10 experiments the soft P limit was observed in the regime with Ip=75 kA at on-axis
CO-CD and PHF=1-3 MW. Sudden onset of MHD activity results in Te drop in the plasma
core (inside the q=2 surface) in a timescale of several tens milliseconds. Rotation of the
coupled m=2/n=l and m=l/n=l modes has been observed during and after the Te drop.
The calculations show the large fraction of the bootstrap current density (in the total
current density) in the region of the q=2 surface. It may indicate the neoclassical nature of
the tearing modes observed.

Conclusions:
1. There are no obvious signs of the internal transport barrier formation in the experiments

with the dominating electron transport on T-10 under the experimental conditions shown
above.

2. The experiments have demonstrated the j(r) control byECCD.
3. These experiments allow us to conclude that the nonmonotonous q(r) profile with two

resonant surfaces q=2 and qmin closed to qmin=2 may lead to internal MHD mode
development and electron transport increasing.

4. Experimental plasma behavior features are in a good agreement with the calculated total
current j,ot(r) profiles when the EC-current is taken into account.

[1] Cohen R.H., Phys. Fluids, 1988, v.31, p.421
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A feed-forward neural network with two hidden layers is used to forecast major and minor
disruptive instabilities in TEXT tokamak discharges. Using the experimental soft X-ray signals as
input data, the neural net is trained with one disruptive plasma discharge and a different disruptive
discharge is used for validation. After being properly trained the networks, with the same set of
weights, it is then used to forecast disruptions in two others different plasma discharges.

The best result of the forecasting process for the first plasma shot in shown in Fig. 1. For one
time step-prediction (Fig. la) the result obtained from the neural network agrees almost perfectly with
the experimental signal. By increasing the forecast time interval, i. e., the number of time-steps, the
shape of the sawteeth oscillations is observe to be somewhat deformed but the net is still capable of
accurately predicting the instance of the minor disruption that takes place at t = 452 ms. The longest
forecasting time achieved is obtained for 63 time-steps (Fig. lb) for which the net still accurately
predicts the occurrence of the minor disruption. This corresponds to a forecasting of the disruptive
instability 2.52 ms before it actually takes place, for the medium sized TEXT tokamak. For time-
steps longer than that, the net continues predicting the disruption but now with a time shift delay.

As a test for the neural network, exactly the same set of weights obtained and used above is
now used to forecast the disruption that occurred in a second plasma discharge. Differently from the
first discharge analyzed, however, in this particular plasma discharge the major disruption was not
preceded by any minor disruption.

The results of the multi-step forecasting analysis done for this discharge are shown in Fig. 2.
Once again, for a single time-step prediction the result of the net is observed to beautifully match the
experimental signal (Fig. 2a). For longer forecast intervals the net still accurately predicts the
disruption time up to time-step 78 (Fig. 2b). This corresponds to a forecast of the occurrence of the
major disruption 3.12 ms in advance, value which is nearly triple the time that has been obtained
previously using only magnetic data to feed the neural net [ 1], For larger time-steps, once again a time
shift in prediction appears between the experimental signal and the result provided by the network.
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Examining in detail the results obtained for both discharges for the 63 and 78 time-step
forecast (Figs, lb and 2b, respectivelly), it can be observed that in order to make these predictions,
the net used 15 experimental data points that are located in the oscillatory region of the last "typical"
sawtooth oscillation, when our eyes are unable to perceive any peculiar occurring in the soft X-ray
emission which would signal that an instability has started at that point (or before) and that a
disruption in coming soon. Only after the crash of this sawtooth at t = 450.0 ms and t = 450.0, when
an strong fluctuation starts to build up afterwards, one can say that a disruptive instability indeed has
been triggered. Interestingly, in both prediction cases the experimental data points used by the net to
accurately forecast the minor and major disruption (Figs, lb and 2b) are located in time prior to the
amplitude increase of the magnetic fluctuation in the corresponding magnetic signals, as can be seen in
Figs 3 and 4, respectively.

Since the neural networks was able to forecast disruptions using data points related to some
particular instances of time before the observation of an increase in amplitude of the MHD activity,
this observation might suggest that it is not the growing magnetic islands related to the q = 2 magnetic
surface that would consequently disturb the inner island at q = 1 magnetic surface. The results
obtained in this work suggest that it is probably the other way around, i. e., some disturbance
phenomena would develop first around the central part of the plasma column (visualized by the soft
X-rays central detector) and then the plasma region within the q = 2 magnetic surface would be
affected, destabilizing the m = 2 MHD mode. This interpretation reminds us the works already done
in tokamaks suggesting that the disruptive instabilities would be caused by a "cold bubble" moving
towards the plasma center, as it could be experimentally observed in the electron temperature profile
[2,3]. However, some more careful and further investigations must be done in order to give more
confidence about the reality or not of this process.
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Recent experimental and theoretical impurity "Killer" Pellets (KPs) results have substan-
tially enhanced our understanding of the physics involved in the mitigation of disruptions and
the generation of runaway electrons. Experiments with cryogenic neon, argon and methane
KPs have been carried out in DIII-D and an ablation/radiation model has been developed for
the analysis of these experiments. The model is also used to predict the behavior of KPs in
ITER. Our experimental results demonstrate that KPs reduce local VDE vessel forces by at
least factor of four and divertor heat loads by a factor of two [1,2]. We also find that some
KPs produce prompt runaway electron bursts which are often correlated with fast ablation
spikes and large MHD events. In ITER KP induced runaways may result in processes which
convert all of the plasma current into an energetic electron beam capable of damaging plasma
facing components. Thus, a critical issue for assessing the viability of KP mitigation scenar-
ios in ITER is understanding the details of runaway generation and confinement.

Theoretically, KP induced runaways may either be generated in a narrow skin layer
immediately in front of the pellet or in the cold region behind the pellet p > 0.5. If runaways
are generated behind the pellet, calculations show that they do not originate from the usual
Dreicer acceleration mechanism where En/Eor > 1 but rather from a new type of dynamical
process. A model describing the generation of runaways in this region has been developed. It
includes two mechanisms originating from a rapid local cooling of the plasma electrons.

The first of these results from the development of a large radial VPC across the flux sur-
faces intersecting the active pellet ablation zone. We have modeled argon KP experiments
with the DIII-D KPRAD ablation/radiation code and find that Te is reduced from 2500 eV to
30 eV within 20 us on the p = 0.5 flux surface. Thomson scattering measurements, made
500 us after the pellet reaches p = 0.5, confirm the KPRAD predictions. The pellet moves
-10 mm in 20 |is implying a VTe = 2-3 x 105 eV/m. The corresponding nc increase is quite
modest, <50%, producing a large increase in VPe. Based on estimates of ideal ballooning
mode growth rates under these conditions i.e.,y> 5 x 105 s~' one expects MHD modes to
form in front of the pellet as it nears the high Tc plasma. Large MHD spikes observed during
the pellet ablation phase match signatures expected for these instability. Our experimental
results also show an increase in the centra! nc and a complete loss of stored energy during the

"Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-89ER51114 and DE-AC05-
96OR22464 and Grant No. DE-AC03-95ER54294.
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pellet ablation phase. These measurements are consistent with existence of MHD mixing
which drives the pellet material into the core plasma. In the region behind the pellet, KPRAD
predicts En = rijii of-90 V/m assuming constant jn and Te = 30 eV. The cold electrons in this
region do not exceed the local Dreicer threshold i.e., Ed/Enr = 0.1. On the other hand, less
collisional keV electrons supplied by a mixing instability from in front of the pellet do exceed
the local Dreicer threshold. Modeling results indicate that runaway bursts due to VPe

instabilities only occur inside p = 0.65 in typical DIII-D plasmas. We have confirmed these
predictions experimentally.

A second mechanism for generating prompt runaways in the cold region results from
modification of the Maxwellian nature of the electron distribution function (i.e., a velocity
space source involving electrons in the high energy wing of the distribution) and the rate at
which these electrons cool compared to the thermal part of the distribution. We have
calculated the electron cooling rate as a function of energy and used this data to estimate the
runaway conversion rate at each flux surface [3]. In DIII-D the model predicts a runaway
current density j r c -75 kAAn2 as the pellet crosses p = 0.7. During the rest of the pellet's flight
(0.7 > p > 0.5) j r c increases linearly to -95 kA/m2. At p = 0.5 the runaway threshold energy is
about eleven times Tc. We have independently verified this generation mechanism with the
CQL3D Fokker-Planck code [4]. In addition, CQL3D predicts a complete conversion of the
ohmic current to runaways with magnetic fluctuations neglected, but has shown that runaway
generation is suppressed by magnetic turbulence losses at level Sbp/bj -0 .1% [4], CQL3D is
also being used to model avalanche runaway processes [5] in DIII-D and ITER. Our
preliminary results indicate that KP induced runaways provide an efficient avalanching
source during an ITER current quench but the inclusion of magnetic fluctuations significantly
reduce the conversion and confinement process.

In order to evaluate a practical method of controlling runaway generation and to under-
stand the role of magnetic fluctuations during KP injection, we have carried out a series of
DIII-D experiments in which externally driven magnetic perturbations were applied. We
found that externally applied, spatially static, magnetic perturbations resulted in a statistically
significant reduction of the runaway current. The external coil set was used to drive a spec-
trum of n = 1,2, and 3 modes with a flux surface averaged Sbp/bx = 2.5 x 10~3 at the mid-
plane separatrix. A simple analytic criterion for the suppression of runaways by stochastic
magnetic field losses [6] implies that obp/bj perturbations exceeding 1.7 x 10~3 are sufficient
to suppress runaways in DIII-D. Although this is consistent with the experiment results, our
models need to account for the detailed mode structure of the magnetic perturbations. This
work is currently in progress.

[1] EVANS, T.E., et al., J. Nucl. Mater. 241-243, 606 (1997); EVANS, T.E., et al., Bull.
Am. Phy. Soc. 41, 1534(1996).
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[3] WHYTE, D.G. et al., "Energy Balance, Radiation and Stability During Rapid Plasma
Termination via Impurity Ppellet Injections on DIII-D," Proc. of the 24"1 Euro. Conf. on
Contr. Fusion and Plasma Physics, Berchtesgaden, Germany, 1997, to be published.

[4] HARVEY, R.W., et al., Proc. of the 1998 International Sherwood Fusion Theory Conf..
Atlanta, Georgia (1998).
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[6] LUCKHARDT, S.C., "Runaway Electron Generation and Mitigation by Stochastic

Magnetic Fluctuations During Major Disruptions in Tokamaks," UCSD School of
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Instabilities in the Alfven range of frequencies which are excited by energetic ions
produced by ICRF heating12 have the potential of interacting in turn with the energetic ion
transport34. We initiated a large data base study of the ICRF experiments on TFTR to
determine the characteristics of this interactive process and to discern the relative
importance of two distinct groups of excited Alfven modes — Toroidal Alfven Eigenmodes
(TAE)5 and Energetic Particle Modes (EPM)4'6 - with respect to energetic ion heating and
confinement and consequently ICRF heating efficiency. We arrived at a picture in which
core modes (EPM) play a fundamental role in the energetic ion transport.

Alfven instabilities were observed in
ICRF minority heating experiments in a
variety of plasma conditions in TFTR. An
array of Mirnov coils7 was used to detect the
MHD activity. The Mimov data was
compared in special situations with data from
a reflectometer8. Ion losses were monitored
with four probes placed at the edge of the
plasma9.

Figure la shows the increase of the
total and thermal energy of the plasma as a
function of rf power. Three stages are
distinguishable. At first, the increase is linear
and equal for the total energy and the thermal
component. In this regime ion-ion collisions
dominate and the minority ion distribution
function does not present strong
asymmetries10. Next, as the rf power and
the minority ion energy increase, electron
drag begins to dominate and an asymmetric
part of the minority ion distribution function
appears. During this phase low levels of fast
ion loss are detected. Finally, at higher power
(-4 MW) fast ion losses increase drastically
and the Mirnov coils detect a signal which
increases linearly with power. In this regime,
confinement is clearly degraded.
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Fig. 1 Correlation between onset of
MHD instabilities with fast ion losses
and energy confinement degradation,
versus rf power

The Alfven spectrum can display two
groups of modes, as shown in Fig. 2: one "stationary" in the sense that the frequency
follows very closely the (nc)''

n dependence characteristic of Toroidal Alfven Eigenmodes,
and another group whose frequency "chirps". Both groups are usually made of several

sawtooth

210 220 230 240
frequency kHz

Fig. 2 Typical frequency spectrum from a Mirnov
probe preceding a monster sawtooth crash.

modes with well defined toroidal numbers. The TAE modes are global modes that are
readily detected by the Mirnov coils. The chirping modes, which have a lower rf power
threshold, have all the characteristics of Energetic Particle Modes (EPM). These modes can
be detected by the Mimov array almost exclusively in discharges with low q(a), but are
otherwise detected by microwave reflectometry as density fluctuations deep in the plasma".

Strong evidence from the
data show that the energetic particle
modes rather than the TAEs are
responsible for most of the fast ion
losses. The experimental data
indicate that fast ions, generated
mostly in the core by ICRF, excite
EPMs. When their frequency
decreases6, the modes move
outward carrying fast particles with
them. While crossing the Alfven
gap the fast ions can modify or
directly excite TAEs. A similar
effect is observed when fast
particles expelled from inside q=l
by a giant sawtooth flow across the
Alfven gap.

When the loss of fast particles from inside the q=l surface becomes sufficiently
large, a giant sawtooth takes place. Previous theory suggests that sawtooth stabilization by
fast particles is lost when the beta of the energetic particles inside the q=l surface drops
below a critical level. These experiments provide a direct mechanism for the loss of the fast
ion beta and subsequent collapse of the giant sawtooth. Furthermore, they point to a
potential threat to the confinement of alpha particles under reactor conditions if EPM modes
are generated.

We gratefully acknowledge very enlightening discussions with Prof. L. Chen and Prof.
W. Heidbrink and Dr. T. Hoang.
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Active and passive control of MHD instabilities are critical elements of plans to improve the economic
potential of steady-state tokamak power sources [1] and to achieve high-beta, steady-state operation of
spherical tokamaks [2]. Passive wall-stabilization can suppress fast external kink instabilities and plasma
rotation control and/or active feedback may stabilize resistive wall modes [3,4] and neoclassical tearing modes
[5,6]. Experiments using the High Beta Tokamak-Extended Pulse (HBT-EP) tokamak [7] study the feasibility
of a high-beta tokamak stabilized by a combination of a close-fitting conducting wall, plasma rotation control,
and active feedback. HBT-EP combines an internal, movable conducting wall with a number of small (6° wide
toroidally) driven saddle coils located between the gaps of the conducting wall and covering only 3% to 5% of
the plasma surface. When the segmented conducting wall is moved near the plasma's edge, fast-growing
instabilities are stabilized in discharges which would otherwise exceed the stability limit for ideal external
kinks when the wall is retracted [8,9]. With the wail inserted, slowly growing mln = 2/1 tearing modes can be
excited by adjusting the evolution of the plasma current profile. Previous HBT-EP studies demonstrated
dynamic control of the toroidal rotation of these slowly growing tearing instabilities by energizing a small
number of the highly localized saddle-coils [10]. The application of either oscillating single-phase or rotating
two-phase saddle-coil currents strongly modulated the toroidal rotation frequency of the resonant magnetic
islands. The phase-instability associated with active tearing mode control was detected, illustrating the phase
accuracy required to prevent rapid toroidal relocation of island position during closed-loop stabilization.

In this paper, we report new observations of the significant suppression of the amplitude of tearing
instabilities through the application of asynchronous (open loop) and synchronous (closed loop) resonant
magnetic perturbations [11]. Previous observations of the induced changes of tearing mode rotation were well-
modeled using a single-helicity, Rutherford description for driven resistive modes [12]. Our new observations
of amplitude suppression imply the existence of an additional damping or stabilizing effect. Using detailed
comparisons between single-helicity simulations and measurements, our observations are consistent with
magnetic island suppression proportional to
the square of the rotation velocity difference 12 r

between the island and the background
plasma fluid. This stabilization is similar in
form and magnitude to that predicted to result
from ion inertia and finite Larmor radius
(FLR) effects [6]. This ion inertial stabilizing
effect diminishes the tearing mode amplitude
whenever the island moves faster or slower
than the background plasma.

Asynchronous control of island
rotation is achieved either by low-frequency
oscillation of a single-phase saddle-coil
system or by applying rotating two-phase
external 2/1 control fields at frequencies
alternately above and below the natural mode
frequency. The use of this second technique
for island suppression was originally

ri d l !

Induced Island Frequency Modulation. If- ( 0 1 , (
F ' 8 u r c •• Suppression of tearing mode amplitude as a result of frequency

<siK.wwi.ri anri m o d e l e r ! h v Kin-its, anrl r o modulation induced by either single phase rotation control or by square-
Sugges ted arid m o d e l e d b y K-urita and c o - w a v e m o d u l a t i o n o f [ h e f r e q U ency of rotating 2/1 magnetic field
workers [13] In either case asynchronous

frequency modulation drive maintains the ion inertial effect of flow damping whenever the frequency of
toroidal rotation of the magnetic island changes in time at a rate near the inverse of an island's momentum
relaxation time. In HBT-EP, the island relaxation time is measured after the saddle-coil currents have been
switched off, and its value is approximately 200 (is. In Fig. 1, the mode suppression of naturally-occurring 2/1
tearing modes observed in a very large number of discharges is summarized. When the saddle-coils are used
to modulate the island frequency by more than a few kHz, significant island suppression always results.
Measurements of the ion flow using multiple Mach probes near q = 2 surface show the ion fluid acceleration
rate is equal to about 20% of island acceleration rate. The frequency modulation control technique also
prevents disruptions following giant sawtooth crashes in the plasma core. Suppressing the uncontrolled
growth of the 2/1 island following the large sawtooth preserves the confinement of the outer flux surfaces,
prevents the disruption, and allows the plasma core to re-heat.

Closed loop control techniques are also used to suppress the amplitude of growing 2/1 rotating islands.
Quadrature detection of the phase and amplitude of magnetic islands are derived from fluctuations of either
magnetic or soft x-ray detectors. The sine and cosine signals are digitized by a high-speed digital signal
processor (DSP) at rates up to 500 kHz (At = 2 (is). The DSP signals are then phase-shifted and gain-adjusted
to drive the input stages of the two-phase high-current linear amplifiers driving the saddle coils. As shown in
Fig. 2, the closed loop response of active feedback control at moderate gain agrees with the theory as the
phase angle of the applied field varies relative to the 2/1 island. However, at high system gain, stable phase
control was not achieved. A higher digitization rate and faster digital signal processing system are now in use
to investigate high-gain feedback with reduced intrinsic phase-error.

The success of these experiments support the use of active mode control systems with greater
modularity and localization. The installation of extensive internal coil sets in larger tokamaks is technically
difficult. For example, the higher frequency response coils needed for control of internal modes prevents their
location behind passive stabilization structures needed to deal with low-n ideal kink modes. HBT-EP
illustrates the more attractive option of a highly modular configuration in conjunction with a segmented
passive stabilizer. This may allow active control of internal and external modes on larger tokamak and
spherical torus experiments. HBT-EP experiments now in progress include the application of multiple-helicity
and multiple-frequency perturbations in order to study
the effects of sheared plasma rotation, and the further
optimization of closed-loop synchronous suppression of
2/1 tearing modes.
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Stabilization of low-n kink modes by a conducting wall is crucial for high beta,
steady state "advanced tokamak" scenarios. Operation at high beta allows a more
compact and economical fusion plasma with a large fraction of bootstrap current.
Good alignment of the bootstrap current with the equilibrium current density profile,
important for minimizing the requirements on external current drive systems, is
achieved with broad current density profiles and broad pressure presdsure profiles.
Such current density profiles have a low beta limit in the absence of a wall, but strong
coupling to a nearby conducting wall can improve the stability limit by as much as a
factor of 2'or 3 [1].

T w o approaches to achieving long-time scale stabilization with a real, finite
conductivity wall are being considered: plasma rotation and active feedback control.
Ideal M H D theory predicts that for a plasma which would be stabilized by an ideal
wall, non-zero wall resistivity leads to an unstable "resistive wall m o d e " with a
growth t ime on the order of the wall 's magnetic field penetration time x w and a real
frequency (0 - T^1, and which is not stabilized by sub-Alfvenic plasma rotation.
However, more detailed theories show that the addition of dissipation in the plasma
allows stabilization by sub-sonic toroidal rotation [2, 3]. Furthermore, external kink

*Work supported by the U.S. Department of Energy under Contract Nos. DE-AC03-
89ER5H14, DE-AC02-76CH03073, DE-AC05-96OR22464, W-7405-ENG-48 and Grant
Nos. DE-FG03-97ER54415, DE-FG02-89ER53297, and DE-FG02-92ER54139.

modes can drive islands in a resistive plasma, allowing stabilization by plasma
rotation frequencies as low as C0rOt ~ T^ 1 . [4 ,5] .

DIII -D experiments [6] confirm many of the important qualitative features of
these more recent theories. In discharges with broad current density profiles, beta
values reach up to 1.4 times the ideal n=l kink mode limit calculated without a wall,
but remain within the stable range calculated with an ideal wall at the position of the
DII I -D vacuum vessel. Beta greater than the no-wall limit has recently been
sustained for up to 200 ms, much longer than the wall penetration time x , , < 2 ms,
which indicates that the resistive wall mode has been stabilized. As the rotation
slows, these plasmas are typically terminated by an m=3, n=l mode which has a
growth time of 2 - 8 ms and a real frequency co - T^ 1 , as expected for a resistive wall
mode, and rotates in the electron diamagnetic direction. The mode begins to grow as
the plasma rotation at the q=3 surface decreases below about 1 kHz, consistent with a
loss of rotational stabilization. A similar critical rotation frequency is observed when
the rotation rate is modified through magnetic braking by an applied magnetic error
field.

At present, the experimental data do not clearly distinguish the predicted
stabilization mechanisms. The observed critical rotation frequency is somewhat
larger than the prediction COrotTw - 1 of theories which include driven islands, but
preliminary data from Electron Cyclotron Emission and Beam Emission Spectroscopy
measurements show evidence of island formation at the termination of some wall-
stabilized discharges. The global nature of the observed mode suggests that the much
more rapid central rotation of 10-20 kHz could also contribute to stabilization. More
detailed measurements of the mode structure and its time evolution, in comparison to
theory, should help to distinguish the predicted stabilization mechanisms.

The slow growth and rotation of the resistive wall mode should permit active
feedback stabilization by non-axisymmetric coils outside the vacuum vessel. Several
approaches have been proposed, including the "smart shell" where the feedback
control is designed to maintain a net zero radial magnetic field at the resistive wall,
and the "fake rotating shell" in which a phase shift applied to the response mimics the
effect of a rotating wall. These schemes will be tested in active control experiments
which are planned for DIII-D, initially using the existing error field coil (C-coil) . A
set of six midplane saddle loops for mode detection are being installed, matched in
geometry to the six toroidal segments of the C-coil. Preliminary data on the coupling
of the resistive wall mode to these new loops and to the C-coil will be presented.
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1. Introduction
A current flowing directly into a vacuum vessel from a plasma (called halo current)

was observed during disruptions in tokamaks. This halo current produces a strong
electromagnetic force in the in-vessel components, such as the blanket module and the
divertor cassette. Therefore, the halo current is one of the critical issues for designing JTER.
The design value for ITER is mainly determined from the data base from medium and small
size tokamaks. Thus, further investigation on the characteristics of halo current in large
tokamaks is urgently required. Its parameter dependence must be established and mitigation
and/or avoidance methods applicable to ITER must be developed. In JT-60U, sensors for halo
current (Rogowski coils) were newly installed during the divertor modification in May 1997,
enabling the measurement of its toroidal and poloidal distribution.

2. Experimental Results
For the halo current study, the most dangerous disruption caused by vertical

displacement event (VDE) was experimentally simulated, in which a plasma was actively
controlled to move downward (Fig.l). In this case, the halo current flowed into the inside
baffle plate and back to the plasma through the outside baffle plate, as was expected. A
toroidal distribution showed an n - 1 structure with its peak position rotating at a rotation
frequency of 500 ~ 700 Hz. The halo current data base for the amplitude and toroidal peaking
factor (TPF - maximum/average amplitude of the toroidal direction) was constructed by
scanning the plasma parameters just before the disruption in the ranges of In - 0.7 ~ 1.8 MA,
BT = 2.2 ~ 3.5 T, K - 1.3 - 1.6 and q95 = 2.8 - 7.0, respectively. Ranges of the measured total
halo current normalized by initial plasma current (Ih/Ipo) and TPF were 0.05 ~ 0.26 and 1.4 -
3.6, respectively (see figure 2). The maximum TPF*Ih/Ipo, corresponding to the maximum
local halo current, was 0.52 so far, which was lower than that of the maximum value of the
ITER data base of 0.75, and was also smaller compared with the present design value of ITER
divertor cassette of 0.58. In the hydrogen discharge, the maximum value of TPF*Ih/Ipo was
observed to be 0.16 which was lower than that of the deuterium case.

3. Parameter Dependencies
The upper boundary of TPF*Ih/Ipo tended to decrease with the increase in Ipo. Other

parameter dependencies of TPF*Ih/Ipo on Bx> K and 035 were not clear. The driving forces of
the halo current are considered to be an electric field generated by the decrease in toroidal and
poloidal magnetic fluxes in a plasma caused by the vertical shift (-dZj/dt) and the plasma
current decay (-dlp/dt). Since the magnitude of the halo current is considered to be determined
by the induced electric field and the resistance in the halo plasma, the effects of the driving
forces and the resistance have been verified. We confirmed that the upper boundary of
TPF*Ih/Ipo decreased with the decrease in -dZ/dL On the other hand, the TPF*Ih/Ipo clearly
decreased with the increase in the stored energy just before the energy quench (Wdja

e-<)-). This
dependence was consistent with the dependence of the upper boundary of TPF*Ih/Ipo on the
plasma current. TPF*Ih/Ipo clearly decreased with the increase in the line integrated electron
density at the peak of halo current as shown in Fig. 3. To confirm the relationship, a
preliminary analysis of the tokamak simulation code (TSC) has been performed. The
simulated amplitude of the halo current decreased with the decrease in temperature of the halo
plasma as observed in experiments. The analyses of the effect of the electric field produced by
changing the internal magnetic fluxes are under preparation.

These stored energy and density dependencies of the halo current can be explained as
following. When the released plasma energy at the energy quench increases with Wdiae-<h a
large amount of impurity is generated at the divertor plates by a large heat load. After that, the
electron density increases and the electron temperature decreases in the halo plasma (the
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resistivity increases), then the halo current decreases. These results support the concept that
the magnitude of halo current is small when the electron temperature of the halo plasma is
low.

4. Avoidance and Reduction of Halo Current
Based on the previous results, avoidance and reduction methods of the halo current

have been investigated. For the reduction of temperature of the halo plasma, a strong pulse gas
puff has been attempted. When hydrogen gas of 50 Pam3/s x 0.1s was applied during VDE,
the magnitude of the halo current decreased by about 40%. Furthermore, perfect avoidance of
the halo current has been demonstrated by maintaining the plasma vertical position during the
current termination [1].

REFERENCE
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indicates the line of sight of FIR
measurement Halo current starts
to flow from t = 6.265 s and peaks
at t = 6.286 s.

0 0.1 0.2 0.3
«h"po

Fig. 2 Toroidal Peaking Factor (TPF)
versus normalized halo current
defined by I h/I^,. Where I ̂  is a
plasma curren just before the
current quench.

0.5

0.4
#0.3
x:

£ 0.2
D.
H 0.1

" ' T

I

" 1 ! :
t -dZ,/dt •-

fl 7
" ii'ifi±

=36-45 m/s ;

i"I' f "

0.1 10
nel I

Fig. 3 TheTPF*I h/I^, versus line
integrated electron density (n el) at
the time of the maximum halo
current with a fixed vertical shift
velocity (-dZj/dt).



XA9950843
EXP3/12

A test of tokamak discharge with ferritic first wail simulating vacuum vessel

Mitsushi ABE, Takeshi NAKAYAMA,

Power & Industrial Systems R & D Division, Hitachi, Ltd.,

Katsuhiko ASANO, Michio OTSUKA

Hitachi works, Hitachi Ltd.

1. Introduction A plasma discharge experiment, measurements and calculations of the magnetic field for the

Hitachi tokamak HT-2 showed that ferritic steel is suitable for the vacuum vessel structural material in fusion

devices, in spite of its ferromagnetism. Study details are given in this paper.

Ferritic steel is a candidate structural material for fusion reactors, especially the vacuum vessel, because of

the high allowable neutron dose rate and low activation compared with stainless steel (SS)[l-3]. Another

advantage is that the magnetization can compensate for ripple of the toroidal field BT. However, ferritic steel can

disturb the plasma discharge through (1) an undesirable magnetic field due to magnetization and (2) a larger out

gas rate than SS. These disadvantages have dampened interest and no experiment has been done using ferritic

steel before HT-2 [4], which was modified to prove that tokamak discharge is possible with a vacuum vessel of

ferritic steel F82H[1].

2.HT-2 modification Figure 1 shows placement of the F82H plates after modification. The plates surround

the plasma area as if it is a ferritic vacuum vessel. The HT-2 had 52 magnetic sensors and 12 sensors were added

on the plasma side of the plates. Poloidal fields can be examined by the magnetic fitting code[5]. It is upgraded to

take into account the F82H as modeled by surface magnetization currents, which, including eddy, coil and plasma

currents are fitted to the measured magnetic data, to reconstruct the poloidal field.

3. Evacuation test The surface of the F82H plates in a vacuum is 5m!, which is larger than the 2.5m! of the

SS304 vessel wall. With a 6-hour baking at 160^ and a one-week evacuation, the pressure dropped to the order

of 10sTorr. Main out gases were H2 and H2O. CO and CO2 were also observed with less than 1/10 level of H2O.

The highest vacuum obtained was 2.5x10'^orr with a two-week evacuation. The out gas rate was 1.8xl0'7

Torri/(sm2){2.3xl0'8 PamJ/(sm2)>, estimated by a buildup technique. The same kinds of out gases were observed

during discharge tests, however they were reduced by cleaning shots. It was concluded F82H could be used at 10'8

Torr order high vacuum in a fusion device including fusion reactors.

4. Discharge experiment and discussion on magnetic field The magnetic field due to F82H had two

components of (1) a local field Br
ra around the ports and (2) a toroidally uniform poloidal field BP

m. The calculated

Br
m well agreed with measured data. Then, precise calculations were carried out, showing that the Br

m

compensated the BT ripple and it could be optimized by replacing a part of the port by SS. Then, the Br™ was

considered not to be a problem for tokamak plasma initiation generally. The Bp
m was calculated to be less than

10% of the external vertical field BV
EQ and it was easy to compensate the Bp

m. However, the Bp™ depended on the

plasma position and had a tendency to destabilize it. These points were evaluated by experiments.

After 1500 discharge cleaning shots, normal discharge was possible. The cleaning process is shown in

Fig.2, in which, time evolutions of plasma current Ip and loop voltage V, are shown. Roughly the same number of

cleaning shots was also necessary for the SS vacuum vessel just after the HT-2 construction in 1987. Then, the

effects of impurities on the plasma discharges were comparable between SS304 and F82H as far as the HT-2 was

concerned. The discharge with Ip=15kA was a typical HT-2 discharge with BT=0.8T. No change was made on the

poloidal field control system [4] and breakdowns were easily obtained, meaning that no significant field was

produced by the magnetization, especially at the breakdown phase.

Figure 3 shows the reconstructed distributions of total poloidal flux (left) and the flux due to F82H (right).

This discharge had a shifted magnetic axis position (indicated by x) to the large major radius (R) side and large R

side F82H plates had a high flux density. The flux leaked into the plasma area and created a Bp
m to reduce the

BV
EQ. The direction of the Bp

m was toward that which would destabilize the plasma position. However, Bp
m was

2.0x10^ in Fig.3 and less in a discharge with centered magnetic axis. The BV
EQ with Ip=15kA was 1.3-1.7xl0-2T

and Bp
m was less than 15% of the BV

EQ at BT-0.8T. Then, it is concluded that ferromagnetism does not affect the

plasma equilibrium control properties, except when the plasma position is very close to the ferritic plates. This is

the case during a disruptive Ip decay phase including VDE, the characteristics of which are under investigation,

but so far no evidence that showed changes of the characteristics in disruptive Ip decay have been observed.

The magnetic field due to F82H has two components (Br
m and Bp

m), effect of which was extrapolated to

large tokamaks as follows. The Bp
m is roughly given as BpMstra2|/(BTav), where Bp is the poloidal field at ferritic

vessel wall, Ms is saturated magnetization, tra2H is thickness of the plates, and av is a minor radius of vacuum

vessel. In larger tokamaks like reactors, BT is more than 5 times larger and 1^ , /^) would be smaller than the

HT-2 case. Then, it is concluded that in larger tokamaks, the ratio BP
m to Bp in the plasma area is reduced by a

factor of 1/10 from the HT-2 case, and the effect of the BP
m on the plasma equilibrium is little. The effect of Br™

also can be reduced farther, because it is compensated by BT ripple and careful placement of the F82H around the

port[6], i.e. local field can be optimized by ferritic steel placement.

5. Summary So far, it seems that ferritic steel can be used for the structural material of the vacuum vessel.

No change of characteristics was observed in the breakdown phase and disruptive Ip decay. However, The effects

on the plasma confinement including the those due to reduction of the
Vacuum Vessel (SS304)

Ferritic plates B T ripple should be examined experimentally in medium and then
Major radius 0.44m

Thickness 7.5mm large tokamaks.
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In RFP devices the magnetic configuration is maintained for pulse durat ion

longer than resistive diffusion time by an intrinsic MHD dynamo. This pape r

presents RFX experimental results which address the issue of the influence of

boundary conditions, and notably of the plasma-shell distance, on the dynamo

mechanism and on the possibility of controlling it with external means .

The plasma-shell distance in RFX is rather large (b/a=l .18) with respect to

other RFP's and notably of MST (b/a=1.03). When the results of magnet ic

measurements on the two devices are compared in similar discharges, t he

main conclusion is that in RFX the dynamo generates a higher toroidal flux i n

the plasma. A similar behaviour is observed by changing the horizontal

position of the plasma in RFX: the toroidal flux for constant plasma current and

reversal parameter increases with the horizontal shift possibly due to t he

increase of the average plasma-shell distance.

Magnetic measurements in RFX can be interpreted in terms of a c u r r e n t

profile which is marginally stable to m=l MHD dynamo modes r e sonan t

internally to the reversal surface. This current profile should be unstable to

m=0 modes and to modes resonant outside the reversal surface in RFX while

with the close fitting shell of MST these modes should be close to marg ina l

stability. However, experimental observation on RFX and MST are r a t h e r

similar, the m=sO modes being observed in both case only during discrete

reeonnection events while external modes are not observed on both devices.

Since more plasma toroidal flux is generated with increasing distance of t he

stabilizing shell the question arises of the extent to which the shell proximity

affects plasma confinement. A detailed comparison of the performance of RFX

and MST done on standard pulses with identical global parameters, shows n o

significant difference in terms of 3 and confinement time. The plasma-shell

distance may also have an influence on the presence, more systematic in RFX

than in other RFPs, of a large helical deformation of the plasma, caused b y

dynamo modes which lock in phase among themselves and to the wall. This

locked mode affects the confinement causing severe plasma wall in terac t ion

along a stationary narrow helical path.

Indeed, spontaneous reductions of the helical deformation associated to

increased energy confinement are observed in a small percentage of normal

RFX pulses. These improved confinement modes may last for several e n e r g y

confinement times and are similar to those seen also in other RFPs. The
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magnetic configuration, based on a fit of the F and © data with t h e
jj. °c 1 — r amodel , evolves toward more peaked current density profiles,

which in normal pulses would cause the growth of dynamo modes and end u p

in a relaxation crash. Similar reductions of the locked mode amplitude and

peaking of the profile are induced in pulsed poloidal current drive (PPCD)

experiments, where the dynamo is controlled by applying a pulsed poloidal

voltage, In fact, as soon as the voltage pulse is applied, the plasma reacts with a

prompt reduction of the dynamo, which in turn leads to an increase of t he

energy confinement time up to a factor of 3. From perturbation studies with on

axis and off-axis pellet injection, we gained evidence that a hot plasma core is

a key feature of these enhanced confinement modes.

Recently we have studied the possibility of actively controlling the toroidal

location of the locked modes or of inducing their rotation. In a first set of

experiments, the interaction of the helical plasma perturbation with a n

applied stationary magnetic perturbation has been studied. The per turbat ion

is produced by a variation of the current in one twelfth of the toroidal field

winding thereby introducing both a stray magnetic field through the

equatorial shell gaps and an m=0, n*0 toroidal field inside the plasma. This

method has been successful in controlling, with almost 100% reliability, the

wall locking position, demonstrating the robust coupling between this

external perturbation and the plasma.

More recently anew system, based on OTO switches, has come into operation,

which is able to modulate the current in each toroidal field coil and, b y

applying a proper phase displacement of the currents, to generate a toroidally

rotating magnetic field perturbation. With rotation frequency f<25 Hz the

helical perturbation can be dragged all around the torus. During the rotation

single mode amplitude reduction was observed comparable to that obtained

with PPCD. Applying faster rotating fields (25 Hz < f < 500 Hz), although n o

mode rotation has been observed yet, a systematic reduction of the amplitude

of many of the modes contributing to the locked perturbation is obtained,

resulting in some cases in a nearly single helicity state and in a reduction of

plasma-wall interaction. These mode rotation experiments are present ly

continuing and their results will be presented at the conference.
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The control of the plasma-wall interactions has a particular relevance in
present day Reversed Field Pinch experiments where an ohmic input power
of tens of MW is applied and where the peripheral region of the plasma
appears to play an important role on the confinement properties of the
configuration. This paper describes the principal features of the plasma-
wall interaction in RFX, its impact on plasma performances, the methods
adopted to reduce this impact and the results obtained.
In RFX (a=0.46 m, R=2 m , Ip<l MA, Te~200-400 eV, ne - 1-8 1 0 ' W ) the large
heat load associated to the typical ohmic power input of 20 MW is unevenly
distributed onto the graphite tiles of the wall armour due to a number of
asymmetries in the plasma-wall interactions. These include the radial shift
of the plasma column, local error fields corresponding to the presence of
holes and gaps in the external conducting shell and particularly the
presence of a helical magnetic perturbation locked to the wall, that
dissipates up to 40% of the power input onto a relatively narrow region of
the wall surface. As a consequence the power density to the wall may
locally be very high and in the region of the locked deformation may reach
values of 100 MW/m2. At high currents (Ip> 800 kA) such heat loads often
give rise to enhanced recycling or to carbon bloom events that increase the
plasma resistivity up to becoming an operational limit.
The plasma performances have in general improved with the progressive
reduction by means of passive and active methods of the field errors,
especially those generated by the gaps in the conductive shell, with the
reduction of the horizontal shift of the plasma column and with the
optimisation of the operational mode. With these techniques the locked
perturbation remains the main factor determining the interaction of the
plasma with the wall in RFX and the results described below are obtained
in these conditions. Recently however, we have demonstrated the possibility
of moving the perturbation during the shot with a beneficial effect on the
plasma wall interaction.

Due to the non uniformity of the power deposition to the wall, a good
diagnostic coverage of the plasma surface has been necessary to assess
quantitatively impurity influxes and radiation losses. The radiated power is
usually a negligible loss channel (5-10 % of the input power) except at very
high densities where it could be responsible for the observed saturation of
global confinement with density. The region of the helical deformation
may be responsible of approximately 30 to 50% of the total power lost by

radiation. Similarly, the impurity influxes from the wall-mode locking
region is of the order of 50% of the total one.
Despite the large power load to the graphite, in standard discharges the
effective charge of the plasma is relatively low and similar to what found
in tokamaks for the same electron densities. The main contribution to Zeff
comes form oxygen and carbon, while metals have only seldom shown up
in the spectra. In fact, after wall boronisation Zeff values approach unity
and the radiation barrier moves towards higher densities, in the parameter
region where the best confinements are found. The beneficial effect of the
boronisation procedure lasts about a hundred shots. The reduced capability
of trapping oxygen has been associated to the formation of hydrogenated
carbon-rich layers, originated by erosion phenomena due to localised
plasma-wall interaction. Among the various conditioning procedures,
boronisation with diborane together with carefully dosed glow discharge
cleaning in helium and hydrogen has been particularly effective in
improving the control of the hydrogen recycling, otherwise heavily
determined by the graphite wall. Further recycling control capability has
been gained with hot wall operations (T=280 °C) especially at high
currents.
Impurity penetration studies have been performed by puffing various gases
into the plasma; in the case of neon a radiated power of the order of
several MW can be reached at the plasma edge without deterioration of
neither confinement time nor Pp. Experiments with other elements (Xenon
and CH4) are in progress. Simulations of the plasma edge via a Monte Carlo
code are being carried out in order to evaluate whether finite Larmor
radius effects may contribute to the impurity screening.
The relatively large Larmor radius of ions has instead been identified as an
explanation of the origin of the wall current that flows in the RFX vessel
during the whole discharge and represents a specific aspect of plasma-wall
interaction in RFX, and likely for RFP's in general. These currents are
usually higher at the locking position and originate from a radial current
generated by the plasma as a consequence of a different deposition profile
of plasma electrons and ions to the wall. The influence of this mechanism
on the plasma momentum balance has also been assessed and it turned out
to be a possible cause for the existence of the edge sheared electric field
layer.
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The mechanisms underlying the particle and energy transport in a reversed field pinch

(RFP) configuration have been carefully investigated in the RFX experiment in various

plasma conditions. New measurements of particle and energy diffusivity profiles, of

magnetic and electrostatic fluctuations, and of their time evolution have been performed

with a set of dedicated diagnostics, including a multichord CO2 interferometer, a multipoint

Thomson scattering system, edge probes, a bolometric tomographic system and a multifoil

Soft x-ray spectrometer which allows highly time resolved electron temperature

measurements.

In RFX, radiation is observed to play a minor role in energy losses, with the exception

of high density regimes where it could be responsible for the observed saturation of global

confinement with density . In standard conditions, transport in the plasma core, inside the

toroidal field reversal surface, is driven by magnetic activity due to internally resonant

resistive MHD modes, related to dynamo process, which cause a region of stochastic

magnetic field with enhanced transport. The particle and energy diffusivities, inferred from

local balances, decrease moving toward the edge.

Density profiles in RFX are flat or slightly peaked in the centre at low density and

become hollow at high density, with large density gradients concentrated in a region of a

few centimetres wide, close to the edge. These profiles can be accounted for by stochastic

transport in the plasma core combined with different edge and core refuelling. Particle flux

in the plasma results not merely driven by density gradient: an outward convective particle

velocity rising from the centre to the edge up to 20 ms1 has been identified and found

consistent with stochastic transport.

Electron temperature profiles show that most of the gradient is concentrated in the outer

part and that in the centre the profile is relatively flat. As a result the % profile has a

minimum very close to the edge, where the strongest transport barrier is located. The

temperature gradient shows a tendency to become more peaked in hotter plasma regimes at

higher plasma current while temperature fluctuations are observed to decrease. A similar

behaviour has been obtained by pulsing the toroidal field at the edge by a Pulsed Poloidal

Current Drive (PPCD) technique. In this case the decrease of temperature fluctuations is
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associated to a peaking of electron temperature profiles possibly related to a reduction of

core transport. Indeed the inferred core thermal diffusivity decreases to level comparable to

the edge with global confinement improvement up to a factor 3.

On the contrary increased temperature fluctuations are observed when core temperature

is lowered in a transient way by pellet injection. This has been found to limit the beneficial

effects of high density operation probably because of an increased magnetic activity in the

plasma. Enhanced confinement can be obtained, in high density regimes achieved by pellet

injection, in conjunction with PPCD technique.

The particle transport in the edge region is driven by electrostatic turbulence, as

documented by the direct measurement of the electrostatically driven particle flux. Particle

diffusivity in this region ranges between 1 and 10 m V , consistent with Bohm like

diffusion, and shows a favourable dependence with increasing density while the edge

temperature gradient remains fairly constant during a density scan.

At the extreme edge the structure of the radial electric field gives rise to a spontaneous

ExB velocity shear as confirmed by impurity and plasma fluid velocity, measured by

Doppler shift of line emission and by electric probes. This velocity shear is of the order of

10'Y' and results close to that required by the Biglari, Terry and Diamond criterion to

decorrelate electrostatic turbulence in RFX. Indeed a reduction of the particle diffusion

coefficient is observed in the region where the shear is maximum and the analysis of the

electrostatic fluctuations indicates that this shear influences their amplitude and coherence.

This observation suggests the possibility for RFPs of achieving regimes of improved

particle confinement by enhancing the plasma rotation through external means.

The mechanism underlying energy transport at the edge is at present under investigation,

by studying the correlation of the energy flux with the radial component of the magnetic

field, to determine the contribution of the magnetic turbulence to the total losses.
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In this paper we present the research carried out with a megajoule plasma-focus facility
(PF-10QO).
The goals of the experiment were defined as follows:
1. Using of powerful plasma-focus as a driver of staged plasma liner composition.
2, Examine various features of focused discharges with a mixed gas (H+Ar) when enhanced

energy losses would change the dynamics of composition.
The PF-1000 machine was a mather type. The anode and the cathode radii are 5 cm and 7.5
cm, respectively. The condenser bank consisted of 288 x 4.6 up, 40 kV capacitors.
Operating: parameters of PF-1000 were:

• VnuK^S kV and with a mixture (H2+ 20%Ar) a gas filing up to 3.7 Torr.
• Vm«=25 kV, hydrogen pressure up to 5 Torr for liner experiment.

1. Plasma-focus liner experiment.
The high current PF plasma sheath, being accelerated during some microseconds in coaxial
accelerator, could deliver its kinetic, thermal and magnetic energy to coaxial liner, positioned
on the accelerator top, in rather short perid, and to provide appropriate initial conditions for
fast inner implosion.
PF current sheath imploded onto agar foam liner (diameter 20 mm, 15 mm lenght, 200 ng/cm
or 5.4 mm, 15-20 mm lenght, 250-280 ug/cm), produced for ,,ANGARA" (TRINITI) double
liner implosion program [1].
Measurements of dl/dt and V(t) were done to evaluate the total active power in discharge
circuit. Visible light streak camera with radial slit at the liner middle were used for current
sheath and liner dinamics investigation. Time integrated X-ray pinhole camera (10-20 \un. Be)
allowed to analize soft X-ray radiation intensity during sheath - liner contact and the
composition implosion.
After hydrogen current shell coming to the 20 mm liner the external margin of foam plasma
becomes to expand during ~100 ns till 22 mm, after that it implodes to axial rod with specific
velocity - 2 cm/pis. The liner plasma reflects from the rod with almost the same velocity after
implosion. Variations of imploding liner plasma radiation in optic band with specific period ~
0.4 us are registered Fig.l.

ft-

2.Flasma-focus argon experiment.
The interest in the study of high-energy density states of plasmas, and associated radiative
collapse phenomena induced more intensive studies during the last decade, especially research
on the plasma focus operation with heavy gases /2,3/.
A filtered soft X-ray pinhole camera was employed to record time-integrated pinch images. X-
ray sensitive film was used to register pictures behind a of lOO^m in diameter, which was
covered with Be filter of 20um in thickness. The side-on camera had two pinholes of 100 urn
in diameter covered with the Be foil of 10 um and 25 um, respectively.

Observations were carried out with a streak-camera slit in the radial (Fig.2) and axial (Fig.3)
directions. When current sheath reaches the end of the inner electrode, then it collapses and

moves axialry, simultaneously. It was estimated, from the streak-camera photographs, that the
average radial velocity of the plasma sheath was — 1,310' ctn/s and an average axial velocity
(at r = 0) was -1.8-10' cm/s. Exemplary streak photographs are shown in Fig.2. It can easily

be seen that the features of radial motion have been different.

Fig.2. Streak-camera pictures taken through a slit in the radial direction:
a) for Ar+H mixture, b) for pure hydrogen

As shown in Fig.3, by means of the streak camera with a slit along the axis, there was relatively
fast (~ 1.810' cm/s ) motion of plasma sheath in the axial direction, and slow (- 410* cm/s)
motion of an evaporated electrode material.

Fig.3. Streak-camera photograph obtained with the slit oriented in axial direction.
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The Gas Dynamic Trap (GDT) is an axisymmetric plasma confinement device with
the high mirror ratio variable in the range of 12.5-100. To provide MHD stability of the entire
plasma axisymmetric min-B cells are attached from both ends of the device. The plasma
confined in the central cell is essentially collisional and contains hot ion minority produced
by oblique injection of high-power neutral beams (NBs) into the relatively cold target
plasma. The plasma in the external stabilizing cells are fed by bulk plasma losses from the
central cell. Main objective of the GDT research program is to generate plasma physics
database for the GDT-based neutron source for material irradiations [4].

Studies of low beta (5-10%) plasma confinement in GDT are reported elsewhere1"3

Main parameters of the GDT device are listed in Table 1. Recently, plasma parameters in the
GDT experiment were significantly improved with higher injected NB power. The injected
current of each of six NB injectors were equalized by their increasing to 37 eq. A. (as it was
for the better injector), for 15.5 -17keV energy thus providing full injection power of up to
4.3MW. Due to the equalizing the injected currents and beam energies for the injectors
located at different azimuths high enough axial symmetry of the injection was achieved and
thus disturbances and induced losses of the target plasma during the initial stage of neutral
beam heating were minimized. Plasma energy in the regimes with increased injection power
increased more than 1.5 times in comparison with that previously achieved. In stable regimes
of confinement with cusp end cell [3] and when titanium was deposited onto the first wall,
heating up of bulk electrons to temperatures of 120eV was observed. Reduction of charge-
exchange losses and increase of target plasma temperature enabled to increase the density of
fast ions with the mean energy of 5-8keV to 1013 cm"3 near the turning points. Measurements
of energy losses from the bulk plasma during the heating indicated that for the mirror ratio of
12.5 these are dominated by longitudinal losses through the mirror as expected. In optimal
regimes maximal plasma P of up to 25-30% was obtained. With increasing mirror ratio from
12.5 to 45 global energy lifetime for the target plasma heated up by NBI became noticeably
less than that theoretically calculated for the given plasma parameters (Fig.2).

Table 1. The parameters of GDT experiment
Magnetic field at midplane
Total length
Trapped NBI power
Fast ion energy content
Target plasma energy
Target plasma density

0.22 T
l l m
2.2-2.6 MW
600-800 J
170-230 J
10-13x10" cm"3

On axis distribution function of the energetic ions locally measured at the midplane
of GDT is shown on Fig. 1. Relaxation of the fast ions in the target plasma was simulated
using Monte-Carlo code which incorporates classical Coloumb collisions. Simulation results
were find to be in reasonable agreement with the experimental data on the fast ion distribution
over energies and pitch angles. The measured fast ion energy content, with an accuracy of
±10%, close to that predicted by the code for the given parameters of target plasma.
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Fig.2 Global energy lifetime of target plasma for mirror ratio 45.

Conclusions.

Plasma P in GDT central cell was increased up to 30% with higher NB power.
Measurements of local distribution of fast ions over energies and pitch angels indicate that
there were no noticeable anomalies in fast ion slowing down and scattering. For mirror ratio
of 12.5, energy losses from the target plasma are dominated by longitudinal ones. With
increasing mirror ratio to 45 it was observed that energy lifetime of the target plasma is about
2 time less than that determined by longitudinal losses through the mirrors. Additional
channel of energy losses can be characterized by corresponding lifetime which is estimated to

be » 30 Bohm for the representative shot parameters. In this estimate of the effective plasma
temperature is calculated including contribution from fast ions. Exact mechanism of enhanced
transverse losses is not identified so far. It is believed that the extra energy losses during NB
injection would be caused by residual asymmetry of beam current of injectors installed at
different azimuths that still exists. Nevertheless, it should be emphasized that these losses are
tolerable when scaled to the operational parameters of the GDT-based neutron source [4].
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Theoretical and experimental study for possibility
of nuclear burn wave initiation in Z-pinch

due to m=0 instability development

Yu.L. Bakshaev, P.I. Blinov, A.S. Chernenko, S.A. Danlco,
A.V. Dobrjakov, E.M. Gordeev, V.D. Korolev,
V.I. Mizhiritskii, V.I. Tumanov, V.V. Vikhrev

Nuclear Fusion Institute, RRC Kurchatov Institute, Moscow 123182, Russia

S.L. Nedoseev, S.F. Medovchikov,
TRINITI, Trotsk, Moscow region, 112092, Russia

Investigation of Z-pinch discharges compressing itself due to rising magnetic pressure of
their currents shows, that z-pinch plasma column is unstable and the appearance of hot and
dense plasma in the neck (the regions of maximal compression) is a reality. Simulation
predicts the main part of plasma column has temperature 1-2 keV, at the same time the
plasma temperature in the neck region may achieve 10 keV for at IMA current range. Such
the plasma is considered to be perspective for thermonuclear fusion.

With increase of the discharge current the confinement parameter nx is also increased. If
confinement parameter is enough high the essential thermonuclear energy in the neck might
release and the modelling predicts that under certain conditions burn wave will propagate
along z-pinch axis. In this case thermonuclear heat release will take place from all the plasma
column, not only from the neck region.

Thermonuclear wave initiation in the neck and it's further propagation along Z-pinch
axis were firstly simulated in [1]. The calculated energy heat release appeared to be
essentially larger than that have been spent to creation of given pinch. Therefore Z-pinch
might be the energetically advantageous energy source.

Recent results of MHD modelling of
thermonuclear burn wave initiation with it's
further propagation along plasma column is
presented in this paper. It has been shown the
principal realisation of burn wave in DT mixture
at the current range larger than 10 MA, if the
plasma radius in the neck region will be less, than
10"4 cm. At the 100 MA current range
thermonuclear wave undoubtedly takes place.

Analysis also shown, that to decrease the
requirements to energy driver, which must has
enough high rate of rise of current, the presence

Figure 1 Configuration of Z-pinch load for o f medium with density for 10-104 times less then
solid matter density is necessary around the DT
mixture to achieve the matched regime (Fig. 1).

DT fiber

agar-agar

Electrodes

p
thermonuclear burn wave initiation.

151



The main state of matched regime is that the initial radius of the handmade neck and the
initial fiber density need to be correctly chosen such that the timescale for development of
the neck and the current rise time coincide. Such matched regimes have been thoroughly
investigated theoretically by theoretical group from Kurchatov Institute, have verified by
comparison with experimental results on plasma focus devices and are widely used at
present in the design of the new installations.

For the development of experimental investigation in this field in RRC Kurchatov
Institute the 8-module 10TW pulse power generator S-300 was constructed. The S-300
installation with output impedance of 0.15 Ohm provides a total current up to 4MA with a
rise time of 60 ns in Z-pinch load. The aim of the experiments being carried in the
Kurchatov Institute, is a well known phenomenon of self focusing in Z-pinch. To increase

this effect and to receive a plasma with
thermonuclear parameters fibre with preformed
perturbation are used. At the first stage a
compression of the condensed hydrogen and
effective transfer an energy from the generator
to the load, profiled cylindrical fibre with initial
density being varied within the range 10"3 - 1
g/cm3 are used.

Designing technology of loads with carbon
filling has been developed in TRINITI (Troitsk,
Russia). For studying of plasma compression
dynamics in Z-pinch neck and for measurement
of plasma parameters various X-ray and optical
diagnostics with high spatial and temporal
resolutions are used.

Figure 2 X-ray framing photography (hv>200
eV) of agar-agar load obtained on S300 device
at the current 2 MA.

In previous investigations of agar-agar foam load Z-pinch, being carried out on module
Angara 5-1 installation at the current up to 1.5 MA, it was arranged, that hot dense plasma
with the characteristic size 80-100 microns , temperature 0.7-1 keV and density 1022 cm'3

was formed in the region of the preformed neck. The first experiments at the S-300 at the
current up to 3 MA exhibited the similar results of plasma compression process in the neck,
as it was demonstrated at Angara 5-1 Module. It was found that plasma parameters in the
neck depend on initial density, radius and profile of neck essentially.

At initial density of 10"1 - 1 g/cm3 the temperature of hot plasma equals to 1-1.5 keV,
density is (3-5) 1021 cm'3, typical dimensions are 40-70 microns. Fig.2 Shows plasma image,
obtaining in x-rays with energies hv> 200 eV. The plasma in the neck emitted radiation with
a power 5 109Wt in the 1-3 keV quantum energy range for 5-7 ns.

[1] V.V.Vikhrev, V.V. Ivanov, Sov. Phys. Dokl, 30(6),.492 (1985).
[2] A.S. Chernenko, Yu. M.Gorbulin, Yu.G.Kalinin, A.S.Kinsep, Yu.V.Koba, V.D.

Korolev, V.I. Mizhiritskii, L.I.Rudakov Proceedingsof 11th Int. Conf. On Power Particle
Beams, Prague, 1996. p. 154.
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LOCKED MODES AND PLASMA-WALL INTERACTION IN A REVERSED-FIELD PINCH WITH
A RESISTIVE SHELL AND CARBON FIRST WALL

S. HOKIN, H. BERGSAKER, P. BRUNSEIX, J. DRAKE, G. HEDIN, A. HEDQVIST, D. LARSSON.
A. M O L L E R , E. SALLANDER, H.-E. SATHERBLOM

Association Euratom-NFR, Royal Institute of Technology, Stockholm, Sweden

Introduction. The Extrap-T2 reversed-field pinch has concluded operation in the OHTE RFP
configuration with a resistive brass shell at radius b = 1.09a, where a = 18.3 cm is the radius of the first
wall composed entirely of small carbon tiles. T2 is the only RFP currently operating with a resistive
shell: T,heii — 1-5 ms, much shorter than the pulse duration of up to 15 ms. This paper summarizes our
conclusions regarding wall-locked modes, dynamo activity and plasma-wall interaction with a resistive
shell and graphite first wall.

Wall-Locked Modes . T2 is equipped with an array of 32 loops which measure the toroidal flux
within the outer radius of the toroidal field coils and a 4 x 32 array of pickup coils which measure the
radiai magnetic field BT at the outer surface of the shell. These have been used to diagnose the wall-locked
mode which grows on the resistive shell penetration timescale in every discharge.

The mode manifests itself on both magnetic diagnostics: as a localized increase (typically 10%) of
toroidal flux and as a localized region with a large radial field (Br/B ~ 5%). Although the narrow toroidal
extent of the mode makes accurate mode analysis difficult, the radial field measurements indicate that
the mode is internally resonant, with poloidal mode number m = 1 and a broad n spectrum centered
around n = 12 ~ 2R/a. The mode is therefore a wall-locked version of the internal tearing mode 'slinky'
seen on many RFP devices. External, low-n 'resistive-shell' modes are, if present, obscured by external
field errors. The locking location varies from discharge to discharge, and is likely associated with external
field errors which provide a nonzero seed Br at the edge. Locking can be forced at the location of an
externally-applied m = 1 field error.

Simulations carried out with the DEBS |1] resistive MHD code using a resistive-shell boundary con-
dition, but low aspect ratio (R/a = 2.2), show similar behavior, with a ±20% toroidal variation of th«
toroidal flux and a local region where Br/B reaches 20%. As shown in Fig. 1, the mode degrades the
magnetic geometry in the outer half of the plasma and makes the reversal surface extend outside the shell
along an m = 1 band over a 90° toroidal extent. Although T2 has much higher aspect ratio (R/a = 6.8),
and therefore a more localized mode structure, the DEBS simulation provides a good qualitative picture
of the locked-mode topology.

D y n a m o Activity. Toroidally asymmetric flux generation occurs largely in discrete events in the
region of the locked mode, with a period of 100-150 /is. The flux perturbation broadens while propagating
toroidally, vanishing after one transit. In addition, coherent n = 0 oscillations are often observed in
central soft x-ray emission which correlate with the toroidal flux oscillations in the locked mode region.
We conclude that a large fraction of dynamo activity is associated with the locked mode and strongly
affects global confinement. This is further suggested by the observation of oscillations of Ha emission,
implying that edge particle flux is modulated by localized dynamo activity.

Plasma-Wall Interaction and Confinement. The wall-locked mode leads to a localization of
power deposition and, to a lesser extent, particle flux to the wall, often resulting in a strong influx of
hydrogen and impurities along with a drop of Tea from 20 to 5 eV. Calorimeter probe measurements
indicate that , on average, heat flux in the range 15-45 MW/m" 2 is incident in the electron drift direction
on the exposed edges of the graphite tiles in 150-kA discharges. Temperatures exceeding the threshold
for thermal release of trapped hydrogen (900 K) may be reached on a small fraction of the total area, and
a hydrogen recycling and fueling simulation for a 180-kA discharge, shown in Fig. 2, matches the strong
density rise often seen around t = 4 ms using release from 2-5% of the surface.

A typical 180-kA discharge with a sudden plasma-wall interaction event has been analyzed with
calibrated VUV spectroscopy. A strong increase of density at ( = 4.5 ms (Fig. 2) is accompanied by
increases of impurity line emission and plasma resistance. The increase of plasma resistance is within the
range calculated using Spitzer resistivity and the observed drop of core Tr from 100 to 50 eV and increase
of Ze/f from 1.9 to 3.6. The Ze/f rise is due in large part to increased carbon concentration. The global
energy confinement time decreases by a factor 0.6 (assuming equal ion and electron energy content). The
plasma partially recovers from the strong hydrogen and impurity influx: ne and Z e / / decrease while T,.
increases somewhat, resulting in continuation of the discharge in a colder, more resistive, state.

Transport Simulations. The 1-D particle/energy/neutral transport code RFPEQ has been used
to compare two cases: an experimental 150-kA discharge condition with a locked mode perturbation
Br/B = 4.5%, and a hypothetical discharge with Br/B = 2.0%, corresponding to the level of measured
fluctuations. This gives an estimate of the improvement one would achieve by eliminating the locked
mode either with a conducting shell or active control such as forced rotation. The neutral density was
adjusted to maintain equal plasma density (2 x 1019 m~3). This comparison suggests that elimination
of the locked mode would increase Te0 from 80 to 140 eV and reduce the loop voltage from 100 to 50 V,
increasing the global energy confinement time by a factor of three in addition to improvements expected
from reduced plasma-wall interaction.

Conclusions. Measurements on Extrap-T2 with a graphite wall and resistive shell indicate that
plasma performance is significantly degraded by the presence of a wall-locked internally-resonant mode,
despite the fact that discharge duration of up to ten times the shell penetration time can be achieved.
3-D resistive MHD simulations demonstrate the degradation of magnetic topology which occurs with a
resistive shell. Impulsive dynamo activity originates in the region of the locked mode, contributing to
an asymmetry of toroidal flux. A hydrogen recycling and fueling simulation matches the rise of density
observed in PWI events with thermal H release when 2-5% of the graphite surface is heated to 1000 K.
In addition, carbon and oxygen are released into the plasma, further cooling the electrons, increasing
Zelf &nd leading to increased plasma resistance. A 1-D transport code predicts improvement of energy
confinement by at least a factor of three with reduction of the locked mode to well below the existing
temporal fluctuation levels.

T2 Rebuild. T2 is now being rebuilt with several significant changes: (1) the single-layer brass shell
is replaced by an overlapping double-layer copper shell with a shell penetration time of 5 ms; (2) the
graphite first wall is replaced by a large number of molybdenum mushroom limiters; (3) a new vacuum
chamber allows increased diagnostic access; (4) the helical toroidal field coil is replaced by a conventional
64-coil solenoid. Unlike the previous T2 configuration, in which the plasma current ramp time (2.5 ms)
was longer than the shell time (1.5 ms), allowing the locked mode to develop during the period of strong
ramp-up dynamo activity, the T2 rebuild will reach maximum current with a nearly conducting-shell
boundary condition. This allows one to study the transition from conducting shell to resistive shell
equilibrium with improved plasma conditions. The rebuilt device will be begin operation in 1999.

Figure 1. Midplane toroidal flux contours from
a DEBS resistive-shell simulation at aspect ratio
2.2. The contours indicate the position of field
lines as they cross the midplane. The reversal
surface is shovm with a darker internal line. The
total toroidal flux is shown on the inner polar plot.

perin-e-H
o;ior: 2% oreo. 1000 K
a;ior: 5% nreo. 900 K

Figure 2, Line-average electron density from a T2
shot with a strong plasma-wall interaction event,
along with two simulations of hydrogen recycling
and fueling which include a sudden temperature
increase on a small fraction of the surface area at
t = 4.8 ms.

|1] D. Schnack and S. Ortolani, Nucl. Fusion 30, 277 (1990).
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Collisional Transport in Nonneutral Plasmas*
presented by Daniel H. E. Dubin, or F. Anderegg'

Dept. of Physics, U.C. San Diego, La Jolla CA 92093-0319

Recent experiments1 on nonneutral plasmas have measured 3 coefficients of colli-

sional transport (heat conduction, test particle diffusion, and viscosity) in the regime
rc<<K)- The transport is from 10 to 104 times larger than predicted by classical theory.

New guiding center theories of long-range collisional transport have been developed that

agree with the measurements2. These results are applicable to both nonneutral and neutral

plasmas, since electrons in neutral plasmas often fall in the regime rc< XD. Our results may

also provide insight into the anomalously large electron heat conductivity in fusion plas-

mas, as discussed below.

Nonneutral plasmas are excellent experimental systems for the study of collisional

transport. The plasmas can be confined quiescently for long periods of time (weeks), so

that collisional effects can be observed without being masked by the large fluctuation levels

inherent in most laboratory neutral plasmas. The collisional transport causes a slow relaxa-

tion toward a confined thermal equilibrium in which the temperature and rotation frequency

are spatially uniform (the plasmas rotate because of the ExB drift created by the unneutral-

ized plasma space charge).

The classical theory of transport describes only short-range velocity-scattering colli-

sions with impact parameters p<rc. We verify experimentally that these short-range veloc-

ity-scattering collisions are responsible for Maxwellianization of the velocity distribution,

and are correctly described by classical theory. However, in the regime r c « X D there are

many more collisions with impact parameters in the range r^p -c^ . These long-range inter-

actions, which can be treated with guiding center theory, produce a larger (sometimes much

larger) contribution to cross-field transport than do the short-range collisions.

1) Thermal conductivity has been measured in a pure ion plasma by creating a

thermal gradient using a laser beam that heats (or cools) the ions locally. After the laser is

turned off a second laser is employed to monitor the plasma temperature as the gradient re-

laxes through thermal diffusion. Thermal conductivities up to 200 times that of the classi-

cal theory are measured, but the measurements agree with the new guiding center theory. In

the new theory guiding centers on well-separated field lines exchange energy associated

with their motion parallel to the field, resulting in heat conduction that is independent of

magnetic field strength B, as opposed to the classical result that scales as B"2.

Furthermore, thermal energy can be exchanged over distances much larger than the

Debye length by emission and absorption of lightly damped plasma waves. The new theory

includes this mechanism, and future experiments may be able to observe this effect. This

wave transport has been suggested as a possible explanation of anomalously large thermal

conductivity in the electron channel in tokamak plasmas.3
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2) In the process of test particle diffusion, long-range Coulomb interactions be-

tween guiding centers cause them to ExB drift across the magnetic field, giving enhanced

diffusion compared to classical theory. Comparison with experiments led to the discovery

of a significant new effect in kinetic theory: When a pair of guiding centers collides, inter-

actions with surrounding particles act as a 'cage' causing multiple collisions between the

guiding centers. This effect further enhances the diffusion by a factor of 3.

The coefficient of test particle diffusion has been measured in the same pure ion

plasma as was employed in the heat conduction experiments. Ions are tagged via their elec-

tronic spins using a laser, and the tagged ions are then observed with a second laser as they

diffuse across the magnetic field. The measured diffusion coefficient is ten times the classi-

cal prediction but agrees with the new guiding center theory over a wide range of tempera-

tures, densities and magnetic field strengths.

3) In the process of viscous transport, a shear in the plasma rotation frequency is

created, and then observed to relax due to viscous drag. Measurements of the coefficient of

viscosity have been made in a device containing a pure electron plasma. In this plasma the

motion of particles along the magnetic field is very rapid compared to the ExB drift time-

scale, so the plasma can be regarded as a collection of charged rods moving via 2D ExB

drift dynamics. A recent theory of the transport for such a 2D system that explicitly takes

into account the finite length of the plasma predicts viscosity that increases like the first

power of magnetic field strength B, in reasonably good preliminary agreement with the

experimentally measured viscosity. The viscosity is up to four orders of magnitude larger

than the classical prediction, which scales as B"2.

•Supported by ONR contract N00014-96-1-0239 and NSF contract PHY94-21318

•work performed by F. Anderegg, C. F. Driscoll, D. Dubin, E. Hollmann, X-P. Huang,

J. Kriesel, and T. O'Neil.
1 F. Anderegg at al., Phys Rev. Lett.78, 2128 (1997); F. Anderegg et al., Phys. Plas. 4,

1552 (1997); J. Kriesel and C. F. Driscoll, Bull. Am. Phys. Soc. 42, 1956 (1997); E. M.

Hollman et al., Bull Am. Phys. Soc. 42, 1956 (1997).
2 D. Dubin and T.M. O'Neil, Phys. Rev. Lett. 78 , 3868 (1997); D. Dubin, Phys. Rev.

Lett. 79, 2678 (1997); D. Dubin and T. M. O'Neil, Phys. Plasmas (accepted for publica-
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3M.N. Rosenbluth and C. S. Liu, Phys. Fluids 19, 815 (1976); A. A. Ware, Phys Fluids
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FLUX DEPENDENCE AND ISOTOPE EFFECT OF THE CHEMICAL
EROSION OF CARBON UNDER TOKAMAK CONDITIONS
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and the ASDEX UPGRADE TEAM

Max-Planck-Institut fur Plasmaphysik, EURATOM Association, D-85748 Garching

Carbon is the most prominent impurity in the ASDEX Upgrade tokamak. It is eroded
by physical and chemical sputtering in the divertor, at the inner heat shield and from
protection limiters in the outer main chamber. The importance of chemical erosion lies
in the fact that its threshold energy is very low in comparison to physical sputtering,
allowing for carbon release by low energy neutrals in the main chamber and also for di-
vertor scenarios with cold plasmas close to the detached state. The erosion of carbon via
hydrocarbon formation and release is investigated by means of spectroscopy, Langmuir
probe measurements, bolometry and thermography in the ASDEX Upgrade divertor II.

To obtain a most comprehensive
picture, all relevant diagnostics
are evaluated at one spatial posi-
tion in the outer divertor for vari-
ous discharge scenarios and deu-
terium as well as hydrogen as
working gas. The position is cho-
sen about 7 cm above the strike
point in order to avoid strong
gradients and to supply enough
plasma line density to make spec-
troscopic particle flux measure-
ments possible. Hydrogen fluxes
obtained from ion saturation cur-
rents and from H^ spectroscopy
agree better than a factor of 2 for
attached conditions.
Figure 1 summarizes the erosion
yields obtained in the database.
The values for Ychem are based
on hydrocarbon fluxes which have
been re-calculated from the mea-
sured CH band intensity under
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Figure 1: Chemical erosion yields Ycftem derived from CH
band and Rp spectroscopy. Open circles denote hydro-
gen plasmas, smaller filled symbols deuterium plasmas,
H-mode data are marked by crosses. The slanting lines
demonstrate the Ycc Apios • r~

0-7 scaling of the hydrogen
data. The horizontal lines mark typical values from ion
beam experiments obtained at low flux densities.

the approximation of a constant atomic physics factor D/XB(CH4 from CH)=50, based
on simple numerical parameter studies. The hydrogen fluxes are evaluated from H^ in-
tensities. The obtained chemical erosion yields exhibit a pronounced flux dependence and
an isotope effect, Ycx Apiasma • T~0'7. In a recent paper [1], 3 possible explanations for the
observed decrease of the measured yields with flux are discussed: The flux dependence of
the underlying hydrocarbon erosion yield Yc/,em, an energy dependence of Ychem entering
via a correlation of E and 1/T in the experiment and a possible parameter dependence of
the recalculated photon yield D/XB. New experiments with high heating powers of up to
20 MW in ASDEX Upgrade allow to disentangle the correlation of high fluxes and low
impact energies. These results show no pronounced variation of Y with impact energy
and therefore an energy dependence of Yc/iem cannot explain the measurements. The
yields shown in Fig. 1 are obtained for target temperatures between 300 and 400 K at
the position of measurement. No target temperature dependence of Yc/,em is observed for
these conditions.

The carbon concentrations of the main plasma are measured by charge exchange recom-
bination spectroscopy. They exhibit an even more pronounced isotope effect than the
divertor fluxes. Typical carbon concentrations in the plasma core are 1-2 % in deuterium
and only about 0.3-0.6 % in hydrogen. The reason for the lower carbon concentrations in
hydrogen is supposed to be a combination of the mentioned isotope effect of chemical ero-
sion, the isotope effect of physical sputtering and different particle transport in hydrogen,
e.g. deeper penetration of H° neutrals and enhanced anomalous transport. Radiative
losses due to carbon in the main chamber SOL and in the X-point region support the
divertor plasma to achieve the attractive low temperature / high density regime charac-
terized by high hydrogen radiation losses and volume recombination. The higher carbon
concentration of deuterium plasmas leads to 'earlier' detachment (i.e., at lower fluxes and
densities) in deuterium in comparison to hydrogen.

The spectroscopic measurements are compared with in situ measurements by means of
13C coated material probe exposure, allowing to distinguish between total and net erosion
by direct measurement of redeposited 12C. Incorporating the presented measurements of
the chemical erosion yield, an update of the empirical formula by Roth and Garcfa-Rosales
[2] will be presented.

References
[1] KALLENBACH, A. et al., 'Evidence for hydrogen flux dependence of the apparent chemical

erosion yield of graphite under high flux conditions', submitted to Nuclear Fusion (1998).

[2] ROTH, J. and GARCIA-ROSALES, C , Nucl. Fusion 36 (1996) 1647.
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IMPURITY CONTROL STUDIES USING SOL FLOW IN DIII-D*
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Impurity control in the scrape-off-layer (SOL) of a diverted plasma in a high-power
density fusion device is essential in obtaining high radiative power fractions in the SOL to
protect the divertor surfaces from unacceptable heat loads and material erosion while
maintaining acceptably low impurity contamination in the core plasma. A key component of
obtaining the necessary impurity control is tailoring of the main ion flow in the SOL such that
the frictional drag on the impurities by this flow will be sufficient to preferentially direct the
impurities towards the divertor. The tailoring of the main ion flow through strong D2 gas
injection (with flow rates up to 2.5 x 1022 D7s) and simultaneous divertor exhaust has been
an integral part of the DIII-D program since 1994 [1-3]. In recent years, experiments on
DIII-D have focused on 1) characterizing main ion and impurity flow in the SOL and
divertor region, 2) assessing the effectiveness of using induced deuterium flow in the SOL to
improve the divertor retention of seeded impurities both open and closed divertor
configurations, and 3) using strong, induced deuterium flow in the SOL simultaneously with
strong argon injection to produce a high radiative power fraction in the SOL and divertor
plasmas. These experiments have demonstrated that induced SOL flow offers several
potential advantages and two primary results have been obtained: l)-induced SOL flow
improves impurity enrichment in the divertor plasma in both open and closed divertor
configurations with argon enrichment values as high as 17 obtained in the highest flow cases;
and 2) plasmas with P'°Jdj<P. > 80% with a high SOL radiation fraction (P%°L + Pfj^ >
60% of Pf£j) have been obtained in ELMing H-mode plasmas with confinement
-1.8 TITER89P. ne = 0.6 neGW, and Zeff < 1.8 using argon as the seeded impurity.

These studies are motivated by the fact that the most attractive plasma solution from an
energy balance standpoint is one in which the dominant portion of the radiation occurs in the
SOL and divertor plasma, rather than the core plasma. In this regard, divertor-dominated
radiation loss requires the preferential enrichment of impurities in the divertor region to
compensate for the reduced volume of the divertor in comparison to the core plasma. One
way to influence impurity enrichment is to augment the natural plasma ion flow in the SOL
such that a strong target-directed primary ion flow exists throughout the entire radial width of
the SOL.

To assess the efficacy of this approach, a series of controlled experiments were first
carried out in lower, single-null, attached, ELMing H-mode plasmas to determine the impact
of induced SOL flow on trace-level impurity enrichment (defined as ratio of the impurity
fraction in the divertor to the impurity fraction in the core) of helium, neon and argon. These

"Work supported by the U.S. Department of Energy under Contract Nos. DE-AC05-96OR22464. DE-AC03-
89ER51114, W-7405-ENG-48, DE-AC04-94AL85000 and Grant No. DE-FG03-95ER54294.

""Oak Ridge National Laboratory, Oak Ridge, Tennessee.
bLawrence Livemiore National Laboratory, Livermore, California.
'University of California, San Diego, La Jolla, California 92093-0417.
''Sandia National Laboratories, Albuquerque, New Mexico.
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experiments benefited greatly from an expanded diagnostic set that allows direct
measurements of the helium, neon, and argon concentrations in the core, SOL, and divertor
plasmas as well as in the exhaust gas. The baseline (i.e., taken without induced SOL flow)
enrichment values were found to be different for the various impurities with argon
enrichment in the range of 3.0-6.0, neon enrichment in the range 1.0-1.6, and helium
enrichment in the range 0.5-0.9. The ranges here primarily result from operation at various
density levels, with the largest enrichment values found at the highest density. This setof
results is similar to results reported on ASDEX-Upgrade [4], but unlike the ASDEX-Upgrade
results, both neon and argon enrichment improved dramatically in the presence of induced
SOL flow. Argon enrichment -17 and neon enrichment -2.5 was obtained in the strongest
flow cases studied. Modeling of these discharges with the b2.5 edge transport code
reproduces many of the key aspects of the measured data including the improvement of
enrichment with SOL flow. Similar results have been found in experiments using the more
closed divertor geometry of the newly installed upper divertor baffle in DIII-D. Although
direct measurements of impurity enrichment are not yet possible in upper, single-null
plasmas, observations of argon exhaust times in the core plasma of -300 ms in the presence
of strong D2 flow suggests that the impurity retention (and likewise impurity enrichment) is
extremely high in these cases.

Encouraged by these results, recent experiments utilized the "puff and pump" method in
combination with divertor fueling of argon to produce H-mode plasmas with high SOL
radiation power. The results are promising. Plasmas with H-mode quality confinement (i.e.,
T/TITER89P > 1-8) were sustained with steady-state deuterium flow rates up to 2.5 x 1022 DVs.
Upon argon injection into these plasmas, the radiative power increases significantly with
Prad̂ Pinput increasing from 60% to 80 %. Interestingly, both the core and SOL radiation
increase while the divertor radiation does not change, implying that the fraction of power
conducted into the divertor that is being radiated is actually increasing during the argon
injection phase. Minimal contamination of the core plasma via argon is observed with Zeff
increasing from 1.5 to 1.8. The enhanced SOL radiation in this case appears to result from
the production of a thick, cold SOL as a result of the strong D2 injection into the SOL.

Finally, measurements of the flow patterns of both the main ions and intrinsic and seeded
impurities have also been made in plasmas with both "natural" flow and induced SOL flow.
The flow patterns in the "natural" flow case are complex with flow reversal (i.e., main ion
and impurity ion flow directed toward the core plasma) observed on field lines near the
separatrix and normal flow towards the plate on field lines outboard of the separatrix.
Although induced SOL flow does appear to change the main ion flow characteristics
measured by an insertable Mach probe, there are regions where reversed impurity ion flow is
still observed.

[1] SCHAFFER, M.J., et al., Nucl. Fusion 8, 1000 (1995).
[2] SCHAFFER, M.J., et al., J. Nucl Mater. 241-243,585(1997).
[3] WADE, M.R., et al., "Impurity Enrichment Studies with Induced Scrape-Off-Layer

Flow on DIII-D," submitted to Nucl. Fusion.
[4] BOSCH, H.S., et al., Phys. Rev. Lett. 76,2499 (1996).
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Tore Supra is a tokamak dedicated to the study of steady state regimes. This implies at
first a careful control of the heat exhaust in such regimes. In that respect, a continuous policy
of improving the technology of heat exhaust component has been undertaken [1]. A clear
limitation has been evidenced from the lack of reliability of the actively cooled component.
This has been shown to be related to the difficulty of insuring the quality of the « brazed »
bonding of carbon on the metallic water container when required on large areas ; yet, recent
progress has been made by use of the active metal casting technology. One sixth of the inner
first wall has been replaced with new elements using an intermediate technique. They proved to
work satisfactorily and took part to the obtention of new performant long discharges. The
latest are noticeable from the combined use of Lower hybrid and ion cyclotron range of
frequency (ICRF) waves. The total power coupled was thus extended to more than 6 MW for
25 s. The total energy injected was then 155 MJ. The surface temperature of the new inner
wall elements stayed below 500C (i.e. a factor 2 margin to the heat flux exhaust limit), in spite
of a strong peaking of the heat flux near the equatorial plane. This stresses the specific
limitations encountered when using large and difficult to align structures. The CIEL project,
now approved and to be implemented in Tore Supra in 2000 includes a toroidal flat bottom
limiter for which the heat flux limitation should only occur at the leading edge and for which
real time feedback control will be provided by means of a complete thermal imaging of the 3
m2 surface.

Another limitation occurred in the above quoted experiments as an uncontrolled density
excursion after some time, this delay varies with the amount of average power coupled to the
plasma, ranging from 100s for low power (about 2.5 MW) to less than 20 s for high power
(about 7 MW). It is thought to be linked to water desorption of distant and non cooled
surfaces. The CIEL project will also include a quasi compete coverage of such surfaces by a
water-cooled structure.

The use of RF waves as auxiliary heating in Tore Supra gives birth to direct deposition
of part of the RF power at the plasma edge. If the relative loss is tolerable, the related heat
fluxes may overcome the exhaust limits. A specific study of the losses due to the local
acceleration of electron close to the LH grills has been made easier in the ergodic divertor
configuration where the connection between the grills and the ED neutralisers is easy to
characterise. It is shown that the losses depend on the conditions prevailing at the grill where a
careful control of the local density is required. The optimisation will depend on the balance
between the coupling capability and the local losses, which do not follow the same dependence
on density. New antennae limiters have been installed so as to accommodate the fluxes locally.
Their efficiency will be presented.

Yet, the control of heat exhaust requires the minimisation of the fraction of conducted
convected power at the benefit of radiation which is easier to mitigate and allows a power

exhaust without impact on first wall erosion. The Ergodic divertor (ED) has been implemented
in Tore Supra so as to improve plasma edge controls [2]. A reinforced ergodic divertor has
been installed in 1996 and operated since with two major objectives. The first one is to
promote operation at a large radiative fraction while minimising the core impurity content. The
second one consists of testing the specific requirements of such magnetic configuration so as to
allow an extrapolation of the concept to reactor relevant implementation.

The radiative scenarios have been evidenced up to power injections of 8 MW. They are
favoured by the obtention of high recycling regimes at the edge, yielding local edge densities
similar to the central ones (4-5 10" m'3). In Tore Supra a limitation stems from the physics of
detachment. The latter phenomenon may lead to edge conditions incompatible with a smooth
coupling of the RF waves which are the only auxiliary heating system available in Tore Supra.
Nevertheless, feedback techniques on gas injection using edge parameters relevant to
detachment (ratio of outermost bolometer signals, edge density from the Langmuir probe as it
departs from the high recycling regime evolution or RF antenna signals relevant for guessing
the coupling resistance) allow to stay at the tolerable eve of detachment. Generally, by use of
seeded impurities or not, the radiation efficiency appears as among the best encountered in
terms of bulk pollution. This is related to the large volume of diverted plasma in the ED
configuration which may be useful. Noticeably, the better efficiencies are found by using
deuterium injection whereas an easier control is obtained when using neon injection ; the latter
allows to extend the range of temperature for which the plasma radiates without overlapping
with zones where the deuterium recycling is strongly affected (i.e. Tc<13 eV).

Yet, the relevance of the concept needs a proof of its implementation in such
configuration but also a certain flexibility of the required magnetic configurations with those
required to improve the confinement. A major difference to the X-point divertor is the
necessity to install the perturbing coils no too far from the plasma. This is considered possible
even when located behind a neutron shield. Moreover, the openness of the ED may lead to
extended plasma wall interactions structures, while the neutral recirculation will be here
controlled by the edge plasma parameters themselves.
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In JT-60U, the previous open divertor was modified to a W-shaped divertor with pump last
year(Fig. 1) [1]. The W-shaped divertor is characterized by a dome in the private flux region and
pumping from the inboard side in the private flux region, which has never been found in other
tokamaks. This paper will discuss divertor characteristics such as particle recycling, impurity
reduction etc. from viewpoints of divertor geometrical effects and divertor pumping effects.

Geometrical effects of W-shaped divertor on pumping and particle recycling
As shown in Fig. 1, particle pumping in the

W-shaped divertor is done from the inboard side of the
private flux region divided by the dome(inner
pumping). The measured pumping speed is 13 m3/s in
molecular flow at the pumping slot in the divertor. A
good feature of inner pumping is that high pumping
efficiency is expected even with relatively small
pumping speed, because the neutral pressure at the
inner divertor region is enhanced compared with the
outer divertor region due to in-out asymmetry of
particle recycling in the usual discharges with ion
grad_B drift toward the divertor. In fact, the pumping
probability for the particle flux to the divertor in
discharges with ion grad_B drift toward and away
from the divertor are about 0.6-2% and about 0.2%
respectively, showing the importance of pumping
location. Figure 2 shows a plot of divertor pumping
slot pressure(Pl in Fig. 1), mid-plane pressure in the
main chamber(PO) and pressure ratio(Pl/P0) as a
function of main electron density in L-mode
discharges. The different trajectories of pressure show
that by adjusting the gap between the plasma surface
and the outer baffle (50ut) and the gap between the

inner separatrix and the inner wing of the dome (8pomp

), the mid-plane pressure and the divertor pumping slot
pressure are controlled, respectively. As a result, in
the outer X-point configuration with narrow 50Ut and

5purap, the divertor pumping slot pressure increases up
to about 0.5 Pa with the mid-plane pressure kept at

Fig. 1 Structure of W-shaped divertor

D outer X-point A.lowerX-point Q inner X-point

1 2 3
n|ve(1019m-3)

Fig. 2 Dependence of the divertor pumping slot

pressure, the mid-plane pressure and pressure ratio

on divertor geometry and plsama configurations.

about 0.2 mPa. In contrast to this, in the inner X-point configuration, the mid-plane pressure rises
twice due to the leak of neutral particles through the large gap 80ut. After the MARFE onset shown
by shadow in Fig. 2, the increasing rate in divertor pumping slot pressure becomes small and neutral
pressure at the outer divertor region(P2 in Fig. 1) begins to increase. In this case, the dome plays a
role of separating the inner and outer divertor region in the private flux region.
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W-shaped divertor Open divertor

Geometrical effects of dome on reduction of hydrocarbon generated by chemical sputtering
According to the simulation analysis

of impurity transport in the W-shaped
divertor[2], it is expected that the existence
of the dome impedes free upstream motion of
hydrocarbon gas produced by chemical
sputtering in the private flux region,
resulting in reduction of direct penetration of
carbon impurities to the X-point vicinity. To
confirm this effect, spatial profiles of
spectrum band of CD which comes from
methane were measured in the L-mode
discharges (PNBI=4.7 MW, Ip=1.2 MA),
and were compared between the W-shaped
divertor and the previous open divertor. As
clearly seen in Figs. 3(a) and (b), in the case
of W-shaped divertor, CD band intensity
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Fig. 3 Comparison of CD band intensity profiles
between W-shaped divertor and open divertor

near the X-point remains low when the density is increased to
the density just below the MARFE onset(2xl019 nr3). In
contrast, in the case of open divertor, CD band intensity near the
X-point is found to increase with the increase in electron density.
This difference qualitatively agrees with the simulation analysis,
suggesting the dome effect on impurity reduction. — .

Q

Effects of gas puff and pump on reduction of carbon impurities c-
A SOL flow generated by a combination of gas puff and

pumping is expected to drag impurities to the divertor by "J
frictional force, and is potentially an effective method of £
impurity shielding[3]. In JT-60U, the effectiveness of this j=
method for carbon impurities was investigated with detailed J=
spectroscopic measurements for attached divertor states. Fig. 4 »
shows spatial profiles of CII and CIV lines at the divertor region °
measured in two ELMy H-mode discharges with gas puff only
from the main chamber and only from the divertor chamber .
Since the SOL effect is expected in the inner divertor region with
the pumping slot, CII and CIV intensities at the inner divertor
are important. For comparison, carbon impurity generation at
the divertor tiles shown by CII intensities in Fig. 4(a) as well as
main electron densities were controlled at almost the same value.
Therefore, the difference in CIV intensity shown in Fig. 4(b) is
considered to show that carbon impurities are dragged to the
divertor in the case of main gas puff. Corresponding to the this
difference, carbon density in the main plasma was also found to
be smaller by about 20%. This suggests that SOL flow
generated by main gas puff and divertor pumping was effective
in impurity shielding.

[1] N. Hosogane et al., in Fusion Energy 1996 (Proc. 16th Int. Conf. Montreal, 1996), Vol. 3, IAEA,
Vienna (1996) 555.
[2] K. Shimizu et al., J. Nucl. Mater., 241-243(1997)167
[3] M. A. Mahdavi et al., in Fusion Energy 1996 (Proc. 16th Int. Conf. Montreal, 1996), Vol. 1,
IAEA, Vienna (1996) 397.

2.8 3.0 3.2 3.4

Major radius (m)

Fig. 4 Comparison of CII and CIV
intensity profiles in the divertor
obtained in the discharges with divertor
gas puff only and main gas puff only.
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Formation of a radiative divertor is essential in order to alleviate erosion of divertor plates
during operation of a large, long-pulse tokamak such as ITER. The experimental database of
scrape-off layer (SOL) plasma profiles
upstream from the divertor target is crucial for
design of the divertor plate and baffles, and for
clarifying the mechanisms of divertor plasma
detachment and MARFE formation. Capability
for multi-point measurements of temperature
and density distributions in the SOL, i.e. at the
midplane, near the x-point and at the divertor
plates, was developed in the W-shaped divertor
on JT-60U (Fig.l). In particular, Mach probes
were installed at the midplane and near the x-
point in order to evaluate the plasma flow and
direction. In this paper, quantitative studies of Fi<
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1 Measurement of SOL plasma using Langmuir

the heat and particle transport across and along probes ai midplane. nearx-poim and ai divertor target,

the magnetic field line in high density
discharges are summarized.
1. SOL plasma distribution along the
field line and divertor detachment

The radiative divertor was formed by
deuterium gas puffing in NBI heated L-mode
discharges. When the radiation loss near the x-
point was rapidly increased, the divertor plasma
started to detach from the target plate. Profiles
of electron temperature, Te, and density, nc, at
the main plasma edge were measured with
reciprocating Langmuir probes. Figure 2 shows
profiles of Te and nt at the three poloidal
locations, and Te and nc near the separatrix are
plotted against line-average density of main
plasma in Fig. 3. It is found that the temperature Fig. 2
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Distance from separatrix (mm)

Simultaneous measurement of T, andn, profiles
gradient along the field line increases at the a t ™dplane. near x-point and at divertor target,
0 ° mapped along field line onto the midplane radius,
main plasma edge with increasing density.
While Tt - 60 eV at the midplane, T, near the x-point decreased to 20 eV, which was
consistent with the onset temperature of the thermal instability (MARFE) due to carbon ions
such as C?*. It is also found that nc peaking is observed at high density at the upstream-side of
the x-point probe, and that n, near the x-point is higher by a factor of 5 - 8 than nt at the
midplane. The electron pressure, p t, at the peak is 1.5 times larger than that at the midplane.
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Using the !-D SOL code/I/, the large gradient
of Tt is explained by (I) a long connection
length near the separatrix (Lm.x = 33 m between
the midplane and the x-point, which is a factor
of two longer than that at the 2 cm outer radius),
and (2) reduced thermal conductivity of
electrons by a factor of two due to impurity ions.
However, the peak ne and the increase in pt near
the x-point were not explained by the simple
fluid model. The ratio of ion saturation current
at the upstream to that at the downstream
increases by a factor of 5 - 10 at the peak
location near the x-point. This enhancement
indicates an increase in the flow velocity
towards the divertor target, which suggests an n . f10 m" '
that large M values (0.7-1) would be used in the ^ ^ S 3 K ? ^

Xp probe (at ne peak)

0.5 2.5

and nt at the midplane and at the x-poim. respectively,
calculated by the SOL code.

model at high density.

2. Reversal of the ion SOL flow
with the ion grad-B drift direction

When the single null divertor is operated,
the ion grad-B drift direction plays a critical roie
in producing in-out asymmetries in particle and
heat fluxes to the target, and also influences the
formation of the radiative divertor 121. Plasma
flow was measured at the midplane SOL with
the Mach probe in order to investigate the
mechanism driving the in-out asymmetry.
Figure 4 shows radial profiles of the parallel ion 2Q 3Q 4Q

saturation current densities at the x-point side Distance from separatrix (mm)
(divertor side), IsaI(Xp), and at the midplane Fig. 4 Ion saturation current density measured at the
side, Isal(Mid). With the ion grad-B drift divertor-side changes with the ion grad-B drift direction,
direction away from the target (reversed field), M a i n Plasma density is the same (l.8xl0"m!).
Iial(Xp) is a factor of two larger than Is>1(Mid). On the other hand, I!al(Xp) is a factor of two
smaller than Isal(Mid) with the ion grad-B drift direction towards the target (normal field). A
Mach number of -0.3 is evaluated from the ratio Isa,(Mid)/Isal(Xp). The plasma flows from the
midplane to the x-point in the case of the reversed field, and for the normal field direction it
flows from the x-point to the midplane, suggesting flow reversal near the midplane, where the
particle recycling is very small compared to that near the divertor region. These observations
show the existence of parallel ion convection at the SOL of the main plasma. The plasma flow
direction is consistent with the fact that the particle flux is enhanced at the ion drift side of the
divertor/2/. Candidates for the mechanism driving the in-out asymmetry (such as gradBxB,
gradTxB ion radial drift, ExB drift and toroidal rotation) /3/ are planned to be investigated using
a database of measured profiles of Tc, nc and radiation loss at the divertor and near the x-point.
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Confinement characteristics of the TPE series reversed field pinch (RFP) machines at
Electrotechnical Laboratory (ETL) are synthesized in respect to the effects of the different
boundary structures of the machines, where shell proximity and overlapped poloidal shell gaps
by the multi-layered shell structure are featured. Comparison of the experimental results is
shown in terms of the characteristics of magnetic fluctuations, global confinement properties in
general, operation capability of the improved confinement in high pinch parameter (Q)
discharges and locked mode events. Understandings of RFP plasma physics have also made
progress by the most recent intensive experiments on correlation studies between fast electrons
and dynamo activities and measurement of the plasma and mode rotation.

Conducting shell for RFP plasma is generally known to be indispensable to maintain MHD
plasma stability as predicted by theories. There have been many experiments in RFPs to study
on this issue by replacing conducting shells with resistive or thin shells which have the
penetration time for the external vertical field comparable to or shorter than the plasma pulse
duration time. The results showed distinctive deterioration of the global confinement properties
with typical resistive shell modes seen in magnetic field fluctuations. These results made clear
that we need further investigations to have a practical solution for the configuration of the
conducting shell together with the studies of a scaling tendency of the MHD instabilities to be
suppressed by the shell when the machine is to be graded up for a reactor relevant plasma.

We have been studying this subject intensively by accumulating experimental data from
three recent RFP machines; TPE-1RM15 (R/a = 0.70 / 0.137 m, b/a = 1.18), TPE-1RM20 (R/a
= 0.75 / 0.192 m, b/a = 1.08) and TPE-lRM20mod (R/a = 0.75 / 0.192 m, b/a = 1.12), where
R, a and b are major and minor radii of the plasma and the minor radius of the inner most
conducting shell, respectively. The shell proximity is usually denoted by b/a. Note that TPE-
1RM20 was modified to TPE-lRM20mod by taking out of the double-layered thin shell
especially to study the effect of the shell proximity [1]. Experimental data are compared for the
discharges of the same plasma current, lp, and 0 . First, characteristics of the magnetic field
fluctuations are compared in these three shell configurations. Root mean square of the radial
magnetic field fluctuations near the plasma surface increases with b/a from 0.15% (b/a = 1.08)
to 0.2% (b/a = 1.18) relative to the poloidal magnetic field at r - a. The result is understood by
the combination of the numerical calculation of the boundary problem in the vacuum region
surrounded by layers of the conducting mechanical structures and the numerical calculation of
the linear growth rate of the MHD instabilities [2]. Second, global confinement properties are
compared in normal © (= 1.5) plasma discharges. Non-inductive loop voltage, V/oop, have
shown clear changes; 15 V (TPE-1RM20), 21 V (TPE-1 RM20mod) and 30 V (TPE-1RM15).

160

With the measured central electron temperatures and assumptions for spatial profiles of the
plasma resistivity, apparent effective charge, Z*, which includes the anomaly in Vioop, is
estimated. It is shown that Z* increases with b/a which indicates the effect of the shell proximity
on the loop voltage anomaly plausibly through the enhanced magnetic fluctuation amplitude.
Third, it is confirmed that the spontaneous improved confinement at high © (= 2) [3] was only
observed in TPE-1RM20 accompanied with the improved particle transport [4]. Figure 1 shows
the energy confinement time versus 0 in three machines. It shows a factor of two improvement
in TPE-1RM20 at 0 = 2, but not in the other two configurations. The linear growth rate as a
function of the shell proximity at 0 = 1.7 (Fig. 2) shows that on-axis resonant mode (n = 7)
grows and a resistive shell mode, internally non-resonant ideal mode in this case, starts to grow
at b/a > 1.15. These results suggest that the shell proximity plays an important role to achieve
the improvement of the global confinement in high 0 RFP plasmas. Fourth, locked mode
events are also compared especially between TPE-1RM20 and TPE-lRM20mod [5]. The result
shows that the locked mode events are better prevented with a better shell proximity
configuration.

Fast electron current in the edge plasma is found to have a statistically significant correlation
with MHD dynamo electric field [6] and mode rotation. Measurement of the poloidal plasma
rotation and the magnetic mode rotation in TPE-1 RM20mod is discussed in connection with the
discrete relaxation events in high 0 plasmas and effects on global transport. TPE-lRM20mod
was shutdown in Dec. 1996 and construction of a forerunner, large RFP machine called TPE-
RX is complete in Dec. 1997 and the new experiments are being conducted now.
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The RF heating system has been improved to create a more axisymmetric plasma in
the GAMMA 10 tandem mirror. A high ion temperature is attained with the system and
strong Alfven ion cyclotron (AIC) modes are excited. With the AIC modes, high
energy ions detected at the end increase and central ions with nearly 90 degree pitch
angle decrease.

For initial plasma production and sustaining MHD stability, a fast Alfven wave
(RFI) is excited in the central cell. The wave is converted into a slow Alfven wave
which propagates towards the minimum-B anchor cell and heats ions on the cyclotron
resonance layer. Another ion cyclotron range of frequency (ICRF) source is also
applied in the central cell for main plasma heating with conventional double half-turn
antennas. An ion temperature of 10 keV is attained with the high power ICRF
heating[l]. The GAMMA 10 is designed to be an effectively axisymmetrized tandem
mirror. The central cell has an axisymmetric mirror configuration and the anchor cells
have a non-axisymmetric magnetic field configuration with an elliptic cross section.
The four plate elements of the RFI antennas consist of two pairs, one with vertical
plates and the other with horizontal plates, in order to generate a rotating
electromagnetic field. They are located near both ends of the central cell. A degree of
plasma axisymmetry in the central cell is evaluated from the azimuthal distribution of the
floating potential of eight-segmented limiter at the midplane and is controlled by
changing a balance of the RF
power applied to each pair of ~ 8
antenna elements. In a non- 5
axisymmetric case, a significant •
reduction of the ion temperature £
is observed when the RFI power ~"
is increased. When the portion of %
the power applied to the vertical
antenna pair increases while the
total RFI power is fixed, the
axisymmetry of the plasma is
improved and the diamagnetizm
increases as shown in Fig.l. The
inlet of Fig.l shows the
azimuthal distribution of the floating potential and the degree of the non-axisymmelry.
Under the improved axisymmetric condition, no reduction of the ion temperature are
observed even with the increased RFI power.

With a strong ICRF heating, a temperature anisotropy defined as a ratio between
perpendicular and parallel ion temperatures becomes greater than ten since the cyclotron

o
c
o

0 50 100 150
Applied Power - Vertical Pair (kW)

Fig. I

resonance layer is located near the central cell niidplane. Unstable AIC modes are driven
because of the strong anisotropy. The AIC modes have a frequency range just below a
local ion cyclotron frequency. The modes are excited as an eigenmode in the axial
direction and has a standing wave region near the midplane of the central cell[2], A
clear correlation between the AIC modes and behaviors of the high energy ions has
been observed. Semiconductor detectors are used for the measurement of high energy
protons with energies above
5keV in both parallel and
perpendicular directions to the
magnetic field line. The
detector installed in the central
cell measure a pitch angle
distribution of high energy ions.
Figure 2 shows behaviors of the
high energy ions and the
amplitude of the AIC modes.
When the diamagnetizm
increases with time, the
anisotropy becomes strong and
the AIC modes increase.
Endloss high energy ions show
almost the same characteristics
as that of the AIC signal and
increase as the AIC modes are
excited. High energy ions with
a pitch angle near 90 degrees in
the central cell midplane also
appear initially as indicated by
the dotted line, but decrease
when the amplitude of the AIC
mode becomes strong.

In summary, the plasma
axisymmetry is improved and a
high ion temperature is
effectively created. Strong AIC
modes are excited and the
enhancement of pitch angle
scattering of hot ions are observed.
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CONTROL OF PARALLEL AND PERPENDICULAR
POTENTIAL PROFILES IN OPEN-ENDED PLASMA

CONFINEMENT SYSTEMS
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Graduate School of Engineering, Tohoku University, Sendai 980-8579, Japan

It remains unsettled whether the expected scenario of potential formation in the
tandem-mirror approach to fusion plasma confinement is really valid or not because
overall field-aligned potential profiles have never been measured in large tandem-mirror
devices. Recently a clear-cut mechanism of the formation of a plug potential with
a thermal barrier was demonstrated in a Q-machme plasma [1]. Here, details of the

results are presented, together with effect-
s of electric fields perpendicular to mag-
netic field lines and their shear on low-
frequency instabilities.

The experiment on the plug potential
with a thermal barrier is carried out under
a simple magnetic mirror configuration
where a fully-ionized collisionless plasma
with density ne<j ^ 109 cm"3 and ion flow
energy Eio ~ 10re0/e (Te0 c± 0.2 eV:
electron temperature) is injected from the
right-hand side (z = 160 cm) in FIG.l.
A microwave with frequency ui/2n = 6
GHz is launched at z = —150 cm into
the plasma, propagating in the region of
uj/uice < 1 toward the plasma source, and
the electron cyclotron resonance (ECR)
takes place in the vicinity of w/a>ce = 1
(wce/2ir: electron cyclotron frequency) at
z = 0 cm. A typical example of the re-
sults is presented for the microwave power
Pp = 0 W (dotted lines) and 0.5 W (solid

-40 -20 400
2 (cm)

FIG. 1. A typical example of plasma-flow
plugging due to the ECR, together with
magnetic field configuration.
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lines) in FIG.l. The value Jcs is the probe electron-saturation current, which is propor-
tional to the electron density, and <j> is the plasma potential. The axial Jes and <j> profiles
clearly demonstrate that the plasma flow is almost plugged by the potential structure
produced by the ECRH. The potential structure consists of a potential dip A$d(< 0)
formed at z ~ 0 cm and a subsequent potential hump A$p (> 0) along the plasma
flow. With an increase in PM, both A0P and —Acpj increase, being gradually saturated
for Py, > 0.5 W. For P^ ~ 0.8 W, we have eA^j ~ —7Te0 which is large enough to
prevent supplied cold-electrons from merging with hot electrons in the ECR region, and
eAtj>p ~ 12Teo which is of the order of the ion flow energy .£;„., i.e., large enough to plug
ions.

The mechanism of the potential formation is based on the electron heating and trap-
ping due to the ECRH in the magnetic well under the charge neutrality condition. It is
not necessary in our potential formation to take account of the conventional scenario for
the tandem-mirror devices, which needs two ECR points: the one for barrier formation
and the other for plug formation. A single ECR is sufficient to provide the plug/barrier
potential structure.

Concerning transport phenomena across the magnetic field lines, on the other hand,
experiments on low-frequency fluctuations related to a radial electric field are carried
out with an ECR-discharge plasma of ne0 ~ 1010 cm"3 and Te0 ~ 7 eV in a uniform
magnetic field (B ~ 2.3 kG). The radial potential profile is varied from a hill type to a
well type by biasing a segmented endplate. In this case, both flute mode and drift-wave
mode fluctuations with frequencies less than a few tens kHz are observed in a region of
the maximum radial density gradient.

The flute mode fluctuations, Doppler-shifting azimuthally by an E x B drift frequen-
cy, are predominantly excited in a range of positive electric fields, while they are weakly
excited in a range of negative electric fields. The flute mode instability is destabilized
when the shear of E x B drifts increases. The drift mode fluctuations around the elec-
tron diamagnetic drift frequency are observed when the radial electric field is adjusted
to nearly zero. They are found to be stabilized with an increase in the electric field
regardless of its sign. It is also shown that the shear of E x B drifts appears to stabilize
the drift mode instability.
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Helicity Injection Current Drive of Spherical Tokamak and Spheromak Plasmas
in HIST

M. Nagata, N. Yuasa, P. Gu, N. Yagi, S. Kano, N. Fukumoto and T. Uyama
Faculty of Engineering, Himeji Institute of Technology, Himeji, Japan

The Low-Aspect-Ratio Tokamak (LART) or Spherical Torus (ST) has been proposed as a
possible improvement to the tokamak concept. An ST reactor would have many advantages over
the conventional tokamak concept, such as high yS and good MHD stability. The advantages,
however, are marginally offset by difficulties in the design of toroidal field (TF) coils and in the
steady state sustainment of plasma current. To this end, highly efficient current drive methods
need to be explored. The Coaxial Helicity Injection (CHI) is expected to be the most attractive
current-drive method for ST. So far, CHI has been employed to sustain spheromaks in the CTX
[1], SPHEX [2] and FACT [3] devices. Recently, a plasma current of 200kA maintained by
CHI has been successfully demonstrated in the HIT tokamak device[4]. These achievements are
positive for NSTX in which it is expected that CHI will be employed for start up and edge
current profile control.

The Helicity Injected Spherical Torus (HIST; R=0.30 m, a=0.24 m, A=1.25, Bt=0.2 T),
shown in Fig.l, was built to determine the exact nature of CHI current drive, and also to study
MHD equilibria and stability of high /3 tokamak- and spheromak-hybrids. Recent HIST
experiments have demonstrated 4ms CHI sustainment of ST plasmas with peak toroidal plasma

current It.m>100 kA and average electron density <ne>=2- 8 X10 19 m'3. Typical parameters

for these shots were gun current, Ig=25 kA, injector voltage, Vg < 500 V, TF coil current

ampere tums, Itf=200 kA (see Fig.2).

Toroidal Field Coil

Fig.l Schematic of the HIST device

Fig.2 Typical set of waveforms of It,Vg and Jt.

[1]

We have measured the magnetic configurations and the current density profiles of the
helicity-driven ST plasmas with I t ~ 100 kA by internal magnetic probe measurements. Fig.3
shows how the contours of poloidal flux vary with increasing Itf from 0 (spheromak) to 219 kA
(high q tokamak). This result verifies that the closed poloidal flux can be created by helicity
injection. (An axisymmetric assumption is justified due to low 5 B/B. In tokamak operation (Itf

=£0), the maximum ratio of closed flux to total flux is 50-58 % at peak current. The ratio of
closed plasma current to total current It is estimated to be about 50 % using an MHD equilibrium
reconstruction. These ratios tend to increase as Itf approaches zero, although It decreases. In
addition, in Fig.3, we can see a natural feature of large elongation of the LART configuration.

The interesting result is that the plasma current density changes from a hollow profile
around the time of peak current to a peaked profile during the sustainment phase (Fig.2). An
MHD dynamo cannot explain the maintenance of a peaked current profile. This peaked profile
can be explained by an OH coil effect. Here, a current channel, carried by open flux and wound
around the center conductor as a helix, decays, producing toroidal current by induction.

It is well known that in helicity-driven spheromaks that the toroidal mode number n=l
helical distortion of the central column plays an important role in driving a plasma current [2,3].
As for the tokamak case, the n=l deformation is stabilized by a strong TF and a center
conductor. In this experiment, we have observed apparent fluctuations on the plasma current
driven at the magnetic axis as shown Fig.2. The dominant measured toroidal mode of the
fluctuations has been found to be n=0 for the tokamak case and n=l for the spheromak case.
The n=0 mode is primarily composed of the unperturbed axisymmetric poloidal field. So, this
result suggests that in tokamak operation, plasma flows injected intermittently from the gun may
cause the n=0 fluctuations at the magnetic axis, leading to the creation of closed flux (toroidal
current) through repeated plasma merging processes.

Fig.3 Contours of the poloidal flux in the operation

range from a high q tokamak to a spheromak
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DIVERTOR RFP EXPERIMENT ON TPE-2M
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The divertor discharge of reversed field pinch (RFP) has been studied in TPE-2M. The
magnetic configuration for divertor discharge modifies strongly the specific RFP configuration of
minimum energy state in the edge region. Such a modification may enhance the dynamo activity
if the RFP configuration should be sustained. Early experiments in TPE-2M have shown that
the global MHD dynamo activities observed are similar with those of normal discharge, that is,
analysis of magnetic fluctuations revealed that a nonlinear coupling of m=l and m=0 modes
occurs during flux generation process. Dynamo activity as a flux generation mechanism was
maintained as in the normal discharge and no particular global instability was excited. The heat
exhaust concentration to the separatrix point was observed. Total heat flux to that region is
estimated at about 80% of Ohmic input power[l-3]. Spontaneous increase of soft X-ray signal
from the core plasma and decrease of particle diffusion from the outward edge were also observed
[4]. Due to the impurity build-up, however, the duration of discharge was limited in this scheme
with a very small divertor space.

To study the recycling process, the characteristic divertor plasma behaviors and their effects
on the core plasma confinement, TPE-2M device was reconstructed so as to have an enough
divertor space as the second stage experiment. The geometrical structure of the vessel-shell
assembly is shown in Fig 1. An inner-upper side single-null poloidal divertor configuration is
formed by combination of the stabilizing shell with an axisymmetricpoloidal cut and adivertor
coil. The stabilizing shell is installed in the vacuum vessel to make an enough divertor space. The
divertor field profile plotted in Fig. 1 is assured by magnetic search coil measurements. In Fig.2
is shown typical waveforms of the plasma current, the toroidal loop voltage, the toroidal flux and
the toroidal field on the shell inner surface. In this series of experiment, the maximum plasma
current is limited at 70 kA to protect the electrical insulation of the toroidal shell gap. The
toroidal flux in Fig. 2 is measured by magnetic loops
wound around the shell and compensated by
calculation. The RFP discharge duration is around 5
ms, which is limited at present by the flux capacity of
iron core transformer, 0.7 Vs. The toroidal flux
reverses its sign at current termination. The
waveforms at normal discharge are also shown by
dotted lines in Fig.2. The voltage is slightly higherand
the duration is shorter in the divertor operation at the
same operating conditions [5].

The interaction of plasma with the shell surface
was observed by visible spectroscopy. In Fig. 3 are
compared the intensities of CHI and All lines viewed
horizontally (from A-port in Fig. 1), and Dd line in the
direction viewing the divertor plate (from B-port in

Divertor- Coil _fa__—Diagnlostics Ports

Fig. 1 Cross-sectional view of vessel
- shell assembly of TPE-2M
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Fig. 1) with those of normal discharge. In the divertor discharge, both impurity lines decreased to
1/2 to 1/4, while Dd from B-port, which indicates the degree of interaction of diverted plasma
with the divertor plate, increased by about 2 times. These observations means that the
interaction of plasma with the shell wall is reduced and the plasma effuses to the divertor plate,
that is, the divertor acts effectively in this configuration. The shell proximity of plasma (shell
minor radius / plasma minor radius) is slightly deteriorated in divertor configuration
(approximately from 1.05 to 1.08), which can lead to the less stable state. However, any
distinguishable changes in the fluctuation level of magnetic signals at wall surface were observed
with the divertor configuration. So that we can consider the main plasma is confined stably.

The newly found phenomenon in this vacuum vessel-shell structure is the axis oscillation of
plasma column along with the divertor point direction, that is, the shell cut direction (m/n=l/0
mode). The period and amplitude of the oscillation arearound0.75 ms andO.15 respectively. It
seems to be induced by the large shell cut angle or its structural form. The similar phenomenon
was also observed in a very low q tokamak operation (CKq<l). This kind of large oscillation may
enhance the flux loss, which is a cause of additional anomalous loop voltage in the divertor RFP
discharge. In fact, the loop voltage is a little higher and the discharge duration is shorter in the
divertor discharge at the same plasma current, compared with the normal discharge. To improve
it, the shell cut was optimized; the open angle was reduced to a half (15 degrees) and the shape
of shell inner surface was made quasi-circular. The experiment in this improved shell structure
is now in progress.

In summary, the divertor
discharge of RFP in the outer
vacuum vessel - inner shell
assembly with an enough
divertor space has
successfully been operated,
and plasma-wall interaction
was effectively controlled.
The main efforts will be paid
for higher plasma current and
longer discharge time
operation to establish a
possibly new confinement
regime of divertor RFP
plasma.
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Fig.2 Discharge wavefoims
Full lines; with divertor
Dotted lines; non-divertor.

Fig.3 Impurity lines from A-port,
and Da from B-port.
Full and dotted lines show
the same with Fig.2
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Merging Formation of FRC
and Its Application to High-fS ST Formation
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A novel merging formation of field-reversed configuration (FRC) has been developed in the
TS-3 merging experiment[l-3]. Two force-free (low-B) spheromaks with opposing toroidal magnetic
field Bt are axially collided and are transformed into an oblate FRC with Br=0 and B=0.6-l[l-3].
This unique method has various advantages over conventional fast 6-pinch formation: (1) slow
formation, (2) stable and highly-efficient formation (3) large ion heating power of merging (4)
applicability of ohmic heating coil. This slow formation also enables us to measure the FRC
equilibria directly by 2-D magnetic probe, while they have been left unsolved due to the 8-pinch
formation sensitive to probe perturbation. The produced FRCs have high-B value>0.6 ( » 0-0.1:
spheromaks), high ion temperature Ti ( » T J and small elongation factor e: 0.8-1 ( « 5 - 2 0 :
conventional FRCs). This paper addresses three important issues on these high-B properties: (1) how
different the high-B FRC equilibrium is from that of low-B spheromak equilibrium, (2) by what
mechanism the FRC equilibrium is maintained stably without any Taylor relaxation to spheromak and
(3) how the produced FRC is transformed to a high-B equilibrium between FRC and ST (spherical
tokamak) with better MHD stability and confinement.

Figure 1 shows poloidal flux contours, and radial
profiles of Bt and toroidal current densities j t of the initial
merging spheromak (a) and the produced FRC (b) based
on the 2-D magnetic-probe measurements. The merging
is observed to transform the peaked j t profile of
spheromak to a hollow profile of FRC. This hollow j t
profile is needed to sustain the high thermal pressure of
FRC, in agreement with FRC equilibrium theory[4]. Its
thermal pressures calculated both from VP = j x B and
T;, Te and ne measurements are five times larger than
those of the spheromak in agreement with the equilibrium
transition from low-B to high-B. Figure l(c) shows how
similar is our oblate FRC to the conventional prolate
FRCs, where h (= (j, / r ) r = R / <jt / r » is calculated from
the jt profile, as a function of Xs (=radius ratio of
separatrix to conductive shell). It is observed that h of the
oblate FRCs is consistent with the conventional FRC
scaling deduced from nc measurement[4], in high-Xs
regime.

Another question is why the merging spheromaks
do not relax to another spheromak but to an FRC, even if
the sum of their initial magnetic helicity K is not zero. By
keeping the initial magnetic energy the same, K was
varied from zero to the value for the Taylor state by
adjusting the flux ratio of two spheromaks from 1 to 0.
Figure 2 (a) shows the eigenvalue X=Ip(poloidal current)/
*P(poloidal flux) of relaxed plasmas as a function of
Knomv the initial helicity normalized by the value for the
Taylor state. It indicates that the merging toroids relax
either to FRCs with \=0 (Bt=0) and to spheromaks with
X=1.2xlO7[A/Wb] (the value for the Taylor state),
depending on whether the initial Knorm is smaller or
larger than the threshold value KnOrm=0.3. This
observation agrees well with the T; measurement that
Tj=»90-100eV of the former FRC is much higher than
Tj~10-40eV of the latter spheromak. Figure 2(b) shows
the radius rRt of unreconnected flux surface and its
spatially-averaged ion gyroradius pi, as a function of
Knorm- Since the flux surfaces reconnect from peripheral

0.1 0.2
major radius [m]

a \ initial
• -'spheromaks

0.1 0.2
major radius [m]

produced
FRC(b)

TS-3 experimental data

conventional FRC

FIG. I Poloidal flux contours and radial profiles
of Bt, jt of the initial spheromaks (a) and
the produced FRC (b), and the FRCs in
h-Xs space (c).

to center, the center unreconnected flux has finite Bt,
while the peripheral reconnected flux has almost zero
B t. As Knorm is decreased to zero, ret decreases and pi
increases. Note that rst becomes equal to pi around the
mentioned threshold value Knorm=0.3. If pi becomes
larger than rgt after low-Knorm merging, the ion
gyromotion is considered to affect the poloidal current Ip
inside rst- It leads to its anomalous dissipation and ion
heating (Ti»T ?) caused by some microinstability such
as lower-hybrid modes, in agreement with recent
macroparticle simulation[5].

Recently, we found that the oblate FRC can be
transformed into a new high-B equilibrium between
spherical tokamaks (ST) and FRC. The basic idea is
shown in Fig. 3(a): typical s-oc diagram for ST
ballooning instability (s: shear parameter, a: pressure
gradient),' where the narrow window exists between the
first and second stability regimes. It looks easier to
transform the oblate FRC to high-B ST/FRC in second
stability regime than to transform the low-B ST in first
stability regime through the narrow window. In Fig.
3(b), external toroidal field is applied to the FRC right
after its merging formation. The OH current drive is also
applied to maintain the flat top of the plasma current.
The poloidal flux contours with Bt profiles indicate that
the FRC without B, is transformed stably into high-B
ST/FRC with Bt. Note that the B, profile (solid line) is
located in the diamagnetic side of the vacuum Bt profile
(dotted line). During the transition to ST, the hollow j t
profile is also maintained to sustain the high thermal
pressure as shown in Fig. 3(b). The sustained B=0.5-
0.6 is much higher than the conventional B of ST. The
merging process converts magnetic energy of opposing
Bt to ion thermal energy[2] and its 50% is maintained
even after application of Bt.

In summary, our merging experiments have
enabled us to study the high-B features of the oblate
FRC formed by counterhelicity merging and its possible
extension to high-B equilibrium between FRC and ST.
Our merging formation has been recently adopted by
several US experiments: MRX, SSX, Swift-FRC and
SPIRIT as a promising slow formation method of
FRCs.

[1J Y. Ono et al., Plas. Phys. Com. Nucl. Fus. Res. 1992 , 2,
619; Y. Ono, Trans. Fus. Tech. 27, 369, (1995).
[2] Y. Ono et al., Phys. Rev. Lett. 76, 3328, (1996); Y. Ono et
al., Phys. Plasmas 4, 1953 (1997); Y. Ono et al., Phys. Fluids B
5, 3691, (1993).
[3J Y. Ono et al., Plas. Phys. Cont. Nucl. Fus. Res. 1996, 2,
263.
[4] R. Steinhauer et al., Phys. Fluids B 4, 645, (1992).
[5] R. Horiuchi et al, Phys. Plasmas 4 277, (1997).

FIG. 3 Basic idea of forming high-P equilibrium
between FRC and ST in s-oc diagram (a),
poloidal flux contours and radial profiles
of Bi, ji and thermal pressure P of the FRC
and the high-p equilibria with external Bt (b)

FIG. 2 Dependence of poloidal eigenvalue (a),
ion gyroradius and radius of unreconnected
flux surface (b) as a function of initial
helicity Knorm normalized by the value for
the Taylor state.
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CONTROL OF RFP DYNAMICS WITH EXTERNAL HELICAL FIELDS
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Kyoto Institute of Technology, Matsugasaki. Sakyo-ku, Kyoto 606-8585, Japan

Control of dynamics of the reversed field pinch (RFP) is one of the urgent issues for im-
provements of RFP experiments. Attempts have been made for this study by use of static
resonant and nonresonant helical fields in the STE-2 RFP experiment[l,2]. The STE-2 is a
small-size RFP machine (/?/a=0.4m/0.1m). A 2 mm thick SS chamber with two poloidal gaps
is covered by a close fitting 0.5 mm thick copper shell. In a typical discharge, plasma current
Ip is > 60 kA with discharge duration rd <1 ms. Four kinds of helical coils produce helical
fields with M/N=l/±8 and l/±10, where M (N) is the poloidal (toroidal) mode number of the
external field, (m and n will be used to designate the mode numbers of the inherent magnetic
fluctuations.) The M/N=l/8(l/10) field is (internally) resonant at r/a ~0.4(0.5). Helical fields
with negative N have no resonance between the field reversal surface and the shell ((externally)
nonresonant). \Bra\/BSa will be referred to as perturbation level, where \Bru\ is the perturbation
amplitude and BOa, the edge poloidal field.
1. Influence of resonant fields

The resonant helical fields have caused deterioration of the RFP plasmas with higher dis-
charge resistance. The deterioration has been shown to be caused by enhanced coupling of the
tearing modes due to overlap of the static and inherent magnetic islands with the perturbation
level higher than ~1 % for the 1/8 field and ~2 % for the 1/10 field [2].

Combined effect of the different helical fields has been studied. Figure 1 shows the coherence
of m=l edge magnetic fluctuations (100 kHz< / <300 kHz) versus poloidal separation length.
The coherence 7 is related to the spectral width Ak as Ak <x(l-7), which is a measure of the
nonlinear mode coupling. The coherence scale length A|| corresponds to the e-folding length
of the coherence. When either the 1/8 or 1/10 field is applied separately with 1 % level, Ay
descreses only slightly. On the other hand, combined application of these fields has resulted in
significant reduction of A||, comparable to the minor radius. It should be compared with the
results in ref[2], where 3 % level perturbation was required to observe the same reduction of Ay
with 1/10 helical field alone. Combined application of the M/N=l/8 and 1/10 helical fields thus
enhances the mode coupling. On the basis of the analysis of the magnetic islands nonlincarly
produced by resonant helical fields[2], the combined effect is attributable to sufficient overlap
of the static islands.

Interaction between static magnetic islands plays an important role in mode coupling as
well as between static and inherent islands. The results imply that when we apply rotating
resonant fields in order to drive the plasma rotation, which experiment is being started, the
amplitude must be low enough to avoid sufficient overlap of the externally produced islands.
2. Influence of nonresonant fields

The RFP discharges are slightly improved by the nonresonant helical fields with perturbation
level of up to ~8 %, the improvement resulting mainly from reduced resistance. In these
improved discharges, less active conversion of the poloidal magnetic flux into the toroidal flux
(RFP dynamo) is implied by the trend of higher pinch parameter (= Bgaj < B^ >, where

166

i/CC)

100 kHz<f< 300kHz :

5 10 15 20 25 30 35 40
Poloidal Length (cm)

Figure 1: Coherence of the m=l edge fluc-
tuations vs. poloidal length.

6 (1 ;6/4.0X1 • 8/3.2)

5

4

3

2

1

0 !

(1.9/3.2)

c/a = 1
c/a = 1
c/a = 1

t

1 2 3
(Pts)max

Figure 2: External helical current needed
to stabilize the external kink modes.

< B$ > is the average toroidal field). Toroidal symmetry of the toroidal flux has been improved
significantly, indicating suppression of the m=0 mode coupling[2].

In order to study possible mechanisms for the improvement, we have analyzed stability of
the ideal external kink modes in a cylindrical RFP surrounded by a resistive shell at r=b and
an external helical current layer at ?'=c[3]. Assuming the zero Alfven transit time together
with the thin shell approximation, we derived a dispersion relation for the m=l external kink
modes with normalized growth rate pr,, where r, is the shell time constant. The dispersion
relation was then analyzed for the force-free equilibria with A(=/(0j-B/B2) characterized by two
parameters 0O and a, X(r) = 260(l - ( r /a)") . Without the helical current, the present analysis
gives the results identical to those in rcf.[4]; the modes with -1.2<na/R <0 are unstable with
the maximum growth rate at na/R ~ — 1, where negative n designates the external modes. The
maximum growth rate (pr,)max is 4.0 for the equilibrium with 0o/a=1.9/3.2, 1.1 for 1.8/3.2
and 0.5 for 1.7/3.5, showing the importance of this mode in peaked current profile.

Figure 2 shows the amplitude of the helical current (surface current density amplitude
normalized to the edge radial field of the corresponding mode) needed to stabilize the mode
with maximum growth rate in the equilibrum specified by 0O and a. Separation of the helical
cm-rent layer from the plasma surface c/a is chosen as a parameter. The current for stabilization
increases with c/a, about a/2 separation doubling the required current.

It has thus been shown that one of the possible mechanisms for improved RFP performance
with nonresonant fields is the stabilizing effect of the external helical current on external kink
modes. Comparison with the experiments is in progress.

Although helical current in the STE-2 is much lower than in the OHTE concept, possible
improvement of the pitch at the edge is being examined as a mechanism for the improved RFP.

[l]Masamune,S., Iida.M., Oda,N. ct al., Fusion Energy 1996, Vol.2, 201 (1997).
[2]Masamune,S., Iida.M. et al., Plasma Phys. Control. Fusion 40, 127 (1998).
[3]Masamune,S., Iida.M., Ohfuji.Y. ct al., Proc. Int. Symp. on Plasma Dynamics in Complex

Electromagnetic Fields (Inst. Advanced Energy, Kyoto Univ.) 1997, in press.
[4]Hender,T.C, Gimblett.C.G., Robinson.D.C., Nucl. Fusion 29, 1279 (1989).
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Axial compression of an FRC plasma

S. Okada, K. Kitano, H. Matsumoto, K. Yamanaka, T. Ohtsuka,
A. Martin, M. Okubo, S. Yoshimura, S. Sugimoto, S. Ohi, S. Goto.

Plasma Physics Laboratory Faculty of Engineering,
Osaka University, Osaka, Japan.

The adiabatic radial compression of FRC plasmas has been used
successfully for plasma heating, however, it led to degraded confinement."
Seeking to improve confinement properties of an FRC plasma during heating,
we have proposed a new concept of a compression experiment, "axial
compression", and have started experiments on the FIX (FRC Injection
Experiment) device. In the first experiment, a plasma was compressed axially
by about 10% and its configuration life time increased by about 30ns.

Studies on the FRC plasma were done on plasmas produced in a quartz
discharge tube with a massive, high-voltage pinch coil. However, with the
technique of the translation, or to translocate a plasma produced in a theta-pinch
device into a metal confinement chamber, the plasma acquired access to auxiliary
heating. On the FRX-C/LSM device, an adiabatic magnetic compression
experiment was carried out and remarkable heating was observed." However,
the confinement was degraded due to the decreased plasma radius. In the FIX
experiment, a long particle confinement time (—200|xs; more than 5 times
longer than that predicted from the generally accepted scaling law) was realized
by expanding the plasma volume by a factor of about 100 with the translation.21

Then, a fast rising magnetic pulse (comparable to the radial Alfven transit
time) was applied to the plasma, and not only heating but also confinement
improvement was observed.'1 The result appears to be consistent with the scaling
law Tv <*= R21 p, , where, TN is the particle confinement time, R is the radius
of the magnetic axis, and p, is the ion gyro radius in the external field. That is,
the improvement was due to the increase of R by heating since R in equilibrium
is related to the separatrix radius rs and is given by R = rs 1^2.

Inspired by this result, we propose an adiabatic axial magnetic compression
experiment. In this configuration, a plasma is compressed by decreasing the
distance between the mirror fields at either end of the confinement region,
keeping the magnetic flux inside the chamber ( flux conserver ) wall between
the mirrors unchanged. With this, r, increases and, therefore, the magnetic flux
between the separatrix and the chamber wall rw is compressed. As the effect of
this on p, is stronger than the effect of compressional heating, p, becomes
smaller. Therefore, based on the empirical scaling law, TN is expected to increase.
The improvement of confinement with the axial compression is estimated with
a simple model: The FRC plasma is approximated by a cylinder, the radius of
which is taken as the configuration's separatrix radius at the midplane. The
magnetic flux between the separatrix and the chamber wall and also the total
particle number are assumed to be conserved. It is assumed that the compression
is done adiabatically. Using this model, xt (= rs I rw) increases from 0.5 to 0.62
when the plasma is axially compressed by a factor of two, yielding an increase
in xN by 80%.

In order to see if the FRC can actually be compressed axially, we carried
out a compression of about 10%, which should result in xs to increase by about
5%. The rise time of the compressing magnetic field is set to be 30-50us
because it must be longer than the axial Alfven transit time (~10us) and shorter
than the confinement times (~200(is). Due to the long penetration time of the
magnetic field into the metal wall of the confinement region (80cm diameter).

the compression coil is placed inside the chamber adjacent to one of two mirror
coils. When energized, this coil compresses the distance between the mirror
fields from 3.4 m to 3.0m in 30-50(is.

In the FRC plasma, the value of r, can be inferred from the diamagnetic
effect to the magnetic field B£ just inside rw. In Fig.l, time history of B ; with
(solid line) and without (dashed line) the compression applied at 210(ls are
shown. In the former case, Bz is larger than the latter by about 5% at 270\xs.
The time histories of rs calculated from B2 is shown in Fig.2 with (solid line , 3
shots) and without (dashed line) compression. From this figure rs is seen to
have increased by about 20% at 270p.s and the configuration life time (the
duration of the configuration) has elongated by about 30(is. Without asking for
a detailed numerical comparison with the model described above, these results
are consistent with the initial expectation that the confinement property of the
FRC plasma is improved by an axial compression.
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Fig.l. Diamagnetic signals with (solid line)
and without (dashed line) an axial
compression.
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Fig.2. Time histories of the separatrix radius
with (solid line, 3shots) and without
(dashed line) an axial compression.
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High-Power Initial Heating of Compact Torus
by Means of Merging Effect

M. Inomoto, H. Yasuda, A. Morita, T. Itagaki, and M. Katsurai
Department of Electrical Engineering, University of Tokyo,

Novel high-power heating experiments of compact torus have been developed in the TS-3
experiment by means of the merging effects[l-4], leading us to large-scale merging experiment TS-4
for confinement study. This heating method is unique, because whole magnetic/thermal energy of
colliding plasma can be injected into target plasma within short merging/ reconnection time. Unlike
the conventional heating method, it realizes GW-order heating power easily in the large tokamak
experiments and is expected as a future attractive initial high-power heating method of compact torus
plasmas. Our TS-3/4 devices enable us to axially collide and merge various torus plasmas with wide
range of q-value from 0.2 to 30, because it has two sets of internal poloidal and toroidal field (PF,
TF) coils to form two toroids. This paper addresses two important issues on this high-power heating

experiment: (1) how this heating changes the torus
plasma equilibria, especially in terms of their beta
(B) values, (2) how its heating characteristics
depend on q-value of the merging toroids.

In this experiment, two compact toroids with
wide range q-value are collided in the axial
direction. The toroidal component Ê
(=B[,ext+Bt,in) was varied continuously from low-
q RFP region (Bt<B//) to high-q tokamak region
(B t»B//), keeping the same initial reconnecting
field component B//o. Reversed current Iacc of two
PF coils can control the plasma colliding force.
Figure 1 shows poloidal flux contours, radial
profiles of Bt and q profiles of compact torus
plasmas with various center toroidal coil current
Iifc right after merging of two plasma toroids with
equal fluxes. These data are obtained from 2-D
magnetic probe measurements on r-z plane. As Itfc
is increased from -5kA to 20kA, the q-value is
observed to increase from the RFP regions (qaxis
=0.2), through the spheromak region to the
tokamak region (qaxU=l). In the present operation,
the initial merging plasmas have the poloidal
magnetic field B=0.5kG, ion / electron
temperatures Ti=Tc=45eV and density nc=0.5-
lxl020m"3. The injected power of merging is
estimated to be 10MW. Right after the merging,
Tra increases significantly to 55-120eV, while Tc
stays around 15eV. This result indicates that the
merging contributes mostly to the ion heating.
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FIG. 1 Poloidal flux contours, radial profiles
of Bt, and q profiles of ST, spheromak,
RFP and FRC.

0.4
20 I .4kA]40

FIG. 2 Poloidal beta PP with/without
merging heating as a function of life.
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Figure 2 shows the poloidal beta Bp calculated from measured 2-D magnetic field profiles, as a
function of Inc. It is clearly observed that the merging increases Bpby 20-50%. The increment of Bp
increases with increasing I(fc (q-value). Most of B, profiles deviate still on paramagnetic side of
vacuum Bt profile. However, the high-power heating effect of merging is concluded to reduce the
paramagnetism of compact toroids.

Figures 3(a)-(b') show the center ion temperatures TiO before and after the reconnection (at
t=10|lsec and at t=22.5nsec) and the reconnection rate •/, as functions of initial B1/B//0 and Iacc, where
7=(do7dt)/a and a is the ratio of the reconnected poloidal flux to the total poloidal flux[2]. Two curves
with different Iacc agree that the ion heating effect of merging increases with decreasing Bt. If
Iacc=12kA, theTi increment with B,/B//o=l is as high as HOeV, while that with Bl/By/o=3 is as low as
40eV. The Ti increment is also observed to increase with increasing the external compressing force
provided by Iacc. If Bt/B//o=l, the Ti increment with IacC=12kA is about 1.8 times larger than that with
Iacc=6kA.This large ion heating of merging is associated with high merging/reconnection speed Y(5].
As shown in Figs. 3(a') and (b'), y increases with decreasing B, and with increasing Iacc.

Important question is why the ion heating
energy as well as the reconnection speed depend on
B1/B//0 (q-value) and Iacc (external force). Our finding
is that the measured resistivity T)(=E(/jt) of current sheet
is strongly correlated with ratio of the sheet width to
the ion gyroradius. Figure 4(a) shows T\ evolutions
with six different B,/B//o, as a function of 28/pi
(Iacc=10kA). All curves agree that measured TI stays
almost constant(=0.3mOm) as long as 28 is longer than
pi. This value is about 5 times larger than the Spitzer
resistivity calculated from the electron temperature.
Note that TI increases significantly, once 28 is
compressed shorter than p;. The maximum ri=3mflm is
roughly 50 times larger than the Spitzer resistivity,
leading to the observed fast reconnection in small
B1/B//0 regime. Figure 4(b) shows another r\ evolutions
with four different Iacc (B,/B//o=l), confirming the
mentioned 11 dependence on 2S/pi. Even when the
external compressing force is varied, -q stays constant
(=0.3m£2m) during 28>pi and becomes markedly large
when 28 becomes shorter than pi. Furthermore, the
rapid changes in 7 and T; at B,/B//o=2.5 in Figs. 3(a)
and (a1) agree with the fact that 28 is compressed
shorter than p; if B,/B//o<2.5 for Iaoc=12kA. These
results agree well with the recent macroparticle
simulation results by Horiuchi et al.[6].

In summary, TS-3/4 CT merging experiment
demonstrated its high-power heating characteristics of
ST, spheromak and RFP for the first time. The ion
heating energy and merging speed increase with
decreasing their q-value (Bt component) and with
increasing their external force. The most probable
interpretation for these phenomena is the anomalous
dissipation of the current sheet caused by unmagnetized
ion motion when 28 is compressed shorter than p;.

[1] M. Katsurai et al., Plas. Phys. Com. Nucl. Fus. Res. 1994, - ^
2,415.
[2] Y. Ono et al., Phys. Fluids B 5, 3691, (1993); Y. Ono et al.,
Plas. Phys. Com. Nucl. Fus. Res. 1996, 2, 263.
[3] Y. Ono et al., Plas. Phys. Com. Nucl. Fus. Res. 1992 , 2,
619; Y. Ono, Trans. Fus. Tech. 27, 369, (1995).
[4] Y. Ono et al., Phys. Rev. Leu. 76, 3328, (1996); Y. Ono et
al., Phys. Plasmas 4, 1953 (1997). 0 1 2 3 4 5
[5] R. Horiuchi et al, Phys. Plasmas 4 277, (1997). 2d/pi

FIG. 4 Evolutions of n as a (unction of2S/pi
for six different B1IB110 (a) and for four
different lace (b).

FIG. 3 Dependence of ion temperature Ti
before and after merging and
reconnection rate yon B1/B//0 for
I,cc=12kA (a)(a') and 6kA (b)(b').
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ITER PHYSICS BASIS AND PHYSICS RULES

ITER Physics Expert Groups, ITER Physics Basis Editors, ITER Joint Central Team,
and ITER Home Teams

Presented by DJ. CAMPBELL
The NET Team, Max-Planck-Institut fur Plasmaphysik, 85748 Garching, Germany

A major benefit of the ITER EDA [1] has been the increased coherence of the world
tokamak programme, which has focussed on establishing a reliable physics basis for the design
of an ITER-scale experiment and for the prediction of its plasma performance [2]. There are
three key aspects of this research. The first is the assembly of scaling databases derived from
wide-ranging experiments, which provide broadly-based scaling predictions for many aspects
of ITER performance. The second consists of dedicated experiments designed to address
specific physics questions, to validate theoretical concepts, and to develop operating scenarios
in support of ITER. The third is the development of sophisticated numerical codes for
modelling complex aspects of ITER behaviour and their validation in existing tokamak
experiments. The broad experience gained in the application of heating and current drive and
diagnostic systems, and the physics understanding thereby developed, is an additional facet of
these activities. This paper develops projection methodologies in the areas of plasma transport
and confinement, MHD stability, power and particle control, and energetic particle physics, and
concludes that a substantial and robust basis now exists to allow the extrapolation of plasma
behaviour to the ITER scale which supports the conclusion that ITER will achieve its goals of
controlled ignition and long-pulse plasma burn.

ELMy H-mode operation has been established as the reference operating scenario and two
principal issues then arise in projecting plasma performance to ITER: the requirements for
access to the H-mode and the prediction of its plasma confinement properties. Co-ordinated
experiments on many tokamaks have been performed to assemble a database for prediction of
the H-mode access conditions. The scaling expression for the separatrix power flow required to
maintain H-mode confinement yields a midpoint extrapolation for the ITER reference operating
point (ne=lxl020irr3) of -140MW, though the experimental uncertainty remains large. Of
significance is the demonstration in recent JET DT experiments [3] of an inverse isotopic mass
dependence. Further R&D is underway to prepare a database capable of providing a prediction
for H-mode access in terms of local edge parameters.

Confinement in ITER is predicted mainly on the basis of global energy confinement
scaling. The database for the type I ELMy H-mode yields a midpoint prediction, derived from
the IPB98-P(y) expression [2], of 5.8s with a 95% confidence interval, based on log-linear
scaling, of 4.4s to 6.8s. Non-dimensional scaling experiments, again co-ordinated across
several experiments, support this prediction, showing that the dependence of ELMy H-mode
confinement on normalized Larmor radius (the direction of largest extrapolation to ITER) scales
in a gyro-Bohm fashion. ITER demonstration discharges, which are designed to match the
ITER pN and v*, are of key importance in this activity. The development of numerical codes
capable of predicting the local transport properties of ITER plasmas from fundamental physics
considerations has been greatly assisted by the code validation activity based on a database of
experimental profiles from a range of tokamaks. This provides a common framework for the
testing of numerical codes, but the conclusions to date are that such physics based predictions
are not yet accurate enough to provide the principal basis for extrapolation to ITER.

MHD stability plays a defining role in determining the accessible parameter space and
thereby setting the limits of fusion performance. The major stability limits relate to the
maximum plasma current, plasma density, and plasma pressure. Operating experience on many
tokamaks underpins ITER's choice of operating at q95=3 with L=21MA to achieve high
confinement while avoiding the increasing susceptibility to instability as q=2 is approached.
While in gas-fuelled H-mode plasmas it is difficult to raise the plasma density beyond the
Greenwald value, nGW=Ip/ma2, recent demonstrations in ASDEX Upgrade and DIII-D that
pellet injection allows H-mode operation above this value suggest that this method can be

exploited in ITER operation. The pMimit arising from ideal MHD stability, PN~3.5, allows
ITER a considerable operating margin, so that the more likely cause of limitation in p is the
growth of neoclassical modes, which develop as a result of an instability driven by the
bootstrap current within seed islands arising from MHD activity such as sawteeth and ELMs.
Neoclassical modes have been observed in present experiments at the ITER reference PN of
2.2, but successful long pulse discharges in JET beyond this value support the ITER reference
scenario. Although these, and other, sources of MHD instability may cause major disruptions,
the extensive disruption databases assembled during the EDA has guided the specification of
design elements capable of withstanding the known effects of disruptions. Particular progress
has been made in characterizing and quantifying the magnitude and toroidal asymmetries of halo
currents resulting from VDEs. The possibility of vaporization or melting of plasma facing
components and of substantial runaway electron generation in ITER disruptions has stimulated
ongoing physics R&D to develop more effective sources of disruption mitigation and
avoidance.

The rapid progress in recent years in the areas of power and particle control, together with
the development of comprehensive divertor modelling codes, has provided a substantial
framework for the prediction of ITER's capability in this area. Closed divertor geometries are
under investigation on several devices and are exhibiting the improvements in neutral particle
compression foreseen. Moreover, effective pumping of helium has been demonstrated on
various experiments under the relevant plasma conditions, and the ITER goal of nH?/ne<10%
should be readily achievable. All major divertor experiments have now established the
feasibility of efficient radiative power exhaust by impurity seeding in H-modes, albeit with
some degradation of confinement, so that the integration of core and edge constraints requires
further refinement. Many of the basic physics concepts underlying detached and partially
detached divertor operation have been validated experimentally and their implementation in 2-D
numerical codes provides a powerful tool for predicting divertor performance in ITER.
Developing an acceptable fuelling scenario to permit access to the high plasma density desirable
for optimizing divertor and core plasma performance remains an issue, but, as noted above, the
experimental programme is actively addressing this question.

The essential issues in energetic particle physics are that a-particles should slow down
classically and must not suffer significant anomalous losses due to MHD instabilities or TF
ripple. The first requirement has been convincingly demonstrated in tokamak experiments
where energetic particles are produced by auxiliary heating systems. Additional supporting
evidence has come from DT experiments in TFTR and JET, where, within experimental errors,
electron heating by a-particles was as expected. The theory of TF ripple losses has also been
extensively validated, particularly in JT-60U and JET, so that the ripple magnitude in ITER
following the introduction of ferritic inserts, 0.8% at the separatrix, is within acceptable
bounds. Extensive experimental investigations of Alfve'n eigenmodes using energetic particles
produced by NBI and ICRF heating, as well as a-particles in DT experiments, have shown the
theory for low-n modes to be well understood. The remaining issue for JTER is the non-linear
behaviour of modes in the range n>10, and it is likely that the complexity of the theory will
make the investigation of such modes a key task of the ITER experimental programme.

At present four candidate heating and current drive systems (NBI, ICRF, ECRF, LHCD)
are under consideration to supply 100MW of auxiliary heating power. The ongoing
experiments at many tokamaks provide a well established physics basis for modelling their
performance in ITER. Similarly, wide-ranging experience in the exploitation of sophisticated
diagnostic systems in existing devices provides confidence that the diagnostic systems
proposed for ITER will provide a reliable control and physics analysis capability.
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The main in-vessel components for ITER are the vacuum vessel, the blanket system and
the divertor. Additional in-vessel systems are mounted in ports and are used for RF and NB
heating and current drive, diagnostics, test blanket modules and primary vacuum pumping. This
paper surveys the status of the design of these components and describes the main results from
R&D undertaken in support of the design approach.

The vessel is a conventional double wall design and fabricated from ITER grade
Stainless Steel. Shielding plates are fixed between the walls and in the region from 12:00 to
3:00 o'clock, ferromagnetic material is used in order to reduce the peak field ripple to < 1%.
Although of conventional design, the scale is impressive — 9 m xl5 m in poloidal cross section
— and the tolerances that can be obtained in a welded fabrication are critical to the assembly. A
full scale sector has been fabricated by the JA Home Team as part of the L 3 Project [l] and the
obtained tolerances of ~ 5 mm are remarkably small.

The blanket assembly features water cooled modules typically 2 m long, 1 m high and
0.35 m thick and weighing 4 tonnes mounted on a 160 mm thick double wall backplate. The
modules are attached to the backplate by "flexibles" — four titanium alloy cylinders which are
slotted parallel to the cylindrical axis in order to permit relative displacements between module
and backplate. This approach is necessary to accommodate differential thermal and disruption-
induced.mechanical displacements of order 1 mm. The modules are linked to each other by a
system of keys which react the radial torques produced by disruption induced currents. Each of
the four flexibles is attached to the backplate by an M 40 bolt which is accessible from the
plasma side of the module. The mechanical attachment has been selected to facilitate assembly
and replacement via remote handling methods. The thermo-mechanical performance of the
modules and the feasibility of the selected fabrication process has been validated in the L 4 large
project [2], and the practicality of the assembly and maintenance approach is being validated in
the L 4 and L 6 [3] Projects.

The ITER divertor design is based on operation in partially attached divertor regimes
which are routinely produced in divertors of currently operating tokamaks and modelled with
increasing precision by divertor modelling codes. Such codes have been adapted to the ITER
geometry and are extensively used to guide the divertor design. The target plates are mounted
on 60 pie-shaped cassettes, each weighing in the neighborhood of 25 tonnes. The cassettes are
the basic unit for divertor assembly and servicing of the high-heat-flux components. They are
installed in four dedicated ports by moving them radially by a tractor and then toroidally by a
toroidal mover. The performance of the high heat flux components and the manufacturability of
the cassette is being verified in the L 5 Project [4], while the operation of the assembly and
remote handling equipment is being verified in the L 7 Project [5].

A unified approach has been developed for installation of port-mounted systems, e.g.,
those providing RF H&CD, diagnostics and Test Blanket Modules. In the case of the equatorial
ports, these systems are cantilevered from the vacuum vessel closure plate. In this way, that
part of the system protruding from the closure plate to the plasma can be fully assembled and
tested prior to insertion into the port. Assembly and maintenance is also facilitated by this
approach. RF launchers and power trains have been designed to enable the coupling of 50 MW
of RF power for heating and current drive in each of three frequency ranges, namely electron
cyclotron, ion cyclotron and lower hybrid. Also, three equatorial ports are dedicated to neutral
beam injection thereby permitting 50 MW to be injected via NBI at an energy up to 1 MeV.

Central to the requirements driving the design of in-vessel components are the thermal
and mechanical loads placed on these systems by normal operation and off-normal disturbances
such as disruptions and seismic events. The paper will provide a description of these events and
their effect in terms of peak stresses, and compare the results with allowables. Since both
disruptions and seismic events occur with an intensity which generally decreases with
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probability of occurrence, a categorization has been developed in order to apply appropriate
code cases for the most severe loads or load combinations. In brief, for all loads and load
combinations which have been examined thus far, the calculated stress levels are within
allowables.

A reference choice of materials has been made for the various parts of the first wall:
CFC for the divertor target and dump plate; tungsten for the lower and upper baffles; and
beryllium for the rest of the first wall including start-up and shut-down limiters. The first wall
material is bonded to a copper heat sink which is in turn bonded to a stainless steel structure. At
least two joining methods which have a demonstrated performance at or above the requirements
have been developed for joining the first wall materials to the copper heat sinks. While CFC
exhibits the best high heat flux performance, it is used sparingly due to concerns of a buildup of
tritium codeposits. R&D is underway to develop methods to minimize such codeposits and
remove them by baking or discharge cleaning methods.

The neutronic performance of the ITER design has been extensively analyzed using a
combination of I-, 2- and 3-D neutronic codes [6]. The shielding performance of the in-vessel
components, including effects of all penetrations, is found to limit the magnet heating to about
half of the GDRD value of 17 kW. Dose rates around most of the ports where hands-on
maintenance is expected to be performed is calculated to be low enough (100-200 jiSv/h) to
permit controlled access for these repair work activities.

REFERENCES

[1] NAKAHIRA, M., KOIZIMI, K., OKA, K., et. al., Integration Test of ITER Full-scale
Vacuum Vessel Sector, this Conference.

[2] DAENNER, W., CARDELLA, A., TOSCHI, R., et. al., Progress and Achievements of
the ITER L-4 Blanket Project, this Conference.

[3] KAKUDATE, S., NAKAHIRA, M., OKA, K., et. al., Remote Handling Demonstration
of ITER Blanket Module Replacement, this Conference.

[4] ULRICKSON, M., TIVEY, R., AKIBA, M., et. al., The ITER Divertor Cassette
Project, this Conference.

[5] MAISONNIER, D., MARTIN, E., AKOU, K., et. al., The Divertor Remote Handling
Project, this Conference.

[6] SANTORO, R., EDA, H., KHRIPUNOV, V., et. al., Nuclear Analysis - ITER
Engineering Design Activity, this Conference.



ITER/3-ITERP1/03
XA9950868

OPERATION AND CONTROL OF ITER PLASMAS

The ITER Joint Central Team and Home Teams
Presented by J. WESLEY

The design of the International Thermonuclear Experimental Reactor (ITER) developed
during the course of the Engineering Design Activities (EDA) [1,2] incorporates provisions
needed for the reliable operation and control of ignited and high-Q driven-burn DT plasmas
with fusion powers in the 1-1.5 GW range and burn durations of >1000 s. Key plasma control
provisions include 1) an optimized and power-efficient plasma magnetics (poloidal field
system) controller [3] for dynamically controlling the plasma-surface to first-wall clearance
gaps and divertor strikepoints during the fusion burn, and 2) an integrated DT-fueling/impurity-
injection/auxiliary-heating plasma kinetics control system [4] that can simultaneously control
the fusion power level and limit the amount of power to be exhausted by the divertor system to
acceptable levels (~50 MW). Figures 1 and 2 illustrate the capabilities of the respective
systems. Robust control of the magnetic configuration during a minor disruption (20% beta
loss) and simultaneous control of fusion and divertor power during a severe plasma power
balance transient (100 MW auxiliary power added) are demonstrated.

TSC(CHPP) - Minor »*n*ri»«i »I SOB - CRCATE

Fig. 1. Simulation of plasma configuration
control following a minor disruption (-20%
thermal energy loss), from Ref. [3]

Fig. 2. Simulation of bum and divertor power
control during a plasma power input transient
(100 MW auxiliary power added)

ITER plasma operation (scenario), control and protection functions will be effected by an
integrated operation and protection system that will draw upon a facility-wide range of plasma
diagnostic and machine and facility status data [4], The plasma magnetics and kinetics control
system [5] will include features to protect the tokamak components—primarily the surfaces of
the in-vessel power and particle exhaust systems—that are at direct risk from the effects of
plasma operation and operation anomalies. There will also be several independent means—
including impurity pellet and gas injection—provided to rapidly terminate the fusion burn and
plasma current should operation, protection or public safety requirements mandate a rapid
plasma shutdown. Incorporation of 'plasma-state' cognizance and autonomous state- and/or

event-driven control capability is planned. These features, now being tested in a number of
presently-operating tokamaks, are expected to facilitate more reliable implementation of the
relatively complex sequence of control actions that is necessary to initiate and sustain a stably-
burning ELMy H-mode plasma and to effect shutdown of the plasma and protection of at-risk
machine components in a reliable manner when off-normal plasma and/or machine operation
conditions develop. The control system will also incorporate capabilities for a priori prediction
of impending disruption and for taking appropriate real time corrective action—including
possible control of neoclassical tearing mode growth with radially-localized rf current drive
[6]—to forestall disruption onset or to mitigate the consequences of disruptions that do occur.

The design basis plasma operation scenario for ITER is based on sawtoothing ELMy H-
mode operation [4] where the 21-MA current flattop required during the 1000-s burn is
sustained by inductive current drive. Plasma operation in this regime may be either fully-ignited
(Paux = 0) or driven burn, with up to 100 MW of auxiliary power input. Driven-burn variations
of this scenario with reduced plasma current and continuous auxiliary power and current drive
will allow burn pulses of up to 6000 s duration to be obtained. The ITER design also
incorporates the hardware provisions—including sufficient poloidal field system flexibility and
plasma magnetics control capability and also various options for radially-localized heating and
current drive—that are now anticipated to be necessary to support steady-state plasma operation
sustained entirely by non-inductive current drive and bootstrap current. Assessments of the
feasibility of achieving such steady-state operation in ITER confirm that the major capabilities
of the present design are consistent with known requirements for the 'advanced' plasma
operation modes that are now transiently obtained in present tokamaks. However, since the
physics basis understanding of these modes [6] and the plasma operation features required to
sustain and control them on a steady-state basis are still subjects of physics R&D, at the present
time the degree to which steady-state operation can be achieved in ITER and the details of how
such operation will be controlled remain as research to be undertaken in the future.
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THE INTEGRATED DESIGN OF THE ITER MAGNETS AND THEIR AUXILIARY
SYSTEMS

The ITER Joint Central Team and Home Teams
Presented by M. HUGUET

The final design of the magnet system for the International Thermonuclear
Experimental Reactor (ITER) [1] has reached a high degree of integration to meet
performance requirements, achieve a cost effective design and strike an optimum balance
between the magnet design requirements and the constraints imposed by auxilliary systems
such as power supplies and cryoplant. Magnet operational reliability and availability, safety
considerations and magnet maintainability have also deeply impacted the final design
solutions. The magnet design is supported by a large R&D programme focussed on the
manufacture of model coils [2, 3].

The poloidal field (PF) system configuration which has been selected, is close to the one
described at the Montreal IAEA conference in 1996. The Central Solenoid (CS) design has
been maintained as a monolithic, layer wound coil, and plasma shaping and control is
achieved by a set of 9, rather than 7, PF coils. The choice of the CS design was dictated by
structural reasons to limit stress induced by torsional loads. The increase in PF coil number
has allowed the use of NbTi for all PF coils, thus decreasing the total cost. The 9 PF coils
give also some improvement in plasma shaping.

The magnet system structural concept is based on mutual support between the various
coils to shorten the load paths and achieve a compact and robust design. The mechanical
loads acting on the vacuum vessel (VV) are also directly supported by the toroidal field (TF)
magnet, and as a result, all loads on in-vessel components, the VV itself and all coils are
reacted and contained within the magnet structure. The structure fulfils the requirements for
allowable stress and fatigue life, but there are 3 areas where stresses are close to the allowed
limits: a small region of the lower inboard TF coil case, torsional shear in the CS and bearing
stress between TF coil case and lower crown.

For a machine like ITER, operational reliability and high availability are essential.
Since most magnet faults are caused by insulation failure, the ITER magnet insulation system
includes a number of novel features to achieve a high reliability. Double insulation and the
ability to monitor insulation quality are provided for the TF and PF coils. In certain cases,
safety considerations have been the driver for reliable design solutions. For example, the TF
coil terminals and feeders have been designed to eliminate the risk of a short of an entire TF
coil.

The magnets and structures are surrounded by thermal shields which intercept thermal
radiation from components that are at temperatures well above cryogenic levels. The VV
thermal shield is located in the narrow gap between the TF coils and the VV. This shield is a
thin stainless-steel, self supporting structure which is silver-plated for low emissivity and
cooled by helium gas at 80 K. The shield and TF coil designs have been integrated such that
one TF coil and a shield sector form a single unit for assembly. The tokamak is installed
inside a large (33,000 m^) vacuum vessel, the cryostat, which provides the vacuum for the
thermal insulation of the magnets and structures. The cryostat thermal shield surrounds the
entire tokamak and is also cooled by 80K helium gas and is supported on the cryostat.

Magnet maintenance, if required at all, should be essentially concerned with access to
and repair inside the "break boxes" which contain the terminal joints, helium manifolds and
their insulating breaks and instrumentation. These break boxes are located close to the coils,
inside the cryostat, and their design and lay-out have been optimized for easy access and
relatively short intervention times. Time-limited, controlled access into the cryostat should be
possible for hands-on repair, and permanent access platforms have been integrated into the
magnet and cryostat designs [4].

The lay-out of the superconducting busbars and protection switches for the TF coils has
been optimized by allowing the coils and switches to be series connected in the immediate
vicinity of the tokamak, just outside of the bioshield. This lay-out minimizes the length of
bus work and avoids crossing any seismic gap with superconducting busbars. The power
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supplies for the CS and PF coils are for plasma current, position and shape control and require
a local HV electrical grid able to provide 500 to 650 MW. Plasma control waveforms have
been optimized to reduce the peak power and power derivative requirements and careful
design of the power supplies has reduced the reactive power and harmonics generation. The
most critical power supply components are the high current switches for plasma initiation and
coil protection, and in particular, the CS current switches which must interrupt currents up to
170 kA. R&D is in progress in this area.

The magnets and structures are cooled by supercritical helium at about 4.5 K. The large
pulsed heat loads due to conductor AC losses, eddy currents in structures and nuclear heat
deposition must be smoothed for reliable operation of the cryoplant. This is partly achieved
by using the tokamak structural components as thermal buffers. To this end, the helium flow
is controlled to allow a temperature rise, within allowed limits, of these structural components
during a plasma pulse. Further thermal load smoothing actions are provided by LHe buffer
tanks and cold compressor control within the cryodistribution system, and also by warm
compressor control within the cryoplant.
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REMOTE HANDLING MAINTENANCE OF ITER

The ITER Joint Central Team and Home Teams
Presented by R. HAANGE

Due to neutron activation during DT operation, the ITER in-vessel components
will have to be maintained remotely. The main components inside the vessel, including
divertor, shield blanket, as well as additional heating systems, diagnostics and test
components located inside ports, are expected to require maintenance or replacement
during the lifetime of ITER and are therefore designed to be compatible with remote
handling. The associated remote handling equipment, tools and procedures are already
under development and will be used for initial machine installation, albeit not in a fully
remote mode.

Access into the vessel for inspection is gained through up to ten vertical ports.
To minimize the impact on ITER operation, the in-vessel inspection will be feasible under
vacuum with the in-vessel components kept at dwell temperature and the TF coils
energized [1]. Access into the vessel for maintenance including repair or replacement is
through dedicated remote handling ports at equatorial and divertor level. Access will be
preceded by venting and purging with dry nitrogen and lowering of the component and
vessel temperature to near ambient. Opening of a port from outside the biological shield
requires removal of pipes and other service connections, followed by removal of the
relevant bioshield plug in front of the cryostat port. Due to the expected relatively low
radiation levels, these preparatory activities are planned to be carried out in a hands-on
mode. They are followed by docking of a cask with port handling equipment to the
cryostat to remove the VV port closure plate with associated blanket shield plug.
Subsequent to removal of the closure plate, the in-vessel handling equipment is
introduced and the component replacement operation commences [2,3].

After withdrawal from the vacuum vessel, components are transported to the hot
cell for repair, refurbishment or preparation for disposal. The transfer is in sealed but not
shielded casks, hence requiring fully remotely operated docking, undocking and transport
operations.

The strategy adopted for components inside the cryostat is that they will be
designed to last the lifetime of the ITER machine without requiring maintenance. Where
practical, modular redundancy has been incorporated in the design of components.
However, it cannot be totally ruled out that faults develop requiring inspection, local
repair, or, in the worst case, replacement of a component. The approach is to provide
sufficient permanent shielding so that time-limited controlled access into the cryostat will
be possible for local hands-on repair. In order to minimize the time spent inside the
cryostat (ALARA), permanent structures, including pathways, crane hooks, platforms
and entrance ports are included in the design of the in-cryostat components and cryostat
vessel [4].

In the very unlikely case of gross failure of a major in-cryostat component, such
as a coil, replacement will be necessary. The design of the cryostat, the layout of
components inside the cryostat as well as of the ITER building is such that replacement is
feasible although this may involve complex and lengthy interventions, depending on the
component to be replaced.

As back-up to hands-on in-cryostat interventions, remote operations are
considered. These would be applied in case of excessive build up of radiation
background inside the cryostat, e.g., during the Extended Performance Phase of ITER
operations.

The paper will give details of in-vessel and in-cryostat maintenance operations as
well as associated remote handling equipment.
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ITER PLANT LAYOUT AND SITE SERVICES

ITER Joint Central Team and Home Teams
Presented by V. CHUYANOV

The ITER EDA activities included the development of a site layout and
engineering design of site services which are prototypical of large fusion power plants
[1,2]. In the absence of a chosen site, a detailed layout of the buildings, structures and
outdoor equipment has been integrated into a coherent site plan in accordance with a set
of compulsory site requirements and non-compulsory site design assumptions which
were developed by the ITER JCT in 1996 [3].

To avoid crossing of services of different types and for efficient arrangement of
buildings, structures and equipment within the compulsory site area limitation of 70 ha,
different classes of services have been segregated to four quadrants surrounding the
tokamak building.

Location of twenty-seven buildings on the generic site was also affected by
functional requirements for the equipment they contain and by a desire to meet all
design requirements at minimum overall project cost. A similar approach has been used
to determine location of services above, at and below grade. Most of the electrical and
cooling services were placed in tunnels, pipe trenches or buried underground to avoid
interferences. A network of roads allows horizontal entry of large coils and other
prefabricated components into the tokamak building located at the approximate
geographic center of the site. The tokamak building is embedded to about -50 m, to
allow tokamak assembly from the top and is sized to contain the cryostat and all
services which must attach directly to the cryostat. This cost effective design matches
requirements for a high soil bearing capacity with natural characteristics of soil,
facilitates assembly, and uses ground as a natural shielding during maintenance.

ITER is an experimental machine. To allow replacement of components which
have become radioactive and contaminated, an elaborate system of remote extraction,
transportation, and maintenance in a hot cell has been developed. Transportation of the
objects from the tokamak to the hot cell building is accomplished using air-bearing
vehicles and a high capacity lift. Unshielded transport containers travel between the
tokamak and the hot cell building below grade, where heavy building members provide
shielding to protect workers and the public.

The tokamak, tritium, hot cell and radwaste buildings are served by several
ventilation systems each of which is subdivided into zones according to the function of
the building and particular activity of the designated location. These radiologically
controlled zones are all maintained at negative pressure, and exhausted to a tall stack.
In addition, areas where the release of tritium is possible are equipped with
Atmospheric Detritiation Systems, which collect tritium as water and send it to the
Water Detritiation System for tritium removal.

All services needed by the tokamak are eventually routed through the tokamak
building. These services include electric power, cooling systems, compressed air, gas
supplies, de-mineralized water, steam, and drainage. The steady state electric power
network (SSEPN) supplies -235 MVA of power to ITER systems (excluding coil and
auxiliary heating power). About 50% of the power is routed to the tokamak building
complex, where over 14,000 equipment items are connected at voltages from 120 V to
11 kV. The cooling system is designed to reject 2,600 MW from several hundred
individual heat source connections throughout the site.

Space around the tokamak is at premium. Design and integration of power and
cooling routes, transportation and information channels, ventilation ducts, and
personnel access and escape routes would be very difficult (if not impossible) without
use of 3D CAD. Efficient routing of power and cooling requires a trade-off between
the proximity of pumps, transformers, etc., versus the numbers of pipes and cables that
must be routed to the tokamak area. The delivery network has been optimized within
the constraints of the buildings and equipment. The SSEPN has nine service zones.
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Each zone has a dedicated load center (LC) with a cable tunnel connection to the
switchyard. At the LCs, a portion of the incoming 11 kV power is stepped down to 3.3
and 0.48 kV. Because there are so many smaller loads, 0.48 kV is further distributed
to motor control centers and building distribution panels. Building distribution panels
with step-down 120/240 V transformers distribute power to low voltage end-users
inside buildings.

The cooling systems follow the same routing principle as the SSEPN. Water
cooled by cooling towers is delivered through large penstocks to pumping stations
located at -6 m in the east and west tokamak services buildings. Component cooling
water and chilled water equipment is distributed to minimize the overall system cost.

The ITER generic site layout is a cost effective integration of all the buildings,
structures and services that must function together for the ITER mission. There is a
high probability that the generic site plan can be adapted to the site selected for ITER
without significant changes to the buildings or equipment. Some rearrangements may
be required by site topography, but this will result primarily in changes to the length of
services which link the buildings and equipment.

REFERENCES

[1] Technical Basis for the ITER Final Design Report, Cost Review and Safety
Analysis (FDR), to be published by the IAEA (1998).

[2] SHIMOMURA, Y., et al., ITER Overview, this Conference.
[3] ITER EDA Documentation Series, No.9, IAEA, Vienna (1996).



XA9950872
ITERPl/07

LATEST RESULTS FROM THE 1TER H-MODE CONFINEMENT AND
THRESHOLD DATA BASES

The ITER Global Data Base Working Group (presented by K.THOMSEN)

M. GREENWALD, A. HUBBARD, J.A. SNIPES and the Alcator C-Mod Group1.
O.J.W.F. KARDAUN, A. KUS and the ASDEX Group2.
F. RYTER, W. SUTTROP and the ASDEX Upgrade Group2.
M. VALOVIC, S.J. FIELDING and the COMPASS-D Group3.
D.P. SCHISSEL, J.C. DEBOO, T.N. CARLSTROM and the Dffl-D Groups4.
G. BRACCO and the FTU Group5.
K. THOMSEN, J.G. CORDEY, C. LOWRY, E. RIGHI and the JET Group6.
Y. MIURA, T. MATSUDA, H. TAMAI and the JFT-2M Group7.
T. TAKIZUKA, T. FUKUDA, Y. KAMADA, K. TSUCHIYA and the JT-60U

Group7.
S.M. KAYE, C. BUSH and the PBX-M, PDX, and TFTR Groups8.
A.N. CHUDNOVSKII and the T-10 Group9.
J. ONGENA and the TEXTOR Group10.
G.T. HOANG and the Tore-Supra Group11.
Y. MARTIN and the TCV Groupl2.

1. Plasma Fusion Center, MIT, USA.
2. Max-Planck-Institute for Plasma Physics, Garching, Germany.
3. United Kingdom Atomic Energy Authority, Culham, UK.
4. General Atomics, San Diego, USA.
5. ENEA Frascati Energy Research Centre, Frascati, Italy.
6. JET Joint Undertaking, Abingdon, UK.
7. Japan Atomic Energy Research Institute, Naka, Japan.
8. Princeton Plasma physics Laboratory.
9. Russian Research Centre Kurchatov Institute, Moscow.
10. ERM/KMS - EURATOM, Belgium State, Belgium.
11. Centre dUtudes Nucleaires de Cadarache, Cadarache, France.
12. CRPP/EPFL, Lausanne, Switzerland.

The ITER H-mode Confinement Database and the ITER H-mode Power
Threshold Database have both changed significantly since the last IAEA meeting in
Montreal 1996 [2]. In this paper the progress with the analysis of the 2 databases will
be reported starting with the H-mode Power Threshold analysis.

The ITER H-mode Threshold Database presently includes 10 divertor tokamaks:
Alcator C-Mod, ASDEX, ASDEX Upgrade, COMPASS-D, DIII-D, JET, JFT-2M, JT-
60U, PBX-M and TCV. The best log-linear regression models for the threshold power
obtained from this database include either major and minor radius or the plasma surface
area. The 95% interval for the predicted power threshold in ITER is 50 - 170 MW [1].
This extrapolation to ITER is based on threshold data obtained under operating
conditions which are known to give the lowest threshold on each tokamak such as a
Single Null configuration with favourable ion gradB drift, high divertor retention and
low recycling wall conditions providing low neutral density. The Root Mean Square
Error (RMSE) is typical 28% for the log-linear fits. The relatively large value of RMSE
is caused by data scattering that differs in character from device to device and this will
be discussed in the paper. The recent experiments with tritium in JET indicate that the
power threshold is inversely proportional to the effective plasma mass. This reduces
the above predicted power threshold in ITER by about 20% in D-T operation. It also
opens up the possibility for ITER to first reach the H-mode in pure tritium to take
advantage of the lower threshold and then add the necessary deuterium. The latest

results of standard regression techniques [1,3] as well as those using more advanced
techniques [4] such as discriminant analysis will be presented. The progress with the
analysis of local edge parameters will also be reported.

The ITER H-mode Confinement Database presently includes 11 divertor
tokamaks: Alcator C-Mod, ASDEX, ASDEX Upgrade, COMPASS-D, DIII-D, JET,
JFT-2M, JT-60U, PDX, PBX-M and TCV as well as 2 limiter tokamaks: TEXTOR
and TFTR. The new ELMy H-mode standard dataset [1] is significantly better
conditioned than the previous version [2]. Not only is the database mean of each of the
engineering parameters closer to the ITER parameters, but the ranges in R, n, I, P and
B are larger.

The distance between the centre of gravity of the new standard dataset to ITER
in units of a standard ellipse to the data has improved by a factor of 1.8. This implies
that the uncertainty in the ITER prediction using log-linear scalings is reduced. The
new ELMy H-mode standard dataset provides the basis for a robust confinement
prediction for ITER. Even substantial perturbations to the dataset, such as removing
each tokamak in turn, systematically increasing or decreasing the confinement of each
tokamak in turn by 10%, the application of equal tokamak weighting as contrasted with
equal weighting of observations, and the use of various forms of open/closed divertor
corrections to the ASDEX and/or PDX data, do not change the prediction considerably.
In only a few cases do the ITER predictions differ by as much as 20%. Moreover, in
contrast to previously, the new ELMy H-mode standard dataset admits a log-linear
scaling that satisfies the high-p constraint. Based on this database the 95% log-linear
interval estimate for the confinement time of ITER is 4.4 - 6.8 s. However, it is found
that the 95% log-nonlinear interval is 3.5 - 8 s [1]. Details of how the interval estimates
have been established will be given.

The latest results on the uncertainties in the exponents of the physics variables in
the ELMy confinement scaling [5] will also be presented and the influence of the recent
isotope data from JET on the ITER prediction will be discussed.
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We seek predictions of ITER based on validated 1-D transport models for
several reasons. Firstly, to enhance our confidence in extrapolations of energy
confinement to the ITER regime by providing a theoretical foundation. Secondly,
transport models provide a means for optimizing the tokamak design and operational
scenarios. Thirdly, predictions of profiles are required for MHD stability analyses.
Lastly, the process of testing transport models and comparing their predictions for
ITER clarifies the outstanding issues which should be addressed in current tokamak
confinement research programs.

Historically, a range of transport models has been proposed and partially tested
against various tokamaks [1]. Before predicting the performance of ITER, a
considerable extrapolation from all existing devices, it is important to understand how
well each model represents the wide range of existing tokamak data. This has led to the
development of the ITER Profile Database [2] which contains fully analyzed profile
data, readily accessible, specified in a standardized manner, from many tokamaks and
covering a variety of confinement modes. By September 1997, 141 discharges from 9
tokamaks were available on the file server of the group, including series of discharges
over which various parameters were individually varied: scans over current, shaping,
isotope, p*,v* and p. Energy and particle sources are given as a function of radius
and time to allow detailed transport analysis. By defining each transport model in a
standard form, using the same variables as defined in the Profile Database, and using
transport codes which are also written in a standardized form and benchmarked against
each other, it is possible to carry out reliable and verifiable testing of transport models.

There are currently several 1-D models which are successful in reproducing core
temperature profiles. Standardized 'figures of merit' have been defined [3] to quantify
how well each model predicts a standard data set of 55 L- and H-rhode discharges. The
best of the physics based models are the Multi-mode and the IFS/PPPL (with ExB
shear); both predict incremental stored energy with an average accuracy 24%. Of these,
the Multi-mode model gives a better prediction for the electron temperature profiles with
an average standard deviation of 13% as against 25% for the IFS/PPPL (with ExB
shear) model, but both perform equally well in the prediction of ion temperature profiles
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with an standard deviations of 18% overall. Two semi-empirical models are
competitive: the Mixed-shear and Culham models with accuracies of 26% for the
predictions of the incremental stored energy. After recalibration, the GLF23 model
achieved a reduction in the mean square deviation (on a 46 discharge subset) from
26.9% to 19.6%, andrenormalization of the CDBM model could clearly improve its
performance.

To compare various model's predictions for ITER under uniform conditions, a
set of target density and current profiles and boundary conditions was used. The
boundary temperature plays an important role in some socalled 'stiff models so it was
varied from 1 to 5 keV. Not surprisingly, the range of predicted fusion power is large:
about of factor 6 between extremes. The Multi-mode model is very close to the
reference fusion power found independently using global scaling expressions for
energy confinement time prediction. The models based on a gyro-fluid numerical
treatment of electrostatic turbulence are quite sensitive to the assumed edge temperature,
and occupy the lower range of fusion power. Under simplified modeling assumptions
(fixed T*He/tE. density and auxiliary heating power) and despite the wide disparity
between models, an edge temperature of 4 keV ensured at least 1.0 GW (Q = 10) from
most models in these standard runs. An edge temperature up to 5 keV ensured 1.5
GW (Q > 15).

Our work has identified several avenues for further research which may
differentiate the currently successful transport models. Perturbative and transient
experiments can test the "stiffness" of ion temperature profiles, tests of the effect of
plasma elongation on thermal diffusivity, and close examination of controlled scans (of,
e.g., p*) are needed to discriminate between models. Characterization and testing of
models for the effect of velocity shear on transport coefficients are also required.
Finally, validated theoretical models for the edge pedestal, important for stiff transport
models, are required.
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An assessment is presented of both inductively and non-inductively driven
scenarios for ITER.

Time dependent inductive scenarios have been developed for ITER based on
physics guidelines derived from the ITER Physics Basis [1] document and from
recommendations from the seven ITER physics expert groups. ELMy H-mode is
the reference inductive mode of operation and access to H-mode is studied based on
L-H transition power threshold scalings implemented in a 1-1/2D transport code
PRETOR. To express fusion performance in H-mode an operating space diagram is
presented which details under which conditions and for which parameters range -
confinement, density, normalized beta - ignition or driven operation are sustained.
Dynamic simulations are performed to study the kinetic control of ignition and
driven operation. A set of feedback loops controlling the fuel injection rate and the
amount of auxiliary heating has been used to control the burn while a separate
feedback loop on high Z impurity injection in the divertor private region was
implemented to control the power to the divertor target plate. This integrated
modeling of core and divertor kinetic control demonstrates that with an appropriate
choice of real time feedback control loops both the total fusion power in the main
plasma and the power reaching the divertor target plates can be simultaneously
controlled within an acceptable range.

Non-inductive scenarios are assessed from the point of view a) of the
necessary requirements to achieve a significant amount of fusion power (i.e.
simultaneous high bootstrap fraction, high confinement and high normalized beta
operation) in ITER or any reactor scale device b) of the presently achieved
performances in relevant non-inductive conditions in present day tokamaks and c)
of extrapolation of these experiments towards ITER comparing various possible
mechanisms for the observed improvement in confinement. Improvement of
transport coming from a reversed magnetic shear configuration extrapolates
favorably towards a reactor scale device whereas improvement of transport
originating from ExB velocity shear stabilization has a dependence proportional to
p* which makes the extrapolation less favorable towards larger devices.

An operating space diagram - where current drive power, confinement,
density and normalized beta are varied- is presented to review the fusion
performance expectation in this regime. In addition, a detailed non-inductive
scenario using off-axis lower hybrid current drive (LHCD) and central fast wave
current drive is presented. The time evolution is obtained from simulations using
the transport code ASTRA, and the consistency with current in the poloidal field
(PF) coils is computed through magnetic reconstruction with the 2D equilibrium
code CEDRES. MHD analysis is done with the XTOR code. The non-inductive
current drive is optimized to get the advantages of the reversed shear (RS)

configuration during both the preparation of the target plasma for the high power
operation and the steady state driven phase. The evolution of the internal transport
barrier in the RS configuration is quantified with experimentally tested transport
models. The optimization of the ignition phase is performed to take advantage of the
high bootstrap current fraction that characterizes these regimes.
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Self-sustained ignition of thermonuclear plasma depends on heating by highly energetic alpha
particles produced from fusion reactions. Excessive loss of energetic particles, if it occurs,
would reduce the efficiency of plasma heating and would also affect the durability of the
plasma facing components such as first wall, divertor targets and limiters. Therefore, it is
essential to develop plasma operational scenarios with efficient alpha-particle heating and
small energetic particle loss and develop reliable physics design specifications. The paper
summarizes results of projections of energetic particles behavior in ITER plasmas. The
emphases are made on new results in the areas of TF ripple loss, TAE instabilities excited by
alpha-particles, physics of runaway electrons produced during plasma disruptions, and
others.

The toroidal perturbations of magnetic field caused by discreteness of the Toroidal Field (TF)
magnetic coils, i.e. TF ripple, can result in a significant loss of energetic particles in a
tokamak. The effect of TF ripple on confinement of energetic particles is well understood [1]
and was studied experimentally in many tokamaks. Powerful Monte-Carlo orbit following
codes, which were developed for modeling of ripple loss, have been validated in the present
experiments. A substantial amount of work has been done on analysis of ripple loss of
energetic particles in ITER. The magnitude of TF ripple was adjusted by use of ferromagnetic
inserts to reduce peak heat loads on the FW below the maximum acceptable limit, even for
low current, reversed shear plasma operational scenarios which have the largest ripple loss.
The paper summarizes this work and presents results of the numerical modeling.

A variety of collective instabilities, ranging in frequency from 10 Hz up to 109 Hz, may be
driven by alpha particles [2]. Results from present-day experiments have shown that two
classes of instabilities are especially effective in causing anomalous transport of energetic
ions: low-frequency MHD-type instabilities, such as the fishbone and others, associated with
the resonance between the mode frequency and the toroidal precession frequency of the fast
particles; and higher frequency instabilities, such as the shear Alfven gap modes, associated
with the resonance at the fast particle poloidal transit/bounce frequency.

In particular, the stability of ITER with respect to TAE modes has been examined by means
of several linear stability codes (NOVA-K, CASTOR-K and others). In general the code
results as well as theoretical estimates all indicate that the stability of high-w TAE modes (n >
10) is the critical issue for large-size devices like TTER. The most unstable type of TAE mode
in ITER is likely the core-localized modes, whose growth rate tends to be stronger that of the
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usual TAE instabilities. It was found also that the stability predictions are sensitive to details
of the equilibrium profiles. A quasilinear flattening of the alpha-particle pressure profile from
the peaked reference profile to increasingly flat profiles results in the mode stabilization. The
profile as flat as parabolic was found to be very stable to TAE modes in ITER conditions.
These new results may indicate that one can expect redistribution of the alpha particle rather
than direct alpha-particle loss .

A new nonlinear numerical code assuming a given mode structure has been developed for
analysis of alpha-particle induced instabilities. The numerical simulation of the high-n, alpha-
particle-driven core-localized TAE instabilities has been carried out for ITER plasmas. It was
found that no alpha-particles were lost and redistribution was negligible. However, a similar
modeling for the fishbone instabilities predicts a strong redistribution of alpha-particle. The
redistribution itself does not causes additional loss, but the flattening of the alpha-particle
profile can increase loss via other channels such as TF ripple. These simulations are an
important step in development adequate tools for analysis alpha-particle collective loss in the
next step devices. However, the nonlinear theory of alpha-particle loss is far from complete
and much more work is required to determine whether a smooth quasilinear redistribution or
a possibly violent bursting is to be expected.

In addition to the fusion alphas, the ITER plasmas shall have a variety of other energetic
components. Among them: energetic ions produced by Neutral Beam injection, energetic
ICRH minorities and high energy runaway electrons. The runaway electrons, which can be
generated during plasma disruptions, shall significantly affect the life time of the plasma
facing components and, therefore, runaway regimes should be avoided. It was recognized
[3] that an avalanche or the multiplication of runaways due to close Coulomb collisions with
the electrons of the background plasma could be a primary mechanism for runaway formation
in the next generation of tokamaks with plasma current in the 20 MA range. The phenomena
has received recently significant experimental attention as well as theoretical study and
numerical modeling in ITER conditions. It was found that ITER plasmas are more
susceptible for runaway formation than the present machines and one can expect runaway
current up to 15 MA. The modeling include Monte-Carlo analysis of runaway spectrum,
sensitivity of runaway current to impurity concentration, simulation of vertical displacement
episodes with runaways, analysis of runaway current profiles and energy deposition on the
first wall. The paper summarizes these predictions, discusses what should be done to validate
the models in present experiments, and strategies to avoid runaway formation.

In concluding section, the paper presents a summary of physics design specification for
ITER derived from the above studies and discusses unresolved issues.
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The P-limit is a key figure-of-merit for a tokamak reactor, not only because the fusion
power output increases as p2 but also because the ratio of fusion power to transport losses
increases with p, and with it the prospects for ignition for given device parameters.
Observations on major tokamaks indicate that for inductively-driven, long-duration H-mode
discharges, the p-limit is determined by growing structures with magnetic island topology.
These structures have been named neoclassical tearing modes because their fundamental drive
arises from the elimination of neoclassical bootstrap current within the island. Sauter [1] has
published a review. An examination of neoclassical tearing modes on ASDEX-Upgrade, DUI-
D, JT-60U, and COMPASS placed the effective p-limit at pN = 2.2, very close to the planned
operational value for ITER. But, recent results from JET [2], indicate that discharges can
sustain values PN = 3.0 without the appearance of neoclassical islands. This is attributed to the
lack of seed island structures caused by sawteeth, which were not present in JET. Theoretical
principles for scaling seed island width are developed and compared with JET excitation
experiments. Closely related to neoclassical tearing modes is the question of the critical error
field needed to excite growth of locked modes. The existing scaling for projecting threshold
error fields for a reactor-class plasma will be compared to recent observations on DIII-D and
JET. To establish a commonality of physics across a range of devices, this paper will present
an operational space plot of the occurrence/nonoccurrence and consequences of neoclassical
islands in the PN - V* plane as well as the PN - v*/q2p* plane suggested by theoretical
considerations arising from polarization current physics. Investigations regarding the role of
plasma shaping on A' will be used to indicate whether neoclassical tearing modes and hence the
long-pulse p-limit respond to plasma shaping. Comparison will be made to observations on
DIII-D and JT-60U. Stabilization of neoclassical tearing modes by electron cyclotron current
drive has been proposed [3,4]. There are two approaches: a modulated electron cyclotron
current drive that attempts to replace the missing bootstrap current density within the island and
a steady-state method that changes A' in the vicinity of the rational surface. Both methods
require current drive which is highly localized to the vicinity of the rational surface and
supporting ray-trace current drive modeling will be presented together with the required values
of driven current and driven current density needed to effect stabilization of neoclassical tearing
modes.

To reach useful P-values, steady-state tokamaks with reverse shear q-profiles and high-
bootstrap-fraction currents must rely on stabilization of ideal, pressure-driven external kink
modes by perfectly conducting walls at a radius some 30% larger than the nominal plasma
minor radius. Since real walls have a finite resistance, a instability called the resistive wall
mode can occur in the absence of plasma rotation. The key issue for a reactor scale tokamak is
how much rotation is needed to stabilize the resistive wall mode. Initial calculations [5,6]

indicate the a few percent of the Alfv6n speed will be required. This paper will examine the
experimental situation from several tokamaks to ascertain whether key signatures of the
resistive wall mode are present in the data, compare theoretical versus experimental values of
the required rotation speed, and indicate the physics that can be learned from advanced, steady-
state experiments on ITER itself.

Reactor-scale ELMs will be examined from the point of view of experiments, i.e., the
ITER pedestal database, JT-60U observations of the depth of the ELMing region, JET DT
results regarding the isotope effect on ELM frequency and pedestal width, as well as a model
developed by Connor and Wilson, based on a peeling instability triggered by diffusion of
plasma current into an edge region lacking current density because of preceding ELMs.

Overall, the period since the Montreal IAEA meeting has been one of significant progress
in understanding the fundamental physics and extrapolation methods regarding MHD processes
that occur in reactor-scale plasmas.
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1. Introduction
The physics design of ITER requires a reliable estimate of the edge pedestal, SOL and

divertor plasma parameters, based on the experimental edge database and theory/model
validation. The physics understanding of the edge pedestal is key for characterising the
confinement and stability of the core plasma. The SOL transport properties are very important
for establishing the dense and radiative divertor, which is essential for steady state operation.
In this paper we report results from the edge database analysis and theory/model validation for
extrapolation to ITER.

2. SOL database analysis
The main purpose of the SOL database is to obtain reliable experimentally based

scaling laws for the SOL and divertor plasma which can be used to extrapolate to ITER.
The scaling of the heat flux decay-length determines in particular the peak parallel

power flux deposited onto the divertor plates which is a major concern for the ITER divertor
design. The scaling law for the divertor power deposition width measurements in ELMy H-
mode (mapped to the midplane) is given by

with a = 0-0.5. This scaling law is similar to that obtained for the ASDEX Upgrade experiment
in this regime [1]. We will take a = 0 as a lower estimate for the H-mode regime in the
following estimates for ITER yielding Xq = 0.022-0.028 m for ITER H-mode parameters (P^v
= 50-100 MW, ne = 1 1020 nr3, q95% = 3 and Ztff = 1.8).

The database of Xj , the decay length of the electron temperature in the SOL mapped to
the midplane is also analysed. Restricting the dataset to "attached L-mode operation", the Xj
data may be brought into order by the relationship

XT = 112 Rmag1-21*0-04 Ip-0.69±0.03.

This rough ordering predicts a A-T range of about 0.005-0.02 m for "attached-divertor"
operation in ITER (Rmag=8.1m, Ip=2xl07 A, => Xj = 0.013m).

The goal of the ng se analysis effort is to develop a scaling relationship which can be
used to determine the expected density profile at the edge of the ITER plasma. We find the
separatrix density can be determined from knowledge of the line averaged density, the heating
power, and geometry. The empirical fit to the data follows the power law

ne(sep)=0.641ne
a91K°-97A-ol8ptot°-2BT

(«4

where ne is the line-average density, K is the plasma elongation, A is the separatrix surface
area, Ptot is the total heating power, and Bx is the toroidal magnetic field. In the paper the
implications of the above scaling laws for ITER and of their error bars will be given.
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3. Edge H-mode pedestal database analysis
We propose a set of unified models to describe H-mode operation of the core plasma

and the edge plasma including the H-mode transport barrier to extrapolate from present
machines to ITER. The various models are compared with the data in the edge pedestal
database and are incorporated into a ID transport code in order to examine their time
dependent behaviour.

We examined several theories for the H-mode transition (e.g, drift Alfven instability,
drift-ballooning mode stabilisation, and mode suppression by electric field shear only) by
comparing them to the edge pedestal database. The predicted H-mode transition trajectory for
ITER based on the various models is presented in the form of an edge operational space
diagram. In addition a data analysis to derive the H-mode transition scaling in terms of non
dimensional parameters, p*, v* and p, evaluated at the plasma edge is also performed.

The operational region between the H-mode transition and the ELM free or the type I
ELM regime i.e. the type HI ELMs, could be explained by a model based on resistive MHD
modes (e.g., interchange or flute type instabilities). The type I ELM boundary is defined by the
MHD equilibrium stability (e.g. ballooning or kink modes).
The effect of the separatrix, the X-point and the finite edge current density of ITER-relevant
current and pressure profiles, which modify the stability properties of such modes are
investigated. Again the above models are compared with the edge pedestal database using a
scaling of the pedestal width also derived from the database which depends on machine size.

For Type I ELMs, we fit the measured pedestal widths assuming A = f-^ppoi(TSep)R with/

« 0.134 R0-96. This predicts a width of - 15 cm for ITER. The poloidal gyro radius used in the
above expression is calculated based on the separatrix temperature. This yields a constant
width and therefore reproduces ptot-ped = constant as observed for Type I ELM's. The strong
scaling with machine size and weak dependence on ppOl suggests that MHD edge stability
requirements may play a major role in determining the edge pedestal width. The width may be
related to the region where the magnetic shear is high enough to support large pressure
gradients, i.e. where pcrit is large. This conjecture is consistent with the very sharp increase in
shear observed between \|/95% and the separatrix when the bootstrap current is included. It is
also consistent with the difference in the pedestal widths for Type I ELM discharges (6 cm)
and for ELM free discharges (4 cm) observed in JET [2].

In order to investigate the time dependent behaviour of the above discussed models for
the various boundaries in the edge operational space diagram the 1.5D ASTRA transport code
is used. The model calculation assumes that the H-mode transition is triggered by stabilising
the Drift-Alfven mode. The self-consistently calculated radial electric field in turn reduces the
ion heat transport and thus together with the reduced electron heat transport gives rise to the H-
mode transport barrier. The width of the transport barrier is associated with the strong shear
region at the plasma edge in a divertor tokamak and the modification of the shear by the
bootstrap current generated by the edge pressure gradient. Anomalous core heat transport in the
model is based on ITG turbulence. Time dependent trajectories through the edge operational
space are calculated and compared to the pedestal database. In addition L-H and H-L transition
conditions are compared with the global scaling. The model is applied to make preliminary
predictions for the ITER operational space.

In order to predict the density limit for ITER two extremes have to be considered: a) the
density where confinement starts to degrade in H-mode and b) the disruptive density limit. The
H-mode density limit (or hot density limit) is governed by the density where the confinement
degrades i.e. the onset of type III ELMs which in some cases coincides with the crossover of
the type I ELMs and type III ELMs boundaries. The disruptive density limit is related to edge
cooling by marfes and thus is associated with complete divertor detachment. A marfe model
based on a thermal radiative instability in the edge plasma is used to investigate its
dependencies on edge plasma and divertor plasma parameters. Predictions for the two types of
density limits in ITER are given in the paper.

The above described scaling laws and models allow to predict the SOL as well as the H-
mode pedestal plasma behaviour for ITER within a given uncertainty range.
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An operating point for ITER divertor operation in a highly radiating, partially
attached mode has been found in [1, 2]. Acceptable power loads and helium pumping
efficiency are achieved when radiation from both intrinsic and seeded impurities (neon),
occurring primarily in the divertor, is taken into account. An initial study of the operating
window has been presented in [3, 4]. All these studies rely on computational models
which simulate the transport and particle-wall interactions in the edge plasma in realistic,
two-dimensional geometry. These models are being continuously updated and validated
against the experimental data which are becoming available.

The B2-Eirene code results are being compared with experimental measurements
from the main divertor experiments (JET, JT-60U, DIII-D, C-mod and ASDEX-
Upgrade) in L-mode and H-mode regimes with the same modeling assumptions. Initial
results indicate that the code is able to reproduce broadly experimental features seen in the
experiments such as the achievement of divertor detachment at the measured upstream
densities, divertor neutral pressures and levels of radiated power. The comparison of
these results and implications for ITER modeling are discussed in the paper.

The present paper describes the results of studies of the ITER operating window to
date. These include the effect of reduction of the radial transport and variation of the
divertor length, as well as variation of the upstream density and the impurity level. The
reference operating point described in [2, 3] was obtained for %i = 1 m2/s and a
midplane density at the separatrix ns = 3.6 1019 nr3, resulting in peak power loads of
6 to 8 MW/m2. Values of XJL lower by a factor of 2 result in power loads on the target
above 10 MW/m2, which is not acceptable from the point of view of divertor design.
Reduction of ns leads to a similar increase of the power load. In order to widen the
divertor operational window for H-mode conditions, in particular for simultaneous low
radial transport and low edge density, the power entering the SOL is varied. This
simulates additional seeding with an impurity which radiates at the edge and leads to
acceptable power loads.

Studies of the start-up phase (limiter operation) are also presented. A model has
been implemented in UEDGE to insert a limiter-like surface near the separatrix which
intercepts most of the heat flux and therefore simulates the limiter start-up.

Various issues affecting the divertor design (presence of "wings", shape of the
"dome", erosion of plasma-facing components, etc.) are assessed using the 2D models.
It is found that the presence of "wings" along the divertor channels in the private-flux
region would not be expected to have a large influence on the divertor parameters because
only a small fraction of the parallel momentum (less than 10%) is transferred to them by
the neutrals. As concerns the "dome", it is found that much longer dome would impede
the transition to the partially attached state and therefore results in higher heat loads,
whereas removal of the dome would degrade helium pumping. The results including
recommendations for the design are reported in the paper.
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Disruptions terminate tokamak discharges by thermal quench and succeeding current
quench with losing most plasma thermal and magnetic energies, where two orders higher
thermal loading and one order higher electromagnetic loading than present machines pose
significant design challenges for ITER. The design basis assumption for ITER is that the
perfect disruption-avoidance and/or -mitigation measures cannot be guaranteed yet, and
hence that major disruptions will occur during an appreciable fraction (-10%) of pulses.
Consequently, components are designed to withstand the EM and thermal loading stress
and erosion consequences of these disruptions and replacement of eroded surface
components is planned on a regular basis.

This paper characterizes the disruption phenomenology to support ITER design
according to the multi-machine Database established by ITER Expert Group on
Disruption/MHD/Plasma Control.

Thermal and Current Quench
The thermal quenches are often observed to take place in two stages [1]. During the

first stage an m=l/n=l erosion of central temperature takes place and the plasma outside
the q=2 surface seems to act still as a thennal barrier, although a fraction of the total
thermal energy is spilled out to the wall. In the second stage the thennal banier breaks
down completely and most of the thermal energy is lost to the wall. According the
Database, both quench times increase with a l-0-l.5j which agrees with the earlier
prediction [2].

Current quench data have been
brought from Tore-Supra, ASDEX,
JET, JT-60U, Alcator C-Mod, TFTR,
and DIII-D. The simple consideration
suggests that the current quench time
divided by plasma cross section tcq/S is
an appropriate figure for evaluation of
current quench time. The quench times
normalized by plasma cross section for
Alp = 60 % against current density are
shown in Fig. 1, where the current
density and plasma cross section are
ones before disruptions. The shortest
quench times are now close to 1 ms/m2,
although some differences are observed
among various devices. The lower
bounds are 0.8 ms/m2 and it
corresponds to 32 ms for ITER 60 %
current decay. Note that for 100 %
current decay the quench time is 53 ms.
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Fig. 1 Normalized current quench time by
plasma cross section versus plasma
current density before disruptions.
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Halo Current and Stress
ITER JCT has compiled a Database of halo current from a number of present-day

tokamaks [3]. For elongations in the range of 1.5-2.0, but no direct dependence of halo
currents on plasma elongation is seen. Dependence of the halo current fraction on machine
size has not been theoretically clarified yet, but the JET [4] and JT-60U [5] data of < 25%
suggests that larger machines may have less of a problem with halo current.

Disruption Frequency
Low disruption frequency can be obtained with reliable hardware and well-documented

discharges with conservative operational parameters, and high disruption frequency is
observed at development campaigns of plasma operation with plasma parameters close to
or exceeding operation limits.

Figure 2 shows representative
data summarizing the per-pulse
disruption frequency obtained in
JT-60U [6]. Overall disruption
frequency per shot for cunent
flattop is 9.6% (average for 7039
shots with qeff s 1.25 qgs). The
average frequency versus qeff
rises gradually to about 15% with
decreasing qeff from 5 to 3 (qgs =
4 to 2.4), with local maxima of
-20% at qgs s 3.8 and 2.8.
Disruptivity as a function of q95
evaluated on a per-second basis in
Alcator C-Mod and TCV show a
similar distribution frequency
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Fig.2 Disruption frequency versus qeff in

Mitigation of Disruption Damage
For achieving high efficient plant operation within a given lifetime of the plasma facing

components and a given time schedule, disruptions should be avoided or mitigated in
ITER. Thus possible means for such disruption amelioration should be investigated.

Disruptions are generated by three causes: i) plasma instabilities at low q™= 2, high
density limit, global or local pressure limits, high and low lj, high external field error,
high growth rate of vertical positional instability, etc, ii) troubles of the plasma control
system or operation mistakes, iii) requirements of plasma shutdown for keeping the plant
safety (e.g. LOCA). Here ii) and iii) generates the VDE and/or disruptions due to i). Well
established prediction systems (e.g.[9]) are effective to avoid disruptions caused by i),
and fast shutdown scenarios (e.g. impurity pellet injection [10], liquid hydrogen jet
injection [11]) are proposed to mitigate disruption damage.
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The paper briefly summarises the function and role of diagnostics on ITER [1] and lists the
chosen systems including their proposed location on the machine. The required performance of the
diagnostic systems is a major factor which has to be taken into account in the integration of the
systems into the ITER machine. This integration must be consistent with a number of constraints
and requirements: the number of ports allocated to diagnostics, the design of the port plugs and in-
vessel machine components, nuclear shielding requirements, tritium containment and vacuum
requirements, and maintainability with remote handling equipment both in the vacuum vessel ( W )
and in the Hot Cell.

Due to these additional constraints which arise in a reactor class machine such as ITER, the
diagnostic components mounted inside the bio-shield pose a new challenge. To date, substantial
progress has been made and it appears that all the measurements necessary for machine protection
and basic plasma control can be made. Measurements for evaluating the plasma performance are
also possible but the final measurement capability will not be known until the design and
supporting R&D work is completed.

The status of diagnostic integration into the ITER machine is discussed in terms of the four
main locations where the diagnostic components are installed: the blanket back plate and vacuum
vessel wall, the divertor, equatorial port plugs and vertical ports.

Blanket Back Plate and VV Wall. The principal diagnostic components mounted on
the back plate and on the VV wall are sensors for the magnetic diagnostics, bolometers, soft X-ray
detectors, and waveguides for reflectometry. A number of the systems involved are fundamental
for tokamak operation (e.g. magnetic diagnostic) and due to their nature must be permanently or
semi-permanently installed. Therefore the components have to survive the full ITER life and must
tolerate the possible removal of a Torus sector (requiring redundancy and repairability). In the
integration of these systems three principal design guidelines are applied: a) all systems are
mounted either on the plasma side of the back plate (the majority) or on the VV wall, b) with the
exception of the various magnetics diagnostic loops, all sensors are mounted in small replaceable
conduction cooled diagnostic sockets integrated into the blanket back plate, and c) the plasma is
viewed through the gaps between blanket modules. The diagnostic sockets can be removed
remotely (after removing two blanket modules). All the sensors mounted on the back plate are
subject to relatively high levels of neutron and gamma radiation, and some EM radiation. To ensure
high reliability and minimum cost, they are not water cooled but are cooled by conduction and
radiation and operate at elevated temperatures. Nevertheless, results obtained from irradiating
diagnostic materials [2], have shown that the magnetic diagnostics will survive for the whole ITER
lifetime. There are encouraging R&D results as well as new concepts for bolometers and soft X-ray
detectors.

Divertor. In the divertor, diagnostic components are concentrated inside the four remote
handling ports and on the divertor cassettes in front of these ports. At each of the four locations
there are two instrumented cassettes (Langmuir probes, bolometers, pressure gauges, etc.) on
either side of a central cassette. The latter is modified to incorporate optical and microwave
diagnostics. In the space between the VV closure plate and the divertor cassettes a diagnostic block
is installed which functions as a carrier for waveguides and optical relay equipment. Remote
maintenance inside the machine is performed for the diagnostic cassettes in the same way as for
standard cassettes: special integrated assemblies are mounted on the diagnostic cassettes (e.g. side
plates incorporating various sensors) to allow relatively simple replacement of diagnostic
components inside the Hot Cell. Fixed services, such as cable looms coming from components
mounted on the backplate and VV wall, are routed through the cryo-pumping ports into the pit.

Equatorial Ports. The equatorial ports are the preferred access for diagnostics. Three
regular ports and one port having limited access (due to its closeness to the neutral beams) are
assigned solely to diagnostics. Two further ports allocated to Remote Maintenance of the blanket
are foreseen to incorporate diagnostics which can be removed in a short time. Different factors have
to be taken into account in optimising the distribution of diagnostics among the available ports: for
example, large aperture systems have to be placed at port centres and tangential viewing systems at
the sides of ports, whereas systems which need to view one of the Heating Neutral Beams and the
Diagnostic Neutral Beam, as well as ports incorporating wide angle viewing systems (maximising
plasma or wall coverage), need to use specific ports.

Generally, all equipment in equatorial ports is mounted in an integrated port plug within the
primary vacuum (incorporating a FW-blanket part, a VV port plug for shielding and a VV closure
plate), and an interspace diagnostic block (incorporating the cryostat closure plate and all equipment
needed between VV and cryostat closure plate). This modularity allows a single concept for remote
maintenance of all the port plugs and also a standardised approach for Hot Cell maintenance.

In some ports, there is a relatively simple, optical, connection between the VV and the
cryostat closure plate, whereas in others there may be substantial connections of diagnostic
transmission lines, such as waveguides, or vacuum extensions. All optical systems view the
plasma by reflection in a mirror mounted close to the first wall. The design must give a long
lifetime for this element in the presence of high levels of radiation, neutral particle bombardment
and high temperatures. Another special design problem is the integration of VUV, X-ray crystal
spectrometry and the NPA into the port adjacent to the NBI using a primary vacuum extension.

Diagnostic equipment incorporated in the integrated port plug has to take account of all
boundary conditions arising from maintenance and shielding requirements. In order to simplify and
to standardise the maintenance of these plugs in the Hot Cell, modular sub-assemblies, such as
mirror mounts with shutters, are replaceable without dismantling the plug. Windows on the
primary closure plate are accessible without dismantling the port plug and, if necessary, can be
replaced in-situ. Services and cooling connections, mechanical attachments for larger plug
subassemblies as well as positioning and alignment of these subassemblies are simplified in order
to utilise a standard, limited, set of tooling.

Vertical Ports. Ten vertical ports are allocated to diagnostics. They are shared with the
off-line In-Vessel Inspection (IVI) system and the retractable glow discharge cleaning electrodes.
Due to the large distance between the VV top port and the cryostat lid (~ 7 m) and substantial
movements between these two big machine components, this interspace is bridged by three
articulated vertical pipes (one with 600 mm diameter and two with 860 mm diameter) located along
a radial line on top of the vertical VV port. The smaller pipe is occupied by the IVI system whereas
the other pipes provide access to two integrated diagnostic plugs mounted in the VV top port.
Again, two interspace blocks are provided to keep diagnostic equipment inside these pipes modular
and permit the simplest possible extraction.

The two diagnostic plugs in each VV port (each 700 mm diameter and ~ 4 m long)
incorporate various diagnostic systems and in some cases the glow discharge electrodes. They are
inserted into a fixed shield which is part of the VV top port. In contrast to the equatorial ports, they
do not include a blanket part. The penetration through the blanket is also standardised and is a slot
150 mm wide and 2.4 m long.
For each of the four main access areas, an assessment of the survival lifetime of the various
diagnostic sensors and components is given on the basis of the results obtained from the R&D on
irradiation of diagnostic components taking into account the expected local gamma and neutron
dose rate [2]. Outstanding R&D affecting diagnostic integration includes the development and
testing (including radiation testing) of key diagnostic components and transmission systems. It is
also proposed to build prototype equatorial and vertical port plugs and perform refurbishment tests
with Hot Cell relevant tools.
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Consequently, parallel conceptual designs of three RF H&CD systems, Ion
Cyclotron (IC), Electron Cyclotron (EC) and Lower Hybrid (LH), and of a (Negative
Ion) Neutral Beam Injection Systems, have been developed. The installed power per
port is 25 MW/port for EC and LH and 16 MW/port for IC. All systems are designed
for continuous operation.

The RF systems (reviewed in this paper) offer a range of complementary
features satisfying most ITER operational requirements. They will be used to access
the H-mode confinement in D-T ohmic plasmas and subsequently to increase the
plasma temperature to ignition values, to supplement alpha heating in finite Q driven
burn scenarios, to assist plasma start-up and shut-down and to maintain sufficient
plasma rotation to avoid locked modes and to stabilize resistive kink instabilities.

They will also provide on- and off-axis current drive functions to extend bum,
for local control of the plasma current profile, to stabilize resistive MHD instabilities
and magnetic islands and, ultimately, for steady state operation.

The design effort has initially focused on the in-vessel components, as these
are primarily exposed to the severe thermal, electro-mechanical and nuclear loads of
the ITER plasma, but it has been lately extended to most ex-vessel components,
auxiliaries and services.

In all systems, the launcher design incorporates a modular and replaceable port
plug assembly which includes the closure plate of the vacuum vessel port and all
primary windows, providing the torus vacuum and tritium boundaries. All plugs
feature an all-metal construction, do not extend ITER vacuum boundaries or layout,
fit within a standard remote handling transport cask, and are designed to be assembled
and disassembled within the hot-cell.

The plug assembly includes a mechanical structure linking the front end of the
launcher to the closure plate and a heavy nuclear shield which reduces the neutron
streaming to < 5 10^ n/cm^s and the activation dose to "hands on" values (< 100
uS/hr) at the primary closure plate, two weeks after shut-down. The front end of the
launcher and the transmission systems are diversified to fit the different launching
technologies.

The design of the EC system has evolved from an initial single-mirror concept
to a toroidally steerable mirror matrix design (7x8 elements, 20 ° steering, each row of
8 actuated individually) which provides improved beam control and more efficient
neutron shielding.

The IC launcher has evolved from an in-blanket to an in-port concept, at the
expense of a limited flexibility in k// and high voltage operation. The launcher is an
array of 2x4 current straps in a so called "double loop" configuration fed by coaxial
transmission lines and tuned at the two ends by a pair of adjustable pre-tuners.

The LH launcher is based on the concept of a Passive/Active Multijunction
(PAM) wave guide array, constructed by stacking in the toroidal direction thick
copper plates terminated at the plasma end by a short Be groove acting as a short-
circuited passive wave guide.

More general system design and interface issues have also been addressed in
each system. These include the definition of i) the layouts of the transmission systems
through ITER tokamak buildings, ii) the space arrangement for RF sources, power
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supplies and auxiliaries, iii) the requirements for auxiliaries and services, iv) operation
and maintenance related issues, such as control requirements, monitoring and data
acquisition functions and interface with the central control system (CODAC).

EC technology development during the EDA has been very successful in the
area of gyrotrons and dielectric windows . The EDA goal was the demonstration of a
170 GHz, CW, -50% efficient, 1 MW gyrotron, together with windows for use on the
torus and tube. The major tube performance characteristics have been achieved, albeit
not simultaneously in a single tube. Regarding the development of technology to
manufacture large diameter diamond disks, the material quality has been improved to
the point that 2 MW CW windows are theoretically feasible and a water cooled, single
disk, diamond window has been very rapidly developed and installed in test on a tube.

IC R&D during the EDA is focused on the validation of the IC array design,
on the demonstration of the design parameters and on the development of prototypes
for the most critical components. These include the vacuum pre-tuners, the
(transmission line) all metal supports, which avoid the use of ceramic materials within
the ITER primary vacuum and the (dielectric) vacuum window, complying with the
stringent reliability requirements of ITER vacuum and tritium boundaries.

ITER relevant Lower Hybrid technology developments have been performed
in the frame of the European base program and focus on the development of the LH
array components. The operation of the multi-mode hyperguide section and of the
associated TEoi,O3 converters has been demonstrated at 3.7 GHz and the electrical
performance of a full size model of a PAM assembly has been experimentally
evaluated in vacuum tests. Plans are presently being made for the installation in Tore
Supra of a prototype section of the ITER PAM array for intensive tests in long pulse
operation.
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In the final design of the International Thermonuclear Experimental Reactor (ITER) [1,
2], 100 MW of power for Heating and Current Drive (H&CD) are required and are to be
provided by, at a minimum, two among the four possible H&CD systems tested in present
fusion experiments: ion cyclotron, electron cyclotron, lower hybrid and neutral beams.

The ITER Neutral Beam (NB) system is designed to deliver 50 MW of power to the
ITER plasma. The energy, 1 MeV, has been chosen as a reasonable compromise between the
heating, the current drive and the plasma rotation requirements. Three adjacent ports are
allocated to NB, therefore three injectors are foreseen, each with a power capability of 16.7
MW; the tangency radius is about 6.5 m. Deuterium negative ions are produced in a caesiated
arc discharge source; filaments are used as cathode. This technology is already used in JT60-U
[3] where recently 18.5 A of H" ions at 360 kV and 14.3 A of D" ions at 380 kV have been
achieved.

This paper will present the NB final design and will concentrate on the integration aspects
and on the modifications introduced because of R&D results. Among other aspects, the space
requirements for, and the design of the connection between the injectors and the vacuum vessel
and blanket will be reported. The Radiation Induced Conductivity (RIC) on the compressed gas
insulating the ion source [4] is expected to cause high leakage current and therefore
unacceptable losses. To avoid these losses the design has been modified and a vacuum
insulated source [5] has been adopted as reference.

The progress in the R&D done by the three Home Teams (EU, JA, RF) will be reported.
The development program has been highly integrated and the close cooperation among the three
Home Teams has allowed to avoid duplications, the only exception being the accelerator for
which the development of two alternatives has been considered convenient, as explained below.

The JA Home Team has continued the development of the large, low pressure (about 0.3
Pa), "Kamaboko" source and of the Multi Aperture Multi Grid (MAMUG) accelerator [6]:
recently 56 mA of H" ions at 975 kV have been achieved; moreover R&D on the required large
alumina insulator (about 2 m diameter) is in progress with JA Industry.

The EU Home Team has continued the development of the single aperture, single gap
(SINGAP) accelerator [7]: recently 43 mA of H" ions at 860 kV, and 106 mA of D" ions at 630
kV have been achieved. Porcelain insulators have been built by EU Industry to be used in the
SINGAP experiments and studies are in progress on large diameter, ITER relevant, insulators.

The SINGAP accelerator is simpler and cheaper than the MAGUG accelerator which,
instead, is more conservative: therefore both alternatives should be developed.

The two Home Teams (JA & EU) are also working together on the development of a
steady state, low pressure source for ITER, in the framework of the JTER R&D: recently 280
A/m2 of H" ions and 200 A/m2 of D" ions have been achieved with pressure of about 0.3 Pa.
Radio Frequency driven ion sources have been studied for positive ion production; R&D has
started to produce negative ions, preliminary experiments have shown promising results even if
high pressure is used (above 1 Pa). This development could simplify the source and reduce its
cost.

The RF Home Team has continued the development of the Plasma Neutralizer [8] that
would allow to increase the neutralization efficiency up to 80 %, as compared to 60 %,
achievable with the reference gas neutralizer. If the same power is assumed at the output of the
injector, the plasma neutralizer could allow to reduce the required negative beam current

extracted from the source (smaller beam source and reduced power supply requirements), and
therefore to reduce the power deposited in the residual ion dump and the total gas input to the
injector.
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The nuclear performance of ITER depends on reactor operating conditions,
radiation limits specified for specific components and dose rate limits necessary for
licensing the reactor. The complex nature of a tokamak compels nuclear analysts to
accurately map the radiation fields around the reactor so that component design and
disposition of shielding will minimize activation to assure personnel safety during
operation and after reactor shutdown when personnel access may be required to support
maintenance activities. Radiation transport and activation calculations using state-of-the-
art codes and cross-section data were performed to assess the shielding performance of
the ITER shielding blanket and vacuum vessel and structural assemblies, including the
vertical, equatorial, and divertor ports, to estimate radiation conditions and expected
nuclear responses in reactor vessel components. Analyses focused on

• optimizing reactor shield structures;
• minimizing the nuclear heating in the superconducting components and dose
rates at locations where hands-on maintenance is required from neutron
streaming through major penetrations in the blanket and vacuum vessel and
through diagnostic systems;
• assessing the impact of port-to-port interference;
• determining neutron and gamma-ray flux distributions and nuclear energy
release in reactor components during operation and after shutdown;
• neutron transmutation reactions and radionuclide and gas production in
structural materials, water coolant, plasma facing materials and at locations
where rewelding is required;
• residual gamma-ray and dose rate distributions in different parts of the
reactor as a function of time after shutdown for different operation scenarios.

Design data and recommendations for improving shielding efficiency for reducing
nuclear responses were provided to designers. These included defining the shielding
efficiency of the blanket, vacuum vessel and vertical, equatorial, and diagnostic port walls
as a function of steel-water volume fractions. Stainless-steel with high boron content (2
wt%) was recommended for the non-structural shielding elements in the vacuum vessel to
reduce the nuclear heating in the toroidal magnets by 2-2.5 times. Structural material
tailoring was investigated and allowable impurity levels (Co, B, Nb-content for the steel
structural elements and vacuum vessel bulk shield to reduce He production and long term
activity) were recommended for steel. Borating the biological shield concrete (-0.1
g/cm^) reduced dose rates outside the cryostat by factors of 2-3 which is important for
maintenance considerations.

The reliability of radiation transport codes, nuclear data and calculation models and
methods, combined with benchmark measurements using 14.1-MeV neutron sources and
supporting analyses established the reliability of design calculations. Calculations of the
residual gamma-ray dose rate distributions inside the cryostat in cryogenic elements for
different port configurations are characterized by uncertainties of factor of -1.5 to 2 due
mainly to the uncertainties in the reactor operation scenario.
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Design calculations have determined that the total heating rate in the toroidal field
(TF) coils will be -7.5 kW with the main contributions arising from 16N decay gamma-
radiation from activated cooling water flowing through piping in the upper and equatorial
ports, heating in the inboard TF coil legs, leakage through the vertical and divertor ports.
Not included in this values is the contribution from radiation leaking through the vertical
diagnostic ports. The total nuclear heating in the poloidal field coils from all sources is
-1.3 kW.

Present estimates of the nuclear heating in the toroidal field coils are a factor of two
lower than the GDRD recommended value giving a reasonable safety margin. Design
problems relating to the diagnostic ports and the NBI ducts continue to be investigated.
The values to be determined (vertical diagnostic ports and equatorial port diagnostic
systems) are expected to also be small, so there is no reason to expect any difficulties in
operating these cryogenic components from a neutronics point-of-view. The specific
nuclear heating in the poloidal field coils is small and within the GDRD specification of 1
mW cm~3.

Neutrons also activate the reactor components during operation producing
radioisotopes that decay by gamma-ray emission. It has been shown that shutdown dose
rate inside the cryostat is approximately proportional to the fast neutron flux during
operation. Dose rates at two weeks after shutdown (BPP) at locations around the
vertical, equatorial, and divertor ports where hands-on maintenance is expected to be
performed are sufficiently low (100-300 jiSvh) at the croystat boundary to permit
controlled access for repair work activities.
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It is inherent safety that fusion power does not increase like a chain reaction but is self-
bounded by physical limits like the (3-Iimit. Fusion reaction can be easily terminated if
necessary. On the other hand, the next experimental fusion machine has a large fusion power
which is compatible with a commercial power plant. In this sense, it is important to confirm its
safety by considering the plasma behavior. This study presents a plasma-safety assessment
model to simulate plasma transients and discusses safety analyses of the International
Thermonuclear Experimental Reactor (ITER).

A plasma-safety assessment model has been developed, which bounds plasma
dynamics for safety analyses [1]. In the model, some physical limits, e.g. p-limit (Troyon
limit) and density limit (Borrass and Greenwald limits) and threshold power of H-L
confinement mode transition were set for safety studies on the basis of the 1TER plasma physics
reference so that the plasma would be optimistically operated; in other words, the operation
could be at a severe condition for the in-vessel components. For example, the p-limit was set
higher than the reference data by 50% and the density limit was twice the reference judging
from tokamak experimental data. The threshold power of H-L confinement mode was set 50%
lower than the reference data so as to maintain the H-mode confinement as long as possible.
Furthermore, a transition model of divertor plasma for detached/attached states was also
provided in the model to consider a severe heat flux condition during plasma transients [2].

The plasma-safety assessment model has been installed in a safety analysis code
(SAFALY) consisting of the plasma dynamics model and thermal behavior model of in-vessel
components [3]. A zero-dimensional model was adopted which takes account of energy and
particle conservation. The energy conservation treats ions and electrons separately and the
particle conservation includes fuel ions, alpha-particles and impurity ions. Uncertainties arising
from the plasma physics can be covered by a parameter survey using the adaptability of the
code. For the thermal behavior of the in-vessel components, a one-dimensional time-dependent
model was adopted in the radial direction of the structures, emphasizing the adaptability. To
obtain the temperature distribution in the poloidal direction, the structures can be divided into 20
calculation regions and radiation between the surface of each region can also be considered.
Furthermore, melting and evaporation (sublimation) of plasma facing material can be taken into
account. Each coolant channel is treated as a constant convective boundary during the steady
state, which can simulate the changes of the heat transfer coefficient and temperature during
hydraulic accidents using other data. SAFALY can also treat impurity transport from plasma
facing components by a simplified model with a transport probability from the wall into the
main plasma through the scrape-off layer (SOL) and a time delay due to the transport.

Some postulated initiating events leading to overpower in ITER were selected, and the
plasma and in-vessel components behaviors were calculated on the assumption of a combined
failure of plasma control and machine interlock in addition with the initiating events. In case of
overfueling by a factor of 2.2, which was found by a pre-parameter study for leading to the
maximum fusion power, the fusion power reaches the maximum of 3.1 GW at 24 s. During
the overpower transient, the heat flux to the divertor target increases to 17 MW/m2 under the

detached state before 20 s. Thereafter, the divertor plasma changes to the attached state and the
heat flux jumps to 31 MW/m^. Sublimated impurities (carbon) poison the main plasma and
fusion power is terminated by exceeding the density limit. In case of a sudden injection of 100
MW of auxiliary heating, the divertor plasma transits immediately to the attached state. After
that, plasma burn is terminated due to impurity ingress from the target plate. In case of
confinement improvement by a factor of 2, fusion power reaches 3.3 GW and plasma burning
terminates at 3.5 s due to the P-limit. Attached divertor state transitions may lead to dry out of
the coolant for high heat flux components. This may lead to coolant pipe damage and in-vessel
coolant leaks. However, effects of the aggravating failure of the divertor will be safely handled
by the confinement boundary, the vacuum vessel and its pressure suppression system.
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ITER Safety Relevance and Implications

The combined use of beryllium as plasma facing material and water as coolant
in ITER (International Thermonuclear Experimental Reactor) poses the potential risk of
significant hydrogen production under accident conditions.
Relevant events are Loss of Flow Accidents or ex-vessel Loss of Coolant Accidents
with ongoing plasma burn where the reduced cooling can hinder thermal relaxation of
the overheated PFC. Impurity influx from the hot FW (first wall) will eventually cause
passive plasma shutdown once the FW reaches about 1150°C. Assuming a subsequent
in-vessel steam ingress can cause production of about 10 kg of hydrogen.

For longer terms accidents, the concern is the ability of the ITER design to
remove the decay heat in the FW/shield and still remain below the 450-500°C
temperature limit. These conditions are met for a number of different accident
conditions because of the natural circulation ability of the vacuum vessel cooling
system.

On-Going R&D

The beryllium/steam reaction rate is a strong function of temperature and the
physical form and microstructure of the beryllium. On-going ITER safety R&D is
being performed at several different institutions worldwide to understand the
beryllium/steam and beryllium/air interactions for the ITER design. Modeling of
accident sequences is underway in the ITER JCT, US and Europe to determine the
magnitude of the chemical reactivity problem for the ITER design.

The INEEL has tested several forms of beryllium in steam, including fully
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dense powder metallurgy product (irradiated and non-irradiated), plasma-sprayed, and
porous. A system named the Steam Reactivity Measurement System was developed to
measure the chemical reactivity of plasma facing materials at elevated temperatures, as
well as to measure tritium release in the case of irradiated beryllium, with the goal of
improving detection limits relative to existing facilities. In each beryllium chemical
reactivity test series, hydrogen production was measured by weight gain as well as with
a mass spectrometer to increase confidence in the data.

The INEEL also measured the effective surface area of the beryllium using a
gas adsorption method, providing unique insights into the effect of surface area on the
chemical reactivity of beryllium. The difference in chemical reactivity between the
various types of beryllium can be partially explained by the surface area available to
react with the steam.

At VNUNM, beryllium chemical reactivity with air and steam is measured at
high temperatures. Samples of dense and porous beryllium, as well as of beryllium
powders of different particle size, including ultra-fine ones, have been produced and
their chemical reactivity has been measured. Mathematical models for chemical
interaction of dense and porous beryllium as well as of beryllium powder with air were
developed on the basis of these experiments.

At the KNNC, a facility was constructed to measure the chemical reactivity of
heated specimens consisting of a layer of beryllium, copper, and steel (fabricated at the
Kazakstan Beryllium Plant) to simulate the ITER first wall/blanket/shield structure. The
objective is to validate computer models used in ITER safety analysis. Tests will be
conducted with various temperature gradients through the structure to simulate thermal
conditions in the ITER blanket under accident conditions. A set of experiments are
being carried out at the KNNC to measure beryllium emissivity under various accident
conditions. Tests will be conducted up to a specimen temperature of 1100°C.

Modeling Efforts

Sophisticated thermal hydraulic computer codes (e.g. MELCOR, INTRA and
CHEMCON) are used to predict the thermal response of the ITER first wall under
accident conditions. The codes use the reaction rates determined from the on-going
R&D and apply appropriate safety factors to account for experimental uncertainties and
lack of a complete database. These codes determine the ability of the ITER design to
remove the chemical energy generated by the Be-steam or Be-air reactions by
convection, conduction and radiation to cooler parts of the machine. These analytic
tools have been used to optimize the design from a chemical energy removal standpoint
and thus prevent Be-steam and Be-air interactions from becoming a serious safety
problem in ITER. Future efforts will focus on verification and validation of the models
in these computer codes using the results of the experiments being performed at KNNC
as part of the overall regulatory approval process.
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The International Thermonuclear Experimental Reactor (TTER) is a tokamak design with a
Central Solenoid (CS) that has a bore diameter of 3.8 m and height of about 12 m [1]. It will
operate at 42 kA with a maximum magnetic field of 13 T. The conductor is a round cable of
about 1100 Nb3Sn superconducting strands within a heavy-walled Incoloy 908 jacket with a
square outer section (about 5 cm x 5 cm). Three grades of conductor are used and the conductor
is layer wound, four-in-hand, to limit the maximum cooling path length to about 1000 m. An
extensive R&D effort has been underway that focuses on superconductor development and the
construction and test of a Model Coil for the CS (CSMC).

The CSMC has a bore diameter of 1.58 m and is designed for 13 T and an operating
current of 46 kA. It uses two grades of conductor similar to those for the full scale coil and is
layer wound, two-in-hand. A primary goal is the development and evaluation of fabrication
techniques for the full scale coil. Selected alternative processes are being pursued by fabricating
the CSMC in two modules by the Home Teams in Japan (JAHT) and the US (USHT). The two
modules will then be assembled and operated with replaceable insert coils to validate conductor
design criteria and investigate performance margins [2].

The jacket material for the CS and CSMC conductors is Incoloy 908. The use of this
material provides better critical properties for the reacted Nb3Sn conductor than if stainless steel
were used. Incoloy 908 also retains excellent mechanical properties after the Nb3Sn reaction
process, which must be specified and controlled to avoid SAGBO (stress assisted grain
boundary oxidation) in the Incoloy. SAGBO is a characteristic of high nickel content
superalloys that experience precipitation hardening and a significant effort in the model coil
program was directed at developing the procedures, then demonstrating the prevention of
SAGBO during CSMC manufacture, which necessarily involves a heat treatment to form the
Nb3Sn [3].

About 25 t of Nb3Sn strand (approx. 0.8 mm diameter) for the CSMC has been
manufactured by 6 companies and cabled (about 1100 strands per cable) by 4 companies, in
recognition of the need to develop multiple strand suppliers for the ITER full-scale coil
requirements. About 6000 m of heavy walled, square Incoloy 908 jacket material from the
USHT, as well as cabled superconductor from the European Union (EUHT), JAHT and USHT
were supplied to the EUHT for jacketing. The jacket was delivered in lengths of 8-10 m and
was butt welded to obtain the required lengths of up to 220 m. The finished cable was then
pulled into the jacket and the subassembly was rolled to compact the inner diameter around the
cable and control the final void fraction for helium access to the superconductor strands in the
cross section. All of the cables for the 18 layers of the CSMC have been jacketed by the EUHT
and supplied to the JAHT and the USHT, who have responsibility for fabrication of the outer
and inner modules of the CSMC, respectively.

The winding and heat treatment of all layers of the CSMC has been completed, turn
insulation is complete on over half of the layers, and layer on layer assembly of the Inner and
Outer Modules has started in both the JAHT and USHT. The modules are scheduled for
completion in 1998 [2], to be followed by installation in the test facility and testing.

The ITER collaboration in the Central Solenoid Model Coil program to date has resulted
in the following:

-Production and cabling of 25 t of Nb3Sn superconducting strand by multiple companies world
wide, to an ITER specification
-Manufacture of about 6000 m of Incoloy jacket material for CS conductor
-Fabrication of the CSMC conductors using a pull-through, roll down technique
-Demonstration of two in hand winding technology
-Development of two types of joints for superconducting coils with large scale conductors
-Development and demonstration of a wind, react, insulate and transfer fabrication technique
compatible with use of an Incoloy jacketed Nt»3Sn conductor
-Demonstration of two significantly different approaches to layer on layer assembly for the CS
for the two modules comprising the CSMC

The CS Model Coil program has achieved several technical milestones to date and has
demonstrated a multiple Party collaboration in the design and fabrication phases. It will continue
through the delivery of the modules and associated structures to the Japan Atomic Energy
Research Institute, Naka, where it will be installed and tested. The testing program will also be
an international collaboration and is expected to span about 1.5 years.
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The primary purpose of the International Thermonuclear Experimental Reactor
(ITER) Central Solenoid Model Coil (CSMC) [1] is to drive conductor development
and demonstrate Central Solenoid (CS) manufacturing feasibility based on the full-scale
coil requirements. The CSMC is being fabricated by the Japanese Home Team (JAHT)
and United States Home Team (USHT) and is designed to accept replaceable insert
coils, hence, conductor performance at full-scale operating conditions will be
demonstrated with these coils tested within the bore of the CSMC at magnetic fields up
to 13 T.

Two insert coils will be made by the JAHT: one, the CS insert coil, is based on a
NbsSn, CS type of conductor and the other on a Nb3Al conductor with potential
applicability to the ITER toroidal field (TF) coils. The third is the TF insert coil which is
based on the ITER TF conductor and will be made by the Russian Federation Home
Team (RFHT).

The Nb3Sn conductor for the CS insert coil was jacketed by the European Home
Team (EUHT) as part of the CSMC conductor jacketing program. As of March, 98
winding of the single layer CS Insert has been completed by the JAHT and forming of
terminations is underway. This insert will be the first to be tested and will be delivered
in 1998 for assembly and installation with the CSMC in the test facility at the Japan
Atomic Energy Research Institute (JAERI), Naka.

Nb3Al strand production is complete and the cable has been manufactured for the
Nt>3Al insert coil. A 150 m dummy conductor has been completed and a winding trial
using the dummy is underway. The insert fabrication will start in 1998.

Nb3Sn strand production for the TF insert coil has been completed by the RFHT. It
will be cabled, then inserted and compacted in a thin walled, circular, Incoloy 908
conductor jacket provided by the USHT. This jacket was supplied in lengths up to 10 m
and will be butt welded on a jacketing line set up by the RFHT. The jacketing line has
already been used to apply an Incoloy jacket to an 860 m long dummy cable provided
by the JAHT, as a demonstration of the ability to perform a pull-through and
compaction jacketing process on a conductor of full scale cross-section and a length
close to that required for ITER. Part of the dummy conductor will be used by the RFHT
in winding trials for the TF insert coil and part will be used by the EUHT in the ITER
TF Model Coil program to demonstrate wind, react, insulate and transfer technology for
a section of a TF coil model [2].

The CSMC test facility has the capability to provide pulsed operation to allow
investigation of CSMC and insert coil performance consistent with the ITER full-scale
coil requirements and conductor design criteria. For example, the full-scale CS will
experience field discharge rates as high as -1.2 T/s for several seconds and field change
rates of about 0.3 T/s for relatively long durations. One of the power supplies available
at the JAERI test facility will allow field change rates up to + 0.4 T/s or - 0.7 T/s. The
faster negative discharge rate of-1.2 T/s is associated with plasma initiation in the full-
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scale system and will be achieved in the test by a fast discharge through a resistive load.
Another power supply has the capability to pulse the CSMC and/or insert coil up to 13
T at a maximum field change rate up to 2 T/s, which substantially exceeds the ITER
requirement and design criteria for the CSMC, but will be useful in determining design
margin and operational limits.

Some of the features of the CSMC and insert testing program are as follows:

Category
Electromagnetic

Cryogenic

Feature
Produce 13 T peak field in DC and ramp mode consistent with HER CS
operation, with peak current of 46 kA. Charge CS insert to 40-kA current
at 13 T in the reverse mode.
Demonstrate low AC loss in the conductor
Operate in stable mode and continuously in ITER operation mode

Demonstrate operational temperature margin of 2 K in the ITER scenario
simulation
Withstand high-voltage discharge in ITER simulated discharge mode,
including 5-s detection time
Demonstrate stable operation of leads and joints

Determine operation margins of leads and joints

Helium leakage at operating conditions < 10"* mbar*L/s
Cool from room temperature to operating temperature in 480 h
Warm up from operating temperature to room temperature in 480 h

The test facility at JAERI is essentially complete. The CSMC modules, structures,
superconducting buswork and first insert coil are scheduled to arrive in 1998. The
testing program involving the CSMC and three insert coils is then expected to require
about 1.5 years and will be a collaborative effort among the four Home Teams.
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The ITER Tokamak is designed as a fusion reactor, capable of confining and driving
ignited plasmas for >1000s. To achieve this, it makes use of a superconducting coil system with
a total stored magnetic energy >120 GJ and fields up to 13T. The 20 Toroidal Field Coils have
each external dimensions of about 18m x 12m and weigh about 700t. The ITER TF Model Coil
(TFMC) weighs about 35t, contains energy of 61 MJ at a current of 70 kA and will investigate
the manufacturing issues associated with the winding pack design and test the operational
reliability under representative stress conditions. The TFMC conductor is designed for full TF
Coil current operation (60 kA) but medium field (<1 IT). There is some capacity for overcurrent
(70 kA) in the conductor which will allow representative Lorentz forces to be achieved on the
cable. The TF conductor itself will be fully tested under pulsed high field conditions up to 13T
using an insert coil for the Central Solenoid (CS) Model Coil.

A cable-in-conduit type Nb3Sn superconducting cable is enclosed in a thin (2 mm)
circular jacket. The 60 kA conductor contains approximately 1000 Nb3Sn strands which are
cabled around a central cooling channel. It is enclosed in a spiral groove on each side of a 'radial
plate' to form a double pancake, in an oval shape with external dimensions 3m x 4m. The
conductor is surrounded by insulation in the groove and each double pancake (DP) has its own
insulation. It is wound as two single pancakes, with a joint on the inside and another joint,
between DP, on the outside, both in the same straight leg of the oval. Five DPs are then stacked
together to form the winding pack. The winding pack is finally sealed inside a case. The coil will
be tested alongside the Euratom LCT Coil (to provide an out of plane force system) in the Toska
Facility at FzK Karlsruhe.

The objectives of the TFMC programme are as follows:
a) to develop and verify the full scale TF coil manufacturing techniques, in particular the

following features:
-plate manufacturing (forming the grooves)
-fitting the conductor in the groove after heat treatment and insulation (i.e. predictable

geometry change)
-closing the groove with a cover plate and plate insulation
-fitting the winding into the case, gap filling and case closure

b) to establish realistic manufacturing tolerances
c) to bench-mark methods for the ITER TF coil acceptance tests, including insulation and

impregnation process monitoring, welding quality of closure welds for cover plates and
case, and joint electrical quality

d) to gain information on the coil's mechanical behaviour, operating margins and in-service
monitoring techniques, particularly for the insulation quality over fatigue cycles

The fabrication routes used for the TFMC radial plates and case are not completely
representative of methods that must be used for the full size coils. In the full size coil, the radial
plates are much larger and must be fabricated in sections and welded, rather than forged as a
single oval plate. The sections in the full size coil case are thicker (up to about 20 cm instead of
8cm) and weld distortion issues become more severe. The subcomponent size is limited by
forging capabilities and the full size case requires many more assembly welds than the TFMC.

To resolve these issues, a programme for fabrication of full size sections of the TF coil
case has been defined, consisting of three main actions:
i) full scale complete cross-section of two portions of the case, each weighing about 20t.

These are representative of the 6-7 poloidal sections that will be butt welded together to
form the case,

ii) 180 degree section of full scale radial plate.

iii) one-tenth scale mock-up of case, to determine possible locations of the final weld to
close the case after insertion of the winding pack.

The first of the full scale sections will be forged as a hollow square tube, bent to the
required curvature and then cut into two sections, followed by machining, to allow winding
pack insertion. This method can be applied to sections up to lOOt in weight and appears the
most efficient for full size coil fabrication. Options including section welding and casting are
being evaluated for the second section. Welding trials are underway with welding of coupons to
determine suitable welding procedures and fillers to give the required material performance.
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The ITER vacuum vessel is designed to be a water cooled, double-walled structure with
a D-shaped cross-section approximately 9 m in radial width and 15 m in vertical height. Since
the vessel forms the first radioactivity confinement barrier for the reactor, the vacuum vessel
must be designed to withstand the electromagnetic loads during plasma disruptions and vertical
displacement events (VDE) and to withstand design basis accidents and off-normal events
without losing confinement. The vacuum vessel is divided toroidally into 20 sectors which are
joined by field welding at the central plane of the ports during initial assembly. According to
this design requirement, the fabrication tolerances for the vessel sector height and width are
specified to be ± 20 mm, and ± 5 mm for the sector wall thickness [1]. Due to large size and
tight manufacturing tolerances for assembly, the fabrication and testing of prototype vacuum
vessel was essential for the development of ITER vacuum vessel. To meet the requirement, the
Full-scale Sector Model Project [2] has been initiated in 1995 as one of the Seven ITER Large
R&D Project and the related activities are in progress with the joint effort of the ITER Joint
Central Team, the Japanese, United State and Russian Home Teams. The major technical
objectives of the project are, 1) to develop and demonstrate the fabrication technologies of
double-walled ITER vacuum vessel, 2) to perform the testing of a full-scale sector for the
validation of structural integrity, and 3) first demonstration test of field joint welding between
sectors. The full-scale sector corresponds to an 18° toroidal sector made of stainless steel
316L+N, is composed of two 9° sectors, Sector-A and B, which are spliced and welded at the
port center according to the current ITER design. In order to satisfy tight manufacturing
tolerances and structural integrity, a combination of TIG/EB welding and TIG/MIG welding has
been adopted for Sector-A and B, respectively.

As shown in Fig. 1 and Fig. 2, the fabrication of full-scale sector, Sector-A and B, has
been successfully completed in September 1997. Although the different fabrication procedures
and welding techniques were employed for the fabrication, both sectors have successfully
satisfied the dimensional accuracy of within ± 3 mm to the total height, total width and total wall
thickness. Both sectors were shipped to the test site in JAERI and the integration test is now in
progress. The integration test of two half sectors involves the adjustment of field joints,
automatic Narrow Gap (NG)-TIG welding of field joints with splice plates, and inspection of
the joint by ultrasonic testing, which are required for the initial assembly of ITER vacuum
vessel. This first demonstration of field joint welding and performance test on the mechanical
characteristics are scheduled until the end of ITER-Engineering Design Activity (EDA). In
addition to these tests, the integration with the mid plane port extension being fabricated by the
Russian Home Team, and the cutting and re-welding test of field joints by using full-remotized
welding and cutting system developed by the US Home Team, are planned as post EDA
activities.
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The L-4 blanket project encompasses all relevant R&D activities which should finally
assess the manufacturing feasibility, the performances and the integration of the most important
components of the ITER blanket system. The project has been conducted as a collaborative
effort between the ITER JCT and the Home Teams of Europe, Japan, Russian Federation and
United States, who have involved research laboratories and industries.

An extensive R&D effort has been devoted to the selection, development and
characterisation (also after irradiation) of the materials and the joining techniques which are
used for the manufacturing of the prototypes and afterwards of the real components. The
selected materials are: Stainless steel 316 LN IG (ITER grade) for the main structural parts,
Dispersion Strengthened copper Glidcop A125-IG and precipitation hardened CuCrZr IG for
the heat sink part of the FW, Beryllium (S65C) as armour material for most of the first wall,
Tungsten or the alloy (W-l%La2O3) as armour for the lower baffle. Additional special fitting
materials (Inconel 718, Titanium Ti-6A1-4V alloy) and coatings have been characterised for the
mechanical attachment system.

The neutronics performance of the shield blanket has been validated by experiments
undertaken on mock-ups of bulk shield and toroidal field coils and of shield with gaps. The
reliability of MCNP computer code predictions, and the adequacy of FENDL-1 nuclear data,
which are the reference tools for the ITER design have been assessed.

Several small and medium scale mock-ups of the modules (primary, limiter and baffle)
have been manufactured and tested (see for example the FW mock-up in Fig. 1). As a result of
this R&D solid to solid HIP (Hot Isostatic Pressing) has been selected as the main
manufacturing technology of the FW structural part and its final assembly with the shield block
of the modules. Powder HIP or alternatively forge/drilling are instead used for the massive
shield block. HIP and a special amorphous fast brazing technique have been developed for
joining the Be armour to the FW wall. Mechanical tests have demonstrated the good
manufacturing quality of all the parts (joint robustness, tolerances, absence of unacceptable
defects) and thermomechanical tests have demonstrated the capability of the FW to withstand
the design loads with good engineering margins.

In parallel key parts of the module attachment system to the back-plate have been
manufactured and tested. An assembly test stand has been constructed, and preliminary tests
with dummy modules and prototypical attachment components and tools have commenced. The
activity includes the bolting and unbolting of the modules and cutting and re-welding of the
coolant connections using special tools acting through 3 cm front access holes.

One of the main goals of the L-4 project is to manufacture prototypes of each key
components as the final assessment of the manufacturing feasibility. Two prototypes of
Primary Wall Modules are under construction. The first one (#8 see Fig. 2) is representative of
a single curvature module, and has been completed with the exception of the beryllium
protection. Its shield block was manufactured by drilling the coolant channels into a forged
steel block, and subsequent bending to obtain the correct curvature. The prefabricated First
Wall components were then assembled by solid HIP in a single step. The manufacture of the

second one (#11) which has a double curvature shape is in progress. Its shield block will be
manufactured by powder HIP, and the First Wall components including the beryllium
protection will be added by solid HIP but in several steps. It is planned that these prototypes
will be integrated with the prototype of a back-plate sector in a final assembly test and
afterwards undergo to destructive examinations.

Two near full size prototypical mock-ups of the baffle FW are also under fabrication,
one of which will be equipped with beryllium armour, while the second one will include both
tungsten and CFC armour subcomponents. Finally a back-plate demonstrator is being built to
validate all manufacturing processes and procedures required for manufacturing in a second
stage a full scale sector prototype. The demonstrator has all the design features of the back plate
i.e. all structural connections between the two shells, reinforcing pegs, flexible housing, central
pins, coolant flow ribs, and provisions for the hydraulic connections.

Fig. 1. LP-4 EUHT Primary FW Mock-up with Beryllium tiles

Fig. 2. JAHT Primary Wall Module #8 Manufacturing
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The ITER divertor is a 15001 assembly of 60 separate modules or "cassettes".
Segmentation in this way facilitates the rapid exchange of a divertor in the vacuum vessel. A
cassette is based on a stainless steel body which performs several functions: it contributes to
the neutron shielding of the magnets, it allows helium ash and other impurities to be pumped
away through pumping ducts incorporated in the body, and it both mechanically supports and
provides a path for cooling the plasma facing components (PFCs).

A steady state heat flux to the targets of up to 10 MW/m2 at the strike point is
anticipated. In addition, occasional slow transients are expected to deposit up to 20 MW/m2

for as long as 10 s on to the target plates. Finally, the design assumes 10% of the pulses will
end in disruption, depositing 100 MJ/m2 in 1-10 ms on PFCs. The entire cassette assembly
must be capable of withstanding the thermal loads from the plasma and from the neutron flux,
and the loads generated by electromagnetic forces. Since the flux strikes the target plates at a
glancing angle, cassettes must be accurately aligned in order to avoid steps which would
produce high heat flux zones, such as would occur when leading edges were exposed to the
plasma. The divertor is required to sustain 104 pulses of 1000s duration during the Basic
Performance Phase of ITER, with up to three replacements of the PFCs. The divertor design
that meets these requirements is described in other recent papers [1,2].

The divertor "Large Project" was conceived with the aim of demonstrating the feasibility
of meeting the life-time requirements outlined above by employing the candidate armour
materials of beryllium, tungsten and carbon-fibre-composite (CfC) [3]. At the time there
existed only limited experience of constructing water-cooled high heat flux armoured
components for tokamaks, and to this was added the complication posed by the need to use a
silver-free joining technique that avoids the transmutation of n-irradiated silver to cadmium,
which is unacceptable from the ultra-high vacuum viewpoint. The R&D project involving the
four Home Teams has focused on the design, development, manufacture and testing of full-
scale PFCs suitable for ITER. The task addresses all the interconnected issues facing ITER
divertor design, such as providing adequate armour erosion lifetime, meeting the required
armour-heat sink joint lifetime and heat sink fatigue life, sustaining thermal-hydraulic and
electro-mechanical loads, and all this while seeking to identify the most cost-effective
manufacturing options.

The paper reports on the progress made by the four Home Teams in the building and
testing of components in existing high heat flux facilities. The study and evaluation of plasma
materials interactions has been supported by all four parties, giving input on armour erosion
rates and the level of tritium expected to be retained by the armour materials. Each party has
fabricated and tested thermal hydraulic design options, with high heat flux capability, that
meet the ITER divertor requirements. The results of testing on small and medium scale
armoured mock-ups have shown:
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• that the European Home Team proposal, selected as the ITER reference design
for the region of the strike point, using CfC monoblocks joined to the copper alloy tube
via a cast, pure copper layer and a silver-free braze joint, can sustain 1000 cyclic loads
of > 20 MW/m2;

• that the Japanese Home Team CfC
saddleblock Cu-Mn brazed to a Cu alloy
heat sink and selected as a back-up to the
monoblock, can also sustain 1000 cycles
of 20 MW/m2;

• that a tungsten brush or tungsten lamellae
type structure with a cast, pure copper
interlayer which is either electron-beam
welded or brazed to a Cu alloy heat sink
can withstand 500-1000 cycles of > 10
MW/m2 (demonstrated by both the
European, Russian and United States
Home Teams);

• that Chemical Vapour Deposition (CVD)
coating of tungsten on CfC (Japanese
Home Team) and plasma spray tungsten
on Cu (European Home Team) can
survive ~ 1000 cycles of > 5 MW/m2;

• that beryllium tiles brazed to a Cu alloy
substrate can survive 1000 cycles of > 10
MW/m2 (Russian and United States
Home Teams).

Fig.l. Inboard vertical target mock-up
built by the Japanese Home Team.

Nearly all of the manufacturing processes have been demonstrated on full-scale
articles. The first full-scale PFCs to be completed were built in Japan and a one metre high
vertical target mock-up is illustrated in Fig. 1. The project will culminate in the high heat flux
testing of the full-scale armoured mock-ups. A cost effective approach of manufacturing the
cassette body mock-up using near finished shape, cast stainless steel blanks has been used. In
the spring of 1999, at Boeing St. Louis, PFC mock-ups manufactured by the JA and RF
Home Teams are scheduled to be installed on a partial cassette body built by the US.
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Remote maintenance is an essential technology of the International Thermonuclear
Experimental Reactor (HER) since in-vessel components such as blanket are scheduled to be
replaced remotely. A modular type blanket structure is adopted in the ITER design to facilitate
remote maintainability. This requires reliable remote operations to handle the blanket module
with a dead weight of around 4 ton precisely within a limited in-vessel region. For this, a
vehicle type maintenance system has been developed. This system consists of vehicle
manipulators working on a rail transporter formed into a toroidal structure in the in-vessel
region, resulting in stable handling of heavy component and quick maintenance in parallel
operations of manipulators.

According to the ITER R&D program, prototypes of vehicle manipulator [1] and rail
transporter [2] were fabricated and tested. As a result, the basic feasibility and applicability of
the vehicle type maintenance system have been verified. Following those prototype tests,
development of full-scale remote handling equipment and tools has been conducted as one of
the Seven Large R&D Project aiming at remote handling demonstration of the ITER blanket
module. In this development, the maintainability of the blanket module is tested in the blanket
test platform (BTP), which is installed at the Japan Atomic Energy Research Institute (JAERI),
by the joint efforts of the Japan and EU home teams in a close collaboration with the JTER Joint
Central Team.

Figure 1 represents an overall layout of the BTP which is composed of full-scale remote
handling equipment and tools developed for blanket module maintenance, and mockup
structures to reproduce the ITER physical environment. The main components of the BTP are
summarized in Table 1. Fabrication of these components excepts the port handling equipment
were completed, including pre-assembly and functional tests on driving mechanisms and
kinematics. The test results have shown that the fabricated equipment and tools satisfy the
blanket maintenance requirements. Figure 2 shows the installation of the fabricated equipment
and mockup structures to construct the BTP in the JAERI's experimental building. The BTP is
scheduled to be completed by the middle of February, 1998 and thereafter the integrated
performance test is conducted to demonstrate the blanket module replacement according to the
ITER maintenance scenario.

Table 1 Main Components of Blanket Test Platform
In-vessel module
handling equipment

Ex-vessel module
handling equipment

Port handling equipment

Auxiliary tools

Mockup structures
Test and measurement

• Vehicle manipulator with a payload capacity of 4 ton
• Rail transporter to cover 180-degree in-vessel region
• Rail deployment/storage and supports
• Receiver to receive/supply blanket module from/to
manipulator
• Radial transporter to transport blanket module through port
• Shield plug handling equipment (developed by EU Home
Team)
• Welding/cutting tools of cooling pipes
• Weld inspection and leak detection tools of pipe welding joint
• Maintenance ports and dummy blanket modules
• Sensors, data acquisition/control and computer simulation

Cooling manifold

* Rail deployment
and storage

Fig. 1. Overall Layout of Blanket Test Platform

Fig. 2. Installation of Blanket Test Platform
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Remote replacement of the FTER divertor will be required several times during the
life of ITER because of failure, erosion of the armour or in order to install alternative
divertor geometries.

To facilitate the regular exchange of the divertor, it is assembled in the ITER
vacuum vessel in 60 segments, each segment or cassette being introduced into the
vessel through one of four equispaced handling ports. Of the 15 cassettes installed
through each port, 12 are standard cassettes, two are so-called 'second' cassettes,
incorporating some diagnostics and positioned one either side of a 'central' cassette,
and a central cassette located directly in front of the handling port. Radial movers
transport each cassette along radial rails through the handling ports and into the vessel
where a toroidal mover lifts and transports the cassette around a pair of toroidal rails to
its designated position. To do so, the toroidal mover inserts, between the toroidal rail
and the cassette bottom, two forks which include a set of wheels and jacks to lift the
cassette by a few mm. The toroidal mover is equipped with motor driven pinions
operating against racks on the rails to index the cassette around the vessel. Once at its
final position the cassette is locked to the toroidal rails such that it can sustain the off-
normal electro-magnetic loads and is accurately aligned in both poloidal and toroidal
directions. The transport between the vessel and the hot-cell for refurbishment is
performed using a transfer cask with a double door which ensures the reactor and the
cask remain closed during removal of the cask to the hot cell.

So fundamental is the maintainability of the diyertor to the successful operation of
lTJbSR that an R&D project was conceived that is aimed at demonstrating the reliable
remote handling (including locking to the rails, pipe cutting and welding, as well as
primary closure plate handling) of the cassettes. The facility (Divertor Test Platform:
see Fig. 1) is being used to evaluate equipment and procedures, maintenance times, and
rescue scenarios. A separate sub-task of the project is to evaluate the selection of
materials to be in contact in moving parts.

198

A further requirement on the divertor is to minimise the amount of activated waste
to be sent to a repository. To this ends a second element of the R&D project addresses
the remote replacement of plasma facing components, thus allowing the cassette bodies
(~ 1000 tonnes of steel) to be used for the entire lifetime of ITER.

The paper describes the scale one maintenance facility built at ENEA,
Brasimone, Italy, where EU supplied handling equipment for the standard and second
cassettes and JA supplied equipment for the central cassettes are under test. A second
facility (also sited at Brasimone) is described, which simulates the hot cell and tests
cassette refurbishment operations. Finally, a third facility built at JAERI, Japan, is
described. This includes a second cassette carrier able, using bi-directional forks using
wheels and electro-mechanical lifting systems, to handle either the right or the left hand
side second cassette, a transfer cask mock-up as well as a double door.

Fig. 1. Divertor Test Platform (DTP) located at ENEA Brasimone (Italy)

The above picture shows the Divertor Test Platform (DTP) fully assembled,
representing a partial mock-up of the bottom part of the vacuum vessel, and in
particular: 4 access ports and their related radial rails for the introduction of the
cassettes, 2 toroidal rails for the handling and positioning of the cassettes inside the
vacuum-vessel, the cassette toroidal mover handling a cassette mock-up up to the RH
port where a radial carrier pulled by a tractor will remove it from the vessel.
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For the present moment the austenite steels, vanadium alloys, copper alloys, graphite,
molybdenum, tungsten and beryllium are considered to be prospective materials for bearing
structure, plasma facing components and neutron multiplier of fusion reactors. Investigations,
being carrying out within the frameworks of ITER project in Republic of Kazakhstan, were
oriented onto the study of hydrogen isotope behavior in the components of the first wall and
divertor in the conditions, approximately simulating the real conditions of materials operation
and as well as in the emergency situation of water steam interaction with the beryllium armor
of the first wall in the case of coolant loss accidents. The main goal of the works -
substantiation of ITER reactor safety.

The works on ITER project in Kazakstan are being carried out pursuant to ihe
following main directions, main part of which is the continuation of the works, stated in [1].

• Investigation of physical and mechanical properties of beryllium samples, irradiated in BN-
350 reactor up to .high destructive doses (MAEK).

• Development of technology of diffusion welding and brazing of beryllium with copper and
copper with stainless steel; manufacturing of Be/Cu mock-ups (JSC «UMZ»).

• Testing of technology and manufacturing of black body mock-ups for the experiments on
measurement of beryllium surface blackness degree in various accidents.

• Investigation of mock-ups of the first wall armor, feeing to plasma, in the water steam
atmosphere to verify computer codes of loss of coolant accident modeling in ITER reactor
(Atomic Energy Institute NNC RK). [2]

• Investigation of beryllium emissivity and transition processes on the overheated surface as
well as the oxidation level of beryllium surface (Atomic Energy Institute NNC RK).

• Investigation of the parameters of equilibrium and non-equilibrium hydrogen interaction
with beryllium and vanadium alloy at the controlled variation of surface element
composition using Auger electron spectroscopy technique (NIIETF Kazakh State
University). [3]

• Investigations of gas release from the RG-T graphite samples irradiated in the atmosphere
of hydrogen in IVG.1M reactor (NIIETF Kazakh State University, Atomic Energy Institute
NNCRK)[4].

• Investigation of hydrogen isotopes retention and release from the beryllium samples of
various grades (EHP-56, MP-56, HP-56), irradiated in hydrogen and deuterium atmosphere
in 1VG. 1M and RA reactors (NIIETF Kazakh State University, Atomic Energy Institute
NNC RK) [5J. This activity was partly supported by IAEA contract.

• Investigation of hydrogen permeation of V-Cr4-Ti4 vanadium alloy, in-pile and out-pile
experiments, including the experiments with protective coatings (NIIETF Kazakh State
University, Atomic Energy Institute and Nuclear Physics Institute NNC RK).

• Investigation of hydrogen isotopes interaction with Be/Cu duplex structure and resputtered
beryllium layers (NIIETF Kazakh State University, Atomic Energy Institute and Nuclear
Physics Institute NNC RK). This activity was supported by the ISTC, K-40 Project.

Intended directions of investigations.

1. Carrying out the in-pile experiments to study the permeation of tritium, generated from
lithium-lead eutectic, through structural materials (low activated steels) with barrier layers
applicable to DEMO reactor (Supported by the ISTC, K-39 Project).

2. Development of nuclear physical diagnostics of ion fraction of fusion plasma and
substantiation of high-flux reactors use for its examination (Supported by the ISTC, K-39
Project).

3 . Carrying out the in-pile thermal physical experiments with beryllium pebbles for projected
breeder blanket.
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The insert coil to validate the performance of 100 m length of the full size
conductor with thin Incoloy 908 jacket for the Toroidal Field (TF) coils of
International Thermonuclear Experimental Reactor ( ITER ) under the
relevant conditions of magnetic field, field change, current density and
mechanical strain by testing in the ITER 13 T Central Solenoid Model Coil is
under design and development by cooperation of Russian scientific
institutions and industry in collaboration with the ITER Joint Central Team,
Japanese Home Team and the United States of America Home Team. The
paper describes the concept and the status of the TF conductor insert coil
design, manufacturing and tests, including construction of 1000m in length
pull-through ITER full size conductor jacketing line, 90 and 860m ITER full
size dummy conductor jacketing, production of It of niobium tin strands
meeting the ITER requirements, development of the technique and tooling to
realize the TF insert manufacturing with "wind-react-insulating-transfer"
method proposed for the ITER magnets fabrication, as well as development
of new Super High Frequency and Optic Fiber methods and instrumentation
for diagnostics and tests of the insert coil.
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ABSTRACT

Development of ITER plasma facing components such as a divertor and a

limiter is one of the most critical problem of the whole project.

Comprehensive calculational analysis of thermomechanical,

electrodynamical and hydraulic parameters of components was performed

on the basis of modern numerical codes. The main features of these codes

and results of calculation are described. The content of R&D activity is

defined by various works on selection of plasma facing materials,

development of the joining technology, the manufacturing and high heat

flux testing of different size divertor mock-ups. Experimental results on

such physical tasks as disruption simulation and hydrogen inventory

studies are also briefly reviewed. The participation of Russia in large R&D

project L4 and L5 is presented. Design of supplied components is

presented, technological steps during the manufacturing of these

components and some results on their acceptance testing are also

described.
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Introduction
Under the ITER R&D Task framework, we have conducted a series of experimental

measurements and analysis at Fusion Neutronics Source (FNS) Facility at JAERI, on various
neutronics issues addressed from the critical nuclear design of ITER. The experiments comprised
following items of (1) balk shielding of the ITER shield blanket configuration including the
superconducting magnet (SCM) layer, (2) gap streaming simulating a gap in two adjacent blanket
modules, (3) induced radioactivity in various candidate structural materials, (4) nuclear heating in
plasma facing structural materials. The objectives of Task are to validate nuclear data and code
system to be applied in ITER nuclear design. Overall validation of design calculation, consequently,
is assured in most cases by the C/E values which could be extensible to nuclear responses in the
realistic ITER like neutron environment.

Bulk Shield Experiment
Concerning the most critical neutronics problem for the ITER design, extensive effort have

been devoted to experiments on the radiation shielding against the nuclear heating in the super
conducting magnet (SCM). Optimizing a size of the experimental assembly by taking account of the
primary condition for ITER shield blanket designs, a baseline assembly configuration was
determined to be a cylindrical shapeof SS-316 with and without water, dimensions of which were
1.2 m in diam. and 1 m thickness as shown in Fig. 1. Extensive integral experiments were carried
out with emphasis of the data acquisition at the deep location of the shield. The measurements dealt

with neutron and y-ray spectrum fluxes, y-ray heating rates, spectral indices with foil activation and

fission reaction rates.1'2)
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Fig. 1 Experimental assemblies for shield blanket simulation with SS-316 and
SS-316/Water material configurations

Gap Streaming Experiment
Concerning the He production rate which is critical for the re-welding process from the

material damage consideration, a series of streaming experiments are under way at FNS. We are
expected to provide experimental data for the effects of gap neutron streaming corresponding to a
concern from the shield blanket design, i.e., a 20 mm gap between two blanket module possibly
increases neutron flux at the location of back plate. Measurements were carried out along the gaps,
inside of the cavity, and on the rear side of the shield.

Induced Radioactivity and Nuclear Heating Experiments
The nuclear heating and induced radioactivity measurements were conducted by using SS-

316, copper and graphite assemblies which were specially designed for this purpose. For the
nuclear heating experiment, a microcalorimeter was employed to detect total temperature rise due to
total neutron and gamma-heating inside these assemblies. Materials tested were Be, C, Al, Si, Ti, V,
Cr, Fe, Ni, Co, Cu, Zr, Nb, Mo and W. A number of potential candidate materials are also
irradiated in particular positions in the assembly to characterize those induced radioactivities by
neutrons which spectrum was adjusted to those expected in ITER.

Experimental Analysis
Experimental analyses were performed with comprehensive nuclear data libraries, e.g.,

JENDL-Fusion File, FENDL-1, FENDL/A-2.0, and calculation codes, e.g., MCNP-4A, DORT3.2.
The results of the analyses were effectively incorporated in the validation the data base, which
provide substantial feedback to the shield blanket design in terms of the uncertainty range, design
margin and safety factors to be considered. Figure 2 shows range of C/E values for vaious
nuclear responses due to the bulk shielding experiments.
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Fig. 2 Range of C/E vaules corresponding to various neutron responses for the bulk

shielding experiments.

Summary
The outcomes through those experimental analyses are as follows:

(1) Nuclear responses in SCM region, e.g, nuclear heating, fast neutron flux, can be predicted
within 30 % with the use of the state of art nuclear data, FENDL-1, JENDL-FF.

(2) Capability of the calculation code and nuclear data for the local gap streaming between
two shield blanket modules are assured within 30 %.

(3) Nuclear heating relevant nuclear data, i.e., KERMA for most of major structural
materials were validated to be in an accuracy within 20 %.

(4) Better accuracy of activation cross sections of FENDL-A2 has been proved within
30 % for almost all elements of major structural materials/

We believe that all of these quantitative range of uncertainties in calculations for the critical
responses provided a firm guide for credible ITER nuclear design.
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Injectors of deuterium atom beams are developing now for ITER plasma heating and current
drive are based on the idea of negative ion acceleration and further neutralisation [1]. The maximal
neutral fraction from the passage of a D ' beam through a gas, as proposed for a gas neutraliser of
reference ITER NBI concept, is 60%. The replacement of the gas neutraliser by a plasma one must
increase the maximum neutral yield to 80%.
As the'plasma neutraliser must be able to replace the gas neutraliser in the ITER NBI of the
reference concept its length, / , is defined and equal to 3 meters. So the necessary plasma density in
neutraliser should be iv~7 1012cm"3. The basic requirements to PN for the single ITER NBL module
are specified in Table I.

l/V
ne /Te

confinement
dP/dV

ionization
divergence

3m/>10m J

7 10l2cm"J/<10eV
> 1 ms

~ 0.2 W/cmJ

>0.3
< 5 mrad

The multicusp 3D magnetic wall configuration seems to be the best choice for PN plasma
confinement system [2]. This system can provide the necessary plasma confinement and a
acceptable deviation effect on the beam ions.
The plasma have to be produced in steady state mode of operation by the electrodeless microwave
discharge at low gas pressure at mainly collisionless character of microwave energy absorption.

Using of the electrodless discharge under ECR conditions provides steady state work
of PN by the most effective transfer of energy to electrons, the ionization ability of which provides
plasma production. A major factor determining character of such discharges is the value of the cut-
off density, when the microwaves cannot propagate through PN. This fact defines the necessity of
use in ITER the microwaves with high frequencies, 20-30 GHz, i.e. the gyrotrons. Three variants of
the microwave discharge in multipole trap is planned to use. The type 1 is connected to an
opportunity of volume heating of electrons on collisions at multipass (1-2 wall reflections)
propagation of microwaves. For these purposes gyrotrons are planned to use. The type 2 uses ECR
for electron heating at plasma density close to critical one. The ECR area is located close to gas
boxes, therefore, microwave power is favourable for entering directly into these boxes. The type 3
of discharge arrangment uses the excitation of circular surface plasma waveguides in conditions,
when plasma density is higher then the cut-off density .Thus large interest represents the research of
an opportunity of use of the klystron type generators with lower frequency, 7 GHz. The physics of
such discharges in multipole traps isn't investigated rather well.
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Another problem is to obtain a plasma with high ionization degree at low Te. It is important
also to reduce a gas flow from PN, this can additionally increase the advantages of PN. The
magnetic system geometry allows to use the following opportunities: (a) gas near wall screening; (b)
small gas pressure in the PN chamber at large pressure in gas boxes. So the main idea is to arrange
the process of ionization in near wall region with plasma expansion to the centre of PN.

The experimental investigation of the questions described is undertaken in Kurchatov
Institute. The first experiments were fulfilled at a litle (701 of plasma volume) installation PNX-1.
Then that was slightly modified into PNX-2. PNX -1 experiment: The experiment on PN-1 device
has shown, that by stationary work in 701 chamber the plasma density 5 10"cm~3=7ncut.qff was
produced at low absorbed power density 0.02W/cm3. Thus at Te=4-10eV the confinement time x~l
ms was obtained at the plasma ionization degree 0.1. The original surface type discharge was
realized, when the microwaves were exited in plasma waveguides, formed by plasma surface and
metallic chamber wall. The plasma was heated on periphery in conditions of upper hybrid plasma
resonance. The gas ionization takes place on periphery. PN-2 experiment: In this experiment on
PNX-1 device the additional 7 GHz klystron generator was used. The frequency of this generator
was greater than cut-off frequency. Thus we have investigated the additional volumetric heating.
The additional absorbed power 0.5 kW leads to 30% density increase. Thus the scaling ne~Pabs is
valid. We use the power modulation of 7 GHz klystron generator to measure the plasma life time in
conditions, when plasma in multipole trap is produced in steady state mode by 2.45 GHz
magnetron. The next step in this development ought to be the PNX-SU which is now under
designing for joint testing at JAERI beam test stand.
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At the Tritium Process Laboratory (TPL) of JAERI, the research and
development on tritium technology for fusion reactors has been carried out with ~10 g level of
tritium since 1987. The main subsystems of ITER tritium plant are FCU (Fuel Cleanup
System), ISS (Isotope Separation System), WDS (Water Detritiation System), and ADS (Air
Detiritiation System). Among these subsystems, several types of FCU have been still under
development in Japan, US, and EU. In Japan, the FCU composed of a palladium difruser
and an electrolytic reactor was proposed to ITER and its development is in progress.
The proposed FCU has typical advantages: 1) It has virtually no tritium inventory, since no
catalyst is used; 2) The system can process the plasma exhaust gas which contains a wide
range of impurity composition. This FCU shows satisfactory performance in its stand-alone
tests using H2-D2 mixture gas with some impurities. Figure 1 shows a typical data for the
electrolytic reactor. He gas containing 2% H2O and 1% CH4 was supplied to the electrolytic
reactor whose temperature was 1073 K. It was demonstrated that both methane and water
were completely converted to CO2 (1%) and H2 (4%) at 2.0 V of electrolysis voltage. As a
following step; a simulated fuel loop of ITER was constructred at the TPL by interlinking ISS
and FCU. A long-term reliability demonstration test of the proposed FCU is planed with
this loop. The study of ISS has been carried out with cryogenic distillation column and with
thermal difiusion column. Cryogenic distillation column is employed as the ISS of ITER.
As a recent activity, control system of the columns was investigated for the design of ITER
tritium plant. Thermal diffusion column has been studied for a small-scale tritium facility
which need ISS as an equipment. Some simulation codes of WDS were developed to carry
out an ITER design task. A chemical exchange column plays an important role in WDS and
has been studied to improve the system. A system with cryogenic molecular sieve beds
(CMSB) was proposed for tritium recovery from breeding blankets of fusion reactors. Basic
data for adsorption isotherm of tritium on CMSB have been obtained.
Satisfactory performance of the system was demonstrated in a scaled experiment using H2-T2

mixture gas, and its behavier was well explained with a simulation calculation. From the

successful results obtained through demonstration tests, this CMSB system was also adopted
as the exhaust gas processing system for He glow discharge cleaning (GDC) of the
vacuum chamber of ITER. The release behavior of tritium from the breeding blanket still
remains as one of the important subjects to be studied, and a series of experiments to
investigate the tritium behavior in some promising materials of the blanket is also under going.
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Figure 1 A typical processing data of methane and water vapor with an electrolytic Reactor.

The He gas containing 2% H2O and 1% CH4 were supplied to the electrolytic

reactor (1073 K).
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In order to improve the safety handling and control of tritium for ITER fuel cycle,

the effective "in-situ" tritium accounting technology need to be developed. Tritium

accountancy technology for Isotope Separation System (ISS) and Fuel Storage System

(FSS) is especially important, because ISS using cryogenic distillation column has the

largest tritium inventory during fuel processing and FSS using metal tritide beds has

largest inventory at shutdown. From above point of view, as one of the R&D Tasks

under ITER-EDA, following development work has been performed at Tritium

Processing Laboratory (TPL) in Japan Atomic Energy Research Institute (JAERI) to

improve tritium accountancy technology for ISS and FSS.

To control ISS columns effectively and stably, it is essential to analyze the

hydrogen isotope compositions of feed and product streams with negligible time lag.

Furthermore, analysis system without extracting sample gas from process gas streams is

desirable not to increase amount of gas that needs detritiation treatment.

As the system which meets above requirements, a new laser Raman system has

been developed for the effective fuel process gas analysis system [1]. This system

consists of Raman sample cells installed in process pipings in gloveboxes (GB), optical

fibers transferring laser beam and Raman spectra through wall of GB, Ar ion laser and a

multi-channel detection system composed of a liquid nitrogen cooled CCD detector and

monochrometer. This system enables to get a set of real-time, remote, and multi-

location analysis of process gas.

Recently, above laser Raman system was installed in ISS at TPL and its

excellent performance was demonstrated. Figure 1 shows the typical spectra of the laser
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Raman analysis of the ISS stream. As shown in this figure, the composition of ISS

product stream was successfully measured with every 2 minutes interval and without

extraction of any sample gases. The results obtained with Raman system agree with

those calculated. Such a short time interval measurement is much effective to control

tritium inventory of ISS and other subsystems of fusion fuel cycle.
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Figure 1 Example of Raman measurement

60

0

Time (min)

To establish the "in-bed" tritium accounting technology for ITER tritium storage

system, gas flowing calorimetry has been studied using a scaled ZrCo bed of 25 g tritium

capacity. In this type of calorimetry, helium (He) gas is circulated through tritium bed

and tritium inventory is evaluated by the temperature-rise of the He in bed due to tritium

decay heat. There are following attractive functions in this type; 1) no requirement for

tritium and bed transfer from the storage system, 2) measurement of all stored tritium, and

3) continuous removal of tritium decay heat to avoid the risk of tritium release.

The basic tritium accounting characteristics of above "in-bed" calorimetric

system has been investigated with simulation decay heat input by heater and with real

tritium storage. Good relationship was obtained between the He gas temperature rise

and the amount of stored tritium [2]. The target tritium accountability of ITER, less than

Ig error at full storage of lOOg ( < 1 % ), was well demonstrated. This "in-bed" gas

flowing calorimetric system is adopted in ITER fuel storage bed design.

[1] S. O'hira et al., Fusion Technology, 30, 869-873 (1996)

[2] T. Hayashi et al., Fusion Technology, 30, 931-935 (1996)
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ppisTeilur»dfeli^v«aj^
all phases of plasma operation following cross ever from the torus roughing. The vacuum
system is composed of 16 identicalbatch-regenerating cjyopumps. To guarantee tor sufficient
He and protiura pumping, tbe oyopumps ate based on cryqsorption (combined wrption and
condensation) by using cryopanela, which are coated with activated charcoal as sorbent mate-
rial and are cooled at 5 K. Preparatory tests have been n » in ths past to find an optimum
combination of soibem type and inorganic bonding oemcutBa^ on this cftimum, panel set-
up, an essential testing programme has been performed to determine thepw&Hmancecbar-

The pteaem paper cover? the one part of this programme, which focuses ontbepum-
pmg spaed of the recommEnded dyopenel type and the various a^ects of the eharcoal-
bonding system. The joint cryosoiptioa panel teat programme is shared aiming the EU and the
RFhameteam and comprises various JWWP activities. The work m Karlsruhe Research Centre
(FZK) was performed using the the panel test fociUty TITAN. As test object, o Ufercoolsd
panel mock-up of ITER relevant size end quilted design wgs used. The Russian cbhtripution
was devoted; to tritium activities, especially the interaction between tritiatod gases, the sorbent
material and t i e banding cement On tenns of endurance and build-up of serni-pfirmanent triti-
um iwentoiy). To do that, s n ^ s c ^ p l t f e l e t s were w»a^
quilted panflla; test? using larger scale pawls ate planned tor the near fimire. The tritium ex-
posure tests themselves were performed i s a lest fecility located in Sarov, Russia.

1 Petwrpination of dynamic pumping characteristics; . t
The jnjmpmg speed of * e ayt«orptiQn pump for « certain gas mixture depends jn a very
complex manner on the complete pumping history,,e.g. the lime stale, the arrival rate of the
gas, lhe capture probability and the gas load. As The pumping process is d»e to two totally
^ i ^ > t y l h ^

h i 4 ^j p s p ^ p p
rametric variation of gas composition, but also to determine and separate the major factors
affecting cryopump performance. The irrvejtigated mixUires were designed to stand as model
gases for the fUaoncxhaostTho typical gwfimctinM
ties and He besides the hydrogens as major comporient) were varied in a wide composition
range. We perfbnned bom 1TER relevant single pumping cycle tests and; in addition, midti-
cycle tests to study potential poisoning phenomena (dogging of lhe pore system). Tbe main
results of the tests can be summarized as follows:

• The saturation limit of me charcoal was tMt reached, î coept for pumping of pure helium.
• ThedeterioptrjnginSueoceoffteiimga&esoato
• Multi-cycle tests yielded only mqderata pumping speed denreasi during the cycles iwd no

fmpact st'aU fiom hftiwim-fifee mrctures.
• The rwst critical composition wa? a c o m b i n g

tenta, This is due to a competitive aorption shuatipn. However, such a gas mixture is only
present In the Hj-Aot operation mode, which is not'flie point design ftir TIER.

To investigate the competition for tbe active charcoal sites in more derail, we procured a high
resolution gas mass spectrometric system, with which we could monitor the composition
changes daring pumping. A strong relative enrichment of helium during pumping due to the
different pumping speeds of helium and the hydrogens, was revealed. However, all pumping
speed requirements can very well be met by the leoommended panel design rndndfag a consi-
derahle safety margin, which even allows for the 20 % excursion required in the ITER specifi-
cation,

2 Thermal cycling tests:
Long term cycling tests for tbe recommended combination of steel, bonding agent and Ktivz-
ted charcol were performed in nvo different temperature ranges; between 5 and 100K(7QQ0
cycles), and between 100 and 300 K (10 000 cycles, including pressure cycling). The tests
demonstrated that adhesion between the panel substrate surface and the sorption layer is
maintained without any problems. The detachment of carbon particles was negligible.

3 Impact of tritium on the eryosorptioo panel:
The goal of this test campaign was to demonstrate the resistance pf the recommended panel
set-iw to tritium. The panels were exposed to tritium at 78 K (exposure in the ordor of
1010 Pa-s, which is rougMy corresponding to the ITER life time). Before and al ia tritram ex-
posure, the sorption capacity for Xh at 78 K was determined for comparison. A small decrease
in sorption capacity (within the limits of measurement error) was reproducjbly measured;
however the deterioration effect is comparatively moderate. It was also observed that tritium
accumulation is less than proportional to exposure (expressed in terms of the product prassu-
ro x time). The panels were then regenerated at 78 K. and at 300 K for detritiation. V» amount
of residual tritium depended strongly on the chosen regeneration temperature (factor g betwe-
en 78 and 298 K), but not agmficaritly on the duration of regeneration, where a saturation
seemed to be attained after about 0.5 h. It was found that the greatest pzrt of residual tritium
remained in the bonding cement, not in me sorbent material. To validate 1he strength of ehar.
coal bonding after tritium exposure, thermal cycling tesfe were performed, comprising 100
cycles between 78 K and room temperature and between 78 K and 423 K, respectively. After
these tests, no relevant mass loss was detected; X ray phase analysis revealed that the cement
micostructpie also 1***™™^

The RAO results achieved within the panel test programme firmly support the panel
set-up, which is recommended for HER and chosen as point design in the ITER Final Design
Report
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latrwhetion
Within the ftameworic of the European Fusion Technology Programme FZK is involved is.
the t w « n * and development process fer ft prinuny vacuum pump system of a fusion restctor.
At aresoti of These activities the concept and the necessary requirements for the primary
vacuum pump system of the HER. fusion reactor were defined.
Tki* nrimny vacuum pump system includes in total wrtem identical regeoeraiing
cryasotpnoa poops. Each of dwsepnmne.wiH.be installed, at the end of a divawpwnp duct.
The jsnnnmgpfoaess is based on qyoOTjijinn of hydrogen isotope* and bcfaaonSK
cooled panels which are coated with activated charcoal. The impurities of die ITCH, exhaust
gas will be pumped on the 80 K baffles- vs well as on me 5 K panels. Tlie system trill provide
the required vacuum condition inside the 1TEB. plasma chamber during all foreseen ppecstion
pbues, u for ammple plasma openuion or pump down mode.̂ The pumping n
wotfcina cyclic mode, mis means fa$ (taring fte differem pumpiag modes some of the
MXtccapiyasaiptionpBmpBwMteregeiiera^aiaten^
regeneration orat 30Q K for total regeneration dependug on the reached pmnp loidipg. The
requiremeott for die pumping system such as me pumping speed of 1 OQOmVssUmiDrimum
throughput of 245 Pa m*/s and the opeiftion pressure of 2,5 10"' Pa can be felfilled.
To domonstnto the feasibility of thit pump concept for (ae HER reactor the test fccUlty
TIMO has been under construction at BZK aince .1996. The intrnnon of tins fkcUity i» to
investigate the pumping performance of a ciyoioipiion pump within all ITER relevant
pumping modes imrolaring TIER conditions of gna temperatuie, pressure, gsa ooinpafitian,
ote, but not magnetic fields, neutron radiation and tritium exposure. Within the investigations
mepumpmgperfomaiK*wiUb«optiinW^thecot>su^^
ledwatheaecassarycoolingpower.
In the following the different components of the test facility TJMO will be described.

206

Within fte tast vassd die teat pump will lie installed. The ta»t vessel is built iuwcordsnee
with theENEUB^sandacdforvaciMm pump testing Itoetou&ty?tttwn» caused by *e
handling ofhydrojew me v e ^ is ixmstrneW To
jiin«la^6^diTO^duottCTnpeta^coB4itioMta
ttmpentnre of 475 K. Tho test yenej was pocnml in 199t.

cooool cryoitat Wiftin ihe cooling loop of fta connpl ayostst with jninventniy of 2kwl
liquid helinm a blower cm supply a SCHemaw flow of max. 2S0 g/s,
For sooling tte 80 K components of fte ten pump such at the 80 K shields ud the baffles a
80 X system has been, procured. Tha 80 K qrtiem includes a 80K.LNj/(S«beateich808w
widtttmax. heat ocdonger power of 30 kW and a cold blower of a raw. 8QK(fflem«ss
flow of 200 j/s.
To heat up the 5 K ayosorptjon panels during mo partial of total regeneration modes 300 K
QBe wim a max. man flow of 50 g/s can be mod n»hjch is supplied by the UNDE
re&igerator. me dffiarent supply and mum flows for the operation of ttw test pump will be
controlled by a cold valve box.

For ibeptocewgw supply of * e TDiJO fteffity sevwsps supply linn (TEgR relevant
ptDccia gts, H2,02, ~S>, Ar, He, Ne) were installed between the gw reservoir and fte gas
metering system.

To cpnrd and nipnitor the gss concattrtfiaa i ^ ^
tpoctiDmcter (BALZERS GAM 400)was procured. Wim this mast spectrometer ft standard
mass range between 1-128 amu can bo measured and in addition the option of a high
rwofcaioa operation ova i tonia»rin^betwe«U^
re«olntiouoper«riQn me separation of belnun. (4.0024 aom) «nd deuwrium (4.0282 amu) is
posaible,

Paring the testi a data acquisition system allowslo perfenn measurement ofnpio 200
measuring points wim amedmnm acquisition frequency of 10 Ife The processes and valve
movements lequired during die pmnp tests win be opntcolled by means of the installed PLC
syscem.

. The tests st the new facility will start wia a model jnunp. The dimensions&rme
ayoaorpnonsmficesoftiais model pump are reduced to 1^ scale compared to XTEK. The
sixteen ayosorption ptnds with atortnl pumping sna of 4 m* are grouped in ftw pantlel
sections. • •
An order fbf the design and the nunuftcturing of the pump hw been given to L'Air Liquids.
The model pnmp will be delivered «t the end of July 1996.
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Thermal-Hydraulic Characteristics during Ingress-qf-Coolant and
Loss-of-Vacuum Events in Fusion Reactors

K. Takase, T. Kunugi, Y. Seki, H. Akimoto

Japan Atomic Energy Research Institute (JAERI), Ibaraki-ken, Japan

For the thermofluid safety study for fusion reactors, two experimental studies on the ingress-
of-coolant event (ICE) and loss-of-vacuum event (LOVA) have been carried out as International
Thermonuclear Experimental Reactor (ITER) safety R&D subtasks in order to validete the fusion
safety analysis codes.

A scenario of the ICE and LOVA [1] in a fusion reactor is shown in Fig. 1. If cooling tubes
installed into plasma-facing components (PFCs) in the vacuum vessel (VV) of a fusion reactor
are broken, water under high temperature and pressure in the cooling tubes will be discharged
into the VV, and the discharged water will impinge on the surface of the PFCs and evaporate.
As a result, the pressure in the VV will increase rapidly. This is called the ICE.

On the other hand, if the W or some penetrations are broken by pressurization in the VV
after the ICE, buoyancy-driven exchange flows caused by the temperature difference between
the inside and outside of the W will take place through breaches. In addition, the activated dust
accumulated inside the VV and the tritium retained in the PFCs will be entrained by the exchange
flows from the inside of the VV through the breaches to the outside. This is called the LOVA.

The ICE experiments were carried out using the preliminary ICE apparatus [2] with a
small-scale VV and a boiler. In the ICE experiments, the hot and pressurized water from the
boiler was injected through a water nozzle into the VV, and the pressure and temperature
transients in the V V were measured.

Vacuum vessel

Release of
activated dust
from the walls

LOVA

Buoyancy-driven
exchange flow

• Breach

\
Penetration

Divertor

Fig. 1. Scenario of the ICE and LOVA in a fusion reactor

Figure 2 shows the measured pressure transient in the W . The initial conditions are: the
wall temperature inside the VV of 250°C; the injected water temperatures of 200°C; the injection
time of 10 s; and the water nozzle diameter of 2 mm. The pressure increased rapidly during the
water injection and reached about 0.45 MPa at 10 s, and then increased gradually to 0.7 MPa.
The initial first rise is believed to result from flashing evaporation of the injected water and
evaporation of the water jet impinging onto the hot wall in the VV. The slower rise is thought to
be due to boiling of the water which accumulates on the floor of the hot VV.

The LOVA experiments were performed using the preliminary LOVA apparatus, [3] which
consisted of a toroidally-shaped V V with simulated breaches. In the LOVA experiments, pressure
and temperature transients in the VV during the LOVA were measured for various breach sizes
and locations.

Figure 3 shows the relationship between dB and At. Here, dB denotes the breach diameter
and At represents the saturation time from vacuum to atmospheric pressure in the VV after the
breach located on the roof of the VV was opened. In Fig. 3, dB and At are correlated as almost
linear on a logarithmic scale. The volume of the VV in ITER is approximately 10,000 times
larger than that of the present LOVA apparatus. Therefore, it can be estimated that, if the
LOVA occurredinlTER and its breach size was very small, At wouldbe very long and determination
of the breach position might be very difficult.

Thermal-hydraulic characteristics during the ICE and LOVA in a fusion reactor were clarified
by the present ICE/LOVA experiments. These results will be very useful for the themofluid
safety design in ITER.
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ABSTRACT
It is important to possess an adequate model of the response of the current,

shape and position of tokamak plasmas to the Poloidal Field (PF) control coil
voltages, termed the plasma response model. Developing an adequate plasma
response model is required for: i) simulating the behaviour of shaped tokamak
plasmas, ii) predicting the shape evolution of plasmas, iii) confirming our
understanding of the tokamak plasma behaviour and ultimately iv) improving the
performance of plasma current, position and shape feedback controllers.

There are two standard approaches to modelling and both are examined in this
paper. The most prevalent method for modelling the plasma response has been
phenomenological. A mathematical model is constructed from the relevant physical
laws with appropriate, but often debated, assumptions. Simple linearised models of
the unstable vertical position (zip) response include single current filament models [1]
and rigid current displacement models [2]. For the plasma shape, position and plasma
current response, linear models range from simple circait equations [3-6] through to a
high order deformable equilibrium plasma response. One such linearised equilibrium
model is CREATE-L [7], used in the design of the ITER PF controller. This model
has already been shown to be capable of accurately modelling the closed loop
behaviour of the TCV tokamak for limited [8] and diverted [9] discharges.

The second approach to modelling the plasma response is based on system
identification, assuming BO a priori physics knowledge. Instead, a fit to experimental
data is used to determine a suitable mathematical model, an approach used in many
other fields. The open loop response cannot simply be measured by opening the
feedback control loops, since the vertical position of the plasma is unstable if the
plasma cross-section is elongated. In these TCV experiments, the experimental data
was collected by exciting the plasma response using 31 sinusoidal stimulation signals
simultaneously superimposed onto the nominal PF coil voltages. These new
experiments are described in detail and lead directly to an open loop model of tnc
current, shape and position response ftom closed loop experiments performed during
the plasma current flat-top.

The results of this new system identification procedure bave proved to be
extremely encouraging. We have demonstrated experimentally that such a procedure
leads to an acceptably accurate model, acceptable in the sense that it is both suitable
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for controller design and useful for comparison with phenomenological models. The
resulting model was found to be precise, despite the real constraints of noise, the
power supply limitations and limited duration of the stimulation.

The frequency response estimates obtained experimentally have now been
directly compared with available open loop plasma response models, without any
confusion arising due to the presence of the feedback controller. The accuracy of the
results can pinpoint differences between the assumptions made in a priori physics
models, leading to a greater understanding of the importance of certain assumptions.
The CREATE-L model provides excellent agreement with the experimental control
parameters. We have also implemented a simple circuit equation plasma response
model for TCV (RZIP). The RZJP model assumes zero plasma mass, assumes the
Shafranov equilibrium to define the radial plasma position and assumes that the
change in plasma current corresponds to ihe change in the poloidal flux at the last
closed flux surface. The R23P model provides good agreement for the growth rate of
the plasma vertical position and provides an excellent model of the response of the
diagnostic measurements, which are used to deduce the plasma position, shape and
current.

A compromise "Grey Box" model of the plasma has been derived partly from
a priori modeling and partly derived from the experimental data. This approach is
useful in demonstrating which physics elements of the RZIP model are visible in the
experimental data and which parameters must be well defined in order to obtain a
satisfactory model. The Sbafranov equilibrium constraint and the apparent plasma
inductance are derived from the experimental data and agree with the a priori
assumptions. The sensitivity to other terms in the model is very weak.

All models give good agreement with the data, implying that the salient facts
arc included, even in the simpler models. We discuss the good agreement between the
experimental data, the CREATE-L model and the RZIP model, especially
investigating why neglecting deformation of the shape of the current profile still leads
to a good linearised model. TCV limited equilibria with varying elongation and
triangularity show that the RZIP model coefficients are only a weak function of the
plasma shape and a weak function of the plasma position, with the exception of the
vertical position.

ACKNOWLEDGEMENTS
It is a pleasure to acknowledge the technical support of the TCV team. This

work was partly supported by EURATOM mobility contracts (FV [ENEA] and AC
[UKAEA]) and partly by the Fonds national suissc de la recherche scientifique.

REFERENCES
[1]LAZARUS,E.A.,LISTER,LB.,NHOLSON,G.H.,Nuel.Fusion30(1990) 111.
[2] LISTER, J.B., MARTIN, Y., MORET, J.-M., Nucl. Fusion 36 (1996) 1547.
[3] NEDLSON, G.H., DYER, G.R., EDMONDS, P.H., Nucl. Fusion, 24 (1984) 1291.
[4] LAZARUS, E.A., NEILSON, G.H., Nucl. Fusion, 27 (1987) 1987.
[5] KESSEL, C.E., FIRESTONE, M.A., CONN, R.W., Fusion Tech., 17 (1990) 391.
[6] WATNWRIGHT, I.P., COPSEY, D.R., LIMEBEER, D.J.N., HAINES, M.G.,
PORTONE, A., Nucl. Fusion 37 (1997) 1679.
(7] ALBANESE, R., VILLONE, F-, submitted to Nucl. Fusion (1997).
[8] VILLONE, F., VYAS, P., LISTER, IB . , ALBANESE, R., Nucl. Fusion, 37
(1997) 1395.
[9] VYAS, P., VILLONE, F., LISTER, IB . , ALBANESE, R., accepted for
publication in Nucl. Fusion.



ITERP2/11
XA9950905

ALGORITHM FOR CONTROL OF ITER-LIKE PLASMAS
H. Burbaumer and G. Kamelander

Austrian Research Center Seibersdorf, A-2444 Seibersdorf, Austria

To reach ignition and to keep the plasma in a quasi-stationary ignited state or at least in a state
with high Q is one of the principal goals of the ITER-experiment. As well as the access to
ignition as maintaining a quasi-stationary state needs kinetic control. A proposed combined
control by modulation of auxiliary power and fuel injection is the subject of this paper.
Refs. [1] and [2] present comprehensive studies on the temporal evolution and control of fu-
sion plasmas using '/i-dimensional dynamic codes. The control by means of modulation of aux-
iliary power and fuel injection is exerted by feedback systems. The control system by fuel is
based on a proportional feedback system.
In the actual paper the delay between measurement and reaction of the control system as well
as the delay as a consequence of physical effects (fuel diffusion) related to the fuel injection
system are included into our physical model. The delay effects have been modeled by means of
nonlinear differential equations which are solved together with the plasma energy equation and
the continuity equations for fuel, fast alpha particles ash helium ash. The two-group model for
the fusion-born alpha particles including correctly the slowing down time constitutes a further
improvement. As usual the helium ash confinement time Tp is related to the energy confine-
ment lime lE by the helium confinement factor kHe = Tp/rEt. From experiments it is known

that this factor is estimated between 5 and 10. The numerical simulations have been performed
by means of a V4- dimensional (=profile averaged) code based on the PLASEVOL-code [3]
which has been completely reorganized and upgraded by additional physical models.
Our numerical simulations confirm that the proportional feedback system for fuel control [1,2]
works very well keeping the fusion power at the prescribed nominal fusion power as long as
the delay times mentioned above are unrealistically small. However, if the delay times are in the
order of seconds it is not possible to control the plasma. Disturbing a quasi-stationary plasma
by a small perturbation, e.g. a sudden increase or decrease of the H-mode enhancement factor,
we obtained oscillations of power not acceptable for ITER-operation. However, it would be
possible to suppress the oscillations by a convenient choice of parameters of the control algo-
rithm. Unfortunately in this case the plasma stabilizes at a fusion power quite different (up to
20%) of the nominal power. Thus, this discrepancy as an alternative to the bad performance
due to the oscillations is also very unsatisfactory.

For this reason an improved control method is proposed adjusting the delay time of the system
Tf and z0 assuming that the fusion power is measured periodically and that the time between

two calls is I o . The response of the previous time step is also included into the formalism.
Furthermore the improved control system takes in consideration other parameters than the
fusion power. In our case the temperature has been taken to calculate the response. It is rela-
tively easy to change or generalize this method for other parameters. The aim of this logarithm
consists in avoiding the overshoots of the control system leading to oscillations. Using this
algorithm we obtained satisfactory results for ignited plasmas as well as for driven plasmas
with high Q. The algorithm proposed in this paper considers also Greenwald- and Troyon limit.
As important contribution to the kinetic control of ITER-like plasmas we present the combi-
nation of the fuel injection control system described above with modulation of auxiliary heat-
ing. For this combined control system we present a detailed algorithm. This algorithm can be
used to cross the Cordey pass and to find the thermally stable operation point in an ignited

plasma respectively for high-Q operation in a driven plasma with a prescribed fusion power.
The control system provides also stability against fuel burn-up and perturbations like sudden
increase and decrease in confinement causing fusion power surges changing eventually the sub-
ignited regime to the ignited regime and vice versa.
The reliability of the combined control system has been tested by numerous test runs. As an
example we present the case where a plasma with the usual ITER-parameters is disturbed by a
sudden increase of the 30 seconds after start-up in the heating phase where the operating point
is searched and the plasma is near to ignition. Fig. 1 shows the fusion power as a function of the
time. The fusion surge leads to a small peak easy handled by the control system. The time de-
pendence of zE is given in fig.2.. Fig. 3 demonstrates the temporal evolution of central deute-
rium density (50% of the fuel density). In fig.4 the time dependence of the fuel control system
is shown. Without control system the plasma would approach the stability limits very rapidly.
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SUPERFAST LINER IMPLOSION PHYSICS STUDY

AND DEVELOPMENT OF PELLET IGNITION FACILITY

BASED ON 900MJ INDUCTIVE STORE.
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The experiments carried on of "Angara-5-1" (Russia) and "Z" (USA) during last years

prove the perspectives of superfast liner using as a driver to reach ICF pellet ignition. Double

liner-dynamic hohlraum scheme developed by "Angara-5-1" team allows to decrease a soft

X-ray (SXR) pulse width up to 3-5 ns and to provide a favorable condition for uniform pellet

irradiation. 300 TW 2MJ SXR pulse on "Z" is a significant step to the critical energy and

power values for Q » l pellet ignition.

TRINITI and RSC " Kurchatov Institute" have continued superfast liner ICF

program. At present the accents are directed on to physical investigation of the initial stage

aiming the compact uniform liner implosion. Both laboratories in collaboration with Efremov

Institute, Arzamas-16 and Chelyabinsk-70 are under way to establish the conceptual design

of a facility for pellet ignition. •

Imploding liner compactness is strongly dependent on the plasma forming producing

a level of initial mass and shape perturbations for following instability development. To

choose the optimum initial plasma producing matter the "Angara-5-1" experiment were

performed with low density foam loads supplied by 3-5 MA current. The additional plasma

flow was used to preionize and preheat the foam. Improvement of implosion as well as

filamentation and axial instabilities growth are observed.

After success of wire array implosion at SNL the interest to intimate plasma behavior

in this configuration has arisen again. The "Angara-5-1" modeling study of the initial stage of

80 wires array implosion has revealed the same physics as had been demonstrated earlier in

"Angara-5-1" experiment with array from 8-24 wires. Radial plasma streams formation has

been observed. As a results the effective thickness of plasma shell is increased suppressing

the intense R-T instability development. Theory of a MHD plasma flow acceleration is

presented.

Another important problem of implosion is a magnetic flux diffusion through the

shell. This phenomena has been study and compared with theory and simulation. Under the

liner mass of interest diffusion cannot widen the SXR radiation pulse.

As a more achievable way to get pulsed power generator with multy tens megaamper

current a joint team of scientists from TRINITI, Efremov, Arzamas-16, Chelyabinsk-70,

IVTAN, Tomsk and Ekaterinburg laboratories have developed the concept of Super Angara

facility, tentatively named as Baykal. The design is based on using of existing infrastructure

of tokamak T-14 in TRINITI. Its 900 MJ inductive store is supplied by 4 flying wheels

generators with total energy 4 GJ. The generators supply the primary windings of 32-

sectional inductive store TIN-900 with a current of 150 kA for 6 seconds, delivering 900 MJ.

Then the TIN-900 is disconnected from the generators and crowbarred by a mechanical

switch. The store secondary winding has 32 sections as well, with each section generating a

current of ~1 MA. Using a scheme of triple current connection, the energy transfers into

transforming inductive store IN-2, having 16 groups of commutation, and its primary

winding is crowbarred as well. The energy transfer into IN-2 secondary winding, coupled

with vacuum inductive store, occurs during ~100 ms. Then, 50 synchronized explosive

opening switches provide fast current transfer (2 us) into the last stage of current sharpening.

Two kinds of the last stage are being analyzed now. The former one is a current

sharpening system, based on plasma opening switches to produce 50 MA, 100 ns current

pulse in the load. The second kind with water insulating pulse forming lines is being

analyzed.
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INERT1AL CONFINEMENT FUSION AND FAST IGNITOR STUDIES
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Blackcit Laboratory, Imperial College, of Seiencc,Tcchnology and Medicine, 1«ndnn,
SW7 2BZ.UK.

The paper reviews inertia! confinement fusion research carried out at several
different laser facilities including the VULCAN laser at the Rutherford Apple.ton
Laboratory, the TRIDENT laser at the Los Alamos National Laboratory and the
FHEBUS laser at Limeil. Experimental invcsligations using laser and x-ray drives have
been performed.

Fur laser fusion, it is essential that a high degree of symmetry is maintained
during the implosion phase. Asymmetries in the ablation pressure must he smaller than
a few prcccnl, otherwise an unacceptable level of instability growth occurs, reducing the
fusion gain. In direct drive laser fusion, laser imprinting is a serious problem as »ny
perturbation is a seed for the Rayleigh-Taylor instability [1]. Imprinting has been
studied both computationally and experimentally. In particular, the saturation of area]
density perturbations induced by near-single mode laser imprinting has been observed
experimentally in polystyrene foam targets using face-on, soft x-ray radiography at a
photon energy of 250cV [2], In response to spatially modulated irradiation, the initially
uniform foams exhibited near-linear growth of perturbations, which subsequently
saturated and decayed prior to the end of the laser pulse. 2D numerical simulations
agree well with the experimental results and predict that saturation occurs prior to shock
brcakont. The numerical and experimental results are compared with sealing laws.

Laser driven shock waves propagating in foam targets have been diagnosed by
side on time resolved K-shell absorption spectroscopy obtaining ionizalion and density
distributions in the shocked material [3]. A detailed atomic physics model was matched
to the absorption spectra to infer the temperature distribution. 2D radiation-
hydrodynamic modelling reproduced the experimental results.

Loser heated targets or comprising layers of gold, low density foam and plastic
with an embedded aluminium tracer layer have been used to study radiation waves,
shock waves and ablation fronts. The ionizaiion in the aluminium layer was used as «
diagnostic of the target conditions. The resulting temporal ionizaiion profiles were
compared to the predictions of a radiation hydrodynamics code running an in line non
local thcrniodynamic equilibrium (non-LTE) atomic physics model. Modelling of the
radiative heating and emission were in reasonable agreement with the experimental
measurements.

The ablation pressure scaling of soft x-ruy irradiated bromin.ncd plastic targets
was obtained for different soft x-ray fluxes and pulse shapes with radiation temperatures
between 70 and 200eV. The roar side trajectory of driven foil targets was observed
using soft x-ray radiography at a photon energy of 250eV and was compared to
hydrodynamic simulations allowing the ablation pressure to he obtained. The
experimental results arc compared to published scaling laws.

The transition from super- lo subsonic propagation of an ionization front has
been observed in low density clorinated foam targets irrncliated by an intense soft x-ray
pulse using time resolved, K-shell x-ray absorption spcctn>.<tcopy. Density and
temperature profiles were obtained from the absorption spectra. The experimental
observations were compared to radiation hydrodynamic simulations.
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The Rayleigh-Taylor instability was studied in the short wavelength regime
using single mode targets which were driven by hohlraum radiation allowing the
Takabe-Morsc roll-over due to ablative stabilisation to be determined. A cylindrical
hohlraum was heated with a number of laser beams. A radiation temperature of about
130 eV was obtained. Targets with sinusoidal modulations with wavelengths between 6
and 24 |lin were used. The targets were probed at an x-ray energy of 2S0 cV with a
spatial resolution < 2|4m. The backlightcr was either the hohlraum radiation itself or a
laser irradiated gold target.

Relaliviskic self-channeling of a picosecond laser pulse In a preformed plasma
near critical density has been observed using optical probing [4]. Intense, localised
second harmonic emission and inlerferumclric measurements indicate the formation of a
single pulsating propagation channel, typically less than S (tin in diameter and extending
over several Raylcigh lengths. A three-dimensional particlc-in-ccll code has been used
to model the experimental results. The simulations reveal thai the rclativislic electrons
arc comoving with the light pulse and generating multKMcgagauss magnetic fields that
pinch the electrons.

Magnetic fields in the Mcgagauss range have been measured, with a polarimctric
technique, during and after propagation of relaiivisUcitlly intense picosecond pulses
through prcionised plasmas [5j. Two type of toroidal fields, of opposite orientation,
generated through different mechanisms, were detected. A three dimensional Panicle in
Cell code was used U> simulate the field generation during the interaction. Also,
important indications about the plasma behaviour after the interaction wore given by I •
D magneto-hydrodynamic simulations, that confirmed some of the experimental
observations.

Efficient guiding of i ps infrared laser pulses with power exceeding 10 TW has
been demonstrated through hollow capillary tubes with 40 and 100 |im internal
diameters and lengths up to 10 mm, with transtnillivity higher than 80% of the incident
energy. The beam is guided via multiple reflections off a plasma formed on the walls of
the guide by the pulse's rising edge, as inferred from optical probe measurements.
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As a mile-stone of inertial confinement fusion (ICF) research, it is of importance to create a
hydrodynamically equivalent plasma (HEP), similar to that of central-spark ignition but in a smaller
scale, with precisely controlled multiple laser beams. For such an isobaric compression scheme,
hydrodynamic instabilities arising from surface roughness of the fuel pellet and non-uniformity of
laser irradiation must be lower than a tolerable level to attain high fusion gain.

At the Institute of Laser Engineering (DUE) Osaka University, the beam profile and the
power balance among the 12 beams of GEKKO XII Nd: glass laser have been extensively improved
[1] in order to carry out the precise implosion experiments. Figure 1 illustrates the present status
and approach of implosion experiments to high gain. Initial perturbation of amplitude Ao on a pellet
surface may grow due to Rayleigh-Taylor (R-T) instability during the acceleration phase. The
perturbation fed through the inner surface together with the initial inner surface roughness will
grow subsequently in the deceleration phase. The overall perturbation amplitude on the pusher-fuel
interface (given by GfA0 using a growth factor GF) must be smaller than the final radius of the
compressed fuel Rf. This condition is given as GfCs</(7?(/4,,,) where the radial convergence ratio of
CR is defined by RJRf (Ro is the initial gas-fuel radius) and / is a fractional depth of mixing region
normalized with the final radius Rt. The criteria for different GF and Cs are represented by curves
with yield ratios YR (=Ya?/Y1D.siJ. A picket-pulse followed by a square-drive-pulse was used to
control the instability growth during the acceleration phase at the expense of larger isentrope [2].
As shown in Fig.l with closed circles, the observed neutron yields agree well with those from ID
simulation despite of relatively low convergence of 6, growth factor of 4, and medium adiabat of 4-
5. This is in contrast to low-adiabat but much greater R-T instability with a picket-pulse-free, single
square drive (shown with open circles).

In order lo achieve greater CB and lower
adiabat (which results in greater Gr), smoothing
by spectral dispersion (SSD) is to be
implemented to the laser system in addition to
the partially coherent light (PCL). The PCL will £ 100 .
pre-compress the pellet as a foot-pulse and the
2D SSD light will accelerate it as a main drive,
providing lower adiabat compression. For
elimination of high modal non-uniformities
arising mostly from initial imprinting, indirect-
direct hybrid scheme targets [3] will be used.
This is a combination of a uniform indirect-
drive in the start-up phase and an efficient
direct-drive afterwards. The idea is that the
pellet surface is irradiated with low-intensity
thermal x-ray radiation to provide uniform
plasma expansion in prior to the main drive
incidence. At the time when the main drive
starts, the pellet already wears a sort of jacket of
the expanded plasma and initial imprinting
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Fig. 1 Present status and future goal of implosion
experiments. Circles represent the experimental data
for low-isentrope (open circles) and medium-isentrope
(closed circles) cases [2],

imposed by the main drive will be mitigated substantially by thermal-smoothing taking place
between the energy deposition region and the ablation region. Their separation is named stand-off
distance. The other effect is that the preformed surface plasma is optically opaque so that it can be a
protection for target pre-disassembly caused by laser light shine-through.

Among the several hybrid-targets, we have demonstrated the hybrid effects for two types:
One is called external-hybrid in which the target has an external x-ray source apart from the pellet
and x-ray radiation is generated with a different beam from the main one. The other is called foam-
hybrid in which the target has a low-density foam layer directly attached on the surface of
accelerated pellet and radiation generated with a thin high Z layer set on the foam surface
propagates supersonically through the foam, creating a preformed plasma [4]. In the experiments,
initial imprinting imposed on a plastic foil with a structured beam (spatial wavelength of 40 |im,
modulation depth of 10%, and the average intensity of 4xlO12 W/cm2) was amplified with R-T
instability in the linear phase provided with the main drive of 7x10" W/cm2. The intensity of the x-
ray flush on the external-hybrid target was 7xlO10 W/cm2-. Resultant growth of areal mass density
perturbation was observed with face-on x-ray backlighting. Figure 2 shows the experimental results
for the external-hybird targets. Both of the imprint pulse and the main drive arrived lately with
respect to the x ray flush. Linear growth of the perturbation was confirmed and smaller amplitudes
were obtained for longer delay-times. Figure 3 shows the growth for the foam-hybrid targets. The
thickness of the foam layer was 20 Jim and its density was 40 mg/cc. In this experiment influence
of the choice of x-ray converter on linearity of the R-T growth was also investigated by changing
overcoat-materials and their thicknesses. This measurement is important to avoid excessive
radiative preheating. For both hybrid targets, a factor of 2-4 imprint-amplitude-reduction is
obvious. The observed smoothing effect can be explained by the cloudy-day model using stand-off
distances obtained from the ID simulation.

Several types of target configuration are proposed and fabricated for use in implosion
experiments. They will be soon examined on the GEKKO XII to achieve the indirect-direct hybrid
drive implosion.
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Fig. 2 Growth of initial imprinting for the external-
hybrid target.
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Fig. 3 Growth of intial imprinting for the foam-
hybrid targets.
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Abstract

The physics of fast ignition is being studied experimentally and by numerical modelling using both

the Nova Petawatt laser facility and numerical algorithms developed at the Lawrence Livermore

National Laboratory. The characteristics of the hot electron source at laser intensities up to 102"

Wcm"2 have been measured and diagnosis of the heating at depth by hot electrons has been made

through observation of both x-ray spectra and fusion neutron emission from layered solid targets

[1]. Generation of hot electrons with more than 30% efficiency has been observed. Neutrons from

thermonuclear fusion have been distinguished in high resolution time of flight data from those

produced in either beam target interactions or by the photo-neutron effect induced by high energy

1 Visiting from Blacken Laboratory, Imperial College of Science, Technology and Medicine
London SW7 2AZ, United Kingdom
2 Visiting from Department of Electrical Engineering, University of Alberta, Edmonton, Alberta,
T6G 2G7, Canada
3 Visiting from the Joining & Welding Research Institute, Osaka University, Ibaraki, Osaka 567,
Japan
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photons. In the next phase of this research a significant reduction in laser focal spot size through

the use of wavefront correction by a deformable mirror is anticipated. The talk will review

progress and will include preliminary results obtained with the deformable mirror.

[1] M H Key et al Physics of Plasmas (to be published in May 1998)

Summary

The concept of fast ignition originated by Tabak et al. ' is based on focusing an intense short

duration laser pulse onto high density pre-compressed thermonuclear fuel to create an ignition

spark which initiates a propagating thermonuclear burn. This isochoric process (occurring at

constant density) can be contrasted with the more developed implosion driven isobaric central

spark ignition used in indirect and direct-drive inertially confined fusion (ICF)". Fast ignition is of

importance through its potential to give up to 200x ICF gain and thereby to reduce the driver

efficiency required for inertial fusion energy (IFE), opening up the possibility of laser driven IFE.

The physics is new and challenging involving strongly relativistic laser plasma interactions and

transport of energy by relativistic electrons where electrostatic potentials and self generated

magnetic fields may strongly modify the

transport"'.

Experimental and theoretical studies aimed at assessing the feasibility of fast ignition as a new

route to ICF are now being carried out at many laboratories world wide including the Lawrence

Livermore National Laboratory (LLNL), where the Nova laser facility has been adapted to

generate Petawatt (PW) pulses using chirped pulse amplification (CPA)™.

In the Petawatt beam line up to 800 J in compressed pulses down to 0.45 ps duration is focused

with an axial f/3 parabola. When used without active wavefront control the laser produces a more

than 10 x times diffraction limited focal spot with complex sub structure and a broad power

spectrum of intensity. Work is in progress to correct the wavefront using a deformable mirror with

the goal of achieving better than 2x diffraction limited beams. To date the PW beam line has

delivered maximum intensity on target of 1020 Wcm '2 (in minor fraction of its total power)



without active wavefront control. This should be raised to a major fraction of the power at 1021

Won"2 with the deformable mirror.

The PW facility is being used for experimental studies to assess the feasibility of fast ignition and

these studies are closely linked to theoretical and numerical modelling.

The hydrodynamic code Lasnex is being adapted as a 2 dimensional (2D) integrated modelling tool

for fast ignition by benchmarking new approximations in the model against more detailed small

scale 2D particle in cell simulations with the code ZOHAR and larger scale 3D modelling of the

laser plasma interaction and propagation with relativistic self focusing with the code F3D. The

modelling work is also being benchmarked against experiments.

Results from the experiments include measurement s of the efficiency of conversion of laser

radiation into high energy electrons which show that more than 30% of the laser energy enters a

solid target in the form of electrons with a mean energy of 640 keV when the laser intensity is 2

xlO 19Wcm'2. Direct measurements ofthe energy spectra of electrons exiting from the rear of

irradiated solid targets have shown forward peaking ofthe electron flux and a few percent ofthe

laser energy converted to electrons of high mean energy up to 8 MeV (and maximum energy up to

100 MeV) in experiments at the highest intensity (102°Wcm2).

X-ray Bremsstrahlung spectra confirm the presence of this 'hot tail ' in the electron energy

spectrum and the energetic photons have been shown to induce neutron emission and consequent

nuclear activation of targets through the nuclear giant resonance effect. The activation yield has

given further data on the intensity ofthe Bremsstrahlung at photon energies near the giant

resonance peak (typically >15 MeV). The intensity of Bremsstrahlung at >lMeV has been shown

to be of interest for high energy radiography.

The angular distribution ofthe Bremsstrahlung gives further data on the directionality ofthe

electrons and here directional features have been seen which are tentatively attributed to instability

of relativistically self focused laser light in pre- pulse induced pre-formed plasma in front ofthe

solid targets.

Heating by electrons has been studied from x-ray spectra of buried layers in solid targets and

similarly from fusion neutron emission from CD2 layers. The fusion measurements have been

complicated by beam target fusion and photo-neutron production both creating neutrons over a

broad range of energies. Most recently neutron time of flight data have shown the first evidence of

a narrow thermal peak from DD thermonuclear fusion induced by electron heating of CD2.

Progress in these fast ignition studies will be reviewed including preliminary reports of new

experiments with active wavefront control.

1M Tabak J Hammer M E Glinsky W L Kruer S C Wilks J Woodworth E M Campbell M D Perry Phys
Plasmas, 1,1626, (1994)
" Lindl, J. D., Laser Interaction and Related Plasma Phenomena, AIP Conf. Proc. 318, Publ. Am. Inst.
Phys. Woodbury NY p. 635, (1993).
B A Pukhov, J Meyer ter Vehn Phys Rev. Lett. 79,2686 (1997)
" M. D. Perry, Science & Technology Review UCRL-52000-96-12, p 4, December 1996.
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Demonstration of high density compression up to a six-hundreds times solid density by the
GEKKO XII laser at ILE Osaka[l] was a milestone in Inertial Confinement Fusion (ICF) research.
The next milestone to be overcome in ICF is formation of a hot spark required to ignite the
thermonuclear chain reaction. One of the methods for it is self-generation of the hot spark with an
appropriate size at the center of the compressed plasma using a uniform laser irradiation. Another
approach to make the hot spark is external heating of the isocoric high density plasma with an ultra-
intense short pulse laser, which is called "Fast Ignitor (FI)" [2], The FI approach will be more
attractive since higher pellet gain would be expected with a smaller energy driver. Researches on this
concept are now being opened by the recent progress on a short pulse laser technology, which
enables ultra intense laser-plasma interaction experiments at >10I8"21W/cm2 for l-(im laser light.
The interactions related to the FI are dominated by the enormous photon pressure and relativistic
effects in the plasma, which influence on the propagation and absorption of the ultra-intense laser
light. We have carried out experiments of ultra-intense laser interactions with a long scale-length
plasma to investigate the laser propagation into overdense plasmas at intensities dominated by a
photon pressure. Interactions of relativistic short pulse laser light with inhomogeneous plasmas have
been also studied by using a 100TW/0.5ps laser system and a particle-in cell (PIC) code to simulate
the interaction with a nonuniform plasma.

Laser-channel formation into preformed overdense plasmas with a long scale-length was

investigated using the GEKKO XII laser system [3]. 100-pm scale-length preformed plasmas were

irradiated by a 100-ps pulse (1.053-uvm) at an intensity of 2xlO17W/cm2. The channeling processes
were diagnosed with UV laser interferometry, time dependent reflected light frequency spectra, XUV
laser refractometry [4] and keV-X-ray imaging. Stable formation of a clear channel with 1 -um laser
light in the preformed plasma is observed by a UV interferometer as shown in Fig. 1.
Ponderomotive forces create plasma walls of the channel. Anomalous propagation of the laser light
into overdense plasmas induced by Ponderomotive self-focusing in underdense plasmas and/or
relativistic self focusing at critical region was found on the time-dependent reflected light frequency
spectra, the X-ray images and the XUV laser refractometry.

Experiments on ultra intense short pulse laser interaction with a long scale-length plasma were
carried out using a 100 TW laser system, which was synchronized with the GEKKO XII laser

system. 1.053-nm laser light with a pulse duration of 0.5 ps and an energy of 50 J was focused onto
a solid target or a preformed plasma at a peak intensity of about 1019 W/cm2. The preformed
plasmas were created by 0.53-(jm laser light of the GEKKO XII beams. The interaction was
examined by measurements of x-ray image and backscattered light, the hot electron generation by
measurements of Ka X-ray emission and and the acceleration of high energy ions by measurements
of neutrons (yield and its spectra). Figure 2 shows a signal of a neutron time-of-flight when a CD
target was irradiated by the 100 TW laser light. Neutron spectrum shows that these are created
through a beam-like D-D fusion reaction, indicating the D-ion acceleration into the target.

Investigation on the propagation of the ultra-intense short laser light in plasmas has been also
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made by using two-dimensional PIC simulation [5]. A 20-|im scale-length plasma with a linear

electron density profile up to a two times cut-off density is irradiated by l-|im laser light at an

intensity of 1018 W/cm2. Figures 3 (a) and (b) show the intensity profile and the time averaged
magnetic field structure at 1.5 ps after the pulse start. Self focusing of the laser beam, clearly seen in
Fig. 3(a), may be affected by the magnetic field.

We studied on the ultra-intense laser plasma interactions including laser propagation in a long
scale-length plasma related to the Fast Ignitor. Anomalous propagation of the laser light and channel
formation into overdense plasmas were found, which would be induced by Ponderomotive self-
focusing in underdense plasmas and/or relativistic self focusing at critical region. Higher energy
particles were created in the channel because of the enhancement of the laser intensity by self
focusing. Generation of MeV electrons and ions was observed in 100 TW short pulse laser
interactions. These experimental results were compared with particle simulations to investigate the
relativistic effects in the ultra-intense laser plasma interactions.

Beam 200 nm

Fig. 1 An image of the UV interferometer
showing laser channel formation in the
underdense plasma. Broken lines are
geometrical focusing cone in vacuum and
the target plate.

1.5 10"'

Fig. 2 A Signal of time of flight showing
neutron spectrum at irradiating a CD target by
the 100TW/0.5ps laser.

Fig. 3 (a) Laser intensity profile and (b)time-averaged magnetic field
structure at 1.5ps obtained by the 2D PIC code.
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Abstract
Uniformly modulated gold target surface (groove diameter dX =50±2 (ira and

groove depth d8=10±2Hm ) and copper (dX=70±2(un and do=25±2j4»> were ir-
radiated using 10 ps (FUHH) laser radiation (1.06>w) with energy Eui70«i0 on
the target surface. An array to five X-ray detectors measured the X-ray in-
tensity and angular distribution. Spatially modulated (SID targets show dif-
ferent behaviour in X-ray flux and angular distribution as compared to planar
targets under identical experimental conditions. Results are analysed by con-
sidering the resonance absorption at the curvature, and shape of the groove.

A hohlraua cavity i s advantageous to suppress the irradiation non-
uniformity on the DT capsule. However, there ere many problems l ike, premature
entrance hole f i l l i n g , premature DT fuel-heating etc . Premature fuel heating
is associated with the glint light and the ini t ia l X-ray showers directly
shining the DT fuel. The present work described in this paper is aimed to
"reduce" the glint light shining on the DT fuel and also widening the emission
angle of the X-ray thereby decreasing the X-ray fluence directly falling on
the DT fuel. The preliminary experiments carried out in this direction yield
a very positive results . Two sets of measurements are done for the above tar-
gets v i i . 1> X-ray intensity ("signature of laser radiation absorption i . e .
higher laser absorption implies lower glint light) 2) Angular distribution of
X-rays.

Experiments were performed at Centre for Advanced Technology, Indore
using 1.06n* laser of lOps (FWHM) duration with optical energy density Ê AOO
J/cmz on the target surface. Two types of targets were used viz.
I. (1) Pure gold strip Zx2x50e« was glued to aluminum slab. <2) Surface

modulated aluminum target with 1 (W thick gold coating. (Fig.la)
II . (1) Planar optically <>/2> polished copper target. (2) Spatially

nodulated copper target. (Fig.lb)
Surface nodulated gold targets were fabricated at CAT, Indore. These

targets were placed inside a plasma chamber (vacuum 10"" mbar). Five X-ray
detectors were placed at 15°, 30°, 45°, 60° and 75* to measure intensity and an-
gular distribution of X-rays. Two types of f i l t er s viz. Zapan (5 tu» thick
transmits radiatior(xUV to KeV> and polymerised aluminum (PA fi lter 2 n» thick
transmits the photons with energy h>> >150 eV>. Time integrated X-ray signals
were recorded simultaneously on two storage oscilloscope for each laser shot
on the target surface. Laser spot size <"100|im diameter) was constant during
the experiment. X-ray flux (E) of each detector was measured by varying laser
energy density Eu<600J/cm= on the target surface and EX=E/EIL where E is detec-
tor response in Joules and Ex i s laser energy in Joules. Results of the SH
target were compared with that of planar target of similar material under
identical experimental conditions.

Results
Tim* integrated X-ray signals were recorded for each detector with PA-

fi l ter on the X-ray detector at above mentioned angles. The following results
were obtained.
I. Planar Gold targetsi (1) All the five X-ray detectors record the signal
ev«n at low laser energy density EL "10 J/cm= on the target suface. (2) Ef-
ficiency of X-ray conversion Ex of each detector for photons having energy ĥ
>150 eV decreases with increasing Eu for PA f i l ter coupling <i.e.-ve scaling)

whereas with 5 ura thick zspon fi lter coupling on the detector, A broad ecisson
spectrum is recorded. This implies, radiation emission uith h <150eV increases
with increasing laser energy. (3> X-rsy intensity i s same as that of EM tar-
get at Eu £100 J/cm2 corresponding to en intensity I"1013ki/cms on the plf.ner
target surface.
2. Spatially modulated gold target : (1) All the five X-ray detectors
record the signal starting at low energy density EuK10 J/cei2 and these sig-
nals &rs lower than that of planar target for al l the detectors up to Eu
"lOOJ/cm2 under identical experimental conditions. (2) Ex increases with Eu

for all the detectors up to Ei/'IOOJ/cm2 and then decrear.es.
II. Planar Copper target : 1) At low laser energy density Eu "10 O/cis=,
X-ray signals were recorded only by the detector placed at 15° to the target
normal. This implies X-ray emission is in a narrow cone. <2> As Eu increases,
X-ray intensity of photon with energy h>) > 150eV increases end angular dis-
tribution of X-rays also widens. Scaling i s Ex^Ei." where c=0.92, 1.25, 1.50,
1.36, 0.96 for 6=15°, 30", 15', 60* and 75* respectively.
2. Spatially nodulated copper target : 1) X-ray signals were recorded by
all the five detectors at low Ei_ "10 0/cr.= . 2) X-ray intensity for modulated
target is higher than that of planar target for al l the detectors upto Eu ""600
J/cai=. Scaling of Exf"Eu° where (3=0.12, 0.51, 0.81, 0.51, 0.3. Fig.2 shows
Ex->EU, for planar and SM copper target for a detector placed at 6=15*. Tho
lowering of X-ray scaling in modulated targets, i s explained by considering
the distribution of X-rays at l.-.rge angles.

Present experimental results are being analysed in the following direc-
tion. Fall in the scaling law of Ex with Eu in the case of planar cjold target
is attributed to increased radiation emission in the photon energy range ĥ
<150eV where as in the case of spatialy nodulated gold target, the positive
scaling of Ex is due to increased laser radiation absorption by invoking angle
dependent resonance absorption at the curvature of the groove. Detail
analysis will be presented. In the case of copper target at the lower EL,
radiation emission i s in a narrow cone where as spatially modulated target e1/.-
hibit wider angle of X-ray emission as compared to planar copper target. An
enhanced X-ray emission in spatially modulated target at Eu~*10J/cm2 is at-
tributed to resonance absorption and confinement of the plasma. It is ob-
served that the shape of the groove plays very important role in enhancing
X-ray emission and wider angular distribution. X-ray emission from such
geometrical structured target surface i s being reported forthe first time and
such structure will play an important role as the inner wall surface of
hohlraum target. Detail analysis of the experimental results will be

presented. i- ft i e >-

. ^

LASER ENERGY CENSiTY ( J t e r )

Fig.la : Laser interaction with spatially modulated gold target; inset -
Transverse view of the grooveCP^ctojrix^W).

Fig.lb : Transverse view of spatially modulated copper targetf jHvtogra^V
Fig.2 : Ex variation with Eu for planar (0) and spatially modulated <X>

copper target. Angle of the detector 0=15*.
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The entrusted task of the MPQ Laser-Plasma-Group is to maintain an independent critical evalua-
tion capability on energy oriented ICF in the context of the IPP-EURATOM Association. The ex-
perimental activities to be reported were carried out with the iodine laser facility ASTERIX
emitting long pulses of 450-ps duration and energies of up 1 KJ at wavelengths of either 1312 or
438 nm and the titanium:sapphire ATLAS facility delivering short pulses of 150-fs duration and
200-mJ energy at 790 nm. The theoretical activities include analytical studies as well as code de-
velopment and numerical simulations.
The dominant energy transport mechanism in the hot dense plasma encountered in indirectly driv-
en fusion targets is through radiation. Modeling of such plasmas strongly relies on radiative opac-
ities. Since their theoretical calculation is rather complex and involves numerous approximations,
clean measurements at a well defined temperature and density values are needed for comparison.
Using intense thermal x-rays emitted from an ASTERIX driven hohlraum, uniform volume heating
of thin sample foils to temperatures of up to 30 eV and densities of about 10 mg/cm3 becomes
possible. The opacity is obtained from the transmission spectrum of an x-ray probe source through
the heated foil. We performed such measurements for aluminum, iron, and holmium in the wave-
length range from 70 to 280 eV and, in addition, for aluminum at 1.5 KeV (K-shell) and samarium
at 1.1 KeV (M-shell) [1]. Conclusions inferred from a comparison to code predictions are dis-
cussed.
Shock waves provide important information on the conditions in the interior of laser heated hohl-
raums as to pressure, uniformity of energy deposition, and equation-of-state (EOS) of fusion-rele-
vant materials. Our recent investigations concern EOS measurements of copper and gold in the
multi-ten Mbar range as well as brightness temperature determination by simultaneously recording
the reflectivity and absolute emission of the shock front when breaking through the rear side of a
sample [2].

Fast ignition, a scheme with external heating and ignition of a pre-compressed core by a short laser
pulse, is being considered as an alternative to the central hot spot Diesel-like spark ignition. This
concept has become attractive owing to the rapid progress in short pulse, high-power solid state
lasers based on the so-called chirped-pulse amplification technique. Still at its infancy, the fast-ig-
nitor scheme needs dedicated research to prove its feasibility. In this context, the propagation of
an high-intensity pulse through an underdense plasma and the properties of the overdense plasma
where the hole boring pulse is finally stopped are major topics.
When a intense short pulse propagates through an underdense plasma, beam spreading due to dif-
fraction can be counteracted by relativistic self-focusing (RSF) if the pulse power exceeds a thresh-
old value. Many theoretical and experimental papers have addressed this problem using low-
density gas targets. Our investigations employing ATLAS pulses concern the onset of RSF in high-
density gas-puff targets [3]. In hydrogen at an electron density in excess of 10 c m , we could
demonstrate the onset of beam channeling at the critical power for RSF (see Fig. 1).
At laser powers far above this level, additional factors come into play such as self-generated mag-
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netic fields and the occurrence of fast electrons accelerated in the laser pulse direction to energies
of up to a few MeV. We obtained information on the number of electrons produced per shot and
their energy spectrum by measuring the bremsstrahlung the fast electrons generate when they pen-
etrate into a solid. A comparison of this gamma-spectrum to predictions of the Monte-Carlo code
GEANT whose input data were provided by 3D PIC simulations carried out at MPQ yields an an-
gle-resolved energy spectrum for the fast electrons [4, 5].

ser

Fig. 1: Time-resolved shadowgrams showing the pulse propagation through (a) a nitrogen and (b) an hydrogen gas jet
at about equal values of the electron density. Nitrogen is not fully ionized. The degree of ionization is highest on axis
and decreases radially outwards. The associated refractive index profile defocuses the pulse upon propagation. Since
hydrogen has only one electron it is fully ionized so that this effect plays no role. The laser power is just strong enough
that RSF can balance diffraction.

Important features of the plasma in the overdense region close to the core are its temperature, elec-
tron density, and scale-length. This hot dense plasma can be experimentally simulated by irradiat-
ing a solid surface with an ultrashort high-intensity laser pulse of high-contrast ratio. By modeling
the measured K-shell x-ray line radiation coming from the heated surface its temperature and elec-
tron density can be inferred. In addition, harmonics of the fundamental laser frequency also emitted
from the surface provide information on the plasma scale-length. Both diagnostic tools are exten-
sively being investigated by us, both experimentally and theoretically [6,7].
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In recent years Nova experiments and modeling in the area of laser
plasma interactions (SBS and SRS backscatter, beam propagation) and beam
smoothing have focused on plasma and laser beam conditions representative of
the National Ignition Facility (NIF) point design hohlraum. The point design
hohlraum is a 300 eV radiation temperature hohlraum that will contain a low-Z
plasma at about 10% of critical density for 30 light. The G8 laser beams were
expected to have a peak irradiance of 2 1015 Wcm'2 and be smoothed by a
random phase plate (RPP) and a small amount of smoothing by spectral
dispersion (SSD). Experiments with those plasma and laser conditions have
shown that with moderate amounts of beam smoothing, scattered light losses
can be reduced to a level where they should not seriously impact the energetics
or symmetry in NIF ignition hohlraums.

As part of an integrated plan for attainment of ignition on NIF we are
now carrying out studies to evaluate the effectiveness of beam smoothing at
reducing backscattered light (SRS and SBS) as we depart from the point design
hohlraum conditions. These studies are intended to allow us more latitude in
choosing the eventual design with which we will attempt to ignite some time
after 2006. As well as studying scaling to the higher densities and higher laser
intensities expected in 350eV hohlraums we are also exploring new
implementations of laser beam smoothing more representative of what will be
possible on NIF in both its baseline design and potential modifications. We
have performed experiments with Kinofoim Phase plates (KPPs) and SSD using
a high frequency modulator (17 GHz) capable of generating band-widths up to
5A at IB (in excess of that presently planned for NIF). NIF will use a higher
frequency modulator than used for previous Nova experiments in order to
reduce the beam dispersion required for SSD. The lower dispersion will allow
laser propagation through spatial filter pinholes and the hohlraum entrance hole
without clipping, but has the potential drawback that smoothing at large spatial
scales does not occur. We are also testing Polarization Smoothing through

incorporating wedged KDP plates in the final optics which split the beam into
two polarization components and displace them such that they add incoherently
in the target plane, smoothing the intensity distribution. These techniques
should allow us to suppress filamentation of hotspots and, in the case of
polarization smoothing, reduce the intensity in hot spots.

Filamentation, SBS and SRS have been calculated in 3D with the use of
the F3D code which solves the nonlinear hydrodynamic equations coupled to a
set of paraxial equations to describe the incident, SBS and SRS reflected light.
In the calculations we find that 2 - 5 A of bandwidth, or application of
polarization smoothing are sufficient to reduce filamentation and backscattering.
If both smoothing schemes are used, the distribution of intensities can be held to
the KPP vacuum value (i.e. the plasma filamentation response that would
increase hotspot intensities is suppressed). Our experiments will be compared to
these predictions together with those for more stressful plasma and laser
conditions.

In parallel we have been studying saturation mechanisms for SRS and
SBS in large scalelength plasmas. A good understanding of these mechanisms
will give us more confidence in scaling from our Nova-scale experiments to NIF
and be able to weigh the risks of, for instance, increasing hohlraum temperature
and with it the threat of increasing scattered light levels. Studies of SRS
saturation mechanisms have been quite successful and have shown that SRS
increases with ion acoustic damping, consistent with saturation by a secondary
decay mechanism involving ion waves. Experiments varying the heater beam
energies in CH gas filled targets have shown SRS to be only weakly dependent
on electron temperature, inconsistent with a linear, three wave process in a
Maxwellian plasma but consistent with Langmuir wave saturation by a
secondary decay. In our modeling we have found that the SRS density scaling
from earlier experiments is consistent with growth from thermal noise with
damping rates calculated from Maxwell Boltzmann distributions and measured
electron temperatures.

SBS saturation processes are less well understood, and in particular the
scaling of SBS with plasma density. LASNEX simulations and analysis show
that the ion temperature is an increasing function of plasma density with the
result that the ion damping increases enough to cancel any increase of gain and
growth rate with density. Thus, one expects the SBS on linear theory grounds
to be nearly independent of density however measurements show a rapid fall off
of SBS with density. Simulations of SBS alone (without SRS) have identified
several nonlinear processes such as a two ion wave decay instability which
saturates SBS when the acoustic wave amplitude exceeds the ratio of the
damping rate to the mode frequency. By themselves, these ion wave saturation
mechanisms do not explain the data. However, SRS growth rates and gain
exponents increase with density, and simulations in which both instabilities are
modeled show a reduction in SBS at higher density as SRS increases, for the
parameters of hydrogen/carbon gas mixtures. An additional factor that affects
confidence in scaling from our Nova plasmas to those of NIF is an appreciation
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of how plasma inhomogeneity can affect SBS growth and saturation. We are
conducting near forward scattering measurements to determine the amplitude
and spectrum of background and laser-induced density inhomogeneity in our
plasmas. The angular spreading for a low intensity probe beam is indicative of
fluctuations having <|an/n|> - 0.005 with a transverse correlation length of
about 1.5 (tm. Higher intensity experiments show an increase in <||an/n|> to
about 0.03 and spreading of the fluctuations to shorter scalelengths (0.5 nm).
Initial forward scattering measurements using a 4 H probe beam show a
background fluctuation level of <H3n/n|>~0.002. We are also beginning to
measure any associated velocity fluctuations using Thomson scattering. We will
discuss the expected impact on SBS of the observed fluctuation levels.
*This work was performed under the auspices of the US. Department of Energy
by the Lawrence Livermore National Laboratory under contract No. W-7405-
ENG-48.
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For x-ray-driven ignition to succeed on the future NTJF facility, time-dependent
flux asymmetries imposed on the imploding capsule must be maintained below
prescribed levels. In cylindrical hohlraums, the lowest order asymmetry (the P2
Legendre moment) varies in time principally due to motion of the hot laser
illuminated rings of plasma as the hohlraum wall blows inward. Continuous P2
control requires varying the power ratio between at least two sets of beam rings
sufficiently separated to cancel the effects of plasma motion, as envisaged for NTF
hohlraums (and commonly known as "beam phasing"). The next order
asymmetry (the P4 moment) can be made acceptably small by choosing an
optimal separation for the beam rings.

Rudimentary demonstrations of time-dependent control of the lowest order flux
asymmetries in hohlraums have been performed at the Nova and Omega laser
facilities. At Nova, control was achieved by a) sending different pulses down
each half of each beam-line and b) defocussing beams, creating two rings of
illumination with a time-varying power ratio, but with limited adjustability in
ring separation. At Omega, a single illumination symmetry correction was
applied by turning off one set of beam rings midway (1 ns) through the pulse
and turning on another set appropriately pointed to either enhance, reduce or
reverse the P2 symmetry swing due to spot motion. A third campaign exercising
NIF-like multiple ring illumination with adjustable ring separation will also be
performed at Omega. Omega was chosen over Nova for future hohlraum
symmetry studies because of its expected lower level of random asymmetries
due to improved pointing accuracy (20 vs 35 (im), similar energy balance (3-5%)
and improved beam statistics (V40 beams vs VlO beams).

In all cases, time-dependent flux asymmetries are inferred from the shapes of x-
ray images of imploded cores, backlit capsules and backlit surrogate foam
spheres. Imploded core shapes viewed in emission record the effects of
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accumulated flux asymmetry up to a given implosion time; that implosion time
is varied by varying the thickness of the capsule ablator from shot-to-shot. For
the backlit capsules and foam spheres, out-of-round shape deviations at the few
micron level are continuously recorded, decomposed into Legendre moments
and differentiated in time to extract flux asymmetry moments. These and
previous Nova results demonstrated that the techniques are sensitive enough to
detect distortions due to the P2 and P4 flux asymmetries at the level required for
NIF symmetry tuning. Moreover, Nova results from the campaign aimed at
controlling the lowest order asymmetries showed < 5% P2 flux asymmetry
swings over any 1 ns interval and < 2% average P4. This is to be compared with
larger 10% P2 swings and 4% average P4 for traditional single pulse, single ring
illumination. The results agree well with simulations, especially for the P4 data
which, unlike P2, is insensitive to pointing uncertainties in this regime. The
Omega results using beam staggering also demonstrated P2 control in
accordance with expectations. In particular, the usual spot-motion dominated
positive P2 symmetry swing was reversed as a consequence of switching to a
second set of repointed beams midway through the pulse.

The results and simulations are compared to a simple analytic view-factor model
of the time-dependent P2 asymmetry. In particular, the model is used to explain
the large sensitivity of the P2 asymmetry swing to changes in beam pointing
observed in data and simulations (a 2x increase in P2 swing for every 100 nm
outward pointing shift in a 2-mm-scale hohlraum). The model is used as a
starting point for designing a non-beam phased multiple ring hohlraum
illumination geometry at Omega stressing P4 and random asymmetry control in
conjunction with adequate P2 control.

*Work performed under the auspices of the U.S. Department of Energy by the
Lawrence Livermore National Laboratory under contract number W-7405-ENG-
48.
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Control of laser-plasma instabilities is important for the success of laser fusion, particularly
indirect-drive. For indirect drive, laser beams enter a cavity (called a hohlraum) made of a material
of high atomic number which reaches a high ionization state Z. The high-Z plasma converts
laser energy efficiently into X-rays, that in turn drive the implosion of a fusion capsule. Ignition
hohlraums, such as those planned for the National Ignition Facility (NIF), are expected to contain
underdense plasmas (size ~ few mm) with electron temperatures (Tc) in the keV range. Present
NIF-hohlraum designs rely on the plasma pressure from a He-H gas fill to tamp the intrusion into
the hohlraum volume by the gold-wall plasma, while allowing laser propagation inside the hohlraum.
In the resulting hohlraum long-scale plasmas, high levels of laser-plasma instability are predicted
by linear convective theory[1]. Stimulated Raman scattering (SRS)[2] and Brillouin scattering
(SBS)[3] levels could be very significant, particularly along the backscattering direction, which has
the highest spatial gain. The calculated gains from linear theory, even assuming smooth laser
beams, are generally enormous (exp[25]-exp[30]), and nonlinear-saturation mechanisms become
important. On the NIF, laser filamentation could make matters worse unless it is controlled by
temporal beam smoothing.

Over the last few years, there has been a large effort to develop ignition-relevant, long-scale
(nearly homogeneous) plasmas on the Nova and Trident lasers in order to study laser-plasma
instabilities. In particular, the Los Alamos experiments have concentrated on two targets. The
toroidal gas-ftlled hohlraum illuminated by the Nova laser [4] approaches NIF conditions. Plasmas
created by a line-focused beam incident on a CH disk[5] at the Trident laser facility allow more
detailed basic studies. SRS and SBS in these plasmas are expected and observed to saturate by
non-linear processes. By using a sufficiently low laser / number, filamentation effects are minimized
in order to concentrate on SBS and SRS.

We have performed experiments on both targets with NIF-relevant laser intensities and spatial
smoothing that have elucidated many important aspects of SBS and SRS in these plasmas. We
now know that the speckled nature of spatially-smoothed laser beams used in ICF is important.
Models that calculate the spatial growth of convective instability by properly accounting for the
laser speckles successfully predict the observed onsets of Brillouin and Raman backscattering. On
the basis of our Nova experiments, we have also learned that secondary decay instabilities of the
SRS daughter plasma wave are a likely saturation mechanism of SRS in these plasmas[6, 7, 8],
These results will be summarized.

It is very likely that SBS and SRS are spatially and temporally localized within the plasmas
we study, rather than smoothly growing convectively along the whole path of the laser beam
within the plasma. It is important to understand which features in the hydrodynamic evolution of
these targets are important for these processes. It also appears that SBS and SRS can mutually
couple. These issues can be addressed by imaging the scattered light in space and time and thus
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localizing the SRS and SBS processes within the target. We have developed and deployed at Nova
a high-resolution optical microscope, i.e., the Full-Aperture-Backscatter Station Imager (FABSI)
to accomplish this task[9]. This instrument can record images of light scattered by either SBS and
SRS with a spatial resolution of less than 25 /an, a time gate of 0.1 ns and afield of view of 2 mm.
We have just completed a spatial and temporal scan of SBS and SRS in the toroidal hohlraums.
We will discuss two main results from these images: indications of non-linear bending of the laser
beam by transverse plasma flow[10,11]; localization of SRS and SBS within the hohlraum plasmas.

Finally, so-called "mesoscale" models must be developed for ignition-relevant plasmas, which
are too large to be modeled from first principles. These models have to be based on detailed
comparisons of experiments with detailed theory and simulations. The speckled beams used to
date, although well characterized, are too complex for this purpose. As an alternative, a nearly
diffraction-limited beam with a well-characterized wave front has been developed on Trident. It
can reach an intensity exceeding 2 x 1016 W/cm2. This beam serves as an excellent surrogate for
one of the speckles in realistic beams and is more appropriate for detailed modeling. It is also true
that plasma conditions not often diagnosed, such as plasma flow, can potentially affect significantly
the character of these instabilities. They must be known if we want to benchmark candidate
theoretical models conclusively. Towards this end, we have implemented a spatially and temporally
resolved diagnostic based on collective Thomson scattering from both ion-acoustic and plasma
waves. We have applied this diagnostic to the Trident long-scale plasmas and obtained profiles
of electron density, electron temperature, ion temperature and transverse plasma-flow velocity.
Initial measurements of Raman and Brillouin backscatter of this diffraction-limited beam show
some surprising trends, that will be compared with detailed modeling presently underway. The
characterization and backscatter measurements will be presented and discussed.

This work is supported by DOE Contract W-7405-ENG-36.
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Hydrodynamic instabilities, such as the Rayleigh-Taylor (R-T) instability,
play a critical role in inertial confinement fusion (ICF) as they finally cause fuel-
pusher mixing that potentially quenches thermonuclear ignition. In direct-drive ICF
implosions, where laser light directly irradiates a target, perturbations on the target
surface are seeded by initial imprint due to laser irradiation nonuniformity, along
with the original target surface roughness. These perturbations are accompanied by
rippled shock propagation before the shock breaks out on the inner surface, and grow
due primarily to the R-T instability after the shock breakout. The perturbations grown
on the outer surface are then fed through on the inner surface. These, together with the
initial inner surface roughness, will grow again during the deceleration phase,
resulting finally in mixing between the hot spark and the main fuel, which could
quench the ignition and burn. Thus, good understanding of the instabilities and laser
imprint process is necessary to limit the mixing within a tolerable level.

A series of experiments [1] has been conducted on the GEKKO XII laser facility
to measure hydrodynamic instability growth in planar foils directly irradiated by 0.53-
um laser light. In this report, we will present accumulated database on the laser
imprint with various spatial and temporal frequencies of perturbations. Parameteric
study of R-T instability in the acceleration phase is also presented to show the
reduction of the growth rate due to ablation stabilization enhanced by nonlocal heat
transport.

Initial imprint of laser illumination nonuniformity : Flat plastic foils
were irradiated with the partially coherent light (PCL) pulse of 0.26-nm bandwidth on
which a spatial nonuniformity with the sinusoidal shape was imposed at an averaged
intensity of (0.5 -1.0) x 1013 W/cm2. The targets were accelerated subsequently by a
uniform main laser pulse of 1 x 1013 W/cm- and imprinted perturbations were
amplified by the R-T instability to be observed with the face-on x-ray backlighting
technique. The initial imprint by single-mode static nonuniformity is reasonably
explained by an imprint model in which the pressure perturbation is smoothed by the
cloudy-day effect. In order to compare the imprint level to the target initial surface
roughness, "imprint efficiency", which was defined as the equivalent target roughness
devided by the target thickness and intensity modulation depth (8I/I), was figured out
to be 0.02 to 0.08 in the wavelength range of 20 to 100 urn in our experimental
condition.

To address the question about required laser bandwidth for optical smoothing,
we have started new experiments on the dynamic imprint by moving single-mode
nonuniformity. The nonuniformity was constructed by Young's interference as was
done in Ref.[2] but with two different laser wavelengths, as shown in Fig. 1 (a). The
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laser beams each transmitted through a rectangular aperture (8-mru wide and 10-mm
high) construct interference fringes at the target plane. Due to the dual wavelengths,
the interference fringes move in a direction perpendicular to the fringe ridge. Figure
l.(b) clearly shows the moving interference fringe on the target plane. A 16-u.m single-
mode imprint perturbation was significantly suppressed for the moving nonuniformity
with a 47-ps cycle(Fig. l.(c)).

Rayleigh-Taylor instability : We have observed various dependencies of
the R-T growth rate (measured as the growth rate of the areal-mass perturbation) on
the perturbation wavelength, the laser intensity, and the target thickness. The
difference between the measured growth rates and the calculated results based on the
Spitzer-Harm classical heat transport model increases for shorter perturbation
wavelengths, higher laser intensities, and thinner target thicknesses. These
experimental results are most likely explained by non-local heat transport, in which
high energy electrons in the tail of Maxwell distribution penetrate into and preheat
the target, thereby reduce the target density and thus increase the ablation velocity to
enhance the ablation stabilization.
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FIG. 1. (a) Setup of Young's interferometer with two different laser wavelengths,
constructing moving interference fringe, (b) A streak record of the focal pattern on the
target plane. Tilted lines are the moving fringe, (c) Deduced areal-mass perturbation
divided by the instantaneous nonuniformity vs smoothing frequency. The target was a
flat 2,2,2-poly-trifluoroethyl-methacrylate (PTFMA) foil with a 9-u.m thickness.
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The National Ignition Facility (NIF), a major facility of the US Department of Energy, is currently
under construction at Lawrence Livermore National Laboratory (LLNL) in Livermore, CA.
Applications of NIF range from defense and energy research to basic science. NIF completion is
planned by the end of 2003 at a total project cost of $1.2 B. When NIF is successful, as
anticipated early in the next century, in demonstrating energy breakeven and gain of 10-20 with
inertial confinement fusion (ICF) targets, it will provide a major step toward die potential
development of inertial fusion energy (IFE). However to bring IFE lo reality, considerable
progress will also be needed in reaching high gain (of order 50-100), developing efficient laser or
heavy ion beam drivers, as well as developing long-lived inertial fusion target chambers.

The NIF system has been sized and designed to provide ignition and gab of an X-ray driven ICF
target NIF's 192 laser beams are based on advanced flashlamp-pumped Nd:glass laser
technology which are converted to the third harmonic at 351 nm to irradiate cryogenic DT targets
with 1.8 MT of laser energy in highly-controlled and temporally-shaped pulses to produce the
required x-ray drive. The 192 beams are focused in four-beam quads from 48 different directions
in a double-cone arrangement but can be rearranged to allow either direct laser drive or tetrahedra!
target illumination. It would also be possible in the future to add chirped pulse amplification to test
the fast ignitor concept if ongoing short-pulse experiments find that approach attractive.

The laser and optics technology of NIF is a major step forward from that used in either the 30-kJ
Nova laser at LLNL or the 30-kJ Omega laser at the University of Rochester. The optics aie being
manufactured by new methods which both increase performance and reduce cost. Like the
Beamlet dtmonstration laser at LLNL, NIF uses a compact, actively-switched, four-pass
architecture which utilizes only 40-cm aperture amplifiers for laser energies beyond a few joules.
An adaptive optic is used in each beamline to produce a focal spot which is within a factor of two
of the diffraction limit. The NIF beams use sophisticated and flexible temporal shaping as well as
beam smoothing to optimize target performance. The final optics assembly contains the frequency
converter crystals focusing lens as well as diffractive optics which deflect the unconverted infrared
and green light from hitting the target and provide a sample of the focused beam. The flexibility
afforded by the optical pulse generation system as well as the final optics have been optimized in
NIF following experience in No-, a, Omega, and solid state lasers systems elsewhere in tha world.

Since our confidence in achieving fusion ignitor and gain on the NIF is high, ws have begun to
assess possible technology enhancements to develop a laser driver for a fusion reactor Since the
efficiency and repetition rate must be improved by factors of >10 and >10s respectively over NTF,
new approaches must be devised to meet these requirements. While the basic solid-state laser
architecture is amenable to offering the flexibility needed to ignite fusion targets, several advanced
technologies must be introduced: the flashlamps will be replaced by high efficient laser diode
arrays, Nd:glass by Yb-doped crysuds and radiative cooling of the slabs by near-sonic turbulent
gas cooling. With these enhancements, the goals of 10% efficiency 10 Hz repetition rate, 1010

shots, and appropriate beam control can be met.

We are presently building the Mercury Laser, which will provide 1001 at 10 Hz with 10%
efficiency. The Mercury laser represents an important step, since many key technologies will be
demonstrated at a mearungf al sizes. Other critical elements of a laser-driven IFE campaign include
a survivable final optic (e.g. heated fused silica) and target fabrication/injection, as well as first
wall materials and other issues having commonality with magnetic fusion energy.

*This work was performed under the auspices of the U. S. Department of Energy
by Lawrence Livermore National Laboratory under contract No. W-7405-ENG-48.
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Krypton fluoride (KrF) laser is an efficient ultra-violet gas laser which is suitable for

inertial fusion driver. Its short wavelength (248 nm) gives good target coupling (high classical

absorption, high ablation pressure, etc.), and its broad bandwidth (1 nm) enables smooth irradiation

by means of wavelength dispersion and/or induced incoherence. Also, the gas laser medium allows

rapid cooling for high repetition-rate operation.

At the Electrotechnical Laboratory, Super-ASHURA KrF laser [1] has been developed to

establish technology for multi-kj system and to perform target experiments. In the Super-

ASHURA, amplifier chain and 12 optical beam lines with focusing optics and a target chamber

have been completed. Optics for focused intensity profile control are being inserted in parallel with

preliminary plane target shooting experiments.

The main amplifier of the Super-ASHURA (60cm aperture, 270ns pumping duration) can

now generate 4 kJ output energy with full aperture and local intrinsic efficiency has reached 10%.

In the double pass amplification of angularly multiplexed 20ns x 12 beams, maximum energy of

250J / beam has been obtained. Pulse arrival timing at the center of the target chamber are being

adjusted by using 30ps short pulse.

Two-dimensionally smoothed 200jim focused intensity profile has been obtained when

broad-band and spatially incoherent beam generated by an ASE generator is amplified and focused

by f=1.2m lens. Compared to the 2D Broad-Band Random Phase irradiation [2], this scheme is

advantageous because it gives more smooth and continuous angular dispersion and does not require

large dispersion optics. Envelope of the focused intensity profile is also being controlled by

modifying phase plates in the focusing optics.

In next phase KrF laser program, generation of high energy intense short pulse and

development of high repetition-rate high energy KrF laser, as well as target shooting experiments,

are to be pursued.

For intense laser and plasma interaction experiments related to fast igniter concept,

backward Stokes generator-amplifier scheme [3] is being examined to generate high energy intense
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short pulse. In this scheme, a narrow-band long pumping pulse is simply focused into Raman gas

cell with long (a few meters) focal length. By strongly saturated backward Raman amplification of

the Stokes light which is self-generated near the focus, pulse duration becomes short (< 100 ps) by

itself, and a single high peak-power Stokes pulse is obtained. In a preliminary experiment, with

2.5atm methane and 2.2m focal length, multi-joule 5Ops pulse has been directly obtained from 20ns

pulse (Fig. 1). Conversion efficiency of 27% and power gain of 30. This short pulse generation

process becomes stable (> 95% reproducibility) when a small amount of Xe (about SOTorr) which

compensates self-focusing of pump beam in methane. This scheme is to be used to obtain a 50J /

<30ps pulse from one of the Super-ASHURA beam.

High repetion-rate e-beam pumped KrF laser program has been started to establish technology

for future inertial fusion driver. For repetitive e-beam generation, key components are long life high

voltage switches, pulsed step-up transformer, fast current rise e-beam diode and long life e-beam

transmission foil. A prototype amplifier with 10cm aperture and lHz repetition rate is being

designed which uses array of semiconductor switch, x 20 pulsed transformer and 2 stage pulse

compression circuit with magnetic switch (Fig.2).
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We have developed a 100 TW chirped pulse amplification (CPA) Nd:glass laser to
investigate the fast ignitor concept as a new approach toward high gain inertial confinement
fusion [1]. The 100 TW, 50 J, 0.5 ps beam was focused on a high density compressed plasma
produced by the GEKKO-XII (12 beam, 20 kJ) laser.

A simulation study shows that, in order to achieve fast ignition, 2 - 3 kJ energy is
required to heat a part of a compressed fuel with the density ofp=400 g cm' to a temperature of
10 keV over the region of pR=0.6 g cm2, with a resultant core gain of 2,000 [2]. Although the
coupling efficiency (the fraction of the heating laser energy coupled to the compressed core) is
a main subject to be investigated, a short pulse laser with the energy of over 10 kJ is required for
future ignition/burn experiments. For the present experiment, the typical parameters of the
plasma core produced by the GEKKO-XII are: diameter of a few 10 (un, life time of a few 10 ps,
and core energy of a few 100 J. Therefore the requirements to the laser for fast ignition
experiments are: focus spot diameter of 10 um, pointing accuracy of 10 um, pulse width of less
than 10 ps, synchronization of better than 10 ps, and output energy of approximately 100 J.
Furthermore, high intensity of >1019 W/cm2 is required for generation of high energy electrons
and for penetration of the laser beam through over dense plasma close to the plasma core. We
have developed an ultrashort-pulse laser of less than 1 ps duration with 50 J energy, with which
focus intenisty of >1019 W/ cm2 has been achieved.

Layout of the 100 TW system is shown in Fig. 1. An LD-pumped mode-locked Nd:glass
laser is used as an oscillator, where a newly developed solid state saturable absorber is adopted
as a fast modulator [3]. The waveform of the oscillator output fits well to sech2 function with
the minimum pulse width of 151 fs. The short pulses from the oscillator are stretched to 1.5 ns
by a 4-pass grating stretcher, and amplified to a few mJ by a Ti:sapphire regenerative amplifier.
Single pulse from the regenerative amplifier is amplified to a few Joule with a 4-pass glass rod
amplifier and another single-pass 5-cm glass rod amplifier.
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Fig. 1 System layout of the 100 TW CPA Nd:glass laser.

The final amplifier consists of four disk amplifiers with 350 mm aperture in Cassegrain
3-pass geometry. The pulse compressor is composed of 2 gratings of 1480 lines /mm and 40 cm
in diameter with parallel double-pass configuration. The beam diameter is limited to 20 cm due
to the grating size. The size and the damage threshold of the gratings limited the output from
the compressor to 50 J in 0.5 ps. Since the laser amplifier can deliver 1 kJ in 300 ps, larger
diffraction gratings would generate a beam of more than 1 PW. After compression, the beam
is directed to the target chamber and focused onto a target by an on-axis parabolic mirror of 65
cm focal length. The optical paths after the compressor are in vacuum. Focal spot of 30 fan in
diameter has been obtained by precisely adjusting the parabolic mirror. The intensty on target
is 2xlO19 W/ cm2.

This 100-TW system is synchronized with the GEKKO-XII system. The cavity length of
the mode-locked oscillator is adjusted by a real-time control unit so that the mode-locked pulses
are synchronized to the 50 MHz standard signal which controls the GEKKO-XII. The
synchronization between the two laser systems is less than 100 ps. The spectral width of the
oscillator output is 8.7 nm (2.6 THz) with the pulsewidth-bandwidth product (Ax x Av) of 0.39
showing the nearly transform limited pulse shape. The operation stability was tested for 16
hours. The fluctuation of oscillation wavelength was +/- 0.15 nm, which is much smaller
comparing with gain spectrum of the Nd:glass laser.

Each disk amplifier module of the main amplifier has two LHG-80 disks (694 x 380 x 45
mm). The measured small signal gain is 1.88 and the pumping efficiency is 1.2 %. The total
gain of the 3-pass amplifier is approximately 2000. The flow path of the coolant nitrogen gas
was carefully designed, as the thermal distortion in the laser disks is removed within 60 minutes.
The image relay has provided uniform spatial beam profile. The output beam pattern and
spectrum are shown in Fig. 2. The filling factor is 57 % at the laser energy of 52 J. The spectral
width was 2.5 - 2.8 nm. The decrease in the spectral width is due to amplification narrowing.
The pulse width of 500 fs, estimated from the measured spectral width, agrees with the value
measured by the second order auto-correlation.
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Fig. 2 Output pattern and spectrum.
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Abstract

The development of a full simulation capability covering target design, atomic
physics, materials considerations and environmental impact of Inertial Fusion has been
the main aim of DENIM. The main goal in target design is the development of a fully
ifltegrated two-dimensional (2D) simulation system, which includes mulfgroup
radiation transport with angular dependence, fusion reactions and neutron and charged
particles transport. Different approaches have been developed such as SARA and
ARWEN codes. SARA has two versions (1 and 2D) and includes implicit multigroup
radiation transport with angular dependence via So coupled to hydrodynamic using
Eulerian or Arbritarily Lagrangian-Eulerian mesh in cartesian or cylindrical geometry,
electron heat conduction and laser or ion beam deposition. Different experiments have
been simulated using SARA such as X-ray conversion conversion, indirect-direct drive
scheme, and shock wave propagation in planar foils. ARWEN code is a 2D code for
calculations of problems with fluids under high pressures and with unstable flows,
including interaction with laser and ions, and energy transmission due to electrons and
radiation. The code uses adaptive mesh with continuous refinement, and solves the
problem of Riemann locally for two temperature, with radiation conduction in
muWgroups. Both SARA and ARWEN will be improved to consider fusion and neutron
and a particles trasnpoirt The atomic data needed by the codes will be produced with
the set of simulation codes generated at DENIM, which include LTE model (J1MENA
code), non LTE model (CARMEN code) and detailed configuration accounting solving
time dependent kinetics equation equation for a large number of levels (M3R code).
Multifrequency opacities for materials in IFE and mean opacities for a large number of
materials neve been developed, including those for mixtures. The activation code for
inventory calculations ACAB has been improved to consider the pulsed regime, charged
particles and uncertainties of nuclear data and consequences in the final response. It has
been extensively used in the activation analysis of the National Ignition Facility (NIF,
LLNL), and also in the activation analysis of conceptual reactors such as HYLIFE-H
and KOYO. A system of codes for analysis of fundamental principles of damage by
neutron, using Molecular Dynamics and Kinetic MonteCarlo Diffusion of defects have
been developed (in some extension) and implemented for analysis of SiC (as low-
activation candidate) and metals. A preliminary analysis is being developed on
environmental consequences with atmospheric dispersion considerations on the basis of
MACCS2 and COSYMA codes. Finally, analysis of advanced fuel cycles for future
reactors will be presented.

228

IFP/11 XA9950921

Synopsis Prepared for the 1998
International Atomic Energy Authority

Fusion Energy Conference
Yokohama, Japan

Implosion of Be Fuel Capsules as One Path to Ignition - the Los Alamos Perspective

A. A. Hauer,

Chief Scientist Inertial Fusion Program

Los Alamos National Laboratory
D.C. Wilson, T.H. Murphy, J. Fernandez, M. Cray, L. Foreman, S. Letzring, D.

Montgomery, H.A. Rose, C. Barnes, G. Kyrala, J. Hqffer, R. Margevicius, D. Thoma, N.

Delamaler, K. Klare, D. Tubbs, J.B. Beck, R. G. Wall, J. Oertel, 1'. Asatci

Los Alamos National Laboratory

Theoretical design studies have shown that an x-ray driven implosion of a beryllium

shell containing cryogenic DT fuel shows great promise for obtaining ignition on the

National Ignition Facility laser system. In the present paper, we will describe the full

spectrum of research at Los Alamos aimed at utilizing this target configuration for

achieving ignition early in the next century. The progression of research activities centered

on bringing a beryllium ignition target to fruition is shown below:

theoretical target design and the materials science required for fabrication

• theoretical design and modeling of the x-ray implosion of the Be capsule in a laser-

heated hohlraum

• material science studies of the fabrication of highly precise Be capsules

• development of methods for fabrication and characterization of cryogenic DT layers
inside the Be shell

• laser shock experiments investigating the low temperature properties of Be

production of the implosion conditions necessary for driving this Be target to ignition
conditions

• producing a plan for reduction of laser-plasma instabilities to an absolute minimum

through meso-scale modeling and current experiments

• studies of high x-ray drive symmetry hohlraums utilizing tetrahedra! illumination

• studies of hydrodynamic instabilities that may limit performance of the Be capsule
design

Beryllium capsules have the advantages of relative insensitivity to some types of

instability growth, low opacity, high tensile strength, and high thermal conductivity. One

striking aspect of Be designs are their reduced sensitivity to perturbations in the cryogenic

DT in the inner wall of the capsule. The specific impact of these properties on ignition

designs will be described.



Although Be has a number of very desirable properties such as high strength, it also
presents some challenges such as typically large grain size and difficulty in machining and
forming. Los Alamos has a major materials science program for investigating new methods
for fabricating the precise, high quality Be shells that will be required to produce
hydrodynamically stable, high convergence implosions. In addition to a description of Be
materials properties, a summary of the results of recent Los Alamos work on the complete
fabrication of Be spherical shells (at ignition scale) will be given. Once a high quality Be
shell has been produced, a smooth uniform cryogenic fuel layer must be formed on the
inner wall of the shell. Although our theoretical studies have indicated a greater tolerance
for Be shells on the uniformity of this layer, it still must be of very high quality. In addition,
since Be shells are optically opaque, the characterization of the cryo layer presents a new
challenge. We will describe a significant effort in characterizing the uniformity of this layer
utilizing 2 innovative methods: i) resonant ultrasound spectroscopy and ii) convergent
beam interferometry.1 Experiments with beryllium capsules show that sub-micron amplitude
interior surface perturbations are readily observable, and that fill density can be determined
to within 0.5%.

In the early stages of the implosion of Be capsules (for ignition) the shell will go
through a phase where the Be material properties may be important. In addition the Be
grain structure may be important in determining the uniformity of shock propagation — a
key element in ignition-level performance. To investigate these and other materials
properties we have recently pursued Be material properties studies2 utilizing laser-generated
shock waves. Results demonstrating time resolved phase changes and other properties will
be presented and the path for completely characterizing the Be properties relevant for
ignition performance will be described.

Next in the progression of requirements for ignition is the production of a very
uniform x-ray radiation environment for the ablation and implosion of the capsule. The
laser interaction with the walls (and plasma fill) of the laser-heated hohlraum used to
produce the x-ray field presents some potential difficulties. Laser plasma instabilities can
produce high energy radiation (and suprathermal electrons) that can cause pre-heat and can
reduce the overall energetic efficiency of the implosion. In addition, pushing to as a high a
hohlraum temperature as possible will provide for a safety factor in the achievement of
ignition. The ultimate limitation on hohlraum temperature will likely be these laser-plasma
instabilities. There are 4 principal components of Laser-plasma instability (LPI) work at
Los Alamos: i) development of meso-scale modeling methods, ii) detailed study of the
onset and saturation behavior of SRS and SBS in large ignition scale plasmas, iii) imaging
of the sources of SBS and SRS in ignition scale plasmas, iv) detailed study of the
interaction of SRS, SBS and self-focusing in a single laser hot spot. Recent results from
both modeling and experiment will be presented and the impact on the Be capsule ignition
design described.

Be Ignition target designs and very detailed experiments have shown that there are
stringent requirements on the symmetry of the hohlraum x-ray field driving the capsule. We
have recently completed a series of experiments utilizing a new hohlraum configuration
with tetrahedral illumination of spherical hohlraums. Through a variety of symmetry
diagnostic measurements (including implosion imaging), we have shown that this geometry

has considerable promise for producing better symmetry than cylindrical designs that have
been used up to this point.

The final limitation on the performance of an ignition target is the hydrodynamic
instability generated in the high convergence implosion process. Raleigh-Taylor instability
is produced in 2 principal regions - i) when the hot gas in the x-ray ablation region pushes
against the dense target and, ii) when the back pressure of the imploded gas causes
stagnation of the imploding shell. We have recently used a novel configuration — cylindrical
geometry to investigate these instability properties. Results from our recent experiments at
the Omega laser system (at the Univ. of Rochester) showing very graphic evidence of
instability growth will be given. A description of experiments in cylindrical geometry
utilizing Be shells, perhaps even including cryogenic layers, will be given.

In summary, our comprehensive studies — both theoretical and experimental of Be
capsule ignition indicate that there is consider able promise for the achievement of ignition
early in the next century.
Work performed by Los Alamos National Laboratory - Managed by the University of California for the US
Department of Energy under contract # W-7405-ENG-36

1 in collaboration with the University of Rochester
2 in collaboration with Oxford University, Lawrence Livermore National Laboratory, the University of
California, San Diego and Sandia National Laboratories.
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1. Introduction
Physics of the inertial confinement fusion is based on a variety of elements such as

compressible hydrodynamics, radiation transport, non-ideal equation of state, non-LTE atomic
process, and relativistic laser plasma interaction. In addition, implosion process is not in stationary
state, and fluid dynamics, energy transport and instabilities should be solved at the same time.

In order to study such complex physics, an integrated implosion code including all physics
important in the implosion process should be developed. The details of physics elements should be
studied and the resultant numerical modeling should be installed in the integrated code so that the
implosion can be simulated with available computer within realistic CPU time. In order to check the
modeling of the physics elements, we apply the code to compare to the model experiments, for
example, such as Rayleigh-Taylor(R-T) instability at the ablation front.

We report at first the present status of our integrated code development by focusing on a
uniqueness of numerical algorithms and physics models. At second, we report the analysis of
implosion experiment]!] and hydrodynamic instability experiment[2]. Recent theoretical progress of
ripple shock wave propagation will be also reported[3].

2. Code Development
As the first step for developing the integrated code, we are promoting the following 5 items.

(1) Multi-dimensional hydrodynamics: We are developing two different codes. One is an Eulerian
code and has been applied to study details of a part of implosion process. For a global simulation of
all implosion process, a Lagragian code with rezoning and remapping is necessary. The ILESTA
code has been modified by installing new rezoning and remapping scheme.
(2) Radiation transport: In order to drive implosions or control hydrodynamics, the x-ray radiation
produced by lasers can be used. However, the radiation is not in LTE and multi-group transport is
essential. This part is most time consuming in the integrated code and we are developing a parallel
computing scheme. To solve a diffusion type transport in non-orthogonal mesh implicitly, an iterative
method of JJLUBCG is used.
(3) Non-local electron transport: It has been suggested that a kinetic effect of electron transport is
important in analyzing target acceleration of relatively thin plastic foils. A Fokker-Planck code has
been developed to couple with hydrodynamics and has been applied to study growth of the R-T
instability. This code is, however, time consuming one to be coupled with the integrated code and is
modified to a hybrid one.
(4) Non-LTE atomic and spectroscopic codes: In order to directly compare the results obtained with
the integrated code to the experimental data, it is necessary to reproduce X-ray emission numerically.
Energetics of radiation is simulated with radiation transport code of (2) in the integrated code, while
spectroscopic analysis is done as a post-process. We use RATION and FLY codes[4) to evaluate
details of line emission of doped atom in the fuel gas. These data are used to identify core
nonuniformity as briefly described below.
(5) Relativistic plasmas: For studying basic processes of the fast ignition, we are developing a PIC
codes and Vlasov-Maxwell solver. Since we are interested in laser-plasma interaction in over-dense
plasmas, collisional process should be modeled in the PIC code. A global phenomena such as hole-
boring in inhomogeneous plasmas can be studied with the Vlasov-Maxwell solver. The basic process
clarified with such codes should be modeled in the integrated code for target design.
(6) Fusion product transport: To investigate the ignition and bum dynamics of compressed fuel, an
accurate treatment of fusion product transport is indispensable. One-dimensional transport codes for

230

charged particles and neutrons have been developed by taking the hydrodynamic motion of the bulk
plasma into account and then coupled with a hydrodynamics code. We will briefly report recent
results of coupled transport-hydrodynamic calculations, i.e. the roles of fusion products in low
temperature ignition targets. The development of multi-dimensional transport code is being
undertaken.

3. Implosion Analysis
It has been already reported that it is difficult to explain many of experimental data only with

1-D implosion code[l]. We have studied the effect of nonuniform implosion with 2-D integrated
code. In Fig 1, the normalized neutron yield [=(2-D yield)/(l-D yield)] is plotted as a function of the
mode number of fel-12 for four different amplitudes of velocity nonuniformity. The temperature
profiles near the time of peak, neutron emission rates are shown for the case of I = 2, 6 and 12 with
8v/v0 = 10 %. By focusing on the contribution from i=6 nonuniformity, it is concluded that the
experimental neutron yield can be reproduced by assuming that the velocity perturbation of 20% is
generated through the acceleration phase. Regarding not only the neutron yield, but also the ion
temperature observed with time-of-flight method by the use of the multi-channel neutron detector, we
have obtained a good agreement in the same simulation.

In order to study the time evolution of implosion dynamics near the maximum compression,
line emissions from argon doped in the fuel gas have been observed with a space-and-time resolved
X-ray spectroscopic method. We have focused on Ly-|3 line [Ar17+ (ls-3p)] fromH-like and He-(3
line [Ar'6+ (Is2-ls3p)] from He-like argon ions. The line emission history has been calculated as
post process for the 2-D simulation with non-LTE atomic code [4], By increasing nonuniformity of I
= 6 mode in 2-D simulation, effective confinement time reduces and, roughly saying, a good
agreement is obtained when we assume 20 - 30 % velocity perturbation. This conclusion is
consistent with that described above regarding the neutron yield and ion temperature.

4. Rayleigh-Taylor Instability Analysis
The integrated code is applied to study linear and nonlinear R-T instability at the ablation

front. In Gekko XII experiments, a planer plastic target with corrugated surface on laser irradiation
side was used and accelerated with a green laser of a square pulse. The pulse duration is 2 ns.
Around this time the second harmonics appears rapidly in the backlight image calculated with
spectroscopic code. In Fig.2, the density contours at 3.5 ns are shown. We have obtained a good
agreement for the growth in linear phase and the timing of appearance of the second harmonics. The
comparison of linear growth rate and spike-bubble structure to corresponding experimental data has
been done by reproducing the backlight and side-light images with the spectroscopic codes. We will
reports also an effect of non-local transport on the growth of R-T instability.
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A Distributed Radiator, Heavy Ion Driven Inertial Confinement Fusion
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Ion accelerators are well suited to energy production because they have the long lifetimes (~
30 years), high repetition rates (~ 10 Hz), and high efficiencies (~ 25-35 %) needed for a
reactor. In addition, focusing is done via magnetic fields so there is no final optic in the
beam path to be damaged. Because accelerators are efficient, relatively low target gains are
needed. To keep the recirculating power fraction reasonably small, the product of the
driver efficiency times the target gain (T|G) must be greater than 8-10. This means that
gains as low as 30-40 are acceptable and indirect drive targets can produce more than
adequate gain.

Recent work in heavy ion target design has focused on the distributed radiator target [1].
In the distributed radiator target rnost of the cylindrical hohlraum is filled with low density
converter material. The ions stop in these converters and generate x-rays which implode
the capsule. In this type of target, symmetry is obtained by proper placement of the
converters inside the hohlraum. tfie time-dependent symmetry is controlled by choosing
the converter materials and densities such that approximate pressure balance is achieved and
the converters stay in place. Ion range shortening (which would move the radiating regions
even with perfect pressure balance) is minimized by starting with low density materials to
avoid range shortening caused by changes in density. In addition, the ion kinetic energy is
changed when the target undergoes a large change in temperature.

The target is illuminated from two sides by 16 beams (8 per side) of 3 GeV lead ions
during the low power "foot" of the pulse and 32 beams (16 per side) of 4 GeV lead ions
during the main pulse. The beams are packed in two cones: the foot beams enter at an
angle of 6 degrees relative to the axis of symmetry and the main pulse beams enter at an
angle of 12 degrees. These angles were determined by our systems code [2] and were
chosen to allow space for the final focusing magnet system upstream. Each beam had a
Gaussian distribution in space which is consistent with the distribution found in particle-in-
cell calculations of the beam transport through the reactor chamber. The beams were-
elliptical in shape and aimed to form an annulus on the end of the hohlraum. Two-
dimensional, integrated Lasnex [3] calculations of this target produced 402 MJ from 5.9
MJ of beam energy for a gain of 68.

Some types of accelerator are better suited to longer range (higher energy) ions. Because
only about 1 MJ out of 5.9 MJ of beam energy ends up in heat capacity of the converters, it
is possible to double the amount of converter material (and hence, the ion range) for about
1 MJ more beam energy. Since almost 3 MJ ends up in the hohlraum wall, we kept the
target geometry fixed and increased the converter density. Using this technique we
produced two successful integrated designs using increased ion range. In the first case, we
increased the range from 0.035 g/cm2 (4 GeV lead ions) to 0.055 g/cm2 (5.5 GeV lead
ions); this target produced 370 MJ of yield from 6.35 MJ of ion energy for a gain of 58. .
In the second case, we increased the range to 0.1 g/cm2 (8 GeV lead ions); this target
produced 413 MJ of yield from 7.4 MJ of ion energy for a gain of 55. All of these cases
have adequate gain for an inertia] fusion power plant. In addition to expanding the
operating regime for this type of target, we have shown that the target is quite flexible.

A preliminary cost of electricity (COE) for an power plant based on the distributed radiator
target is reasonable: 5.6 cents per kWh for a 1 GWe power plant and 4 cents per kWh for a
2 GWe power plant. These same codes predict a 17% reduction in COE if we could drive
the same capsule with 3 MJ of beam energy. A simple scaling suggests that we might be
able to do this if we reduce all the hohlraum dimensions by 27%. This would mean a much
smaller case-to-capsule ratio and much less radiation smoothing than we enjoyed in our full
size target. Maintaining the time-dependent symmetry is critical for this "close-coupled"
design and doing so may require design techniques that were not needed in the full size
target In particular, we may need to "shim" the capsule by placing thin (~ 1 micron) layers
of mid-Z material at strategic location on the capsule surface. These layers would block
some of the radiation at early times and burn through to allow the full radiation to reach the
capsule at late times. If shims prove to be necessary, their effect on the Rayleigh-Taylor
instability will also need to be determined. Capsule shimming can be tested experimentally
on the National Ignition Facility (NIF) laser.

[1] M. Tabak, D. A. Callahan-Miller, D. D.-M. Ho, G. B. Zimmerman, accepted for
publication in Nuclear Fusion, 1998.
[2] W. R. Meier, R. O. Bangerter, A. Faltens, accepted for publication in Nuclear
Instruments and Methods, 1998.
[3] G. B. Zimmerman, W. L. Kruer, Comments on Plasma Phys. and Controlled Fusion,
2, 51 (1975).

* Work performed under the auspices of the U. S. Department of Energy by LLNL under
contract W-7405-ENG-48.
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Generating High Brightness Ion Beams for Inertial Fusion Energy*

M. E. Cuneo, R. G. Adams, J. E. Bailey, M. P. Desjarlais, A. B. Filuk, D. L. Hanson, D. J.
Johnson, T. A. Mehlhom, P. R. Menge, C. L. Olson, T. D. Pointon, S. A. Slutz, R. A. Vesey, D.
F. Wenger, D. R. Welch, Sandia National Laboratories, Albuquerque, NM, 87185

Light ion beams may be the best option for an Inertial Fusion Energy (IFE) driver. This approach
uses high-energy-density pulsed power to produce a medium-energy (30 MeV), high-current (1
MA) beam of light ions, such as lithium. Ion beams allow standoff of the driver from high-yield
implosions with 4 m transport of the ions to the target. Although standoff makes light ions the
best pulsed-power approach to IFE, light-ion research is being suspended this year in favor of a
highly successful, Z-pinch-driven, pulsed-power approach studying ICF target physics. This
paper wili report the most recent results of Sandia's light-ion program, study the scaling of the
results to high-yield, and document the prospects of light-ions for IFE for the future.

IFE driver scaling is strongly affected by the ion beam divergence or brightness. Lithium ion
beams have been used to heat hohlraums to about 65 eV on PBFA II. Meeting the driver
requirements for low-divergence and high-brightness ion beams has been more technically
challenging than initially thought. Experimental and theoretical work over the last 5 years shows
that high-brightness beams meeting the requirements for IFE are possible. The production of
these beams requires the simultaneous integration of at least four conditions. A major advance in
our understanding is that these conditions are synergistic and tightly-linked; high-brightness is
not possible unless these four conditions are simultaneously present. These conditions are:

1) Electron sheath and ion beam enhancement control techniques such as high magnetic fields and
others are required. The electron distribution across the acceleration gap influences the ion beam
current enhancement above the space-charge-limit and also affects the growth-rate of
electromagnetic instabilities which can couple to the beam and cause divergence. High magnetic
fields control the charged-particle dynamics which can decrease the growth-rate and wave-particle
coupling that produce divergence. Sufficient stored energy has been acquired to access for the
first time the magnetic fields necessary to control the electron sheath. Other techniques have been
developed which also show promise for improving beam brightness.

2) A pre-formed, uniform lithium plasma is required for low source divergence, which is
compatible with the above electron sheath control techniques. Previous work has shown that as
much as half of the divergence (in quadrature) is dominated by the source, and that the source
uniformity is poor. Nonuniform beam emission generates divergence. Nd:Yag laser irradiances of
> 60 MW/cm2 give uniform plasma generation from lithium thin-films. An 8 ns,70 J Nd: Yag laser
has been developed to provide > 60 MW/cm2 over 70 cm2 diode areas. Previous laser source
experiments which required plasma formation over S 500 cm2 used < 25 MW/cm2 which
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produced non-uniform plasma and large source divergence. A pre-formed plasma source is also
expected to be far less sensitive to high-magnetic fields than sources which are generated by the
electron leakage and electric fields in the diode environment.

3) Rigorous surface cleaning techniques are required for control of anode, cathode and ion
source plasma formation from electrode contaminants. A fatal flaw in previous attempts at
lithium plasma generation was the desorption and ionization of contaminant neutrals by the laser.
Lithium films have high chemical reactivity and strongly bind to contaminants. We have measured
more than 30 monolayers of hydrogen desorbed from lithium'thin-films by the laser at 0.7 J/cm2,
an inventory which would completely dominate the lithium ion beam. Advanced cleaning
techniques have been developed which reduce this inventory to < 1 monolayer. High power
lithium beams at a fusion-level (> 1 kA/cm2) require electric fields of >5 MV/cm on a 1 - 2 cm
vacuum gap. Anode and cathode plasmas are generated at these fields, which negatively impact
divergence and impedance history. Advanced cleaning techniques have increased the voltage pulse
width at the accelerating gap by a factor of 2 to 4, to the width of the accelerator input pulse,
delaying the onset of and rate of impedance collapse.

4) A carefully tailored insulating magnetic field geometry for uniform beam generation is required
to minimize wave-particle-induced and source divergence. Beam profile control requires balancing
the ion current enhancement from the electron spatial distribution and the effect of ion-feedback
on electron sheath dynamics as a function of radius. The physics understanding and technology
for beam profile control has been demonstrated on several accelerators, and has resulted in a
reduction of beam divergence on an extractor diode.

These four conditions have never been simultaneously present in any previous lithium beam
experiment, but the effectiveness of each condition has been- demonstrated in experimental tests.
We will report on the results of the final integration. Our goal on the SABRE accelerator is a 0.75
kA/cm2 lithium at 5 MeV with a divergence of 15±5mrad a peak power. This brightness scales
conservatively to a fusion class 8 MeV injector for a 2-stage diode with application to IFE and
standoff. Post-acceleration of this beam at 24 MeV would give a 9+3 mrad beam at 30 MeV,
assuming no emittance growth during post-acceleration, which meets the requirements for self-
pinched transport and IFE.

*Sandia is a multiprogram laboratory operated by Sandia Corporation, a Lockheed Martin
Company, for the United States Department of Energy under Contract DE-AC04-94AL85000.
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THE FIRST EXPERIMENTAL EVIDENCE OF MEGAGAUSS MAGNETIC
FIELDS IN PLASMAS INDUCED BY THE INVERSE FARADAY EFFECT

S. ELIEZER, Y. PAISS, Y. HOROVITZ and Z. HENIS
Plasma Physics Department

Soreq NRC
Yavne 81800, Israel

Megagauss magnetic field, produced during the interaction of circularly polarized laser
light (CPLL) with plasma, were measured. The effect of a CPLL induced magnetic
field in a plasma is a proof of the existence of the inverse Faraday effect (IFE) in a
plasma. The IFE was measured in a range of five orders of magnitude of laser
intensities, 109 to 1014 W/cm2. The experiments were performed by irradiating planar
aluminum targets by CPLL Nd:YAG lasers (wavelength 1.06p.) with a pulse duration of
7 ns. Axial magnetic fields of 2 megagauss were detected at 1014 W/cm2.

Two diagnostic methods were used to measure the poloidal (axial) magnetic field r
induced by CPLL. At low irradiances (109-10")W/cm2 the target was a ferrite ring
(permeability about 700) with a 350 (im air gap and a 500 \xm diameter hole drilled
through the ring into the air gap. The CPLL was irradiated through the hole creating a
plasma and a magnetic field which penetrated into the ferrite. The time derivative of this
magnetic flux induces a voltage signal in an output coil, which was measured by a GHz
digital oscilloscope. The calibration was done with a fast pulse generator delivering
trapezoidal pulses, 10 ns duration with a 1 ns risetime.

A characteristic feature of the IFE is the change in the voltage sign when a right handed
CPLL is changed to a left handed CPLL. This feature was measured experimentally
with the above experimental setup.

At higher irradiances the axial magnetic field was measured using the Faraday rotation
of a diagnostic laser (2co-green) beam. The 2co probe beam propagates into the plasma
collinearly with the main laser (co) beam, is reflected from the critical surface and then
is directed into an analyzer system, including two photodiodes, a X/2 plate, a beam
splitter and a high contrast Glen polarizer. The (Faraday) angle of rotation is determined
by the ratio of the signals of the two photodiodes and a calibration curve of the
analyzers (which was done by reflecting the probe beam from a perfect mirror located at
the place of the target). The minimum angle that can be measured with this analyzer is
one degree with an error of 10%.

The measured axial magnetic field induced by the CPLL, as a function of the laser
irradiance is given in Fig. 1.
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1.00E-03
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Laser Intensity [W/cmA2]

Fig. 1. The measured axial magnetic field as a function of laser irradiance.

The existence of poloidal magnetic fields due to the IFE in plasmas together with the
well established VnxVT (n=plasma density, T=plasma temperature) toroidal magnetic
fields might have interesting implications in creating a mini tokamak induced by laser
produced plasmas [1,2]. Such a mini-magetic bottle will have plasma densities of the
order of 1022 cm"3 and confinement times of the order of 100 ns. This approach to
fusion circumvents the complexities of inertial confinement fusion where very
symmetric implosions using many laser beams are required.

(1) S. Eliezer, Y. Paiss, H. Strauss, Phys. Lett. A164. 416 (1992).

(2) Y. Horovitz, S. Eliezer, A. Ludmirsky, Z. Henis, E. Moshe, R. Shpitanik, B. Arad,
Phys. Rev. Lett. 78, 1707 (1997).
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CRYOGENIC DEUTBR1UM ZrPJNCH AND WIRE ARRA Y
Z-P1NCH STUDIES AT IMPERIAL COLLFsGB

M. G. HAINBS, R. AUAGA ROSSBL, I'. N. BEG, A. R. BELL, S. CHANNON,
J. P. CHITTRNDEN, M. COPPINS, A. E DANGOR, D. F. HOWBT.T, S. V. LEBBDBV,
I. H. MJTCHELI-, J. RUIZ CAMACHO, J. WORI.BY & D. ZDRAVKOVIC
Blackett laboratory, Imperial College, London SW7 2BZ, UK

I. ROSS
AWE, Aldermaston RQ7 4PR, UK

The MAGPIE generator (2.4MV, 1.9MA) was employed to discharge currents of up to
1.4MA through cryogenic deuterium fibres of IQOum diameter and 2 cm in length with a current rise
time of 150ns. Optical and X-ray streak and framing cameras and laser inlcrferometry and schliorcn
were employed, and gave results similar to those found in our earlier experiments with 33pm
diameter carbon or CD, fibres. The coronal plasma expanded with a constant velocity of -5x ICHms-1,
and m = 0 MHD ionizing instabilities were observed from the beginning of the discharge with an
axial wavelength of about lmm. At no stage was it possible to create a plasma in the collisionless
large ion Larmor radius regime, and the results arc consistent with 2-D MHD simulations with atomic
physics included. Pre-ionization of the fibre by a current prepuise halves the expansion velocity, but
only 1% of the fibre is ioniiicd by this early current flow. The neutron yield of - 10* occurred at the
later m - 0 disruption and from its anisolrony is associated with ion acceleration processes.

For Ihc last 9 months experiments wilh MAGPIE have concentrated on wire array implosions
with the objectives of understanding the basic physics of wire arrays and the resulting X-ray emission
and how to couple the energy more, quickly into suitable plasmas. Arrays of 1.6cm diameter,
cosisting of 8,16 or 32 equally spaced aluminum! wires of diameter 15pm were used. The moss was
chosen so that implosion of the wire arrays resulted in a dense Z-pinch being formed on the array axis
at the moment of current maximum. The kinetic energy of the imploding ions of 10-30keV is
thcfmalised as the plasma stagnates on the axis. The analysis of laser probing data allows the
evaluation of the radial and azimulhai motion of the wire plasmas, The motion of (lie coronal plasma
from individual wires towards the array axis was observed well before the start of the wire motion.
The expansion velocity of the plasma on the individual wires is much greater towards the array axis
than away from iL Preliminary experiments show that the azimuthal expansion of the coronal plasma
is practically the same for different values of the current per wire but is not the same as expansion of a
single wire. The aamuthal structure of the plasma at early time (before the implosion) was measured
by end-on laser probing. Plasma streams from the individual wires were observed, flowing radially
inwards to the array axis. This resulted in the formation of a precursor plasma on the array axis, the
parameters of which were measured by laser probing and time-resolved optical and soft X-ray
photography.

The collapse of the wire array is found to be non-uniform and time resolved X-ray framing
images show the appearance of correlated bright spots on wires at 160ns, just prior to the collapse of
the wires. This is indicative of an instability in the global magnetic field of the array. Spectrscopic
analysis of the X-ray emission from the imploded plasma shows thai it is predominantly from
hydrogen- and helium-like alumimium and line ratio measurements give time temperatures of the
plasma of between 400 and 600eV. Experiments are also being carried out. in which the wire arrays
are collapsed onto a target fibre (Mg or CD?) located on the array axis.

The experimentally observed features from low number wire arrays are distinctly three
dimensional. We have therefore been developing a three dimensional resistive MHD code for the
simulation of wire Arrays. Two-dimensional simulations have shown that in order to follow the
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spontaneous evolution of the m = 0 instability from a noise perturbation to long wavelength requires
lOfim spatial resolution. Mapping the entire wire array onto a 3-D cubic grid with this resolution
would require - 10' cells. Therefore an alternative approach is adopted where the initial phase of
individual wires prior to their interaction with neighbouring wires is modelled in 2-D (r,z) simulation
and the results arc then used as the initial starling conditions for a 3-D (x,y,z) simulation with lOOjim
cells, Partially degenerate equations of stale and transport coefficients for the electron fluid have been
added to the 2-D code to allow simulation of rrielal wires from 'cold-start' conditions, showing lhat a
significant fraction of the mass of the wire remains in the solid phase for the majority of the
experiment Three-dimensional results show that the symmetry of implosion is strongly affected by
the level of ionization provided by the 2-D code.

The combined Rayla'gh-Taylor/MHD instability has been studied in a 2-D simulation of an
imploding, diffuse Z-pinch. The classical R-T prediction gives a good agreement for short
wavelength modes occurring in the shocked region of a characteristic thickness, while long
wavelengths have a reduced growth rate.

A heuristic model dividing the wire array behaviour into 4 phases can successfully reproduce
many features of the experiments at IC and SandiuW. Initially Ibc n wires explode and arc unstable in
an uncorrelatcd way. At merger into a shell the level of seed perturbation varies as n "*• end during the
subsequent shell implosion Rayleigh-Taylor instabilities grow linearly and non-lincarly. The final
pinch diamelcr and instability level is found, and during an MHD bounce time the ion kinetic energy
is converted via viscosity and equipanilion to electron heating, further ionization and X-radiation,

To understand further the basic physics of wire arrays, experiments have also been
undertaken with single and double wires of aluminium") or tungsten on the IMP generator delivering
Up to 160k A in 6.5ns. Expansion velocities, instabilities and bright spot formation were recorded for
various diameter fibres. Tungsten has expansion velocities in the range 5 ± 3 x lOm/s while
aluminium expands at least a factor of 2 faster. Short wavelength perturbations appear at about 8ns
for aluminium compared to 20ns for tungsten pinches, while bright spots appear al 40ns and 60ns
respectively. Hard X-rays above 8keV are only observed for tungsten wire pinches, apart from anode
emission which occurs for both.

The separation of pairs of 15mm diameter aluminium fibres was varied from 300um to
1.5mrn. The plasma dynamics were studied wilh schlieren photography with a 7ns pulsed ruby laser.
In addition, four frame GOI, time integrated pinhole camera, optical streak camera, crystal
spectrometer and filtered TIN diodes were used to monitor optical and X-ray emission. Expansion of
the wires is greater in the region between Ihc wires nnd is with uncorrclated axial structures; in
contrast the structures surrounding the wires are spatially correlated.

Further theoretical work on the stabilising effect of sheared rodal flow has been curried out in
the MHD regime>4> where residual low growth is always present In a hybrid code"51 with particle ions
in the large ion Larmor radius regime, a sheared axial flow is naturally sel up during implosion
accompanied by anomalous current penetration, for an ion Larmor radius up to one tenth of tho pinch
radius.

[S]

REFERENCES

HAINBS, M. O. ei al., Fusion Energy 1996. Vol 2,275 (IAEA: Vienna 1997)
SANFORD T. W. L. et al., Phys. Rev. Lett. 7 7,5063 (1996)
B E C K N. eta]., PlosmaPhys. Control Ftafon39, 1 (1997)
ARBHK, T, D. &HOWELL D. R, Phys. Plosms 3, 554 (1996)
AHBER, T. D., Phys. Rev. Lett. 77, 1766 (1996)



IFP/17-EXP4/17
XA9950927

FBLAMENTATION AND NETWORKING OF ELECTRIC CURRENTS
IN DENSE Z-PINCH PLASMAS

A.B. KUKUSHKIN, V.A. RANTSEV-KARTINOV
1NFRRC "KurchatovInstitute", Moscow, 123J82Russia

The results of a high-resolution processing, called a multilevel dynamical
contrasting method and based on techniques of fractal dimension analysis, of ex-
perimental data from earlier experiments in Kurchatov Institute on linear Z-pinches
are presented which prove the electric current-carrying plasmas to be a random
fractal medium. The basic building block of this medium is identified to be an al-
most-closed helical filamentary magnetoplasma configuration (we call it hetero-
mac, see Figs. 1,2). The heteromacs are coupled together through long-range self-
sustained filamentation and, thus, form a dynamical percolating network with dis-
sipation [1].

The concept has a number of significant implications for the physics and
applications of the plasma radiation sources based on Dense Z-pinches and other
high-current discharge plasmas. These implications allow for the following phe-
nomena identified in analyzing available experimental data ranging from earlier re-
searches of gaseous Z-pinches and plasma foci to recent advances in experiments
on magnetically-driven multiwire-array implosion (see, e.g. [2]):

(1) fractal structure of a single filament (Figs 1,2) and complicated interaction
of the «fractal» filaments;

(2) formation of a percolating network composed of the two mutually interre-
lated and complementary networks built up of, respectively, particle density fila-
ments and magnetic flux tubes (cf Fig. 3);

(3) strong self-organization phenomena in such an essentially non-equilibrium
systems that manifests itself, in particular, in the nonlocal transport phenomena and
respective mechanisms of energy conversion.

The results presented (i) extend recently identified phenomenon of the 3-D
large-scale (up to several centimeter size) helical filamentary plasma structures
[3,4] in plasma focus gaseous discharges to the case of Z-pinch gaseous discharges
and (ii) provide a novel view into the. dynamics of Z-pinch's necks, plasma spikes
and magnetic bubbles as well as on generic features of electric current-carrying
plasmas varying from low-electric current laboratory plasmas to cosmic plasmas.
This includes, in particular, developing a transparent qualitative model for the fol-
lowing phenomena:

(!) the formation of electric current precursors on the axis, in advance of ma-
jor current sheath's convergence;

(2) fine structure of Z-pinch's main body and halo;
(3) the picture of development and saturation of the magnetically-driven

Rayleigh-Taylor instability, with allowing for the current sheath's filamentation;
(4) the necking of the filamentary Z-pinch. Significantly, the data processing

allows to identify the mechanisms responsible for depleting the energy density in
the neck.

It follows from our analysis that a substantial modification and extension of
the existing radiation magnetohydrodynamic formalism and respective numeric
codes is needed. The requirements to these codes are formulated. This implies
modeling of the internal structure of filaments and their networking within essen-
tially 3-D frames with combining the kinetic and hydrodynamic descriptions of the
building blocks.

Fig. 1

Fig. 1. A drawing of the
branching which produces the
heteromac(s) and makes indi-
vidual filament a fractal forma-
tion.

Fig. 2a. Typical experimental
picture (taken in visible light, 15
ns exposure) of individual
strong filaments (positive, frame
width «2 cm).

Fig. 2b. Enlarged image of the
single heteromac branched off
the filament seen in the right-
hand side of Fig. 2a.

Fig. 2a
Fig. 3

Fig. 3. A stripped image of the dense Z-pinch (visible light photograph, similar to
Fig. 2) illustrating the networking of electric current. The optics collected the light
through circular diagnostic window, in a perpendicular direction to facility's major
axis, from a layer, 7.5 cm diameter and 5 cm depth, located on major axis of the
facility.

REFERENCES
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[2] Sanford T.W.L., et. al., Phys. Plasmas, 4 (1997) 2188; Rev. Sci. Instrum., 68
(1997) 852; Phys. Rev. Lett., 77 (1996) 5063.
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High Yield Inertia! Fusion Design for a Z-pinch Accelerator

James H. Hammer, Max Tabak, Sco t t Wilks, John Lindl, Peter W.
Rambo, Art Toor and George B. Zimmerman

Lawrence Livermore National Laboratory
Livermore'CA

Dillon McDaniel, John 1_ Porter, Jr., and Rick Spielman
Sandia National Laboratories, Albuquerque, NM

In this paper we discuss integrated design calculations for a
high yield (400 • 1200 MJ) that uses a double-ended z-pinch-driven
hohlraum radiation source. The design is sketched in Fig. (1).

Double-ended z-pinch-driven hohlraum
configuration

A-K gap secondary A-K gap

z-pinch z-pinch

The design approach places minimal requirements on z-pinch
uniformity and stability, usually problematic due t o magneto-Rayleigh
Taylor (MRT) instability and other e f f ec t s . The hohlraum serves to
smooth the radiation field at the capsule, even in the presence of large
millimeter scale inhomogeneities of the pinch. Simultaneity and
reproducibility of the x-ray output t o 5-10% are required, however.
Experience on the Z and Saturn accelerators suggest reproducibility
at this level may be achievable. Parameters for the design are
presently based on 1 and 2D simulations of the capsule and z-pinch
implosions, 2D simulations of the end screen closure, ID hohlraum, and
3D view factor calculations. Integrated 2D design calculations t o
refine the design are in progress and will be discussed.

In the current design, the end hohlraums are 1.25 cm in radius
and 1 cm in length with a 0.25 cm width electrical feed slot. The central
hohlraum is ~ 1.5 cm in length with a radius of 1.0 cm. An un-doped
beryllium ablator, cryogenic DT capsule with radius in the range of
0.26 to 0.30 c m and absorbing 1 - 2 MJ of x-ray energy is placed in the
central hohlraum. High atomic number shine shields with a radius of
0.4 to 0.5 c m protect the capsule from direct shine or hydrodynamic
interaction with the z-pinches. A screen or array of radial spokes
separates the z-pinch and accelerating magnetic field from the
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central hohlraum and capsule, while allowing efficient coupling of x-
ray energy.

The design requires 13 • 18 MJ x-ray energy release by the
imploding pinches, with an appropriate pulse shape: 1-2 MJ in 1 or more
pulses that heat the secondary hohlraum to 100 eV for approximately
20 ns followed by the main pulse that raises the radiation temperature
to ~ 210 eV for ~ 10 ns . A method for pulse shaping introduces one or
more concentric shells of material, impacted by the imploding pinch
before the final stagnation and main x-ray pulse. 1 and 2D radiation
magnetohydrodynamic simulations indicate that a z-pinch implosion
starting with an annular shell at an initial radius of 1cm, impacting a
shell of comparable mass at a radius of 0.4 cm produces the desired
radiation output. The pinches and pulse shaping shells were composed
of low atomic number material in the simulations (LiD) since high
atomic number material caused excessive radiation trapping in ID.
High atomic number, e.g. tungsten as employed in Z wire array
experiments, will be evaluated with 2D simulations including MRT
effects , that break up the plasma sheath and reduce radiation
trapping. The simulations assume a current rise t ime of 100 ns ,
reaching a peak of 67 MA with an implosion time of 110 ns. The peak
current is roughly proportional to voltage x time, and is limited by the
allowable drive voltage. Higher current and energy could be delivered
at longer current rise t imes. Scaling of the design with variable
current and rise t ime will be evaluated.

At 1 MJ absorbed, 210 eV drive temperature the capsule has a
convergence ratio of "30 with in flight aspect ratio of "30 and
assembled rhoxR of 3 . 2D, single mode stability calculations indicate a
maximum Rayleigh-Taylor growth factor of 450 for azimuthal mode
number 1 1 5 . A capsule perturbation of 100 angstroms at this
wavelength then leads to an expected displacement/final radius of
4.5%. A larger capsule with 2 MJ absorbed appears more robust,
although symmetry and hohlraum energetics need t o be evaluated in
detail.

3 D , stat ic view factor calculations show adequate flux
symmetry, i.e., asymmetry less than 1.5% without additional shields.
The presence of 2 4 radial spokes at the end screen locations has
negligible e f f e c t on the symmetry. Time dependent view factor
calculations linked t o the integrated calculations will be discussed.

A low atomic number end screen, e.g., beryllium, similar to
that employed on recent Z experiments is being evaluated.
Preliminary 2D radiation MHD simulations of end screen dynamics
show the screen varying from ~ 50% transparent during the foot of the
x-ray pulse t o nearly 100% transparency at the peak of the pulse.
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EXPLORATION OF SPHERICAL TORITS PHYSICS IN THE NSTX DF.VTCE*

M. Ono and the NSTX Team**
** The NSTX Team consists of physicists and engineers from Princeton Plasma Physics
Laboratory, Oak Ridge National Laboratory, Columbia University, Univ. Washington,

and other collaborating institutions.

Motivation - A broad range of encouraging advances has been made in the exploration of the
spherical torus (ST) concept.1 Such advances include promising experimental data from
pioneering experiments, theoretical predictions, near-term fusion energy development projections
such as the Volume Neutron Source, and future applications such as the power plants. Recently,
the START device has achieved a very high toroidal beta (Jj = 30% regime with PN •= 5.0 at low
q95 = 3.2 The National Spherical Torus Experiment3 (NSTX) is being built at Princeton to test
the fusion physics principles for the ST concept at the MA level. The NSTX nominal plasma
parameters are Ro = 85 cm, a = 67 cm, R/a £ 1.26, Bj = 3 kG, In = 1 MA, q9s = 12, elongation K
^ 2.2, triangularity 5 < 0.5, and plasma pulse length of up to 5 sec. The NSTX device/plasma
configuration allows the plasma shaping factor, Ipq9SlaB, to reach as high as 80 which is an
order of magnitude greater than that achieved in conventional aspect ratio tokamaks. The plasma
heating / current drive (CD) tools are High Harmonics Fast Wave (HHFW) (6 MW, 5 sec),
Neutral Beam Injection (NBI) (5 MW, 5 sec, 80 keV), Coaxial Helicity Injection (CHI) (2 MJ
capacitor bank), and Electron Cyclotron Heating (ECH) (400 kW). The key physics objective of
NSTX is to attain an advanced ST regime; i.e., simultaneous ultra high beta (P), high
confinement, and high bootstrap current fraction (fbs). This regime is essential for the
development of an economical ST power-plant because it minimizes the recirculating power and
power plant core size. Other NSTX mission elements crucial for ST power plant development
are the demonstration of the MA level fully non-inductive operation and the development of
acceptable power and particle handling concepts.

Access to Advanced ST Regimes - The ST configuration, due to the short outboard connection
length combined with strong global magnetic shear, and the naturally high K and 8, has the
potential of achieving a high-performance regime where the plasma P and fbs are approaching
order of unity. The predicted MHD stability limit against low n-kinks and high-n ballooning
modes is very high: px-> 45%, PN '-» 8 with fbs = 100% for K = 3. A close-fitting conducting
shell with rWall/a S 1.2 is needed for suppressing the low-n kink modes. For K = 2, an ideal
MHD stable regime with PT = 40%, PN = 8 with fbs " 75 % is predicted for the NSTX
parameters. In Fig. 1, the corresponding plasma equilibrium flux surfaces and current profile are
shown. The jus is indeed well-aligned
with the JTotaU and an outer region current
drive contribution of = 20 % is required.
NSTX has a sufficient heating power to _
reach the desired P value (= 40 %) with a I
relatively modest confinement assumption
of H-factor of «• 2. Plasma pulse length of
5 sec is sufficient to allow the current
profile j(r) to fully relax. The low-n kinks
are predicted to be stabilized by a close
fitting conducting wall together with
plasma rotation induced by NBI. For the
j(r) control, the combination of NBI,

Hg.l. NSTX Adv. ST Regime: pT=40%. P N =8.5, q95 = 14,
fb =0.77, K=2, and 5=0.45.

HHFW, and CHI systems will be used to augment the bootstrap current. The TRANSP
calculations show that NBI is capable of driving 100-200 kA of current in the central region to
provide the required central seed current (~ few kA). For off-axis current drive, a twelve-
element real-time-phased HHFW antenna array will be used for driving up to 400 kA of off-axis

current to supplement the bootstrap current Theoretical analyses and modeling calculations
show that the HHFW power absorption is one to two orders of magnitude larger in the NSTX
parameters than conventional tokamaks. The strong single-pass absorption together with the
real-time antenna phasing capability allows efficient off-axis current drive by HHFW. As for the
edge current drive, the CHI is the most promising tool. The expected edge current for CHI in
the well formed ST may be estimated as Iini x qgs. For NSTX, up to 350 kA of edge current
may be driven by CHI with injection of - 25 kA for the expected qgs » 14. It should be noted
that the ideal ballooning mode prediction may turn out to be conservative for NSTX, because of
the strong FLR and trapped particle effects in the ST configuration. If true, the higher edge
pressure gradients in NSTX will further reduce the edge CD requirement

Prospect of High Confinement - The ST configuration has the prospect of achieving very high
confinement in the advanced ST regime. The predicted linear growth rates of kinetic,
electrostatic, and electromagnetic microturbulence are found to be greatly reduced due to
favorable drift orbits as R/a falls below 1.5. These properties are expected to improve plasma
confinement in the outer region of NSTX. In the core region, a significant absolute magnetic
well (< 30%) is expected to form due to high beta which tends to stabilize a class of plasma
instabilities. In addition, strong plasma sheared 10?

flow rate, YExB(sec"1), as much as an order of
magnitude greater than that in conventional v~ 10e
tokamak experiments over a significant portion of g
the minor radius, are predicted for the NSTX |T
parameters - particularly with NBI toroidal drive = 1°5

(Toroidal Mach Number M = 0.5) as shown in
Fig. 2. The flow shear (and associated radial 104

electric field shear) is believed to reduce transport °-2 0 4 °-6- • °-8 •• ' • 1-2 1-4

and generate transport barriers, resulting in
improved plasma confinement.

0.6 0.8 1
Major Radius (m)

Fig. 2. Expected sheared How rale profiles in NSTX.

Non-Inductive Start-up - In order to evaluate techniques for non-inductive start-up, the NSTX
device is designed with the CHI capability. The ceramic electrical insulation breaks, located at
both ends of the center-stack (which contains inner TF, OH and PF coils), will permit DC-
biasing (up to 2 kV with 2 MJ capacitor banks) between the center-stack and outer vacuum
chamber to initiate fully non-inductive ST discharges from zero current. The NSTX passive
stabilizer shell acts as a flux conserver for CHI. The CHI modeling calculations predict that the
plasma current of over 500 kA can be initiated from zero current in NSTX. A Tokamak
Simulation Code predicts that the remaining 500 kA can be ramped up to full 1 MA and
sustained by a combination of HHFW CD and bootstrap current drive. The HHFW heating is
calculated to become effective even at modest plasma temperatures of = 200- 300 eV. An
alternate all-rf-based start-up scenario, using ECH and HHFW, is also being developed.

Power and Particle Handling - For power and particle handling, the ST configuration possesses
new "uniquely ST" possibilities. The inboard limited plasmas with a mostly diverted SOL (the
so-called natural divertor), for example, contains along the SOL field line, large magnetic mirror
ratios (up to 4 to 1), strong field line curvatures, and large flux tube expansion of up to 4.

The NSTX device is being assembled, and the first plasma is planned for April, 1999.

* Work is supported by US Dept. of Energy contract No. DE-AC02-76CH03073.
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[2] Gates, D., et al., Physics of Plasmas, May (1998).
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239



ICP/02 (R)-EX4/1 (R) XA9950930

Globus-M experiment at the final stage of preparations

V.E.GOLANT, E.Z. GUSAKOV.V.K.GUSEV. V.B.MINAEV, A.N.NOVOKHATSKY,
K.A.PODUSHNIKOVA, N.V.SAKHAROV, K.G.SHAKHOVETZ. V.S.UZLOV
A.F.Ioffe Institute, St.Petersburg, Russia
V.A.BELYAKOV, A.A.KAVIN, Yu.A.KOSTZOV, E.G.KUZMIN, V.F.SOIKIN
D.V.Efremov Institute, Metallostroy, St.Petersburg, Russia
E.A.AZIZOV, E.A.KUZNETZOV, V.A.YAGNOV
TRINITI, Troitsk, Russia
N.Ya.DVORKIN, G.P.GARDYMOV, V.V.MIKOV
Northern Plant, St. Petersburg, Russia
A.Yu. DNESTROVSKII
NRC Kurchatov Institute, Moscow, Russia
S.Yu. MEDVEDEV
M.V. Keldysh Institute of applied mathematics, Moscow, Russia

Design and construction of Globus-M tokamak are completed in Russia. The job was
performed as the joint effort of different institutions and enterprises of Russia with the
participation of collaborators from USA, United Kingdom and Finland under financial
support of International Science and Technology Center. Tokamak will be installed at
A.F.Ioffe Physico-technical institute of Russian Academy of Science, S. Petersburg at
July of 1998. The final technical characteristics of the tokamak are much better than
predesign parameters. The nominal plasma current is increased up to 0.5 MA, the
toroidal magnetic field up to 0.65 T. This permits to increase the plasma density limit up to
~ 2»1020 M3. Other characteristics are : A=1.5; R=0.36 M; a=0.24 M; K=2.2; T=0.2 sec, for
details see [1].

Globus-M main mission is to study physical processes in spherical tokamak plasmas and
to develop methods of plasma parameters profile control (current density, pressure).
Experimental program allows to study plasma confinement and heating in conditions of
high particle and power fluxes to the vessel wall, to develop novel RF based methods of
additional heating and to investigate physical phenomena in high density and beta
regimes in the alternative experimental geometry.

Special attention was paid for the achieving of high machine reliability (numerous tests of
different machine parts were made) in conditions of good reproducibiiity of the discharge
conditions combining with maximum flexibility of physical experiment. Automatic
feedback control system is looped through all power supply sources, including main, high
current power supplies, providing constant toroidal field and plasma current. High plasma
pulse length to skin time ratio makes the experimental conditions quasistationary.

The tokamak design approach makes possible to use well known methods of current
drive and plasma heating, such as ohmic heating and neutral beam injection. Also routine
and novel methods of RF plasma heating and CD, e.g. ICRH, high harmonic fast wave
and lower hybrid intermediate frequency wave range (a »O>LH ) heating and CD will be
used. It's possible, in principle, to carry out experiments on noninductive plasma start up
and investigate plasma behavior during the divertor plates biasing.
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A big variety of magnetic plasma configurations(limiter, X-point, double X-point) with
different elongation and triangularity could be controlled by the nine pairs of independently
feeded PF coils. Big aperture vacuum vessel manholes together with easily
disassembled TF coils provide quick access to the exchangeable in vessel limiters and
divertor plates and permits their rearrangement depending of the experimental task. Wide
rectangular ports situated in the equatorial plane are designed to house RF antennas of
the auxiliary heating system. The total ports area available for the auxiliary power launch
is quit big and allows to launch more than 5 MW of power.

Preliminary results of CD simulation in the frequency range co»a>LH are discussed. The
CD efficiency is dependent on plasma density and plasma current. The numerical
calculation results of the fundamental harmonic ion cyclotron heating are described. High
toroidicity conditions, appropriate for the spherical tokamak, resulted in high absorption
efficiency and well localized power deposition zone.

The results of ASTRA code numerical auxiliary heating simulation are described. The
power absorption gives a significant rise to toroidal beta value (pT » 20%). Plasma column
stability with respect to high N ballooning and low N kink modes is conserved. Stability
simulations were performed for the case of flat current distribution and final separatrix
current density.

The diagnostic equipment nominated for the detailed physical experiments is described.
The diagnostic equipment of the first turn consists of electromagnet diagnostics, 3
channel HCN microwave interferometer, impurity and working gas spectral lines
registration, SXR and HXR monitoring systems. The first turn diagnostics will be prepared
for the operation simultaneously with tokamak shake down.

Second turn diagnostic equipment consists of neodymium laser Thomson scattering
system. Also it includes high speed videocamera with instantaneous exposure control,
two fast pin-hole cameras for SXR plasma column tomography, scanning pulse radar-
reflectometer for the detailed density profile measurements, fast bolometer array and
diagnostics data acquisition system. The second turn diagnostic equipment will be
gradually installed during next two year period of machine operation (1999-2000).

Machine assembly is started at the moment. Technological systems are constructed and
tested. Power supplies preparations is going on. The tokamak shake down is planned at
the and of 1998.

References
1. V.E.Golant et. al "Basic percularities of the Globus-M spherical tokamak project",
Proc. XVI Fusion Energy Conference, Montreal, Canada, 1996, v3, p591.
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Abstract

The attractive features of low aspect ratio [A] spherical Tokamaks [ST] over

conventional tokamaks are well known. These include, compact design, natural divertor

action, low magnetic field requirements and a high P operation in the first stability regime.

These configurations maximise the achievable p by a combination of low A, high elongation

and triangularity which naturally occur in this regime. Because of these features ST has been

proposed as a suitable short term candidate for volumetric neutron source for material testing

facilities and a long term candidate for high padvanced fuel reactor. Recently a number of such

configurations (e.g. START, CDX-U, HIT and T-3 etc.) have been explored experimentally.

A few more e.g. MAST, NSTX are under construction. Impressive results have been reported

from START where record values of volume averaged P in excess of 30% have been

achieved. One of the problems of ST type configuration which is inherent in the very design of

ST geometry is the lack of space near the major axis of the machine. As a result the centre

post carrying current for generating the toroidal field cannot be effectively protected from

intense neutron, particle and heat fluxes from the hot core. Furthermore, large currents

required for the centre post lead to unacceptably high levels of local ohmic dissipation (~ 30

MW for MAST) and produces undesirable demands for the fraction of recirculating power in a

fusion reactor. Finally, halo currents induced in the centre post during internal reconnection

events pose serious problems to ST design.

In this paper we propose a novel method for generating the toroidal field in ST which

does not require the use of external toroidal field coils. In this method, the ST plasma is

surrounded by a spheromak plasma like layer which carries requisite poloidal currents to

generate the toroidal field in the central ST region. This scheme has several advantages.

Firstly, the current in the spheromak shell could be sustained by dc helicity injection and that in

the ST core by bootstrap effects and local RF/neutral beam current drive systems; thus one

can, in principle, completely do away with the need for a TF coil centre post and Ohmic

transformer. Secondly, as we show for reasonable parameters the ohmic dissipation in the shell

can be brought down to an acceptable level. Also, now since the toroidal field is confined

within the shell, the halo currents induced during Internal Reconnection Event may not pose a

serious problem. A bonus could also come from the fact that the p limits for conventional

tokamak plasmas, surrounded by force free current carrying layers, are known to be enhanced.

A similar effect is likely to operate here since the spheromak shell plasma will be typically in

the force free configuration. By solving an appropriate Grad Shafranov equation, we have

constructed such equilibria where a toroidal field of 0.5 T is created within a ST plasma [Ip ~ 1

MA] by shell currents of about ~ 1 MA. In the paper these results will be presented and the

related issues regarding possible methods of generation and sustenance of such equilibria and

their stability will be discussed.
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The Sustained Spheromak Physics Experiment, SSPX, presently under construction at
LLNL, will evaluate energy confinement in a spheromak sustained by electrostatic helicity
injection. The experiment is motivated by the achievement on a decaying plasma in CTX of
7>=400 eV [1] and peak betas > 0.2, and the subsequent recognition [2,3] that the core energy
confinement was consistent with magnetic fluctuation dominated transport which should scale
favorably as Tt is increased. The experiment is designed to study confinement and its
relationship to magnetic fluctuations in a discharge sustained by electrostatic helicity injection.
In order to operate in a low collisionality mode, requiring Tc > 100 eV, vacuum techniques
developed for tokamaks will be applied, and a divertor will used for the first time in a
spheromak. The discharge will operate for pulselengths of several milliseconds, long compared
to the time to establish a steady-state equilibrium but short compared to the L/R time of the
conducting flux conserver. The experimental geometry is shown in Fig. 1 along with
calculated flux surfaces. A large-diameter coaxial injector has been chosen and calculations
shown below predict that it will operate closely coupled to the spheromak. Both conditions are
expected to optimize both operational flexibility and the efficiency of the dynamo current drive.
Diagnostics to study internal magnetic fluctuations are an important part of the experiment.

The lowest order description of the experiment is the MHD equilibrium (evaluated using
the TEQ package in CORSICA) of the coupled spheromak and coaxial helicity injector,
including the effects of currents on the open fieldlines. The flux conserver shape gives a

Fig. 1. Magnetic equilibrium, including the flux
surfaces in the coaxial helicity injector. The
diameter of the flux conserver (heavy line) is
1 m. The injector bias magnetic flux, up to 34
mWb generated by a solenoid, is distributed on
the injector walls by two small coils in the inner
electrode and a coil external to the vacuum
vessel (not shown). Impurities will be
controlled by tungsten coating of the copper
flux conserver, with baking, discharge
cleaning, and boronization to condition the
walls. A magnetic divertor (magnets not
shown) will allow impurities in the edge flux
boundary to be pumped (inertially) into the
vacuum vessel. Diagnostic access is through a
slot on the midplane of the flux conserver. The
design goals of the experiment include n=0.5-

3xl020 irf\ T, = T-0.1-0.5 keV, 5=0.5-1.5
t e s l a- a n d IP=0-5- * -5 M A - yielding a Lundquist

KtofOidalVHoun)» 3.8

"Work performed by LLNL for the US Department of Energy under Contract W-7405-ENG-48.
f Present address: Department of Physics, University of Wisconsin Madison, WI 53706, USA
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margin of safety for low order, ideal MHD modes as determined using the GATO code; for
example, the tilt and shift modes are calculated to be stable for flux conserver radii up to 60 cm,
compared to the actual radius of 50 cm. The precise shape of the flux conserver is tangent to
the magnetic flux surfaces generated by coils available to generate the divertor or a bias
(vacuum) field, thus minimizing field errors at the flux conserver.

To model the injector, the magnetic flux from the injector bias coils is considered frozen
into the discharge walls. Current is assumed to flow at constant X =jJB on the open fieldlines;
its distribution on the walls is thus determined by the injector bias flux. We take X constant
across the separatrix, but, as shown in Fig. 2 allow a distribution inside the separatrix

parameterized by X =

«„ J " ' K~ ~ 1 + 0.6(v/v.O2

Fig. 2. Examples of
model A-profiles and
resulting ^-profiles.
Profiles such as shown
in the left column have
a #=1 surface relatively
far inside the plasma
and are expected to be
more unstable than
profiles like those
shown in the right
column with smaller

Xrdgr and an interior X -
profile distributed
throughout the plasma.
For these profiles.the
q=\ surface is in the
logarithmic divergence
region on the plasma
separatrix.

The close coupling between the spheromak and helicity injector has allowed operation
below the eigenvalue for current density in a coaxial injector, A =7t/A, with A the width of the
gap. The ̂ -profiles also have significant implications for the experimental operation, as there
are no internal m=\ rational surfaces. Thus, internal helicity transport is expected to be due to
resistive modes with m>l, which should be relatively localized in the magnetic profile.

The goals of the experiment require that the plasma be hot enough that the current dynamo
can be supplied at as small a ratio of Aedge/Acore as c a n be sustained. This will require that
resistive losses be as low as possible, and thus that the plasma have as small Z^and high Te

as possible. Critical to understanding the coupling between the current drive and energy losses
is the measurement of magnetic fluctuations and their relationship to resistive MHD, including
current (and pressure) driven tearing modes. The amplitude and behavior of magnetic
fluctuations will be measured by an Ultra-Short-Pulse Reflectrometer operating in both the O-
and X- modes, also used to measure the density and magnetic field profiles. Coupling between
the two reflectrometer modes is generated by magnetic shear, and is thus sensitive to magnetic
tearing modes in the plasma. Experimental "knobs" include the injector flux which determines
the diameter of the flux "hole" along the geometric axis, injector current which determines
Aedge, and the gas injection rate which determines the fueling rate.

.1. T, R. Jarboe, et al., Phys. Fluids B, 2, 1342 (1990).
2. T. K. Fowler, Fusion Techn. 29, 206, (1996).
3. E. B. Hooper, et al., Fusion Techn. 29, 191 (1996).
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The magnetohydrodynamic (MHD) equilibrium and stability properties of the SPHELLAMAK con-
cept [1] are investigated. The configuration is characterised by a combination of 10 helical coils wound on
a sphere of \m. radius, has no central conductor and has a set of vertical field (VF)coils. A model with
4 filaments per coil is shown in Fig. la. The helical coils extend to a latitude of 60° and are connected
by circular arcs. They are modular with the currents flowing up a helical segment, across the upper con-
necting arc, then down the adjacent helical segment and then back across the lower connecting arc. This
corresponds to a stellarator arrangement, of the coil current flow. Part of the current in the inner vertical
field coils compensates the current in the connecting segments of the helical coils. A toroidal plasma
current must be driven in this device. The force-free current that it produces generates the toroidal
(and poloidal) magnetic flux that guarantees the formation of flux surfaces and the confinement of the
plasma. A previous investigation has modelled the plasma current with fixed toroidal filaments and field
line tracing studies have been applied to investigate the configurational properties of the system [1]. In
this work, we apply the free boundary version of the three dimensional (3D) VMEC equilibrium code [2]
using a distributed toroidal plasma current to obtain MHD equilibria that model the device. The local
stability modules of the TERPSICHORE code [3] are applied to determine the Mercier criterion and the
ideal ballooning stability characteristics of the equilibria.

The parameters that have been investigated correspond to a current of 300k A in the helical coils (75M
per filament), while the upper VF coil carries — 150Jt.<4, the lower VF coil carries + 150£A and the outer
VF coils have —20A-A. The plasma current is varied from —50kA to — 550kA with a peaked profile. The
pressure, inverse rotational transform and differential volume profiles for a case with 200kA and volume
averaged /? = 2po / d3xp/ f d3xB~ = 5.2% is shown in Fig. lb. The mod-B distribution on the cross
sections at the beginning of the period and at half period are displayed in Fig. 2. The magnetic field
has a maximum value of 1/3T at the magnetic axis and is much smaller towards the edge of the plasma.
In the central region of the plasma, the mod-B contours align closely with the flux surfaces. They di-
verge towards the plasma boundary. The equilibrium state thus is nearly isodynamic [4]. In stellarator
configurations, the curvature of the magnetic axis precludes the strict existence of isodynamicity. In
our case, the plasma current induces a strong paramagnetic effect which produces the isodynamic condi-
tions near the axis. However, this condition does not hold close to the plasma edge. Consequently, the
configuration can be more closely associated with quasi-isodynamic [5] or pseudo-symmetric [6] systems.
The structure of the magnetic field implies that particles can be trapped only towards the plasma edge
which localises any bootstrap current drive to that region. The strong paramagnetism in the bulk of
the plasma also produces a magnetic hill. This is not particularly favourable for MHD stability. The
ballooning modes are stable and the Mercier modes are only unstable very locally near mode rational
surfaces at /? ~ 5%. External m/n = 1/1 and internal m/n = 1/3 limit the toroidal plasma current
to about 70kA. The configuration is clearly three dimensional for the parameters we have chosen. The
main effect of reducing the toroidal current to +50&A (keeping the vertical field fixed) is to shift the
plasma inwards away from the helical coils. The helical modulation becomes very weak and the system
becomes practically axisymmetric. This configuration retains its strong paramagnetic character with the
mod-B contours closely aligned with the flux surfaces near the central region. The plasma volume and
cross section become smaller and the rotational transform increases. With a hollow current profile, the
configuration is quasiaxisymmetric, is stable to Mercier and ballooning modes at /? ~ 10% but requires a
close fitting conducting wall to stabilise external m/n = 1/1 kink modes.
The SPHELLAMAK concept that relies on the toroidal plasma current to generate the toroidal magnetic

field displays an extremely strong paramagnetic effect without, requiring dynamo action.. This results in
a system that is nearly isodynamic. The resulting transport properties could approach classical levels
making it a potentially very attractive system. Similar coils sets previously proposed [7] did not explore
the potential to seed paramagnetism.

Fig. la. (left)The coil system of the SPHELLAMAK configuration. There are 10 helical coils, an
inner pair of vertical coils and an outer pair of vertical coils, lb) (right) The differential volume (xlO),
normalised pressure and inverse rotational transform q profiles for a case with 200£A toroidal current
and 0 = 5.24%.

."jj

Fig. 2. The mod-B distribution in the SPHELLAMAK at the beginning of the period (left) and at
half period (right) for a case with 200A.-A toroidal current and 0 = 5.24%.
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We have been pursuing the design of a compact stellarator with good neoclassical trans-
port and MHD stability properties. For this purpose, we have focused on quasi-axisymmetric
(QA) configurations^, 2]. We have analyzed the neoclassical transport, ballooning stability,
and stability to external kink modes for our configurations. A bootstrap code[3] is used to
generate equilibria with self-consistent bootstrap current profiles.

A key problem that we have faced in designing an attractive quasi-axisymmetric config-
uration is the ballooning /? limit. Mercier and ballooning stability tend to be a particular
problem for stellarators at low aspect ratio in general. Earlier quasi-symmetric configura-
tions display ballooning beU limits in the 1-2% range. We have found that we can solve
this problem by incorporating large axisymmetric (n = 0) components of ellipticity and tri-
angularity in the shape of the outer boundary, using Aries tokamak stability studies[4] as
a guide in choosing a stabilizing shape. This approach has allowed us to open up a previ-
ously unexplored regime of low aspect ratio, quasi-axisymmetric configurations with good
ballooning stability properties. We have explored the properties of a range of configurations
in this regime, with the fraction of the transform generated externally ranging from 20% to
about 50%, and with a variety of t profiles. With R/a RS 3, our configurations typically have
ballooning p limits in the 6% to 7% range, with one configuration found to be ballooning
stable at j3 = 11%.

In practice, our design procedure begins with a reverse-shear Aries tokamak equilibrium
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solution. We add a nonaxisymmetric field to this, using an optimization code to maintain
quasi-axisymmetry. The current in the initial Aries equilibrium is 90% bootstrap driven.
By keeping the pressure and current profiles fixed as external transform is added, we retain
rough consistency of the current with the bootstrap drive. A bootstrap code is then applied
which adjusts the current profile and iterates back and forth with the VMEC equilibrium
code to produce an equilibrium solution with a self-consistent bootstrap current.[3] The
results of the bootstrap code, employing analytical expressions for the bootstrap current,
have been benchmarked against a Monte Carlo code. Comparison with a gyrokinetic 8f
code is in progress. One issue that comes up in the bootstrap calculation is the handling
of resonances that appear in the analytical expressions. These inflate the contributions
of non-quasiaxisymmetric components of the field to the bootstrap current. Monte Carlo
calculations indicate that realistic drift trajectories smooth out the resonances, and that we
are justified in neglecting the non-quasiaxisymmetric contributions for our configurations.

By imposing adequate shear near the edge, we have been able to obtain configurations
which are stable to external kink modes at a /? of 7.5%, with the wall at twice the minor
radius. By achieving kink stability without relying on wall stabilization, the stellarator
configuration avoids the difficulties associated with resistive wall modes.

Our configurations display varying degrees of deviation from quasi-axisymmetry. We have
used a Monte Carlo code and also analytic approximations taking into account the effects of
a self-consistent electric field to evaluate the neoclassical transport in these configurations.
Comparisons are also under way with a gyrokinetic 5f code. We see a trade-off between
shear and ripple in our optimized configurations, with higher shear being associated with a
higher level of non-quasiaxisymmetric ripple. In practice, the requirement that we obtain
adequate neoclassical confinement imposes a limitation on the magnitude of the shear.

In contrast to conventional stellarators, it is possible to sustain toroidal rotation in a
quasi-axisymmetric configuration. For suppression of turbulence, the E x B shearing rate
which contains the relevant geometric dependence has been analytically derived.

We have investigated a range of possible coil configurations capable of producing our
design fields. Modular coils must be supplemented by vertical field coils to adjust the field
as the pressure and current vary. Of particular interest to us is the possibility of using
existing tokamak toroidal and poloidal field coils to produce a substantial portion of the
field. We have found that the remainder of the field can be produced by a set of saddle coils.

This work was supported in part by U. S. DOE Contract No. DE-AC02-76-CH03073.
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We have developed a new stellarator optimization technique1 which aligns contours of the second
adiabatic invariant2 J* with magnetic surfaces (quasi-omnigeneity). This reduces transport in
advanced low aspect ratio stellarators down to levels adequate for reactor designs and can
potentially offer the flexibility to achieve a wider range of physics requirements than previously
possible. Our approach is comprised of first, an adjustment of the outer magnetic surface shape and
plasma current profile to achieve certain physics goals, followed by a synthesis of the modular
magnetic coil geometry which produces that outer surface shape. To the extent that physics and
engineering goals can be reduced to simply evaluated target functionals, they can easily be
incorporated into this procedure, allowing the stellarator designer to rapidly identify attractive
devices out of the vast parameter space of possible configurations. We have completed the full
loop described above from physics goals to coils and back again to verify the existence of magnetic
flux surfaces and satisfaction of the targeted physics properties. Attractive low aspect ratio
configurations exist which have sufficient coil-to-plasma separation (A^,) for extrapolation to
moderate-sized reactors (major radius = 8 meters); here the constraint has been imposed that a
minimum A^, of 2 meters must be maintained for the nuclear blanket.

This optimization method has been applied over a wide range of field periods from 2 up to 8. Our
studies have shown that, although the physics goals can be achieved over the entire range of field
periods, easily realizable coils with adequate A,,,, are most likely to be available for low field period
devices with low levels of ripple. An example of the magnetic flux surface shapes of such a three
field period device which has low inboard ripple Bm!1Jl/Bmin < 1.8, reduced transport, and simple
modular coils with good plasma/coil separation are shown in Figure 1.

(b) (c) (d)

Figure 1 - Views of flux surface shapes of an N = 3 field period optimized configuration with
<p> = 6% (volume-average): (a) 3D view of the outer magnetic flux surface with filamentary modular

coils, and 2D cross sections at (b) N ; = 0°, (c) N^ = 90°, (d) N^ = 180°.

Our physics optimization targets are summarized in the following table:

Physics goal Typical target criterion

BCUOTI and drift and surfaces are aligned with flux surfaces B^,,, = Bmin (\|/)
(quasi-omnigeneity). J* is aligned for several values of E/u.

ranging from deeply trapped to nearly passing.

Maintain either fixed iota or fixed plasma current profile

Maintain Magnetic Well
Target low aspect ratio

Minimize magnetic ripple
(decreases trapped particle fraction)

Limit maximum plasma current

Limit local magnetic surface curvature

e.g.

J*=J»(V|<)

i(y) = 0.3 +
V<0

R,/a «• 3 to 4

Minimize (B,^, -

r
[r'dr'j . (r')<!
' J plasma max

avoid strong elongation/cusps

Once an optimized configuration is obtained, its physics characteristics are further analyzed,
especially in the following areas:

(a) Transport - We use Monte Carlo simulation techniques to examine both direct and diffusive
loss channels. With the inclusion of ambipolar electric field effects, our optimized configurations
achieve transport levels on the order of those in axisymmetric devices. Extrapolations to reactor
sized-devices and regimes have indicated that adequate levels of confinement of both the thermal

plasma (t = 1000^) and energetic alpha particles can be achieved.1

(b) Stabilitv - We have developed efficient variational methods for evaluating ballooning stability in
our configurations; the low-n stability has been analyzed with a recently developed 3D initial value
MHD model. Typically, a region near the plasma edge goes ballooning unstable first. Several
methods have been successfully used to extend the stable window into the <P> = 6 - 9 % range,
including profile flattening, increased shear in the rotational transform profile, and boundary
shaping. Work is underway to incorporate a simplified ballooning stability target functional in our
optimization procedure.
(c) Self-Consistent Bootstrap Current - Our approach is to allow the presence of a finite, but small
bootstrap current component to assist with maintenance of the rotational transform and the
adjustment of its profile. However, we limit the fraction of the rotational transform produced by
the plasma current to typically less than 30% in order to stay well away from current-driven
external kink and disruption stability limits. The fact that our optimization technique allows the
presence of both helical and symmetrical components in IB1 and that these components drive
currents in opposing directions allows us to considerably reduce (up to a factor of 3) the self-
consistent bootstrap current fraction from what would be present in an equivalent axisymmetric
device.
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Optimization studies have been done for the helical axis heliotron configuration [1]. Here the
main purpose is to find an optimized configuration suitable for experimental studies of basic
properties of helical-axis heliotron. To keep the experimental flexibility and large access to the
plasma, the configuration which has an L= 1 /M = 4 continuous helical field (HF) coil with pitch
modulation of a = — 0.4 has been chosen, where the helical coil winding law is defined as 0 —
n +(M/D) f — a sin(M/Z/) f . Positive a has an advantage to make toroidicity component of
the magnetic field strength £t s Bi.o/Bo.o small and, therefore, Pfirsch-Schliiter current is
reduced. Here Bm,n is a Fourier component of magnetic field strength, where m (n) denotes
poloidal (toroidal) mode number. However, the magnetic hill region becomes wide. The reason
to choose negative value of a is to produce the magnetic well in the entire plasma region easily.
Two sets of toroidal field (TF) coils with different coil
currents are equipped to control the bumpy component.
The TF coils can also be used to control the rotational
transform. To control plasma position and shape, three sets
of poloidal field (PF) coils are used.

Figure 1 shows vacuum flux surfaces of the typical
configuration with a /sh —0.5 at the plasma edge (the coil
current ratio of two sets of TF coils, RTF, is 2.5), where a s
B0.4/B0.0 is the bumpy component and Eh = Bi,4/Bo,o is the
helical component of the magnetic field strength. The
rotational transform at the magnetic axis is 0.54. Radial
profiles of Bm.n's are shown in Fig.2. Vacuum rotational
transform can be controlled for 0.2 — 0.8 by changing TF
coil currents.

Since an L = 1 helical coil naturally produces a with the
same sign of Eh, a /Eh becomes positive when RTF= 1.0. It is
found from the vacuum magnetic field line tracing
calculation that the magnetic well becomes deeper but
averaged plasma radius becomes smaller when RTF
increases. If we want a smaller aspect ratio than 10, an
optimum value of RTF which gives sufficient magnetic well
is around 2.5.

It has been shown from the analytical expression and
the DKES code calculation that the negative value of a /Eh
reduces neoclassical ripple transport if £t / £h is finite,

Fig. 1 Poincare plots of typical
vacuum magnetic surfaces. Dashed
lines denote contour of IBI.
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although these are symmetry breaking components[l]. We will show the mechanism of ripple
transport reduction due to £b /Eh. When we apply negative value of a /EI>, most of the deeply
trapped particles are located at the position where the magnetic axis looks nearly straight (top
figure of Fig.l; M f = n). It is expected that gradient B drift of ripple trapped particles is small
there since the gradient of the magnetic field strength is small (see contour plots of IBI in Fig.l
denoted by dashed lines). The concept of placing trapped particles at the position where the
gradient of B is small is known as "quasi-isodynamicity". Collisionless particle orbit calculations
have been done to verify the smallness of gradient B drift. Time evolutions of loss fractions of
lkeV protons launched from the half radius position of plasmas with uniform spatial and pitch
angle distribution are shown in Fig.3. We can see that the time which trapped particles start to
be lost is delayed for the case of RTF= 2.5 comparing to the case of RTF = 1.0. It suggests that
the ripple diffusion becomes slower in the case of RTF= 2.5 when the collisions are taken into
account (it is verified by the DKES calculation). Even if we increase RTF further, this property is
kept but total trapped particles increase. From these considerations, RTF= 2.5 seems to be close
to the optimum for this case and it does not contradict to the MHD stability property. It is also
pointed out from Fig.3 that collisionless particle orbit confinement improves significantly when
we assume radial electric field.

Based on the above theoretical results, a helical-axis heliotron device for the joint
experiment of plasma and materials (Heliotron J) is now being constructed at the Institute of
Advanced Energy, Kyoto University, with a goal of demonstrating the improved confinement
property. The design parameters of the proposed device are as follows: the major plasma radius
of 1.2 m, the average plasma radius of 0.1 ~ 0.2 m, the field strength on magnetic axis of 1 —
1.5 T, the vacuum rotational transform of 0.2 — 0.8 with low magnetic shear, and the magnetic
well depth of — 1% at the plasma edge, with heating systems such as 0.5 MW-ECH, 1.5 MW-
NBI, and 2.5 MW-ICRF. The L= 1 helical coil will be wound on numerically-machined groove of
the vacuum chamber. The Boozer magnetic field spectrum will be varied with two sets of
toroidal coils, the auxiliary mid-vertical coil, the inner vertical coil as well as a fixed vertical coil
connected to the helical coil. Thus, the flexible helical-axis heliotron device will have capability
for studying both the core confinement and the divertor plasmas. The first plasma of this device
will be produced in 1999-2000.

[1] M.Yokoyama, Y.Nakamura, M.Wakatani, J. Plasma Phys. Fusion Res. 73 (1997) 723.



XA9950937
ICP/09 (R)-EX4/1 (R)

PLASMA CONFINEMENT IN A MAGNETIC DIPOLE

J. KESNERANDL. BROMBERG
Plasma Science and Fusion Center

MIT, Cambridge, MA 02139, USA

M. MAUEL AND D. GARNIER
Department of Applied Physics and Applied Mathematics

Columbia University, New York, NY 10027, USA

The dipole fusion concept was first proposed by Hasegawa [1, 2] who was motivated by
observations of high /3, energetic plasma within planetary magnetospheres. Active
magnetospheres, such as that surrounding Jupiter, can have plasma pressures exceeding the
magnetic pressure, /3 > 1. A dipole fusion confinement device takes advantage of these properties
by operating with plasma profiles having sufficiently gentle gradients to be stable to interchange
and ballooning modes at high beta. This stability is due to plasma compressibility. The dipole
confinement concept is fundamentally different from other fusion concepts since the diamagnetic
frequency, to», proportional to the radial gradient of plasma pressure, is less than the magnetic drift
frequency, <»<j proportional to the radial gradient of the magnetic field. The condition <ojwds2
characterizes a unique regime in magnetic plasma confinement It corresponds to MHD stability
and the possible elimination of drift wave instabilities [3].

In this paper, we will present (1) the theoretical basis for the dipole approach to plasma
confinement, (2) the design and research goals of a new experimental facility that is presently being
built as a joint project of Columbia University and MIT, and (3) the potential of dipole confinement
for magnetic fusion energy. The dipole approach is particularly applicable for advanced fuels, i.e.
DD and D^He, since good confinement and stability at high-j8 might eliminate the need for a tritium
breeding blanket and since convection cells may purge fusion-product ash without energy
confinement degradation.

For a plasma confined in the field of a levitated dipole, MHD interchange stability is
determined by the requirement that compressibility balance the energy of expansion. As a result,
the plasma pressure must fall-off gently on flux surfaces of increasing separation from the internal
ring. Ideal MHD determines marginal stability to be when the pressure profile, p. satisfies the
condition, d(pVY) = 0, where V is the flux tube volume (V-fdllB) and y = 5/3. This requirement
leads to the result Pmax/Pedge - (Vedge^vmax)r'• Dipole plasma confinement requires a large
expansion of magnetic flux, and a dipole confinement device typically consists of a relatively small
ring levitated within a large vacuum chamber.

The ignition of fusion power source burning advanced fuel requires extremely good energy
confinement. Since the magnetic field of a dipole is poloidal, there are no charged-particle drifts off
of magnetic flux surfaces and, therefore, no "neo-classical" degradation of confinement as seen in
a tokamak. It has been shown that a plasma that satisfies the MHD interchange stability
requirement d(pV') a 0 may be intrinsically stable to drift frequency modes [3]. Stability of low
frequency modes can be evaluated using kinetic theory and a Nyquist analysis permits an
evaluation of stability boundaries with a minimum of simplifying assumptions. Using kinetic
theory, we have shown that when TJ • d \nT I d ln« = 2/3 the interchange stability requirement (for
small Larmor radius) becomes, in the low {5 limit, co, s 2.3 ay This result is consistent with
MHD. Physically, plasmas stabilized by compressibility have a pressure gradient scale length
which exceeds the radius of curvature. This physical property distinguishes dipole confinement
from other confinement approaches to magnetic fusion. Additionally, when to, s 2.3 wd, localized
collisionless trapped particle modes and dissipative trapped ion type modes become stable. Low
frequency modes that are driven by parallel dynamics (i.e. the universal instability) also tends to be
stable due to the requirement that the parallel wavelength of the mode fit on the closed field lines
encircling the levitated ring.

LDX - Base Case Parameters

Levitated Mass
Net Ring Cu-rent
Compression Ratio:
Adiabatic Pressure Ratio:
MramumB at Ring:
Maximum B S Ring:

Unea-Ring Stability;
Axial Growth Rate:
Horizontal Wobble:
Tilt Wobble:

iS2kg
1.28 MA

SI2
33,768
0.24 T
3.95 T

5 I/S
0.SH2
1.6 HZ

Hot Electron Pararotsra:
Hot Electron Temp: 2S0keV
PeafcDensly: l-SEIIcm"-"
Core Field Strength:
Hot Electron Beta:

1.7 kG
>20*>

Plasma Parameters:
Peak Densly: » iE I3cnr 3

Plasma Beta: > 10%

300 cm

Figure 1. The base-case LDX configuration. By energizing low-current coils on the outer vessel
wall, the large flux expansion can be varied to permit a definitive test of stabilization by
compressibility. The plasma will be heated by ECRH at multiple frequencies.

When the interchange stability criterion is violated convective cells are expected to become
unstable. Convective cells can also be generated in a stable plasma, for example, when driven by
non-uniform heating. For plasmas stabilized by compressibility, bipV1) = 0, and convective cells
are expected to transport cool fuel ions inward from the edge and transport thermalized fusion
products outward from the hot core plasma. However, this convection should not transport
significant energy since the fuel ions heat adiabatically as they convect inwards, and the core
plasma cools at the same rate as it convects outward. This provides an ideal mechanism for the
steady fueling and ash removal of a burning fusion plasma [4]. In addition to high beta, good
confinement and unique fueling, a levitated dipole may have other advantages as compared to
tokamak confinement devices. These include simplification of the divertor problem due to the large
flux expansion, elimination of current driven instabilities and disruptions, and intrinsic steady state
operation.

We are in the process of constructing a small laboratory levitated dipole, called LDX in
order to investigate the possibility of steady-state, high-beta dipole confinement with near classical
energy confinement. The experiment will utilize a persistent superconducting ring of approximately
0.8 m diameterand levitated within a 2.5 m radius vacuum chamber as shown in Fig. 1. High /?
plasma will be formed by multiple-frequency ECRH since this heating technique has proven
effective in magnetic mirrors and in a mechanically-supported dipole [5]. Higher density
thermalized plasmas will be studied following fast gas puffing and Li-pellet injection into the hot
electron annulus. The LDX experiments will investigate (1) high beta plasma stabilized by
compressibility, (2) the relationship between drift-stationary profiles having absolute interchange
stability and the elimination of drift-wave turbulence, and (3) the coupling between the scrape-off-
layer and the confinement and stability of a high-temperature core plasma.

'Work supported by DOE Grant DE-FG02-98ERS44S9
[1] A. HASB3AWA, Comm. on Plasma Physics andControlled Fusion 1 (1987) 147.
[2] A. HASEGAWA, L. CHEN. ANDM. MAUEL, NuclearFUS. 3 0 (1990) 240S.
P] J. KESNER, Phys. Plasmas 4 (1997) 419.
[4] J. M. DAWSON, Bulletin APS 4 2 (1997) 1908.
[5] H. P. WARREN ANDM. E. MAUEL, Phys. Rev. Lett. 7 4 (1995) 1351.
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Self-electric fields in a non-neutralized plasma induce a strong E x .B-drift flow. The large
hydrodynamic pressure induced by the fast plasma flow enables us to assume a very high
/? (> 1) equilibrium that is suitable for the advanced fusion concept. A toroidal non-neutral
plasma trap has been developed with applying the chaos of electron orbits in a separatrix region.
Experiments have been done on a proto-type internal-conductor device, which can produce a
variety of magnetic-field configurations by combining a dipole field, vertical field and toroidal
field. A pure electron plasma is produced by injecting an electron beam. Radio-frequency (RF)
plasma production experiment has demonstrated effective collision-less power absorption due
to the chaos of electron motion, which may also be applied to induce an inward diffusion of
electrons toward the confinement region.

1. Production of Non-Neutral Plasma
Charged particles can have long orbit lengths in an appropriately designed magnetic field [1].

The key is to create a null point (separatrix) in the magnetic field, which destroys the adiabatic
constants of motion. The resultant increase in the degree of freedom results in chaotic motion,
and the particle travels a very long distance before it comes back to the particle source. This
effect is applied to achieve high efficiency of charged particle trapping.

Figure 1 shows the geometry of the experiment. Dipole magnetic field is generated by an
internal ring conductor (5 kA DC). A pair of external coils provides a vertical field to generate
a separatrix. Through the axis of the cylindrical chamber, we can apply a longitudinal current
(30 kA DC). The toroidal magnetic field yields a magnetic shear.

The poloidal magnetic field is of order 10~2 T, and the poloidal gyro-radius of an electron at
the energy of 1 keV is of order 10 mm, which determines the length scale of the chaos region for
the electron motion. Electrons are injected by an electron gun placed near the separatrix. The
calculated average connection length of a chaotic orbit is of order 100 m, which is comparable
to the mean free path due to collisions with neutral particles at the pressure of 10~4 Pa.

We injected an electron beam from a gun placed in the vicinity of the separatrix, and obtained
a stationary confinement of a pure electron plasma. Figure 2 shows the radial distribution of
the electrostatic potential. A steep gradient of the potential appears near the separatrix (z = 72
mm), implying that the separatrix determines the confinement region. Inside the separatrix, the
potential has an almost flat distribution, which shows that the electron density has a parabolic
distribution. The electron density is estimated to be 3 x 1011 m~3. By applying a toroidal
magnetic field, we observe significant improvement of the confinement of electrons.

2. Collision-less Heating and Diffusion Induced by Chaos
The chaotic motion of electrons brings about rapid production of entropy, resulting in efficient

collision-less heating of electrons. We launch an RF electric field (13.56 MHz) by a toroidal loop
antenna. The electric field strength is of order 1 kV/m. These parameters are optimized to
maximize the Lyapunov exponent of particle orbits in the separatrix region [2]. The theory
predicts that the effective resistance is larger than the classical collisional resistance by factor
10 - 102. Figure 3 shows a photograph of the plasma light localized in the separatrix region.
When we apply the same RF electric field without the magnetic field, the plasma production
does not occur. The chaos induced collision-less heating enables us to achieve an efficient plasma
production in the separatrix region.
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The entropy production due to the chaos is also applied to yield collision-less diffusion of
electrons. As a result of the chaotic modulation of the angular momentum, the electrons can
move across magnetic surfaces. Numerical simulations show that the spatial inhomogeneity of
RF electric field enhances the diffusion of particles.

3. High-/? Equilibrium with Strong Flow
The potential of the dipole magnetic field to confine high-/? plasmas and RF-induced particle

injection were discussed by Hasegawa et al. [3]. In our project, we generate a strong flow by
producing a non-neutral plasma. When the flow velocity is comparable to the Alfven speed
(which is smaller than the ion sound speed, if j3 > 1), a different high-/? equilibrium appears
in which the plasma pressure is primarily balanced by the dynamic pressure of the flow. This
situation is described by a generalized Bernoulli's law [4]. The innovative methods described in
the preceding sections can be applied to produce a non-neutral high-/? plasma.

Figure 2: Radial distribution of the
electrostatic potential in a pure electron
plasma.

Figure 1: Schematic view of Ptoto-RT; a
toroidal non-neutral plasma confinement
device. Dipole magnetic field is produced
by an internal ring conductor.
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One of possible approaches to a fusion energy problem is a concept of a pulsed multi-
mirror fusion reactor [1]. The proposed pulsed fusion reactor with dense (n ~ 1017 cm')
high-(3-plasma is based on a long (L ~ 200 m) solenoid with strong (B ~ 15 T) magnetic
field. Plasma confinement along the magnetic field is provided by a large number of
magnetic mirrors (multi-mirror trap). The radial equilibrium is maintained by the
chamber walls (non-magnetic confinement), while the only role of the magnetic field is
to suppress the plasma heat conductivity.

The crucial problem for the development of the pulsed multimirror fusion reactor
concept is producing of hot dense (~ 1017 cm"') plasma.

The fast heating of the plasma with 1015 4- 1017 cm-3 density during the injection of a
microsecond electron beam with an energy content over 100 kJ is being investigated at
the GOL-3-II facility [2]. In this facility the plasma column has a diameter 6 cm and 12-
m length, longitudinal magnetic field is up to 5T in the homogeneous part of the solenoid
and up to 10T in its end mirrors. There is a possibility to change the magnetic field
configuration from uniform to multimirror one. The plasma density can be varied in
1014-M017 cm'3 range. For the beam-plasma heating experiments the high-power electron
beam generator U-2 is used with possible beam energy content up to 0.3 MJ.

The main goal of the experiments on the GOL-3-II facility is obtaining the dense (10"'
•*• 1017 cm"3) and hot (~ 1 keV) plasma and achieving P>1. Under these conditions, the
experiments on the "wall" and multimirror confinement of a plasma become feasible.

In the paper recent results achieved at this facility are presented.
It is experimentally shown that macroscopically stable transportation of the 200 kJ-

electron beam (1 MeV, 30 kA, 8ns) through the 12m-plasma column is possible under
conditions close to total current neutralization. At injection of such beam into plasma
with density (l-r-2)1015 cm"3 the very strong collisionless beam relaxation is observed due
to development of the two-stream instability. The efficiency of deceleration of the beam
electrons is 30+40% according to measurements of their energy spectrum. Energy
content of the plasma and its electron temperature increases with growth of the beam
energy content. The measurement of distribution function of plasma electrons by
Thomson scattering has shown that characteristic temperature of the electrons is ~ 2 keV
at density (1+2)10" cm"3. Note, that such an electron temperature was reached in open
traps for the first time. An anisotropy of the distribution function of hot plasma electrons
is observed. The average energy of particle movement along the beam direction is few
times higher then transverse one. The electron distribution function during heating is
formed due to turbulent fields excited in a plasma by the beam. Abnormally high

(compared to the classical) electron collision frequency caused by the same fields leads to
decrease in the plasma longitudinal thermal conductivity, and hence increases the
temperature and lifetime of electrons [3]. Under these experimental conditions, the ion
temperature is 20+30 eV.

For substantial increasing the ion temperature and obtaining plasma with (3>1 the
method of a two-stage heating of a dense plasma is developed [4]. New experiments in
this direction are also performed at the GOL-3-II facility. To do so, in the beginning of
the 12-m device the deuterium cloud with a density of up 1017 cm"3 of a few meters
length is formed. On the rest of the device the density of the plasma is - 1015 cm"3. The
hot electrons of this "rare" plasma transfer their energy to electrons and ions of the dense
cloud by binary collisions. In this case, the plasma with a ~1016 cm"3 density has the
electron temperature of 0,3+0,5 keV, and the ion temperature increases up to 0,1+0,2
keV.

In order to improve parameters of a dense plasma it is planned not only to optimize
the conditions of its heating but also to improve the dense plasma confinement. For this,
the dense plasma bunch is placed in a short (~lm) region with lower magnetic field
("magnetic pit") where the dense plasma should be confined as in "gasdynamic" trap.
Such experiments are started. As the calculations show under the conditions of the GOL-
3-11 facility it is possible to obtain the dense (1010+1017 cm"3) and hot (~ 1 keV) plasma
with (5>1. This will enable to start the experiments on the "wall" and multimirror plasma
confinement. Feasibility of such experiments at the GOL-3-II facility are discussed.
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The inertial electrostatic confinement (EEC) fusion device employs a scheme for injecting
energetic ions and electrons towards the spherical center of the IEC, trapping both species in the
electrostatic self-field, giving rise to fusion reactions in the dense core. The IEC can be realized
using a relatively simple device that employs a grid in a spherical vacuum vessel. The ions are
produced with a glow discharge between the vacuum vessel (serving as the spherical anode) and
the concentric-sphere inner grid cathode. The ions are accelerated and focused inwards the
cathode. Some ions hit the mesh cathode producing secondary electrons, which are then
accelerated towards the core region by the electric field generated by the ions. The electrons
partially neutralize the space charge of the ions and play a role for increasing the ion density in the
core. Under proper conditions (perveance > 0.4 mA kV3/2), a virtual anode/cathode structure
develops in the high density center region, trapping energetic ions and further increasing fusion
reaction rates.

The IEC offers an unique approach to a fusion, since it develops a possibility of the use of
advanced fuels such as D-3He, and yields intermediate products along the path to fusion power.
The EEC is used as a portable, low-cost fusion neutron source with applications expected as
follows[l]-[3]: (1) search for oil field, (2) therapeutic treatment of cancers, (3) testing drugs and
explosive materials for safeguards, (4) identification of impurities in ores/coal, and (5) neutron
source for benchmark testing.

Typical plots of measured neutron yield versus discharge current are shown in Fig.l for different
discharge voltages. The neutron yield increases linearly with current and scales strongly with
voltage, in agreement with the theoretical estimation of fusion events between the beam ions and the
background neutral particles. The scaling with voltage is fairly stronger than the variation of the
fusion cross-section with energy. Figure 2 depicts the neutron generation rate divided by
non,aDDv, i.e. S = Nn/pIoDD versus discharge voltage V , where n0 and n, the densities of
neutral gases and ions, aDD the fusion cross section, v the velocity of ions, Nn the neutron yield,
p and / the neutral gas pressure and discharge current. It is revealed that the parameter S
possesses the y3/2 dependence. The excess dependence on voltage is interpreted as follows. The
core ion density raised through the effects of potential structure produced by the ion space charge
brings about a larger neutron yield than without any potential.

The key physics issues that must be understood in order to scale the EEC up to higher reaction
rates involve the electric potential structure in the dense plasma core. [4] In order to identify the
spatial profile of the fusion events and the electrostatic potential profile in the core of the spherical
IEC, the fast proton source profile due to D-D fusion reactions has been measured using a
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well-collimated solid-state detector. [5] Collimated protons were detected by a silicon-surface
barrier diode covered by a metal plate/channel configuration with a pin hole. This experiment has
confirmed the development of a double-well potential structure, capable of trapping energetic ions,
when the threshold perveance of 0.4 mA kV3 / 2 is exceeded.

Results for collimated proton measurements of the potential will be described in the presentation.
Based on these results and on corresponding theoretical studies, underlying physics issues related
to scale-up of the EEC to higher neutron levels or eventually, a power reactor, will be discussed.
Technological issues related to scale-up such as grid design [6] will also be briefly covered.
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Fig.l Neutron yield vs. discharge current. Fig.2 Excess V dependence of neutron yield.



FUSION TECHNOLOGY

iefI

251



XA9950941
FT1/1

The KSTAR Project: Advanced Steady-state Superconducting
Tokamak Experiment*
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The mission of the Korea Superconducting Tokamak Advanced Research (KSTAR) Project [1,2]
is to develop a steady-state-capable advanced superconducting tokamak to establish a scientific
and technological basis for an attractive fusion reactor. In this context, the objectives established
for the research program are:

• To extend present stability and performance boundaries of tokamak operation through active
controls of profiles and transport,

• To explore methods to achieve steady-state operation for tokamak fusion reactors using non-
inductive current drive,

• To integrate optimized plasma performance and continuous operation as a step toward an
attractive tokamak fusion reactor.

To meet the mission and research objectives, the design of KSTAR tokamak features fully
superconducting magnets; long-pulse operation capability; flexible pressure and current profile
controls; flexible plasma shape and position control; and advanced profile and control diagnostics.

After initiation of the project in December 1995, extensive physics and engineering design efforts
resulted in the choice of major machine parameters, performance requirements, and critical design
features. The design point of major tokamak parameters is defined as: machine size (i?o = 1.8 m,
a = 0.5 m), performance (BTO = 3.5 T, Ip = 2.0 MA), plasma shape flexibility (K= 2.0, <S= 1.8,
double-null divertor), current drive and heating power (initial Phem = 15.5 MW, upgradable to
40MW), and pulse length (initial Tpuise = 20 sec, final TpU/se = 300 sec with non-inductive current
drive and upgraded power handling capacity). An overall machine configuration of KSTAR
tokamak is shown in Figure 1. A phased implementation plan for the diagnostic system has been
adopted and the conceptual design of the major diagnostics has been completed. A layout of
auxiliary heating systems and diagnostics for KSTAR tokamak is illustrated in Figure 2.

The physics design effort was focused on two major aspects of the KSTAR project mission,
steady-state operation capability and "advanced tokamak" physics. The steady-state aspect of
mission is reflected in the choice of superconducting magnets, provision of actively cooled in-
vessel components, and long-pulse current-drive and heating systems. The "advanced tokamak"
aspect of the mission is reflected in the design features associated with flexible plasma shaping,
double-null divertor and passive stabilizers, and internal control coils. The numerical modeling and
simulation have been conducted for magnetic ripple loss of fast ions, ECH-assisted plasma
initiation scenario, plasma stability and shaping flexibility, VDE and Halo current analysis, field
error analysis, power and particle handling, plasma heating and current drive, and integrated
plasma controls and operation scenarios.

Substantial engineering design progress has been made on superconducting magnets, vacuum
vessel, plasma facing components, and power supplies. Design of Nb3Sn based high performance
"HP-HI" SC strands, CIC cables and joints to meet performance requirements has been conducted,
and proto-types are produced for testing. The KSTAR Central Solenoid Model Coils are
fabricated for testing at the new Samsung Superconductor Test Facility. A real-size proto-type
sector of vacuum vessel with double-wall construction with large size ports is fabricated for
manufacturing and assembly process development and testing. High current 300-sec ion source for
NBI system is also under development.

The new KSTAR Experimental Facility with cryogenic system and de-ionized water-cooling and
main power systems has been designed, and the civil works have been initiated.

The advanced tokamak design based on a fully superconducting magnet system will make KSTAR
a premier facility for development of steady-state high-performance modes of tokamak operation
in the next decade. The conceptual design of KSTAR tokamak has been completed and the
engineering design and subsystem development activities are on-going.

Figure 1. KSTAR Tokamak Overall Configuration Figure 2. Heating and Diagnostics Layout
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The activities cover 3 essential issues relevant to ITER Neutral Beam Injection (NBI):
experimental validation of various D" ion source aspects, experimental demonstration of D'
beam acceleration to 1 MeV with a simplified accelerator concept (SINGAP) and the
integration of this concept into the ITER NBI design.

The long pulse (1000 s) behaviour of a "model" ITER ion source (the "Kamaboko III"
ion source) at a nominal D' ion current density of 200 A/m2 is currently studied in the
Cadarache MANTIS test bed. This collaborative effort between CEA and JAERI which also
forms part of the ITER task agreements will be presented elsewhere.

With the view on reduced maintenance (by remote handling) on the ITER injectors
RF driven negative ion sources represent an attractive alternative to the filamented sources
of the reference design. In this context a collaboration between CEA and IPP started in
1996 to investigate the potential of an RF source to produce the D' current densities of
>200 A/m2 at source pressures < 0.3 Pa as required by ITER.

A standard JET PINI size RF source developed for ASDEX Upgrade and a 3 grid
extraction system (69* 10"4 m2 net extraction area) form the basis of the Garching
BATMAN experiment. In pure volume production an H" current density of 55 A/m2 has
been reached at still elevated pressures of about 2.4 Pa. Adding small amounts of argon
(~15%) to the discharge can increase the current density up to 85 A/m2.

At lower pressures around 0.7 Pa the volume produced negative ion yield is strongly
reduced. However, by a combined admixture of argon and caesium the H" current density
can be increased by a factor of 8, reaching about 40 A/m2. The negative ion yields show a
saturation with increasing RF power.

The next steps to obtain higher current densities at lower source pressures will be
enhancement of the plasma confinement by an improved magnetic multi-cusp configuration
and modification of the RF antenna location and/or design.

The SINGAP (SEVGle APerture - SINgle GAP) acceleration concept has been
developed as a simplified alternative to the multi-aperture, multi-grid acceleration of the
ITER NBI reference design and is expected to yield a welcome improvement of the vacuum
insulated design option for the ITER injectors. The objective of the present experiments is
to demonstrate reliable multi-second acceleration of a D" beam to 1 MeV (-100 mA,
200 A/m2), relevant to the ITER Neutral Beam Injection (NBI) requirements.

During the previous studies it has been demonstrated that the SINGAP concept works
and good quality 860 keV H" beams (43 mA, 1 s) and 630 keV D" beams (106 mA, Is)
have been produced. In the present campaign another attempt is being made to reach the
full beam energy with a refurbished 1 MV epoxy insulator / feedthrough. Refurbishment had

become necessary after the top 2 of the 9 epoxy rings making up the insulator had been
perforated and carbonised due to high voltage discharges.

Problems that have been encountered during the voltage holding experiments
conducted by both the Japanese and European Home Team have highlighted the desirability
of a 1 MV ceramic insulator, and the development of such an insulator has become a major
issue in the R&D for the ITER injectors. Therefore experiments are under way in which the
top ring of the above mentioned epoxy insulator / feedthrough (the o.d. of which is
-700 mm) is replaced by a porcelain insulator with titanium inserts. This piece has been
delivered recently and is ready for testing.

The reference design of the ITER NBI modules uses multi-aperture, multi gap
electrostatic extraction and acceleration and external pressurised gas insulation of the beam
source. Negative ions are extracted from the plasma source (at -1 MV potential) at energies
up to 10 keV by a 2 electrode system with electron suppression. Subsequent acceleration is
achieved in steps of 200 kV by 5 multi-aperture electrodes. The electrodes are composed of
an array of 5 x 5 rectangular grid sections each with 52 circular apertures. As pumping of
the gaps is limited by the conductance through the apertures the pressure profile in the
electrode stack gets more unfavourable as more electrodes are employed. An additional
limitation is given by the large (-3 m o.d.) cylindrical ceramic insulator which surrounds the
whole of the electrode system and forms the boundary between the outer pressurised gas
and the vacuum at the inside.

In the SINGAP design of the ITER beam source the acceleration to 1 MV is achieved
across one single gap towards the SINGAP electrode at ground potential (after pre-
acceleration to < 100 kV). The SINGAP electrode features 25 rectangular apertures. Thus
the beamlets from each of the 5 groups of apertures of the pre-accelerator grid sections
(each group is a 4 x 13 array) are merged into one « hyper » beamlet. The space between
the SINGAP apertures allows them to be displaced horizontally which can give the beam
steering required to have good transmission to ITER of each « hyper » beamlet.

In the proposed design the plasma ion source (plus pre-accelerator) is suspended freely
from the 1 MV bushing which forms the feedthrough between the pressurised gas of the
high voltage transmission line and the vacuum of the source vessel. Downstream, the
SINGAP electrode is attached independently to a support inside the vacuum vessel. Some
of the advantages of this concept are highlighted by recent R&D results. For example, the
beam source is immersed in the vacuum, which provides the insulation between the source
at -1 MV and the ground potential of the vacuum chamber. Hence problems of ionisation by
neutron or gamma radiation are avoided. Furthermore, the concept can use a substantially
smaller and simplified ceramic insulator (the o.d. of the 1 MV bushing is expected to be
< 2 m) which is more economical to manufacture than the insulator in the multi grid
accelerator stack of the gas insulated reference design. Also, the lack of intermediate
potentials between the pre-accelerator at >-900 kV and the ground potential of the
SINGAP electrode, means that the 1 MV bushing and the high voltage transmission line are
simplified, which should result in substantial cost savings. The independent SINGAP
electrode on ground potential could also be made moveable, which would yield enhanced
flexibility in global beam steering. Finally, due to the absence of any insulators in the
accelerator gap the obstruction of the gas conductance is substantially reduced so that a
minimum of stripping is expected. Although stripped electrons created in the SINGAP
accelerator may reach higher energies than in the multi-gap accelerator it is expected that
dumping of this electron power (in the neutraliser) will be more easily achieved in the
SINGAP system.
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In 1998, the la rge helical device (LHD) pro jec t [1],[2] f inally completes
i ts 8 year construct ion schedule. LHD is a hel iotron type device with R=3.9
m, aP=0.6 m, and B=3 T. Its b i rd ' s eye view is shown in Fig. 1. After the
intensive physics design studies in the decade of 1980, the necessary
engineering R&D and design were carr ied out, and LHD fabricat ion tech-
nologies were successfully developed. Significant engineering progress has
been achieved, which is summarized and highlighted in this paper.

The technological achievements have been made in various areas , such as
superconducting (SC) technology, HHFC (High Heat Flux Component) and
cooling techniques, materials, high power steady heating technology,
operation and con t ro l systems, SC coil protect ion and power supply systems,
and diagnostics. They are integrated, and comprise a major p a r t of the
fusion technology area. These issues correspond to a necessary
technological da ta base for the next s tep future reactor design. In
addition, with present commissioning t e s t s after the completion of LHD
construction, i t is possible to increase our technological da ta base,
especially concerning vacuum and LHe refr igerat ion technologies, and
mechanical r ig id i ty t es t s . We will describe these LHD relevant engineering
developments in th is paper as well.

A major goal of the LHD project is to demonstrate a high potent ia l for
the Heliotron-type device by producing cur ren t less -s teady-s ta te plasmas
with a large Lawson parameter but without any hazardous plasma cur ren t
disruptions. LHD is a superconducting toroidal device with a continuous
helical d ive r to r as a powerful plasma edge control tool . It has / /m = 2/10
SC helical coi ls and three se ts of SC poloidal coils, of which coi l cur ren ts
and the s tored energy are 7.8 MA, 5.0 MA, -4.5 MA, -4.5 MA, and 1.6 GJoule,
respectively. Since LHD has now successfully completed the construct ion
schedule, the detai led planning of plasma experiments is progressing with
support from many col labora tors of universi t ies and other ins t i tu t ions . -

During the ea r ly phase of LHD construction, SC technology represented
the major c r i t i c a l issue of the LHD pro jec t . We made R&D plans to develop
the existing technologies to the necessary level. The intensive R&D program
was carried out immediately af ter NIFS was founded in 1989. In th is category,
major outputs obtained are development of a full s tabil ized conductor for
the helical coil , a new cable-in-conduit (CIC) conductor for the poloidal
coil, and winding and assembling techniques. We could certify our original
technologies by several R&D coil t es t s and a real coil commissioning tes t .

In this abs t rac t , we highlight the newly developed technology of
fabricating NbTi pool-boiling type helical coils. Many types of
superconductors with different in terna l s t ruc tu res were proposed and
examined with shor t sample tes t s [3]. The final conductor size is 12.5 mm x
18.0 mm, and the nominal current is 13.0 kA (4.4K/Phase I), and 17.3 kA
(1.8K/Phase II). Pure aluminum (5 nines) is the main s tabi l izer . The conductor
size has been optimized not only for mechanical f lexibil i ty to fac i l i t a t e the
on-si te winding process but also for cryogenic s tab i l i ty due to the
optimization of the surface/volume ra t io . Fifteen NbTi superconducting
strands are twisted and formed into a Rutherford-type f la t cable. Instead of
the conventional OFCu, Cu-23>Ni (thickness:0.4 mm, resistivity:~2.5xlO~BQ m)
was selected for the clad material around the aluminum to insulate the Hall
current [4] while maintaining the smooth current t ransfer from the
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superconducting s t rands to the aluminum. Another important development of
the conductor is the adoption of e lect ron beam welding to the half-hard
copper sheath, which drast ical ly enhances the mechanical toughness of the
conductor not only against the compressional s t ress of up to 100 MPa during
excitation but also against p las t ic deformation during the th ree dimensional
winding process. The conductor surface is oxidized to improve the heat
t ransfer to the liquid helium.

These resul t s are summarized in Fig. 2, which i l lu s t r a t e s tha t we could
establish the c r i t i ca l design and fabrication using the SC material NbTi. In
this figure, the ideal numbers in the design are expressed by a c i r c l e of
100% and obtained values are shown for individual technological elements. A
typical example is the cr i t ica l field of NbTi which is shown a t the top of th is
figure. At the same time, present ly achieved values are shown. The values
obtained in the LHD R&D have almost reached the c r i t i ca l and specified
values of NbTi character is t ics . Due to our effort to develop a c r i t i c a l
design, the current density of the helical coil package is increased up to 53
A/mnr with the feasible pressure level of 100 MPa and with the high
mechanical accuracy of 2 mm. In addition, this helical conductor sat isf ies
the SC ful l -s table condition.

Thus, the LHD project has developed necessary technologies. These,
making a significant contribution to a wide range of fusion technologies, a re
summarized below:
1) SC coil fabrication technique, mechanical design, s t ress analysis, conduc-

tor development, insulation design,
2) refr igerat ion system design and development
3) SC bus line development
4) power supply with high rel iabi l i ty, faul t probabil i ty of less than 10~°,

coil quench protect ion scenario
5) contro l system development
6) vacuum technology for a plasma chamber and a huge cryos ta t with a volume

of 1000m3

7) high heat flux component and water cooling technique for a hel ical
divertor

Presently, commissioning tests are on going: 1) evacuation test of the
cryostat and plasma vacuum chamber, 2) initial cooling down test to liquid
helium temperature, 3) coil current excitation test and 4) initial plasma
production experiment. These will be reported in the full text in detail.

Poloidal coil Cryostat SC Technology Devetopted

(NbTi composite conductor)

Critical field (11.ST)

Equataroaheatfiux
(2.M kW/m>)

Lateral pressure

Composite conductor
manufacturing

(EBW AlsutbUizer)
Plasma vacuum vessel

Fig. 1 Bird's Eye View of LHD Device Fig. 2 Achieved Specification for
Helical Conductor
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[4] N.Yanagi, et al., Advances in Cryogenic Engineering-Materials 40 (1994) 459
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The recent operational phase in JET in which deuterium-tritium (D-T) fuel was used (DTE1)
resulted in record breaking fusion performance and a set of definitive experiments enabling
the threshold for H-mode transitions and the confinement in ELMy H-mode discharges to be
scaled to ITER using direct evidence from D-T plasmas. In addition to these important
contributions in plasma physics, JET has also made major advances in demonstrating the
viability of some of the key technologies required for the realisation of future fusion power.
Two of the most important technological areas which have been successfully demonstrated in
JET are the ITER scale tritium processing plant and the exchange of the divertor and
maintenance of the interior of JET by totally remote means.

The JET Active Gas Handling System (AGHS) demonstrated the first routine, safe and
reliable operation of a closed loop tritium/deuterium fusion fuel supply and re-processing
plant. The site inventory of 20g of tritium was circulated and reprocessed several times by
the AGHS to provide over 64g of tritium for neutral beam injection and 35g of tritium for gas
introduction into the JET machine. The AGHS has been used continuously during torus
operation since May 1997 to pump the exhaust stream from the torus and to handle batches of
mixed gases from regeneration of the torus and neutral injector cryopumps, separating these
gases into hydrogen isotopes, helium, and impurities. Over 13 m3 of mixed gas has been
processed. The typical tritium purity achieved of 99.88% was well above that required for
neutral injection and was better than the purity of the original tritium supplied to the JET site.
Deuterium and impurities were detritiated in order to recover the tritium for re-use and to
permit excess deuterium to be discharged to atmosphere. The main components of the system
consist of a cryogenic fore vacuum system, an impurity processing system, two isotope
separation systems and an Exhaust Detritiation System (EDS). The two isotope separation
systems, a gas chromatography and acryo-distillation system, were used in combination.

The EDS was designed to detritiate gas contaminated with low levels of tritium prior to
discharge into the atmosphere and to provide ventilation to the torus and other major
components in the event of a breach of the vacuum containment, either unplanned or for
maintenance and repair purposes. Valuable experience was gained during the experiment in
the practical aspects of safely operating, maintaining and repairing a tritium contaminated
machine. In particular, an intervention to repair a small water leak in the tritium neutral beam
injector, featured manned access inside the injector in full pressurised suits. The EDS was
used throughout the 56 day intervention to ventilate the injector box and detritiate the exhaust
stream. The ventilation kept the tritium concentration from outgassing below levels at which
the pressurised suits were able to provide the protective factor necessary to keep workers'
accumulated dose below routine exposure limits. The factor >1000 detritiation factor
available from the EDS kept environmental discharges to around 1 % of JET's authorised
limits. The EDS has continued to operate ventilating the torus during the subsequent
shutdown phase.

In addition, DTE1 was successful in extracting high power (£11.5 MW) tritium neutral beams
at the highest energies to date (155 keV) for long pulses (£5s). The experiment also provided

the first data on tritium retention and co-deposition in a diverted tokamak. Of the 35g of
tritium injected into the JET torus, about 11.5g remained in the tokamak vessel surfaces after
DTE1. This amount was larger than predicted by reservoir models based on JET's
Preliminary Tritium Experiment in 1991. The amount resides mainly on cool surfaces at the
inboard divertor side. After ~300 deuterium plasma pulses, the torus tritium inventory was
reduced to 6.5g and a further gram was regained at the start of the shutdown by repeated
purging of the torus with moist air followed by pumping. Dust and flakes from the divertor
region have been recovered and are being analysed to establish their residual tritium levels.

The limited operation using D-T fuel in JET resulted in an activation level in the machine of
the order of 4 mSv/h at the end of the operation period. Manned intervention in the machine,
prevented after the D-T operations phase, will become progressively possible only after about
one year. Consequently, the complete divertor has been successfully exchanged directly after
the D-T phase in the first ever remote handling shutdown at JET. This shutdown saw the first
use of the suite of remote handling equipment originally specified, designed, built and
commissioned to satisfy general repair and maintenance functions for JET. The
teleoperational methodology adopted is based on a man-in-the-loop controlled bi-lateral
force- reflecting servomanipulator with a capacity to manipulate up to 20 Kg and capable of
lifting up to 50 Kg by winch. The manipulator is transported around the torus by a 10m long
articulated boom which can be positioned within several mm of pre-set points and which is
housed within a contamination control enclosure sealed to the torus.

In the shutdown the 144 modules of the Mark IIA divertor were routinely and safely unbolted
remotely using the manipulator, removed and transferred onto a special end-effector of a
second short boom. This second boom transported the divertor modules out of the torus and
placed them into specially prepared and ventilated ISO containers housed within a second
contamination control enclosure. The same techniques in opposite sequence were then used to
install the 192 modules of the Mark II Gas Box divertor. In addition numerous other
maintenance, inspection and repair tasks were performed remotely which proved the
flexibility and adaptability of the remote handling (RH) approach taken by JET. They
included: the detailed visual inspection and video recording of the inside of the vessel and
individual components; the remote vacuum cleaning of in-vessel components; the removal
and installation of a number of diagnostic systems including the disconnection and
reconnection of numerous RH electrical connectors; the removal and replacement of a
number of limiter and first wall protection tiles; the remote removal of an oxide layer and
cleaning of four beryllium evaporators; the first ever detailed fully remote dimensional
videogrammetry survey to confirm the position, shape and integrity of the divertor structure
with a point precision of < ±0.1 mm (targeted) or +0.3 mm (targetless); and the inspection,
removal and precise dimensional survey, repair and re-installation of a damaged diagnostic
system.

The precise, safe and timely execution of the remote handling shutdown proved that the
design, function, performance and operational methodology of the RH equipment prepared
over the years at JET are appropriate for the successful and rapid replacement of components
in an activated tokamak environment.

The paper will describe these technical achievements at JET and the relevance of the work to
ITER and to the development of fusion energy.
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High energy charge exchange (CX) particles bombarding the plasma facing wall erode the

surface by sputtering and form lattice defects in the materials by knock-on damage. As known

well, the defects may affect material properties such as thermal conductivity and mechanical

strength. Therefore, behavior of the CX-particles is an important issue not only for plasma

confinement but also for material degradation. In the present work, behavior of CX-particles and

their effects on materials have been examined by exposing the probe materials to the long

duration discharge plasma of the superconducting high field tokamak TRIAM-1M.

TRIAM-1M is an ultra-long duration discharge tokamak with poloidal limiters and an open

divertor made of molybdenum. By attaching a new water-cooled collector probe system, plasma

irradiation experiments have been carried out. The probe head with various probe-specimens on

it was inserted in the scrape-off layer through a horizontal port; 6mm behind the poloidal limiter

surface. In order to collimate the particle incident directions, the probe-specimens were mounted

in holes at the plasma facing side (P-side) as shown in Fig. 1 and covered by a slit at the electron

drift side (E-side). As shown schematically in Fig. 2, the specimen holes at the P-side direct to the

five different directions from the bottom to the top of the plasma with semiangle of 14 degrees.

Pre-thinned vacuum-annealed molybdenum, tungsten and 304SS disks were used as probe

specimens. They were exposed to successive high ion temperature discharge (hydrogen plasma,

limiter configuration) sustained by lower hybrid current drive (2.45GHz)[l]. Typical plasma

parameters were as follows; Ti=1.5~2.5keV, n, =1.5xlO18/m3, Ip=20~25kA. The duration time of

each discharge was about 1 minute and the total reached 31.5 minutes. The temperature of the

probe head during exposure was almost constant at about 23°C. Such type of material irradiation

experiments, which require large accumulation of particle load, can be easily performed only at

TRIAM-1M at present.

After the irradiation, the microstructure of those specimens was observed by means of

transmission electron microscopy. Figure 3 shows damage structure formed in the molybdenum

specimens located at P-side. Dislocation loops showing white dot images were formed with strong

specimen direction dependence. Namely, considerable amount of damage (defect density: 3-
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4xlO15/m2) was observed in the specimens directing to the lower side (-45, -30 degrees) and the

plasma center (0 degree), while almost no damage for those directing to the upper side (30, 45

degrees). These results imply that CX-neutrals with enough energy to cause radiation damage in

metals were mainly formed in the lower half of the plasma. According to the stereo-observation,

the defects distribute up to 40-50nm in depth, which corresponds to those for the damage

production by hydrogen particles ranging from 3 to 6 keV. This fact means that some part of CX-

particles have energy of several keV, which is enough for radiation damage in molybdenum, and

is not contradictory to the result of energy spectrum measurement of neutral particles with a

neutral particle energy analyzer [1]. By comparing quantitatively with hydrogen ion irradiation

experiments carried out before, the fluence of the hydrogen neutrals responsible for the damage

was estimated to be about 3xlO21/m2.

The localized formation of energetic CX-neutrals at the lower half of the plasma indicates

stronger sputtering and radiation damage at the bottom of the torus. The present results are

important for understanding and assessment of erosion and damage of PFC and also for impurity

behavior.

Reference
[1] S. Itoh et al., this conference
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There is a global consensus among materials scientists and engineers that the qualification of
materials in an appropriate test environment is inevitable for design, construction and safe operation
of commercial fusion reactors. The basic objectives for a suitable neutron source are (i) to provide
within a foreseeable time frame neutrons with an energy spectrum representing that of fusion
neutrons at sufficient intensity and irradiation volume to irradiate candidate materials up to about full
lifetime of anticipated use in a fusion DEMO reactor, and (ii) to calibrate data generated from fission
reactors and particle accelerators. An evaluation process based on a series of technical workshops
came to the conclusion mat an accelerator driven D-Ii stripping source would be the best choice to
fulfill the requirements within a realistic time frame. In response to this need, wader the auspices of
the IEA an international design team with members from the European Union, Japan, the United
States and the Russian Federation was formed that completed during the Conceptual Design Phase
(1995-96) of IFMIF a conceptual design [1] and a cost estimate [2] for all major subsystems of the
facility. The developed design is the basis for the present Design Evaluation Phase (1997-9S) and for
subsequent engineering oriented developments.

IFMIF is a high intensity neutron source driven by two 40 MeV deuteron cw linear accelerators
with 125 mA beam current each striking a single thick flowing lithium target under 20° impinging
angle producing neutrons by several stripping reactions with a broad maximum peaked at 14.6 MeV.
The neutrons are mainly collided in forward direction. Alternatively 30 and 35 MeV dei terons can be
produced, Parameter analyses of the fluid flow and the nuclear response of the Li-target and the users
test assemblies have led to the selection of a beam footprint of 20 cm wide by 5 cm high. This large
area reduces tbe heat and particle flux density in the liquid lithium and gives favorable volumes and
dimensions with regard to the test cell and its accessibility for different flux regions. The materials
testing volume downstream the Li-target is subdivided into different flux regions: The high flux test
region (0,5 liter, 20-55 dpa/full power year), the medium flux test region (6 liter, 1-20 dpa/fpy), and
low flux test regions (>100 liter, < 1 dpa/fpy). The basic design concept for DFMIF has been guided
by two considerations: i) the users requirements have to be fulfilled and ii) all components should be
based on proven technologies.

During the past few years besides technical improvements significant progress has been
achieved in the neutronics field. Based on suitable neutron source models, extended data libraries and
advanced transport codes, detailed spatial distributions have been calculated for the neutron flux and

engineering responses inside the high flux (table), medium and low flux test modules. An important
outcome of these and other calculations is that in spite of the high energy tail of IFMIF neutrons all
relevant irradiation parameters like He/dpa rate, H/dpa rate or recoil energy distribution are closely
representedby IFMIF. In order to evaluate whether the limited high flux test volume of 0.5 liter is
adequate to obtain the necessary materials property data, based on a set of seven types of specimens
With ..baseline" geometries detailed test matrices have been elaborated for the high flux test region of
IFMIF. The evaluations have shown, that with such miniaturized specimens tbe relatively small
volume of the high-flux region can be equipped with instrumented rigs accommodating more than
1000 specimens and therefore is adequate to obtain within a 15-20 years program for various first
wall and blanket structural materials a design relevant engineering database up to 150 dpa. That is,
using vertical supported test modules and on the basis of small specimen test technologies, IFMIF is
suitable of providing sufficient volume and appropriate irradiation environments to meet the
requirements defined by the users community,

Table; Comparison of the IFMIF high flux test module (HFTM) with outboard blankets of HER and
DEMO. All calculations are performed with MCKP code and extended nuclear data libraries
for collided neutrons in iron.

Irradiation parameter

Total neutron flux [n/(9 cm3)]

Hydrogen production [appm/FPY]

Helium production [appm/FPY]

Displacement production [DPA/FPY]

H/DPA ratio [appm/DPA]

He/DPA ratio [appm/DPA]

Nuclear heating [W/cm1]

Wall load tMW/m*]

IFMIF HFTM

4x10"-10"

1000-2500

250-600

20-55

35-50

9,5 -12.5

30-55 .

3-8

ITER

4x10"
445

114

10

445

IM

10

1.0

DEMO

7.1 x 10"

780

198

19

41

10,4

22

2.2

The IFMIF project is organized into the five subsystems (1) Test Facilities to irradiate, handle
and examine specimens, (2) Accelerator Facilities to produce and transport accelerated deuterons, (3)
Target Facilities which provide a flowing lithium jet to convert the deuterons into neutrons, (4)
Conventional Facilities, and (5) Central Control System and Common Instrumentation. Major
engineering efforts have been undertaken to establish for all these subsystems a design that is based
on available and already proven technologies, The developed reference design includes extensive
reliability, availability, maintainability as well as safety studies and is conceived for long-term
operation with a total annual facility availability of at least 70%.

[1] IFMIF-Imemational Fusion Materials Irradiation Facility-Conceptual Design Activity Final
Report, IFMIF-CDA-Team; Ed.: M. Martone; ENEA-RT/ERG/FUS/9611-Report; December
1996.

[2] IFMIF-International Fusion Materials Irradiation Facility-Conceptual Design Activity Cost
Report; Compiled by J-MJfcennich, ORNL/M-5502-Report, December 1996.
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It has long been recognized that attainment of the safety and environmental potential of fusion
energy requires the successful development of low-activation materials for the first wall, blanket and
other high heat flux region structures. Only a limited number of materials potentially possess the
physical, mechanical and low-activation characteristics required for this application. The current U.S.
structural materials research effort is focused on three candidate materials: ferritic-martensitic steels,
vanadium alloys, and silicon carbide composites. Recent progress has been made in understanding the
response of these materials to neutron irradiation.

Ferritic-Martensitic Steels. The ferritic-martensitic steels being considered for fusion are a
modified composition of conventional Fe - 9-12% Cr steels [I]. Low-activation characteristics are
obtained by removing elements such as Mo, Nb, Ni and specific impurities. In the low-activation steel
Mo is replaced by W or V, and Nb by Ta. These steels are attractive because of extensive industrial
experience with fabrication and joining of the conventional alloy. The U.S. effort on ferritic-
martensitic steels is part of an International Energy Agency cooperative program in which the U.S. role
is to characterize the fracture behavior of these alloys. Two five-ton heats of low-activation steel were
produced in Japan and are being used to generate the necessary data.

Any fracture property data base must be created with relatively small specimens compatible
with available irradiation volumes. A goal of the U.S. program is to develop physically-based micro-
mechanical models of fracture to define the transition from quasi-cleavage to microvoid coalescence
fracture modes. Confocal microscopy fracture reconstruction methods are being developed [2] to
characterize fracture toughness by determination of the critical crack tip opening displacement. This
methodology provides a robust means to evaluate the effects of strain rate, irradiation, specimen size
and constraint on fracture toughness.

Recent headway has been made in evaluating the effect of helium on fracture behavior. To
achieve helium production rates prototypic of fusion in a mixed-spectrum reactor requires simulation
techniques. One approach is to add isotopes of Ni to the steel. About 2% Ni is sufficient to give a He
to dpa ratio representative of a fusion neutron spectrum. One-third scale Charpy impact specimens
irradiated at 400°C to 40 dpa in the High Flux Isotope Reactor at ORNL suggest that He levels from 30
to 110 appm may significantly increase the ductile-to-britlle transition (DBTT) [3]. These results are
not unequivocal, however, due to uncertainties associated with the Ni doping technique.

Vanadium Alloys. Vanadium alloys containing 4-5% Cr and Ti exhibit physical, thermal, and
mechanical properties that are favorable for fusion applications [4). These alloys are particularly
attractive in combination with lithium-cooled blanket designs. Favorable characteristics include low
long-term radioactivity, high heat load capacity and resistance to void swelling. The unirradiated
tensile properties and limited thermal creep data suggest an upper temperature limit between 650 and
750°C. The industrial experience and manufacturing capacity of vanadium alloys is very limited in
comparison with ferritic-martensitic steels, however scale-up from laboratory heats to commercial
production of 500 and 1200 kg ingots has been successfully accomplished.

Considerable experience has been obtained on V-4Cr-4Ti irradiated in the range of 420 to
600°C to neutron doses of 24 to 32 dpa, and with helium generation rates in the range of 0.4 to 4.2
appm/dpa. In this environment the material shows promising resistance to radiation-induced
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embrittlement and swelling. The DBTT did not increase above -100°C and density changes did not
exceed 0.5% [5]. Recently the focus of the U.S. research effort has been on characterizing the low-
temperature, low-dose irradiation performance of this alloy. Experiments performed at temperatures
<400°C and doses <0.5 dpa have established the primary radiation damage effects which govern the
low-temperature operating limit for V-4Cr-4Ti [6]. Under these irradiation conditions this material
exhibits rapid hardening and loss of strain hardening capacity. Large increases in yield and tensile
strengths were observed with concomitant decreases in uniform elongation. These changes in tensile
properties are generally accompanied by large increases in the DBTT. Microstructural analysis
revealed that these property changes were related to a high density of small defect clusters which can be
easily sheared by dislocations during deformation. Such a microstructure leads to flow localization or
dislocation channeling which is responsible for the reduced uniform elongation.

Silicon Carbide Composites. Silicon carbide (SiQ composites, usually made with continuous
SiC fiber reintorcement, are attractive for structural applications in fusion energy systems because of
their high temperature strength, thermal shock and thermal cycling resistance, corrosion resistance and
fracture toughness together with desirable nuclear attributes such as low neutron activation and
afterheat, low plasma contamination and reasonable dimensional stability.

A helium-cooled SiC ceramic breeder blanket design is proposed in the ARIES concept [7].
With this concept upper use temperatures of 900 to 1000°C may be possible with the attendant benefit
of high thermodynamic efficiency. For fusion applications, the primary issue is the development of a
radiation tolerant reinforcement SiC fiber and the integration of this fiber into an acceptable composite
architecture.

Recent high fluence (up to 80 dpa) results [8] indicate that the strength of SiC composite
decreases rapidly with increasing fluence initially but attains a plateau of about 300 MPa at 800°C. The
strength decrease was attributable primarily to degradation of the Nicalon™ fiber. For similar
exposures, the composite thermal conductivity was reduced by 60% from 7 to 3 W/mK at 800°C.

Newly developed, advanced SiC fibers such as Hi-Nicalon™ and Nicalon-S , as well as
composites made from these fibers, are being produced and evaluated for fusion applications.
Composites with advanced interfaces such as multilayer C/SiC/C and quasi-porous SiC are being
developed. A promising new, relatively inexpensive process for fiber and composite manufacture has
been demonstrated by MER Corporation to produce material with much improved thermal conductivity
of35W/mKatlOOO*C.
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A Japan-USA Program of irradiation experiments for fusion research, 'JUPI-
TER' has been established as a 6 year program from 1995 to 2000. The goal is to study
the dynamic behavior of fusion reactor materials and their response to variable and
complex irradiation environment The irradiation experiments in this program in-
clude low activation structural materials, functional ceramics and other innovative
materials. The experimental data are analyzed by theoretical modeling and computer
simulation to integrate the above effects.

The objective of the JUPITER Program is the characterization of damage pro-
cess during reactor operation for structural and functional fusion materials. Dynamic
phenomena under irradiation and the material property changes under irradiation
conditions, which are varied correspondingly to the steady and unsteady operation of
the reactor and complex condition including the nuclear transmutations are being stud-
ied. The following seven tasks were set up to organize irradiation experiments effec-
tively. Test matrices focuses on low activation structural materials and functional
materials, including insulating ceramics and refractory alloys.
(l)Irradiation creep measurement and mechanical property examination of low acti-

vation ferritic steels,
(2) Irradiation effects on mechanical properties and microstructural evolution of vana-
dium alloys under combined/complex conditions,
(3) In-situ measurement of electrical/thermal conductivity of ceramics,
(4) Mechanical properties of ceramics and metal/ceramics joints,
(5) Varying temperature effects on microstructural evolution and mechanical proper-
ties under irradiation to high fluences,
(6) Transmutation effects under complex irradiation condition,
(7) Modeling and theoretical studies.

Irradiation experiments are or will be carried out in the High Flux Isotope
Reactor (HFIR) at Oak Ridge National Laboratory (ORNL) and the Advanced Test
Reactor (ATR) at Idaho National Engineering and Environment Laboratory (INEEL).
Figure illustrates various the schedule of irradiation experiments. Each irradiation
experiment includes design and fabrication of capsules, irradiation in the reactor, cool-
ing of irradiated capsules and the retrieval of specimens, and post irradiation exami-
nation and analysis.

Highlights of accomplishments so far are as follows.
Electrical properties of ceramics during reactor irradiation (TRIST-ER).

In order to perform in-situ measurement of electrical conductivity of insulating ceram-
ics, a Temperature Regulated In-Situ Test (TRIST) facility was developed and used.
Twelve different types of polycrystal and single crystal A12O3 (alumna and sapphire)
specimens of various grades of purity were irradiated.

A varying temperature irradiation experiment for operation in HFIR.
An experiment to directly compare the effects of neutron fluence received at steady
temperature or varying temperature on microstructure and mechanical properties of
candidate fusion reactor structural materials has been developed.

The Monbusho/US-DOE Collaboration on fusion Materials

- JUPITER -

HFIR
In-situ electrical

resistivity

High dpa Irrad.
(with thermal shield)

Vary. Temp. Exp.

High dpa Irrad.
(no-thermal shield)

PTP Mater. Irrad.

In-situ thermal
conductivity

HFBR
In-situ electrical

resistivity

ATR
Mater. Irrad.

Precisely Temperature
Controlling Experiment

1995 1996 1997

2S1/S

MM Design
E23 Fabrication
• • Irradiation
• • Coll'/retriev'
Esa PIE

j

MM

•

1998 1999 2000

I

•

MFE-RB-11J

MFE-RB-1U

MFE-RB-13J
(TR1ST-VT-1)

MFE-RB-14J

MFE-PTP-1J

MFE-PTP-2J

MFE-PTP-3J

•

' ^ • ^ • m i ;

I

! = l
P3-A1

ATRATV-1

Figure: Irradiat ion experiments performed or scheduled in JUPITER Program.

261



FTP/01 (R)-FTl/3 (R)

Power Balance in Stellarator Reactors

XA9950949

H. Wobig, C. D. Beidler, J. Kisslinger, E. Harmeyer, F. Herrnegger

Max-Planck-Institut fur Plasmaphsysik, Garching bei Miinchen, EURATOM-Ass.

Introduction.

In order to predict confinement times and ignition conditions in stellarator reactors
several methods are applicable. Empirical scaling laws of energy confinement derived
from current stellarator experiments can be used and secondly 1-D transport calcula-
tions assuming neoclassical and anomalous transport coefficients yield self-consistent
plasma profiles. An extensive study of confinement scaling has been made by U. Stroth
et al. '. Based on all available stellarator and torsatron data the ISS95 scaling law of
energy confinement has been derived which does not distinguish between low shear
and high shear systems. Taking only the subset of Wendelstein 7-A and Wendelstein 7-
AS data another scaling law ISSW7 has been found, however scaling with major radius
cannot be derived from these two experiments and it has been chosen similar to other
scaling laws. In W7-A and W7-AS also Lackner-Gottardi scaling yields a good fit to the
experimental data and it will used to test the ignition conditions.

The problem with applying tokamak scaling laws to stellarators is that the plasma
current is replaced by the equivalent current which generates the rotational transform.
This tacitly assumes that the confinement depends on the geometry of the magnetic
field and not on the current. In spite of these objections the Elmy-H-mode scaling law
will also be used to compute reactor confinement times in stellarators.

The general form of these scaling laws is a power law

TE = Const. Ralaa2Ba3<n>a4pa5Ka6la7Aa8

with R = major radius, a = minor plasma radius, B = magnetic field, P = heating power,
K = elongation of magnetic surfaces (unity in stellarators), A = effective atomic mass,
<n> = line averaged density, i = rotational transform. The isotope factor A has not yet
been confirmed in stellarators; here this factor may be used in order to test the
sensitivity to parameter changes. The coefficients of the scaling laws are given in the
following table. The units are: length in m, magnetic field in T, power in MW, density in
1020 nv3, time in s.

Table 1: Exponents of empirical scaling laws

Const
P a5
R al
a a2
B a3
i a7
<n> a4

LGS

0.175
-0.6

1
2

0.8
0.4
0.6

ISS95
0.256
-0.59
0.65
2.21
0.83
0.4
0.51

ISSWT

0.36
-0.54
0.74
2.21
0.73
0.43
0.5

LHD
0.17
-0.58
0.75
2.0
0.84
0.0
0.69

1 U. Stroth. M. Murakami, R.A. Dory, H. Yamada, S. Okamura, F. Sano, T. Obiki, Nucl. Fusion,
Vol. 36, 1063 (1996)
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LHD-scaling and Gyro-Bohm scaling do not depend on the rotational transform,
however the experimental data of Wendelstein 7-AS indicate an i-dependence and
therefore support the Lackner-Gottardi scaling law in this respect.

The transport code ASTRA has been used to compute temperature profiles in Helias
reactors2. The results have been used in modelling the plasma profiles when empirical
scaling laws are utilized.

Results

These empirical scaling laws have been applied to a Helias power reactor and a Helias
burn experiment. The dimensions of a Helias reactor are determined by technical
constraints ( Major radius 22m, av. plasma radius 1.8m, magnetic field on axis 4.75 T,
rot. transform 0.85 - 0.98). The fusion power is computed from the given profiles, the
heating is the alpha-power minus bremsstrahlung. Extra radiation losses by impurities
are not taken into account. In Helias reactors only a negligibly small fraction of
energetic alpha-particles is lost, in this respect it differs from torsastrons where a large
fraction of trapped alpha-particles is lost to the wall in less than one slowing down time.
A typical result of the ignition margin is shown in the next figure

Fig. 1: Ignition margin in HSR22B. Magnetic field 4.75 T, a = 1.8 m, no(0) =
3.5x10™ m;!, <n> = 2.2xlO20 nv3.

The figure shows that LG-scaling without isotope factor or extra improvement
factors is sufficient for ignition in a beta regime above 4%. ISSW7 scaling has a large
ignition margin, however, LHD-scaling and ISS95 do not satisfy the ignition condition.
Several parameter changes were made to test the sensitivity of the ignition conditions:
variation of minor radius, magnetic field, density, content of cold alpha-particles,
variation of plasma profiles. In most cases LG-scaling leads to ignition, ISSW7 scaling
and Elmy-H-mode scaling predict higher ignition margins than LG-scaling. The results
have been extended to the Helias burner and torsatron reactors.

2 N. Karulin, Start-up scenario in a Helias Reactor, IPP-report IPP 2/337
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Introduction
In a stellarator all magnetic field components which are necessary to confine the plasma
are produced by the external coil system. In the past many systems have been proposed
and realized; they were optimized according to various criteria such as simplicity, flex-
ibility or reactor relevance. The combination of helical windings, planar toroidal field
(TF) coils and vertical field coils, used by the most stellarators, is useful for experiments
since it provides a large amount of flexibility. However, helical windings have only a lim-
ited potential for optimizing the field in respect of plasma confinement und stability und
provide severe technical difficulties between these windings and the interlinked TF coils.
The concept of modular coils which is used in the Helias Reactor / I / overcomes these
difficulties by using only one coil system and it offers a wide range for field optimization.
Furthermore large devices can be built with coils of feasible size.
The magnetic field and coil optimization
The magnetic field configuration of the Helias Reactor is close to the standard configu-
ration of the Wendelstein 7-X (W 7-X) experiment and is accessible in the broad range
of possible configurations of W 7-X. In contrast to Wendelstein 7-X, there is no superim-
posed extra planar coil set which allows the experiment the variationof magnetic field.,
parameter e.g. the rotational transform and the magnetic mirror ratio. The reactor con-
figuration has a rotational transform t0 = 0.85 and the mirror ratio on the magnetic axis
is about 9% for which a good confinement of the highly energetic a-particle is predicted.
The shape of central filaments of the coils, located on a toroidal surface enclosing the
last closed flux surface, is calculated with the NESCOIL-code /2 / , that the fields of the
coils is tangential to a given flux surface. This method of calculating the coil system
after the magnetic field has been specified offers the chance to optimize the field ac-
cording to criteria of optimum plasma performance first. The Advanced Stellarator has
been developed along this line. The geometry of the last closed flux surface completely
determines the properties of the confinement region and is the result of the optimization
procedure of the magnetic field. Then the geometry of modular coils can be optimized
by the variation of the shape of the current-currying enclosing surface. The main goal
is, in order to have sufficient space for blanket and shield, to maximize the minimum
distance between this surface and the flux surface under the constraints of maximum
filament curvature und minimum filament to filament distance and the properties of the
magnetic fields are maintained. The direct way from the central filaments to finite size
coils is to arrange a rectangular cross-section tangential to the current-currying surface.
In total the field is generated by 50 superconducting modular coils arranged in a five-
periode toroidal setup. Each period contains 10 coils and exhibits a symmetry such that
there are only 5 different coil types. As the result of the optimization Fig. 1 shows the
coil set with rectangular cross-section and the flux surface of one field period.

The Conductor
The first choice is a NbTi superconductor as used in W 7-X. The main advantages of
this material are the well-established and industrial technology and the good workability.
Because of the higher field strength of 10T on the conductor, compared to 6T in W 7-
X, the operating temperature must be lowered from 4K to 1.8K, and helium in the
superfluid state is used. Special attention can be given to the requirements of non-
planar coils by using a cable jacket of soft annealed aluminium alloy. Internal forced-flow
cooling is preferred because this allows the uniform wetting of the strands close to the
superconducting filaments and the fabrication of a monolithic and stiff winding pack.

An increase of the magnetic field offers the chance to use configurations with lower
critical 0 values and simpler shape of the modular coils. In this case NbaSn or Nb3Al
superconductor with its technical constraints and the wind and react technique as forseen
in ITER must be used. For both materials R&D work is necessary. Because of the lower
degradation, resulting from stress and strain, NbsAl is the better material, however its
stage of technological development is lower.

Winding pack
In order to reduce the maximum magnetic field at the coils, various methods were
investigated. Current layering and splitting the winding pack were considered. The
latter led to maximum field of 10T at the conductor at a field on axis of 4.75T and
allows the use of a NbTi superconductor. Furthermore the cooling-length is reduced by
a factor of two and the coils are better aligned to the toroidal geometry. The splitted
coil cross-section is shown in Fig. 2.

Coil support
The inhomogeneity of the electromagnetic forces on the coils requires an elaborate sup-
port structure. The winding pack of each coil is surrounded by a stainless steel housing
with a thickness of 15 to 32 cm (inner and outer side, respectively) and the coils are
connected by intercoil support elements. The result of a finite-element calculation show
that the coils tend to become more cicular and planar under the magnetic load. This
causes-bending stresses and related shear stresses in the coils which can be reduced by
local reinforcement of the coil housing at positions with large curvature.

HSR ColJ Cross-SecUon

Fig.l Top view of the coilset (winding packs) of one field
period of the Helias Reactor. F i g 2 S p i i U e d w i n d i n g p a c f c a n d

References: c o i l housing.
/ I / CD. Beidler et al, Proc. 16th Int. Conf. on Fusion Energy, Montral (1996), Vol. 3,

p. 407
/ 2 / P. Merkel, Nuclear Fusion 27,(1987), p. 867
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Owing to inherently current-less plasma, helical reactors have attractive advantages over
tokamaks, such as steady operation and no dangerous current disruption. This work focuses on
design issues for reducing the major radius R of the LHD-type helical reactor (fi=2, m=10) from
the point of view of D-T fusion demo-reactors on the basis of physics and engineering results
established in the LHD project[l]. The LHD concept is characterized by two advantages; (1)
simplified superconducting (SC) continuous-coil system and (2) efficient closed helical divertor
Focusing on these advantages, two reactor candidates have been proposed; Force-Free Helical
Reactor (FFHR) with a continuous-coil system, and Modular Heliotron Reactor (MHR) with an
efficient closed divertor[2]. Therefore, to clarify design issues for realizing compact reactors
two possible approaches are investigated: increasing the toroidal field Bo in FFHR and
increasing the plasma minor radius ap in MHR. In both cases the helical coil-to-plasma distance,
5L, for the blanket and shielding is a common constraint, because 8L decreases with increasing
Bo or ap, eventually limiting R. Therefore it is necessary to introduce innovative concepts of coil
configurations and nuclear blanket systems in both cases.

1. Force-Free Helical Reactor (FFHR)
In order to increase Bo, the force-free-like concept applied in FFHR-l(ft=3, R=20m)[3] is

advantageous and applied again in the LHD-type compact system FFHR-2, which is 2.5 times
larger than LHD, as shown in Table 1. By reducing the helical pitch parameter, 7=(m/6)(ac/R),
from ! .25 in LHD to 1.15, (since the averaged minor radius hoop force on the helical coils <fa>
normalized by BOIH is reduced to 73% of LHD as shown in Fig.l), a high toroidal field Bo of
10T is possible, with the use of innovative SC materials such as ND3AI. At the same time, the
clearance SL increases about 5 times that in LHD. The POPCON ignition analysis, using the
LHD scaling with the LH transition scenario based on W7-AS results, shows a low <|3> of
1.8% is enough with the confinement enhancement factor of 2.5.

A localized blanket concept is newly proposed as illustrated in Fig.2, where the cross
sectional shape of helical coils will be optimized by grading as in LHD. In the coil-to-plasma
space, there is insialled the nuclear shielding of only about 50cm in sufficient thickness[4]. The
tritium bleeder blanket, on the other hand, is located in the divertor region, because this region
has no limit for radial build and an efficiently thick blanket works as a strong absorber of
neutrons. This localized blanket concept is optimized as well as nuclear shielding by using the 3
dimensional Monte Carlo code MCNP-3a. As a self-cooling tritium breeder the molten-salt Flibe,
LiF-BeF2, has been adopted from safety condsiderations: low tritium inventory, low reactivity
with air and water, low pressure operation, and low MHD resistance compatible with high
magnetic field. Replaceability of the breeder blankets is also well improved together with divertor
targets cooled with Flibe. He gas, which is used to sweep out permeated tritium in double tubes
in the Flibe loop, is also used for cooling the nuclear shielding, which is not necessarily needed
to be replaced during the lifetime of the reactor, because of the neutron wall loading as low as
1.5MW/mz. Low activation ferritic steel JLF-1 is the candidate for structural materials"and V-ally
as an option.

2. Modular Heliotron Reactor (MHR)
The modular heliotron produced by sectored modular coils has a well-defined and efficient

closed helical divertor configuration compatible with modular coils because of adopting a coil
modulation in the helical winding part so that the coils are raised in the torus-outside and
-inside[2].

For the modular system it is difficult to increase the magnetic field because of its
complicated structure in the coil system. The modular heliotron system has the property that, as
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the gap Agap between the modular coils increases, the plasma aspect ratio decreases, as shown in
Fig.3. It is an approach for the compact system to increase the Agap. We have carried out the
physics optimization of MHR based on MHD equilibrium and stability, neoclassical transport
and particle confinement. The MHD equilibrium beta limit and plasma transport properties are
improved due to an optimum combination between the Agap and the coil winding modulation a.
Moreover, transport properties are improved by optimizing the magnetic axis and plasma shape
as shown in Fig.3. We show a typical design candidate in Table 1. Here we select a A™ of
1.4m with R of 10m, magnetic axis torus inner shift and vertical elongated plasma shape? with
the plasma aspect ratio 6 and neoclassical ripple transport, which is important in high temperature
heliotron plasmas, is reduced by 30% compared with the conventional heliotron system.

[1] A. Iiyoshi et al., Fusion Technology 17 (1990) 169.
[2] K.Yamazaki, Proc.I6th IAEA Fusion Energy Conf, Montreal, IAEA-CN-64/G1-5
[3] A.Sagara et al., Proc.ISFNT-3,
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Fig. 1 The averaged minor radius hoop force
on helical coils <fa> normalized by BOIH
as a function of coil pitch parameter yc.

Parameters

major radius: R
av. plasma radius: <ap>
fusion power: Pr
external heating power: P«
neutron wall loading: Po
toroidal field on axis: Bo
average beta: < p* >
enhancement factor over Two
plasma density: nt(0)
plasma temperature: T<(0)

numberofpolse:fl
toroidal pitch number: m
pitch parameter: y
coil modulation: a
coil gap: &(ip
av. helical coil radius : <ac>
coil to plasma clearance : SL
coil current: ht
coil current density: J
max. field on coils : B™
stored magnetic energy

LHD

3.9
<0.65

<20

4
>S

I.E20
>10

2
10
1.25
+ 0.1

0.975
0.16
7.8
(53)
(9.2)
1.64

FFHR-2

10
1.2
1
100
1.5
10
1.8
2.J
2.8E20
27

2
10
1.15
+ 0.1

2.3
0.7-1.3
50
25
13
147
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2.9 OW
60 MW
1.9MW/m2
6 T
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2
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16keV

2
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30A/mm2
13.7 T
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Fig. 2 Schematic illustration of the localized Fig. 3 Coil gap dependence of plasma properties
blanket design in FFHR-2. in modular heliotron system.
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The Spherical Torus (ST) configuration has recently emerged as an example of confinement
concept innovation that enables attractive steps1 in the development of fusion energy. The
scientific potential for the ST has been indicated by recent encouraging results from START,2

CDX-U, and HIT. The scientific principles for the D-fueled ST will soon be tested by NSTX
(National Spherical Torus Experiment3) in the U.S. and MAST (Mega-Amp Spherical
Tokamak4) in the U.K. at the level of 1-2 MA in plasma current. More recently, interest has
grown in the U.S. in the possibility of near-term ST fusion burn devices at the level of 10 MA in
plasma current. The missions for these devices would be to test burning plasma performance in
a small, pulsed D-T-fueled ST (i.e., DTST) and to develop fusion energy technologies in a small
steady state ST-based Volume Neutron Source (VNS5). This paper reports the results of analysis
of the key science and technology issues for these devices.

The paramfeters for the 10-MA ST devices have been estimated using a ST version of the
SUPERCODE6. The results are given below, in comparison with NSTX and MAST.

Near-Term ST Devices
Mission: to test or develop
Major radius (m)
Aspect ratio
Toroidal field (T) at major radius
Plasma current (MA)
Plasma cross section elongation
Toroidal beta (%)
Bootstrap current fraction (%)
Plasma drive power (MW)
NBI energy (keV)
Fusion power (MW)
Plasma flat-top pulse (s)
Neutron wall load (MW/m"1)
Neutron fluence/year (MW/m2)

NSTX/MAST
Phys. Principle

-0.80
£1.25

0.3-0.6
1-2
2-3

25
50

45
80

6-11
-80
-

5-1
-
-

DTST
Phys. Performance

-1.1
1.4
1.9
-10
3

24
50
18

40
80
33

120
33 ( 66

-20
0.5 | 1.0
-0.003

VNS
Energy technology

-1.1
1.4
2.1
-10
3

24
50
21

46
90
50

400
66 263
-1000

1.0
-0.3

4.0
-1.6

We find that the D-T-fueled ST plasmas at the 10-MA level would be characterized by
modest major radii (-1.1 m) and toroidal fields (-2 T). The DTST would entail an NBI energy
of 120 kV, a burn pulse length -20 s, and a minimal neutron fluence per year (-0.003 MW-
yr/m2) to prove fusion plasma performance at the level of Q-2 and fusion power -33 MW. Only
a relatively conservative toroidal beta (-24%) would be required for this purpose. For the
technology-intensive, steady state VNS, the initial operation could rely on the burning plasma
data from the DTST and provide -1.0 MW/m2 in neutron wall loading and -0.3 MW-yr/m2 in
neutron fiuence per year. NBI energies of -400 kV could be used to access the "advanced
physics regimes" given in the right-hand column of the above table characterized by high beta
(-46%), improved confinement, fusion power (-200 MW), neutron wall load (-3 MW/m2), and
neutron fluence per year (~ 1.2 MW-yr/m2). A relatively conservative confinement, H-2 for
HER 93H already measured in START, is assumed for the estimates in the left-hand column.

Key scientific principles to be tested by NSTX/MAST for the DTST are identified and
estimated. These include 1) noninductive current formation and ramp-up to eliminate the
solenoid to permit a small DTST, including CHI, RF-only techniques7 possibly taking advantage
of bootstrap current overdrive8; 2) plasma heating and current drive via HHFW9 and NBI10 for
efficient steady-state operation; 3) high plasma beta" with well-aligned bootstrap current to
permit high fusion power density and ease current drive; 4) confinement in the presence of
transport barriers12 and improved neoclassical ion transport13; and 5) reduced power and particle
flux densities at the limiters and divertors in SOL with large minor ratio and flux expansion.14

Key issues of fusion plasma performance to be tested in the DTST for the ST-based VNS
should stem primarily from the presence of significant heating by the fusion alpha-particles for
operations at Q-2. In these ST plasmas the Alfven speed is expected to be below the energetic
alpha and NBI ion speeds in the outboard region, leading to a new regime for possible Alfven
mode instabilities. For high safety factors q~10 at edge and >2 at the axis, an increased
vulnerability to orbit losses enhanced by magnetic ripples is expected. Orbit compression due to
strong magnetic well11 and sheared flow12 may reduce such orbit losses. The interaction of the
energetic alpha particles with the HHFW heating and current drive is expected to be an important
new issue of interest. Issues relating to dominating alpha heating would become important if
Q-10 could be reached, assuming strong transport barrier15 and the "advanced physics" regime.

Our analysis also indicates that the enabling technologies in plasma heating, current drive,
fueling, plasma-surface interaction, and power and particle removal required by DTST and VNS
could be developed based on the present state of art in fusion research. Energy technology issues
unique to the compact VNS stem primarily from the copper, water-cooled, single-turn center
leg of the toroidal field coil. This center leg is expected to endure intense neutron
bombardment, radiation hardening, significant activation,17 and entail special safety issues of
copper disposal and related to LM coolant of the test blankets. At -1 MW/m2 in neutron wall
loading, essentially all fusion core components for the ITER EDA could be adopted for the VNS.

The database for the "advanced regime" physics could be tested in NSTX/MAST and
DTST; that for the energy technologies at high neutron wall loads (-4 MW/m2) could be
developed in VNS (in the right-hand-columns of the table). These could eventually justify the
economic viability for small Pilot Plants18 and attractive Power Plants" in the future.
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The tight aspect ratio, or spherical, tokamak (ST) has several features attractive for economic fusion
power production: a high p capability, in part normal conducting coils, compact core, high natural
elongation, disruption resilience and low capital cost. These same characteristics also make the ST an
attractive contender as a volume neutron source (VNS) for component testing, permitting the possible
development of fusion on a shorter timescale. It is important to demonstrate steady state solutions and
this paper addresses these issues. Thus we demonstrate:

• a high p, magnetohydrodynamic (MHD) stable equilibrium

• a high bootstrap current fraction, particularly if the high elongation capability is exploited
• neutral beam current drive efficiency sufficient to supply remaining current

• classical a-particle losses, comparable to those in conventional tokamaks
which result in a viable, economic ST power plant or VNS design. The key to steady state operation
is providing the necessary current drive, which in turn requires a high bootstrap current fraction (here
we refer to the total pressure-driven current). For a given normalised pressure,
Pn=P(%)a(m)B(T)/I(MA) (here a is the minor radius, B the vacuum field and I the plasma current),
there are two routes to high bootstrap fraction: high toroidal field rod current and high elongation.
For an economic power plant it is desirable to minimise the rod current as this component can only
have a thin shield (in the interest of tight aspect ratio) and therefore cannot be superconducting. Thus
there is particular interest in the effect of increasing elongation, K, which is shown in Fig 1 for Pn=6: a
value already achieved on START, with no evidence for a limit. One of the features of the ST is the
natural stability of high K plasmas so there is little tendency for vertical displacement events (VDE)
and associated halo currents: K up to -2.5 is shown to be naturally stable for the class of current
profiles considered, with no need for vertical feedback control. Still higher elongations can of course
be achieved with vertical feedback, and then the evidence from forced VDEs on START suggests that
halo current forces will be small. An innovative design for the centre rod, flaring the ends and using
helium-cooled cryogenic-temperature aluminium, minimises the dissipation.

Neutron wall load SMWrri*

20-50% 10th of
" a kind range

OECD range for
\ / coal and fission

Figure 1: The variation of bootstrap current
fraction with elongation for aspect ratio A=1.4,
ratio of rod to plasma current =1.5 and J3n=6.

4 6 8

Pn. thermal

Figure 2: Cost of electricity (COE) versus
normalised thermal beta for a sequence of IGWe
ST power plants with an aspect ratio of 1.4

Power plant economics as Pn is increased above the START record values, Pnlherma]~4.5, is illustrated
in Fig 2 for devices with major radii 4.2-3. lm, I=52-29MA, B=3.7-2.8T as P'lhenml is increased from
4 to 8. In this sequence, consistent with results from START, K is held at its natural value for neutral
vertical stability - at Pn=8, K=2.5. The ST power plant costs are shown for a 20-50% 10th of a kind
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2 3
Alpha profile peaking (5+1)

saving on the tokamak power core and a level of safety assurance, LSA=2 is assumed [1]. For
comparison, projected coal and fission generating costs in the 21st century are shown from an OECD
survey [2]. The higher values of Pn are shown to be accessible to STs by considering limiting MHD
instabilities: ideal ballooning modes and the ideal kink instability. The ballooning mode is avoided by
exploiting the access to second stability, which is partly achieved by maintaining the safety factor, q,
above unity on axis. There has been limited discussion of neoclassical tearing modes in STs, but if the
central safety factor approaches 2 the most dangerous instabilities, ie the m/n=2/l and 3/2 modes, are
avoided (m and n are the poloidal and toroidal mode numbers). A hollow current profile is also
necessary for second stability access, but q remains monotonic thus avoiding the possibility of double
tearing modes. A high value of normalised Pn=8 can be achieved provided the low toroidal mode
number ideal kink mode is stabilised by placing a conducting material wall within a distance ~0.2a of
the plasma surface. At this high value of Pn the bootstrap current fraction approaches 90%. Detailed
numerical calculations demonstrate that the remaining current can be provided by a negative ion
neutral beam current drive system. The energy confinement is a factor -1.8 above the ITER97ELMy

scaling law, within the range demonstrated on
START (up to 1.9 above ITER97ELMy). An
issue for the ST power plant is the a-particle
confinement. Prompt losses from an ST power
plant design have been investigated using a
guiding centre description of the a-particle
orbits, assuming a production rate Sa with a
profile parameterised by the peaking factor, 5+1.
Any particle whose guiding centre leaves the
plasma during its orbit is assumed to be lost, in
which case the fraction of a-particles lost is
found to be a strong function of 8, as shown in
Fig 3. In particular, for a parabolic a-particle
pressure profile, for which the profile peaking
factor =3, the losses are small. The a-particle

Fig 3: Computed lost a-particle fraction as a losses may therefore be determined by
function of the radial peaking of the a-distribution. instabilities, and it is necessary to build models
for these, validated against experiment. Fast particle instabilities have been observed on START,
driven by the energetic particles associated with the neutral beam injection heating. Three classes of
instability have been identified, having properties similar to: toroidal Alfven eigenmodes, chirping
modes and fishbone modes. Modelling of these instabilities supports this categorisation; eg, the
observed frequency splitting of the TAE modes is comparable with the - 5 % level expected from
modelling of kinetic TAEs.

The development of a fusion power plant requires that candidate materials and components be tested
in a 14MeV neutron environment. The steady state scenarios discussed here provide a basis for the
design of a volume neutron source (VNS), with less aggressive physics assumptions than those given
for the power plant designs described above; indeed the main dimensionless parameters (with the
exception of the Larmor radius normalised to machine size, and collisionality) have already been
achieved in START. A range of designs with major radius ~0.7m have been studied [3] for an aspect
ratio -1.6 and an elongation of 2.3 and above, with the plasma current comparable to the rod current
in the range 10-13MA. These designs have a fusion power in the region -40MW, with a
corresponding tritium consumption of ~2kg/FPY (full power years).

The outstanding results from START have promoted the ST as a viable, economic solution for a
fusion power plant and/or VNS. Results from the next generation of larger STs, eg MAST and
NSTX, will further improve confidence in these designs by extending the database to provide a size
scaling for confinement, higher elongation and higher pn.

Acknowledgement. Work funded by the UK Department of Trade and Industry and Euratom.
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1.Introduction
The principal obstacle to the development of magnetic fusion energy as a commercial electric power
is the cost of the first device. The potentical impact of virious "advenced tokamak" operating modes
on power plant prospects has been compared in Ref.[l]. Several different classes of tokamak reactor
are consided, and design are optimized in term of cost of electricty (COE) via a coupled
physics/engineering/costing code, is 130—70 mill/kwh, higher than coal and APWR: 50-60
mill/kwh beyond the year 2000.
The spherical tokamak (ST) approach appears to provide the indicated way of initating a fusion
development path. The physics key to the attractiveness of the ST approach is in the order unity beta
values promised by the combination of high elongation and low aspect ratio. The high beta values
pt~60% mean high power density in small device and low cost and simultaneously ~90% bootstrap
current fraction.. The high beta capability means the fusion power density can be so high that
neutron wall loading at the blanket, Rather than plasma physics, becomes the critical restrction in
Ref.[2] for power plant neutron wall loading has been assumed 8Mw/m".
After many year work on fusion-fission hybrid reactor in China option is that fusion energy as
commercial energy source is still decades away. The near term usage of fusion power for
transmutation of nuclear HLW( High Level Waste) or RCNPS (Radioactivity Clean Nuclear
Power System) in which the core plsma parameters and fusion technology requirements as far less
stringent, would be advantageous to the eventual development of fusion power as well. Simiary
option can found out by Ref.(3]
2.A low aspect ratio tokamak as fusion neutron driver

Major radius R[m] 1.4 1.4
Minor radius a[m] 1 1
Plasma current Ip[MA] 9.2 7.0
Toroidal field B,[T] 2.5 2.5
Plasma edge q 5.5 7.5

Average density <ne>[1020m'3] 1.6 1.1
Average temperature <T>[kev] 10 9.5
Plasma volume [m3] 50 50
Bootstrap current fraction 0.72 0.81

Fusion power Pfu[MW] 100 50
Drive power PJMW] 28 19
Neutron wall loading Pw[MWm'2] 1.02 0.5
Poloidal pp [%] 0.95 1.09

3.The multifuntiona! blanket as a novel RCNPS concept
The multifuntional blankets show their functions of energy amplifying, HLW transmutation,

triutium self-sustaining and fissile material breeding. One of the key issues of Hybrid Reactor is
the radioactivity of the system. The possible medium products from the transmutation process
may bring about even more serious radioactivity. Although these vice-products do last much
shorter time than the nuclides transmuted, the radioactivity and biological hazard(BHP) of some
of them, such as 238Pu. are much more serious than the original nuclides.

The Th-U cycle for multi-functional blanket is picked out for the analysis. Considering the
difficulties of partitioning, the HLW was remained in the blanket and no further HLW added
once the certain amount of HLW are loaded into the blanket initially. In order to remain the
neutron flux at a certain level, the neutron multiplier^3!.!) should be added into the blanket after
a certain operation time which can be easily fulfilled by adding 233U pebbles and taking out the
burned 233U fuel pebbles. The operation time of the blanket is 30 years. Different from the
scenario mentioned in the work, the fusion neutron wall loading is assumed 1 Mw/m". In our
calculation, the time step for bumup and transport calculation is selected as 1 year. At the end
of each operation year, the neutron multiplier is supplemented and the U-Th pebbles are
unloaded and replaced by new 232Th pebbles when the enrichment of 233U is greater than 3%
4. liquid metal centerpost
The TF coil centerpost will have to be periodically replaced at an interval determined by the
most restrictive of three considerations:
1 .The activation level that is environmentally acceptable for waste disposal
2.Neutron structural damage
3.Increase in resistivity from neutron-induced transmutation
The flowing liquid metal Li, inside the replaceable tube(Al, SS), as TF coil centerpost has been
considered, which to reduce the damage to 0.13dpa/MW.a/m2 and no Increase in resistivity.
5.Summary
l.Low aspect ratio tokamak as fusion neutron driver is very attractive in plasma physics and
fusion technology, which can be reached in the near future.
2.One Radioactivity Clean Nuclear Power System (RCNPS) is also reliable. If necessary we
can realize no partitioning in the burning process of HLW.
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We may accept a long period for using the fission energy before the fusion energy will be put to practical use.

When we use the fission energy, the problem of radioactive waste is an inevitable problem. If we try to incinerate

them, long-life radioactive materials should be transmuted to stable ones though nuclear reactions, though for short-life

fission products we will simply wait until they will decay out. These long-life radioactive materials consist of

actinides and LLFPs (long-life fission products). The actinides are fissionable materials and can be incinerated in a

fast reactor through fission process[l]. However, the LLFPs are pure neutron absorbers and their incineration will

make the criticality of reactor difficult. The fission energy system does not only produce radiotoxic materials but

incinerates radiotoxic materials by burning uranium and its daughters[2]. In the followings we evaluate the toxicity

with the unit of incinerated uranium (and its daughters) toxicity.

In the present paper we consider 7 LLFPs: ^Se, 12«Sn, «Tc, ^Zx, '35Cs, i°Td and i»I. Though the total

toxicity of these nuclides is a half of the incinerated uranium toxicity[2], the incineration is desirable since their

chemical characteristics are different from uranium and its daughters. If we employ isotope separation and only LLFPs

are inserted in the fast reactor, it is possible to incinerate them without violating criticality constraint[3,4]. However,

the isotope separation is a very difficult technique, and chemical separation is desired. In this case, many stable

isotopes are contaminated in the materials to be inserted in the reactor. The conventional sodium-cooled oxide-fuel

fast reactor can incinerate only 4 LLFPs: '"Se, 126Sn, " T c and 129I. There remains the normalized toxicity of about

0.1[4].

In the present paper we try to incinerate LLFPs bora in the fast reactor by employing a fusion reactor. The

neutron transport calculations for fusion reactor blanket and fission reactor blanket are performed with ANISN code for

one-dimensional cylindrical geometry. Employed nuclear data are JENDL-3.2 and ENDF/B6, and processed with

NJOY code. One-group constants are generated from obtained neutron spectrum and used for nuclear equilibrium

calculation. The calculation of fast reactor core is performed with ECICS code system[5] employing SRAC and

SLAROM codes.

For the D-T reactor, tritium is produced in the fast reactor blanket. The produced tritium is transferred to the

fusion reactor with LLFP produced at the same time. The neutrons produced from tritium in the fusion reactor core

incinerate LLFPs in the blanket. For the blanket whose thickness is the same as ITER, the contribution of (n, 2n) is

negligibly small and we can not expect the neutron multiplication in the blanket. In this design we can add only
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I35Cs to the incinerated LLFPs. For the thinner blanket (1/4 thickness), where the harder neutron spectrum can be

obtained, 93Zr is also incinerated. The remaining LLFP is only l07Pd whose normalized toxicity is only 0.0002.

The Pd is a noble metal, and the problem can be considered very small for this case.

For the D-D reactor, the neutron economy is not required. Then, total 7 LLFPs can be incinerated. Since the

source neutron energy is about 1/6 of D-T neutron energy, the wall loading is smaller for the same number of neutrons.

The wall loading for the D-T reactor is about 5MW/cm2, but 0.8MW/cm2 for the D-D reactor. By raising the wall

loading to the design limit, the D-D reactor can incinerate LLFPs from several number of fast reactors. When the

fusion reactor is utilized as an energy producer, plasma confinement is very difficult problem, especially for the D-D

reactor compared to the D-T reactor. However, when it is utilized as an incinerator of LLFP, this problem becomes

considerably easier. Therefore, the incineration of LLFP is considered as an attractive subject for the D-D reactor.

In the present study Tc, Zr and Pd are treated as simple metal, and Se, Sn, Cs and I are charged in the blanket

as compounds, SeSn, SnO, Csl and CS2O. Every material is a stable solid and easier to be treated, but the melting

point of Csl is 894K and heat removal becomes important.
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The ARIES-ST study is a national U.S. effort to investigate the potential of the
spherical tokamak concept as a fusion power plant and as a vehicle for fusion development.
The research specially aims at identifying the trade-offs that lead to the optimal regime
of operation for a spherical tokamak fusion system and the critical issues unique to this
concept.

Theoretical and experimental studies indicate that the MHD performance of a toka-
mak plasma is substantially improved with decreasing aspect ratio. Steady-state tokamaks
with superconducting toroidal-field (TF) coils, however, tend to optimize at a moderately
high aspect ratio, A ~ 4, as the gain in the plasma p at lower A is offset by gains at
higher A from: (1) Higher on-axis field for a fixed maximum field at the coil, (2) Lower
current-drive power (because of lower plasma current), and (3) engineering advantages of
additional space available at higher aspect ratios. For a reasonable neutron wall loading,
the superconducting option leads to 1,000-MWe fusion power plants with a major radius
around 5.5 to 8 m depending on the level of optimism in the physics assumptions. At
low aspect ratio (e.g., spherical tokamaks), the plasma j3 becomes large enough and the
required toroidal-field becomes small enough that resistive TF coils with managable Joule
losses can be used. This eliminates the need for a thick, inboards shield for cryogenic TF
coils so that fusion devices at smaller major radius may be possible.

In a spherical tokamak device, the area available for the inner leg of the TF coils
(center-post) is small, leading to high resistive Joule losses. In order to minimize the
losses, MHD equilibria with very high f) are required. Furthermore, as there is no space
available for a central solenoid, non-inductive current drive and steady-state operation
is mandatory. Large plasma current of an ST points toward MHD equilibria with almost
perfect bootstrap current alignment in order to have a reasonable current-drive power. The
trade-off between MHD performance and TF losses leads to different optimum regimes for
power plants (where power balance and recirculating power are critical) and for fusion
development devices and non-electric applications (where the recirculating power is NOT
as critical). In all cases, however, there is a large incentive to operate at a rather high
elongation (~ 3) in order to maximize the plasma /3.

t Work performed under the auspices of U.S. DOE.
* Institutions involved in the ARIES-RS study, in addition to UC San Diego, are Argonne
National Laboratory, General Atomics, Boeing, Princeton Plasma Physics Laboratory,
Rensselaer Polytechnic Institute, and the University of Wisconsin-Madison.

The 1000-MWe ARIES-ST power plant has an aspect ratio of 1.6, a major radius of
3.3 m. plasma elongation of 3.2 and triangularity of 0.57. This configuration attains a /?
of 35% (which is 90% of the maximum theoretical /?). While the plasma current is 32 MA,
the almost prefect alignment of bootstrap and equilibrium current density profile results
in a current-drive power of only 57 MW. The on-axis toroidal field is 2.8 T and the peak
field at the TF coil is 11.5 T which leads to 871 MW of joule losses in the TF system (for
a straight center-post). The peak and average neutron wall loads are 8.2 and 5.4 MW/m2,
respectively. The recirculating power fraction is 0.55.

In the current-drive area, the unique magnetic topology of ST makes on-axis current
drive with RF techniques difficult as most waves either do not penetrate to the center
or suffer large damping. Low-frequency fast waves appear to be the only possible RF
option. Unfortunately, LFFW requires a large antenna structure because of large parallel
wavelength (~ 14 m). The data base for LFFW is small. For mid-plasma, high-frequency
fast waves can drive the current efficiently. Current drive for profile control as well as
start-up are additional issues.

The design of the center-post is probably the most challenging engineering aspect of
a spherical tokamak fusion system. For a power plant, it appears that a 20 to 30 cm thick
inboard shield is required for many reasons including waste disposal, irradiation damage
and increased resistivity due to transmutation, capturing the large nuclear heating as
sensible heat, and additional life time. Single-turn TF coils are preferred in order to
reduce Joule heating through higher packing fraction and reduced shielding requirement
(no insulation). However, such a TF system will require high-current, low-voltage supplies
with massive busbars. Water-cooled TF coils with copper conductors are preferred options.

The high recirculating power fraction in a ST requires that a blanket design capable
of high thermal efficiency be used. The high wall load and the water-cooled center-post
narrow the options substantially. First wall and blanket design which include solid breeders
require a major improvement in the thermal conductivity of solid breeders to handle high
wall loads of a ST power plant. Self-cooled lithium option with a vanadium structure can
be utilized, but operation of such a blanket close to a water-cooled center-post is a safety
concern. The reference ARES-ST blanket design uses ferritic steels as structural material
with helium as coolant and LiPb as both a coolant and a tritium breeder. SiC composite
inserts are used in order to achieve a high-coolant outlet temperature and a reasonable
power conversion efficiency.

The ARIES-ST has highlighted many areas where trade-offs among physics and engi-
neering systems are critical in determining the optimum regime of operation for spherical
tokamaks. Many critical issues have also been identified which must be resolved in the
R&D programs.
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1 Introduction
High Tc superconducting (HTSC) coils in plasma vicinity have an ability to improve plasma positional
instability. This stabilization method is superior to conventional one, i.e., active feedback control with
PF coils, in two points: (1) faster response to plasma change owing to their quite low resistivity, (2) no
need of power supply. This implies highly elongated plasma with HTSC coils become a candidate to
improve plasma performance, leading to realization of compact ignited reactors.

In order to demonstrate the effect of HTSC coils on the tokamak plasmas, plasma response in the
presence of HTSC coils is numerically estimated, taking an example of configuration of JFT-2M of
Japan Atomic Energy Research Institute. In addition, an example of designs with use of them was
introduced in light of how possible the design of smaller ignited tokamak is. Assumptions adopted here
are to use the same data base and formula as ITER in principle and not to use any innovative technology
other than HTSC stabilizing coils.

2 Application of HTSC coils to JFT-2M
The configuration of JFT-2M was considered for the verification of validity of HTSC coils. At first,
results of the experiment(discharge #80760) and the computation were compared to verify the validity
of the computation. Changes of the plasma parameters were evaluated with the stability analysis code.
TOFU. The computed result agrees well with the experimental one, which supports for the validity of
numerical analysis. Next, effect of HTSC coils on the plasma stabilization was numerically examined.Four
HTSC coils whose cross section is 2 cm x 2 cm are installed outside the vacuum vessel. Changes of the
plasma parameters were evaluated with the coupled stability analysis code, TOFU, and the HTSC code.
Numerical results shows that plasma is stabilized by HTSC coils even in the case where the PF active
control fails to stabilize plasma.

3 Design of HTSC tokamak
Major design parameters
Major design parameters are shown in Table 1 in comparison with the ITER/EDA design. The plasma
parameters are decided with 0-dimensional plasma analysis. The elongation is chosen to the maximum
value in the range that plasma positional stability is secured with HTSC coils. Characteristic features
of the design, originating in high elongation, are as follows compared with ITER; (1) 60% reduction of
a major radius while 18% increase of an aspect ratio, (2) 30% reduction of fusion power despite of the
same pulse length. To demonstrate how small the HTSC tokamak is, cross-sections of the two designs
are compared in Fig. 1.

Table 1: Major design parameters

Plasma Major Radius, R, (m)
Aspect Ratio, A
Elongation, K
Nominal Plasma Current, (MA)
Toroidal Field at Major Radius, (T)
Reference pulse duration, (s)
Nominal Fusion Power, (GW)
Auxiliary Heating
for L/H transition, (MW)

ITER

8.14
2.9
1.6
21
5.68
1000
1.5
~ 100

HTSC
tokamak
5.34
3.5
2.3
18
6.05
1000
0.5
~ 40 Fig. 1: Comparison of size between

HTSC tokamak and ITER/EDA.
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Analysis of plasma stability
The elongation of HTSC tokamak is set to higher value than that of ITER, so that it is highly required
to investigate whether or not the plasma equilibrium condition is satisfied and its positional stability is
secured. For this purpose the two dimensional analysis code, "SYSTEQ", was used to find the location
of PF coils and to determine magnitudes of the coil currents for equilibrium state plasma. The results
are shown in the upper part of Fig. 2. Here, double null system of magnetic separatrix is adopted for
reduction of heat flux on a divertor as much as possible. Magnetomechanical systems of the machine are
symmetric with regard to its equator. The cross section of magnetic flux contour lines is shown in Fig.
2 together with the PF coil currents. Total stored energy in the PF coil system is 2.71 GJ.

Stability analyses were conducted for the equilibrium arrangement obtained by SYSTEQ code. In
order to improve the plasma positional instability, four pairs of HTSC coils are installed at the back
plate as shown in the lower part of Fig. 2 after some iteration was made to optimize the location and the
number of the coils. Changes of the plasma separatrix are evaluated with TOFU code and the HTSC
code and are shown in Fig. 3. Plasmas at reference points P I and P4 move toward the first wall by 16
cm but do not touch it because the original gap is 25 cm. The above results imply that high elongated
tokamaks are feasible if HTSC stabilizing coils are applied.

4 Conclusion
In this paper, feasibility of HTSC coils for plasma stabilization was examined via the numerical simulation
in the configuration of JFT-2M. Through the comparison between passive control due to HTSC coils
and the P F active control, superiority of plasma stabilization due to HTSC coils was demonstrated.

Based on the verification of HTSC coils, the design of HTSC tokamak was carried out. The following
remarks are drawn from the comparison between HTSC tokamak and ITER:

1. Smaller tokamak can be designed with parameters of lower fusion power of 500 M W. reduced stored
magnetic energy of coil system, easy handling of thermal deposition at a divertor, etc..

2. Additional heating power required for L/H transition can be reduced significantly due to the smaller
major radius.

3. Fabrication can be facilitated and remote handling can be accommodated easily.
4. Amount of low level radioactive waste can be reduced due to small scaled structure.
5. Volume of the nuclear island of the HTSC tokamak is roughly one-third of ITER.
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1. Very High Aspect Ratio Reactor as an Attractive Power Plant

There are two methods for achieving large bootstrap current fraction which is considered to be

essential for a steady-state operation in a tokamak power plant; one is a high-beta reactor design [ 1 ] with a

reversed shear (RS) plasma and the other is a very high aspect ratio (A=major radius /minorradius) design

presented in this paper. It is clarified that the very high-A tokamak is an attractive option, especially for a

power plant producing large fusion power, since the neutron wall load and divertor heat load can be

minimized. The very high-A reactor is easily applied for a future reactor based on SiC structure, since

relatively large shielding space is available inside toroidal field coils and conducting wall required for

high-beta RS reactor can be eliminated.

2. Plasma Size and Steady-State Operation Performance

To realize a very high-A reactor, plasma minor radius aP should be minimized with keeping the major

radius Rp sufficiently small. Here, we perform the parametric analysis over a wide range of A and explore

the feasibility of a very high-A reactor. Figure 1 shows the plasma size and performance for various aspect

ratio when the fusion power PFUs=i GW and the maximum toroidal field BTUAX=IS T. Here, the steady-

state operation with the first stability plasma (normalized beta PN=3) is assumed. Plasma elongation K is

fixed to 1.4 and other parameters are similar to those of ITER. The center toroidal field BT increases by a

factor of 1.8 as A increases from 2.7 to 8 for the saxnsBTMAX. When/?p=12m andap=1.5m (A=8), large

fusion gain Q(~40) is achieved with a reasonable current-drive power (75 MW by 1.3 MeV NBI) due to

large bootstrap fraction (-85%). The confinement margin estimated by ITER89P scaling law is about 2.

3. Divertor Concept

If an advanced divertor concept such as gas target is not considered, the divertor peak heat load is

simply estimated by WBIV = PDIY sin 6Dn, I (2n RDIVAP), where PDIY is the power to the divertor, 6DIV is

the plate inclination angle, RDly is the radial position of striking point and AP is the heat flux half width,

respectively. A plasma with large major radius Rp has a substantial advantage to reduce the peak heat load

since the target radius RDIV is approximately proportional to RP. Furthermore, large Rp is favorable also for

the heat diffusion across the field line because of long connection length between plasma and target plates.

By using simplified scaling models [2] for Ap, the peak heat load can be estimated. Figure 2 shows the

peak heat load for the plasmas corresponding to Fig. 1. The absolute value of the heat load is normalized to

10 MW/m2 for the parameters same as ITER. The divertor heat load is reduced greatly in a very high-A

reactor due to the large plasma surface area and strong synchrotron radiation. Adopting radiative divertor

(by seeding 0.2% of argon), acceptable divertor condition with low plasma temperature can be achieved.

4. Toroidal Field Coil Size and Critical Issues

Toroidal field (TF) coil size should be determined to keep the field ripple small enough and satisfy the

neutron shield requirements. If the number of TF-coils (=20) and ripple level (=1%) are fixed, shield

thickness increases from 1.4 m to 1.9 m at inboard and from 2.2 m to 3.6 m at outboard as A increases

from 2.7 to 8. Although cross-section of TF-coil becomes large due to strong hoop stress, the internal

diameter of TF-coil does not increase greatly since ap is reduced by about 1 m. Figure 3 shows the rough

sketch of the very high-A reactor. The height of the TF-coil is also reduced due to small aP and small K.

The relative construction cost, considering the amount of structural material with the same design

constraints on coil case stress, is estimated. Here, the cross-sectional area of TF-coil case in the very

high-A (=8) reactor is assumed to be 4 times larger than that of a low-A (=2.7) reactor. The preliminary

estimate shows the total cost is 20% higher than that of the low-A reactor. If a plasma with Pn=5 in

reversed shear mode can be achieved, the required BTUiX is reduced from 18 T to 14 T for the same fusion

power and the design requirements for the TF-coil are mitigated. To increase the fusion power, however,

is more effective to reduce exist of electricity rather than to decrease BTMAX. Optimization of the TF-coil

design is a critical issue in a very high-A reactor. Further experimental study is also necessary since there

is a large uncertainty in the confinement scaling of a high-A plasma.

[1] F. Najmabadi and The ARIES Team, Fus. Eng. Des. 38 (1997) 3.

[2] Y. Murakami and M. Sugihara, Fusion Technology 24 (1993) 375.
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1. Pass to an Attractive Power Plant based on the Success of the ITER Project
The fusion power plant in the future should be made economically and environmentally attractive

compared with other advanced energy sources. In particular the achivement of a competitive cost of
electricity (COE) is the first priority for electric power industries. The Compact Reversed Shear Tokamak
'CREST' has been proposed as a cost competitive reactor concept based on the reversed shear(RS)
operation[l]. The moderate aspect ratio A=3.4 and the elongation K=2.0 of the CREST are very similar to
the ITER advanced mode plasma. Therefore the CREST can be regarded as a feasible power plant concept
which will succeed the ITER project. The design of CREST has been improved in order to achieve further
reduction of COE. The new design adopts the ferritic steel components as well as an advanced super-heated
steam cycle which is used to achieve a high thermal efficiency (T|=41%). The current profile control and the
high speed plasma rotation by neutral beam current drive(NBCD) stabilize the MHD activity up to PN =5.5.
These two high values (TI and (5^) are very effective for the reduction of the COE. Our cost assessment has
shown that the CREST would generate about l.ZGWe electric power with a competitive COE.

2. Stability of the High Beta RS Equilibrium
The major parameters of the CREST are; major radius R=5.4 m, plasma current Ip=12 MA with the

bootstrap current (BSC) fraction ft,s=85%, fusion power Pf=3GW. The vertical cross-section is shown in
Fig.l. The current profile has been optimized by control of the power ratio between two beam lines (2.5MeV,
94MW in total). The current profile is well aligned with BSC as shown in Fig.2. Because of the large
momentum input due to NBCD, the mean toroidal rotation velocity v ro t is over 105 m/sec (assumimg
Trot=2xg). The ideal kink and resistive wall modes are stabilized by this fast rotation and a closely located
conductive shell to the plasma. The plasma positional stability is kept by copper feedback coils located
inside the TF coils and by the poloidal SC coils located outside the TF coils. An example of the feedback
system simulations against a small (3p perturbation (=0.5) is shown in Fig.3.

3. Radiative Cooling and Partial Load Capability
The high heat load of divertor is a common issue for all compact tokamak reactors. In the CREST design,

a small amount of high Z impurities (0.1% Krypton and a smaller amount of Xenon) is added in the main
and SOL plasmas in order to radiate 90% of the thermal power to the first wall. With this active Zeg-
control, the CREST has a capability for the partial load operation from 60% (Zeff=2.0) to 100% (Zeg=2.4).
This operational flexibility will be highly attractive in actual commercial use.
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4. Blanket Design for Super Heated Steam Cycle
Similar to the high (3^, the high thermal efficiency is one of the key parameters for reducing the COE.

Therefore the sub-critical super-heated steam cycle has been used. The maximum pressure and temperature of
steam in the blanket are 13MPa and 480 °C. These values have been attained in nuclear and non-nuclear plants
to date. The mean power loads on the first wall are 1.2 MW/m^ in thermal flux and 4.5 MW/m^ in neutron
flux. The first wall sector should be cooled by water because of its high heat flux. The water is heated up to 300
°C in this sector, and flows into the blanket and boils partially. After water/steam separation, the steam is super-
heated up to 480 "C in the blanket (Fig.4). A careful mixture of Li2O and Be pebbles has made such a
water/steam combination cooling possible[2]. The expected thermal efficiency of this system is 41%.

There is a unique problem in the blanket design of RS tokamaks. A conducting shell for kink-stabilization
must be placed near the plasma surface, i.e., inside of the breeding blanket. Solid Zirconium plates have been
selected in order to minimize the loss of tritium breeding ratio (TBR) due to this shell. The reduction of TBR
due to this Zr shell is only 0.05. The local TBR up to 1.4 is achievable by optimizing the Li2O/Be pebble
mixture rate.

Although many issues still remain to be solved, the CREST study has shown that an attractive reactor
concept would be brought about by the success of the ITER project.

[l]Okano,K. et.al., in ISFNT t̂, ND-P17, Tokyo, 1997. To be published in Fusion Engineering and Design.
[2]Asaoka,Y. et.al., in 13th Topical Meeting on Technol. of Fus. Energy. To be published in Fusion Technology.

Fig.3 Feedback control
of plasma position.
6pp=-0.5 and 81p-0.05.
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Fig.l Elevation view of the CREST.
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Fig.2 Profiles of q and currents. NBCD
is optimized so that the target q-profile
can be attained.

Fig.4 Concept of cooling
channels by water and
super heated steam.
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The JT-60 Super Upgrade(Rp=4.8m, Bt=6.25T, IP<10MA[l-3]) has been designed as
a superconducting tokamak for establishing an integrated scientific basis of a steady-state
tokamak reactor and for contributing to an advanced steady-state scenario in
ITER. Figure 1 shows a schematic drawing of the JT-60SU machine, where diameter of
the cryostat is 22m and the total weight of device including cryostat is ~11000 tons. After
around 10 years D-D operation and installing the extra shield made of reduced activation
ferritic steel, a steady-state D-T operation with QDT~5 is considered as an optional
scenario.

Optimization of Steady-State Operation Scenario JT-60SU is designed to have
a high Greenwald density limit (>lxl020m"3) by selecting B/R-1.1-1.3 in order to
perform a steady-state operation research at high density regime. At Ip=5-6MA, fully
non-inductive discharge can be expected at <ne>~0.88xl020m:l by using 60MW of CD
power, which is much higher than the ITER scaling law for H-mode power
threshold(~40MW). In addition to a 750keV N-NBI system for core heating and current
drive, 150-220GHz ECH system is adopted to provide flexible current profile control for
establishing an advanced steady-state operation scenario with a stable reversed shear
configuration in JT-60SU. Ten units of independent PF coil system is adopted in JT-
60SU to have a capability to produce a wide variety of plasma shaping (elongation KX up
to 2.0 and triangularity 5X up to 0.8 for DN divertor) for improving the (5-limit in the
steady-state operation scenario. The effect of the triangularity on the vertical stability in
highly elongated configuration has been studied by both the magnetic field analysis and
the ERATO code[4]. It is found that a high triangularity operation under the highly
elongated configuration is favorable with respect to the vertical positional stability.
Vertical Displacement Event (VDE) in JT-60SU has been also investigated by using
Toroidally Symmetric Plasma Simulation (TSPS) code in which Grad-Shafranov equation
and a linearized equations of plasma motion taking into account the effects of eddy current
on the vessel and baffle plates are iteratively solved[5]. Fast vertical position control
system composed of two sets of normal conductors(10 turns) located near the vacuum
vessel is adopted in JT-60SU for suppressing VDE. TSPS code has indicated that the
VDE can be suppressed by fast vertical position control with the power supply of 200V
when the disturbance is moderate (a rapid change in (Sp during minor disruptions APp<-
0.6 for 10ms). The ideal and resistive stability of the reversed shear scenario on JT-60SU
is investigated using the equilibrium assuming a correlation between plasma pressure and
magnetic shear scale length observed in JT-60U experiments. Stability analysis has
indicated that growth rate of n=2 tearing mode is slightly reduced with increasing pX
while n=2 ideal global mode becomes unstable suddenly at around (3N=2. Further study
including wall stabilization effects and optimization on profiles will be performed to
establish high p advanced steady-state scenario. Effect of local current profile control by
ECCD will be also investigated by using a time dependent transport code(TOPICS).

Progress in Engineering Design Significant progress on the engineering design of
JT-60SU has been made during these two years. For R&D of Nb3Al superconducting
conductor, which is employed for TF coils because of its better mechanical and Jc
properties than (NbTi)3Sn conductor, almost all important engineering techniques for

producting Nb3Al strand is thought to be established. It has been demonstrated to make a
11km NbsAl strand with Jc=650A/mm2, RRR=131 without any wire breaking. An
Nb3Al strand with a low AC loss (a filament diameter of 31u.m) with Jc=701A/mm2 is
also developed. Fe-Cr-Mn steels(C:0.02-0.2wt%, Mn:15wt%, Cr:15-16wt%,
N:0.2wt%) with a lower induced-radio-activity than 316SS has been developed as a
material of structure components for JT-60SU[6]. It has been confirmed that the
developed high manganese steels have excellent mechanical properties and high resistance
within standard temperature of JT-60SU vacuum vessel. By using this steel as the
vacuum vessel, a rapid decay of the radioactivity of the machine than 316SS can be
realized after two years DT operation. A fine modification of TF coil design was made for
reducing a local stress on radial disk. By increasing the length of the wedge part of coil
case, the maximum local stress is reduced to 643MPa. In addition to a safety design of a
low tritium inventory (<100g) in the DT optional operation scenario, a dynamic analysis
of JT-60SU machine at emergency events such as earthquake and short circuit of TF coil
is also performed. With respect to the safety of a fusion reactor; confinement of tritium,
the eigen mode frequency on vibrations of the machine should be 10-20Hz to reducing
displacement of each component. JT-60SU superconducting coil systems (TF:2340tons,
EF:520tons, shear panels:660tons and CS is not included) are modeled to analyzing their
dynamic behaviors during an earthquake. Fundamental frequency of vibration in JT-
60SU coil systems is around lOHz and larger than that of ITER(1.5Hz[7]). It is found
that a weight reduced design of TF coils, shear panel connection and favorable design of
supporting system contribute to realize a higher fundamental frequency for vibration.
Preliminary analysis applying EL Centro wave form with 0.326gal on the basement of
machine room has indicated that the maximum displacement of the TF coil is within 2mm.

Fig. 1 Schematic Drawing of JT-60SU
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A new FTER-like superconducting tokamak concept is proposed which would have the twin
goals of studying steady state advanced tokamak (AT) physics in DD plasmas, while also
allowing bum physics studies in inductively driven standard tokamak (ST) mode in DT,
including the impact of helium ash accumulatioa This is achieved by reducing the
radiation shield thickness protecting the superconducting magnet by 0.5 m relative to ITER
and limiting the bum mode of operation to pulse lengths as allowed by the TF coil warm-
ing up to the current sharing temperature. "Marrying* the AT and ST modes of operation
would allow optimized high gain bum physics studies in an Advanced Tokamak Burning
Plasma Experiment (ATBX).

We have examined the concept of a long pulse, optimized burning plasma experiment in a
steady state tokamak facility operating with superconducting magnets. Based on physics
and engineering scoping studies, we have found an attractive machine concept, with major
radii in the range of 5.5-6.0 m, magnetic fields above 6.0 T. and inductively driven currents
in the range of 1 3 - 1 6 MA with pulse lengths up to 300 sec. Such a device would achieve
Q=4-6 with conventional ITER confinement scaling (ST mode) and significantly better
performance should be achievable with advanced tokamak (AT) physics rules. An ATBX
class device should have significantly lower costs than ITER, perhaps by as much as 50%.
The substantial size reduction in ATBX is achieved by reducing the shielding on the inner
wall of the vessel as compared to the canonical 1.2 m thickness required in a steady state
burning plasma device, such as ITER. The increased neutron flux associated with the
reduced shielding results in an adiabatic temperature rise of the toroidal field winding. The
pulse duration is limited so that the superconductor remains below the quench temperature
to give adequate margin against plasma disruptions. Taking advantage of the steady state
nature of the superconducting coils, the machine can be operated for long pulse or steady
state at low Q, or in D-D plasmas.

To assure AT operation with high-bootstrap fraction (80%), we have kept the aspect ratio,
R/a in the range of 3.0-3.2. It has been shown recently [1] that at such aspect ratios and
sufficiently high elongation (Kgs=1.8) and triangularity (Sgs=0.4), a pN of 3.5 is achievable
in a stable manner, even without a conducting 'smart* wall. For TPX-like pressure profiles
[1] self-consistent bootstrap current fraction of order 0.8 can be maintained with q(0]=2.9,
q(O.7)=2.1, and q(0.95)=3.9 or 4.9 (where the argument of q refers to r/a). RF and/or NBI
driven currents would make up the remaining 20% of the plasma current and provide
profile control. Higher PN land therefore higher bootstrap fraction) operation is feasible by
adding a conducting wall.

ILLUSTRATIVE DESIGN POINT

A spreadsheet was developed for sizing tokamak experiments using the above approach
for reducing shielding thickness. A number of design points were studied and trends were
plotted. The spreadsheet uses the 1990 ITER information document updated to present
ITER confinement scaling rules. The spreadsheet was benchmarked using the current ITER
design. The concept takes advantage of the heat capacity of the coil and helium in
determining the time for the coil to warm up to current sharing temperature, the actual
critical temperature of the superconductor being a key parameter. (The ITER
superconductor has an enthalpy margin to current sharing temperature of 11.8kJ/kg for a
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2.0 K temperature margin, whereas a new superconductor developed for the LBL dipole
magnet could give a margin of 16.7 kJ/kg).

The ATBX tokamak does not have to operate in an inertia! mode, but also includes a
substantial operating space at reduced density or tritium fraction in which longer-pulse or
steady-state operation is possible. The transition between inertial and steady-state
operation is being determined by three-dimensional transient simulations. It is expected
that a substantial fusion power can be tolerated and that even full-power operation may
be possible with increased refrigeration.

Based on the spreadsheet studies, the following ST reference case was obtained

TABLE L

Major radius (m):
Minor radius (m)
Total flux capability (Vs)
Aspect ratio(A)
K(9S)
5(95)
B(T)
Plasma current (MA)
IA(MA)
Fusion power (MW)
-CE(S) (0.81xITER93H-ELM-free)
Q/Q(with H=2)
Helium ash t p (s)
Shield thickness (m)
Flat top flux capability (Vs)
Max. bum time (s)
Total inner build thickness (m)
Operating temperature (K)
Current sharing temperature:

5.80
1.81
273
3.2
1.8
0.4
6.37
15.4
49.3
726
2.4
4.9/(12.6)
4.8(xp*=19.2)
0.5
31
318 (TF heating)
0.73
4.75
7.0

In conclusion, a new superconducting tokamak concept has been proposed which would
have the twin goals of studying steady state AT physics, while allowing bum physics
studies, including the impact of helium ash accumulation. This is achieved by reducing the
radiation shield thickness to 0.5 m and limiting the bum mode of operation to pulse lengths
as allowed by the TF coil warming up to the current sharing temperature. "Marrying" the
AT and ST modes of operation would allow optimized high gain bum physics studies in
ATBX.
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The plasma regimes under which ignition-can be achieved involve a characteristic
ringe of parameters and issues for which relevant information has been provided by
.-icent experiments. In particular, these have motivated a new. in-depth analysis of the
expected performance of ;he Ignitor machine [1] as well as novel studies of the plasma
sarameters and processes that it can investigate. The main results are reported.

The observation of significant, non-axisymmetric haio currents produced during
-.ypicai Vertical Displacement Events [2] has motivated a full analysis of the stresses on
the Ignitor plasma chamber (PC). The relevant structural integrity has been verified by
;^eans of a dynamic eiasw-plastic analysis, modeling the entire plasma chamber. It has
been demonstrated chat the Ignitor PC can withstand several thousand of cycles under
disruptions involving an average halo current of 3 MA (25 - 27% of the plasma
current) with a peaking factor of 2 in the toroidal direction, at nominal plasma current
•; 11 - 12 MA) and field values (13 T on axis at R = 1.32 m). A significant progress has
been made in devising an optima! configuration for the horizontal electrical press,
which is employed tn relieve the stresses from the inner leg of the toroidal magnet
when the machine has to reach the maximum field values. The main feature of the
e.'cctricai press i.< that it operates in series with the existing mechanical press (whose
main element is a couple of bracing rings) and it provides the possibility to perform the
adjustments on. the latter with relative ease. At the same time, the construction,
installation and removal of the central solenoid and central post system is considerably
simplified.

The evolution of the plasma configuration and parameters from startup to ignition
has been simulated by the JETTO code [3.4). The reference operation scenarios
considered have plasma current up co 11 - 12 MA. While the density is the main
parameter to control on the path to ignition, other factors such as impurity content,
plasma shaping,; and current density profile are shown to play an important role. In
particular, detaifed studies of the approach to ignition have underlined the importance
of the choice of jthe temperature at the boundary [4].

A comprehensive analysis of all the kinds of m = I, n = 1 modes that can be excited
ir. fusion burn regimes has been undertaken for the first time, given the importance that
these can have in producing significant sawtooth oscillations and possibly preventing
full ignition. In particular, the ideal MHD perturbed potential energy is at first
computed for general profiles using the analytical approach [5] and including effects
due to the shaping of the plasma cross section and to the presence of alpha particles (in
the small frequency limit). This quantity is then used as a boundary value for the
equations describing the plasma dynamics inside the transition layer. Appropriate
model equations including finite resistivity, finite diamagnetic frequencies and finite ion
Larmor radius have been adopted.

' Supported in part by ENEA and CNR of Italy and by the U.S. Department of Energy.

At the 11 MA current level the equilibrium configuration that is representative of
Ignitor has been shown |6J by numerical analysis to be stable to ideal MHD m - I. n =
I modes even for rather peaked pressure profiles. At,,.12 MA a class of pressure
profiles is identified, with realistic gradients, for which'thfc'se modes cannot be excited.
Outside of this class the modes have a transition layer, where the radial profile
undergoes a sharp radial variation, that is.unrealistically small, thus making resistive
modes a more likely possibility.

•The first wall in Ignitor covers the entire'surface of the vacuum vessel both at the
inboard and at the outboard side with the exception of the pon regions; so it basically
works as a fully extended limiter. which offers the maximum possible area for
spreading the plasma heat loads. In the operating scenarios conceived for Ignitor the
plasma column rests either on the entire first wall or on the inboard regions of it. The
philosophy: supporting this "limitef' solution relies on the unique characteristic of high
density machines which allows a high radiating power in the edge region with a
resulting uniformity in power loads and a reduction in impurity production. The
reduction of plasma pollution with increasing density is a common characteristic of all
machines but Is: particularly evident in the high field machines (FT, FTU, Alcator C.
Alcator C-Mod). Recently, experimental results on different machines (TEXTOR-94.
D1II-D. TFTR) have confirmed the possibility to operate with high radiating edge and
lnw impurity content in the central region without confinement degradation. Different
materials have been considered for the first wall. Presently, molybdenum has been
chosen as the most appropriate one due to several advantages: high radiative cooling,
good density control, low temperature for vacuum conditioning. AU the relevant issues
will be eritiL"al!y:described.

Because, of die importance attributed to the ion cyclotron resonance heating, an
ICRH system, ih the 70 - 140 MHz frequency range, has been incorporated in the
Ignitor original design. An antenna array has been based en the conventional strap
antenna element has been studied. A comprehensive analysis of the antenna system
performance has been undertaken, including considerations on the tuning and matching
system. The coupling properties of the antenna have been evaluated employing pre-
existing codes, as well as a new, self-consistent code developed by the Ignitor project
team. Globally, the analysis that has been performed demonstrates the feasibility of an
ICRH system trjat fulfills the requirements of the Ignitor experiment, fits within the
allocated space and is compatible with the electrical constraints of the machine. Each
of the 4 antennae on the horizontal ports has 4 straps forming a 2x2 poloidal and
toroidal phased array: each strap is fed by a radiofrequency power generator via a
coaxial cable anil a tuning and matching system. Within the overall mechanical design
constraints.: the predicted radiation resistance is sufficient to withstand 4 MW per pon
of injected power, for a total of up to 24 MW delivered to the plasma.

I1 i B. Coppi, A. Airoidi. F. Bombarda, et a l , Fusion Energy 1996 3, 579 (Publ
IAEA. Vienna, 1997).

12] R. Grahetz. International Sherwood Theory Conference (Madison, WI, 1997),
paper 2A01
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[5] M.N. Bussac. R. Pellat, D. Edery and J. Soule", Phys. Rev. Lett. 3S, 1638 (1975).
(6J S. Migliuolo and G. Cenacchi. MIT/RLE Report PTP 98/ (1998).
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A B S T R A C T

The major goal of the Physics program of ITER is to obtain the necessary information

for the design of a Tokamak-Based Demonstration Power Plant - DEMO.

During DEMO designing the problems, connected with the cost of installation and

with the high availability of operation will arise. From this point of view it is interesting to

analyze the possibilities of tokamak-reactor with low (A<1.5) and with high (A>4) aspect

ratios.

In this paper the method of investigation of aspect ratio dependencies of the major

plasma parameters is describe. In this analyze such well known parameters as fusion parameter,

the thermal/magnetic energy ratio, P, the plasma energy confinement time (the ITER scaling

law), the critical value of magnetic field at the inner toroidal field coil leg, the safety factor, the

wall neutron loading and the distance between plasma and the toroidal field coil (i.e.the shield,

or blanket, thickness) were used. The dependencies of the major tokamak-reactor parameters,

which are necessary for burning, on aspect ratio and plasma elongation are obtained.

It was shown that:

1. It is the optimal value of the aspect ratio (A) for all reactor parameters. This value is

unambigually connected with the distance between plasma and the toroidal field coil

normalized on the minor plasma radius (5). The optimal aspect ratio is shifted to the grater

values of A when 5 rises. For ITER Aopt is about 3.

2. The spherical-tokamak based reactor needs the extremal values of the plasma current, the

critical magnetic field and plasma elongation. These problems are very difficult for solving

now.

The results obtained indicate that the dimensions of a tokamak-reactor with a low

aspect ratio or low magnetic field at the plasma column center are markedly larger than the size

of the ITER device with the same values of the safety factor, neutron loading on the wall,
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fusion parameter, plasma elongation and 8 and the critical magnetic field value at the inner

toroidal field coil leg.

3. The plasma current which is necessary for reactor operation drops when the aspect ratio

rise, and so the problem of plasma current maintaining is simpler.

4. The bootstrap current is rise when the aspect ratio rises. In this case the design of the

steady-stead tokamak-reactor is simpler.

5. The aspect ratio rise gives us the possibility to rise the magnetic field value at the plasma

center, with the same value of the critical magnetic field at the inner toroidal field coil leg. The

conditions for obtaining the high plasma parameters are better for higher magnetic field.

The installation with high aspect ratio has high availability of operation.

6. The rise of the plasma elongation results in the better reactor parameters obtaining. For

example, the change of the plasma elongation from 1 up to 3 results in the major plasma radius

reduction about one order of value.

So from our point of view the reactor DEMO must be based on the tokamak with high

aspect ratio.
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In the long course of fusion energy development , a success in building and operating a certain

economically competitive fusion reactor having intermediate application would be of vital importance

for the development of fusion research. A fusion breeder asks for lower fusion technology, under the

fissile fuel request in China, it probably can come into market much earlier than the pure fusion reactor

does and might become this kind of fusion reactor. Based on two conceptual designs performed by

SWIP and AS1PP during 1988—1991. a detailed consistent conceptual design was completed by ajoint

effort in 1993—1996. Here, design activities at SWIP are described.

1. Detailed conceptual design of the Fusion Experimental Breeder, FEB.

The FEB is He-cooled with a major radius of 4 m, minor radius of I m, magnetic field on axis 5 T,

plasma current 5.7 MA, and a neutron wall loading of 0.42 MW / m 2. LLi is adopted as tritium breeder

in the blanket to improve the heat conduction in the pebble bed. 3-D neutronics calculation was carried

out using FENDL/MG plus data library for fission fuels based on ENDF/B-V1. The helium pressure is 5

MPa. The pumping power is calculated to be 5.9 MW giving a He circulation power fraction of 2.7% of

the total thermal power. Following 3-D neutronics analyses, some local shield layers are added to

attenuate the streaming neutrons at the lower port of the vacuum vessel.

The radioactivity related parameters of the FEB were calculated. People are concerned about

concentrations of some actinides: 2%7Np for its decay daughters with high toxicity and long lives, and
232U for being high toxic and long-lived a-decay emitter. The calculation gives the concentration of
257Np and 232U in uranium, quite acceptable in fuel reprocessing. The total waste disposal rating, WDR,

of the FEB ss316 first wall at reactor shutdown is 1.38. Main contributors to total WDR are the impurity

elements 9 4 Nb. 9 9 Tc. 9 3 Mo. and 6 3 Ni.

A primary He cooling system and two independent circulating systems, i.e. a shield cooling system

and a lithium slow circulation system provide afterheat removal; and in addition, helium natural

circulation can also remove afterheat during the failure of helium circulators.

A PRA was carried out to assess the failure probability of a series of sequences. The peak

temperature evolution was obtained assuming that the reactor is shutdown immediately after a LOCA or

LOFA. Combining this with results of the PRA. a first level PRA was completed. The conclusion of this

safety analysis is that the power core melting frequency is of the same order with those of standard

PWRs.

The capital cost of the FEB was assessed using a code SYSTOK developed by SWIP. Assuming the

construction time is 8 years, it was calculated to be BS2.1 (1989 US $).

2. Engineering outline design of the FEB (1996—2000)

Efforts have been making to improve the FEB design in the following ways:

• to add safety margin to the design. For this purpose, reversed shear configuration was examined,

and He pressure is enhanced from 5 MPa to 10 MPa.

• to add details to the design of the key components, the blanket, divertor, etc.

• to make further analyses to support the design.

The enhanced coolant pressure lowers the peak temperatures in fuel zone and at the interface of

liquid Li and s.s. This reduces the corrosion and radiation damage of the structural material and

provides larger safety margin during a LOCA.

The blanket has been designed in more detail with regard to its fabrication, attachment lock inside the

v.v. and maintenance. The belt-bar concept ' ' ' i s employed for the attachment lock. The belt-bars,

about 15 cm in diameter and supported by the v.v.. are used to withstand the E-M load on the modules

during transient events. Some sort of flexible support will be provided mutually by adjacent modules.

A close type gas box divertor is adopted. Joint operation of gas puffing and impurity injection is

proposed for plasma temperature and density control. The assessment of boron as impurity for such

injection is carried out taking into account the erosion and the redeposition of the target material and the

impurity. Redeposition of impurity is very beneficial for the life-time of the divertor when the erosion

and deposition of the target material itself is considered. Boron is injected near the target plate. The

position of gas puffing is optimized.

PFC design based on FEB has been adjusted for the divertor. A divertor module was designed. Stress

calculation was performed with the loading of temperature difference and helium pressure. The

calculated peak stress is 203 MPa. Other loads will be included in next step and the design of the

divertor will be improved according to the analysis.

2-D axisymmetric model for eddy current analysis is employed to simulate whole arrangement. The

time-space distributions of toroidal eddy current in various components were obtained, as well as the

generated E-M load.

A SWITR1M code was developed to simulate the whole circulation process of tritium to assess the

tritium inventory in sub-systems. 0.5 kg initial tritium inventory will meet the requirement of

circulation.

An in-depth study of the blanket structure issues taking all loads and supports of the blanket in the

vacuum vessel into account is undertaken, and a preliminary design of a high power density blanket test

module is to be completed.
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Next-Generation Laser-Driver for Ioertial Fusion Energy
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Lawrence Livennore National Laboratory, P. O. Box.808, livermore, California 94S50 USA*

We report on the progress in developing and building the "Mercury" laser system as the first in a series
of next generation diode-pumped solid-state Inertia) Confinement Fusion (ICF) laser* at Lawrence
Livermore National Laboratory (LLNL). Mercury will be the first integrated demonstration at LLNL of a
scalable laser architecture compatible whh advanced inertia) fusion energy (IFE) goals. Primary
performance goals include l a energies o f 100 J at 10% efficiencies, 10 Hz repetition rates, and a 1-10 ns
pulse with 2a>/3iB frequency conversion.

Over the past 20 years L t N L has pursued the development and use of high energy lasers for target
physics experiments in support of inertial confinement fusion (ICF). The technology upon which this
effort has been based is the flashlamp-pumped Nd:glass laser. More man 30 years have elapsed since the
first flashlamp-pumped Nd:glass laser was demonstrated, and this technology approach will soon
culminate with die construction of die National Ignition Facility (NIP). Flashlamp-pumped Nd:glass
lasers have offered crucial advantages (e.g. flexibility in pulse format, wavelength, and spectral width),
allowing the progress in ICF physics mat has been achieved to date. The slow shot rate of once every
few hours, however, limits die number and type of experiments and applications that can be pursued.
This limitation need no longer be imposed by die laser technology. The continuing effort outlined herein
will culminate with die development of a new class of high repetition-rate fusion lasers and will produce
die first rep-rated solid-state fusion laser facility.

We.have assembled a preliminary design for die laser system. The laser design is predicated upon using
a Yb-doped crystal, (Yb-doped strontium fluorapatite, Yb:S-FAP) that offers better diode pump laser
costs due to its long storage time, than die traditional Nd-doped glass gam medium. The laser system
utilizes three subsystems for pulse amplification: a fiber oscillator, regenerative amplifier, and two power
amplifiers. The final amplification stages are accomplished through four passes of die beam through two
gas-cooled amplifier head assemblies. The reverser optics allow die beam to be injected and 4-passed
through the amplifiers while preserving die image relaying without die need for an optical switch. A
deformable mirror either placed at die end of die amplifier path will be used to correct for wavefront
distortions incurred'during amplification.

We have completed an analysis of die laser system's performance. This numerical evaluation includes:
quasi-4-level saturated pumping and extraction (Frantz-Nodvik), St. Venant edge distortion effects, diode
spectral chirp versus crystal absorption, radiation trapping, isotropic amplified spontaneous emission.
(ASE), lifetime-induced pumping losses, thermal fracture limits, gas-cooling flux limits, laser damage,
thresholds, B-integral limitations, and multipass gain in die amplifier with longitudinal and temporal
finite elements. For a nominal operating pump pulse width of 1 ms die predicted energy output is over
100 J with an optical to optical efficiency of 24%.

There are significant technical challenges incorporated into die Mercury development plan that will
advance key elements of laser technology for IFE by orders of magnitude. For example, we will advance
die scale o f the diode array peak output powers to ~1 MW, and simultaneously increase die brightness by
2X over that typically available from commercial diode arrays. This effort will also develop die largest
Yb:S-FAP crystals ever grown by a factor of six in volume. The gas-cooled-slab architecture will enable
high peak power (up to TW) lasers to be extended to large output powers of up to >1 kW average power.
In addition, this will be die highest energy/pulse diode-pumped laser ever built by an order of magnitude.

•Thij work was performed under the auspices of the U. S. Department of Energy by Lawrence Livennore National
Laboratory under contract No. W-705-ENO-48
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Design Windows of Laser Fusion Power Plants and Conceptual Design of
Laser-Diode Pumped Slab Laser
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S.Nakai, M.Nakatsuka, M.Yamanaka, JCMima
Institute of Laser Engineering, Osaka University, Osaka, Japan

An analysis of design windows of attractive laser fusion power plants is
carried out by using a general system design code, which has developed for
parametric study and cost evaluation on design key parameters .

The major design key parameters considered are laser energy E^ , pellet
gain G, reactor pulse repetition rate rc , laser pulse repetition rate rL and reactor
module number n . The value of rc and rL can be selected separately in the case
of modular plants. The conceptual design of laser fusion power plant KOYO
which has four reactor modules driven by one laser system showed engineering
feasibility and economic high potential of modular plants [1].

The design windows are shown for the four cases of pellet gain curve, and
the two cases of the combination of net electric power and reactor module
number (FIG. 1). The cost of electricity (COE) is shown as a function of E,̂
with the limitting condition of rc and rL . The gain curves for the conventional
central spark model and the fast ignitor model are given as a function of E^ and
in each case the optimistic and conservative cases are considered.

The major limitting factor of design windows is rc in the case of n=l, and
rL in the case of n=4. It is noticed that in the case of small laser energy and small
fusion pulse output, the design windows are strongly restricted by laser pulse
repetition rate or reactor pulse repetition rate.

L : conservative case
.-• H : optimistic cose
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750MWc C D r, <1OH,
X.1 moduli: C D ICKr, <20l[z

E D 20<r, <30H/

FIG. 1. Design windows of laser fusion power plants. COE versus laser

energy for the four cases of gain curve, with the restriction of rr, r, .
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As the reactor pulse repetition rate is limitted by the restoration time of
chamber environment, a simmulation code is developed for analysis of the
process of evaporation and recondensation of liquid material in wetted wall
concept. In the case of small fusion pulse output and high reactor repetition rate,
dry wall concept is suggested as a powerful candidate .

For the high laser repetition rate, a crucial point is to remove the heat in
the laser gain medium. As zig-zag path slab has an advantage that the laser beam
does not pass through the cooling medium, the slab can be cooled on both sides
with flowing water having high cooling capability. Then we are proposing and
designing a laser-diode pumped slab laser which consists of water-cooled zig-
zag path Nd:glass slab amplifiers (FIG.2).

Based on this design, laser cost is estimated for conventional laser
materials such as Nd:glass and, whose 0.3msec fluorescence lifetime is several
times shorter than that of KOYO cost estimation, then the COE in FIG. 1 is
about 10% higher than KOYO cost study. But as the laser repetition rate is
considered much crucial, it is very important to confirm the feasibility of this
design, and to design and develop the higher repetition rate laser using high
potential material such as Nd:YAG.

ea^ssit
4-Pass Main Amplifier

(Upper Portion)

FIG.2. Schematic design of the module of laser-diode pumped zig-zag slab
laser, which has lOkJ total blue laser output at 12Hz repetition rate.

[1] Y.Kozaki ct al., "Conceptual Design and Economic Evaluation of Laser Fusion
Power Plant KOYO", Proc. Seventh Int. Conf.on Emerging Nuclear Energy
Systems, Makuhari, 76-80 (1993)
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LONG PULSE EXTRACTION OF DEUTERIUM NEGATIVE ION BEAMS FOR ITER

C. Jacquot*, R. Trainham*, Y. Fujiwara°, and Y.Okumura0

*DRFC/STID, CEA-Cadarache, EURATOM Association, 13108 Saint Paul lez Durance,
France

"Japan Atomic Energy Research Institute, NAKA-MACHI, NAKA-GUN, Ibaraki-ken,
311-01 Japan

Future steady state Tokamak scenarios (e.g. ITER) require external energy injection
for plasma heating, as well as for external current drive, for durations £1000 s. An effective
means of achieving these requirements is by the injection of energetic neutral atomic beams.
In the case of ITER 1 MeV D° are to be produced by the neutralisation of accelerated D"
ions (40 A per beamline). So far neutral beam injection, has been limited to relatively short
pulse lengths, typically <20 s for positive ion based injectors, and «1 s for negative ions
based injectors. Bridging the time gap to 1000 s, and achieving stable negative ion based
neutral beams of ITER relevant current densities, is the present aim of a collaboration
between the Japan Atomic Energy Institute (JAERI) and the Commissariat a l'Energie
Atomique (CEA). A scaled down negative ion source of the ITER concept, called the
Kamaboko III, is currently being optimised for long pulse operation.

The Kamaboko III is a 30 litre, caesium-seeded, multi-cusp, negative ion source
which is capable of delivering beam densities of more than 200 A/m2 of D". In its current
configuration, the beam extraction area is 7*10"3 m2, so it can produce a beam of >1.4 A of
D". By optimising the magnetic filter and the plasma grid bias voltage, the associated
extracted electron current is reduced to less than 0.7 A. With optimum caesium seeding this
performance is attained with less than 40 kW of injected arc power (1.3 kW/1). For stable
long term operation the condition of the plasma grid is very important. The filter magnetic
field, the thickness of the plasma grid, the electrical bias, and the plasma grid temperature
are all parameters to be optimised. Also, special attention must be paid to the problems of
thermal power loading and dissipation in the source and in the accelerator. Two designs of
the plasma grid that allow temperature regulation to values of approximately of 300 °C with
low pressure water cooling are being tested (it is hypothesised that this minimises the work
function of the surface by optimising the coverage of the plasma grid with caesium). The
first one uses the "frame cooling" concept, where thermal insulation between the grid
segment and its frame is created by bellows whose length and thickness is chosen in order to
assure the required temperature. The second one uses forced cooling via channels
distributed over the grid, but connected to the grid via stainless steel thermal bridges. The
values of the optimum parameters as presently determined, are: grid thickness = 6 mm;
magnetic barrier field = 0.0007 T.m; caesium seeding = 0.5 g; plasma grid bias = floating
with respect to the anode; plasma grid temperature = 250 to 300°C. Experimental data
demonstrating each of these optimum values will be given in this paper.

Thus far, we have obtained stable plasma operation at 40kW for 500 s, and stable
negative ion beam extraction at the required current density of 200 A/m2 for 100 s. Further
work is underway to achieve a stable 1000 s beam extraction, at the pressure and current
density required by ITER, during summer 1998.
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Development of Multi-MegaWatt Negative Ion Sources and

Accelerators for Neutral Beam Injectors

Japan Atomic Energy Research Institute
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M.Hanada, N.Akino, N.Ebisawa, Y.Fujiwara, A.Honda, T.ltoh, K.Kawai, M.Kazawa,

M.Kuriyama, K.Miyamoto, N.Miyamoto, K.Mogaki.T.Ohga, Y.Okumura, H.Oohara, K.Oomori,

K.Usui, and K.Watanabe

Negative-ion-based Neutral Beam (N-NB) injector is one of the promising candidates for

heating and current drive in fusion reactors such as ITER.1" Two major R&D programs on the N-NB

system have been conducted at JAERI. One is the N-NB system in JT-60U, where high energy neutral

beams are being injected into the plasma to demonstrate performances in a real fusion machine. The other

is the development of a negative ion source and a lMeV accelerator for the ITER-NB system. In this

paper, the present status in these programs is reported.

The JT-60U N-NB system has completed in 1996.l;1 This is the first N-NB system in the world.

The injector has two ion sources, each of which is designed to produce 22A, 500keV D" beams. To

produce such a powerful D' beam, a large Cs-seeded negative ion source with a 3-stage electrostatic

accelerator has been developed. After optimizing the negative ion source, a 18.5A, 360 keV H" and a 14.3

A, 380 keV D' beams have been successfully produced at a high negative ion production efficiency of

0.11 A/kW. Since the operating pressure is as low as 0.2 Pa, the stripping loss of negative ions in the

accelerator is reduced to less than 20%, resulting in a high acceleration efficiency.

The accelerated negative ions are neutralized in a long gas neutralizer that is 50cm in width and

11 m in length. Figure 1 shows the neutralization efficiency as a function of the beam energy. A high

neutralization efficiency of 60% has been obtained at energies of 200-400 keV/nucleon. The result agrees

well with the theoretical curve (solid line in the figure). After neutralization, the residual negative and

positive ions are deflected by coils and dissipated on a

couple of ion dumps. Only the neutral beam is injected to

the plasma via a 4 m drift tube with a cross section of 48

cm x 57 cm, where the reionization loss of D° is reduced

to less than 2% by the sufficient conditioning. A 3.6 MW,

350 keV D° beam has been injected and contributed
20 40 400

i l l effectively to the plasma current drive. Out of the injected

farH 500
Beam Enerav (keVt neutral beam power, a 90% power is deposited effectively

Fig.1 Neutralization efficiency as a function of j n the high density plasma of >2xlO" m5. Namely, the
the beam energy

power loss due to shinethrough is as low as 10% of the injected beam power. The temperature raise of the

NB armor tile is few tens degree centigrade. The obtained current drive efficiency is in well agreement

with a theoretical prediction."' This shows that the N-NB injection is useful for the current drive. In

addition, the system has been stably operated without any significant problems under reactor environment

such as radiation and stray magnetic field.

In the ITER-NB system, it is required to produce a lMeV, 40A D' beam for 1000s. To develop

such a high energy and high current accelerator, a 5-stage electrostatic accelerator has been tested in the

JAERI MeV Test Facility '". Figure 2 shows the IMeV, 1A negative ion accelerator and the accelerated

H beam. The negative ion beam is accelerated by 200keV in each stage. To suppress the beam expansion

due to space charge of the high current beam, electric lenses are formed by strengthening the electric field

in the downstream stages. After conditioning the accelerator without a beam, a lMeV, 25 mA (drain

current of acceleration power supply) H' beam has been successfully accelerated for Is. No degradation of

voltage holding characteristics due to the beam presence has been observed. In an optic study, it is

confirmed that a small divergence beam can be obtained at the almost same perveance as the design value

for ITER. In addition, long pulse negative ion sources have been developed to demonstrate continuous

production of the high current negative ion beams. One of the sources has produced 0.3 A H' ion beams

continuously with a current density of 10 mA/cm: for 140 hours, which is equivalent to half year

operation of the ITER-NB system.

Figure 3 summarizes the present status of the development together with the design values

required for ITER-NB system. It is concluded that the specifications required for ITER are almost

satisfied individually.
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STEADY STATE HEATING TECHNOLOGY DEVELOPMENT FOR LHD
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The LHD is scheduled to finish construction and go into its experimental phase in
early April 1998. Three heating schemes, ECH, ICRF, and NBI have been adopted.
Since the LHD has super-conducting coils, one of the missions of plasma heating in LHD
is demonstration of a steady state plasma. Intensive technology development for steady
state plasma heating has been carried out at NIFS since 1992. This paper summarizes the
achievements of these developmental activities in the past several years. The knowledge
obtained is also useful for ITER, where steady state plasma heating is essential.

ICRF STEADY STATE TECHNOLOGY DEVELOPMENT
R&D experiments have been conducted using a test assembly which consists of a

transmitter, a dummy load, transmission lines, a co-axial switch, a DC-break, an
impedance matching circuit, a pre-matching stub tuner, a ceramic feed through, and a test
loop antenna installed in a vacuum chamber.

The transmitter was newly designed and constructed. A unique double coaxial output
cavity was employed to facilitate wide band frequency tunability from 25 to 100 MHz.
An Eimac tetrode 4CM2500KG was used. With forced air cooling of the cavity, an RF
power of 1.6 MW was obtained for 5000 sec, a long pulse record of this range of
frequency and power.

New standardized design for water cooled coaxial lines and junctions were
developed and tested; the diameters of outer and inner coaxes are 240 mm and 104 mm.
The original idea of a liquid stub tuner has been employed in impedance matching circuit.
It utilizes the difference of the RF wave length between the gas and liquid in order to
eliminate the sliding contactors used in conventional stub tuners. The latter had been
causing difficulties in making reliable stub tuners for high power long pulse ICRF system.
Another key component where our R&D work is extended is a vacuum feed through; the
inner and outer conductors are water cooled and the ceramics are gas cooled. Various
shapes of the ceramics were tested and Si3N4 was examined as a new feed through
material.

To summarize the steady state component development, all the components listed
above finally cleared the stand off voltage of 40 kV for 30 min. It should be noted that
the stand off voltage is higher by about 20 % for shorter pulses than 10 seconds. The
liquid stub tuner was demonstrated to be a reliable component by standing off 50kV.
Tunability was also demonstrated by varying the liquid surface height with 46 kV of RF
voltage. Here, 40 kV of operating voltage corresponds to 1.6 MW injection to the plasma
in LHD, assuming a plasma loading resistance of 5ii.

For coming LHD ICRF experiments, two kinds of antennas have been designed and
fabricated. One is a conventional loop antenna for fast wave heating and the other is a

folded wave guide antenna(FWG) for ion Bernstein wave heating. The steady state
technology obtained in the R&D was fully incorporated in the design of these antennas.

ECH STEADY STATE TECHNOLOGY DEVELOPMENT
The most important issue of steady-state ECH is development of Continuous Wave

Gyrotron. CPI has been the partner in the development of 84GHz high power CW
gyrotrons. By means of strong water cooling of the tube, the gyrotron achieved 500kW
for 2sec, 400kW for 10.5sec, 200kW for 30sec. and lOOkW for 30min. Long pulse
operation at high power levels (500kW) was limited by the temperature rise of the output
sapphire double-disk window, which can be replaced by better ones in the near future.
The records with lower power (<400kW) and longer pulse are limited by the degradation
of vacuum condition; an important understanding gained in these experiments. A new
84GHz gyrotron was fabricated with improved pumping. It is equipped with a CPD
collector to reduce thermal load. The basic CPD performances of the gyrotron was
confirmed and it is under test for long pulse and CW.

High power CW vacuum barrier windows are another important issue. We
propose a low loss silicon nitride composite disk with surface gas-cooling as a new type of
window. Tests of a gas-cooled window with a diameter of 88.9mm demonstrated
transmission of 130kW CW power in HE,, mode with a small rise of the peak temperature
of the disk. The power flux density exceeded 8 kW/cm2 on the center of the window.

NBI STEADY STATE TECHNOLOGY DEVELOPMENT
The NBI system of LHD is designed for high energy (180keV), high power

(15MW) and pulsed operation (lOsec). The decision to use negative ion sources has
provided a substantial challenge. The developmental work in the past several years has
concentrated on extracting 30A~40A of negative ion beam and that goal has been reached.
Aside from this original thought of pulsed high power injection, there is another interesting
path of steady-state operation (-30 min) with lower power. Here, development of a long-
pulse negative ion source is important. The key is in the suppression of the accelerated
electrons, which causes heat load on the downstream grids.

Recently, the shape of the extraction grid hole was optimized so that the generated
secondary electrons would not leak into the acceleration gap and the operational gas
pressure was lowered in order to eliminate the neutralization of the negative ions during the
acceleration, one of the process which produces electrons.

As a result, the heat load of the grounded grid was reduced and production of a long
pulse high-power negative ion beam was obtained ( 330 kW for 10 sec by use of 1/5 grid
area of the LHD-NBI source). Based on this result, a prototype negative ion source has
been designed and fabricated, which has a three-grid single-stage accelerator with grid area
of 25 cm x 125 cm. Negative ion current of 24A has been obtained now with an
acceleration energy of 98 keV for 0.6 sec. In a long pulse test, 1 MW for 10 sec.,
injection was reached as confirmed on the beam dump located 13 m down stream. The
water temperatures of extraction and grounded grids rise to saturated levels suggesting that
it is steady state in effect. The steady-state neutral beam injection into LHD starts in 1999.
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Advanced ICH Antenna Designs for Heating and CD on ITER and NSTX*
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E. F. Jaeger, Oak Ridge National Laboratory, Oak Ridge, TN, US

R. P. Majeski and J. R. Wilson, Princeton Plasma Physics Laboratory, Princeton, NJ, US

G. Bosia, ITER Joint Central Team, Garching, Germany

The requirements for advanced heating and current drive systems in the ion cyclotron
resonant frequency range (ICRF) on future fusion experiments are driven both by physics
and operational motives. Advanced physics scenarios need the rf system to heat either ions
or electrons on demand, to drive current at the center of high density discharges, to control
plasma conditions by manipulation of the heating and current profiles, and possibly to
establish rf-driven transport barriers. Operational requirements demand the delivery of high
power into rapidly varying plasma loads, good performance over a wide range of plasma
density and magnetic field strength, both high reliability and efficient use of installed power
capability, high power density to decrease port space, long-pulse to steady-state operation,
and reactor environment compatibility. Two programs in which ORNL is helping to
advance the level of rf system development are the ICRF antenna design for ITER and the
high harmonic fast wave (HHFW) antenna array for NSTX.

The ITER antenna array is designed to heat both ions and electrons and to drive current
over a frequency range of 40-70 MHz. An ITER prototype antenna (Fig. 1) has been
fabricated and is undergoing vacuum testing at ORNL. One outcome of the Phase I testing
program will be to improve the reliability and power density of the antenna array by
increasing its voltage holding capabilities. Phase II testing will incorporate slow-wave
tunable stubs for wide frequency operation, improved vacuum feedthroughs, and all-metal
(ceramic-free) transmission lines for operation in a neutron environment. Results of the
tests and their impact on design will be reported.

,Port cover

Current strap

1385

Faraday shield
Cavity box

Fig. 1 Side view of the ITER prototype R&D antenna
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The NSTX HHFW 12-strap array has been designed to launch a highly directional wave
spectrum for non-inductive current drive. Modeling has been crucial to several design
decisions because the NSTX antenna must operate in a regime where very little RF
experimental data is available. Specific recommendations were that increasing the number
of antenna straps from 8 to 12 would improve current drive efficiency and that vertical
straps were preferable to slanted straps for most of the important operating scenarios.
Plasma loading calculations, coupled with antenna/power system models, placed
requirements on edge plasma conditions for full power, voltage-limited operation. Current
profiles and CD efficiencies were studied at full plasma current at various beta levels;
startup scenarios were also treated. The array must be capable of rapid inter-element phase
changes to shift the spectral peak to maintain optimum coupling to the thermal electrons as
Te rises during the pulse (Fig. 2). The 12 straps will be driven as six pairs of resonant
loops from six transmitters. The resonant loops will be de-coupled from one another by six
shunt stub tuners, and the relative phasing will be controlled at the low voltage input of the
transmitters. A mockup of this array has been built at ORNL to validate and improve the
electrical models, to develop and test control algorithms, and to measure field amplitudes
and distributions.
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Fig. 2. Expected strap loading during the NSTX discharge evolution; the
transmitter phasing is progressively decreased from 90° to 30° as T. and p
increase.

*Oak Ridge National Laboratory, P. O. Box 2009, Oak Ridge, TN 37831-8071 USA. Research performed
by ORNL, managed by Lockheed Martin Energy Research Corp., for the U. S. Department of Energy under
Contract DE-AC05-96OR22464.



FTP/23 (R)-FTl/4 (R) XA9950971

Development of High Power Long Pulse Gyrotron for ITER
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Results of the high power long pulse gyrotron development with a diamond window are
described. In ECH/ECCD (Electron cyclotron heating/ current drive) system of ITER, 50MW
power injection is designed using 60 gyrotrons of 1MW/CW at 170GHz. In Fig. 1, a
conceptional view of the energy recovery type gyrotron developed in JAERI is shown. A
rotating hollow electron beam is injected along the magnetic field into the oscillation part
(cavity). In the cavity, the RF power is generated via a mechanism of electron cyclotron
resonance maser(ECRM). The RF is converted to optical RF beam using an in-waveguide
mode converter placed at the downstream of the cavity, and is outpulted through the window.
By recovering the rest energy of a spent beam (a beam after the oscillation interaction)
electrostatically to the power supply system, first demonstration of 50% of the overall
efficiency was attained[l] (Output power of 400kW/pulse duration of 4sec at llOGHz). This
energy recovering technique bring about a large saving of the capacity of both power supply
system and cooling system. Followed the success of the 1 lOGHz gyrolron, the development of
170GHz was started.

A heat load on the cavity wall became too large when the conventional oscillation modes
such as TE22,2 or TE22,6 were used. Therefore, very high order mode (TE31,8) was adopted,
which was 1MW/CW relevant mode at 170GHz- In the oscillation design, relatively low pitch
factor o(=rolational velocity/axial velocity) electron beam, a~l , was used to avoid the
instability of the electron beam. For the cavity, the high Q-factor one which had long interaction
length was used to cope with the low a beam. The oscillation efficiency is not so high for low
a beam, but this can be compensated by higher energy recovering ratio. As a result, 50% of the
overall efficiency is expected. Next, the oscillation test was done using a short pulse gyrolron
which had the optimized high Q-faclor cavity. As a result, stable, single mode oscillation of
lMWwas obtained at 170GHz/TE31,8 mode. Following this, a long pulse gyrolron with the
energy recovery system was developed. The design value is summarized in Table 1. In phase I
and II, sapphire and silicon nitride were used as the window materials, respectively. Then, the
output power of 500kW/0.8sec and 180kW/10sec were demonstrated. However, these power
and pulse duration were limited by the large temperature increase of the window due to the RF
absorption. To solve this, a synthetic diamond disk was tested as a window material under
ITER collaboration with EU(especially with FZK). The diamond has low RF absorption ratio
and extremely high thermal conductivity (2000W/mK; 5 limes higher than that of copper). It
was found that the upper limit of the transmission power rise from 0.2MW of the sapphire to
greater than 2MW of the diamond[2]. In Fig.2, pictures of the diamond disk and the window
are shown. Thickness is 2.23mm corresponding to 3 wavelength at 170GHz. An aperture of
the window is 83mm. After developing a water cooling mechanics, the diamond window was
successfully installed on the gyrotron. The window stood the baking temperature of 450deg.C
which is necessary in the fabrication process of the gyrotron, and good vacuum was obtained
(less than lxlO'lorr). In the pulse extension experiment of the diamond window gyrotron,
500kW/5sec was obtained up to now. This is a record of energy output at 170GHz gyrotron.

Up to now, the maximum efficiency of 170GHz gyrolron is limited to 40% even with the
energy recovery. This must be caused by the divergence of the pitch factor of the electron beam.
Next, it is planed to attain the ITER gyrotron requirement by improving the beam quality,
improving the cooling system of the gyrotron and using a high quality diamond disk.
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Frequency
Beam voltage/current
Pilch factor
Q-value
Output power
Total efficiency
Energy recovering factor 2

170GHz
80kV/45A
-1.0
2100
1MW
50%

Pulse duration
Oscillation mode
Output mode(window)
Mode converter
Window phase I

phase II
phase III

Length
Weight

CW
TE31,8
Flat beam
In-Waveguide type
Sapphire
Silicon Nitride
Diamond
-3m
~650kg

Phase Correction
Mirrors t

Corrugated
Waveguid<

-Collector

- Ceramic Insulator

Body/ Body Insulator

Table 1: Design value of 170GHz gyrotron Fig.l: Conceplional view of gyrotron

Cooling Housing

Diamond disk

Water pipe

Fig.2: Picture of diamond window assembly
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Gyrotrons are the most advanced powerful sources of millimetre wavelength
radiation. They are widely used in electron-cyclotron-wave (ECW) systems of fusion
installations. The ITER ECW system requires about 60 gyrotron units with power
1MW/CW per unit operating at the frequency of 170GHz. In the framework of ITER
activity, design and development of the 170GHz/lMW/CW gyrotron are carried out at
IAP in co-operation with industrial companies.

Main problems of developing a gyrotron elaboration for ITER are associated with
attainment of the megawatt RF power level. A modern millimetre wave gyrotron consists
of an electron gun which forms an electron beam with helical trajectories of particles
(typical gun voltage is 70...90 kV, current 20...40 A, pitch factor 1.2...1.4), an electron
beam tunnel, an oversized cavity operating at a high-order mode, a quasi-optical mode
converter, an output window and a collector. At the megawatt power level many of the
gyrotron subassemblies (cathode, cavity, window, collector) have to operate at thermal
loads close to their limits. Development of the 170 GHz gyrotron is based on the
experience of successful elaboration of long pulse 110 and 140 GHz GYCOM gyrotrons.

The magnetron injection gun designed for the 170 GHz gyrotron forms a quasi-
laminar electron beam with high current (40 A), which passes the tunnel without
instabilities. This resulted from thorough optimization of the shape of the gun electrodes
and technology of the emitter fabrication. The dependencies received in experiment are
in good agreement with results of numerical simulations.

Stable single-mode high-efficient generation in an oversized cavity at the megawatt
level of output power becomes an extremely complicated problem at high frequency
especially because this problem has to be solved within a number of limitations. The
most difficult one is limitation of the density of Ohmic losses in the cavity walls since
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energy removal in the most efficient cooling systems does not practically exceed 2 - 3
kW/cm2. The mode TE25.10 was chosen as the operating one. Gyrotron operation at such
a high mode and use of novel cooling system for the cavity allows operation at the
megawatt power level.

The converter separates RF radiation and the worked-out electron beam, transforms a
complicated cavity mode to a paraxial wave beam. The converter includes a specially
shaped waveguide end and several mirrors. The mirrors are profiled to provide: low
diffraction losses inside the tube, the optimal RF power distribution over an output
window, matching of the output wave beam to a transmission line.

The problem of the output window is the main difficulty that hinders creation of 1
MW/CW gyrotrons. Different materials and window designs are under investigation. The
most promising approaches for elaboration of a CW window for high-frequency ECW
gyrotrons are associated now with new developed materials having low RF losses and
high thermal conductivity such as Au-doped silicon and artificial diamond.

The collector with dynamic scanning of electron beam it by means of additional coils
generating magnetic field of the saw-teeth form is used. It is compatible with CPD
regime allowing to attain higher gyrotron efficiency, over 50%.

Experimental study of the 170 GHz gyrotron is carried out along two main lines.
New principal solutions in the gyrotron scheme are typically tested in short pulse (50 us)
prototypes. So the output power level I MW was achieved in the design regime with
efficiency 34% in the scheme without voltage depression and the gyrotron efficiency was
near 60% when the single-stage depressed collector was applied. After these tests two
versions of a long pulse industrial gyrotron were designed and first experiments were
performed. The simpler version with a BN window and without depressed collector
showed the stable gyrotron operation with parameters lMW/lsec, 0.5MW/5sec,
0.27MW/10sec. In all regimes the gyrotron efficiency corresponds to the calculated
values. The tests also confirmed reliable operation of cooling systems. The second long-
pulse CPD version tests at pulses up to 20 seconds are planned for this year.

Conclusion

The possibility of development of the 170 GHz /I MW/CW gyrotron has been proved
in recent theoretical and experimental studies. Principal steps have been made in solving
the most acute gyrotron problems such as: stable and efficient gyrotron operation at very
high operating mode; gyrotron efficiency enhancement by means of a depressed
collector; output window development. Experimental and industrial prototypes of the
170GHz/l MW/CW gyrotron show design parameters. These points make a reliable basis
for elaboration of a tube operating in the full-scale regime.
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A new method of gas fuelling —pulsed supersonic molecular beam injection (MBI) has been

developed successfully in the HL-1M tokamak. It is an attempt to enhance the penetration depth and

the fuelling effect, whereas to reduce the recycling coefficient and the pumping system load. MBI is

an improvement of conventional gas puffing (GP). It is comparable in performance to the small and

slow pellet injection in HL-!M | ! :. HL-1M is a circular cross-section tokamak with R = 1.02 m, a =

0.26 m, B, < 3 T, Ip < 350 kA and two full poloidal graphite limiters located at toroidally

symmetrical sections. The background pressure of the vacuum chamber normally is 1 X 10"sP«.

The supersonic molecular beam source used here is a free jet. Figure 1 shows the features of

a free jet expansion under continuum conditions'21 and its injection into the plasma. The source

consists of a small chamber in which the working gas can be kept at a definite pressure Po and

temperature T« The gas with a small start velocity (Mach number M « l ) is accelerated by an

imposed pressure difference ( Po - Pb ) through a short converging nozzle and into the vacuum

chamber of HL-1M. If the background pressure Pb of HL-1M is low enough and the ratio of Po/Pb

exceeds a critical value 2.1, then M equals one at the throat of the nozzle. Beyond the exit the gas

flow expands isentropically. As the flow area increases , a supersonic flow increases velocity, M

continues to increase and becomes far greater than one in the zone of silence. The distance between

the nozzle and the Mach disk shock, measured in nozzle diameter rf. is given by Xni/d = 0.67

(P«/Pb)'". In the present experiment, d = 0.1mm and PC/PI)>1 X 107.

Mach disk shock

FIG. 1 Schematic diagram of supersonic molecular beam injeciion into the HL-1M plasma.

Pulsed free jets are adapted for reducing Pb and elongating XM, SO that it can inject directly

into the HL-IM plasma before the Mach shock appears. In recent experiment, the pulsed supersonic

hydrogen beam velocity is above 500 m/s and the Mach number M > 2 . About 6 X 1019 molecules

pass through the nozzle and into the vacuum chamber in each pulse. With penetration depth of

hydrogen particles beyond 10 cm, the ramp-up rate of electron density, dne I dt, was as high as

2.9 X 1020 m ' V with steady state and the resulting plasma density reached ne= 8 X 1020m'3

( Shot 4965. Pure ohmic heating plasma with current slowly rising to 186 kA, Bt = 2.4 T) with

reduced impurity concentration. The density profile peaking factor, Q^ after MBI reached a

maximum value about 1.65. The energy confinement time T p measured by diamagnetism is 10-20

% longer than that of GP results under the same operation conditions, as is shown in Figure 2. It is

argued that the peaked density profile induced by the deepened particle injection is a factor essential

for the confinement improvement, because the penetration depth of hydrogen particles is only 3.6

cm and the Qn normally is less than 1.4 for GP plasma in HL-1M, and the maximum plasma density

reached 6.2 X 1019 m'3 ( Shot 4876, its operating conditions are the same as Shot 4965, except Ip

=193 kA).

35

30

25

"ST 20

t> 15

10

5

0
0 1 2 3 4 5 6 7 8 9

nOO^m-3)

FIG. 2. Variation ofenergy confinement time Tg with « e i n H L - l M . Ip = (150-200) kA,

B, = (2.4-2.5) T. q,5 = 3.9-5.5.

\ ; ; ! - » - ! • . *

A. : : !

»GP

REFERENCES

[1] YAO Lianghua, TANG Nianyi, CUI Zhengying, et al . ," Plasma Behaviour with Molecular

Beam Injection in the HL-IM Tokamak", Nucl.Fusion 38(4) (1998), in publication.

[2] Scoles, G., '"Atomic and Molecular Beam Methods" (Volume 1), New York, Oxford, Oxford

University Press, (1988) 15.

285



FTP/26 XA9950974

Conceptual Design of Pebble Drop Divertor
M. Isobe, Y. Ohtsuka, Y. Ueda and M. Nishikawa

Graduate School of Engineering, Osaka University, 2-1 Yamada-oka, Suita, Osaka 565-0871,

Japan

Future commercial fusion reactors will come to accommodate higher power density core

plasma than those of ITER EDA design [1]. Divertor plates of such high power density

tokamaks will be irradiated by very high heat and particle load. Therefore, the removal of

high heat load and the reduction of surface erosion of divertor plates become major issues of

fusion engineering.

A pebble drop divertor is a new concept resistant to the environment of very high heat

load (> 20 MW/nf) and particle loading (> 1024 atoms/nr-s). The conventional stationary

divertor cannot operate under such an environment. In the pebble drop divertor, a large

number of small ( 1 - 2 mm in diameter) refractory pebbles (divertor pebbles) are falling in

the divertor space to form a pebble curtain and cover striking points of heat flux [2].

Although there was a simple movable limiter concept study by using graphite spheres

( 1 0 - 2 0 mm in diameter) [3], a marked feature of our pebble drop divertor system is to use

functional multi-layer coating pebble (Fig. 1 [2]). Each layer has different functions that are

necessary for divertor materials. The surface layer can be selected from the viewpoint of

plasma surface interaction and it provides the functions of the impurity gettering and the fuel

gas pumping. A kernel plays an important role of mechanical and thermal properties of the

whole pebble. By selecting an intermediate layer as a tritium permeation barrier, the pebble

can be designed to absorb the fuel gas and ash gas to keep low bulk tritium retention. In the

stationary divertor plate, the improvement of wall characteristics by coating technique cannot

be applied due to particle impact erosion. However, in the pebble drop divertor, each pebble

is irradiated for very short time and the surface of the divertor pebble is not worn out during

irradiation at all. Moreover, eroded pebbles can be removed outside the divertor space.

Tritium permeation
barrier layer

Drop Controller

Plasma facing
D=1-2mm | a y e r

Fig. 1 Sectional view of multi-layer
coating divertor pebble

Heat Flux

Particle

Fuel and »,
Impurity Gas

New
Pebbles

Separation Stage

Regeneration
Stage

Eroded
Pebbles

\ Heat Exchanger

Fig. 2 Schematic diagram of pebble
drop divertor system
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Figure 2 shows a schematic diagram of the pebble drop divertor. It consists of a drop

controller array, a regeneration stage, a heat exchanger and a pebble separation stage. The

drop controllers eject pebbles at appropriate intervals to form the seamless pebble curtain.

The irradiated pebbles are transferred to the regeneration stage, in which the pebbles release

absorbed fuel gas, impurities and He ash. After regeneration, the pebbles are cooled down in

the heat exchanger and eroded ones are removed in the separation stage.

To design the real pebble drop divertor system, there are some engineering issues to

develop, such as the pebble transportation and the precise control of dropping pebbles. At the

first phase of conceptual design, we investigate operation limits of pebble divertor system.

These mainly depend on the thermal and mechanical characteristics of pebbles. For the

assessment of pebble characteristics the induced thermal stress and surface temperature rise

by the surface heat flux are the key points to note. These factors determine the maximum

allowable heat load to the pebble. We estimate the maximum heat load and the surface

temperature rise in the typical operation, in which the pebbles drop from 1 m above high heat

flux zone and the width of the zone is about 0.1 m (the irradiation time is about 30ms). The

maximum heat load is calculated by comparing the fracture strength of kernel material to the

induced thermal stress by uniformly distributed surface heat load. Figure 3a shows the maximum

heat flux of various candidate kernel materials as a function of the pebble radius. Figure 3b

shows the surface temperature rise with heat flux of 30 MW/m" in the typical operation.

These results show the upper limit of the pebble radius determined by the thermal stress and

the lower limit determined by the surface temperature rise. Therefore, the divertor pebbles of

0.5 - 2.0 mm in radius can be used for the high wall load divertor system.
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Fig. 3 The maximum heat flux and the surface temperature rise of divertor pebble in
typical operation of the pebble drop divertor.
(a) Maximum heat flux as a function of pebble radius (irradiation time: 30ms)
(b) Surface temperature rise, 30MW/nf.
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A new concept of a liquid lithium tokamak reactor [1] and the first experimental
results for its support [2] were presented at the 16th IAEA Conference on Fusion Energy.
The theoretical estimates, calculated and experimental works have been performed in the
confirmation and progress of this concept during the last two years.

The reactor conceptual study was aimed at rough draft and schematic analyses of
in-vessel and out-vessel liquid lithium cooling and tritium breeding systems on the basis of
foil elimination of water cooling within reactor vacuum vessel. Such reactor with a fusion
power of the order of 3 GW will contain about 600 m3 of lithium by the estimates. The
tritium equilibrium content in reactor will be less 130 g. The reactor net efficiency will be
in the range of 30 - 37%.

The ITER test blanket module design like to reactor self-cooling lithium-lithium
blanket schematic has been proposed. The V-Ti-Cr alloy as a structural material with
operating temperature of up to 700°C, Be as a neutron multiplier, WC and W as a
radiation shielding material are proposed to application. The structural materials choice
validity is supported by the results of comprehensive studies on their corrosion resistance
to lithium under different conditions. The blanket test module design have based on the
neutron-physical, thermophysical, strength calculations and estimates.

Proceeding from the plasma- and thermophysical calculations the lithium divertor
versions of reactor based on the lithium capillary-gore system (CPS) have been proposed.
This trouble-free servicing divertor is capable of operating under stationary thermal loads
of up to 100 MW/m2. The special electron-beam experimental facility has been developed
for experimental evaluation of lithium CPS availability as divertor target plates material.
The test possibility of diaphragm with lithium CPS on fusion device T-l 1 is under
investigation now. The obtained experimental results on plasma irradiation of the lithium
CPS under closed to tokamak reactor disruption conditions (hydrogen plasma, n=(0.5-1.0)
1016 cm'3, t = 250-700 |is, Q = 0.4-1.5 kj/cm2) and the theoretical analysis first stage of
the plasma interaction with lithium CPS allows to understand the mechanisms, which
provides its unique protective properties under divertor operating conditions. The

quantitative assessment of ion and lithium neutral penetration from divertor area to reactor
main plasma has confirmed the feasibility of the liquid lithium fusion reactor concept.
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The electromagnetic force due to plasma disruptions is one of the main subjects in the design of the
tokamak reactors. The induced eddy currents and the halo currents conductively transferred from the plasma
halo region to the in-vessel components during a vertical displacement event (VDE) disruption are the most
dangerous sources of the electromagnetic forces on tokamaks. Therefore, it is necessary for the design of
future tokamak reactors to analyze these phenomena sufficiently.

One of the essential parts for this analysis is the modeling of the in-vessel components with high
accuracy. For example, the characteristics of halo current significantly depend on the shape of the in-vessel
components since the halo current enters the part of the in-vessel components and the current pattern is the
helical current. Especially, it is important to take into account the three-dimensional shape of in-vessel
components. In TSC modeling code, although the in-vessel components and the plasma are represented by
an axisymmetric model simultaneously, the three-dimensional effect on the in-vessel components is not
taken into account In the analysis by the finite element method, the three-dimensional model and the simple
filament model are adopted for the in-vessel components and the plasma, respectively. However, the plasma
halo region is not modeled and only the value of halo current in poloidal direction is given. In this paper, the
eddy current analysis has been carried out by dealing with the three-dimensional shape of the in-vessel
components and modeling the plasma halo region simultaneously.

The model used on the in-vessel components is the three-dimensional thin shell approximation and the
tool used is the EDDYCAL code by the finite element method! 1]. For the motion of plasma halo region, it is
very difficult to solve the multi-dimensional equation of the motion directly. In this paper, instead of solving
the motion of equation, the plasma halo region is modeled by the thin shell approximation in the same
manner as the in-vessel components and the time evolution is represented by giving the shape and the
resistivity of the plasma halo region at each period. The helical current path of the halo current is modeled
by considering the inhomogeneity of the resistivity in the plasma halo region. That is, it is assumed that the
resistivity on the direction along the magnetic field line is different from the one of the perpendicular
direction with respect to the magnetic field line. Furthermore, the time evolution of the magnetic flux on the
plasma halo region is taken into consideration instead of the velocity.

The parameters used for calculations are the TTER design[2]. Figure 1 shows an example of the mesh
model for the plasma halo region and the in-vessel components used in this study.. In Fig. 1, the model
represents an 18-degree sector of torus and includes the vacuum vessel, the back plate, the blanket modules,
the gas seal, the divertor cassette and the plasma halo region. The plasma halo region is modeled by two
thin shells approximation as shown in Fig. 1. Furthermore, it is assumed that the plasma current decays
linearly to zero in 10 ms.

The calculation results are shown in Figures 2 and 3. Figure 2 shows the time evolution of halo and
eddy currents in some components. In Fig 2(a) and 2(b), the toroidal and poloidal components of the
currents are shown, respectively. As shown in Fig.2, the largest peak toroidal current is found in the back
plate and the largest peak poloidal current is found in the divertor cassette, respectively. In this study, it
makes a special feature of splitting the halo current into the toroidal and poloidal components by applying
the thin shell model to the plasma halo region. Especially, the peak toroidal halo current (t = 5ms) in the
plasma halo region is 30% of the total current and can not be neglected. Figure 3 shows a typical pattern of
current flow in the divertor cassette, which has the largest peak poloidal current. In figure, two large current
densities are found in the wings and the upper part of the divertor. The toroidal distribution of the eddy
current densities in the upper part of the divertor is non-uniform, and this result shows the three-
dimensional characteristics in the in-vessel components. Furthermore, the electromagnetic force per divertor
cassette is about 1.9 MN.

In conclusions, the in-vessel components and the plasma halo region were modeled by the three-
dimensional thin shell approximation and the eddy current analysis has been carried out, and it is essentially
important for the design of tokamak reactors to deal with the in-vessel components three-dimensionally and
to model the plasma halo region.

•Permanent address: Research and Development Center, Toshiba Corporation, Kawasaki 210-0862, Japan.
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Ceramic breeder blanket development has been widely conducted in Japan from fundamental
researches to project-oriented engineering scaled development. The target of the latter activities is the
breeding blanket for DEMO reactors, while the former activities provide information on fundamental
understanding of the basic phenomena and innovative concepts to the latter activities. A lone term R&D
program has been launched in JAERI since 1996 as a course of DEMO blanket development. The
objectives of this program are to provide engineering data base and fabrication technologies of the DEMO
blanket, aiming at module testing in ITER currently scheduled to start from the beginning of the ITER
operation as a near-term target.

Two types of DEMO blanket systems [ 1 ] have been designed to be consistent with the DEMO
reactor design in JAERI (SSTR : Steady State Tokamak Reactor) [2J. The primary blanket concept, as a
near-at-hand concept, is high temperature and high pressure water (pressure of 15 MPa and inlet/outlet
temperatures of 280°C/320°C) cooled ceramic breeder blanket .based on well-experienced PWR
technologies. The alternative concept is a high temperature helium gas (8.5 MPa and more than
360*C/480°C) cooled ceramic breeder blanket with inherent safety and potential higher efficiency. Both of
them utilize packed small pebbles of breeder Li,0 as a candidate) and neutron multiplier (Be) and rely on the
development of advanced structural materials (a reduced activation ferritic steel F82H) compatible with high
temperature operation. Both of blanket design refurbished as an ITER test module design [31. A layered
configuration of breeder and beryllium packed beds is applied to maximize the tritium breeding performance.
Temperatures of the breeder layers are designed to be maintained between 450°C and 75O°C 10 enhance in-
situ tritium release with keeping materials integrity as well, while those of the beryllium layers are kept
below 60U°C to avoid excessive swelling. Evaluated local tritium breeding ratios are 1.2 and 1.3 for water
and helium concepts, respectively. The long term R&D program in Japan is mainly composed of a)
fabrication technologies development and elementary tests, b) in-pile tests with some instrumentation
development and c) out-of-pile thermo-mechanical performance tests, and is consistent with materials
irradiation program. As the beginning of the long term R&D, the fabrication technology development and
elementary tests have been intensely performed, resulting successful fabrication of the first wall panel by
F82H shown in Fig. 1. The following is the recent achievement of the fabrication technology development
and elementary tests, featuring the fabrication technology development of blanket box structure by FX2H.

In the fabrication technology development for the blanket box structure and the first wall. R&D of
advanced fabrication method such as HIP (Hot Isostatic Pressing) bonding have been conducted to examine
optimum HIP conditions and H e a d e r s ( S S 3 Fjrs t W g | | P a n e |

following post heat treatment ^ Ten Cooling Channels (F82H)
procedures for F82H. and identified
were l.o-KV'C and 150 MPa for 2 lir
and 7-M.rC for 2 In- for HIP and post
heat treatment conditions, respectively
14]. Mechanical properties of F82H
alter these thermal processes have
been proven almost equal to those of
the base metal [5J. By applying
these process conditions to F82H
plates, small-sized first wall panels
with ten rectangular cooling channels
embedded have been successfully
fabricated |6| . Fabricated first wall
panel is shown in Fig. 1. The
dimension of the fabricated first wall
panel agreed with design dimension in
the ranae of I to 2 mm deviation.

Therm

Fia. I

A-A Cross-section

Appearance of F82H first wall panel fabricated
by HIP bonding method.

Outgassing characteristics of F82H have been examined by through-put method, and after four cycles of
bakeout at the temperature up to 300°C, ultimate outgassing rate of 3 x 10'9 PamVsm2 has been achieved [7],
which seems sufficient to keep high vacuum needed for plasma operation, though it is higher than the
austenitic stainless steel (SS316) by an order of magnitude. Hydrogen gas absorption characteristics of this
steel has also been examined by using thermo-balance, and roughly one order higher absorption has been
observed compared with SS316 [8].

As one of the elementary tests, compatibility among beryllium, breeder materials and structural
materials has been investigated, because it is the critical and urgent issue to select the candidate structural
material due to the reactivity of beryllium[9]. Recent results of F82H with beryllium has clarified that the
growth rate of the F82H reaction zone showed a smaller reaction rate than SS316 by an order of magnitude,
and it implies that the temperature of beryllium/F82H interface is limited not from their compatibility but
from other factors such as beryllium swelling. The compatibility of F82H and Li2O was also shown in the
same order of magnitude with beryllium . Mechanical and thermal properties of packed small pebbles are
key design issues, and engineering data on equivalent thermal conductivity [10], packing characteristics and
purge gas flow characteristics through the bed [11] have been investigated as important engineering issue for
designing pebble layers of breeder and multiplier. Recently, a hot wire method, a standardized method for
measuring thermal conductivity of less thermally conductive materials, has been applied to measure the
equivalent thermal conductivity of beryllium and Li2O pebble beds [12].

With respect to the breeder pebble fabrication methods, rotation granulation method has the
primary potential of mass production[ 13], while sol-gel method has been proposed with advantages of mass
production and reprocessing with successful results of trial fabrication of Li2O and Li2Ti03 pebbles [14,15].
Irradiation tests of ceramic breeder, Li2O and Li2ZrO3 conducted in IEA BEATRIX-II program have
confirmed integrity of the test specimens and sound tritium release up to 5% lithium burn-up [16,17].
Thermal cycle fatigue tests have been performed by applying thermal cycle to three types of ceramic breeder
pebbles, and integrity of Li2O pebbles fabricated by rotating granulation method has been verified, while the
other two ternaries, Li2ZrO3 and Li4SiO4, showed a large fraction of fragmentation [18]. As for the
beryllium pebbles, rotating electrode method [19] has been identified as the candidate method for obtaining
less impurities and better sphericity.
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We have devised force balanced coils (FBCs) [1,2] which drastically reduce the centering
force, a vital issue concerning high-field tokamaks, and have designed a sub-ignited tokamak
reactor utilizing FBCs [3]. Since multi-pole helical coils are used to balance the net hoop force
and the net centering force due to the toroidal and poloidal current components, respectively,
the force-balanced winding provides poloidal magnetic flux. Thus FBCs can function both as
toroidal field coils and as a central solenoid, which simplify the coil systems of tokamaks so
that the construction of a pulsed high-field tokamak for fusion burn experiments would become
easier. We manufactured a tokamak with FBCs to demonstrate the reduction of electromagnetic
forces, plasma production and confinement in it. To ramp up the plasma current stably avoiding
stray-field effects due to eddy currents, we adopted a two-step coil excitation scheme which
enables us to bring plasma breakdown when some strength of the toroidal field is established.

The machine and operational parameters of the small tokamak called as "TODOROKI-1",
which means force balancing in Japanese, are summarized in Table 1. The force-balanced
winding of TODOROKI-1 is illustrated in Fig. 1, in which a FBC is shown by darker hatch.
The number of FBCs is eight and the winding pitch is five poloidal rotations round the torus.
The cable is made of 500 copper wires whose total cross section is 13 mm2, and high-tension
Kevlar of about 1 mm2 for reinforcement. It was verified by a tensile test that the ultimate
tensile strength of the cable rose from 270 kgf to 400 kgf without and with Kevlar,
respectively, which implements the support of the hoop force in the minor radial direction.

The poloidal cross section of the device is shown in Fig. 2. The winding-frame board is
made of glass-fiber reinforced plastics (GFRP) whose thickness is 15 mm. The upper and
lower boards hold 40 winding-frame boards, and thereby support the centering force and the
overturning force. The side-support boards also resist the overturning force. Since the centering
force is drastically reduced with FBCs compared to that with conventional toroidal field coils,
polymethyl methacrylate with a thickness of 30 mm can be used for the upper and lower
boards. The hoop force in the minor radius direction is supported by the tension of the cables.
Measurements with a load cell demonstrated that the centering force was reduced by an order of
magnitude compared with the computed one of the TF coils of the same dimension.

Table 1 Parameters of TODOROKI-1

Major radius
FBC minor radius

Plasma minor radius

0.297 m
0.115 m
0.055 m

Maximum toroidal field on axis 2 T
Maximum plasma current

Capacitor bank
40 kA

4 mF, 12.5 kV
300 kJ
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Fig. 1 FBC winding of TODOROKI-1

Error-field canceling coils are connected in series with FBCs to minimize the error vertical
field generated by FBCs. The vacuum vessel made of 2.8-mm thick SS304 is toroidally
insulated. Eight flux loops and a Rogowski coil are mounted on the outer surface of the vessel
to measure poloidal fluxes and the plasma current, respectively. Sine and cosine coils with
varying cross sections were wound along the bore of two winding-frame boards for FBCs to
monitor plasma displacements. Two toroidal-flux loops were installed on the inside and outside
of the vessel to check skin-current effects. 16 magnetic pick-up coils are mounted on the inside
of the vessel to investigate plasma equilibrium.

The eight FBCs were connected in such a way that four sets of two-parallel FBCs are in
series to double the induced one-turn voltage. The capacitor bank was divided into two blocks,
one of which is discharged first to magnetize FBCs. The other block is discharged afterward to
ramp up the plasma current at some strength of the toroidal field due to the first coil excitation.
The peak plasma current up to 10 kA was achieved by 7-kV charging of 1-mF and 3-mF
capacitor blocks for the first and second coil excitations, respectively. From measurements with
a Langmuir probe and a triple probe, the electron temperature and the electron density at the
current peak were found to be around 20 eV and (1-3) x 1019 nr3 , respectively [4].

An example of the plasma current waveform is shown in Fig. 3 together with the traces of
horizontal and vertical shifts of the plasma column evaluated with the sine/cosine coils. The
plasma displacement was cross-checked by computing the position of the current centroid
through approximating the plasma current by six filaments [5], The calculated plasma current
from the pick-up coils agrees with the measured one from the Rogowski coil quite well. The
plasma column is well controlled at the center of the vessel within the time constant of shell
effects. Thus we have demonstrated stable plasma confinement in the tokamak with FBCs.

Higher plasma current is expected by improving the decay index of vertical fields in
addition to discharge cleaning through monitoring light impurities with a visible polychromator.
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Fig. 2 Poloidal cross section of TODOROKI-1. Fig. 3 Comparison of plasma current and
plasma shifts from magnetic data.
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Gas Dynamic Trap as a High Power Neutron Source for
Accelerated Tests of Materials.
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At present, the development of the world fusion reactor program is concentrated on the ITER project.
However, even in the case of successful execution of this project it cannot fulfill the required function of
high power neutron source for candidate materials testing of future fusion power plant. The fusion reactor
cannot be built without performing extensive program dedicated to qualify the materials to be used in the
reactor core under high power irradiation by HMeV and secondary neutrons. Among the problems to be
solved can be mentioned the following ones: H, He, dpa production rates, neutron activation of materials,
degradation of conductivity of metals, etc. These materials either existing or to be created, should be of
high mechanical endurance and should retain adequate electrical properties before the reactor shutdown.
Besides, it is desirable to use low activated materials with mentioned above properties. Among the main
currently available materials for the first wall there are ferritic-martensitic steels and vanadium alloys which
have sufficiently long operating time. But even in this case one should replace the first wall segments after
a few years. If such segments will be irradiated within 10 years with a neutron wall load of 2 MW/m2

the level of radiation damages will achieve 200 dpa. The ITER will provide only about 2 dpa per year.
Therefore it becomes clear that the requirement of material scientists to have separate high power dedicated
neutron source with a flux density even more than 2MW/m2 is absolutely necessary. The program of
materials testing cannot be fulfilled without such a source. Compared to other proposed schemes plasma
based neutron source which produces nearly monochromatic 14 MeV neutrons look the most attractive.
One should pay attention that in sprite of the fact of appearance of large number of secondary neutrons
produced in matter surrounding the plasma of fusion reactor, the most substantial effects in a radiation
modification of materials are caused by the neutrons of high energy. Besides, one can add, that calculated
neutron spectra of ITER and plasma based neutron source are similar to each other. From the other side,
D-T reactions don't produce neutrons with energies more than 14 MeV. Accelerator based neutron sources
have such neutrons. As a result undesirable effects can be obtained in the irradiation process. Besides, the
testing zone area is too small and cannot solve many problems of materials testing. Thus, one can conclude,
that the program of material testing cannot be fulfilled without plasma based dedicated neutron source. At
present, such a source can be built on the basis of mirror machines or compact tokamaks with low aspect
ratio (like START). Taking into account that minimum area of irradiated wall of a tokamak can not be done

20 -f- 27 kg of tritium. If one tries to increase the neutron flux density, say, two times, this will be absolutely
unreal because of the fact that commercially available amount of tritium in the world is less than 5 kg/yr.
In the case of mirror based neutron source the area of the zone with intensive neutron flux can be done of
the order of 1 ro~. At the moment the most well studied project of the mirror-based neutron source exists
in the Budker Institute of Nuclear Physics (Novosibirsk, Russia) [I, 2]. This project uses the idea of oblique
injection of fast atoms into a warm plasma confined in so called Gas Dynamic Trap (GDT), — a mirror
machine with a high (R > 10) mirror ratio. Fast atoms passing through the plasma will convert into fast
ions. The population of the energetic ions appears in the trap. In the vicinities of the turning points the
longitudinal velocity of energetic ions is close to zero. At the same time the transversal velocity will achieve
its maximum. If one injects fast atoms of tritium into deuterium plasma or deuterium and tritium atoms
even into hydrogen plasma, H M e V neutron flux will be created mostly in the ranges of turning points.
This concept has been already presented earlier [1, 2]. The accumulation of sloshing ions was demonstrated
experimentally [3], Estimations showed that GDT based neutron source can produce uncollided neutron
source with flux density of the order of 2 M W/m2. Taking into account recent progress in production of
strong (up to 20 T) magnetic field with the aid of usual superconductors [4], so as in the technique of neutral
beam injectors we revised the results of our calculations. One of the aim of the revision was to study the
conditions where the GDT based neutron source is capable to generate power flux density of the order of
3 4- iMW/m2. In Fig.l a dependence of HMeV neutron flux on the injection energy of D-T mixture is
presented {nt/nd = 1.28). The electron temperature of the order of W2Binj is assumed (it is rather well
established that under this condition microturbulence does not excite in a plasma). Maximal flux density

4 -

2 -

Wn, MW/m2

Te, keV

1.5

Figure 2:

can be achieved in this case for the injection energies (shown in Fig.2) of the order of 250 keV. As it is seen in
Fig.2 even more than 4 MW/m2 can be achieved with smaller injection energy of D-T mixture if the electron
temperature will be a little more than 10~2Einj. It is significant to note that the tritium consumption does
not exceed several hundred grams even for 4 MW/rn2 in the case of the discussed scheme.
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During the last few years, the behaviour of helium in metals has gained
considerable interest, because it can cause embrittlement and other materials
degradation in components of advanced future nuclear energy systems (fast fission and
fusion reactors). Most of these effects are caused by the nucleation and growth of
helium bubbles which inevitably form at elevated temperature because of the
vanishingly small solubility of helium in solids.

The first wall of fusion reactor is also subject to high hydrogen ion and atom
fluxes. It has been assumed that due to the higher diffusivity and release rate of
hydrogen than those of helium in most candidate materials, the effect of hydrogen is
minimal. However, the role of hydrogen for microstructural changes, such as void
swelling, has not been well understood. It is established that hydrogen may be trapped
at particular defect sites in metals [1]. The purpose of the present study is to determine
combined helium-hydrogen effects as trapping of hydrogen around or near helium
bubbles and the influence on size distributions of bubbles as a function of helium
content and periods of annealing at 1273 K.

99.995% pure nickel foils of 100 urn thickness were annealed at 1373 K for 2
hours in a vacuum better than 10"5 Pa. Homogeneous helium implantation at room
temperature was achieved by varying the range of the 28 MeV a-beam of KFA-Julich
(Germany) Compact Cyclotron by a wheel that continuously rotated 50 Al foils of
different thickness through the beam [2]. Samples with nominal helium concentration
of 30, 100 and 300 appm were obtained. Subsequently, these samples were deuterium
(1018 D* 7 MeV ions per cm2) at room temperature irradiated by the Bucharest U-120
Classical Cyclotron [3]. Then, the samples were annealed at 1273 K for 1, 10, 100 and
1000 hours in a vacuum.

From each of the helium + deuterium implanted specimen areas 3 mm disks
were punched out. The disks were electrochemicaliy thinned by jet polishing using a
TENUPOL STRUERS JET apparatus and two chemical solutions, perchloric acid plus
ethanol at 0°C and sulphuric acid plus glycerine at 10°C. The specimens were
investigated in a JEOL TEMSCAN 200 CX microscope operated at 200 kV and in a
TESLA BS 240 microscope operated at 120 kV.

Our results (unfortunately, there are some missing points, because some
specimens were damaged during thinning), suggest that apparently, there are two
categories of bubbles: "small" in bulk (matrix) bubbles and "large" (grain boundaries
and dislocations) bubbles. Evidently, it is a conventional classification, the essential
difference being the affiliation of "small" bubbles strictly to matrix and of "large"
bubbles strictly to grain boundaries and dislocations. Critical sizes to separate them are
30 nm for 1, 10 and 100 h annealing periods and 100 ran for 1000 h annealing period,
for all He concentration values.

The n» values for small bubbles (6 to 30 nm) are much larger than the values
reported in literature for the same type of bubbles in the case of simple He implantation
(1.5 nm for 1273 K), so, we could assume an Ostwald ripening coarsening mechanism
via helium, hydrogen(deuterium) and vacancy resolution and reabsorption.
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An exception seems to be the 1000 h annealing period data, where a
"clustering" phenomenon is observed. The appearance of such structures of very large
bubbles cannot be explained for the moment. Probably, during this long annealing
period an unusual concentration of defects facilitates this very enhanced bubbles
coarsening. We could mention that even for 300 appm, lOOh annealing period case,
small "clusters" (2-3-4 "small" bubbles in the bulk) were observed.

As concerning small bubbles volume densities versus annealing periods,
between 1 h and 100 h we observe a relatively constant value for all He doses (with
only a significant decrease for 300 appm-100 h, where isolated "clusters" were
reported). For 1000 h, due to the strong "clustering" phenomenon above mentioned,
the densities values are two orders of magnitude lower (from 1021 m"J to 1019 m"3).

As concerning possible bubbles coarsening mechanisms, from [4} results for
He concentration values as ours, but in the absence of D implantation, matrix bubbles
(diameter values less than 1 nm) can coarsen by migration and coalescence of He
atoms and vacancies, moderately reduced by the observed high internal pressure, while
Ostwald ripening is completely suppressed. This one is observed for grain boundaries
bubbles in which the pressure is low or relaxes during annealing mainly due to surface
vacancies. In our cases, the large diameter values for matrix bubbles (> 5 nm) exclude
high internal pressure for 30-300 appm He concentration values and, consequently, the
migration and coalescence mechanism and suggest even for matrix bubbles the
Ostwald ripening mechanism.

So, we could assume a relatively important role of hydrogen isotopes trapped
in grain boundaries as active vacancy source, but even as H(D) atoms source (the
internal pressure for H is lower than the internal pressure for He bubbles) contributing
to Ostwald ripening for the "large" bubbles. For the "small" bubbles, this contribution
is, probably, reduced; this fact could explain the difference in rB values The cracks
induced by H irradiation around the He bubbles could also play a role in the coarsening
phenomenon. We can conclude, for our analysed cases, there is only one coarsening
mechanism for "small" and for "large" bubbles: the Ostwald ripening, the difference in
TB values being due to the different H contribution, which even smaller in matrix than
in grain boundaries, is sufficient to transform the migration and coalescence coarsening
mechanism in the bulk into an Ostwald ripening mechanism by the created vacancy
sources.
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Neutron spectra behind iron slabs of different thickness have been measured in
the energy range from 1.6 MeV to 14 MeV employing a proton recoil spectrometer.
The measured results have been compared with the predicted ones using the three
dimensional Monte Carlo code MCNP 4A [1] and point-wise cross sections from the
ENDF/B-IV and ENDF/B-VI data files.

The variable energy cyclotron MGC-20E at ATOMKI has been used to
produce source neutrons via the reactions 2H(d,n)3He at Ed= 9.4 MeV and 9Be(d,n)I0B
at Ed = 9.7 MeV. Neutrons produced using a deuterium gas target had anisotropic
distribution and their energy spectrum peaked at 12 MeV and 4 MeV at 0 deg.
Employing a 9Be thick target, neutrons were produced with continuous energy
distribution up to 14 MeV with mean energy of 3.4 MeV.

A 5 cm dia x 5 cm long NE213 liquid scintillator has been used as a detector. A
standard ORTEC technique based on leading edge timing has been employed to
discriminate the gamma-ray events against neutron ones. Neutron spectra were derived
from the measured pulse height distributions by using unfolding code based on the
differentiation method. The maximum error of the restored neutron spectra totals 10%.

The iron slabs were disk-shaped of 30 cm diameter. The thickness of the slabs
used are given in Table I. The source-detector distance was 76 cm. In the case of
2H(d,n)3He source, the spectra of transmitted neutrons were measured at 0 deg and 10
deg relative to the deuteron beam axis keeping the distance between the detector and
the front wall of the slab 61 cm and 32 cm, respectively. For the 9Be(d,n)10B, source
the detector was positioned just behind the slab.

The source spectra were used to normalise the experimentally obtained results
as well as to describe the energy distributions of the source neutrons used in the
calculations. The spectral yield was integrated over wide energy intervals and then
calculation-to-experiment (C/E) ratios shown in Table I were derived.

For the 9Be(d,n)'°B source neutrons, the experimentally obtained and the
calculated results exhibit good consistency above 5 MeV except the underestimation
by the ENDF/B-IV calculation for neutrons transmitted the 16 cm thick slab.

Permanent address: Faculty of Nuclear and Electronic Engineering, Al-Fateh University, Tripoli,
Libya

Considerable overestimation is observed by the ENDF/B-IV and ENDF/B-VI
calculations below 3 MeV for neutrons passed the 4 cm and 8 cm thick slabs. With
increasing slab thickness, i.e. with the increase of the multiple scattering, the amount of
neutrons in that interval diminishes, resulting in underestimation of neutrons
transmitted the 16 cm thick slab. The obtained discrepancy suggests that the energy
spectra of secondary neutrons emitted in that energy region are not described correctly
in both ENDF/B-IV and ENDF/B-VI data files. In the energy interval from 3 MeV to
5 MeV the ENDF/B-IV calculations are in agreement with the measurements, while
the ENDF/B-VI results overpredict them. This could be due to the lower nonelastic
cross section values in ENDF/B-VI library compared to that in ENDF/B-IV one.

Table I. Measured Integrals (Relative Units) and C/E Ratios in Wide Energy Intervals

d,cm

4
S
12
16

5

5

Experiment C/E
B-4a B-6b

Experiment

9Be(d,n)10B source
1.6MeV-5.2MeV

0.541
0.344
0.219
0.147

1.07 1.10
1.11 1.14
1.00 1.08
0.86 0.95

C/E
B-4

5.2 MeV-14 MeV
0.170
0.095
0.053
0.031

2H(d,n)3He source
1.7MeV-6.1 MeV

0.235

0.172

Odeg
1.13 1.19

10 deg
0.99 0.96

1.04
1.00
0.96
0.82

6.1 MeV-14 MeV

0.237

0.161

1.01

0.98

B-6

1.05
1.10
1.04
0.95

1.03

0.97

a - ENDF/B-IV," - ENDF/B-VI

For the 2H(d,n)3He source neutrons, the results of both ENDF/B-IV and
ENDF/B-VI calculations show significant overestimation of neutrons below 6 MeV at
0 deg. The ENDF/B-VI result is higher than the ENDF/B-IV one. The comparison
shows good agreement between the spectrum measured at 10 deg and the two
calculations, implying that the angular distributions of forward emitted neutrons is
overestimated in the two libraries for neutron energies below 6 MeV.

Further analysis of the results and explanations are in progress and will be
done in due course.
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HYDROGEN ISOTOPE INVENTORIES IN PLASMA FACING
COMPONENTS OF ASDEX UPGRADE
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Hydrogen inventories in fusion devices are built up by various mechanisms, in particular
implantation and codeposition. They may be released by transient high power loads to
plasma facing components thus providing an additional unwanted particle source. Further
the retention of tritium leads to severe radiological problems.

Therefore, the formation of hydrogen isotope inventories in plasma facing components and
the underlying mechanisms of hydrogen retention in the respective materials have been
extensively studied in ASDEX Upgrade. In this paper results are presented for deuterium
inventories in the graphite components of the main chamber and in graphite and tungsten
divertor target plates, respectively.

Total deuterium inventories were determined by means of Thermal Desorption Spec-
troscopy (TDS) [1]. Samples are heated up to 2100 K and the released deuterium
molecules, hydrocarbon molecules and radicals are detected by mass spectroscopy. D-
inventories in near surface layers (thickness < 1/im) were determined by Nuclear Reaction
Analysis (NRA) using the reaction 790 keV 3He + D ->-4 He + p [2].
After the tungsten divertor campaign, the deuterium inventory of a complete poloidal set
of wall components was measured using the NRA technique. The results are plotted in
Figure 1 along the poloidal circumference. In the main chamber, the deuterium inventory
shows only weak variations. In contrast, the inventory at the divertor plates varies sig-
nificantly with much higher values in the inner divertor. Divertor tile D-inventories were
determined for tungsten and graphite target tiles, respectively. No substantial difference
was observed between the two materials concerning the near surface deuterium content.
Furthermore, the total deuterium inventory of the graphite target tiles measured by TDS
turned out to be up to two orders of magnitude higher than the near surface inventories
whereas in the case of tungsten tiles comparable results were obtained by both methods.
The large difference in the case of graphite is explained by diffusion into the bulk material.
In the main chamber implantation by charge exchange (CX) neutrals was examined as the
basic mechanism for the inventory formation. The total amount of implanted deuterium
depends on the saturation level and the deposition depth of the incident particles, which is -
a function of the particle's energy. Energy spectra of the CX neutrals were calculated by
the B2/EIRENE code and validated by experimental data. From the simulated spectra,
the implanted amount of deuterium integrated over the experimental period was calcu-
lated as a function of the poloidal circumference. The simulated results agree well with
measured inventories at the inner heat shield, the upper divertor plates and on long term
deposition samples exposed at the outer main chamber wall.
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Figure 1: Poloidal distribution of the near surface deuterium inventory in the plasma facing
components of ASDEX Upgrade.

For the formation of divertor plate inventories, codeposition with carbon is considered
to be the dominant mechanism at the inner divertor. This can be directly observed in
the case of the tungsten divertor tiles, where depth profiling by means of Rutherford
backscattering revealed complete coverage of the W-surface with several fim of low-Z ma-
terial. Integration of the measured inventories shows that 50-60% of the total D-inventory
in the plasma facing components of ASDEX Upgrade is located in these codeposited lay-
ers. In contrast, the deuterium inventory of the tungsten tiles in the outer divertor is
smaller by a factor of 10 compared to the inner divertor. This is attributed to the gener-
ally higher plasma temperature in the outer divertor. The resulting dominance of erosion
over deposition prevents the formation of codeposited layers leaving implantation as the
main mechanism for the formation of the observed D-inventories.

The results demonstrate the dominance of codeposited layers for the formation of hy-
drogen isotope deposits in fusion machines. Therefore, appropriate techniques need to
be developed for efficient removal of such layers from deposition dominated surfaces. In
graphite diffusion might further increase the hydrogen inventory, in particular in high flux
regions.

(1) Schleussner, D., Rosier et al, accepted for J. Vac. Sci. Technol. (1997)

[2] Franzen, P., Maier, H. et al., Europhyics Conference Abstracts 21A IV, 1429 (1997)
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DYNAMIC IRRADIATION EFFECTS IN ELECTRICAL CONDUCTIVITY OF CERAMIC INSULATORS

JUPITER-TRIST-ER Group*"

Ceramic electrical insulators will play important roles in heavy irradiation environments in nuclear fusion

reactors, such as, for heating, controlling and diagnostic measurements of burning plasmas. Electrical

conductivity of ceramic insulators is known to change dynamically and drastically under irradiation

through phenomena such as so-called radiation induced conductivity (RIC). Also, electrical breakdown is

apprehended to enhance under irradiation. Without actual fusion irradiation sources, high flux fission

reactors are the most appropriate irradiation sources relevant to fusion irradiation environments. They

have a relevant ratio of an electronic excitation rate to an atomic displacement rate. Also, tlieir atomic

displacement rate, namely up to about 10"dpa/s covers values expected in fusion reactors now under

consideration. In-situ type experiments, namely measurements under irradiation, are essential to evaluate

dynamic irradiation effects such as effects on electrical properties of ceramic insulators. Sophisticated

experimental techniques were developed to measure electrical conductivity of ceramic insulators in high-

flux fission reactors under well-controlled conditions, under the US/Japan collaboration named JUPITER

(Japan USA Project on Irradiation Test using Reactors) project, using experimental fission reactors in

Japan and the USA. The final experiment was carried out in a developed irradiation facility called the

Temperature Regulated In-Situ Test Facility (TRIST) in the High Flux Isotope Reactor (HFIR) in Oak

Ridge National Laboratory (ORNL). The experiment was named as JUPITER-TRIST-ER (electrical

Resistivity measurements)! 1,2,3].

Twelve different alumina (A12O3) and sapphire (single crystal alumina) specimens, which are candidate

insulators in fusion reactors, were irradiated and their electrical conductivity was measured in-situ during

the reactor operation extending for about 3 months. The maximum dpa (displacement per atom) was

about 2 dpa. which would cover the expected dpa in ceramic insulators in the ITER. The irradiation

temperature was about 770K, where the RIED would take place most probably from reported

experimental results.

Figure 1 shows change of measured electrical conductivity of sapphire. The electrical conductivity

increased substantially, roughly from a value less than 10'4S/in to about HV-IO'S/m as the reactor started

to operate at its full power of 85MW and then it decreased to a value less than 10'S/m at a reactor

shutdown. Changes were due to the phenomenon of RIC. Values of RIC of 12 different aluminas and

sapphires were obtained as a function of electronic excitation dose rate and they satisfied design criterion

of RIC being less than 10° S/m at an electronic excitation rate of 10"4Gy/s.

The electrical conductivity under irradiation did not increase substantially in the course of 3 months

irradiation in this. Some specimens showed moderate increase of electrical conductivity at the beginning

of irradiation, however, the observed increase did not proceed to a catastrophic increase of electrical

conductivity and to a resultant electrical breakdown. The results indicated that the RIED would not be a

problem in a near and middle term fusion development.

*I)T.Shikaina, M.Narui (TohokuUniversity. Oarai. Japan). S.J.Zinkle. D.P.White. L.L.Snead.

W.S.Eatherly, A.L.Qualls. D.W.Heatherly. R.G.Sitterson. R.L.Wallace. D.G.Raby. M.T.Hurst (Oak

Ridge National Laboratory. Oak Ridge, USA). K.Shiiyama (Kyushu University. Fukuoka. Japan).

E.H.Farnum. K.Scaborough (Los Alamos national Laboratory. Los Alamos. USA)
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Figure 1 Electrical conductivity of highly pure sapphire in the course of HFIR irradiation

Kyocera A-479, full power, ceater lead

4 1 0 *

at

C -210'*
Figure 2 Non ohmic behavior g
of electrical conduction and

offset current of alumina

under HFIR irradiation

-410'

-6 lor*

-810"
-50 0 50

applied voltage (V)

The experiment revealed some unique features of electrical conductivity of ceramic insulators under

irradiation. A non-ohmic behavior was observed and a large offset current of up to a few tens micron

ampere was measured as shown in Fig. 2. These peculiar behaviors of electrical insulators will impose

serious engineering problems especially in instruments for plasma diagnostics. At the same time, these

phenomena may reveal interesting physics in a system composed of ceramics and metals under

irradiation. A supplementary experiment was proposed in a Japan Materials Testing Reactor (JMTR). to

study these peculiar behaviors.

The paper will describe results of detailed analyses of non-ohmic behavior as a function of irradiation

dose, as well as implication of the present results on fusion reactor developments. Also, origin of the

observed large offset current will be examined, especially from a standpoint of its materials dependence.
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Vanadium alloy is considered as a fusion reactor material concerning low radioactivity,

high thermal stress factor, irradiation resistance properties. Research on V-4Cr-4Ti type

alloy has been carried out. Affinity with interstitial impurity elements is strong for

vanadium, so these affect mechanical property and irradiation behavior. It is possible

that such impurities are introduced into material by contamination under thermomechanical

treatment, mass transfer from coolant materials, loss of vacuum in a reactor accident.

Therefore, improvement of the oxidation resistance is one of the important issues in the

alloy development. In order to appropriately use the V-4Cr-4Ti type alloy with the

possibility of the oxidation, developments in following three points are needed. First is

improvement in oxidation resistance of base metal. Second is prevention of oxidation by

surface coating. And third is control of using atmosphere. The research and

development on first two points is important from the viewpoint of material development,

and third one must be considered for the reactor system. In this paper, material

development of modified V-Ti-Cr type alloy is described including effects of neutron

radiation and transmutation helium.

From the viewpoint of improvement in oxidation resistance of base metal, V-Ti-Cr type

alloy was modified by addition of Si, Al and Y. The concentration of interstitial impurities

was reduced by scavenging effect by AI and Y. Under oxidation conditions, the protective

surface layer may formed by preferential oxidation of the adding elements which have

large chemical affinity with oxygen. Base line properties of the modified alloy are

summarized and high-temperature reaction behavior with air is described in this paper.

The modified alloy showed good combination of mechanical properties and irradiation

behavior. Mechanical properties and microstructural evolution were examined by

combining helium ion implantation by accelerator and methods using beta decay of tritium
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to helium with neutron irradiation. Neutron irradiation were carried out up to 50dpa of

equivalent wall loading about 5MWy/m2. The results showed that the helium

embrittlement at elevated temperature was moderate, when the displacement damage

introduced with helium generation. Recently loss of uniform elongation which may

restrict lower temperature limit of design windows for vanadium alloy was reported.

Some V-Cr-Ti type alloys show few uniform elongation after irradiation at temperature

less than 400C as shown in fig. 1. Remarkable irradiation hardening was reported with

such loss of uniform elongation. On the contrary the modified alloy containing Si, Al and

Y still maintains uniform elongation. The modification seems to be effective for

suppressing the irradiation hardening and for maintaining ductility after irradiation.

From the viewpoint of prevention of oxidation by surface coating, joining and coating

experiments have been conducted. Selected oxide ceramics were jointed with vanadium

alloys by solid-state diffusion or coated by conventional RF sputtering method. Integrity

of the joining was examined after neutron or helium ion irradiation. The influence of

adding elements on the integrity is described.
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Present Status of SiCf/SiC Composites as Low-activation Structural
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Silicon carbide (SiC) fiber reinforced SiC matrix (SiCf/SiC) composites is considered as
one of candidate first wall and blanket structural materials of fusion reactors because of its high
temperature strength, improved fracture behavior and low-induced activity under the irradiation
of fusion neutrons[1]. In the fusion reactor systems, nuclear collisions and reactions caused by
high energy neutrons have strong impacts on environment through the production of
displacement damage and radioactive elements. Degradation of material performance such as
mechanical properties, thermal properties etc. will be caused by the displacement damage and
transmuted atoms. Therefore R/D study of SiCf/SiC composites have been studied in Japan to
develop SiCf/SiC composites which keep its high material-performance under the fusion reactor
conditions. In this paper, present status of these research activities in Japan and some new
results will be introduced.

The research activities of SiCf/SiC composites for the structural materials of fusion reactor
collaborate with researchers of universities, national institutes and companies in Japan are
summarized in figure 1. It can be divided into three main tasks; (1) process development of
material production in composites material, (2) evaluation and prediction on materials
performance under irradiation, (3)design and fabrication of component. The first task consists of
three sub-tasks; (a) improvement and innovation of SiC fibers, (b) process development of
composites production including matrix materials R/D, (c)design and control of interfacial
microstructure to optimize materials performance. SiC fiber R&D are improvement of Poly-
Carbo-Silane (PCS) type, innovation of PCS+(M) type, new polymer type and their
combinations[2]. The second task consists (a)mechanical properties, (b)thermal and electrical
properties, (c)establishment of evaluation test methodology for SiCf/SiC composite materials
and fibers. In this task, studies on irradiation effects and on severe environmental effects in
fusion reactor are emphasized. The third task consists (a)purification based on low activation
guide line, (b) joining and coating technique to construct component of reactor, (c) fabrication of
larger size components. In this task, Chemical Vapor Infiltration(CVI) method. Polymer
Impregnation and Pyrolysis(PIP) method, and Reaction Sintering (RS) process have been
studied.

One of important results from the research activity is fabrication of Japanese reference
materials of SiCf/SiC composites and their round-robin tests. The composites were 2
dimensional SiC/SiC composites fabricated by Ube Industries using CVI and PIP methods. Hi-
Nicalon™ (Nippon Carbon Co.,Ltd.) fiber which is stable at high temperature and under

irradiation conditions compared to conventional SiC fiber such as Nicalon™ was used as SiC
fabrics in the composites. Round-robin test on mechanical properties and thermal properties of
these unirradiated composites were carried out by many researches in Japan.

Using the reference materials and other composites, the following results were obtained.
Effects of fiber coating on mechanical properties of SiCf/SiC composites were studied using
bend test and ultra-microindentation experiments, and microstructural observation was also
carried out to study fiber coating effect and fracture mechanism of the composites. These results
suggest that it is possible to control mechanical properties by controlling interfacial shear stress
by the coating[3-5]. Effects of transmuted gas elements such as helium on bend behavior and
microstructural development of SiC/SiC composites were also studied by means of accelerator
implantation[6]. Thermal diffusivity experiments showed that the thermal conductivity of the
composites increased with its density[7].

Neutron irradiation experiments of the SiCf/SiC composites are also planed using Japanese
Material Testing Reactor (JMTR) and High Flux Isotope Reactor (HFIR) at high temperature
( above 800C). The irradiation experiments will start in1998. The outline of irradiation
experiments planning by the research group and Japan-US collaboration program using fission
reactors and accelerators will presented.
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Figure 1 Overview of Research Tasks on SiCf/SiC in Japan

Material
Developments of
SiCf/SiC
Composites for
Fusion Reactors

Process Development of
Material Production

(a)lmprovement and Innovation of SiC Fibers
(b)Development of Fabrication Process
(c)Design and Control of Interface

Evaluation and
Prediction on Material
Performance under
Irradiation

(a)Mechanical Properties
(b)Thermal and Electrical Properties
(c) Establishment of Evaluation Methodology

Development of Design and
Fabrication Techniques of
Components

(a)Guide-line of Purification
(b)Joining and Coating Technique
(c)Fabrication of Large-Size Composites

297



FTP/38 XA9950986

Current Status and Future Plan of Low Activation Steel R & D in Japan

A. Kimura*, A. Kohyama *, Y. Kohno", A. Hishinuma***, K. Shiba*** and Y. Katoh*

*: Institute of Advanced Energy, Kyoto University,

Gokasho, Uji, Kyoto 611, Japan

**: Department of Materials Science, The University of Tokyo,

Hongo, Bunkyo-ku, Tokyo 113, Japan

***: Tokai Establishment, Japan Atomic Energy Research Institute,

Tokai, Naka-gun, Ibaraki 319-11, Japan

Research and development (R & D) of low-activation materials is one of the most

important challenges in fusion technology for making fusion energy systems acceptable and

feasible energy options for the 21 st century. Presently, low activation ferritic steels (LAFs),

vanadium alloys and SiC/SiC composite materials are considered to be promising

candidates. Among them, the LAFs R&D is placed at the highest priority in the Japanese and

the European programs.

The 8-9%Cr LAFs have a single phase of martensitic structure which is

spontaneously produced during fabrication process as well as welding of the steel through

martensitic transformation. The martensitic structure is considered to be adequate for fusion

blanket materials, since it consists of rather stable carbides and high density of dislocation

which provide a number of sinks for point defects and transmutation He and H atoms, and

resultantly prevents these radiation defects from aggregating into large defect clusters.

In this paper, the irradiation data base of LAFs obtained in the Japan/US

collaboration program is summarized and discussed especially focusing on the following

three issues; 1) phase stability, 2) changes in the mechanical properties and 3) helium

effects. It is also the objective of this paper to describe in some details the status and future

perspectives of the LAFs development program.

The martensitic structure of LAFs is rather stable under heavy neutron irradiation

and indicates good performance up to a displacement damage of 70dpa so far, which is

considered to be due to its high capacity of trapping point defects and He/H atoms in the

martensitic structure. To accelerate the development of LAFs, a working group under the

Annex-ll of the International Energy Agency (IEA) implementing agreement on a program of

research and development on fusion materials has been formed to coordinate a
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collaborative program between the European Union (EU), USA and Japan. The steels for the

IEA test program have been provided from the two Japanese research sectors: the

Monbusho universities program and the STA JAERI program. Two large heats (1 and

1 5metric tons) of JLF-1 steel (a 9Cr-2W steel) and two 5metric ton heats of F82H steel (an

8Cr-2W steel) were produced. Plates with thickness from 7 to 25 mm and plates of these

thickness with EB or narrow gap TIG welded joints have been distributed to the participants

of IEA working group and those of Japan/US collaboration program of fusion materials,

JUPITER Program. Together with the materials R & D activities, many conceptual design

studies using LAFs are in progress. As the representing design studies, Steady State

Tokamak Reactor (SSTR) and Forced Free Helical Reactor (FFHR) are introduced with the

emphasis on "how LAFs are applied in the reactor systems, especially for blankets".

As conclusions, the followings are provided;

(1) The irradiation data base obtained in the JUPITER program indicates that the

martensitic structure of LAFs is adequate for fusion structural materials.

(2) The large heat productions of JLF-1 and F82H have been successfully accomplished

and the data obtained up to now are quite straight forward to continue the efforts of low

activation ferritic steel development toward DEMO and Power Reactors.

(3) The Japanese domestic and the IEA low-activation ferritic steel working group

activities have been and are effective in planning and coordinating the international and

domestic R & D programs on LAFs.

(4) Preliminary data on LAFs and the current individual efforts are quite promising, but

further coordination efforts and support are required to accomplish the R & D

programs of LAFs.

(5) To qualify and finally validate the application of 8-9CrWVTa steel, a sufficient design

database must be accumulated, including code approval aspects. A continuous use

of mixed neutron spectra irradiation facilities (HFR, Phenix,.) is needed; however, for

final validation of alloy performance under irradiation more relevant to fusion, the high-

energy neutron source IFMIF should be available soon.

(6) As an important milestone for the development of a blanket test module in ITER, a

preliminary set of material design data is required by about 1999. For further

verification and qualification, significant efforts are needed for a next milestone about

2005.
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Materials in fusion reactors are exposed to neutron irradiation under conditions that

are often not steady. During normal start-up and shutdown, or disruption events, temperature,

stress, neutron flux, etc. change with time in very complex ways. Temperature of irradiation, for

instance, has decisive effects on the microstructural evolution in materials. Defect clusters

nucleate from elemental defects more frequently at low temperatures, while at high

temperatures, the growth of defect clusters predominates. If the material is irradiated at a

temperature that is lower than the design temperature, defect cluster density resulting from the

irradiation at the design temperature will be much higher because of the high cluster nucleation

rate during the low temperature irradiation. High defect density usually result in large irradiation

hardening, leading to DBTT increase. Since material performance has been evaluated based on

irradiation data obtained under steady irradiation conditions, non-steady irradiation conditions

anticipated in fusion reactors may significantly alter the performance of materials. In the present

paper, effects of temperature history on the microstnictural evolution in fusion materials are

presented. Particular emphasis is placed on the temperature alternation effects in vanadium

alloys.

A series of vanadium based binary alloys have been prepared, i.e. V-5%Fc. -)%Si, -

5%Cr, -5%Ti, -5%Mo and -5%Nb in addition to unalloyed vanadium. Irradiation was done in

JMTR using specially designed temperature

control rig with a set of electric heater. With this

rig, precise temperature control is possible without

being interfered by the change in gamma heating

rate caused by the reactor power change.

Temperature was changed in an alternate fashion

between two temperatures, i.e. T,,̂ , and Ttal, for

ten cycles up to 0.15dpa. Here, the temperature

combinations in Centigrade are 200/400, 350/400

and 350/450. Transmission electron microscopy

and positron annihilation lifetime measurements

were conducted after the irradiation. Another

series of irradiation at constant temperatures have

been also conducted for comparison.
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In most of the alloys except for V-5Ti and V-5Nb. microvoids have been detected by

positron lifetime measurements. The figure shows void number density in V-5%Cr alloy

specimen obtained from positron lifetime measurements (white bars) and from transmission

electron microscopy- (dark bars). After the constant temperature irradiation at 200°C and at

400°C, the void number density is 3.7 x 10 :W and 6.1 x IO:"m°. respectively. By temperature

alternation between 200 and 400°C. the void number density becomes much greater than the

value obtained after 400°C constant temperature irradiation. This behavior is common to most

of the alloys studied and has a very important consequence that non-steady irradiation

temperature may result in faster damage accumulation. It is to be noted that the temperature

alternation between 300 and 400°C results in still higher void number density- than the

200/400°C temperature combination. Since temperature excursions with smaller AT (=T|M-

TLow) will be more frequent than those with larger ones, this has more important consequences

in the actual application of materials to fusion reactors.

In V-5%Ti alloy, the situation is entirely different: due to the strong trapping of

vacancies by titanium atoms, only mono-vacancy component was detected by positron lifetime

measurements in all irradiation conditions. In another oversize-type alloy, i.e. V-5%Nb. a

similar tendency was observed. Molybdenum solute is slightly oversize in vanadium matrix, and

although the behavior of V-5%Mo was more complex, the general trend was similar to those

observed in undersizc-type alloys.

Detailed numerical analysis is being undertaken in order to understand the temperature

alternation effects. There are a number of different cases depending on the combination of

temperatures, material composition, stability- of defect clusters, mobility of elemental lattice

defects, etc. Limited analysis shows that majority of vacancy- clusters formed at T, „„. become

unstable by an upward temperature step, while the fraction of surviving defect clusters at TMlc,, is

greater if the temperature difference is small. This analysis explains the higher void density

observed in 300/400°C temperature combination than in 2()()/400°C combination.

There arc cases where much more complicated behavior is observed. For the

assessment of non-steady irradiation effects on fusion reactor materials, it is further necessary to

explore the mechanism of microstructural evolution under non-steady conditions both

experimentally and theoretically. Effects of non-steady conditions other than temperature also

need to be studied.
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1 .Introduction

Attentions to global environment are increasing recently. Following this trend, the energy consumption

and associated CO2 emission are evaluated for industrial activity [1] and electric power plants [2]. In this study,

CO2 emissions from tokamak fusion power reactors due to their construction and operation. During their plant

lifetime, are evaluated by extrapolating tokamak, reactor system studies and are compared with those of other

energy sources.

2.Reactor parameters

The following three types of power reactors are evaluated; a power reactor ITER-like which is powered

up from the ITER, a reversed shear operation mode reactor [3], and an ST reactor referred from the ARIES-ST

reactor f4]. All of these reactors are assumed that 1 GW electric power at bus bar, 75 % plant availability, and 30

years plant lifetime, respectively (Table I)

3.CO2 emission evaluation method

Reactor parameters, component volumes and costs of the ITER-like reactor and the RS reactor are

calculated by use of systems code which includes the ITER physics, TF coil shape, and cost calculation based on

Generomak model [5]. Those of the ARIES-ST are referred from Ref. [4]. Cost data of the TTER cost estimation

are used as much as possible because of their reliability. The CO, emission is evaluated based on volumes,

weights, and costs of rector components by use of data of both energy intensities and COj emission intensities that

indicate energy consumption and CO2 emission from unit volume, weight, and cost of components.

4.Results

Results for fusion reactors are compared with other energy sources in Figure 1. Results for other energy

sources are referred from Ref. [2], Evaluation methods and premises of fusion reactors are the same of those of

other energy sources. Both once-through method for fuel and gas diffusion method for fuel condensation are

assumed for a fission rector. A conventional house-use photo voltaic (PV) installed on house-roof is considered.

CO2 emission from the ITER-like is much less than those from fired power plant, slightly better than

that from PV, two times as much as that from the fission reactor. However, the enhanced physics RS reactor and

the ST reactor can reduce the CO2 emission to the half of that of the ITER-like, which result in closer to those of

fission or hydro-powered generation. Therefore, the CO2 emission intensities from the RS reactor and the ST

reactor are excellent. Either the fission reactor (by plutonium recycling and centrifugal technique) or PV (by

increment of electricity and cell effect, decrement of cell thickness) has possibility to reduce COj emission by half.

Therefore, CO2 emission from fusion reactors are slightly better than that of PV, and about double of that of
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fission reactor if advanced physics or technologies are assumed for fusion, fission, and PV. The absolute values of

these three energy sources are concluded to be excellent.

The breakdowns of CO, emission from the fusion reactors are indicated in Figure 2. The CO2 emission

from fusion reactor has following special characteristics. (1) CO2 emissions from fusion reactors are almost from

materials, CO2 emission from fuel consumption is negligible. (2) CO2 emission due to component replacement

shares about 30 % of all the CO2 emission. (3) Fraction of CO2 emission due to components, such as

coils/structures, components, current drive and heat trans, decrease by physics performance enhancement. The ST

reactor can successfully make reactor compact, however, the increase of component replacement and use of

vanadium alloy which has large CO2 emission intensity would lead large CO2 emission intensity.

In conclusion, tokamak fusion reactors have excellent by small CO2 emission intensity, and they can be

one of effective energy supply technologies to solve global warming.
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SCIENCE AND TECHNOLOGY INDICATORS IN FUSION R&T

Claus-D. Hillebrand, Div. of Scientific and Technical Information, IAEA, Vienna, Austria

Abstract:
Scientific Publications disseminate research results and are therefore an interesting subject
for Science and Technology (S&T) analysis. Bibliographic databases contain scientific
publications which are indexed and structured. In this study *) Fusion Research and
Technology (R&T) records which are stored in the International Nuclear Information
System (IMS) bibliographic database are taken into consideration. For the first time, all
scientometric and bibliometric information specific to a selected field of science and
technology contained in a bibliographic database, using INIS records, is analyzed and
quantified. A variety of new science and technology indicators which can be used for
assessing research and development activities is also presented.

Introduction and Method:
Fusion Research and Technology (R&T) publications are stored in bibliographic databases
such as INIS. INIS is a multidisciplinary database administered by the IAEA. The objective
of this study is to quantify and analyse Fusion R&T records *) to offer an overview of the
developments in this research field. For the first time scientometric study has been
performed to study a selected field of science and technology and the INIS database has
been used as a source of data. A variety of science and technology indicators are retrieved.
Possible applications of this study are outlined.

Content:
Fusion R&T is within the INIS scope and represents about one fifteenth of the whole INIS
database (more than 130.000 Fusion R&T relevant records entered in the period from 1970
to mid 1998). In this field, there is an input of 5500-7000 records every year.
Fourteen Member States provide about 95% of the INIS input in Fusion R&T. Fusion R&T
records come from 64 different Input Centres..
About 80% of all documents related to fusion are published in English, this includes
translated publications.. Altogether, 32 different languages of Fusion R&T records have
been encountered.

The main subject categories of interest in INIS database are Fusion Research and Fusion
Technology with 22 subfields. These subfields are quantified and analysed by highest
number of records and by the respective time development, which allows to describe
trends in Fusion Research and Technology.

The record type (e.g. journal articles, reports, books, miscellaneous, patents) and literary
type (e.g., short-communications, conferences, numerical data, progress reports) of each

*) This paper is a summary of the Science and Technology Indicators in Fusion R&T part of a study titled:
"Fusion Research and Technology in the INIS Bibliographic Database". A survey on publications in
Fusion Research and Technology. Science and Technology Indicators in Fusion R&T. Claus-D.
Hillebrand, IAEA, Division of Scientific and Technical Information, Vienna, 1998.

left BLANK

record entry is indicated in the database. This allows the publishing format to be
characterized. Journal articles represent about 50% of all records, reports 31 %, books 13%,
miscellaneous 5% and patents 1%. In the study, the publication types are quantified and
analysed by time development and input country.

The country tag in the author field indicates, better than the country in which the
document has been published, the actual national research activities. More than 86% of
the authors come from the "ITER countries". The country distribution of authors
somewhat resembles the distribution of the world Gross National Product (GNP) and is
different from the distribution of input countries because in some of them there is a high
concentration of science publishing nouses.

Journal articles are published in more than 1500 different journals and represent about
50% of all Fusion R&T records in INIS. Whereas the 15 journals (1%) with the highest
number of fusion relevant journal article records (more than 1000 records per journal)
represent 57% of all journal records, the further 63 journals (4.2 %) with more than 100 and
less than 1000 records represent about 29% of all journal records. Journals with more than
10 but less than 100 records represent about 10% of all journal records. Journal articles
with 4 pages are the most frequent, and the average is 7.3 pages.

The survey study "Fusion Research and Technology in the INIS bibliographic database"
contains a list of journal profiles in which for larger journals the number of records are
plotted against the Fusion R&T subfields. The profiles allow comparison of the scope of
each journal. The list of fusion journals in the survey contains a ranking of journals by
number of records (which is a function of publication years, input years, articles published
per year and scope) and is compared with the list of the Science Citation Index (SCI) of the
Institute of Scientific Information (Philadelphia, USA). The comparison shows that, for
instance, the scope of the SCI list in Fluids and Plasmas (not controlled fusion itself) is
broad but does not cover certain fields such as material studies, etc. Furthermore, the
Fusion Technology journals are not separated from Fusion Research journals in the SCI
list.

Outlook:
The survey study "Fusion Research and Technology in the INIS bibliographic database"
contains many tables and graphs which are the basis of this summary and provides more
detailed information. A basic analysis was performed aiming at different interest groups
such as the scientific and technology community, science publishers and editors, librarians
and science managers.
In the study, additional information on science and technology indicators and trends is
also shown as well as information on Fusion R&T related publications and their formats.
The study will be published by the IAEA in the near future.
Further, more advanced and focused analyses and evaluation of the data for some of these
interest groups are also possible. The survey opens the possibility of further studies, e.g.
the co-operation between different institutions and countries, mapping publication
patterns, highlighting scientific co-operation, development of human resources etc.
Scientometric studies can assist in analysis and formulation of science and technology
policy by mapping changes in research activities, providing thematic and strategic
analysis of relative position of research communities; sketching profiles of activities and
performance of countries and institutions.
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Simulation of Ion-Temperature-Gradient Turbulence in Tokamaks.1

A.M. Dimits, B.I. Cohen, N. Mattor, W.M. Nevins, D.E. Shumaker,
Lawrence Livermore National Laboratory, CA, USA, and S.E. Parker and C. Kim,
University ot Colorado, Boulder, CO, USA

Nonlinear gyrokinetic simulation of toroidal ion-temperature-gradient (ITG) tur-
bulence in tokamaks provides both a first-principles simulation capability and a means
to test the basis of the gyrofluid simulations which underly the IFS-PPPL transport
model, from which it has been predicted that the proposed ITER tokamak reactor
will not reach ignition [1].

We have completed many toroidal 3D nonlinear gyrokinetic simulation runs scan-
ning the plasma parameters about those from a particular ITER-relevant DIII-D dis-
charge. The ion thermal diffusivities (xi) obtained are sufficiently lower than gyrofluid
simulation values [2] to have a significant impact on predictions of ITER performance.
It is therefore important to establish the validity of nonlinear gyrokinetic simulations
through extensive benchmarking and nonlinear convergence studies. The latter have
been greatly facilitated by the increased power of modern computers and the use of
flux-tube simulation domains [3], and the quasiballooning representation [4].

The linear growth rates and frequencies, and marginally stable values of the ion
temperature gradient show excellent agreement with results obtained from indepen-
dent linear gyrokinetic calculations [2]. The levels of linearly undamped poloidal
E X B flows in our gyrokinetic code show excellent agreement with a recent analyt-
ical theory [5], unlike gyrofluid simulations. The poloidal flows are important in ITG
turbulence because they regulate the turbulent fluctuations and transport.

Two studies of the effects of particle discreteness noise have been completed. Di-
rect convergence checks were made by varying the number of simulation particles
used from 5 x 105 to 67 x 106 (corresponding to 1-134 particles per computational
cell). Above a nonlinear threshold temperature gradient, good convergence of x\ is
achieved with 2 or more particles per cell. This result is further supported by "scram-
bling tests," which give an indirect measure of the ratio of the noise to the physical
fluctuations. The methodology of these tests will be presented. They show that the
noise driven thermal flux, electrostatic potential, and flux-surface-averaged E X B
shear are small. Convergence has also been established with respect to simulation
system size and the spatial resolution.

A new phenomenon has been found in the dependence of the gyrokinetic simulation
Xi on the temperature gradient. The gyrokinetic Xi goes to zero below a value of the
temperature gradient significantly larger than the linear instability threshold. As
many as 64 particles per cell are sometimes needed to achieve convergence to these

'This work was performed by LLNL for USDoE under contract W-7405-ENG-48, and is part of
the US NTTP and Cyclone projects.

zero-Xi states. The dependence of nonlinear threshold on the local aspect ratio as well
as direct code diagnostics suggest that the undamped sheared flux-surface-averaged
E X B flows predicted in ref. [5] play a key stabilizing role in this phenomenon. The
effect of collisions and implications of these raised nonlinear thresholds for tokamak
ion temperature profiles are under investigation.

Comparisons of flux-tube and full-cross-section global simulations are also impor-
tant. In the past, global simulations have resulted in ion thermal transport rates sig-
nificantly lower than those given by simulations that use flux-tube geometry. Initial
comparisons of flux-tube simulations with radially varying uvr and global simula-
tions with the same local parameters and W.T profiles indicate that the ovr variation
is the primary global profile scale effect and can account for the previously observed
differences between the global and flux-tube simulations. Systematic scans in the
scale length of the w,T variation are underway to determine the scale at which ITG
turbulence makes the transition from local (gyroBohm) to global (more Bohm like)
behavior.

Intermittency and large-scale transport events are seen in the heat flux computed
in the simulations. These observations are consistent with the self-organized critical-
ity paradigm in that the heat flux shows spatial and temporal correlations on scales
large compared to those of the underlying turbulent fluctuations; the probability dis-
tribution function for the local heat flux departs significantly from Gaussian; and, for
a dynamic range of about one decade, the frequency spectrum shows a 1/f behavior.
Work is ongoing to identify the underlying sub-critical state, and to use the paradigm
of self-organized criticality to make quantative predictions.

Considerable progress has been made in increasing the physics content of our
gyrokinetic simulations. We have completed nonlinear gyrokinetic simulations of
ITG turbulence in a DIII-D negative-central-shear (NCS) shot and an ITER-relevant
H-mode shot using actual experimental equilibria and a multi-species ion dilution
model. Results of recent progress in the modeling of nonadiabatic electron effects
both in electrostatic and electromagnetic simulations will also be discussed.

An improved set of fluid equations that retain important nonlinear wave-particle
effects have been derived [6]. In a model kinetic nonlinear ITG problem, these
new fluid equations give much better agreement with a gyrokinetic treatment than
the gyro-Landau-fluid model discussed above. Applications to many-mode high-
resolution plasma turbulence problems are being explored.
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Discontinuity Model for Internal Transport Barrier Formation
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According to recently developed toroidal simulations and theories [1-3], radially extended
nonlocal modes Ar = (pjL/s)"2 (p ; : ion Larmor radius, L = | dlnTj/dr| •', s : magnetic shear) are
excited in a tokamak and derive significant heat flux accompanied by self-organization of the plasma
profile. Various improved modes are then achieved by suppressing and controlling such a prominent
turbulent structure. Among them, the internal transport barrier (ITB) observed in reversed magnetic
shear discharges of JT-60U shows remarkable features. One is that the ITB is usually established
just inside the q (safety factor)-minimum surface, indicating a tight correlation between the ITB
location and the q-min surface. In this paper, we present a "discontinuity model" which is based on
the idea that the ITB formation results from a local break-up of the nonlocal drift modes due to the
weak/zero magnetic shear and plasma shear rotation. We clarify the underlying physical mechanism
and theoretically derive the condition for the onset of the "discontinuity". Another observation of the
ITB is that it is that the ITB is localized in a narrow radial region so that the typical pressure scale
length becomes comparable to the ion poloidal Larmor radius (pp=L). We investigate via a toroidal
particle simulation classical heat transport where the conventional theory is not applicable. We find
that a "nonlocal effect" which does not obey a local "Ficks law" is important.

"Discontinuity Model" for the ITB in Reversed Magnetic Shear Plasmas:
The drift wave structure in toroidal plasmas is characterized by its radial extension Ar and tilting

angle in the poloidal direction 8n referred to as the "Bloch (or ballooning) angle". Note that the
Bloch angle is directly related to the mode growth rate via y=yocos8o. Under a magnetic shear
around s = 1 where the rational surfaces are closely packed compared with the mode width localized
in each rational surface, the Bloch angle is given by

9 0 s ±
2k6Yo s

where (cor, yo) is the real angular frequency and linear growth rate of the dominant mode under
consideration, o>f =keVe+ k^Vq,, and (Ve.Vp) is the poloidal and toroidal rotation velocity [3]. Note
that those flows include a self-generated components. The sign in 6o corresponds to that of the
quality within the bracket in Eq.(l), so taking 8o<0 for s>0 and 8o>O for s<0 when dcor/dr+dwf/dr
<0. In the following discussion, we employ the relation dcOf/dr = cu,j/L (ay : magnetic drift frequency)
assuming an ion drift wave. Even in the case of dcof/dr=O (no plasma shear rotation), the radial mode
is tilted by a finite angle due to the "diamagnetic shear rotation". Now, we apply Eq. (1) to a
reversed shear profile [like q=qmin+P(rn-l)2: rn=r/rmin]. For a given toroidal mode "n", let j=mo-l
be a non-resonant mode around isr,™,, that satisfies the relation (mo-l)/n<qmjn, but note mo/n >qmin-
If the non-resonant mode is heavily damped due to a large k|| value and the coupling among 3 rational
surfaces, i.e. j=mo (r<rm j n) , j=mo-l (r=rmjn), j=mo (rSTmjn), is disconnected, we can expect a
"discontinuity " (or "gap ") so that the inside (r<rmin) and the outside (r>rmin) modes behave
independently. The condition for having such a "discontinuity" is obtained in terms of the above
Bloch angle argument. Namely, since the q-profile is reversed at r=rmin, the Bloch angle has an
opposite sign for inside and outside modes as 8r/in) >0 and 8o(om) <0. This leads to a "slippage" in
poloidal phases between the inside and outside modes given by A8o =90(

in>- 80
(out). When the

slippage angle A80 becomes on the order of unity [i.e. A90s 0(1)], the formation of a global mode
crossing the q-min surface barely takes place due to the substantial phase mismatch. By performing
a toroidal particle simulation of the ITG mode for a reversed q-profile, we confirmed such a poloidal
phase rotation and the resultant "slippage" which is consistent with the above theory. Note that the
slippage angle is affected by the shape of q-profile and the plasma shear rotation.
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Figure 2 shows the dependence of the Bloch angle 80 of the inside (solid line) and the outside
(dotted line) mode on plasma shear rotation f «-d«f/dr. The different curves correspond to the q-
profile having a different curvature (x=2p/qmin [s(r)=ct(rn-l)] at the q-min surface. The slippage angle
which has a finite value at f=0 increases with f, but decreases for the opposite direction (i.e. -f).
This is due to the cancellation between doydr and du>f/dr in Eq.(l). The necessary plasma shear
rotation to establish the discontinuity is shown in Fig.2 as a function of the curvature parameter "a".
The discontinuity condition A60 = O(l) is found to be easily satisfied for a relatively weak plasma shear
rotation in the case of a shallow q-profile (c.f. the a=0.5 case). The dotted line in Fig.2 corresponds
to the (two times) steep pressure gradient case. Since a steep pressure gradient enhances the Bloch
angle, though the asymmetry is increased, the condition is easily satisfied as long as the plasma
shear rotation is the same direction as the diamagnetic shear rotation.

: Bloch angle of inside mode
: Bloch angle of outside mode

discontinuity discontinuity
formation No discontinuity formation

Fig.l Reversed q-profile and discontinuity
formation in toroidal mode structure

Fig.2 Necessary plasma shear rotation to have
"discontinuity" as a faction of curvature (a) of q-profile.
Dotted line corresponds to the steep pressure gradient case.

Neoclassical Transport in the ITB Region
In the ITB region, the pressure scale length becomes comparable to the ion poloidal Larmor radius

(pp = L). This indicates that the former neoclassical assumption p p / L « l breaks up. We analyze the
classical heat flux in such a regime by developing a toroidal particle code where the collisional
process among particles is introduced by a Monte-Carlo method. Figure 3 (a) illustrates the reversed
q-profile and three different pressure profiles used in the simulation, and (b) is the corresponding ion
heat diffusivity (xion)- It is found that xion is rather flat towards the plasma center without showing a
OCion = q2) dependence. Furthermore, on the outside the q-min surface where the temperature is
lower, the heat diffusivity increases as the pressure gradient becomes steep. This is explained as a
"nonlocality" of heat transport that arises when the collisional mean free path of the particle which
transfers heat (v = 2-3 vt|,) becomes comparable to the pressure scale length. A high energy trapped
ion suffers less collision and makes an excursion along banana orbit from the higher Tj region to the
lower one, and then deposits the heat. In comparison to the former neoclassical theory, the nonlocal
heat flux Q is proportional not only to dTj/dr according to "Ficks law", but also to the curvature of
the temperature, i.e. dTi2/dr2.

Fig.3 (a) Reversed q-profile
and different three presure
profile used in simulation
and (b) corresponding ion
heat diffusivity.
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Turbulence simulations have received much attention during the recent years because

they have impacted the formulation of tranport models. The simulations help unresolved issues

such as dimensionless scaling laws or fast transport events in fusion devices. Most turbulence

simulations are done with fixed profiles, in order to provide predictive expressions for the

transport coefficients as function of the gradients. However physically the fluxes are fixed and

the profiles fluctuate around their time average value. It was emphasized recently that

instabilities governed by a threshold may lead to a "Self-Organized Critical" system by

producing transport events at all scales, called avalanches [1]. These avalanches are due to local

accumulation of energy (or particles), leading to an increasing gradient. Once the gradient

exceeds the threshold, a burst of turbulence occurs, which radially expels the accumulated

energy (or particles). The process, much like a domino effect, can be renewed leading to a large

scale transport event. These avalanches are both inwards and outwards ballistic flows and may

explain the fast transport transients which is sometimes observed. It was proposed [ 1 ] that they

may cause the correlation lengths to scale as the machine size, thus leading to a Bohm-like

transport instead of the expected gyroBohm scaling law. To investigate these issues, the results

of four codes have been compared. This flux driven turbulence is investigated with specific

codes in three regions. At the very edge, a 2D spectral code computes an interchange turbulence

in the Scrape-Off-Layer of a tokamak. The drive is a particle source and the threshold a critical

density gradient [2]. In the standard "gradient" region, an Ion Temperature Gradient turbulence

is computed with a 2D [3] and a 3D [4] global code. The analysis of these two regions is

bridged with a 3D global code to compute Resistive Ballooning Modes, which involve a critical

pressure gradient [5]. These codes yield a consistent description of transport processes from the

small scale fluctuations to the equilibrium profiles.

Avalanches are observed in all those simulations (see an example on fig. 1) except in the

3D ITG code, where they are only found for a decaying turbulence. When avalanches occur, the

particle (or heat) flux at a given radius is bursty. Also, the frequency spectra of the flux or the

level of fluctuations exhibit a 1/f feature, which is one of the signatures of SOC systems. The

propagation time of an avalanche, typically a few tens of microseconds, is much smaller than a

confinement time. Transport events propagating downward and upward the gradient are

observed. This behavior provides a way to understand fast transport events. At a given time, the

radial profiles exhibit a sequence of steep and plateau regions. Plateau regions are locally stable

whereas steep gradients are above the threshold. Several interesting results have been obtained.

First, it is found that the time average profiles are supercritical, i.e. their gradient exceeds the

threshold value everywhere. This behavior is different from sandpile automatons, which are

usually subcritical. Second, edge simulations show that the e-folding length of the Scrape-Off

Layer exhibits parametric dependences which agree with experimental observations, in

particular there is little dependence in the magnitude of the driving particle flux. Third, 2D ITG

simulations indicate that the local heat diffusivity with avalanches differs somewhat from the

one calculated by freezing the temperature profile, thus forbidding avalanches. This effect is due

to a redistribution of the heat source by avalanches. This has implications when comparing

global and local simulations. Finally, simulations have been achieved at high fluxes for values

of the ion normalised radius down to p*=0.0025. The scaling is found to be gyroBohm, in

spite of the presence of avalanches. Thus, the presence of avalanches does not necessarily imply

a non-gyroBohm scaling law. At lower fluxes, closer to the threshold, a significant departure

from the gyroBohm expectation is observed, thus confirming previous results obtained at fixed

temperature profile [3].
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Isoflux (a) and isobars(b) as a function of radius and time for 2D ITG simulations.
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Experiments on TFTR, DIII-D and JT-60 have obtained neoclassical levels
of ion heat transport and particle transport. The conditions needed to obtain
neoclassical transport in ignited plasmas are considered here:

1) Analysis by many authors attribute neoclassical confinement to the sup-
pression of micro-turbulence by E x B shear flows, using the rough criterion
that the E x B shearing rate 7 E must exceed the linear growth rate. This crite-
rion scales unfavorably to reactors: conventional beam driven flows to approach
Mach 1 require large power, and the stabilizing effect of diamagnetic flows is
proportional to p.. Despite this, we have found configurations where shear flow
suppression of microinstabilities by diamagnetic flows appears likely in devices
capable of ignition. Numerically generated MHD equilibria are analyzed using
a comprehensive linear electromagnetic gyrokinetic initial value code (solving
the full ballooning equations of Antonsen and Lane) to compute the maximum
growth rate. The shearing rate is computed using the Hahm-Burrell formula,
taking radial pressure balance, and assuming no toroidally driven flow. The
most important parameters to obtain stabilization are the hollowness of the
current profile, and the size of />*. Scans at A = 1.4 and A = 3 find that
growth rates are reduced by an order of magnitude as current profiles are varied
from mildly peaked to highly hollow, and shearing rates increase by a factor
of two to three. Very hollow profiles for A = 1.4 and A = 3 give shearing
rates about an order of magnitude higher than the growth rates of the usual
ITG/drift modes across the entire profile, for central p. = 1/50. For A = 1.4,
this corresponds to parameters of proposed volume neutron sources. For A = 3,
compact ignition experiments (of the scale of BPX) have p . ~ 1/400 and satisfy
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the stability criterion by a factor of 1 to 2. Equilibria with bootstrap current
fractions greater than 95% have similarly favorable microinstability properties,
have average 0 = 52% for A = 1.4 and 6% for A = 3, and are stable against
MHD ballooning, and kink stability for A = 1.4 (A = 3 kink stability will be
checked).

A new collisionless microtearing mode with 1 < kpi < 5 was found in equi-
libria with very hollow current profiles, with a quasilinear flux of electron energy
only. The growth rate can slightly exceed the standard ITG/drift mode branch
in the outer half of the minor radius, but becomes much larger in the inner half
of the minor radius, and can exceed the shearing rates there. The possibility
that this mode is responsible for anomalous electron transport in tokamaks with
hollow current profiles will be examined by analysis of experimental data.

A comprehensive neoclassical transport package (NCLASS) has been inter-
faced with the MHD equilibrium code to produce neoclassical equilibria. A
volume neutron source with A = 1.4, a minor radius of 0.8 m, B = 2T (in the
middle of the midplane) and bootstrap fraction 95%, 0 = 40% (stable to MHD
ballooning) ignites by a considerable margin. Ignition is still possible if the
electron temperature is flattened in the inner 85% to simulate the possibility of
strong core electron instabilities. Detailed stability analysis of equilibria with
neoclassical profiles for A = 1.4 and A = 3 will be presented.

2) Experiments on TFTR and DIII-D find that electron heat transport is
frequently anomalous even though ion transport is neoclassical. On TFTR,
this effect has been shown particularly clearly in experiments where the plasma
position is varied to move points in the plasma past detector's lines of sight.
The electron temperature gradient somewhat inside the reversal surface is flat
to within the error bars; the flat region ends with an extremely sharp transition.
There is a rough correspondence with the region where the classical resistive
interchange criterion predicts instability (DR > 0), even though that mode is
strongly linearly stabilized by kinetic effects. Here we examine an explanation
based on small scale (< pi) nonlinear magnetic islands driven by curvature.
Many stabilizing linear effects do not affect such islands. A consistent analysis
is possible taking only the electron temperature to be affected by the island,
resulting in a modified DR criterion. Comparisons with the experimental data
with be given. For typical hollow current profiles, the usual DR criterion predicts
that A = 1.4 equilibria are stable, unlike A = 3.

3) Recent collisionless gyrokinetic particle simulations have indicated that
ion temperature gradient turbulence can sometimes be eliminated entirely by
small scale shear flows generated by the instabilities themselves. In other cases,
the flows have been conjectured to cause a reduction of transport below levels
found in gyrofluid simulations. Preliminary estimates for experimental param-
eters indicate that collisional damping of such flows is significant. Simulations
of a model problem are underway to better substantiate this.
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BY FLUID DRIFT TURBULENCE IN TOKAMAK GEOMETRY
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We report on numerical studies of tokainak edge turbulence, transport, and bifurcation
phenomena which form part of the development towards a comprehensive, self-consistent
description of the transport barrier formation process from first principles.

The underlying phenomenon behind tokamak edge turbulence and transport has been un-
der investigation for the past several years; namely, ExB fluid motion on planes perpendic-
ular to the local magnetic field, coupled together electron currents flowing along magnetic
field lines. This kernel is the drift Alfven dynamical system, whose importance lies in the
coupling of Alfven waves to electron pressure disturbances, a central feature of two-fluid
dynamics which is absent in the more traditional magnetohydrodynamics (MHD). Diag-
nosis of the turbulent fluctuations is nontrivial but provides the only unequivocal method
to identify the principal mechanism [1]. By measuring several properties including phase
shift statistics we can establish that the parallel coupling remains dominant even in the
presence of magnetic curvature and finite ion temperature. This is the first three dimen-
sional electromagnetic computation involving the fluctuations and profile gradients of the
density and both electron and ion temperatures, on an equal footing [2]. The model shows
a weak tendency towards a particle pinch, after the ion-mixing mode scenario [3]. Trans-
port scalings axe being compiled and constitute one of the ingredients in the newest version
of the Multi Mode Transport Model [4].

In order to provide a complete description of tokamak edge one needs to face the fact that
neither the turbulence nor the dynamics of such profile quantities as the radial electric field
are in the collisional short mean free path regime demanded by the Braginskii equations.
Modifications to fluid ion models have been underway for years [5], but less has been
done with electrons. The latter are especially important because their parallel dynamics
are not only nonadiabatic but also electromagnetic. The only way to provide capable
guidance for this situation is a complete drift kinetic model for electrons which makes no
assumptions regarding the collision frequency or parallel transit time. We are developing
such a computational model [6], with the preliminary result that the basic scaling with
plasma beta known from the fluid model [1] undergoes dramatic changes when faster and
slower particles can each react independently to the fluctuating magnetic field, which in
turn reacts self consistently to each. Attempts to modify the fluid model to capture this
effect are in progress.

The weakness of collisions is also very important for the profiles, especially when deter-
mining the overall rate of poloidal rotation damping. The influence of the Reynolds stress
of the turbulence on the flow profile is treated via a mean field theory. Both toroidal and
poloidal force balance are addressed in a general flux surface geometry. The mechanisms
of Stringer-Hassam spin up, orbit losses, neoclassical viscosity, neutral friction, and probe
currents are also treated. The mean field model shows that the Stringer-Hassam spin up
does not depend strongly on Shafranov shift or elongation, and in general its governing
equation admits several eigenmode solutions, in contrast to a single drive rate. In the
turbulence model the Reynolds stress is balanced by neoclassical viscosity [7], and charge
exchange damping by neutrals.

Finally, the computational turbulence model is producing self-consistent transport barrier
formation through the generation of a strongly sheared ExB rotation profile, consistent
with the standard scenario [8]. The principal new ingredient in that scenario is the role
of the electromagnetic electron dynamics, so that the overall transport scales with the
normalised beta parameter, 0 = (cJVlogp)2(giZ/uJ4)2, which gives the square of the ratio
of drift turbulence frequencies to the Alfven transit frequency. As with the transport, the
Reynolds stress scales with /3. This scaling brings the predicted dependence of the local
transition temperature with the density into better agreement with the results emerging
from experimental operational parameter studies. The result supports a previous version
of the scenario in which the turbulence is always able to excite a background ExB flow
profile, but below the experimentally observed threshold it is prevented from doing so by
rotation damping [9]. Work is in progress to determine if this new result survives if as in
[9] the model is nonlocal and combines both open and closed field line regions.
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The formation of internal transport barrier (ITB) has been observed in various opera-
tion conditions on large tokamaks. The significance on improved core plasma confinement
is stimulating the effort to resolve the mechanism of formation and termination of ITB.
The theory-based transport model [lj derived from the self-sustained turbulence of the
current-diffusive ballooning mode (CDBM) successfully describes the formation of ITB
in high /?p plasmas, in negative magnetic shear configurations as well as with off-axis
current drive [2]. This model predicts the reduction of thermal diffusivity XCDBM when
the magnetic shear s is weak or negative and when the normalized pressure gradient a
becomes large. The short wavelength fluctuations with fc ~ u>pe/c, which are predicted
by the CDBM model, were detected recently by microwave scattering in TFTR plasmas
with reversed magnetic shear [3]. We study here the effects of E x B rotation shear and
finite gyroradius on ITB formation and a model of ITB collapse.

Effect of E X B Rotation Shear:
In the presence of large ion pressure gradient and/or large toroidal rotation of plasma,

radial electric field Er is enhanced owing to the radial force balance on ions. The radial
shear of the E x B poloidal rotation suppresses the fluctuations and leads to additional
reduction of transport. This effect on the CDBM transport model was included in the
analysis of surface transport barrier in H-mode plasmas[4]. It becomes prominent also
near ITB and introduces another time scale of the phenomena.

We have carried out tokmak transport simulation using the thermal diffusivity derived
from the CDBM transport model [2,4]

XCDBM = C -
F(s,a,K) ,3/2 #_ ^A

<4,QR
(1)

where the normalized pressure gradient, a = —q2R(df3/dr), magnetic curvature, K =
— (r/R)(l — 1/g2), magnetic shear, s = (r/q) (dq/dr) and E x B rotation shear, U>E\ =
(rAPr/s) (d/dr)(Er/rB). The factor F(s,a, K) represents the reduction due to weak or
negative magnetic shear and large Shafranov shift. The reduction by 1/(1 + Gu)El) is
the effect of E x B rotation shear.

Figure l(a) indicates typical time evolution of Te(0) for tokamak plasma with R =
3m, o = 1.2m, B = 3T, 7p = IMA and ne(0) = 0.5 x 1020m'3. In the case of
heating power 5.5 MW, Te(0) starts to increase about 0.9 s after the onset of heating. The
reduction of XCDBM due to the rotation shear causes this delayed transition and enhances
the confinement improvement. The pressure profiles before and after the transition are
shown in Figs. l(b) and l(c). Strong reduction of the factor 1/(1+Giu%l) occurs between
r = 0.2 m and 0.4 m and steepens the pressure gradient.
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We also simulated the confinement improvement in the negative magnetic shear con-
figuration produced by current ramp-up. Transport simulation including density evo-
lution indicates density, temperature and safety factor profiles close to experimental
observations, although reproduction of the long sustainment of ITB without current
drive requires further improvement of the transport model.

Modification Due to Finite Gyroradius:
The present CDBM model does not distinguish the thermal diffusivities of electrons

and ions. Since typical wave length of CDBM is comparable to or shorter than the ion
gyroradius pu the finite gyroradius effect separates Xe and Xi- Preliminary analysis sug-
gests the enhancement of Xe over Xi by a factor of 1/Ao(k\pf) where Ao(6) = I0(b)s~b.
The finiteness of gyroradius also introduces the coupling with diamagnetic drift of elec-
trons and ions, which leads to real part of wave frequency and imaginary part of transfer
rate xk\- Comprehensive analysis of CDBM including finite gyroradius effect and E'r
suppression is on going.
Model of Collapse:

With the increase of the pressure gradient inside ITB, the amplitude of turbulent
fluctuation grows. When the amplitude of perturbation magnetic field exceeds a thresh-
old value, the structure of the field lines becomes stochastic owing to the overlap of
magnetic islands. In this state (M-mode), strong enhancement of the thermal diffusivity
leads to the collapse of ITB. Figure 2 indicates typical profile in (a-s) plane obtained
from transport simulation with ITB and threshold pressure ac(,s,wB1). The locations
indicated by A and B are the outer edge of ITB and the steepest gradient, respectively.
When a exceeds ac at C, transition to the M-mode occurs. The enhanced electron vis-
cosity in the M-mode is found to excite the global low-n mode, if the mode rational
surface is close to ITB. Sudden jump of the growth rate in the time scale of qR/y/aVh
is predicted. Time evolution of the collapse will be also studied by means of transport
simulation.

r [m]

Figure 1. Transport simulation including the
effect of rotation shear.
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Figure 2. Typical profile of (a-
s) with transport barrier (dashed
line) and the transition criterion
ac (solid line).



Rapporteured

Name&
Number of Poster

oral

TH1/7 (R)

Rapporteur: Rogers. B.

presentation of following

Title of Paper

contributions:

Rogers B.
THP2/01 (R)

Phase Space of Tokamak Edge Turbulence, the L-H
Transition, and the Structure of the Edge Pedestal

Zeiler,A. Transition from Resistive Ballooning to t-j; Driven
THP2/02 (R) Transport in the Plasma Edge

TH2/1
5D Simulation Study of Suprathermal Electron Transport X A 9 9 5 0 9 9 6

in Non-axisymmetric Plasmas
S. Murakami, U. Gasparino', H. Idei, S. Kubo, H. MaaBberg1, N. Marushchenko',

N. Nakajima, M. Rom6* and M. Okamoto

National Institute for Fusion Science, 322-6 Oroshi, Toki 509-5292, Japan
1Max-Planck-lnstitutfur Plasmaphysik, EURATOM Ass.. D-85748 Garching, Germany

institute of Plasma Physics, NSC-KhPTI, 310108 Kharkov, Ukraine

In non-axisymmetric devices the particles trapped in the helical ripple tend to drift away from the starting
magnetic surface. Thus, at low collisionalities, the suprathermal electrons generated by the electron cyclotron
resonance heating (ECRH) can drift radially before being collisionally thermalized. These fast radial motions
would enhance the convective transport of suprathermal electrons. The ECRH experimental results in CHS,
H-E. and W7-AS have suggested the important roles of the suprathermal electrons transport in broadening of
ECRH power deposition profiles!' ] and in flattening of density profiles. Also the ECRH driven suprathermal
electron flux is considered to play a dominant role in the recently found "electron root" feature at W7-AS[2].
These facts have put a considerable interest in a quantitative analysis of the ECRH driven transport due to the
drift motion of suprathermal electrons. However, because of the non-local nature of the suprathermal electron
transport, conventional local approaches can not utilize for this analysis. First Monte-Carlo simulations (in
5D phase space)[3] are carried out to study the ECRH driven transport of suprathermal electrons in non-
axisymmetric plasmas (W7-AS, CHS, LHD).

Simulation Model
The linearized drift kinetic equation for the

deviation of the distribution function from the
Maxwellian, />/(:£. v . / .o j j .

(1)

where V = (•«// + V_L) • V.,. + v • V,., C(A/) is the lin-
ear Coulomb collision operator and 5jl, is the quasi-
linear diffusion term describing ECRH (assumed to
be a given function and evaluated by ray-tracing),
is solved based on a technique similar to the adjoint
equation for dynamic linearized problems. The de-
viation of in the steady-state is evaluated through
a convolution with a characteristic time dependent
"Green function" obtained using the Monte Carlo
simulations. The complex magnetic field configu-
ration and finite-/^ effects on the electron motion are
included using the Boozer coordinates based on the
three-dimensional MHD equilibrium.

Fig. 1 : lsosurface plots of the dis-
tribution lif (the deviation from the
Maxwellian driven bv ECRH).

Simulation Results
We first study the transport of ECRH generated suprathermal electrons in W7-AS plasma. Figure 1 shows

ie isosurface plots of (magnetic surface averaged) l>f in the three dimensional space (-nj.. •»//, r). The lower
tpper) surfaces show the negative (positive) regions of of, respectively. ECRH tends to push resonant
lectrons towards higher energies, consequently a depletion (with respect to the Maxwellian) tends to appear
t lower energies and a tail at higher energies. Interestingly, we can see a "nose-like structure" at the upper
urface which is related to the radial (convective) transport of the energetic trapped electrons. To see whether
>r not this convective transport is effective on the broadening of ECRH deposition profile, we evaluate the
5CRH deposition profile from obtained of. Figure 2 shows the comparison of our 5D simulation results with
.he ray-tracing prediction (deposition without convective transport) and experimental results[ 1 ] for the case
jf X-mode 2'"'-harmonic ECRH in absolute value. We can see a significant effect of convective transport
on the broadening of ECRH deposition profile and a relatively good agreement between the numerical and
experimental results. These tend to confirm the important role of radial convective transport of suprathermal
electrons in the broadening of ECRH deposition profile in W7-AS.

Furthermore, this radial convective transport enhances the ECRH driven radial flux (Fig. 3). The full
and dashed lines show the X-mode ECRH driven flux for the case without and with a strong positive E,..
respectively. The circles refers to neoclassical fluxes of background plasma (DKES code). We can see that
the ECRH driven flux is comparable with the neoclassical one with the ion root and much larger than the
electron root one. Therefore it is found that the ECRH driven electron flux plays a dominant role in the
ambipolarity condition in the strongly positive E,. region (electron root region) in W7-AS.

Next we study the transport of suprathermal electrons in LHD and CHS plasmas. The distribution of are
evaluated for different magnetic configurations and heating scenarios. The effects of suprathermal transport
on ECRH power deposition and the ambipolar flux (neoclassical transport) are discussed.

Fig. 2 : Comparisons of the simulation re-
sults of ECRH deposition profile (•) with the
ray-tracing (dashed line) and experimental
ones (solid line) /»»<> = 1.0 x 10wcm"V.

Fig. 3 : Comparisons of the simulation re-
sults of the ECRH driven fluxes with back-
ground plasma fluxes( standard neoclassical
theory ;DKES results).
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In the recent years, the shear Alfven wave spectrum in laboratory plasmas has been
extensively analyzed due to the possible excitations of these waves by resonant interac-
tions with energetic particles such as charged fusion products and ions accelerated by
plasma heating or current-drive systems. In particular, great attention has been devoted
to the plasma eigenmodes near - or close to - the frequency gap1 in the shear Alfven con-
tinuous spectrum, i.e., Toroidal Alfven Eigenmodes2 (TAE) and Kinetic TAE3 (KTAE),
respectively.

Although a numerical approach to TAE and KTAE linear stability in a realistic
plasma equilibrium is necessary, there still remain some concerns about the actual
solution of this problem. In fact, in a tokamak reactor of major radius Ra and mi-
nor radius a, the most unstable Alfven modes will be characterized by mode numbers
a/'PLE'SL " S ta/piE 3> 1, with £ = z.jRo and piz the energetic particle Larmor radius.
The large mode number is what creates serious resolution problems for conventional nu-
merical simulations of these instabilities. Thus, significant insights can still be obtained
with studies based on analytical-theoretical methods. Previous analyses - using a 2D-
WKB code4 - have studied this problem either for (s, a)6 (s being the magnetic shear
and a = —q2Rofi') model equilibria or for more general (but still model) equilibria; in-
cluding p'ossible shaping of magnetic flux surfaces.3 These investigations have confirmed
that, under certain plasma conditions, TAE's can be shifted downward in frequency and
out of the toroidal frequency gap in the Alfven continuum. As a consequence, there is
a great increase of mode damping due to finite coupling to the continuous spectrum.
For high toroidal mode numbers (n) and the (s,a) model equilibrium.6 this has been
shown to occur for a > ac(s), '"9 i.e., above a critical threshold in the thermal plasma
pressure gradient. In the present work, we investigate the ideal MHD spectrum of high-
n TAE modes in ITER, in order to explore the possibility of having plasma equilibria
free of TAE modes. The ideal MHD assumption clearly prevents us from the computa-

tion of excitation thresholds, but allows us to analyze the conditions for enhanced TAE
continuum damping in a realistic ITER equilibrium with shaped flux surfaces.

Besides the existence of eigenmodes of the thermal plasma, like TAE and KTAE, it
has been shown that other instabilities may be spontaneously excited by a sufficiently
strong energetic particle drive.10 These Energetic Particle Modes10 (EPM), due to the
non-perturbative contribution of particle dynamics in determining mode structures and
frequencies, have linear and nonlinear behaviors which are different from those of TAE
and KTAE. In particular, it has been demonstrated that, when the particle drive is
large enough to exceed the EPM threshold, a strong redistribution in the energetic
particle source can take place, yielding potentially large particle losses and, eventually,
mode saturation.5 In the present work, we will further analyze the effects of EPM's on
energetic particles with the help of self-consistent nonlinear simulations (moderate-/!;
n < 8) using a three-dimensional hybrid MHD-gyrokinetic code.11

Recently, it was emphasized that EPM's, for sufficiently high pressure gradients of
the thermal plasma or energetic particle density,5'12'13 smoothly connect to the Kinetic
Ballooning Mode (KBM) branch1*1 resonantly excited by energetic particles. It has
been also demonstrated that, when the Alfven mode frequency becomes so low to be
comparable with the ion diamagnetic frequency and the thermal ions transit frequency
( « VtifqRa)^ eigenmodes of the shear Alfven branch may be excited even in the absence of
an energetic particle drive.15 In fact, in the presence of a free energy source associated,
e.g., ivith finite ion temperature gradients, it may be shown that the shear Alfven
continuous spectrum can have an unstable accumulation point.15

In the present work, we demonstrate that, introducing finite ion Larmor radius
(FLR) and finite drift-orbit width (FOW) effects, the unstable continuum is iiscretized
and, as a result, there exist unstable Alfvenic V7; eigenmodes (AITG). Using the {s, a ) 6

model equilibrium for tokamak plasmas with shifted circular magnetic flux surfaces, we
study the problem using a set of integral eigenmode equations which allow us to handle
arbitrary fcj./;, (FLR) and kj_pj (FOW). Numerical solutions of the coupled integral
equations for the two fields [8<f>,8A^ are discussed, showing that the AITG instability-
is actually stronger than the usual electrostatic ion temperature gradient driven modes
(ITG) for 0.4 H- 0.5< a/acrit5- 1, ctcrit being the stability threshold for ideal ballooning
modes.6 Comparisons with the results of a reduced 4th-order differential system for
(6(j>, 5A|]J, derived analytically, will also be presented.
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This paper presents recent developments in linear and nonlinear theory of
collective modes driven by energetic particles and describes correlations between
this theory and fast particle effects in fusion-related experiments.

Our interpretations are based on the fact that the build-up of the energetic
particles has a much longer time-scale than the characteristic growth time of the
instability. It is then natural to assume that the system hovers near the instabil-
ity threshold. The evolution of the instability in this regime is governed by the
resonant wave-particle interaction and the collisional relaxation of the particles.
The competition between the two mechanisms gives a rich family of nonlinear
scenarios that we use to explain the mode saturation levels, bifurcations, and
enhanced transport of the fast particles.

The near-threshold regime allows a unified treatment of both the modes
formed by the background plasma and the modes whose very existence requires
a population of energetic particles. Examples of the latter include fishbones,
energetic particle modes, and hot electron interchange modes.

Our analysis combines a reduced analytical description and full-scale non-
linear kinetic codes for 6f particle simulations to solve the problem in toroidal
geometry with realistic particle distributions, mode structures, and plasma equi-
libria. The codes compute the nonlinear currents of energetic particles for
Toroidal Alfven Eigenmodes and fishbones, which are then used to solve the
mode evolution equation. This approach has led to the following new results.

1. Pitchfork Splitting. We present a quantitative interpretation of the pitch-
fork splitting effect observed in JET when ICRH fast ions excite the TAE modes.
In these experiments, the unstable mode first reaches a saturated nonlinear level
and then splits into several spectral components. The theory describes the dy-
namics of the transition and relates the amount of splitting and the amplitudes
of the sidebands to the linear instability growth rate and the effective collision
frequency of the resonant ions. The values of the growth rate and the collision

frequency inferred from this comparison are consistent with independent mea-
surements and estimates. This suggests the interesting possibility of using the
pitchfork effect as a diagnostic tool.

2. Hole-Clump Formation. Spontaneous formation of phase-space clumps
and holes has been observed in nonlinear simulations of kinetic instabilities.
The clumps and holes represent nonlinear BGK modes with a frequency chirp-
ing effect that allows the mode to continuously extract free energy from the
distribution of energetic particles to balance the background dissipation. This
mechanism, which applies to most kinetic instabilities, may have relevance to
fast chirping observed in experiments. In this paper we present results for the
bump-on-tail instability and the TAE instability.

3. TFTR Losses. We present a theoretical scenario to interpret the observa-
tions of bursts of the TAE signal with fast particle loss in NBI experiments in
TFTR. This avalanche-type scenario of global transport of energetic particles
is a natural consequence of resonance overlap during the nonlinear growth of
the instability. Our numerical simulations show that an important role in this
process can be played by secondary nonlinear resonances, allowing the overlap
condition to be achieved with a relatively small number of unstable modes in.
the system. The losses are intermittent when the injection power is insufficient
to continuously maintain the critical level of turbulence required for global dif-
fusion.

4. Fishbones. A physical model of the fishbone instability has been devel-
oped which treats the wave-particle nonlinearity and the linear response of the
resonant layer near the 9 = 1 surface self-consistently. This model is being gen-
eralized to incorporate the fluid nonlinearity of the resonant layer. The fishbone
simulations employ a new analytic expression for the linear MHD response. Pre-
liminary simulations of the fishbone instability recover the nonlinear downshift
in frequency, which accompanies mode saturation, and also the radial transport
and possible losses of fast ions.

5. Novel Energetic Particle Alfven Modes. The presence of a highly energetic,
trapped ion population in a tokamak plasma is able to broaden the width of
the frequency gaps in the shear Alfven spectrum for a tokamak plasma. This
new effect is in addition to, and sometimes exceeds in magnitude, the usual
geometrical effects such as toroidicity or noncircularity. This theory is applied
to interpret recent observations, in the TFTR tokamak, of Alfven waves whose
frequency is approximately twice that for the usual toroidicity-induced Alfven
eigenmode (TAE) and which appear to be resonantly excited by minority fast
ions created by high-field-side off-axis ion cyclotron wave heating.

6. Anisotropic Drive for Toroidal Alfven Modes. The phase velocity of the
TAE modes driven by the ICRH produced fast ions is sometimes opposite to
the direction of the ion diamagnetic drift. A likely mechanism for this effect is
the anisotropy of the fast ions, which allows the TAE modes to be unstable even
when the mode frequency exceeds the fast ion diamagnetic drift frequency.
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One major concern for large high temperature tokamaks like ITER is the possible

growth of low magnetic islands due to the neo-classical tearing mechanism. In this mechanism,

a seed magnetic island at a low rational surface flattens the equilibrium pressure gradient

locally, thereby switching off the bootstrap current; this results in a 9-dependent negative

current perturbation on the given rational surface which drives up the amplitude of the

magnetic island by the Rutherford nonlinear growth mechanism. If the island is allowed to

grow and saturate at a large width, it can significantly degrade the overall performance of the

discharge. Attempts are therefore being made to use the electron cyclotron current drive

(ECCD) and electron cyclotron resonant heating (ECRH) mechanisms to stabilize the

neoclassical tearing mode. In these methods, waves at the resonant electron cyclotron

frequency are used to drive a current (directly or indirectly by local electron heating) at the O -

point of the magnetic island, thereby suppressing the drive due to current density perturbation

induced by the neoclassical mechanism. The existing theories of feedback control of

neoclassical tearing modes do not take account of the self-consistent bootstrap currents

created by the driven pressure gradients within the island. In this paper we demonstrate that

the pressure gradients within the island created by a heat source (such as ECRH) typically

produce bootstrap current perturbations at the 0 - point, which are comparable to (or often
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even larger than) those due to usually considered resistivity change mechanism. We next

consider some new possible mechanisms of neoclassical mode control - specifically through

the application of neutral beams. We show that the beams can act as an effective density

source which can also drive pressure gradients within the island and hence provide a stabilising

self-consistent bootstrap current perturbation. The control mechanism can be made even more

effective through appropriate modulation of the neutral beam to match the phase variation

arising from the island rotation. We estimate the requirements of a neutral beam source which

may be used for sucha stabilization scheme of neoclassical tearing modes in a large device like

ITER. Another consequence of neutral beam injection (particularly in the unbalanced parallel

injection mode) is the production of large scale toroidal rotation in the plasma. We have also

considered the possible effects of such rotational as well as radial flows on the neoclassical

tearing mode and have found that the presence of pressure gradients within the surface due to

centrifugal effects associated with rotation and direct radial flow through the island can

significantly alter the nonlinear growth rate of the island.
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The ongoing effort to develop the capability for predictive calculation of tokamak

transport coefficients has sparked interest in so-called "radial modes", which are zonal flow

shear layers with n = 0 and kr finite. Drift ITG mode turbulence saturation levels are very

sensitive to the dynamics of zonal flows, which are fluctuating shear layers, and thus

distinct from the mean sheared flow. Such zonal flows are the tokamak analogue of the

wind belts of Jupiter. Here, we report on recent progress in understanding the basic

physics of zonal flow layers and their interaction with drift waves.

Regarding generation, we consider the modulational stability of an n = 0 zonal flow

in the presence of an ensemble of finite- n drift wave turbulence. As radial modes are

weakly damped (by collisions, only) in linear theory, this is the model with minimal but

sufficient content. Note that the problem of zonal flow generation is a special case of the

problem of convective cell growth. Here, zonal flows result from modulations of the net

radial current caused by locally non-ambipolar transport. A generalized Poynting theorem

is used to relate modulations of the radial current modulations of the wave energy density

flux. The latter may be calculated using wave-kinetic equation, since an adiabatic invariant

appropriate for drift wave turbulence has been identified. The instability is triggered by

resonance between the zonal flow phase velocity and the radial group velocity of the drift

waves. The modulational instability is possible for d{N)/dkr<0 (here N is the number

of drift wave quanta), consistent with an inverse cascade. Moreover, the above condition

is almost universally satisfied for drift wave turbulence. A threshold on the drift wave

intensity required for instability is set by collisional flow damping. This calculation may

help bridge the gap between analytical linear theory1" (which predicts zonal flows are

damped, albeit weakly-by collisions only) and gyrokinetic simulation on one hand, and

aspects of gyrofluid closure and simulation121 on the other.

Regarding collisional flow damping an analysis of the linear damping of poloidal

flows using the drift kinetic equation reveals five distinct phases with different physical

processes: (1) for times shorter than an ion bounce time, the classical polarization shields

the radial electric field, (2) for times longer than a bounce time, the collisionless

neoclassical polarization further shields the field (this effect is much stronger than the first),

(3) for times on the order of e T,y (where e is inverse aspect ratio and T,, is ion-ion

collision time) coliisional dissipation in a boundary layer damps the poloidal flow, more

rapidly than exponentially (most of the damping occurs in this phase), (4) for times

comparable to Tj,7e1/2, collisions between trapped and untrapped ions damp the flow

exponentially, and (5) for times much longer than r,-,-, energetic ions with small collision

rates contribute to a slower than exponential flow decay. To second order in the ratio of

banana width to radial wavelength, the radial electric field is nonzero at long times because

collisional damping of toroidal angular momentum is a higher order process. The residual

ExB flow at long times is smaller because of collisional damping of poloidal flow,

however, so that collisions would be expected to reduce the effective flow shear

suppression of turbulence.

Regarding suppression, it is crucial to realize that a drift wave propagates in an

ensemble of zonal flows, rather than in a single, coherent shear layer. Thus, the problem

of zonal flow shear suppression must be treated like one of wave propagation in random

media. Straight-forward application of standard eikonal methods allows the calculation of

the mean-square radial (drift wave) wave number, which increases secularly (diffusion of

kr) until dissipative coupling becomes strong enough to quench turbulence. This, in turn,

yields a mean-square shear suppression criterion, in terms of the zonal flow spectral

intensity. The physical process here is random refraction, not eddy decorrelation. Indeed,

the mean-square shear can be large even if the mean shear is negligible. This raises the

interesting question of whether mean square shear, rather than mean flow shear, is the

quantity of greatest interest.

Ongoing work is concerned with the spectrum of zonal flows and the nature of the

saturated zonal flow state. A spectral predator-prey model for the self-organized and self-

regulating state of drift waves and shear layers has been derived. Dual fixed points have

been identified and the transition threshold computed. We are also examining the dynamics

of coherent structure formation - i.e. trapping of a drift wave packet by a zonal flow vortex.

The implications of this theoretical work for simulations of drift wave turbulence are many,

and will be discussed. Experimental signatures of zonal flows will be discussed, also.

111 M.N. Rosenbluth and F.L. Hinton, Phys. Rev. Lett. (1998).
121 M. Beer and G. Hammett, APS-DPP Meeting Paper (1997).
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The high confinement H-mode of tokamak operation relies on the existence of an insulating
region of plasma at the edge, which supports a steep pressure gradient. This 'transport
barrier' results in an edge temperature pedestal, which determines confinement properties to a
large extent. It is therefore important to understand this region and how it scales to predict the
performance of Next Step tokamaks, eg ITER. We consider magnetohydrodynamic (MHD)
instabilities, which limit the pressure gradient in the transport barrier for example, and cannot
be treated using existing MHD stability codes because of their localised nature. In particular,
we describe results from a new 2-D edge MHD stability code which is capable of treating
these high toroidal mode number, n, edge-localised modes (ELMs). The key new results are:

• a picture of the ELM cycle, which is important for calculating the heat pulses that can
damage the divertor target plates in large toki-maks;

• the role of collisionality in the transition to H-mode, which explains why it is difficult to
achieve H-mode in low density discharges (eg in COMPASS-D);

• the role of current ramps for ELM control;

• the pressure gradient limit in the transport barrier;

• an expression for the barrier width based on flow driven by Reynolds stress due to edge
drift-ballooning modes: this leads to a prediction for the temperature pedestal;

• a demonstration that the true stability measure of a plasma with rotation is governed by
eigenmodes, not transients associated with Floquet modes.

Results from the edge MHD code show the importance of two types of instability. The first is
a 'peeling' mode, driven by plasma current and stabilised by favourable curvature (or a
'magnetic well'). Analytic calculations support the numerical results, showing that the role of
the pressure gradient depends on collisionality v,: for high v,, when the bootstrap current is
unimportant, increasing pressure gradient enhances the magnetic well and the Pfirsch-Schluter
current, which are both stabilising. However, for low v. the bootstrap current dominates and
is destabilising, so that the peeling mode can only be stabilised transiently by raising the edge
pressure gradient. Thus the calculations suggest that an edge transport barrier, and therefore
H-mode, is more difficult to achieve if the edge v. is low, but for higher edge v. the peeling
mode can be stabilised at high pressure. This may explain why COMPASS-D cannot achieve
H-mode in its lowest density discharges, even with strong heating. Recent measurements of
edge temperature and density on COMPASS-D indicate that indeed v.~l at the density
threshold. Note also that the peeling mode is stabilised when g exceeds a critical value; such a
condition has been associated with the H-mode transition on COMPASS-D, and provides an
alternative interpretation of the density threshold through confinement time, tE--nc

0 .

The second instability, which occurs at high pressure gradient, is a ballooning mode, which
limits the pressure gradient in the transport barrier. Figure 1 shows the eigenfunction after
Fourier decomposition in the poloidal angle. Note that each Fourier 'modelet' um(x) is
localised about its corresponding rational surface (x=m), where x=A is the edge and x
increases into the plasma. There is an approximate translational invariance in shifting to
adjacent rational surfaces, so that a 'ballooning' formalism may be adopted to derive the mode
structure analytically. The conventional ballooning formalism is invalid at the edge, so a
modified treatment is developed which predicts ~n modelets couple with an envelope which
is an Airy function (cf -n"2 modelets with a Gaussian amplitude for the conventional mode),
as illustrated by the dashed curve in Fig 1.

There are two key parameters which govern both ballooning and peeling mode stability: the
pressure gradient, represented by oc=-(2uoRq2/B2)dp/dr, and the edge current density j (or,
equivalently, the magnetic shear). Thus, from the 2-D edge MHD code we plot a 'universal'
edge stability diagram in Fig 2, where it can be seen that the peeling and ballooning modes are
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coupled (here angled brackets represent an average value, ie total plasma current divided by
cross-sectional area). If there is no edge current the ballooning mode is destabilised when a
exceeds a critical value. The modified ballooning analysis indicates that to leading order inn ,
this critical value is the same as that derived using conventional ballooning theory. However
we find that the finite n correction is ~n'm (cf n'' which would be obtained from conventional
theory); this scaling of the correction is supported by the 2-D numerical calculation.

0 0.2 0.4 0.6 0.8 1 1.2 1.
X

a

Fig 1: Edge-ballooning mode structure. F'g 2: The edge MHD stability diagram
This stability diagram provides a picture of the ELM cycle. With sufficient plasma heating, a
increases above the lower, peeling mode stability boundary, the plasma enters the stable
region and the transport barrier can form. With further heating, a approaches the upper,
ballooning mode stability boundary on a transport timescale, while the current rises more
slowly, on a current diffusion time, due to the bootstrap and Ohmic currents. The high
transport resulting from the instability then ties a to the ballooning stability curve, which it
tracks as the current rises before reaching the peeling boundary, when an expulsion of
pressure enhances the instability, resulting in a crash event: the Type I ELM. A number of
experimental features are explained with this model:

• better edge stability and easier access to H-mode when the plasma current is ramped
down, and the ability to trigger ELMs when the current is ramped up

• difficulty in accessing H-mode when the edge density is low, in which case the bootstrap
current destabilises the peeling mode

• the edge pressure gradient lies close to the ballooning stability boundary for some time
before the ELM crash occurs

• The timescale for the ELM cycle is governed by the time for the edge current to increase as
the edge pressure increases, ie resistive timescales, not the ideal MHD growth rate.

It is important to understand the role of sheared plasma flow, particularly its effect on ihc
above mode structures and MHD stability. The essential ingredients to be addressed for
including flow can be illustrated by considering its effect on drift-ballooning modes. Thus we
have investigated two alternative approaches to stability with sheared flows: in terms of true
eigenmodes, with constant growth rate, and in terms of "Floquet modes" that have a periodic
growth rate. We have shown that for strictly linear variation of plasma velocity with radius an
arbitrary combination of Floquet modes is possible and even the long-term evolution depends
on initial conditions. However, introduction of a non-linear variation of velocity with radius
reduces the Floquet behaviour to an initial transient, leaving only the eigenmode form which
therefore correctly describes the long term linear stability. In addition we have demonstrated
that edge drift-ballooning modes can generate flow through their associated Reynolds stress:
this leads to a model for the temperature pedestal which scales as p.m (p. is the ratio of ion
Larmor radius to plasma minor radius), predicting a value for ITER in excess of lkeV.

Acknowledgements: This work was funded by the UK Department of Trade and Industry
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Internal Reconnection Event (IRE) is an internal relaxation phenomenon which has been

observed in the spherical tokamak experiments such as START [1] and CDX-U. In this paper,

three dimensional magnetohydrodynamic simulations are executed in a full toroidal geometry to

clarify the physical mechanisms of the event. The simulation results successfully reproduce several

main properties of IRE as follows. 1) The central value of the plasma pressure falls rapidly in a time

scale of around 100 microsecond, and 2) the heat energy is transported from the core to the edge

rapidly, but 3) the event is not so destructive as to destroy the whole torus [see Fig.1], (Time is

described in a unit of the Alfven transit time x A. 1 T A roughly corresponds to 1 microsecond.) 4)

The net toroidal plasma current increases in about 10 percent [see Fig.2]. 5) The event is

accompanied by low m and n modes [see Fig.3]. 6) Vertical elongation of the poloidal cross section

is observed [see Fig.4].

The typical simulation starts from an initial condition where the aspect ratio A is 1.35, the

elongation K. is 1.6, /3 (0) is 48%, and q(0) is 0.91. As is plotted in Fig.3, the noticeable property

in the linear growth of modes are the simultaneous excitation of multiple low n modes on the q=1

surface. In this case, m=1/n=1 and m=2/n=2 modes are the dominant ones, which grow together

with the similar growth rates. Both of them are identified as the pressure-driven interchange mode.

Time

Radius

Fig.1 Sudden collapse in the plasma

pressure profile observed in the simulation

result.

Fig.2 In accordance with the collapse

in the pressure shown in Fig.1, the

net toroidal current increases.

It should be noted that a spontaneous phase-matching mechanism is induced through nonlinear

coupling between the dominant modes, by which both modes develop while keeping a specific

locked phase relation with each other. The phase-matching mechanism is confirmed to be enhanced

irrespective of relative phase between the modes in the linear stage. Because of this nature, the

perturbation in the torus does not grow uniformly around the torus, but expansive bulge-like

deformation grows especially at a local region in the toroidal direction. In the highly nonlinear stage,

the heat energy is rapidly transported from the core to the edge region by convection due to the

excited modes, which appears as the collapse in the pressure profile. It is interesting to note that a

current sheet structure is formed on the periphery of the torus at the local toroidal region where the

bulge-like perturbation mainly grows [see Fig4, t=260], and magnetic reconnection between the field

lines in the torus and ambient fields are induced. The heat energy transported from the core to the

edge of the torus is expelled to the external region due to the reconnection, which is found to occur

rather impulsively. The expelled pressure is transmitted helically along the field lines in the external

region [Fig4, t=300], and the overall profile becomes a vertically elongated torus [Fig4, t=500].

As was stated in the beginning, those processes of the time development agree with the

observations in spherical tokamak experiments in many points. Moreover, as a future study, the

simulation results are considered to give some suggestions in finding a general rule which governs

plasma relaxation phenomena when they are driven by pressure-driven instabilities.

n=2

Fig.3 Growth of perturbation in the

magnetic energy for each toroidal Fourier

mode n. (tA>

t = 0 t=260 t=300 t=500

Fig.4 Time development of the three-dimensional profiles of the plasma pressure (lightly shaded)

and the plasma current (darkly shaded) in the simulation result.
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Nonlinear MHD simulation results of pellet injection [1] show that MHD forces can accelerate large
pellets, injected on the high field side of a tokamak, to the plasma center, reconnecting the magnetic field
into a reverse shear configuration. Ballooning instability caused by pellets is also reduced by high field side
injection. Studies are also reported of the current quench phase of disruptions, which can cause 3D halo
currents and runaway electrons.

MHD Effects on Pellet Injection
Recent ASDEX results [2] demonstrated that pellets injected on the inboard, low major radius edge, suf-

fered less loss, and were absorbed more completely into the plasma. Efficient pellet penetration is important
for very large size, long pulse tokamaks, such as ITER.

A scaling law is obtained for pellet displacement which agrees well with the simulations. The MHD
simulations were carried out with the new MH3D++ unstructured mesh finite element version of the MH3D
full MHD code [3].

The simulations are initialized with a two dimensional MHD equilibrium, to which a pellet is added. The
simulations assume that the pellet ionizes and ablates rapidly, compared to the Alfven and sound wave time
scales. The pellet is the source of a plasma cloud, which has a non uniform density and pressure distribution
on magnetic surfaces. The pellet cloud contributes no energy to the plasma; the flux surface averaged
pressure profile is the same as without the pellet. The three dimensional perturbed uon equilibrium plasma
relaxes by parallel streaming of heat and density, and major radius displacement akin to the Shafranov shift.
Driven magnetic reconnection imparts some non reversibility to the effect. This is shown particularly in the
case of inboard injection, where the pellet cloud penetration changes the q profile to a reverse shear profile.

MHD Disruptions caused by pellet injection
Further studies are being carried out on disruptions initiated by pellets. We start with a high fS equilib-

rium and insert a pellet perturbation. A pellet ablation cloud 3D pressure perturbation can trigger moderate
TO pressure driven instabilities.

As with pellet injection, there are advantages to the high magnetic field side. Pellets ou the inside
require a larger pressure perturbation to trigger an instability. The equilibrium pressure gradient adds to
the pellet pressure gradient for low field side instability, while the equilibrium pressure gradient subtracts
from the pellet pressure gradient for high field side instability. In addition, on the low field side, the
velocity perturbations resemble typical moderate wavelength ballooning modes. They produce disruptions
in nonlinear simulations. On the high field side, the velocity perturbations are much more localized. They
might simply cause the breakup and more rapid dispersion of the pellet cloud.

3D Disruptions, Halo Currents, and Runaways
Another category of work with MH3D++, which is relevant to ITER and other large tokamaks, concerns

halo currents and runaways generated during the current quench phase following major disruptions. Halo
currents caused by 3D kink modes in the latter phases of a disruption could cause serious mechanical load
problems. In addition, runaway electron currents could be channeled to the wall by the 3D magnetic field
perturbations, causing wall damage. Disruption simulations arc being carried out which have both a self
consistent three dimensional resistivity proportional to the temperature to the —3/2 power, as well as a thin
resistive shell through which the plasma magnetic field is coupled to an external vacuum field. Preliminary
results indicate significant 3D peaking factors. Runaway generation by avalanching will be modeled [4].

MH3D++ Unstructured Mesh Code
The most efficient way to represent general geometric effects is to use an unstructured numerical mesh.

MH3D++ is the unstructured mesh finite element version of the MH3D code. Low level routines which
perform differential operations and solution of PDEs such as Poisson's equation are encapsulated in C++
objects to isolate the finite element operations from higher level routines. In this way, the code can be run
either in unstructured or in structured mesh versions, which still holds advantages for some specific problems.
The results of MH3D++ converge to MH3D results. The MH3D++ code has been given an option of a
finite difference discretization in the toroidal direction, replacing the spectral representation. This permits
efficient parallelization. The next step is to use an array of mesh objects to build a three dimensional mesh,
which will be used for resistive, nonlinear stellarator simulations.

The MH3D++ code is a part of the larger M3D code package[3j, so that non-MHD kinetic effects can
be included in the future simulations. The currently available physics models of the M3D project are MHD,
two-fluids, and gyrokinetic ion/fluid electron hybrid models.

'H. Strauss and W. Park, Submitted to Phys. Plasmas (1998).
2P.T. Lang, K. Buechl, M. Kaufmann, R.S. Lang, et al., Physical Review Letters 79, 1487-1490 (1997)
3W. Park, Z. Chang, E. Predrickson, G. Y. Fu, N. Pomphrey, H. R. Strauss, and L. E. Sugiyama, Sixteenth
IAEA Fusion Energy Conference, Montreal, F1-CN-64/D2-2 (1996)
4M. N. Rosenbluth and S. V. Putvinski, Nuclear Fusion 37, 1355 (1997).
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Figure 1 shows two examples of pellet simulations. Figure l(a) shows pellet cloud density contours in
the tj> = 0 poloidal plane at t = 12.7R/VA- The pellet was inserted on the high field side, and was accelerated
by toroidal curvature forces, causing it to move to the magnetic axis. In the process it causes magnetic
reconnection to a reverse shear profile. Figure l(b) shows pressure contours in the (j> = 0 poloidal plane at
t = 13.1/?/»..i. In this case a pellet was inserted on the low field side, increasing the local pressure gradient
enough to cause an instability. The nonlinear development of the instability is shown. Figure l(c) shows
pressure contours in the </> = 0 poloidal plane at t = 17.5R/vA, produced in a kink simulation of the current
quench phase of a disruption.
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The axisymmetric divertor programme associated with the ITER project is facing
conflicting physics issues. On the one hand, it must comply with the heat exhaust capability
provided by the available technology. This has led to an extensive analysis of radiating plasmas
in this configuration. On the other hand, high confinement is required to reach ignition. A
programme focused on similar constraints is investigated experimentally on Tore Supra with the
ergodic divertor [1]. The present paper is devoted to the theoretical analysis of the ergodic
divertor operation. The various states of the divertor plasma are determined with a 1-D model of
parallel energy transport. A 2-D model of energy transport in the vicinity of the separatrix
allows one to compute a temperature profile. Finally, a 3-D field line tracing code associated
with a WKB analysis is used to describe the energy deposition onto the target plates.

Boundary plasma control with divertors is ensured by the ionization of the neutral influx
in low confinement regions, in practice open flux surfaces. In such a regime of tight particle
recirculation control, boundary values of the density (typically the mid plane density on the
separatrix) governs the volume average density of the discharge. The relationship between the
divertor operation regime characterized by the target plate density and the volume average
density appears therefore as a relevant signature of the divertor performance. Three regimes of
the target plate density have been identified in both the axisymmetric and ergodic divertors
[2,3]. At the lowest densities, a linear regime is obtained. The interest of this regime on Tore
Supra is associated with the density requirement for long pulse operation with lower hybrid
current drive. The theoretical investigation of the transition from this regime to the so called
high recycling regime indicates that impurity radiation interferes and that the change in regime is
not solely determined by parallel heat transport properties. The impurity content also modifies
the high recycling regimes especially since there is an overlap in the control parameter domain
of the thermal instability [4] and the high recycling regime. The existence of a thermally
unstable regime in the scan of the volume average density leads to a difficult comparison with
experimental data. Indeed, most of the experiments are performed with density ramps so that
the presumed adiabatic scan of the high recycling states would correspond to a transient through
an unstable region in the control parameter space. A stable branch is recovered when the target
plate temperature drops typically below the ionization energy of the lithium like state of the
impurity. At low power, this point stands in the vicinity of the onset to detachment. This
impacts strongly ICRH operation on Tore Supra. Given the low field side location of both the
divertor and ICRH antennae, Tore Supra provides a challenging configuration where the
launchers are localized in the divertor "chamber". Recycling onto the antennae protections then
has little incidence on the overall neutral recirculation. However this operating scheme requires
a significant density at the antennae for a proper coupling efficiency. The density roll-over
which follows detachment is therefore a limitation. The theoretical analysis thus indicates that
high power operation of the ergodic divertor in the high recycling regime must accommodate
the transition through a thermally unstable high recycling regime in ohmic heating. The analysis
of the detached regime indicates that the location of the neutral source is an important control
parameter. In an open divertor configuration, such as the ergodic divertor, most of the open
field line extent is available for plasma neutral interaction. With such a neutral distribution, the
Mach number exhibits a maximum close to one just ahead of the detachment front. Interestingly
enough, data from the reciprocating Mach number probe displays a similar maximum which
shifts radially into the divertor volume as detachment is more pronounced [5]. Combining this
measurement to the model, one can monitor the penetration of the detachment front into the
divertor volume.

While particle recirculation is characterized by common features in both the
axisymmetric and ergodic divertors, the issue of heat transport exhibits different properties as

soon as cross field transport generates significant effects, hence beyond the laminar region
where parallel transport is dominant. The analysis of the energy deposition pattern onto the
target plates indicates that a significant increase of transverse transport occurs with additional
heating and follows typical power degradation laws of the confinement time. Cross field
transport within the divertor volume appears to be monitored by the external driving flux and
not directly dependent on the measured reduction of density fluctuations [6]. At the boundary of
the divertor volume, towards the core plasma, another interplay between stochastic field lines
and cross field transport is given evidence. In this area, characterized by a rapid radial change
of stochastic transport, there is a regime such that the combined effect with cross field transport
generates an inward convection. On a step size of stochastic transport, the diffusive like
transport is thus strongly reduced and a transport barrier is formed. The extent of this barrier
depends on the magnitude of cross field transport compared to that of the stochastic transport
just below the threshold to chaos. The relationship between this barrier and the observed radial
temperature modulations in the divertor volume is being analysed. The occurrence of a transport
barrier at the interface of the core and divertor volumes together with an increased transverse
transport within the divertor volume enables in principle to decouple the issues of confinement
and energy deposition control.

Mach

ne (10

q / Q

0.01
1.0

Profiles of the Mach number, of the density, and of the ratio of the
conducted energy flux (q) over the total energy flux (Q) against the
curvilinear abscissa s normalized to the field line length. The
detachment front (sharp decrease of q/Q) stands just behind the front
of maximum Mach number.
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We have obtained new results impacting tokamak edge and scrape-off layer (SOL) behavior
in the following areas: 1) stability of detached divertor operation; 2) simulation of neutral gas
transport using a nonlinear Monte Carlo code; 3) effects of neutrals and radiation on Pfirsch-
Schliiter transport; 4) effects of neutral diffusion on the plasma flow velocity in the plateau regime;
5) ExB drift effects on divertor plasma flows; and 6) coupled plasma - neutral kinetic modeling.

1) Stability of detached divertor operation.
Experimental observations show that once detachment occurs, the impurity radiation and plasma
recycling regions (detachment front) move toward the X-point, perhaps indicating that the location
of these regions is unstable. We have found that the location of the detachment front can be driven
by impurity radiation and/or energy loss associated with plasma recycling involving the ionization-
recombination processes of hydrogenic species. Instability of the front occurs when power into
scrape off layer from the core drops below some critical level. The physical mechanisms
responsible for the instability are i) the formation of a strongly V-shaped impurity radiation front
causing enhancement of radiation loss due to front widening cross-field heat conduction [1], and ii)
plasma volumetric recombination resulting in an increase in neutral gas density and a subsequent
hydrogen radiation loss in the plasma recycling region.

2) Neutral gas transport simulation using a nonlinear Monte Carlo code.
The nonlinear Monte-Carlo code NTNG has been developed to simulate multispecies neutral gas
transport in realistic tokamak divertor geometry. The code incorporates advanced atomic physics
by using the built-in collisional-radiative atomic-molecular code CRAMD [2]. The NTNG code is
capable of handling arbitrary concentrations of neutral particles by applying a reduced neutral-
neutral (N-N) collision operator model [3]. We simulate nonlinear neutral transport for detached
divertor conditions in the Alcator C-Mod tokamak by studying the effects of N-N collisions, and
molecular activated recombination (MAR) of plasma. Our results show that i) the conversion
efficiency of atomic particles into molecules on the walls has a strong effect on gas parameters, ii)
N-N collisions significantly alter the plasma recombination sink caused by MAR (which can be a
dominant plasma sink), and iii) synergetic effects of atom to molecule conversion, MAR, and N-N
collisions are important.

3) Neutral and radiation effects on Pfirsch-Schliiter transport.
The edge plasma of a tokamak is sensitive to atomic physics processes that can cause density and
temperature variations along the magnetic field which can strongly modify edge transport. We have
obtained a closed system of equations in the Pfirsch-Schltiter regime which can be solved for the
radial and poloidal variation of the plasma density, electron and ion. temperatures, and the
electrostatic potential in the presence of poloidally asymmetric neutrals and an energy radiation
sink. The viscosity and heat flux associated with the neutrals can be important if their density is
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high, in which case the neutral viscosity alters the radial electric field variation in the edge plasma
as well. The parallel gradient in the electron temperature that arises in the presence of localized
radiation sinks drives a flow of particles and heat across the field. This transport mechanism is
particularly strong if a Marfe forms since the electron temperature then varies substantially over the
flux surface. Magnetic field lines connecting to the divertor plates introduce additional fluxes.

4) Effects of neutral diffusion on the plasma flow velocity in the plateau regime.
In the edge region of tokamaks, where neutral atoms are abundant, the bulk ion transport and flow
are strongly affected by ion-neutral interactions. In this region, the standard neoclassical
expression for the ion flow is not consistent with the experimental observations. Previous work in
the short neutral mean free path limit [4. 5] suggests that the discrepancies are caused mainly by the
momentum loss due to the ion-neutral charge exchange. We show that in the absence of neutral
diffusion, ion-neutral charge exchange and elastic ion-neutral collisions cannot affect the
neoclassical transport of the ions significantly if the neutral mean free path is short and the neutral
density is low. However, we also find that the inclusion of the neutral diffusion and anomalous
radial transport in the flux surface averaged momentum constraint that determines the parallel ion
flow gives a considerable effect that can alter the parallel flow in the plateau regime and introduce
electric field modifications in the poloidal ion flow.

5) ExB drift effects on divertor plasma flows.
The effects of self-generated electric fields in the plasma edge and the associated ExB drifts are
studied analytically as well as numerically. Our 2D numerical results confirmed previous analytic
findings [6] that the ExB driven convection of momentum results in a dramatic variation in the
stationary total plasma pressure along the magnetic field lines in the divertor volume - a signature
of detachment. The typical radial scale length at which the ExB-drift becomes important is of the
order of the poloidal ion sound gyroradius, which is also the scale length at which the radial drift
fluxes become important. Furthermore, the analysis includes results for the generation of parallel
return flows and presents conditions for parallel outflow, addresses the question of fluid boundary
conditions, and shows the possibility of multiple stationary states as a feature associated with
strong ExB drifts. Moreover, non-stationary edge waves are observed numerically when the ExB
drift strength is large.

6) Coupled plasma - neutral kinetic modeling.
A comprehensive finite difference kinetic code [7] is being constructed that models collisionally
coupled plasma and neutral particles by taking into account most of the important elementary
processes in the edge plasmas and allows the crucial suprathermal tails to be resolved. For the
Alcator C-Mod like SOL conditions kinetic modeling confirms previous findings that the electrons
and ions are not thermally equilibrated; electron-ion energy exchange is comparable to ionization
loses (which are 2-3 times smaller than radiation loses); charge-exchange is a main plasma energy
loss channel near the plate, but at some distance from the plate it changes sign to become an energy
source for the ions; and neutral density exceeds 1015 cm"3 at the divertor, while plasma density
drops by a factor of five going towards the divertor. Importantly, the ion distribution function is
found to be even more non-Maxwellian than that of the electrons. The ion heat flux normalized to
its classical value varies from 0.3 at the midplane to 5 in the SOL with ions carrying 0.1-0.2 of the
total heat flux. The neutral distribution function was found to be non-equilibrated as well.
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Theoretical Model for the Plasma Rotation Paradox
Toroidal rotation in ICRF heated plasmas has been observed in cases where there are no direct

angular momentum inputs [1]. In Alcator C-Mod, it is characterized by large velocities at the magnetic

axis in the direction of the plasma current, with peak velocities of up to 150 km/s when the contribution

of the deuteron diamagnetic velocity [1,2] is included. The onset of this rotation and its decay after

the ICRF has been turned off are characterized by similar time scales of the order of 100 ms, a clear

indication of anomalous transport. The induced toroidal rotation is observed in conjunction with the

existence of improved confinement conditions and in particular, the onset of the H-mode regime.

We postulate that the mechanism for the generation of torque from balanced ICRF inputs is related

to the existence of a special class of magnetosonic-whistler modes at frequencies of the order of the ion

cyclotron frequency and above, that can resonate with the injected waves. These modes are characterized

by a strong asymmetry in the direction of poloidal propagation so that there are two types of modes, one

convective and one standing. The standing modes, referred to as "contained modes" [3], are confined

within a narrow radial layer located towards the plasma edge. For the Alcator C-Mod experiment, only

the modes with poloidal phase velocity in the ion cyclotron direction relative to the toroidal magnetic

field are radially confined, around minor radius ro cz 0.7 a. These modes will deposit their angular

momentum to the background as they damp against the plasma. In contrast, modes having the opposite

phase velocity will travel to the edge of the plasma column and dissipate their angular momentum to

the surrounding environment. The origin of this asymmetry is the Hall term in Ohm's law, E + vx B =

fx B/en, and the asymmetry in the deposition of angular momentum will be greatest for modes which

propagate nearly perpendicular to the equilibrium magnetic field. The resulting net torque applied to

the plasma is in the direction of the plasma current, consistent with experimental observations.

Given this mechanism for angular momentum input, we can argue from basic considerations that

a contained mode with energy £ will have toroidal angular momentum LT = £n°/w, where n° is the

toroidal mode number. The frequency is roughly a> ~ lk±\vA = \m\vA/ro, where VA is the Alfven velocity

and m the poloidal mode number, and modes with small k\\ are characterized by n° ~ m/q(ro).

If we assume that the angular momentum is determined by the power input and an independent

rate 1/r of transport out of the plasma, then the steady state balance is given by LT — rLj. In terms

of the toroidal velocity profile VT{T), the angular momentum is LT = V-ftom^njUj-) where {) denotes a

volume average, RQ is the major radius, and V is the plasma volume.

Characteristic parameters for the Alcator C-Mod experiments are a ~ 0.22 m, R<, ~ 0.67 m, n ~ 1020

m~3, B ~ 5.3 T, q(r0) a 2, so for a deuterium plasma the Alfven velocity is VA ̂  8200 km/s. The peak

plasma temperature is roughly 2 keV and the corresponding deuterium thermal velocity is 450 km/s. For

a peak rotation velocity of 100 km/s, excluding the diamagnetic velocity contribution, with a sharply

peaked velocity profile as observed in experiments, the angular momentum is estimated to be LT ~ 10~3

J-s. The apparent rate of energy conversion seems consistent with the injected power of about 2 MW.

The fact that this kind of induced rotation is seen only in the H-confinement regime can be explained

by the argument that the flux of angular momentum can be represented by

where Df1 is the effective diffusion coefficient for the ion thermal energy produced by ion temperature

gradient driven modes that also carry angular momentum [4], the term proportional to Dj indicates the

transport of angular momentum resulting from velocity gradient driven modes, and aj is an appropriate

dimensionless parameter. When the ion thermal transport is large, angular momentum that is deposited

near the plasma periphery induces only a small amount of plasma rotation. When, instead, a thermal

transport barrier is formed, as in the case of the H-mode regime, the angular momentum settles into the

centrally peaked profile usually observed and given by dJ/dr ~ —(vj/Dj)(2r/a)J. The higher central

rotation is due to a combination of the the reduction in the net diffusion coefficient and of the effect of

the inflow term vj(2r/a)J which is similar to that usually adopted to describe the particle transport [5].

Poloidal Rotation in Toroidal Plasmas
In a toroidally confined plasma, the problem of the rotation in the other direction of periodicity

suffers from a lack of fundamental understanding. The detailed evolution is complex and difficult to

predict analytically. Analyses carried out so far [6,7] have used aspect ratio expansions (small a/R) and

have considered only a local approximation in the radial coordinate. The present study removes these

restrictions. It considers fluid models and uses results from the 3D, fully toroidal initial value code,

MH3D-T [8]. Only exact toroidal axisymmetry is considered. The time scales of interest are shorter

than the collisional ones on which damping is to be expected (e.g., ion viscosity and resistivity). The

major results include:

1) Poloidal rotation and its effects are a global phenomenon, even when driven by a localized source

of poloidal momentum or of particles [7]. The angular momentum can develop significant radial

variation and the particle density, energy, and angular momentum can be redistributed globally.

2) Plasma density and ion temperature are non-flux-surface functions during rotation and simulations

show that they often remain poloidally asymmetric in the steady state, even after the poloidal

velocity goes to zero.

3) When excited by a transient source, the poloidal rotation tends to damp and/or to acquire a rapidly

varying radial structure, on a relatively fast time scale compared to collisional damping times.

4) Two-fluid effects, due to the ion gyroviscous stress tensor, the Hall term in Ohm's law, and electron

pressure/thermal evolution that is independent from the ion pressure evolution lead to different

behavior from MHD in certain regimes. The stable steady states and the evolution are different.

5) The parallel dynamics and compressional effects on the particles and fields play a crucial role in the

evolution of the rotation. Sound waves and thermal conductivity are important in the fluid picture

and their effects are discussed.

Many of the results on the existence and evolution of the poloidal rotation can be interpreted in a simple

way in terms of the symmetry properties that relate the {8, <t>) dependence of the possible solutions to

the MHD and two-fluid equations. The poloidal rotation problem has an intrinsic (0, <j>) structure in a

torus that determines its basic characteristics in the two systems.
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The interchange mode is easily destabilized for finite pressure plasmas when the mag-
netic curvature is unfavorable. For a circular cross-section tokamak the ideal interchange
mode is unstable for q(r) < 1 [1], when q is a safety faction and r denotes a radius.
Stellarators, however, there is no such a universal condition. The stability of ideal inter-
change mode is determined by competition between the destabilizing force due to pressure
gradient and the stabilizing effects due to magnetic shear and magnetic well. The prop-
erty of Mercier criterion for heliotron devices has been clarified from the relation between
low-7i and high-n modes [2], where n is a toroidal mode number. It is known that the
interchange mode becomes more unstable with finite resistivity, since the stabilization of
magnetic shear disappears. Recently the negative shear tokamak is studied intensively
as a new way to improve the confinement. Here we compare the negative shear toka-
mak with the currentless heliotron configuration from the point of view of interchange
mode stability. In the currentless heliotron plasma, the magnetic shear is positive near
the magnetic axis and negative in the outer region, although the situation is opposite in
the tokamak. The comparison may clarify the role of interchange mode in magnetically
confined plasmas and the effect of magnetic shear on the stability.

1. INTERCHANGE MODES IN NEGATIVE SHEAR TOKAMAK
Stability criteria for both the local ideal and resistive interchange modes [3],[4] are

examined for the negative shear tokamak with a circular cross-section. The safety factor
profiles for MHD equilibria are shown in Fig.l. For these negative shear configurations
the resistive interchange modes becomes unstable as shown in Fig. 2, while the ideal in-
terchange modes are stable, since q(r) > 1 everywhere. However, it is found that the
resistive interchange modes have a significant stabilizing tendency by making the plasma
cross-section elliptic. When the ellipticity re exceed about 2, they becomes stable. The
triangularity also suppresses the resistive interchange instability. When the local stability
criterion predicts instability, low-n resistive interchange modes usually become unstable.
Thus the global instability becomes dangerous for the lowest integer value of q in the
negative shear region, and the minimum q value in the negative shear configuration will
be qmin ^ 2 or qmin < 3. It is the hollow plasma current to destabilize the resistive in-
terchange modes. In heliotron plasmas, the resistive interchange modes become unstable
due to the magnetic hill in the outer negative shear region.

2. INTERCHANGE MODES IN HERIOTRON PLASMAS WITH HIGHLY PEAKED
PRESSURE PROFILES

Here our interest is in the low shear region near the magnetic axis, since one way to
suppress the resistive interchange mode in the tokamak is to reduce the magnetic shear
as shown in Fig.2. Even in the heliotron configuration the magnetic well exists in the
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central weak shear region at zero beta. Thus the ideal and resistive interchange modes
are stable except the case with q(0) ^ 1 in the low shear tokamak. It has been shown
that the non-resonant interchange modes are destabilized near the magnetic axis for a
resistive plasma with a highly peaked pressure profile in H-DR [5]. The non-resonant
modes becomes more unstable, when ^(0) is closer to the low-order resonant value. It has
a ballooning-like mode structure in the toroidal plasma. This property seems consistent
with the fluctuation behavior observed in the H-l Heliac in the case of L-H transition [6].
Recently same non-resonant low-n interchange modes are found in the context of ideal
MHD model, when <j(0) ^ 2. Its characteristic is similar to the infernal mode in the low
shear tokamaks, and this mode may be involved in the internal disruption appeared in
the central region of Heliotron E [7]. For heliotron plasmas, the stability of interchange
modes in crucial to eliminate the disruptive behavior and obtain the higher beta plasmas.
For a flat q profile with q(0) < 1 in the tokamak, the interchange mode may trigger a
sawtooth.

Fig.l. Safety factor profiles of negative
shear tokamak. Here q(0) is changed
as a parameter at fixed </(l) = 6 and
13(0) = 3% in a circular cross-section
tokamak. Case A has the largest <j(0).

Fig.2. Local resistive stability criterion
DM (> 0 for stability) [4] as a function
of radius for g-profiles shown in Fig.l.
Case A has the lowest DM, which is the
most unstable case.
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Stability to low-n ideal interchange modes has been used as a design criterion
for stellarators [1], [2]. The Merrier instability criterion [3] correlates well with the
stability of the low-n modes and serves as guidance in those studies [4]. However,
there is not yet clear experimental information of the effects of this instability on the
plasma confinement. Mercier instabilities do not seem to have had an impact on
tokamak confinement. It is, therefore, important to evaluate their effect on stellarator
plasmas and find out the reliability of the design criterion.

To better understand the effects of the low-n ideal interchange modes, we have
investigated the nonlinear stability of these modes for the parameters of Heliotron E
discharges. We have considered a Heliotron E shifted-in vacuum magnetic field
configuration. When the vacuum magnetic field configuration has the magnetic axis
shifted in about 2 cm, the rotational transform at the magnetic axis decreases below 0.5
and the magnetic hill increases. This causes the destabilization of the (m = 2; n = 1)
interchange mode at relatively low p.

When the ideal modes are linearly unstable, the nonlinear evolution leads to an
m = 2 magnetic reconnection across the magnetic axis in the way suggested by
Kadomtsev [5]. This causes the sudden reduction of the central pressure and a
sawtooth oscillation. For equilibria stable to ideal interchange, the evolution of the
resistive interchange leads to the nonlinear saturation of the instability at a relatively low
fluctuation level. Therefore, the resistive interchange mode cannot be the cause of the
sawtooth oscillations.

We have applied the results of our study to the interpretation of internal
disruption observed in Heliotron E [6]. In the experiment, it is observed that the
internal disruption occurs near the q = 2 surface, which for the vacuum magnetic field
configuration is located at rla ~ 0.13. A low-amplitude m = 2 instability abruptly
grows near this surface and triggers the internal disruption within 100 \is to 300 [is.
In the same experiments, the m = 2 mode was stabilized by the addition of ECRH in a
sawtoothing discharge. The detailed features of the sawtoothing behavior in Heliotron
E are similar to results of the nonlinear calculations. During operation with ECRH, the
central electron pressure and its gradient at the location of the q = 2 vacuum magnetic
field resonance surface can increase by a factor of 2 without triggering sawtooth
oscillations.

When we perform a linear MHD analysis of these discharges, we found that the
n = 1 ideal interchange modes are linearly unstable for the sawtoothing discharges
with the m = 2 being the dominant one. The increase in peak p associated with the
ECRH induces a larger Shafranov shift. This causes a stabilization effect near the
magnetic axis and finally even removes the q = 2 surface from the plasma. A non-
resonant ideal instability remains, but when q(p) < 1.85, the ideal m = 2 becomes
stable. The suppression of the sawtooth oscillations is probably caused by the
stabilization of the ideal interchange modes.

In conclusion, since the ideal interchange instability is the likely dynamical
cause for the sawtooth oscillations, this instability limits the peak beta values achievable
in a stellarator. However, it does so without deleterious consequences for the plasma
confinement.

Another result of the nonlinear calculations is that the critical (5(0) for triggering
the ideal interchange mode is higher than the one obtained from the linear ideal MHD
calculations. The reason for this discrepancy lies in the detailed structure of the
averaged pressure profile. The linear stability calculations have been done, as they are
usually done, for smooth pressure profiles. However, the nonlinear evolution leads to
averaged pressure profiles with multiple "steps" caused by the low-n resistive
interchange modes. For those profiles, the critical (3 to ideal interchange is higher than
for the smooth profiles with the same radial averaged gradient.
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Energy confinement in W7-AS has been analyzed in terms of dimension-
ally exact form free functions employing Bayesian probability theory. The
confinement function was set up as a linear combination of dimensionally
exact power law terms as already proposed very early by Connor and Taylor
[1]. Generation of this expansion basis is dictated by the basic plasma model
which one assumes. Two intricate problems have then to be solved: given
a particular plasma model which is the optimum number of terms in the
expansion, and, for optimum expansion order for each model which model is
most likely in the light of the data.

The data which we have used in our calculations are the 153 t ~ 1/3 W7-
AS data from the international stellarator energy confinement data base [2]
(t: rotational transform). We have selected the t « 1/3 data only since the
single variable scans which we present further down, have been performed at
this value of the rotational transform.

First it was examined which of the basic plasma models describes the
data best, a task falling into the realm of Bayesian model comparison. The
result was that the t ~ 1/3 W7-AS data are best described by the collisional
low beta Connor Taylor model. The high beta models follow in second and
third place with much lower probability. The collisionless low beta model
was clearly inappropriate to describe the transport physics in W7-AS.

Further we calculated for the result of a single variable scan in the most
probable model. For W7-AS there are data available for density and power
scans and, very important, these data are not included in the stellarator con-
finement data base. A comparison with these experimental scans constitutes
therefore a stringent test of our approach.

The full dots in Fig. 1 represent experimental results for the density scan.
Representative error bars signify the precision level of these data. The con-
tinuous curve depicts the result of the present semi-empirical theory along
with the confidence range indicated by the gray shaded area. The histogram
at the base line indicates the number of shots at the respective density in
the stellarator energy confinement data base and the open circles the asso-
ciated energy contents. This gives an impression about the range in which
the single variable scan is best supported by the data base. Last but not
least the dashed curve represents the density dependence as inferred from an
unrestricted single power law conventional least square fit to the experimen-
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Figure 1: Experimental results of a single variable density scan shown as full
dots are compared to the predictions of the present semi-empirical theory
shown as a continuous line.

tal data. Note that the comparison between the single variable scan and the
prediction of our analysis holds on absolute scales! Within the density range
of the single variable scan the prediction of the semi-empirical theory runs
straight through the data and exhibits clearly the previously supposed den-
sity saturation [2] which can never be obtained by a single power law term
at all. Outside this range the data set is too sparse, which is reflected in the
rapidly widening error band. In contrast to the robust but erroneous power
law scaling the present theory indicates where the extrapolation becomes
unreliable.

A similar examination of a power scan in W7-AS reveals again that the
semi-empirical theory predicts the measured energy content - on an absolute
scale - within experimental error and corroborates the experimentally ob-
served power degradation.

The result of a single variable scan is therefore already hidden in the data
obtained for arbitrary variable choices and can be extracted from the latter
by a proper data analysis.
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The discovery of the quasisymmetry (QS) by Nuhrenberg and Zille [1] made active
the search of new stellarator configurations with enhanced plasma confinement. The
fulfillment of the QS condition means, that the drift equations of charged particles
have, as well as in symmetric configurations, an additional integral of motion. Thus
the neoclassical transport in stellarators with toroidal direction of quasisymmetry
(helical or axial) appear to be such as in corresponding symmetric systems. Because
of such attractive feature the large attention is at present paid to the investigation of
QS stellarators . The condition of quasisymmetry, however, is rather strong and can
not be fulfilled exactly in all volume of plasma.

For purposeful search of systems with improved plasma confinement softer crite-
ria of neoclassical transport reduction are desirable. As such criteria, the following
conditions were offered:

a) the condition of omnigeniety ( the "banana" centers drift along the magnetic
surface) for deeply trapped particles [2];

b) the condition of omnigeniety for all trapped particles at the expense of nonan-
alyticity of function B(r) [3];

c) the condition of pseudosymmetry: all lines B(r) = const coincide with lines
6 = const (toroidal pseudosymmetry) or ( — const (poloidal pseudosymmetry) of flux
coordinates with straight magnetic field lines [4].

The present work is devoted to analysis of possible ways in searches of pseudosym-
metric closed magnetic configurations for plasma confinement. For use of already de-
veloped for search of QS systems algorithm it is necessary to find the target function,
minimization of which would indicate the way to pseudosymmetric configuration at
numerical calculations. As such function, in particular, it is possible to use

r-
J

B2

where S ^ n are Fourier components of B2 in arbitrary system of coordinates with
straight magnetic field lines (in contrast to the case of quasisymmetry, when the sim-
ilar target function is used with strictly definite Boozer flux coordinates). The freedom
in choosing of angle variables of flux coordinates system, described by function ip:

= 6 + i CB = C + <P 1
means the necessity of additional step, in comparison with the case of quasisymmetry:
the minimization of / on ip must be fulfilled (for example, on Fourier spectrum of
tp) at given values of parameters, determining the form of the boundary magnetic
surface.

The additional freedom in parameters choice appearing due to transition from
the QS condition to that of pseudosymmetry is analyzed in near axis approximation.
The opportunity of existence of pseudosymmetric closed configurations with poloidal
direction of lines 6=const on magnetic surfaces (as in open traps) is shown, that is
impossible in closed QS stellarators near the magnetic axis.

The possibility of existence of pseudosymmetric systems with complex period is
discussed. The two period DRAGON [5] configuration can be considered as the exam-
ple of such system. In near axis approximation the configuration with the following
properties is presented:

- the configuration is pseudosymmetric in linear near-axis approximation;
- there are two cross-sections with zero curvature and zero derivative of the cur-

vature on the longitudinal coordinate;
- secondary currents are zero in the cross-sections with zero curvature;
- it is possible to insert the straight long mirror-like sections.
The results of numerical calculations with the 3D codes VMEC and TERPSI-

CHORE are presented. The optimized on local modes stability configurations with
poloidal and toroidal directions of lines B = const on the boundary magnetic surface
were found.
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The design of quasi-axisymmetric stellarators (QAS) [1] aims to combine the best features of

both tokamaks and stellarators and to achieve reactor-relevant plasma performance: high beta, good

particle confinement, disruption-free steady state operation with little need for current drive, and

compact size. A key issue for QAS is the stability of beta-limiting MHD modes, particularly the

bootstrap current-driven external kink modes. In this work, extensive calculations have been car-

ried out to evaluate stability limits imposed by external kink modes and high-n ballooning modes.

We find that the external kink modes in QAS with high edge shear are significantly more stable

than a corresponding tokamak without a conducting wall.

The stability of low-n external kink modes in QAS configurations is calculated using a 3D free

boundary global MHD stability code TERPSICHORE [2]. We have studied two typical high beta

QAS configurations for MHD stability, a 2 period QAS with flat external transform and a 4 period

QAS with peaked external transform near the edge and a monotonic iota profile. These QAS con-

figurations have been obtained by adding appropriate three dimensional modifications to the plasma

boundary of an optimized tokamak equilibrium while maintaining quasi-axisymmetry [1] (The

equivalent tokamak equilibrium has reversed shear profile with 90% bootstrap current, ballooning-

stable 7% beta, and stable external kink modes with conducting wall at b/a = 1.3). It is found that

the kink stability in QAS is strongly dependent on rotational transform profile, especially the value

of rotational transform and magnetic shear near the plasma edge. The effects of edge magnetic

shear are strongly stabilizing. By choosing appropriate externally generated transform, kink stable

QAS with large shear are found at beta up to 7.5%. In contrast, the equivalent tokamak has a much

lower beta limit at 2.5% without a conducting wall. Systematic analysis of the effects of edge mag-

netic shear has been carried out by varying the three-dimensional deformation of the plasma

boundary for fixed current and pressure profiles. The actual variation in shear is entirely controlled

by the specifications for the external helical coils. Values of the critical shear needed for stabiliza-

tion of external kinks have been obtained for specified values of the edge rotational transform. It is

found the critical shear increases with edge transform. These results provide necessary input into

the optimization of QAS with respect to kink stability. Several new high beta stellarator configura-
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tions, which are stable to low-n external kinks at about 7% beta and high edge shear, have been

identified from these studies. Further optimization of kink stability limits is under way with respect

to plasma boundary shape and current/pressure profiles, and also quasi-symmetry.

The ballooning modes are studied using a local ballooning code [3]. For a 4 period QAS, it is

found that ballooning beta limit is about 7%, which is similar to that of the equivalent tokamak.

The ballooning stability is being further optimized with respect to plasma current/pressure profiles

and plasma boundary shape. The 3D global MHD stability code CAS3D [4] is also being used to

calculate high-n ballooning modes as well as low-n modes. The results for fixed boundary modes

are in good agreement with those of TERPSICHORE code.

The results found here demonstrate that there exists a new class of stable high-beta high-

bootstrap fraction toroidal equilibrium. While the advanced tokamak stabilizes the external kink

with a conducting wall and rotation or feedback, it is accomplished here with non-axisymmetric

coils.
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In the three dimensional (3D) MHD equilibria in which the pressure gradient is the dominant
driving force of the ideal MHD instabilities, the local mode analysis, namely, high-mode-number
analysis is performed before the global mode analysis. The reason is that when pressure driven modes
with the high-mode-numbers are stable, ones with the low-mode-numbers are also stable. Since the
amplitudes of the interchange modes do not change so much along the magnetic field lines and the
stability is judged from the Mercier criterion (averaged quantity) in the high-mode-number limit, the
interchange modes are considered not to show properties inherent in 3D systems. In contrast with
them, it has been recently shown by using the local mode analysis that the ballooning modes in L = 2
heliotron/torsatron systems have outstanding properties inherent in 3D systems, which come from the
fact that they are strongly affected by the local magnetic shear and the local magnetic curvature [1,2].
The unstable eigenvalues w2 in the local mode analysis of the ballooning modes are the function of tp,
6k, and a, where ij> and a are the labels of the flux surface and the magnetic field line, respectively,
and Ok is the radial wave number. In strong Mercier unstable equilibria, the unstable eigenvalues
w2(< 0) have two types of topological level surfaces in (?/>,%,a) space [2]. One is cylindrical level
surface with the axis along a direction. The other is spheroidal level surface, which exists inside of
the cylindrical level surfaces. Only spheroidal level surfaces exist in the slightly Mercier unstable or
completely Mercier stable equilibria [2]. Since the eigenvalues w2 are independent of the label of the
field line a in tokamak plasmas, the more significant the a dependence of w2 is, the stronger the
3D properties of the ballooning modes become. Prom those results of the local mode analysis, it is
expected that 1) the global modes corresponding to the local modes with cylindrical level surfaces of
w2 are tokamak-like poloidally localized ballooning modes with relatively low dominant poloidal and
toroidal mode numbers, and 2) the global modes corresponding to the local modes with spheroidal
level surfaces are ballooning modes inherent in 3D systems, which localize both in poloidal and toroidal
directions with fairly high dominant poloidal and toroidal mode numbers [2].

The purpose of this paper is to clarify the relation between the properties of the MHD equilibria
and the resultant ideal MHD modes in L = 2 heliotron/torsatron systems through the comparison
between the expectation of the local mode analysis (high-mode-number analysis) and the results of
the global mode analysis.

According to the pressure profiles and the toroidal current conditions, which are controlled by the
experimental conditions, the resultant MHD equilibria have various MHD stability properties even for
the same vacuum configuration. Since the Shafranov shift A in L = 2 heliotron/torsatron systems
considered is essentially axisymmetric and large, it is expressed through the high-/? ordering by

A'(r) = -OP), -OM, > - | (1)

where RQ and Bo are the major radius and the magnetic field strength there, respectively, and et
and r are the inverse aspect ratio and the averaged minor radius, respectively [1]. Peaked pressure
profiles with zero net toroidal current or a net toroidal current decreasing the rotational transform *
lead to Mercier stable MHD equilibria, because such situations make both an averaged magnetic well
around the magnetic axis with a weak global magnetic shear and a high global magnetic shear in the
plasma periphery with an averaged magnetic hill, through the large Shafranov shift given by Eq.(l).
In contrast with it, broad pressure profiles with zero net toroidal current have a tendency to create
strongly Mercier unstable MHD equilibria, because the broad pressure profiles suppress the Shafranov

shift and the maximum pressure gradient (P" = 0) exists in the averaged magnetic hill region. The net
toroidal currents increasing t also suppress the Shafranov shift and create strongly Mercier unstable
MHD equilibria, however, the maximum pressure gradient (P" = 0) exists in the averaged magnetic
well region for peaked pressure profiles.

For strongly Mercier unstable MHD equilibria, the results of the global mode analysis show which
of modes between interchange and ballooning appear depends on whether the maximum pressure
gradient exists in the averaged magnetic hill region or well region. When the maximum pressure
gradient exists in the averaged magnetic hill region as is given by equilibria of broad pressure profiles
without a net current, only interchange modes appear even for relatively high dominant poloidal and
toroidal mode numbers as is shown in Fig.l. Contrastively, when the maximum pressure gradient
exists in the averaged magnetic well region as is given by equilibria of net currents increasing * with
peaked pressure profiles, the mode structure changes according to the dominant poloidal and toroidal
mode numbers (m,n), namely, from interchange mode for n < M, to tokamak-like ballooning mode
with very weak toroidal mode coupling for n ~ M, and to ballooning modes with both poloidal and
toroidal mode couplings for n > M , where M is the toroidal field period of the MHD equilibrium.
The ballooning modes with both poloidal and toroidal mode couplings are inherent in 3D systems,
and an example is shown in Fig.2, where three sets of Fourier modes can be seen. Each set consists of
modes with different poloidal mode numbers and the same toroidal mode number, and has a different
toroidal mode number with other set. This toroidal mode coupling indicates the possibility of the
toroidal localization as the dominant poloidal and toroidal mode numbers are increased. Thus, it has
been found the global modes corresponding to the local modes with cylindrical level surfaces of u?
become ballooning modes (interchange modes) when the position with the maximum pressure gradient
is in the averaged magnetic well (hill) region. The analysis of the global modes corresponding to the
local modes with spheroidal level surfaces will be addressed.

0.20

-O.15Ooo 1.00

Fig.l: radial mode structure of the inter-
change mode in a strongly Mercier unstable
equilibrium with the maximum pressure gra-
dient being in the averaged magnetic hill re-
gion

[1] N.Nakajima, Phys.Plasmas 3, 4545 (1997).
[2] N.Nakajima, Phys.Plasmas 3, 4556 (1997).

Fig.2: radial mode structure of the balloon-
ing mode with toroidal mode coupling in a
strongly Mercier unstable equilibrium with
the maximum pressure gradient being in the
averaged magnetic well region
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As reported in previous paper for L=l systems (major radius R=2. lm)

[l],the small system (N=4) of field period number N satisfies Mercier

criterion up to a volume average beta</!>~4. 5% due to the formation of

a global magnetic well at zero beta by means of both the negative

coil pitch modu 1 at ion (a* =—0. 45) in coil winding law O=N0+a'sinN0 and

the superposition of toroidal magnetic field. On the other hand, the

large N system (N=17) with a*=—0. 2 has the significantly small loss

rate of ~2. 5% when </5>=0 and p,/R=3. 5X10"' for lOOkeV protons

(uniformly distributed in velocity and spacial spaces)started at

aspect ratio A=15.

In this paper, the optimization study of L=l system is carried out

by optimizing N number so that the equi 1 ibr ium, stabi 1 ity and

transport are compatible at high beta. In this study, three key

requirements are considered as follows.

First is the reduction of effective toroidal curvature ei, which is

defined as the sum of two main helical symmetry—breaking magnetic

field fourier components, that is, usual toroidal curvature term et and

one of the nearest satellite harmonics of main L=l helical field £o [1,

2], The smallness of eT is proved to lead to the significant

confinement improvement of helically trapped particles due to the

effective enhancement of helical symmetry, because both terms e, and

Eo are cancelled out each other [2]. The more physical explanation on

the improved confinement is the topological properties of exact

second adiabatic invariant J. As expected, J—contours should align

with magnetic surfaces to vanish the bounce averaged cross—flux-

surface drift, or to achieve omnigeneity system. In f act, negat i ve Iy

pitch—modulated L=l torsatron with the reduced eT is shown to be near

the omnigeneous condition [3]. This small eT configuration can be seen

also in low aspect ratio stelIarator/tokamak hybrid configuration,

which is optimized by aligning the approximate second adiabatic

invariant J* (integral along ^ B O O Z E * ) contours with the flux surface [4].

These systems with the reduced eT are found to be near the

omnigeneous condition giving the bounce-averaged drift within a flux

surf ace L3, 4]. This fact gives rise to the possibility of stellarator

design study in wider parameter domain than quasi—helical symmetry.

Second is the suppression of nonlinear magnetic island formation

according to Reiman & Boozer theory[5]. There are two distinct island

formations caused by resonant pressure driven currents;direct

resonances and nonlinear resonances. The former can be controlled by

the minimization of Fourier components resonating with rational

surfaces in the proper design of the stellarator. On the other hand,

the latter is not easy to control externally because two nonresonant

Fourier components (n, m) = (N, 1) and (0, 1), which arc intrinsic to the 3-D

nature of the equi1ibrium, couple easily in finite beta plasma to rise

fields resonating with rational surfaces. The nonlinearly resonant

island width scales as 0'" and becomes the largest at the lowest-

order rational surfaces of t=n/m with the lowest n and m, even for

values of 0 at which the axis shift is small relative to the minor

radius. This means the easier formation of nonlinearly resonant

islands in the smaller N helical axis systems, then the lower

equilibrium beta limit or the deterioration in transport. Actually, \J=

1 system with N=17, t=N/m<l is found to form negligibly small island

width because it has higher-order rational surface with m>N.
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Third is the magnetic well improvement by some field modifications
proposed[6] ;the negative pitch modulation in coil winding law and the
superposition of relatively weak L=—1 fieId, multipo1e and toroidal
fields on standard L=l system. The important features of this
optimization study is to introduce these field modifications for
magnetic well improvement, which make three key requirements more
satisfactory for a relatively large N system. That is, the magnetic
well formation is the easier for the smaller N L=l system, on the
contrary, these field modifications make L=l system more stable even
for large N, as the result, three key requirements more compatible for
large N systems.

Up-to-date results obtained with the use of VMEC 3-D MHD
equilibrium code, Mercier stability code and by calculating nonlinear
islands are summarized as follows. The large N(15~17) systems with
i\e\A modificat ions, which improve a local magnetic well keeping a
large magnetic shear, satisfy three key requirements at the calculated
central beta value up to flo=2%, above which beta value it is not easy
to obtain VMEC code solution with good convergence for the large N
helical axis systems. That is, the plasma is marginally stable against
Mercier localized modes, the nonlinearly resonant island width is
negligibly small because of small beta effect on m mode number of
rational surface, and the increase of beta value leads to the smaller
effective toroidal curvature, then the more attractive transport
features. The standard L=l system without any field modifications is
unstable against Mercier modes at 00=2%. The compatibility is
observed to be better for N=17 with a" =-0. 2, for N=15 with a* =—0. 4, and
for L=±l system with coil current ratio of I U . - I / U - . I 1=0. 3. The
toroidal shift of magnetic axis at /Jo=2% is 15%~50% of minor radius
depending on N number and field modifications.

In conclusion 1.=] systems have a global magnetic well for small N
(N is field period number), on the contrary, an attractive transport
features and a small nonlinear island width for large N. Some field
modifications for improving magnetic well are shown to stabilize the
large N systems, as the result, suggest the existence of the
compat ibility of equilibri um, stab i I i ty and transport for a relatively
large N number, giving the possibi I i ty of L=l system design study in
wider parameter domain than quasi—helical sysytems. Up—to—date
results show the best compatibility for negatively pitch-modulated L=
1 systems with N=15~17 at the calculated central beta value up to #«=
2%. More optimization into the compatibility at higher beta is
progressing by optimizing N number with proposed field modifications.
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The current profile is crucial to confinement in the reversed field pinch (RFP) through its
role in plasma relaxation, the dynamo, and anomalous transport. A growing body of recent
experimental evidence suggests a similarly important role for flows. Using analytic theory and
computation, key aspects of flows with a significant impact on RFP performance and confinement
are examined. These include a demonstration that coupled evolution of current and bulk plasma
momentum leads to physically similar relaxed states for current and flow; a model for flow shear
generation in the discrete dynamo events that drive the transition to spontaneous enhanced
confinement (SEC) discharges; a theory for mode locking that treats localized electromagnetic
torques, plasma inertia, and cross-field viscosity; a calculation of global tearing mode stability in
the presence of a narrow ExB flow shear layer in the external kink region; and an optimization of
RF current drive for current profile control.

Self-consistent mean field forces in turbulent plasmas: The properties of turbulent
plasmas are described using the two-fluid equations. Three global constraints for the fluctuation
induced mean field forces that act on the ion and electron fluids are derived. These constraints
imply functional forms for the parallel mean field forces in the Ohm's law and the momentum
balance equations given by Fo-Bo =V-[R2V(/ .|/B)+AeV(en0H0||/B)] and FM Bo = V [ K ? V
(enMou/B)+Aiy(/o|j/B)], where the anomalous transport coefficients satisfy KJ > 0, K? > 0 and (A;
+ AgT < K^kjA. Note that off-diagonal terms are present which suggest a non-trivial relationship
between current profile and parallel momentum evolution. The mean field forces attempt to relax
the current and momentum profiles to the state Jo = X0B0, nuo = X{BO where Ao and A; are
global constants. This suggests that the large flow profile changes observed following discrete
dynamos in MST can be described as a relaxation phenomena in analogy with the relaxation of the
current profile.

Localized electromagnetic torques and mode locking: A theoretical framework has been
developed to describe mode locking in reversed field pinches which includes the effects of the
localized electromagnetic torques, plasma inertia and cross-field viscosity. A novel aspect of the
calculation is the identification of two types of localized EM torques that act at the rational surface
associated with mode number Jfc = {m,ri), Text and T,nr, where Text describes the interaction of
resonant magnetic perturbation with static field errors, and Tin, = t C(k,k ^k^k'^k-k'siniAQ
describes the nonlinear interactions of three tearing modes where V ,̂ V)r and Vk-k' are the mode
amplitudes that satisfy a wave number resonance condition, A£ the time dependent phase
difference accounting for differential rotation and C(kjc") a geometric coupling coefficient. When
Tim dominates the torque balance equation, a nonlocal momentum transport property ensues
which forces the dominant three mode interaction to satisfy a three wave phase velocity resonance
condition. For situations typical of the RFP, the dominant nonlinear interaction involves the m = 0
mode resonant at the reversal surface. While the exterior torques attempt to cause the modes to
cease rotating and lock to the phase of the field error, the interior torques attempt to cause the
plasma to rotate as a rigid rotor at the phase velocity of the m = 0 mode. In the MST RFP, the

internal torques are generally larger than the external, which suggests that the m = 0 mode plays a
role in the observed mode locking phenomena.

Modeling of flow shear generation in SEC discharges: In SEC discharges in MST,
there is a transition in which ExB flow shear is generated after a sawtooth crash in a narrow layer
outside the reversal radius. The transition is favored by wall conditioning, deep reversal, high
plasma current, and low density. Evaluation of the radial force balance and measurements of the
Reynolds stress indicate that the magnetic Reynolds stress (BrB(p) is instrumental in producing
shear in the toroidal flow. The observed change of the Reynolds stress cross-phase from it/1
between sawteeth to 0 during a sawtooth oscillation is modeled theoretically from the transient
spectrum of high n, m - 1 tearing modes excited by the sawtooth crash on rational surfaces outside
the reversal radius. A turbulent cascade of energy to these modes produces to a radially oscillating
magnetic field whose wavenumber kr = (dq/dr)n(n+l) increases with deeper reversal, leading to a
larger Reynolds stress. The Reynolds stress is opposed by internal torques which slow rotation
after a crash. When the Reynolds stress is sufficiently large relative to these torques, a shear layer
forms during the transition. Like the L-H transition, subsequent steepening of the edge pressure
profile due to reduced transport fluxes can maintain the flow shear after the Reynolds stress cross-
phase returns to 7C2.

Optimization of lower hybrid current drive for current profile control: An extensive
parameter survey has been conducted using a suite of codes including a Grad-Shafranov solver, a
generalized ray tracing code, and a 3-D relativistic, bounce averaged, quasi-linear Fokker Planck
code. The codes are written for or adapted to toroidal RFP geometry. It is predicted that a
judicious choice of wave frequency, parallel refractive index, wave spectrum, and antenna location
will produce an auxiliary parallel current that is well localized in position (r ~0.65a) and
sufficiently high in efficiency (0.6 MA/1 MW). Using a slow wave in the 800 MHz range with a
parallel index of refraction of 7.5, an inboard launch in MST is optimal for efficiency and
positioning over a range of RF power. It is found that penetration can be increased significantly by
RF-induced transparency, allowing the use of slow waves for core current drive and heating in the
RFP.

Stabilization of global Tearing modes by localized external flow shear: In MST,
tearing mode fluctuation amplitudes decrease over all frequencies when a narrow layer of sheared
ExB flow is generated in SEC discharges. To determine if global tearing mode growth is affected
by a narrow shear layer in the external kink part of the eigenmode, A', the tearing mode
discontinuity parameter, is calculated. Matching external kink eigenmodes modified by flow shear
with eigenmodes on either side of the shear layer, itiis found that shear flow affects A' if S =
VELS/VALE > 1, where VE/LE is the ExB shear strength in the shear layer, V& is the Alfven
velocity, and Ls is the magnetic shear scale length. The expression for A' is given by A' = -fc(l +
Ho\Jo'\LsaBok) - 2no\Jo

:\LsBo-
llnq.Xk) + AX (S) I\\ - no\Jo'\Ls/2Bok), where k = n/R is the

toroidal mode number, Jo' is the gradient of the equilibrium current, A is the tearing mode resistive
layer width, Fis the gamma function, and X (S) is a negative function of flow shear strength. X(S)
decreases monotonically from zero near S = 1 to -0.25 for S = 10 when the product of the toroidal
mode number and minor radius a is order unity and the distance from the resonant surface to the
shear layer is a/3. For a current gradient scale length of half the minor radius, the tearing mode is
completely stabilized for S - 10. Estimates for S in MST place its value as only slightly larger than
unity, in which case shear has a weak effect on A'. This suggests that the observed decrease of
tearing mode activity is due in part to indirect effects wherein flow shear modifies edge conditions
and lowers the resistivity. However, further increases in flow shear strength are predicted to have
a marked direct effect on tearing mode activity.

Work supported by U.S.D.O.E.

329



THP1/11

INI
XA9951015
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Ritoku Horiuchi, Kazumi Nishimura, Tomohiko Watanabe, and Tetsuya Sato
Theory and Computer Simulation Center,

National Institute for Fusion Science,
Toki 509-52, Japan

An ideal magnetohydrodynamic (MHD) theory predicts that a field-reversed configu-
ration (FRC) becomes unstable against internal tilt modes if its shape is prolate. On the
other hand, many experimental observations show that FRC plasmas remain stable much
longer than the tilt growth time. In order to explain this contradiction and clarify a phys-
ical mechanism leading to the tilt stabilization we have carried out a three-dimensional
full particle simulation based on a physical model which can describe the finite ion Lar-
mor radius effect, the current profile effect, and the toroidal ion beam effect [1]. The
growth rate of tilting mode decreases as the plasma beta value at magnetic separatrix 0sp

increases, as is seen in Fig. 1, while it is slightly affected by the finite ion Larmor radius
parameter s and the hollowness parameter D of the equilibrium current profile. It is
found that the number flux of gyrating ions crossing the magnetic separatrix repeatedly
("anchoring ions") increases in proportion to f)Sp and the tilt stability is realized for a
large number fluxjaf anchoring ions.

The stabilization mechanism by anchoring ions is as follows. Tilt instability is triggered
by the internal mode, i.e., the collective motion of plasma is generated inside the magnetic
separatrix. The ions which make the gyrating motion across the separatrix do not follow
the collective motion when they are moving outside the separatrix. On the other hand,
the unstable internal motion grows while drifting slowly towards the toroidal direction
due to the finite Larmor radius effect. Thus, the phase difference is created between
the motion of anchoring ions and the unstable internal motion. When anchoring ions
come back inside the separatrix, the internal tilting motion is disturbed by the motion of
anchoring ions. The stabilization effect by anchoring ions becomes more effective as the
number flux increases, and thus the tilt stability is realized for a large beta at separatrix
( psp > 0.2 ). In other words, the anchoring ions play a role as an "anchor" to hold the
internal plasma to the external plasma, thus stabilizing the tilting motion through their
"anchor" effect.

We also examine two types of the stabilization effect for small 0sp plasmas: 1) the
stabilization by injecting an energetic ion beam toroidally at the neighborhood of the
null point, and 2) the stabilization by applying a vacuum toroidal field. For the ion
beam case the beam current 4 is controlled in two ways. First by changing the beam
particle number and the other by changing the beam particle velocity. For both cases the
growth rate remains almost unchanged until the beam current reaches a critical value (
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It, < 0.03/pj /p is the plasma current). The growth rate gradually decreases as the beam
current increases above the critical value. Figure 2 shows the dependence of growth rate
on the ratio of beam ions to thermal ions energy eKk/(Kp f°r t w o cases. For the cases where
the beam velocity is changed (open circles), the tilt stabilization is realized when se/f « 1
and the beam energy is about 50% of the ion thermal energy. Here, the effective s value,
sejf, is defined by using the average velocity of all ions instead of the only thermal ions.
For the cases where the beam number is changed (closed circles), the tilt stabilization is
realized when the beam energy is about 20% of the ion thermal energy.

In the second type, we examine the stabilization effect by applying the vacuum toroidal
field to a FRC type configuration by using the central conductor where axial current flows.
The linear and nonlinear MHD analyses confirm that low-n gross MHD modes such as
the tilt mode can be stabilized by imposing the strong toroidal field ( the toroidal field
current / ( > 0.5/p ), while the ballooning type modes localized in the bad-curvature region
remain unstable. It is also found that the ballooning modes continue to be unstable as
the toroidal field is decreased to zero where the linear eigenfunction consists of convection
vortices elongated vertically.

(i=3, D--0.6)

0.05 0.1 0.15

Separatrix beta plp

0.2

Figure 1: Dependence of growth rate on
separatrix beta for peaked current profiles
where D = —0.6, s = 3. Open and closed
circles correspond to the results obtained
from the MHD simulation and the particle
simulation, respectively.

0.3 0.4 0.5

Figure 2: Dependence of growth rate on
the ratio of beam ions to thermal ions
energy tKhhi<T for the cases where the
beam number is changed (closed), and the
cases where the beam velocity is changed
(open).
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This study is preliminary one for the generation of RFP
configuration optimized into higher stability beta limit against m=l
resonant resistive MHD modes.weakly dependent on wall stabilization
effect, and in steady—state free from magnetic field diffusion and
turbulent relaxation. Furthermore, general ly the m=l resonant MHD
modes triggering the turbulent relaxation occur over entire plasma
region. From these viewpoints, fast magnetosonic waves (FMW; f D c <f<f L »,
Low and High Frequency FMWs)are used as current driver since it has
good accessibility to high density region with strong absorption rate
and a relatively high current driving efficiency, as reported by us[l].

First the benefit of FMW current drive is theoretically
demonstrated by the significant reduction of nonlinearly turbulent
level associated with the relaxation process in modified Besssel
function model RFP plasma, which is linearly unstable against MHD
instabilities. Without rf injection, the strong MHD relaxation takes
place, then, the profile of force—free current density A(=j|/B) is
quickly flattened in central region. The X profile in the relaxed
state evolves into that in the unstable state so that the X value
increases with time in inner region, on contrary, decreases with time
in outer region. During this phase the resistive field diffusion
becomes dominant as the reversed field disappears slowly and the
poloidal current in outer region decreases. With only 5% fraction of
rf—driven current to total current, the MHD relaxation is not observed
and the X profile approaches to that in the relaxed slate, suggest ing
a significant improvement of energy confinement time.

Next problem is to find the more stable configuration in which the
nonlinearly turbulent level is reduced with the less wave power.
Hence, we are interested in the stability conditions of m=l resonant
resistive MUD modes and its high beta approach by FMW current drive
in partially relaxed state mode I (I'RSM) -RFP conf igurat ion U ] , which is
characterized by the force-free fie Ids, VxB=A.B, only for poloidal
direction, a plasma pressure gradient to satify Suydam cr i ter ion (So<l),
dp/dr=-S. riS, (dq/dr) 2/B/u q* (q is safety factor), the stable on-axis m=l
resi st ivc MUD modes, and a relatively high stability beta limit of
central beta jS(0)~19% with So SI, i=constant, I'/O=-l. 4/2. 1 against both
m=l ideal kink and Suydam localized modes(F is the field reversal
ratio B, (at wall)/<B.>,0 is the pinch parameter B. (at wall)/<B,>).
The form of X profile is assumed to be of ji / B (=X) = (1- (ip/ip,)"'("', mi =
5, n,=2, where «fr and I/I, are poloidal flux at a flux surface and wall,
respectively. The stability conditions of m=l resonant resistive MHD
modes in PRSM-RFP equilibrium with and without FMW current drive are
examined by solving numerically maximum eigenvalues as initial value
problem on the base of a I inearized, compressible three dimensional
MHD equations including resist ivi ty, vi scosi ty, thermal conduction
terms. Cylindrical plasma is bounded by perfectly conducting wall.

Note that, when the resistive diffusion of the equilibrium
configuration is neglected, only instabilities can be studied whose
characteristic limc-scalc is shorter than TK , the resistive diffusion

time. For comparison, in a RFP model describing both the parallel and
perpendicular current density components, if viscosity is neglected,
resistive interchange modes (g-modes) are always present when S O<1[3].
For this reason and also because of the limit to the analysis posed
by the resistive diffusion of the equilibrium configurations, a stable
configuration, in which the growth rales are less than S"' (S=ri,/r«, r»
is Alfven time), is considered and a kind of stability beta limit is
defined. The defined stability beta limit is 0 (volume averaged beta)~
0. 6%->6. 5% for 9—1. 5-*l. 8 against m=l resonant resistive MHD modes and
/J~20% for O~l. 85 against m=l ideal MHD modes, in the case of nu=2, n,=l,
So~l and S=lxlO'. The beta limit to the m=l resonant resistive MUD
modes is ~ 5 % for 9~I. 75 is comparable to a not optimized stable beta
value of 0~5. 5% in PRSM-RFP configuration with So =0. 8, m» =5, n, =2, 9=1.
76, S=3X10'. Hence, the stability beta limit is predicted to be higher
in PRSM-RFP with S.>0. 8 than that in above mentioned finite 0 RFP
model although the parameter study for the optimization into higher
beta is progressing. In the Bessel function model modified by both
the pitch function P (r)=2 (l-r2/8-r'/400), in which j-B/B' becomes
smallor zero in the outer regions, and a pressure gradient to satisfy
Suydam criterion, the stability beta limit is reduced to 0(O)~12% for
0~2. 0 (S=10*~10', without a vacuum edge) against tearing modes and 0 (0) ~
17% for 6~3. 0 against ideal kink modes [4].

An expression for bootstrap current density relative to required
toroidal current density gives j«c/u~l% for the PRSM-RFP with S.=0. 8.
For steady state RFP operat ion, c i rcul at ing power must be minimized.
This goal is achieved by optimizing not the bootstrap current
contribution but the paramagnetisra contribution and high beta value.

The obtained results are summarized as follows;
i. M=I resonant resistive MHD modes-stable PRSM-RFP equilibrium is

obtained which in the central regions of the pinch are of the form
given by Taylor, in the middle regions have a flat X profile, and in
the outer regions carry n£ current. _
ii. PRSM-RFP plasmas with <?, (=2*i. <p>/B.,z)=16. 1%<0~5. 5%, S,=0. 8),nu=5:

n, =2, F / 9 ^ 0 . 2/1. 76 are stable against m=l resonant resistive MHD
modes in the case of Lundquist number S=3X1O". The further increase
of So, IFI/8 and itu/m values can be predicted to enhance the
stability beta limit /?. t, as well as for m=l ideal kink modes. For
comparison, the value of (?,, is higher than that in a RFP model
describing both parallel and perpendicular current density components.
iii. The value of ft., can be enhanced by widening the flat region in X

profile with FMW current drive using wave parameters such as parallel
refractive index and wave power appropriate lo plasma parameters.
iv. The wave power required for the enhancement of ft* t becomes the
less for the larger K / N at a constant plasma pressure. The larger is
I,/N, the higher is current driving efficiency and the longer is
energy confinemet time as it scales zr.«= (I. /N) ''' with Spitzer
resi st ivi ty (i. e. wi thout dynamo-enhanced power input).
v. In the presence of positive gradient in X prof i I c, wh i c_h is

controllable by FVW current drive, the lower beta p I asma (fir =8. 24%, So =0.
4) is stable, but the higher beta plasma (.P, =16. 1%, So =0. 8) is unstable
against the m=l resonant resistive MHD modes with higher n number(for
example, na/R>3) and the m=l resonant ideal modes with lower n number
(na/RO), cr i I i cal n number of which might depend on X profile.
[1] SHIINA, S., I S M I, H , KONDOH, Y., Nuclear Fusion 34 (1994) 1473;Fusion

Engineering and Design 26(1995)259.
[2] KONDOH, Y. , Nuclear Fusion 21(1981)1607.
[3] MERLIN, D. , ORTOLANI, S. , PACCAGNELLA, R, , SCAPIN, M. , Nuclear Fusion 29

(1989) 1153.
[4] ROBINSON, D. C , Nuclear Fusion 21(1978)939.
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THE "POSITIVE" MAGNETIC ISLANDS CONCEPTION AND ITS APPLICATIONS TO T-
11M EXPERIMENTS

S.V.Mirnov, I.B.Semenov, A.M.Belov, E.A.Azizov
TRINITI Troitsk 142092 Mosc. Reg. RF

The development of the plasma current filamentation Jp(9,rs) (where 9 is poloidal angle)
leads to magnetic islands formation near the resonant magnetic surfaces q(rs)=m and
disintegration of the tokamak magnetic surfaces.

The physical reason of such filamentation could be the helical MHD instabilities (ideal
and tearing), local cooling of the plasma column, influence of the helical error fields, and etc.

During calculations of the dimension of the magnetic islands we assume (as usual), that
the poloidal be and radial br components of magnetic perturbations (the main reason of islands
formation) are lower than amplitude of so-called "auxiliary" magnetic field B* near q(rs)=m [1]

B* = Be - (BT IJR q(rs) ) ee = - B ^ ( dq/dr q )6r;

Fig. 1 a)Scheme of the conventional current
perturbation near the resonant magnetic
surface q(rs)=m; b)Scheme of islands
development in linear (B*>b0) case
("negative" magnetic islands);
c)nonlinear situation (B*<bg) with
"positive" magnetic island.
The formation of the "positive " islands will be when

(Be - magnetic field of the plasma current, e6 -
unit vector in 9 direction, q{r) - safety factor, r-
minor radius, 5r - deviation in r-direction from rs,
BT - toroidal field, R- major radius).The B* - field
(magnetic shear) resists the distortion of the
magnetic configuration. When the perturbations
are small (B9*>b9) magnetic islands forms along 9
near rs. Under conventional tokamak conditions
(dq/dr>0) O and X-regions of magnetic islands
should be in negative and positive Jp(6)
modulation regions ("negative" island and X-
point respectively).This situation (B9'>b9) can be
changed during sawtooth crashes, disruptions, and
nonlinear development of the MHD perturbations.

In [2] was shown if Be'<b9 we can expect
the splitting of X-point in r-direction and
development of the new type "positive" magnetic
islands (Fig. 1). This islands should be elongated
in r - direction with

Ar = 2(j+(9)q/<j>rs rs - dq/dr) / (d2q/<fc2),
(where j+(9) - is the density of perturbed positive
current and <j>rs is the mean current density
inside rs). As a result, they can strongly increase
the electron heat transport across the plasma
column.

332

j+(9)> <j>rsrs( dq/dr q);
Note, if j+(9) > <j>re the "positive" magnetic island should be unstable. The characteristic feature
of the "positive" magnetic islands should be the strong asymmetry of the j(9) current distribution
which will be narrow localized in positive j+(9) region and will have broad distribution in
negative region.

To identify the "positive" magnetic islands in T-11M tokamak [3] we have analyzed
external b9 perturbations during major disruptions and nonlinear MHD-activity by set of b9 -
magnetic probes. Fig. 2 shows the db^dt-shaping during the major disruption with narrow peak
of b9 -positive signal, which can be a result of "positive" magnetic island. Note, that the fast
energy flux to the wall starts just in this moment (turbulization phase [3]). Also note that the
"positive" magnetic islands can play important role during the sawtooth crashes in plasma
regions with low dq/dr q and during locked modes development.
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Fig. 2 B5 (9) - map with giant locked "positive" bulge during major disruption in T-l 1M.
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The full nonlinear evolution of a nearly collisionless four-field plasma model reveals
that the eventual nonlinear saturation regime is markedly different from the
extrapolations suggested by investigations of the early nonlinear stage [1], and that
topological transitions akin to filamentation in pressure and current density occur. The
detailed relaxation oscillations of a sawtooth like perturbation can be interpreted in terms
of the evolution of nonlinearly coupled modes. Furthermore the role of intense localized
heating in modifying the electron drift frequency and affecting the mode stability is
investigated in the full nonlinear regime in a slab model of the m=l, n=l reconnection
region.

Fig.l- Contour plot of current density at the reconnection layer at the end of the linear
growth phase.

Fig.2- Filamentation of of current density at the reconnection layer during the sawtooth
crash (nonlinear phase)
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INFLUENCE OF EXTERNAL TOROIDAL FLUX ON LOW-ASPECT-RATIO TOROIDAL PLASMA
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Recently, a Iow-aspect-ratio toroidal plasma has attracted great attention as a new concept of the fusion device.

However, it has not been clear whether the scaling low of general large-aspect-ratio tokamaks is applicable to the low-

aspect-ratio toroidal plasma or not. For this reason, intensive studies on the low-aspect-ratio toroidal plasma have been

performed theoretically[l] and expetimentaUy[2,3].The low-aspect-ratio toroidal plasma has been formed and sustained

successfully in the MSTdevice at Himeji Institute ofTechnology[2,3] and in the rodmak at the University of Manchester[l].

The purpose of the present study is to numerically determine realistic MHD equilibria in the HIST device and to investigate

the influence of the current / on the Merrier limit. In addition, we elucidate the relation between the Merrier limit and

equilibrium configurations.

In the HIST device, after formed in the Marshall gun, the plasma is injected into the flux conserver (FQ and it

forms the equilibrium configuration there. In order to supply the plasma with the toroidal flux, a center conductor is

inserted along the geometric axis and the electric current / is applied along it. Furthermore, DC helirity injection method

is utilized in the HIST experiment to drive the plasma current. The FC is connected to the helirity injector and the bias coil

is located in the helicity injector. The bias coil is covered with the shielding wall so that the plasma may not be in contact

wilh the col. By means of the coil, the open field lines surrounding the core plasma are generated. By applying the current

along the lines, we can drive the plasma current / externally.

The bias coil is turned on long before the plasma is ejected from the Marshall gun. Taking this tact into account,

we assume that the bias flux extends all over the space when the equilibrium formation has been finished. Moreover, the

life time of the plasma is long enough as compared with the skin time of the shielding wall, whereas it is sufficiently

shorter than that of the FC wall and the center conductor. Therefore, we can assume that the magnetic flux generated by

the plasma current penetrates inside the shielding wall and that it does not penetrate outside the FC. In addition, the

plasma on the open field lines intersecting the shielding wall becomes cool due to the thermal conduction along the field

lines. For this reason, we can assume that there exist only one point at which the separatrix intersects the shielding wall.

In order to satisfy these assumptions, we employ following equations as toroidal magnetic field function I(yj) and plasma

pressure p(tfi):

) - S'o log

Here ^ and i/is denote values of ip on the magnetic axis and on the separatrix, respectively, and Vis defined by '/'= (xf

- i/'sWv.ri,' V"s)- Besides, A, a, 5 and e are constants, andi represents the radius of the FC. The function SQc) in the above

equation is defined by S(x) mi-1 Jd' + x* m^ ®M denotes Heaviside'sslep function. Under these assumptions, the

Grad-Shafranov equation and its associated boundary conditions constitute a nonlinear eigenvalue problem. After the

linearlization of the equation, the problem is solved by use of

the iteration method. However, since the linearlized equation is

composed of both homogenous and inhomogenous equations,

it is considerably difficult to express the interface condition

precisely. In order to overcome these difficulties, we solve the

equation numerically by means of the combination of FDM i H M ^ ^ H H H H M I I H U M i i H H ^ H I

andBEM[4].Byusingthismethod,equilibriumconfigurations Fig. 1 The equilibrium configuration for the case

intheHISTdevicecanbedetermined.Atypicalconfiguration o f e = cr=0,IJIt = 0.05,///, = 0.15and5 = 0.03.

is shown in Fig. 1. H c r e 7o denotes a coil current.
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In Fig. 2, we show the dependence of Merrier limit, f}^ onljl^ Here, / denotes a total plasma cuirent. As the

definition of the beta ratio, its value on the magnetic axis is adopted. With the increase of///, pm decreases gradually

until it vanishes. After it remains zero for 0.2 < / / / s 0-5, it increases remarkably with the increase of///. In order to

explain such behavior of (3^ , let us introduce the quantity S defined by

In case of S > 0, the equilibrium configurations with q^ > <js and q^ < qs correspond to a spheromak and a tokamak

configuration, respectively. Here, i ^ and <js denote safety factor on the magnetic axis and on the separatrix, respectively.

Thus, we can classify the equilibrium configurations by use of three quantities q^, qs and S. In case of S < 0, we have to

investigate the q profile directly to determine which type the configuration belongs to. In Kg. 3, we show the q^ qs and

5 as the function of///,. As ///p is increased, q^ does not change its value considerably. As compared with q^ the value

of qs increases remarkably. This fact indicates that the stabilization effect by the magnetic shear is decreased near the

plasma surface until the pitch minimum region appears between the surface and the axis. In case of/// < 0.4, the plasma

is stable against then = 1 internal kink mode because of q^ qs < 1. Therefore, we might conclude that the/S^equalsto

the beta Iimit[5,6]. With the further increase of qs, the stabilization near the surface is enhanced and pitch minimum

region vanishes. From these results, we can conclude that appearance and vanishing of the pitch minimum region is the

cause of such behavior of pm. From the point of view of the ideal MHD, pma for the spheromak and the ultra-low q

configuration is equal to the beta limit. In this contrast, since the equilibrium configuration for the case of///p > 0.4 is a

tokamak, the beta linu't might be lower than/J^. Thus the global stability analysis in case of/// > 0.4 has been remained

as a future problem.
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Two equilibrium solvers for axisymmetrical toroidal configurations have been developed, both
based on the expansion in poloidal angle method [1,2].

The first one has been conceived as a two-point boundary value solver. By writing Maxwell
equations and the equilibrium equation in a system of coordinates (o, d, Q with straight field lines
and using the coordinate transformation through Fourier series in w (the poloidal angle in the gene-
ral"unrectified" curvilinear coordinate system (a,u,Q) [3]

/>2(a,w) = a2

and splitting the metric coefficients in the form gik = g\°]

Sme'mw\ with im(a) the complex moments and a2 = $/irBo, (1)

+ g§\pg \ ^ § where () (0 ) ,() (1 ) and () (2)

represent the average part, the linear part and the nonlinear part, respectively ( j j , / = O,g|J. =

^ 0), we have obtained the following system of complex differential equations

(2)

where Ym = Sm/a, \i = l/q is the rotational transform, Wm = Wm(a,n(a),gii,(a,ui),p{a),Bo,
R,t>l,l?m) >s a nonlinear functional and prime indicates derivation with respect to a. By solving
this system as a Cauchy problem for m = 1: ^i(O) = S[(0) = 0, and as a two-point boundary value
problem for m > 1: Sm(0) = 0 and given *m,miti(l)i o n e obtains the 6m(a) dependence over the full
plasma region and thus the full equilibrium description of the considered plasma.

The second solver uses the Cauchy formulation of the problem in a general curvilinear coordinate
system (a,u,Q with the following coordinate transformation

x = — cosw +
0

xmcosmtL>; y == bsmbi; b = A1' a (3)

with xo,Kx2,x^,... the shift, the ellipticity, the triangularity, the quadrangularity, etc, of the flux
surfaces, respectively. For sake of simplicity only, we assumed that the flux surfaces possess up-down
symmetry. One can prove that near the magnetic axis, for m > 2, xm ~ Cmam, with Cm some free
parameters, and XQ ~ a2.

These Fourier series have to be introduced into the Grad-Shafranov equation to yield an infinite
system of coupled differential equations for the expansion coefficients. Thus, the Grad-Shafranov
equation, written in an adimensional form

daHD
All
duHD

FF' D .
-^7-—, where

P = JL. n =—OH--—?2L
Ra' dad* duda1

has been put in the form of a system of differential equations

W" = A - ' B = F (a ,W,W' ) with W r = [* x0 b xm/am-1 ... xM/aM~'1}, with

m,i - ^ p

iy + x ' y -xy

(5)

D

•(Gsin(m - IV) + { ( -j - — | Q cos(

a'~3, i = 4, . . . , M +2

Q cos(m - I V ) * ' + (Scosfm - IV) + (m - 1)*' •

, m = 1,2, ...J
H' T'

(6)

To solve this system of equations, the initial conditions for W and W at the magnetic axis have
to be determined. Note that for this Cauchy formulation, the problem is well-conditioned; for each
moment wm, only the "large" solutions, ~ am, play a role. The "weak" solutions, ~ a~m, which could
appear due to numerical errors, vanish near the plasma boundary. The integration of this system of
differential equations takes place in one "iteration" only.

For the second solver, a fixed boundary equilibrium problem can also be formulated, i.e. with
given values of the moments at. the magnetic axis and at. the plasma boundary. The following iterative
Newton-like method has been used, with j an iteration index:

L J + 1 = L - ' - F " 1 f j (7)

where the elements of vector f a re / i = fio + ^o(ao) — Roo', h = •Mao) — °̂> k = S2(ao) —x
2> •••*/; =

#;_i(ao) — £?_]> • • •, f\l+i = £JW(ao) — x°M. The superscripts 0 designate given values, while xm(ao)
represent computed values of the moments at the plasma boundary for a given set of the Cm coefficients.
The elements of vector L are (j = J?o, h = <H0), h = C2, . . . , /,v+i = CM, while matrix F has the
form F = [dfi/dlk]- To determine the external equilibrium currents, the virtual casing principle has
been used [1].

In order to check the capability of our moment methods to describe equilibria accurately, a
comparison of the moment solutions with analytical solutions obtained for a Solov'ev equilibrium [4]
(a quasi-uniform current density distribution) has been performed. For the general solution, written in
the form * = C o *o+Ci*i+C 2 * 2 +C 3 *3+-• • with Co, C^ C 2 , . . . some constants, the following
two classes of general solutions have been defined (they can describe a separatrix configuration too)

and

(8)

with recurrence formulas for the at, fc<,., cjt and at coefficients.
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The tokamak edge region, comprising the transition zone from the inner, hot core plasma to the outer, cold scrape-

off layer, exerts vital control over the entire plasma discharge through its role in important phenomena including the
L-H transition [1,2], the density limit [3], and the edge temperature pedestal. We suggest here that basic mechanisms
behind these phenomena can be understood from the dependence of the turbulent edge transport on two critical
dimeusionless parameters: the MHD ballooning parameter a — —R^d0/dr and a diamagnetic parameter ad. Our
.study is based on three-dimensional nonlinear simulations of the electromagnetic Braginskii equations. The simulations
describe the time evolution of the magnetic flux y>, electric potential 0, density n, electron and ion temperatures Te,
Ti, and parallel flow vp in a poloidally and radially localized, flux-tube-like domain that winds around the torus
[4,5]. They include the effects of electron and ion parallel thermal diffusion and magnetic pumping, and reproduce
neoclassically correct damping rates of all flows in the system. The magnetic geometry is based at present on a shifted
circle model, and work is underway to generalize the simulation model to allow the study of arbitrary configurations.

In the phase space spanned by the two parameters a and cm shown in Fig. (a), the local edge transport predicted
by the simulations can vary by more that two orders of magnitude (here at = psc$t0/({l + r)LnLo), where (0 =
(RLn/2)l/2/c, is the ideal ballooning time and i 0 = 2nqR/(1.9SoiccTcUi.ito)1^2 is a characteristic turbulence scale
length [6]). In the weak diamagnetic limit (small ad) where resistive ballooning mode driven turbulence is strong
[6,4], the simulations show a dramatic rise in the transport with increasing a that, in extreme but not unrealistic
regimes of high density, leads to catastophically large transport even for a well below the limit of ideal ballooning
instability [7]. A similar enhancement has been reported in Ref. [8]. We associate this behavior in Fig. (a) with an
effective density limit beyond which stable tokamak operation is not possible.

In the limit of higher ad ~ 1, on the other hand, the a dependence of the turbulence, driven in this case by electron
drift waves [4,9], is reversed, with small but finite values of a leading to a strong suppression of transport. In this
regime, above a small threshold in a, a local increase in the plasma pressure gradient leads to a reduction of the
transport. Since such a reduction will cause the pressure gradient to steepen further, this region of the a ~ ccd phase
space is unstable to the spontaneous formation of a transport barrier. The boundary of this unstable domain defines
the onset condition for the L-H transition in our model, and separates the regions in Fig. (a) labeled "L-mode" and
"H-mode".

The relative roles of finite a and E x B shear in the barrier formation process are are also explored in global
simulations of the edge pedestal. The simple model includes a source and sink (radially periodic) in the density
equation, intended to represent neutral particle fueling in the edge. In response to the source, a modulation of the
density profile tends to form that causes a steepening of the total gradient in the center of the simulation domain.
The strength of the source is chosen to be sufficiently weak so that for ad ~ 1 and a « l (far below the threshold for
barrier formation) the source produces only a slight steepening of the profile before coming to an equilibrium. Our
procedure is then to slowly ramp up a with time. With increasing a the transport drops and the source causes the
gradient to steepen, enhancing the turbulence until a new equilibrium is reached. At a critical value of a the region
of maximum pressure gradient exceeds the L-H threshold condition in Fig. (a) and the pressure profile spontaneously
begins to steepen. The character of the resulting profile evolution depends on the value of the parameter tn = 2Ln/R:
at en = 0.02, it is smooth and monotonic, while at en = 0.01 it is bursty. In Fig. (b,c) we show the results of a
simulation of the latter case with ad = 1 and starting from a = 0.05. In Fig. (b) is the normalized ion energy flux
FPi (t). At t = 1550 the source is turned on and the value of a is slowly increased at a rate da/dl = 2.5 x 10~3. This
causes the transport to drop gradually until t = 1630, when a burst of turbulence produces a large ExB poloidal
sheared flow. This can be seen In Fig. (c), which shows the time evolution of the root mean square poloidal ExB
velocity VBy (dotted line), ion diamagnetic velocity vdiv (dashed), and total ion rotation viy — VEV + "d>y (solid). This
ExB flow sharply reduces the particle flux and induces a localized transport barrier (much smaller than the box size),
which in turn leads to a steepening of density profile that is reflected in a slow rise of the ion diainagnetic flow from
1650 to 1750. At 1750 the barrier is disrupted by a large scale resistive ballooning mode which again produces strong
ExB sheared flow and suppression of the transport. A second strong burst of flux at t ~ 1820, also associated with

the breakup of a localized barrier, leads finally at ( = 1920 to the formation of a global transport barrier. Following
this, the diainagnetic velocity in Fig. (c) increases inonotonically as the profiles continue to steepen, while the total
ion flow slowly decays due to effect of magnetic pumping. Since viy = VEV +VHV, this forces the magnitude of VEV to
increase in proportion to vay, as seen in the figure, further reinforcing the stability of the system. These simulations
therefore confirm that the ExB shear effect can stabilize turbulence during the formation of the barrier [10,11]. The
simulations also show, however, that for very small a, E x B shear alone is not sufficient to trigger a transition due
to the strong positive dependence of transport on the plasma pressure gradient. The L-H transition therefore has a
threshold in a.

The structure and global stability of the edge pedestal is also being explored. The maximum edge pressure gradient
increases beyond the ideal MHD ballooning stability boundary - see Fig. (d), which shows a late-time pedestal
profile that has nearly readied the second ideal stability threshold. Ballooning modes in this case are stabilized by a
combination of E x B sheared flow and ion diamagnetic effects.
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The quantitative prediction of turbulent transport remains one of the most challenging problems in plasma physics,
in particular in the design of future confinement experiments. In the hot plasma core the turbulence is usually
attributed to ion temperature gradient instabilities and trapped electron modes, therefore effects of finite resistivity
are usually neglected in this regime. In the cool plasma edge, by contrast, the turbulence is strongly driven either
by resistive ballooning modes or by the nonlinear drift wave instability [1,2], which both predominantly rely on the
nonadiabatic electron response caused by finite resistivity. Ion temperature dynamics is typically ignored in models
of plasma edge turbulence. Both simplified descriptions fail in the intermediate regime, where the transition between
core and edge confinement occurs, and which is responsible for such crucial issues as the formation of the edge pedestal
and the L/H transition. The vital importance of this region for the global confinement is further emphasized by critical
temperature gradient models, which predict the core temperature to be proportional to the temperature at the top
of the edge pedestal [3].

Our investigations are based on the complete electromagnetic two fluid reduced Braginskii equations [4] in shifted-
circle magnetic geometry which read in dimensionless form

dtTe

(27r)2am [dttfi + (1 + 1.7lTie)addvip] — V||[<£ — &d{n + l-71Te)] = J, (1)

Vx • dtV±(<f> + TOdPi) + C(p + G) — V | | / = 0, (2)

dtTl + dy(f> — \enC(tp — CtdPe) ~ ev^|| l ) | | + ^d^nfl + 7")^| | t^ = 0, (3)

'i + tndy<t> - | \dtn + dy<t> + \Tad(.nCT^ - §KJV| | (VyTi + (2?r)2Qm7;ja!/^) = 0, (4)

| \dtn + ds4> - §adenCTe + 0.71arf€n(l + r)V|| j ] - |/ceV|| (V||Te + {2irf ami)edvii) = 0, (5)

dfi>\\ + «« [V|| (p + 4G) + (27r)2am(l + (% + T I J 0 / ( 1 + r))dvi>] = 0, (6)

with J = V\ip, pe = n + Te, pi = n + Tt, p - (pe + rpi)/(l + r ) , the derivative along perturbed field lines Vy = 92 +
(27r)2amzx VxV>-Vx, the total time derivative dt = 9 t +zx V ± ^ -Vx , V\ = [9. + \(z)dv]

2+&%, the curvature operator
C = [cos(2irz) + A(z)sm(2irz) - e]dy + sbn(2irz)dx, the total shear A(z) = 2irsz -am[l + fa + T-%)/(1 + r)]sin(2?rz),
and the ion stress function G — 2yp[C(4> + radPi) - 4(eu/etl)V|jtJ||]. The equations are normalized to the ideal
ballooning growth time to = (RLn/2Y^2 /cs, to the perpendicular scale length Lx = £||/(1.96ui;eTewc;to)1/2, which
is the characteristic transverse scale length of the resistive ballooning spectrum [5], and to the connection length
L|l = 2nqR. This leads to the dimensionless parameters ad = v*to/L± comparing the electron diamagnetic velocity
«. to the fundamental scales of the resistive ballooning mode, am = q2R/}/Ln, (.„ = 2Ln/R, tv = csto/L^, the parallel
heat conduction rates Ke, «*, and the magnetic pumping parameter 7P.

Though electromagnetic effects turn out to be of crucial importance in determining the saturation amplitudes,
the investigations start in the electrostatic limit (o m = 0). Equations (1-6) are investigated linearly and nonlinearly
focusing specifically on the transition from resistive instabilities to ion temperature gradient driven (rn) modes. Linear
eigenvalue calculations reveal that resistive ballooning and toroidal j); modes can exist as separate roots with similar
growth rates but with different structures along the magnetic field. The growth rate and transverse scale length of the
7)i mode are essentially independent of the collisionality, even in the absence of any assumption on the adiabaticity of
the electrons. The growth rate of the rn mode typically peaks at wavelengths of order 0.5 p,. At long wavelength the
mode is stable for the small values of en typical for the plasma edge, but is destabilized as the gradients flatten near
the top of the edge pedestal. The relative importance of resistive modes and rn modes as a driver of turbulence is
largely controlled by the onset condition for these long wavelength modes and therefore en- For small en ~ 0.02 and
small ad ^ 0.25 (typical for the extreme plasma edge), the resistive ballooning mode dominates, consistent with earlier
results [5,6], and the toroidal i)i mode is negligible. Moving towards the plasma interior, a,j = v,to/L± increases and
diamagnetic effects become important and completely stabilize the resistive ballooning mode at a j ~ 1. At this point
the parameter en determines whether the rjj mode is unstable at sufficiently long wavelength to dominate over the
nonlinear drift wave instability [1,2], which drives turbulence at a scale length comparable to L± [6].

To confirm this linear picture a large number of three-dimensional nonlinear simulations has been carried out on a
Cray T3E massively parallel system. They quantitatively describe the transition between the resistivity-dominated
outermost edge and regions with moderately higher temperature where the resistive modes are stabilized and the
collisionless i)j mode dominates. For ad = 1.25 and en = 0.005 the turbulence is driven by the nonlinear drift wave
instability, which is independent of the field line curvature. Therefore the transport rates do not have a ballooning
character. If £„ is increased, thereby increasing the ratio ps/L±, the transport rates drop, consistent with earlier
results on the nonlinear instability [6]. This trend continues until at en — 0.05 the toroidal 77* mode starts to
dominate. A further increase of en strongly enhances the transport rates, which now show a pronounced dependence
on the poloidal angle emphasizing the dominant role of the curvature-driven mode. The regions where the three
primary instabilities dominate are indicated in a schematic plot of the ad — en parameter space (Fig. la). To facilitate
the interpretation of this diagram Figs, lb and lc show the two parameters resulting from a typical plasma edge
profile. At the outermost edge ad and en are small, hence the resistive ballooning mode dominates. Approaching the
regions of higher temperatures a<j rises thus stabilizing the resistive ballooning mode. In this intermediate regime
the turbulence is driven by the nonlinear instability until at sufficiently large en the toroidal j); mode becomes the
dominant drive mechanism.
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Already in the electrostatic limit the self-generated poloidal flows are relatively strong and play an important role in
determining the saturation levels as discussed in earlier investigations of rn mode turbulence [7]. Including magnetic
fluctuations boosts the poloidal flows. In preliminary simulations of electromagnetic i)i mode turbulence with am

increasing from 0 to 0.5 the transport rates are relatively constant up to a threshold of am ~ 0.3. If this threshold
is exceeded strong sheared flows appear and the transport rates drop by a factor of three. An analogous result is
obtained for resistivity driven turbulence as reported elsewhere [8]. Electromagnetic effects therefore seem to play a
decisive role in determining the turbulence levels and need to be taken into account for a quantitative prediction of
transport rates. A more detailed investigation is under way.

The nonlinear simulations discussed so far were carried out in the local limit, assuming that the plasma parameters
do not vary across the computational domain. To account for the radial parameter variation a new fast implicit code
has been developed that treats both the radial direction and the direction along the magnetic field in configuration
space. This allows us to study the interaction between the various instability mechanisms discussed above within
one simulation, where the different regimes exist simultaneously at different radial locations, and to selfconsistently
determine the profiles according to the radially varying transport rates.
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We use the 3D nonlocal electromagnetic turbulence code BOUT[1] and the lin-
earized shooting code BAL[2] to study turbulence in tokamak boundary plasmas
(driven by a combination of curvature, conducting-wall, axial flow shear, resistive
drift Alfven and Kelvin-Holmholtz drives) and its relationship to the L-H transition,
in a realistic divertor plasma geometry. BOUT models the boundary plasma that
spans the separatrix using fluid equations for plasma vorticity, density, ion tempera-
ture and parallel momentum, and electron temperature and parallel momentum. A
realistic DIII-D X-point magnetic geometry is used. The turbulent transport coef-
ficients can be expressed in the form: Xi. = XGBF(P,p,/Ro,Li/p,,L\\/pa,s,i/,A).
Here XGB = (cTc/ eB0)(pt/ L±) is the gyro-Bohm coefficient, and Lx represents var-
ious scale lengths of density, temperature, parallel velocity or ion pressure gradient
perpendicular to B. F is a dimensionless function of the dimensionless arguments
determined from theoretical arguments and/or from simulations.

Using BAL, which employs the conventional ballooning approximation, and BOUT,
we find instabilities in a broad range of toroidal mode number n in the boundary
plasma across the separatrix with turbulence peaked around ra=220. In the presence
of finite ion gyro-radius effects, there is an MHD ballooning mode with mode numbers
extending up to n = 60 existing in H-mode plasmas just inside the magnetic separa-
trix, a possible candidate for the quasi-coherent mode observed in DIII-D H-mode[3].
In divertor tokamak geometry, the ballooning structure is typically confined to the
region outboard of the X-points, which is consistent with probe, reflectometry, and
FIR coherent scattering measurements[3].

We present results for L-mode and H-mode runs, which show that as the electron
temperature is increased and the gradient scale-length is reduced, the E x B shear
in the SOL increases and the turbulence fluctuation levels are reduced. This lends
credence to the possibility of an SOL-based L-H transition mechanism such as that
reported by Cohen and Xu[4] and related works(5,6]. Even in the absence of flow
shear, the SOL transport is moderated due to finite polarization stabilization of SOL

•Work performed under USDOE contract W-7405-ENG-48 at LLNL, and grants DE-FG02-
97ER54392 at Lodestar Research and DE-FG03-95ER54294 at UCSD.
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modes. Flow shear in the SOL reduces turbulence both in the SOL and edge regions.
There are two coexisting mechanisms of flow shear generation, one resulting from the
classical maintenance of charge neutrality in the presence of endloss, and the second
due to the inverse cascade of the boundary turbulence. The impact of the two-
dimensional structure of the toroidally averaged sheared flow generated by these two
mechanisms on the turbulence is investigated using the edge transport code UEDGE
and the turbulence code BOUT.

We report on progress surveying the dependence of the turbulence on the seven di-
mensionless plasma parameters. We compare these results to mixing-length estimates
obtained using growth rates from the shooting code, with the goal of parameterizing
the ratio (which may be more slowly varying than F itself) and thus obtaining a
transport model useful in the 2-D edge transport codes. Comparison is made with
data from the DIII-D tokamak where probe measurements give turbulence fluctuation
levels and fluxes in the boundary plasma.

Finally, we analyze X-point physics. In an X-point divertor geometry, the local
?(r> 9) profiles vary along the magnetic field-line and there exists a steep parallel gra-
dient of q(r, 0) near the X-point. There are two effects: (1) local magnetic shear
becomes large near the X-point; (2) the magnetic connection length becomes infinite
when a flux tube passes near an X-point. The first effect yields rapid mode oscillation
along the field line near the X-point, and the validity of the eikonal representation
becomes problematic. However, the parallel electron viscous damping and heat con-
duction terms smooth rapid fc|| variations near the X-points. In the electromagnetic
regime (e = k\<?l<a^ < 1), we find that normally the dissipation terms are smaller
than the others by O(c). However, near the X-point(s), e may exceed one because
kr is large and dissipation can become important. The localization of dissipation
and electron skin effects near the X-points enables modes with strong drive in the
midplane of the boundary plasma and bending near the X-point(s). Linear eikonal
ballooning analysis indicates that electromagnetic SOL modes can sometimes go be-
yond the X-point and connect to the plate, even though normally the combination of
finite electron collisionality, the collisionless skin effect, and magnetic fanning tends
to disconnect the two regions. We show how these electromagnetic effects manifest
themselves in a nonlinear and noneikonal simulation. The investigation of the role of
turbulence in the detachment of divertor plasmas will be also reported.

References

[1] Xu, X. Q., and Cohen, R. H., Contributions to Plasma Physics, June(1998).
[2] Myra, J. R., D'Ippolito, D. A., and Goedbloed, J. P., Physics of Plasmas

Vol.4 1330-1341(1997).
[3] Moyer, R., et al., APS Division of Plasma Physics, Pittsburgh, PA, Poster

hTupP2.32(1997). T. Rhodes and C. Rettig, private communication.
[4] Cohen, R. H., and Xu, X. Q., Physics of Plasmas Vol.2 3374-3383(1995).
[5] Chankin, A. V., Plasma Phys. Control. Fusion 39 (1997) 1059-1082.
[6] Cordey, J., Kerner, W., and Pogutse, 0., Plasma Phys. Control. Fusion 37

(1995) 773-785.



XA9951024
THP2/04

EDGE AND COUPLED CORE/EDGE TRANSPORT MODELING IN TOKAMAKS*

L.L. LoDestro, T.A. Casper, R.H. Cohen, N. Mattor, L. D. Pearlstein,
G.D. Porter, M.E. Rensink, T.D. Rognlien, D.D. Ryutov, H.A. Scott, and A.S. Wan

Lawrence Livermore National Laboratory, Livermore, CA USA

Comprehensive modeling of the scrape-off-layer (SOL) plasma in a tokamak is a central issue
for the design of high-power machines. The SOL's importance lies in its roles in plasma/wall
interactions, ash and impurity control, and interactions with the edge plasma (i.e., the outer-
most closed flux-surfaces). The physics of the edge plasma itself often requires at least a 2D fluid
description, and supports a rich variety of phenomena ultimately setting the boundary conditions
for particle and energy confinement in the core. In this paper we first describe theoretical and
simulation advances in modeling edge and SOL plasmas and then make detailed comparisons with
recent experimental measurements in the DIII-D tokamak. We present enhanced-performance core-
transport scenarios for DIII-D, and conclude with results of self-consistently coupled core/edge
calculations, including integrated, whole-device simulations of DIII-D.

DRIFTS — THEORY AND SIMULATION. Diverted tokamaks exhibit differences between the inner
and outer divertor-plate particle and energy fluxes that depend on the direction of the toroidal
magnetic field B t o r [1]. This suggests the importance of vFxB drifts whose directions reverse with
the sign of Bt0T [2]. The radial electric field is also important for shear-flow stabilization of edge
turbulence. We study these effects first with an analytic ID model that includes only poloidal
VEXB drifts. We provide a general classification of plasma flows on the open field-lines, taking into
account spatial distributions of particle and heat sources, momentum transfer to neutral gas, and
the possibility of sonic-like transitions along the flux-tube. Given a divertor-plate temperature
difference, the model can predict the remaining experimentally observed in/out asymmetries.

For full 2D modeling of the edge and SOL we evolve the plasma and neutral densities, electron
and ion temperatures, plasma potential, and ion and neutral parallel velocities within the UEDGE
transport code. The vE)!B drifts are computed from the plasma potential, in turn calculated using
current continuity. The radial current is obtained from the electron and ion velocities within a
consistent ordering of the classical transport equations, using an enhanced collisionality to model
turbulence, and maintaining all intrinsic symmetries. Alternatively, the toroidal transport equa-
tions are rederived including fluctuations, with quasilinear closures for the anomalous terms. Both
models give a 4th-order radial differential equation for the potential. Toroidal rotation, grad-B
drifts, and charge-exchange with neutral hydrogen are included. An important 2D effect is the vExB

flow under the X-point, which enhances the inner-plate density for the ion grad-B drift toward the
X-point and decreases this density for a reversed B t o r .

ROUGH PLASMA-FACING SURFACES. A divertor-plate surface typically has fine structure de-
termined by the intrinsic properties of the material and by erosion. We analyze plasma/surface
interactions when the structure scale-height h < the ion gyroradius. We show that when h exceeds
the electron gyroradius, the fraction of the surface "wetted" by the plasma electrons is much less
than that "wetted" by the ions (the latter being also small). Furthermore, the "shadowed" areas
inaccessible to electrons can lead to the development of fine potential structures which, translated
along the field lines into the plasma, cause additional plasma transport.

DETACHED PLASMA STATES AND MONTE-CARLO NEUTRALS. Stability of the location of de-
tached plasma ionization fronts is analyzed using UEDGE with fluid neutrals in Cartesian geometry,
simulating half of a single-null divertor. We map stationary solutions as a function of core plasma
density, input power to the SOL, and particle pumping at the divertor plate and sidewalls. Strong
detachment requires plasma recombination. With sufficient sidewall pumping, the ionization front
moves smoothly from plate to X-point as a function of parameters. With no sidewall pumping,
there is a mid-range of power within which solutions are triple-valued; the middle root is unstable.

Work performed for USDOE under contract W-7405-ENG-48 at LLNL.

Replacing the fluid neutrals with a Monte-Carlo model including molecules [3] results in detachment
at higher power; without sidewall pumping, the low-power stable fronts are no longer found.

LIMIT CYCLES AND LONG-TIME BEHAVIOR OF SOL PLASMAS. Long-lived oscillatory UEDGE so-
lutions have been found in partially detached divertor plasmas, especially with a fixed-fraction neon
impurity. The cooling caused by neon radiation near the X-point and the neutral gas impinging
from the private flux region couple out of phase to drive the oscillation. When the impurity charge-
states are fully transported, however, the oscillations slowly damp. The parametric dependence of
the stable/damped boundary is investigated. We find that long-lived, ~ 10 ms oscillations can also
occur with the more realistic sputtering models recently installed in UEDGE for DIII-D simulation.

DIII-D CORE AND EDGE/SOL MODEL VALIDATION. UEDGE modeling of DIII-D focuses on im-
purity radiation and parallel plasma flow in the SOL. Operation with detached plasmas obtained
by enhanced radiation is desired to reduce divertor heat loads. Impurity radiation profiles are de-
termined by the impurity sources and the transport of each ionization state. The source of carbon
in DIII-D is sputtering. The new chemical sputtering model in the private flux region, which yields
twice as much carbon per event and increases with neutral hydrogen pressure, promotes impurity
concentrations, leading to detachment at lower density and higher power. Enhanced impurity radi-
ation also affects core energy confinement: Reduced divertor temperatures elevate neutral trans-
port, resulting in increased ionization in the edge. The power-loss of these ions converting across
the separatrix lowers the pedestal temperature, as seen in both experiment and simulation; exper-
imentally, this is correlated with reduced global core energy-confinement. The effects of radiation
transport have been estimated in UEDGE by suppressing the hydrogen radiation loss; in optically
thick detached plasmas, this results in a broadening of the ionization front and a shift of radiation
from hydrogen to carbon. More detailed calculations performed with CRETIN, a full radiation
transport code, using plasma profiles from UEDGE, are compared to DIII-D spectral measurements.

Parallel impurity transport is determined by a balance between thermal forces and drag on
hydrogen. Parallel plasma flow in the SOL is controlled experimentally by cold gas injection and
neutral pumping, resulting in better entrainment of impurities in the divertor and fewer in the edge.
Plasma flow control is considered the primary means of controlling impurity radiation profiles. We
present detailed comparisons of the radiation and parallel flow profiles with measurements on DIII-
D. The plasma flow is sensitive to the pumping efficiency of the walls, so that simulation albedos
can be adjusted to match measurements of the velocity profile. We also show effects of vExB near
the X-point on the flows of the fuel and impurity ions.

High-performance discharges are obtained in a number of tokamaks when internal transport
barriers form and the ion heat conductivity approaches neoclassical values over large portions
of the plasma core. Our core transport modeling of DIII-D shows detailed benchmarking of the
time-dependent evolution of such discharges. We also describe enhanced-performance scenarios for
DIII-D using magnetic-shear optimization during the Ohmic current ramp-up.

CORE/EDGE COUPLING. LLNL's CORSICA 2 code, introduced in [4], couples UEDGE to our core
transport code CORSICA 1. The codes are run sequentially (with UEDGE solving for a steady-state
each run), and the shared edge boundary conditions (nD, na, Te, Tt, ngas, toroidal momentum) are
iterated until self-consistent. Applications include demonstration of feedback control on UEDGE's
gas-puff to maintain 1500MW of fusion power in ITER; and, with the addition of model SOL-
turbulence-driven transport coefficients to UEDGE, simulation of an L/H transition.

Edge profile conditions play a crucial role in the high-performance regimes described above.
In L-mode, central pressure peaking can cause disruptions, whereas H-mode edges support steep
edge pressure-gradients which drive currents resulting in ELMS. We conclude with a discussion of
self-consistent, whole-device simulations of these regimes in DIII-D with CORSICA 2.

[1] For example, I.H. Hutchinson, et al., Plasma Phys. Control. Fusion 37, 1389 (1995).
[2] M. Tendler and V. Rozhansky, Comments Plasma Phys. Control. Fusion 13, 191 (1991).
[3] D. Reiter, J. Nucl. Mat. 196-198, 80 (1992).
[4] A. Tarditi et al., Contrib. Plasma Phys. 36, 132 (1996).
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For optimization of divertor operation, e.g. for ITER, 2D scrape-off layer simulation codes are
used to study different target plate and baffle geomtries and their effect on power and particle
exhaust and SOL characteristics.
We report 2D multifluid simulations, using the coupled B2-Eirene code package to study the
effect of geometry changes for the divertor of ASDEX Upgrade. Starting from validated results
for the old divertor I of ASDEX Upgrade [1-3], the modelling predictions for the new divertor
II will be compared with the actual experimental results.
ASDEX-Upgrade is in particular suited for this purpose, because it has a rather sophisticated
setup of divertor diagnostics allowing a detailed experimental characterization of the divertor.
This allows a critical check of code predictions even in details like flow patterns.
As already seen from the modelling of divertor I, a proper description of the detachment process
requires the inclusion of volume recombination [4,5,3]. In the original predictive calculation [6]
this process was missing. Therefore, the B2-Eirene calculations for the new divertor II were
redone with the inclusion of this process, which becomes important at temperatures of about
1-2 eV.
The new divertor II is characterized by strongly inclined target plates reflecting the neutrals
towards the separatrix. This effect introduces a rather early detachment close to the separatrix
with subsequently strongly reduced maximum power loads. However, the experimental results
of thermography, calorimetry and Langmuir measurements show this power load reduction also
for attached conditions. This effect is also seen in the code predictions, but only if the anom-
alous transport is assumed to be a diffusion process determined by the local gradient in real
space. Then the larger compression of the flux surfaces in the divertor for the divertor II results
in larger anomalous radial fluxes especially close to the separatrix. This produces already for
attached conditions a considerable broadening of the profile and by this a reduction of the power
load maximum. If the diffusion process is assumed to be constant in flux-coordinates, this effect
disappears.
The L-mode density limit is interpreted for clean plasmas as a global detachment limit [5,2]. As
confirmed by experiment the density limit remains unchanged, because even when the separa-
trix detaches a factor 2 below the global density limit the outer SOL stays attached. With the
operation of additional neutral beam injection ASDEX Upgrade has now access to operation at
high input powers (up to 14 MW in hydrogen, up to 20 MW in deuterium). This allows the
checking of the prediction for higher net input powers that a transition from a square-root power
dependence to a much weaker one should occur.

The analysis of impurity transport in the scrape-off layer is one of the most challenging topics,
both for experiments and for modelling, due to the complexity of the problem, because motion
of neutrals and ions are two dimensional at least. Also, understanding the important aspects
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of the impurity transport means the need for a validated model accounting for the impurity
generation at the plates and side-walls, proper description of the transport process (including
atomic/molecular processes); especially adequately describing the delicate balance of thermal
force (trying to push away the impurities from the divertor) vs. parallel electric field and friction
force (entraining the impurities towards the plate) determing the transport along the field line
plus the anomalous diffusion across flux surfaces.
The detailed spectroscopic divertor diagnostics allow a quantative check of the predicted losses
as measured with bolometry, Ha, CII and CIII lines. One gets good agreement with the bolom-
etry results and enhanced losses compared to coronal values due to limited residence time of
impurities close to the plate and radial transport resulting in a larger radiation volume [7]. The
agreement with the specific spectroscopic lines is within a factor of 2 in absolute values and very
good agreement of spatial profiles. The experimental measurement of flow velocities of neutrals
and ions allows even check of rather subtle details like flow patterns. Here, an experimental
confirmation of the predicted flow reversal of impurities was possible.

As important as the power exhaust is the particle exhaust for any reactor, because removal
of the helium ash is necessary to avoid extinguishing the burning plasma and good pumping
is necessary to do burn control and feedback operation. Therefore, a check of the predictive
capability for divertor impurity compression and pumping is important. B2-Eirene was able to
describe the compression of deuterium, helium and neon qualitatively and quantatively for the
Divertor I [8,2]. The predicted improved compression of helium for Divertor II [9] was confirmed.
Hydrogen compression and pumping is not determined by direct reflection of neutrals into the
pumping plenum but through multiple CX collisions, whereas neon and helium are dominated
by this ballistic effect. Therefore, a z-shift of the plasma upwards away from the divertor baffles
should not affect the compression and pumping of hydrogen, but should change for neon and
helium. An experimental campaign for this is under way.

[1] SCHNEIDER, R. et al., B2-Eirene modelling of the CDH Mode in ASDEX Upgrade, in Europhysics
Conference Abstracts (Proc. of the 22th EPS Conference on Controlled Fusion and Plasma Physics,
Bournemouth, 1995), edited by KEEN, B. et al., volume 19C, part IV, pages 285-288, Geneva, 1995,
EPS.

[2] SCHNEIDER, R. et al., Modelling of radiation distribution and impurity divertor compression in
ASDEX Upgrade, in Plasma Physics and Controlled Nuclear Fusion Research 1996, volume 2, pages
465-476, Vienna, 1997, IAEA.
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[4] BORRASS, K. et al., J. Nucl. Mater. 241-243 (1997) 250.
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Both, resistive pressure-gradient-driven turbulence (RPGDT) and ion-temperature-gradient-driven
turbulence (ITGDT) seem to play a critical role in explaining the measured transport in tokamaks.
The former at the plasma edge [1], and the latter at the plasma core [2]. However, numerical
calculations based on this type of instabilities have been limited to flux tube geometry or limited by
numerical resolution. Here, we present results for three-dimensional calculations in the full torus
geometry.

Since the decay index of the poloidal and toroidal mode number spectrum of RPGDT is very small,
the spectrum is very broad and requires the inclusion of many Fourier components to achieve the
desired high resolution. To this end, we have simplified the dynamical model to only include time
evolution equations for the perturbed electrostatic potential, and the perturbed pressure. With the
present computer capabilities, we can resolve adequately the spectrum for this system of equations in
a full torus geometry.

We have found that the structure of the steady-state turbulence depends on the proximity of the
averaged pressure gradient to the instability threshold. For low values of this pressure gradient, the
steady-state is dominated by a single mode. For higher values of the pressure gradient, turbulence
fully develops.

We have characterized the spatial-temporal structure of the turbulence by calculating time and radial
correlation functions. There are significant differences between the linear and nonlinear phase in the
numerical evolution. In the linear phase of the calculation when a single mode dominates, the radial
correlation length is of the order of the profile scale length. This is a consequence of the ballooning
structure of the mode. However, in the nonlinear phase, the radial correlation length is reduced and
turns out to be of the order of the width of the individual poloidal components of the linear
eigenfiinction. In the linear phase, its dependence with the poloidal angle is very strong and it is weak
in the nonlinear phase. In spite of this, the fluctuations have strong poloidal asymmetries in the
nonlinear phase and the fluctuation level varies along the poloidal direction.

The values numerically obtained for the diffusion coefficient and the fluctuations levels at saturation
agree well with the mixing length estimates based on the nonlinear correlation length and

decorrelation time. This is shown in Fig. 1, where we compare the radial dependence of P' *P' and
Ap/Lp p for a case when the average pressure profile maintained fixed during the evolution, and the

numerically obtained diffusion coefficient » "

PI c as a function of p for a fixed radial position.

with the mixing length estimate

Significant progress has been made in the theoretical understanding of ITGDT over the past few
years, in large part due to the development of toroidal gyrofluid computational models [3]. These
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Fig. 1. Comparison of rms value of pressure fluctuations and mixing length estimate vs radius at
/%=0.087 (left), and comparison of nonlinear diffusion coefficient D and mixing length estimate vs fi
at/3/a=0.8(right).

gyrofluid models have mostly been limited to a local flux-tube description of the plasma and to
circular geometry for computational tractability reasons.

We report here on progress towards toroidal gyrofluid models covering the full plasma cross section
and applicable to general geometry. To keep these full cross section calculations at a computationally
manageable level, we only include time evolution equations for the perturbed ion density (vorticity)
and perturbed ion parallel velocity, and a perturbed ion temperature equation with a simple parallel
linear Landau closure. Moreover, the electrons are treated as adiabatic and the electrostatic
approximation is used throughout. Flux coordinates with straight field lines have been chosen to
describe the general toroidal magnetic geometry. Both analytic and realistic fixed boundary equilibria
from a solution of the Grad-Shafranov equation are used as input. This allows us to study ITGDT
for shaped, high plasma beta equilibria.

Full cross section toroidal Landau fluid calculations of ITGDT are being performed for eventual
comparison with flux-tube models. The results from linear toroidal calculations shown in Fig. 2
demonstrate the flexibility of our representation of the magnetic geometry given that we are able to
handle circular as well as noncircular cross sections. Moreover, triangularity and elongation scans
show little effect on the linear growth rates. Preliminary results from nonlinear toroidal calculations
in circular geometry indicate the global structure of the flux-surface-averaged poloidal flow
generated by Reynolds stress and the apparently local character of the fluctuations and of the
transport.
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Fig. 2. Linearly unstable eigenmode for toroidal mode number n=30 in the case of circular (left) and
D-shaped plasmas (right)

[1] B.A. Carreras, et al., Phys. Rev. Lett. 50, 503 (1983).
[2] G. S. Lee and P. H. Diamond, Phys. Fluids 29, 3291 (1986).
[3] M. Kotchenreuther, W. Dorland, M. A. Beer and G. W. Hammett, Phys. Plasmas 2, 2381
(1995).

* This research is sponsored in part by DGES Project No. PB96-0112-C02-01 (Spain), and in part
by USDOE Contract DE-AC05-96OR22464 and is being performed within the Numerical Tokamak
Turbulence Project, a USDOE Phase II Grand Challenge.

342

THP2/07 XA9951027

Long-Range Correlations and Universality
in Plasma Edge Turbulence

B. Ph. van Milligen, B.A. Carrerast, M A . Pedrosa, R. Balbin, C. Hidalgo,

D.E. Newmant, E. Sanchez, I. Garcia-Cortes, J. Bleuelt, M. Endlert, S. Davies*,

G.F. Matthews*, E. Martines**, V. Antoni**, C. Riccardi § and E. Anabitarte §&

Asociacion Euratom-Ciemat, Avda. Complutense 22, 28040 Madrid, Spain

t Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A.

tlPP Garching, EURATOMAssociation, 85740 Garching, Germany
* JET Joint Undertaking, Abingdon, U.K.

** Consorzio RFX, Padova, Italy
§ Dipartimento di Fisica, Universita' di Milano, Italy

§§ Universidad de Cantabria, Saniander, Spain

Recently, it has been conjectured that turbulent transport in fusion plasmas may be of a self-similar

nature. This conclusion arises naturally in the context of the, still speculative, Self-Organized

Criticality (SOC) models1. The attractiveness of the hypothesis lies in several predictions that seem

to be in accord with observations of fusion plasmas: the existence of a critical gradient that is robust

to a certain extent (the well-known "profile consistency" of fusion plasmas that causes the profiles to

be rather insensitive to the power deposition profile), long-range interactions (the observed radial

cold and heat pulses that travel faster than diffusively), and Bohm scaling of the diffusivities.

To test the SOC hypothesis, first one needs to demonstrate the self-similar nature of the

turbulence. This can be tested by accurately determining the shape of the autocorrelation function

(ACF) of turbulent signals, which in the case of self-similarity would be algebraic rather than

exponential. Unfortunately, the critical information is present in the tail of the distribution (i.e. well

beyond the correlation time), where statistics are generally poor.

There exist several equivalent measures of self-similarity. One is the variance of the w-point

averaged signal, which decays with increasing m as nrP, with decay exponent fi, which is the same as

the decay exponent of the ACF. For uncorrelated (random) signals, 0 = 1. An accurate

determination of /?, is, however, almost equally problematic with the variance method as with the

ACF method, since one needs to determine the decay at large m. Another alternative, known as the

Rescaled-Range analysis technique or Hurst analysis, is more promising2. We show that this type of

analysis is far more robust against random noise perturbations than the direct determination of the

ACF or the variances of the /n-point averaged signal, and gives more reliable results for finite-length

data series.



For a time series of length n, X={X,:t= l,2,...,n}, with mean X(n) and variance S2(n) the

R/S ratio (or Rescaled Range) is defined as3.4

where Wk = X, +X2+--- + Xk -kX(ri). For a sequence with only short-range dependencies, the

expected value of this ratio scales as £J/?(n)/s(n)]—„_,«, >Xn°5. However, for phenomena

characterized by long-range dependencies, it scales as E^R{n)IS{rij\—„-;, >A n" with H> 0.5. The

parameter H is referred to as the Hurst parameter, and is related to the variance decay exponent

through H= 1 - p/2. When the dependence of R(n)/S(n) on n is well-fitted by the function Xtf over

a long range of values of n (spanning several decades), then one has a strong indication of self-

similarity of the signal over this range5.

For purposes of testing and calibrating the method, we have analyzed computer-generated

data from sandpile models, yielding high values of H (A0.8) for this prototypical SOC model, which

could be reduced to H = 0.5 by adding a decorrelating shear flow. Further, we have analyzed data

from Langmuir probes in non-fusion devices (e.g. Thorello, a toroidal device without rotational

transform6) yielding values of H close to 0.5. This indicates that these devices do not exhibit

sufficient confinement to generate a self-organized state.

The analysis of data from Langmuir probes taken at the plasma edge in a wide variety of

fusion devices (tokamaks, stellarators, RFPs) reveals the existence of self-similar behaviour or long-

range correlations in all devices studied (see Table). The observed variation of the Hurst exponent in

the plasma edge, 0.62 < H < 0.75, is small in spite of the variety of devices. On the other hand, the

variation of / / in the scrape-off layer (SOL) is much larger. In Wendelstein VII-AS, a slight decrease

in H at the sheared flow layer was observed, possibly corresponding to a local decorrelation effect.

The repeated occurrence of values of H differing significantly from the value corresponding

to random noise (H = 0.5) in all fusion

devices points to a universal aspect of

the underlying turbulence. Further, the

degree of self-similarity detected implies

the existence of long-range correlations

(with respect to the correlation time).

This may either be due to a response of

the system to perturbations that is much

slower than the turbulence

autocorrelation time, or to long-range correlations generated by some mechanism, for which the

avalanches of SOC models are a good candidate.

Device
TJ-I
JET Limiter
JET Divertor
TJ-IU Torsatron
W7-AS, i a = 0.243

W7-AS, i a = 0.355

ATF
RFX(RFP)

N° Series
9
4
4
21
24

29

20
29

<H>edge
0.75 ±0.03

-
-

0.64 ± 0.03
0.62*0.01

0.72 ±0.07

0.71 ± 0.03
0.69 ± 0.04

<H>SOL
0.75 ± 0.04
0.52 ± 0.04
0.63 ±0.03
0.67 ± 0.01
0.60 ±0.04

0.66 ± 0.06

0.92 ± 0.07
-

' P. Bak, C. Tang, and K. Weisenfeld, Self-Organized Criticalily: An Explanation of l/f Noise, Phys. Rev. Lett.
59(1987)381
2 B.A. Carreras, B. Ph. van Milligen, M.A. Pedrosa, R. Balbin, C. Hidalgo, D.E. Newman, E. Sanchez, M.
Francis, 1. Garcia-Cortis, J. Bleuel, M. Endler, S. Davies, and G.F. Matthews, Long-Range Correlations in Plasma
Edge Turbulence, Accepted for publication in Phys. Rev. Lett. (1998)
3 B. B. Mandelbrot and J. R. Wallis, Water Resources Research 4,909-918 (1969)
4 H. E. Hurst, Trans. Am. Soc. Civil Eng. 116, 770 (1951)
5 B.A. Carreras, B. Ph. van Milligen, M.A. Pedrosa, et ai. Self-similarity of the Plasma Edge Fluctuations, To
be submitted to Phys. Plasmas (1998)
6 C.Riccardi, D.Xuantong, M.Salierno, L.Gamberale, M.Fontanesi. Phys. Plasmas 4 (11) 3749 (1997).
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Instabilities driven by shear in the parallel velocity of one or both species and

electron temperature gradients are studied using boundary conditions and parameters

appropriate for the SOL of diverted tokamaks. Two cases are considered. In the first

one, the electrons have a non-uniform parallel velocity while the ions are at rest. In the

second case both species move with the same sheared velocity and there is no current.

In both cases a transverse electron temperature gradient is included.

1. Sheared electron velocity
The basic features of this instability can be studied using a cold fluid plasma

model'. To allow for a finite current the equilibrium sheath potential has to depart from

the usual ambipolar value. Due to the electron temperature gradient a radial electric field

appears that induces an ExB drift. Considering a rectangular plasma with uniform

magnetic field and electrostatic, low frequency, perturbations and imposing the

quasineutrality condition a mode structure equation is derived for the bulk of the

plasma. The dispersion relation is obtained by equating the perturbed plasma current in

the bulk to that in the sheath at the plasma-sheath interface.

tan

where u=rrie/mi, L is the length of the plasma, u the parallel electron velocity, cs the

sound speed, O; and De the cyclotron frequencies and u^u-kyUE, with ug the ExB

drift. R and a are given by (F=0.5+

R =
_ kycsu'

L-rfle

a ? _ k ? u ' 2
+ n e k ^

4He mAp

For flute-like modes, where a L / 2 « 1, the tangent can approximated by its

argument and a second degree algebraic equation is obtained. In addition to the flute

modes, the dispersion relation has a series of roots corresponding to different branches

of the tangent. Fig. 1 presents a plot of the normalized (to Cl\) frequency as a function

of ky for the flute mode (1) and the next two branches of the tangent (indicated by 2 and

3 respectively), the full line corresponds to the real part (zr) and the dashed line to the
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imaginary part (y). Other parameters are (lengths normalized to pi, velocities to cs and

frequencies ton;): L ^ I O 4 , u=2, Te/Ti=0.5, u'/u=-2, T/T^-20.

For the sharp current gradients considered, consistent with experimental

measurements2, these modes are quite different from the modes driven solely by the

temperature gradient3.

2. Sheared flow (both species)

When both species move with the same sheared velocity (no current) the cold,

collisionless, plasma model can not be used because it would result in the cancellation

of the driving terms. Finite temperature effects are introduced by adding the pressure

gradient term in the momentum equation for both species and the thermal force in the

electron equation. In addition, a density gradient is also included. The dispersion

relation is derived using the procedure outlined above and introducing the same

approximations as in Ref. 3 regarding the relationship between the perturbed pressure

and temperature and the perturbed potential. Fig 2 presents a plot of the normalized

frequency as a function of ky for two unstable modes. The main parameters are:

L=7*104, u=l, T/Ti=0.5, u'/u=-4, T / I > - 2 0 , n7n=-20.

0.5

Figure 1

-0.5
1.0 0.0

Figure 2

REFERENCES

1. R. FarengoPhys. Plasmas 5, 1085 (1998).
2. J . Lingertat, K. Gunter and A. Loarte, J . Nucl. Mater. 2 2 0 - 2 2 2 , 1981 (1995).

3. H. Berk et al. Nucl. Fusion 3 3 , 263 (1993).



THP2/09
XA9951029

Resistive edge modes, A scenario for the L-H transition due
to heat flux.

J. Weiland and H. Nordman

Department of Electromagnetics, Chalmers University of Technology and
EURATOM-NFR Association, Goteborg, Sweden

R. Singh

Institute for Plasma Research, Bhat, Gandhinagar 382 424, India

Recently substantial progress has been made in the theory of resistive ballooning modes.
It has been found that weakly ballooning modes tend to be stable when the shear parameter
s approaches unity1. On the other hand, a strongly ballooning mode with a growthrate of
the ideal MHD magnitude has been found1. This mode appears to be a strong candidate for
explaining the large transport in L mode plasmas. We here introduce the effects of
temperature fluctuations on this mode and find a scenario for L to H transition2 due to
FLR stabilisation of the mode for large temperature gradients. This scenario is of the
same type as was previously found for a system of eta-i and trapped electron modes in
predictive transport simulations3. We also find a new type od edge mode which persists in
the enhanced confinement regime.

We use the Braghinskii fluid equations for the edge region where
e^oop/co. « 1. For strong heating we also assume r\ » 1.
We use a Connor-Taylor-Hasitie equilibrium and solve the eigenvalue equation
analytically in the strong ballooning limit with the result:

where
, = ii i /- u, , . De

)

(1)

(2)

The strong ballooning approximation is easy to fulfill for edge parameters. In /I)
we ignored electron temperature perturbations for simplicity. The fastest growing
mode is obtained at

kep5= 0.15
Below this value the shear damping is strong and above it the FLR stabilization sets
in. When we include the electron temperature gradient in the local approximation
we find , at the above FLR parameter an FLR stabilisation at -n, = 5.
A stabilisation due to the neoclassical poloidal rotation V<J=T|;V. can be estimated at

(3)

where F = 1 + r\e + (1+T),)/T . Here we balanced the shearing rate with the
growthrate taking L,; as the shearing length scale. For sn= k/p? the threshold is
typically around 8. We thus expect the FLR stabilisation to occur before that of
sheared rotation in a scenario when the transition is caused by increasing heat
flow.

We note that a similar transition was previously obtained in a system of eta-i mode
and trapped electron mode in predictive transport simulations3. The growthrate in
that system was

/ IK i i •! * ̂ v » Vi /A\

(— + ft1e)- 7—TTi V*>

where A = 1 - /, + fcV and f, is the fraction of trapped electrons. For f,=
0.65 the transition occurred at 1^=15. For ft=lwe clearly recovcer the local limit
of our present resistive system and the descriptions can be unified by interpreting
f, as the fraction of electrons that for various reasons (we may even include
induction) are not moving along the field lines. The transition in Ref 3 gave an H-
factor around 2.5.

In the enhanced confinement state we order the frequency as the magnetic
drift frequency. It is then necessary to carefully include all magnetic drift effects
including that from the diamagnetic heat flow. A strong ballooning analysis leads
tro the dispersion equation

2 10 , 5 . 2 i

Here yD represents the effects of parallel electron motion. It is typically smaller
than coD for edge parameters. Moreover:

1i + TVc Vi + rt)e

In the local limit, this mode is symmetric in ion and electron quantities. It has the
same local dispersion relation as the mode with frequency of order magnetic drift
frequency in Ref 3 for f,=l. This mode is of a condensation type since it can be
obtained from the condition 6P - 0. It requires the diamagnetic heat flow for
instability and always gives a particle pinch. We note that particle pinches have
often been deduced from experimental edge data in H mode".
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Three aspects of tokamak edge physics are addressed: A) Role of radial electric field and
poloidal rotation at the L-H transition, B) Ripple ions and their use in measuring edge electric
field, C) Generation of fast electrons and hot spots in the grill region by RF electric field.

A) SD Monte Carlo simulations offer an ideal method to test various models behind the L-
H transition in tokamaks [1], like those based on ion orbit loss or spin-up in rotation by
poloidal asymmetry in particle sinks or sources. ASCOT code [2] is used to find the balance
between the neoclassical return current and the ion orbit loss by two approaches: 1) ion orbit
loss is separated from return current and is compared to an analytical expression of the latter
which is verified numerically, 2) both currents are calculated self-consistently by demanding
consistency with the background profiles. This method allows one also to investigate the
impact of poloidally asymmetric particle source on poloidal rotation and electric field.

We compare the expression of the neoclassical return current, calculated from the
poloidal viscosity [3], to the numerical result of ASCOT for different values of radial electric
field and collisionality for'ASDEX Upgrade parameters. Both in the plateau and the
collisional Pfirsch-Schluter regime numerical simulation gives a larger value for the current
which is due to a more complete collision operator and geometric effects. The comparison of
the separated ion loss and return current shows that the ion orbit loss mechanism can not
explain bifurcation for ASDEX Upgrade shot 8044. This is in agreement with our analytical
studies [4]. Results from a novel self-consistent calculation, where the density profile of the
test particles is kept consistent with the background using a particle source from ionization,
shall be reported. By scaling the edge temperature and iterating the electric field profile for
each temperature profile we finally find the bifurcation conditions and the self-consistent
electric field profile. Applying a poloidal asymmetry in the particle source provides us a
straightforward way to study effects of nonuniformity on rotation with ASCOT.

B) The time resolution of the spectroscopic measurements, currently used for probing
the dynamics of the L-H transition, has not yet been good enough (about 0.5 ms on DIII-D) to
decide whether the changes in Er are sufficiently fast, and if they indeed precede the L-H
transition. Recent experiments at ASDEX Upgrade [5] suggest that CX fluxes (time
resolution <100 u.s) from ripple-trapped slowing-down beam ions might provide a faster
diagnostic for the radial electric field. At the L-H transition fluxes were found to grow by a
factor 10-30 and the growth was delayed the more the higher the energy channel thus
suggesting that the phenomenon is energy-sensitive. The ASCOT simulations of these ions
[6,7] reproduce the CX-flux characteristics for the experimental conditions.

The previous results are reviewed and the basic physical mechanism behind the prompt
response of the ripple-trapped ion distribution - as well as of the consequent neutral fluxes -
to E, is unraveled by solving the appropriate Fokker-Planck equations [8] for the ripple-
trapped, banana, and passing ion distributions in time, velocity, and spatial coordinates. The
time scale can be much faster than the collisional time scale, and the ripple ion distribution
function can faithfully follow (see Fig.I) the changes in Er. Comparison of the results with
the experimental findings [5] supports a picture in which E, can experience a modest fast
jump just within 1 cm of the separatrix but with a later much slower (> 1 ms) growth and
broadening in the profile.
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Fig. 1 The distribution function for 10 keV ripple-blocked deuterons obtained (a) at t=10 us,
(b) t=50 |is, and (c) t=100 us, after the onset of the electric field at t=0 for ASDEX Upgrade
parameters.

C) Generation of hot spots and impurity production in the grill region has been
observed in recent lower hybrid (LH) current drive experiments at Tore Supra and Tokamak
de Varennes [9], A possible explanation is the parasitic absorption of the LH power in front
of the grill. High power LH spectra contain high-nM modes with overlapping trapping widths
in velocity space and waves can resonantly interact with edge electrons in front of a LH grill
[10,11]. The fraction of the lost power can be in the range of 2-10 % at high power levels [9]
indicating parasitic absorption of MW-level for the ITER lower hybrid launcher.

In this work, the absorption of LH waves and the generation of fast electrons near the
waveguide mouth is investigated with particle-in-cell (PIC) simulation code [12] combined
with the SWAN coupling code [13]. SWAN calculates accurately the LH spectrum even to
high values of parallel refractive index n M of the order of 50 and the PIC code solves wave-
particle interactions self-consistently. The PIC simulations resolve the key parameters, like
absorbed power, the radial deposition profiles and the absorption length. The energy
spectrum of the accelerated particles close to the grill mouth is obtained together with the
LH spectrum. This information can not be obtained accurately from the pure test particle
simulations in which the fields are not treated self-consistently [10]. PIC simulations show
that modes n N >20 are responsible for the fast electron generation.

We compare the results of three SWAN-spectra obtained for the Tore Supra, JET- and
ITER-type LH grills. The parasitic absorption in the Tore Supra case is fairly low 2-4% and
concentrated within a few mm from the grill mouth, but enough to form hot spots locally.
The energy range of the fast electrons is from a few hundred eV to several keV in agreement
with experiments [9]. The SWAN-spectra of the JET- and ITER-type cases differs from the
Tore Supra case indicating that the problem of the parasitic absorption will be reduced.
Scaling of the parasitic absorption with the edge density and temperature will be discussed.
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Abstract

It is widely recognized that various atomic physics phenomena associated with

impurities and recycled neutral gas in the divertor region of a tokamak can be crucial for the

drop of temperature and pressure from its high value near the mid-plane scrape-off layer

region to acceptably low values near the divertor plate. In this paper we present an analytical

and numerical investigation of a time dependent one dimensional plasma model describing the

evolution of multiple thermal and/or pressure fronts associated with radiation, charge

exchange, ion-neutral elastic collisons, ionization, volume recombination and parallel flow

along the lines of force. The radiative thermal front is associated with MARFES and the

pressure/temperature drop associated with volume recombination effects essentially leads to a

detached plasma configuration with minimal thermal and particle fluxes to the divertor plate.

We investigate static thermal fronts, possibility of nonlinear propagating thermal waves and

some related questions regarding linear and nonlinear stability of simple 1-d configurations.

Our results have relevance to the interaction of ELMS (which are essentially bursts of heat and

particle flux into the scrape-off layer) with MARFE/detached plasma configurations in the

divertor scrape-off layer region.
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The negative C, always appear spontaneously in 11-tnode, and thai is related to
a larger ions loss lhan lhat of electrons in same region. The neoclassical effects of ion
and electron lead to belter understanding of the physics and mechanism of the li,
ibnnulion ami may supply a effective method U> generate and control the Er with
suitable neutral beam injection in local region for reducing the threshold power.

The theory of single particle motion in toroidal system shows that the orbit of
charged particle has a displacement away from its initial magnetic surface driven by
curvature and VB drift. Because of small Lamior radius, the displacement of electron
is very small, generally, smaller than 1 mm, so electrons essentially move on their
initial magnetic surface.

The ion curvature and VB drift direction and mid-plane decide whether the ion
orbit expands or contracts. The side in the direction of ion curvature and VB drift is
the expanding region, the other side is the contraction region. In the expanding region,
charged particles have radial motion toward outside magnetic surface. In the
contraction region, that have radial motion toward inside magnetic surface.

We well knnw that favorable ion VB drift direction towards X-point can
reduce 11-mode threshold power in a single-null diverlor configuration. The analysis
of theory and simulation of curvature and VB drift in toroidal system indicated that
the contribution tor reducing threshold power is not only from the ion VB drift
direction. The ion curvature drift is as important as ion VB drift. Ion curvature and VB
drift in toroidal system are in the same direction. Their effects arc nor separated.
Because of curvature and VB drift, charged particles can not move along the magnetic
line, but move across the magnetic surface. When ion curvature and VB drift toward
X-point, the ions, inside and close separatrix, can drift out of separalrix. Unlike limitcr
configuration, the outside magnetic surface of separatrix close to X-point in a divertor
configuration is open. Many ions, especially with larger displacement, can drift out
separalrix, and do not move into separatrix again. These ions will move to the divcrtor
plate and arc then exhausted directly from X-point(Fig. 1). Because of a larger
displacement, the loss of ions is larger than that of electrons, so that the negative R,
appears just inside separatrix at first.

When ion curvature and VB drift is away from X-point, the ions, inside and
close to separalrix, drift out scparatrix on the side without X-point. On this side the
magnetic surface is close, so that the ions will move to the side with X-point through a
long distance in edge region outside separalrix. II will lead to a high collisions and
pressure in edge region, especially for a narrow outside gap. High collisions and
neutral pressure is unfavorable for formation of negative En they will reduce the
negative E r pj . The ions with small displacement may move into separalrix again in
the side with X-point, because ion curvature and VB drift is away from the X-
point(Kig. 2). In such a case, the negative K, is smaller than the case that ion curvature
and such a case, the negative Kr is smaller than Uie case that ion curvature and VB
drift toward X-point, so larger threshold power will be needed to generate H-mode.
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The ion curvature and VR drift and displacement in toroidal system can
explain the phenomena ahout the gap between plasma and wall or limitcr in I.-H
transition, The width of transport barrier is about 2qrn., where riL is ion Larmor radius
near separatrix. The similar isotope and B scaling to Ihe experimental result can lie
got[2,31- ihreshold power is \\<x: Z? HiiIA|. For H and He plasma, the Pu, is same.
For D plasma, the \\ is half of that for II and He plasma. In (he threshold power
scaling, there is not any temperature dependence. The threshold power of Il-modc
represents the critical temperature. The sleep density and temperature profile of ion
also lead to a separation of ion and electron.

The negative Br always is associated with ions loss or separation of ions and
electrons in same layer. The method of generalion and control negative V., with local
N131 is that the ions ionized in plasma must move in the expending orbit, which means
ion motion in the outside region of initial magnetic surface, 'l"he local NBI can supply
continual ions loss or separation of ions and electrons, so that Ihc negative E, for long
quasi-steady-state Il-mode may be obtained.

- X-poinl

l:kj. laThe ionC-VBdr i r t
toward X-poInt

Fig. 1b The Ion orbits

separatfix

.. X-pdnt

Fig 2a The ion C
away from X-point

Fig. 2b The ion orbits

References
[I] X.D. /.hang, "Entcl ofcollisional nansportof ion and electron on radial electric

field" intnisconfcimce.
12) M.Keilhacker.PtamaPhys.aiiHOmiiol. Fusion 29(1987)P.1O4I
13] K.H. BurrcM. et al., Plasm.! l'h>». and Control. Fusion 31 (1989) P.1651

348

THP2/13 XA9951033

THEORY OF ENHANCED CORE CONFINEMENT REGIMES IN TOKAMAKS*

G.M. Staebler, R.E. Waltz
General Atomics, P.O. Box 85608, San Diego, California 92186-5608

J. E. Kinsey
Oak Ridge National Universities, Oak Ridge, Tennessee

The cause of the enhanced core confinement in three regimes observed in tokamaks is
investigated: pellet enhanced performance (PEP) [1], radiation improved (RI) [2], and inter-
nal transport barrier (ITB) modes with weak or negative magnetic shear [3,4]. Theoretical
calculations of the linear stability and quasilinear transport of toroidal drift waves and high
toroidal mode number electromagnetic instabilities are compared with experiments. Three
theoretical tools are employed: a comprehensive gyrokinetic linear stability code [5] which
has been extended to shaped magnetic equilibria, nonlinear 3-D gyrofluid simulations [6],
and a reduced gyrofluid transport model [7]. A consistent picture of the transport of both ions
and electron energy is found for all three experimental regimes. It is found that generally the
low wavenumber part of the linear drift wave spectrum is partially or completely suppressed
by ExB velocity shear. This includes trapped ion modes (TIM), ion temperature gradient
modes (ITG) and trapped electron modes (TEM). The improvement in the ion thermal trans-
port is explained by this ExB shear suppression. The high wavenumber electron temperature
gradient mode (ETG) is not suppressed by ExB shear due to its high growth rate. This
explains the generally smaller reduction in electron thermal transport observed. The ETG
mode properties give rise to different levels of the electron transport in the three regimes.

The gyrokinetic growth rates (y) are computed without ExB shear (YEXB) f°r technical
reasons. The measured COEXB is then subtracted from yto get a positive residual net growth
rate. This method of including ExB shear is based on nonlinear simulations of ITG modes
[6]. The simulations found that the turbulence was completely quenched when YEXB > Ymax.
where ymax is the maximum linear growth rate. By comparison, nonlinear decorrelation
theory [8,9] would only predict a small reduction in the fluctuation level when the ExB shear
is at the quench point. The quench point also does not follow linear eigenmode stability
(including ExB shear) in a torus but it does in a sheared slab magnetic geometry. Therefore, it
is possible to distinguish the quench rule from the other two theories experimentally. The
improved thermal confinement of the PEP mode has been ascribed to the stabilization of ITG
modes by density peaking. However, density gradients drive the TEM unstable. Thus, density
peaking alone cannot reduce ion thermal transport since the TEM mode produces ion heat
flow. The ion thermal transport reduction requires ExB shear suppression of the TEM in PEP
modes. Peaking the density increases the critical electron temperature gradient of the ETG
mode which improves the electron energy confinement. For large enough particle source and
high density a bifurcation to neoclassical electron transport, by complete ETG modes
suppression, is predicted to be possible [10] but has not been reported.

The Rl-mode has reduced transport after impurity injection. Analysis of a DIII-D dis-
charge [11] with improved energy confinement after neon injection showed substantial ExB
shear suppression of the ion transport. The electron transport is also found to be improved
experimentally. The ETG modes have reduced growth rates in the outer part of the plasma
due to the neon kinetic response. There is a good correlation between the measured electron
thermal diffusivity and the ETG mode trends. Improved electron energy confinement persist
in both the L- and H-mode phases of the discharge. The energy confinement reaches three
times its pre-neon L-mode value during the improved H-mode (IH) phase. Sawteeth and

*Work supported by the U.S. Department of Energy under Grant No. DE-FG03-95ER54309.



edge localized modes (ELM) reduce the energy confinement to normal H-mode later in the
discharge.

The weak and negative magnetic shear plasmas with a region of neoclassical ion thermal
transport are commonly referred to as having an ITB. It has been demonstrated previously
that the quench rule for ExB shear suppression is well satisfied for the ITG and TEM modes
explaining the ion transport. However, the electron thermal transport is still well above neo-
classical in the ITB. Linear growth rate analysis of several discharges has found that the elec-
tron temperature gradient is very close to the marginal stability point of the ETG mode in
most cases. The quasilinear energy flux computed with the electron temperature gradient
10%-20% above the stability point is much larger than the experimental value. This is
consistent with the temperature profile being marginally stable as observed.

The reduced gryofluid transport model (GLF23) approximates the transport due to
toroidal drift waves (ITG, TEM, ETG) and uses the quench rule for ExB shear. The model
fits the norm and scaling of nonlinear gyrofluid simulations and has been shown to
reasonably predict the electron and ion temperature profiles in L- and ELMing H-mode
plasmas over a multi-tokamak database of 60 discharges. If the calculated ExB shear agrees
with the measured value, the model can predict the ion and electron temperature profiles well
even in enhanced confinement regimes. The power threshold for an ITB can be computed
with the model. The usual dimensionally similar scaling to a reactor yields an unfavorable
scaling for the diamagnetic contributions to the ExB shear due to the magnetic field
dependence. The toroidal rotation contribution has a more favorable scaling. Dimensional
similarity scales the profile gradient lengths to the plasma size. Localized off-axis heating,
fueling or momentum sources break this scaling and can greatly reduce the total power
required to form an ITB. Modeling suggests that off-axis electron cyclotron (ECH) heating
can move the leading edge of the ITB to the resonance absorption layer. ECH increases the
electron temperature gradient at and outside of the resonance layer which excites electron
turbulence. However, at smaller radii than the off-axis heating location, the electron
temperature is higher than before the ECH heating but the power flow carried by the electrons
is reduced. This is because the Ohmic and direct electron heating from the neutral beams is
reduced The ion collisional heat exchange to the electrons is also lower. Thus, the free energy
to drive electron turbulence is reduced in this region. If the electron turbulence reduction also
reduces ion transport, then it becomes easier for the ITB to grow out to just short of the ECH
heating radius.
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Abstract
High performance phases of tokamak operation are characterised by the formation of the

thermal transport barriers (TB) which display as a drop of the thermal diffusivity and the
development of steep temperature gradient. This evolution of thermal confinement of the heated
plasma species has been observed in different magnetic configurations such as reversed
magnetic shear configurations of TFTR [1], D1TI-D [2] and Tore Supra [3] as well as optimised
magnetic shear configurations of JET [4]. The internal TB formed initially in the plasma core
exhibits the subsequent evolution moving outwards. The decoupling of the TB location from
the position of the minimum in q-profile has been also observed in the experiments with neutral
beam injection (NBI) where the toroidal rotation was produced [1,4].

In this work a simple phenomenological model for the thermal diffusivity which
describes the formation and evolution of the TB through the suppression of the turbulent
transport by shear effects, is developed and tested in the predictive simulations of the regimes
mentioned above. In particular, the effects of the magnetic shear and the shear of toroidal and
diamagnetic rotations have been studied. As a reference transport model for the comparison
with a low confinement regimes (L-mode), the mixed model which includes the large-scale
Bohm-like transport dominated in L-mode regimes, and the small-scale gyroBohm transport
along with the neoclassical transport is used [5]. The magnetic shear correction of the Bohm-
like term developed previously from the analysis of the thermal electron transport in reversed
shear (RS) configurations of Tore Supra [3] has been extrapolated on the thermal ion
confinement.

Our analysis shows that the improvement in the thermal confinement in the RS region
with a low rotation shear can be attributed to magnetic shear. The magnetic shear correction in
Bohm-like term of the transport model provides the reduction of the large-scale L-mode
transport in the core to the neoclassical level for the ions (for example, in prelude RS phase of
the regimes of TFTR [1]) and to the gyroBohm level for the electrons (RS configurations in
lower hybrid current drive plasmas of Tore Supra [3]). The high power NBI in a plasmas with
a flat or reversed magnetic shear produces the large shear of toroidal rotation. This rotation
shear provides the subsequent reduction of the anomalous transport (like, for example, in the
high power phase with ERS on TFTR [1] and in the optimised shear regimes on JET [4]). To
describe these regimes the transport model with the magnetic shear correction was modified to
take into account the effect of the electric shear. The [ExB] shear stabilisation of the anomalous
transport allows to reproduce the evolution of the TB in ERS phase and postlude phase of
TFTR [1] where the dominant contribution of this effect is illustrated by the scan in the co-
injected neutral beam power. The rotation shear stabilisation allows to decouple the location of
the TB and the position of the minimum in q-profile that explains the extension of the TB
barrier outside the RS region observed experimentally. In addition, the strong reduction of the
standard neoclassical diffusivity [6] in the ERS region has been observed when the large
rotation shear is developed in the core. The simulations of the dynamics of the core temperature
shows that such a reduction can be attributed to the squeezing of the banana orbit width [7].
The example of the modelling of the central ion temperature evolution in the RS/ERS plasmas
of TFTR with the shear correction in the thermal diffusivity is shown in the Figure
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Comparison of the experimental central temperature (dashed line) and the simulated temperature
(solid line) for the shot 94599 of TFTR (data are taken from ITER Data Base).

The modelling of the thermal transport with the theory-based shear effects performed in
this work provides the more clear understanding of the physical mechanisms responsible for the
transport reduction at a different phases of the discharges. The relevant magnetic and electric
shear effects on the turbulence stabilisation and anomalous transport displayed through the
decoupling of toroidal modes in the low shear region, the shear dependent growth rate of the
ion temperature gradient modes and trapped particle instabilities [8] are discussed.

Thus, the modelling of the thermal balance with the magnetic and rotation shear
corrections in L-mode model allows to specify the shear effects on the anomalous and
neoclassical transport. Both the magnetic shear and rotation shear are able to provide the
improved thermal confinement by the reduction of the anomalous transport to the neoclassical
level. The combined effect of the strong rotation shear and enhanced reversed shear is
favourable since it produces the further decrease of the standard neoclassical diffusivity. At the
same time this local reduction takes place in the plasma core only. The extension of the region
with a low thermal transport over the large plasma area can be a purpose of the advanced
operation scenario for the future experiments. The predictive simulations of such a scenario
with a shear dependent transport model deduced from the multi-machine transport analysis
could allow to find the optimised combination of the different additional heating schemes for
better plasma performance.

The authors are grateful to Drs. Gormezano C , Parail V.V., Taroni A. and JET team as
well as to TFTR team and DIII-D team for the possibility to use the data for the test of the
transport model. Dr. Litaudon X. is warmly thanked for the transfer of the data and for the very
useful discussions.
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Experiments conducted in the last decade suggest that the improved tokamak confinement
modes are related to the spontaneous or triggered formation of local transport barriers
characterized by large, strongly sheared radial electric fields which quench the turbulence level
and the associated anomalous transport. As estimates of the ion energy flux may then even
yield ,,sub-neoclassical" values, one is lead to conjecture that

/. conventional theory is incomplete since neoclassical transport, proceeding from binary
collisions, is irreducible;

ii. the origin of the sheared electric field layer - as well as that of the reduced neoclassical
energy flux - must be searched for in the framework of a revisited neoclassical theory, not
in that of anomalous transport which it is supposed to reduce or suppress.

The role of radial electric fields being to maintain ambipolarity, they can be determined only if
the expressions of the ion and electron radial fluxes are different. Both the anomalous transport
theories based on drift wave turbulence and the conventional neoclassical theory however
provide identical expressions in the leading order at which they have been systematically
developed (the small parameter being the ratio a/LM of the ion gyro-radius to the macroscopic
length-scale). Therefore carrying out the calculation of those anomalous or classical fluxes one
order higher than is usually done is necessary to predict the radial electric field. We concentrate
here on the classical aspect of the problem as we are seeking after an ambipolarity constraint
which is independent of the turbulence level.

Conventional neoclassical theory is furthermore inappropriate in the vicinity of transport
barriers, where LN(T) = [d^nN(T)/dr]"' can be just a few centimetres, as it considers the various
macroscopic length-scales qR (connection length, ~ 10 m), r (radius of a toroidal cross section,
~ 1 m) and LN(T> as being of the same order of magnitude. As a consequence, the roles of gyro-
stresses and inertia are neglected against those of the usual parallel stresses. Concurrently, the
various perpendicular heat flows on the magnetic surfaces are ignored by comparison to the
heat flow along the magnetic field lines.

The simplifications of the conventional theory thus amount at considering the parameter

q2R2 1 0T,
y'(jClN)eB9 Sr (1)

as being infinitely small. Modified energy and particle transport neoclassical equations are
obtained when the theory is extended to include the ordering A, ~ 1. In particular, the revisited



radial neoclassical heat flux in circular cross section tokamaks which immediately follows from
Eqs. (55b) and (69) of Ref. [1] is

(2)

This expression agrees with the standard neoclassical result in the limit Q/S —> O. The
interpretation of the subneoclassical factor (1+Q2/S2)"', where Q/S is of order A, (the exact

definition is given in [1]), is as follows: flows perpendicular to B have a role similar to parallel
heat diffusion in reducing the poloidal variation of the ion temperature on a flux surface; this
leads to a reduction of the radial heat flux similar to that which results when decreasing the
pitch angle d<p I dd=q of the magnetic field lines. Worth noting is that <\\j is a multivalued

function of l^, = (MnTt I dr)"1 for q > S .

The scaling A, ~1 now yields a non degenerate ambipolarity condition in the leading order of
the revisited neoclassical theory (the expressions of the electron and ion radial fluxes being
different). The radial electric field E, and the poloidal and toroidal rotation velocities can thus
be obtained in conjunction with the parallel momentum and the radial force balance equations.

The solvability conditions and the solutions of these equations can be obtained analytically if
A, « 1 (in which case A, factorizes out of the ambipolarity condition) for given temperature
and density profiles. They depend crucially on the signs of two specific combinations of plasma
parameters:

»,+«2=-F>«-C r
1> (3)

(4)

the values of Ci (>o) and C2 (* o) depend on a set of constants defining the profiles Ni (r), T;
(r), etc; vM is the damping rate of the plasma rotation resulting from charge exchange neutrals;
mpjis the external momentum input rate per ion in presence of NBI; F 1 being proportional to

(J'JeBv)
2Jr)0,i, where r^iisBraginskii's parallel viscosity, - Cj F 1 is a spin up contribution.

Based on (4) and (5), it will be shown that
i) neutral beam co-injection is an advantage in obtaining a transport barrier;
ii) rotation slow down by ex neutrals tends to move the transport barrier out of the

confined plasma into the SOL whereas rotation spin up produces the opposite; the critical
neutral density at which the transition takes place is experimentally adequate.

The theory also explains the observed radial electric field profiles, their width, the amplitude of
the jumps, why the barrier is generally close to the LCMS, the origin of the power threshold,
etc,. The probable role of the V5 drift in the framework of this model will be discussed.

1. A. Rogister, Phys. Plasmas 1 (1994) 619
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In this paper we verified the canonical profiles transport model (CPTM) [1] and the
semi empirical transport model (SETM) [2] against JT-60U plasmas. The simulations were
carried out by the ID transport code ASTRA, comprising the particles transport, the electron
and ion heat transport, and 2D equilibrium.

The models [1,2] have been previously applied to plasmas in various confinement
modes, such as the L-mode, supershot, H-mode and so forth. These models satisfactory
describes the experimental data from the tokamaks have been already included in the
international data bases [2,3]. In order to understand the heat and particle transport in the
present-day tokamaks and predict the performance of ITER, it is necessary to extend these
models on the recent JT-60U plasma performance.

The CPTM predicts the existence of power threshold for appearance of the internal
transport barrier (ITB) and improvement of confinement. Calculations with the model profile
of absorbed power Pabs~exp[-r|(x-xo)], x=r/a, xo=O.35 (Fig. l,a) have shown that the threshold
power Pthr decreases with the increase of the peakedness T| of the PabS profile (Fig.l,b). The
simulation of the improved core confinement in the JT-60U with the CPTM reveals that the
overall profiles, absolute values and position of jumps of the ion and electron temperatures
(T(, Te) and electron density (ne) are reasonably reproduced.

SETM was applied to the analysis of the JT-60U L-mode discharges. The Ohkawa
type parametric dependence %e~ (c/(Dp)2 is used for the anomalous electron heat
conductivity. The anomalous ion heat conductivity was modified to fit the experimental data
in a few JT-60U shots. The modified coefficient has been used in predictive simulations of
other JT-60U experiments. The comparison (Figures 2, 3) of ASTRA prediction for the total
energy content and chord integrated density (dashed lines) reveals satisfactory agreement with
the experimental data (solid line). The modified SET model (solid curves in Fig.4) reproduces
also the experimental (circles) temperatures and density radial distributions. Thus, SETM
satisfactory describes particle and heat transport in the JT-60U L-mode discharges.
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Fig. I (a) Experimental (dashed) and model (solid) profiles of the absorbed power;
(b) The threshold power vs peakedness parameter.
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Predictive simulations have been performed on JET dimensionally similar v, and p
discharges together with high performance hot-ion H-mode discharges. The time-dependent
simulation code predicts ion and electron temperatures as well as density profiles for electrons,
main ions and a single impurity species. The simulations are based on a first-principle gyro-
Bohm transport model for ion-temperature-gradient (TTG) modes, collisionless trapped electron
(CTE) modes and ideal MHD ballooning modes, incorporating effects of finite beta
electromagnetic perturbations, fast particle dilution and plasma elongation. Initial profiles,
boundary conditions and source terms are obtained from data processed by TRANSP. The JET
pulses simulated are the ELMy H-mode pulses 37718 and 37728 (v.-scan), 38407 and 38415
(P -scan), the ELM-free hot-ion H-mode pulses 26087, 26095, 32417 and the DT fusion
power record pulse 42976. In general the pulses are well reproduced by the simulations; the
predicted thermal energies as well as the profiles are within or close to the estimated error bars.

The simulations of the dimensionless scaling experiments in v, and P show scalings
that are in agreement with experimental observations [1]. Analysing the collisional dependence
of the v. -scan a scaling similar to the experimentally observed BTE ~ v."°" is obtained. This is
shown in Fig. 1. where the diffusivity ratio is given assuming a one-fluid approximation. The
scaling of %j and %,. separately on the other hand, seem to depend on how well the boundary
conditions conform to the similarity scalings. The one-fluid result however, is maintained on

Fig. 1. Low v. to high v. ratios of one-fluid heat diffusivities % = (n, %{+njQ/ (n, + n j as
obtained in simulations. Ratios corresponding to exponents 0 ,̂ = O(top), 0.2,0.4,0.6 and 0.8
(bottom) are indicated.
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average through the stationary phase of the discharges. The collisionality scaling obtained in the
simulations is caused by edge transport mechanisms entering the simulations through the
boundary conditions since fie model is mainly collisionless. Such edge effects have previously
been found in simulations of p. experiments at JET [2,3].

The experimental profiles in the P -scan are also well reproduced by the simulation
code with root-mean-square deviations of the predicted profiles within 10-15%. Global
quantities such as thermal energy and confinement time are close to those experimentally
observed indicating a weak confinement degradation of transport with increasing p. However,
effects of finite p are important at higher p. This is manifested in simulations of hot-ion H-
modes on JET. In these simulations boundary conditions are taken on top of the edge pedestal
and the discharges are followed from L-mode to the stage of peak performance, before the
disruption, in VH-mode. The choice of boundary conditions (taken at 80 -90% of the plasma
minor radius) thus provides the transition mechanism between L- and H-mode. The simulations
are found to reproduce the transient VH phase of the pulses with ion temperatures reaching 15-
25 keV. In order to achieve this in the simulations, it is necessary to include the stabilising
effects of finite beta, i.e. electromagnetic perturbations on the ITG-mode transport. This is
exemplified in Fig. 2. It is found that the stabilising effects of fast particle and impurity dilution
is subdominant in this regime. More work is needed in order to quantify and compare the effects
of sheared rotation with the finite beta stabilisation for these discharges.

1 1 1 1

0.2 0.4 OS 0.80 O.Z 0.4 0.6 0.8
p

Fig. 2. Simulation results using a) the electrostatic model shown as dashed lines (- - -) and b)
including electromagnetic corrections shown as full lines (—), for JET pulse 26087 at 53.3 s
compared to experimental profiles (x) as a function of the square root of normalised toroidal
flux.
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Our objective is to accurately predict temperature and density profiles in tokarnaks.
Toward this end, we have used a combination of newly improved theoretically derived trans-
port models (Multi-Mode-98) together with self-consistent calculations of sources and sinks
in time-dependent transport simulations[1], The new version of the Multi-Mode model has
a theoretical foundation that is significantly improved.

A new model has been developed for transport near the edge of the plasma based on 3-D
nonlinear turbulence simulations[2]. This edge turbulence consists of E x B convective cells
driven by "drift Alfven" modes. This turbulence is strongly influenced by finite 0 effects
whenever peMi/me > 1. The transport fluxes computed by these turbulence simulations
scale according to:

-Flux oc nTc,
'•'\RJ

R
dlnpV

dr )
exp(-3.lK)/(/?e),

where cs = ^Tc/Mit ps = \/7VMi/(eB), R = major radius, q = safety factor, p = thermal
pressure, n = local elongation, and /(/3e) is a function that increases by an order of magnitude
and then saturates as & rises above mJMi. Each flux (ion heat, electron heat, and charged
particle) has a different dependence on the ratio of density to temperature gradient. The
strong scaling of this mode with pressure gradient and magnetic q results in more transport
near the plasma edge than in the core. The model has gyro-Bohm scaling.

Improvements have been made to the Weiland model for transport driven by drift waves
(Ion Temperature Gradient and Trapped Electron Modes), which usually dominates in the
core of the plasma. This improved Weiland model uses a variational form to account for
the structure of the perturbation eigenfunctions along the magnetic field lines. The result is
a better approximation for the effects of elongation and magnetic shear as the plasma /3 is
increased. As in the previous Weiland model, the improved Weiland model also includes the
effects of impurities, finite Larmor radius, collisions, unequal electron and ion temperatures,
finite /?, and the motion of ions parallel to the magnetic field.

•Plasma Physics Laboratory, Princeton University, Princeton, NJ 08543-0451
'Chalmers University of Technology, Goteborg, Sweden
'Oak Ridge Associated Universities, Oak Ridge, TN.
Present address: General Atomics, P. O. Box 85608, San Diego, CA 92186-5608

§Max-Planck-Institut fur Plasmaphysik, 8046 Garching bei Munchen, Germany
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Time-dependent simulations of tokamak temperature and density profiles have demon-
strated that drift-wave transport theories alone are not sufficient to describe the anomalous
transport throughout the entire plasma [3]. This deficiency is most noticable near the mag-
netic axis of a tokamak discharge, where the plasma is stable with regard to the drift modes.
However, finite-/? ballooning modes (the kinetic analogues to ideal MHD ballooning and re-
sistive interchange modes) can be unstable near the magnetic axis, providing transport in
the plasma core region. To determine the transport from these kinetic ballooning modes,
we have employed the FULL kinetic stability code[4]. These comprehensive linear stabil-
ity calculations are fully electromagnetic in nature, and include effects from trapped and
untrapped particles, finite banana-orbit width, Landau damping and finite Larmor radius.
A substantial set of kinetic stability analyses, spanning a large region of plasma parameter
space, have provided a basis for a theory-based model of kinetic ballooning transport. This
kinetic ballooning model self-consistently takes into account the effects of noncircular plasma
geometry and quantifies the strong stabilizing effect of plasma elongation.

The effects of shear flow are being implemented in a succession of models leading to a fully
self-consistent treatment with sources, sinks, and transport of momentum. One objective is
to determine if shear flow is responsible for the strong elongation scaling of confinement in
tokamaks. Another objective is to make time-dependent, self-consistent transport simula-
tions of plasmas in enhanced confinement regimes. Time-dependent, self-consistent trans-
port simulations of systematic scans using the previous Multi-Mode model (which yielded
excellent agreement with experimental data[5]) provided new insights into the physics of
confinement in tokamaks. Preliminary tests with the new Multi-Mode model have produced
similar agreement with experimental data, and simulations of systematic parameter scans
are proceeding.
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perature and Density Profiles in Tokamaks, Invited Paper for 1997 APS-DPP Annual
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for 1997 APS-DPP Annual Meeting, to appear in Phys. Plasmas (May 1998).
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ABSTRACTS:
In this paper, the drift kinetic equation has been non-canojiically transformed

from the (r,0,v,fi) space to the {C^C'^CJ) space |here C . C . C * are three
independent constants of motion (COM); 0 is the poloidal angle]. Time-averaging
this equation along the guiding-ceni er orbit, we bive obtained UIB reduced drift
kinetic equation determining the distribution of guiding-centers in the three-
dimensional COM space, (C1, C*,C"3), in low collisionality regime.

[ ( ( g ) )] 0 , (la)

( ) ^ p . a---)
where /u is the distribution of guiding-centers in (.he COM space; Jc is* I'ht-

Jacobian of transfoi-mation from the Cartesian system to the (CT|, C, C*) system;
Tfj is the bounce period; Am and DTn" are the dynamic friction vector and the
dynamic diffusion tensoi in the Fokker-Planck collision operator expressed in
the Cartesian system, respectively; um is the velocity expressed in the Cartesian
system. The orbital average operator is defined by (X) = J- § $X .

Clearly, Eq. (la) is a continuity equation in the COM space and it is inde-
pendent of the conventional small-banaiia-width expansion. This reduced drift
kinetic equation is appropriate for studying the neo-classical transport, especially
for considering the effects of finite-banana-width. In contrast to the reduced drift
kinetic equations obtained previously [1.2], our calculations involved in Eq. (ll>)
and Eq. (lc) for the associated dynamic coefficients can be performed without
the Jacobian of transformation from the Cartesian synl«m to the (C'.C.C3,/?)
system.

To facilitate the formulation of the transport theory, we have chosen the
energy ( E ), the magnetic momentum (/t) and the radial coordinate of banana
center { {ip} ) as the three independent COM |(C",C'a,Gt:>) = ( £ > , fo!>))]. The
transport equations have been obtained by transforming the reduced drift, kinetic
equation to the space, ()', 9, v, n). In the limit of small-barmna-width (assuming
the banana width is small comparing I o the minor radius) and large aspect ratio,
the conventional neo-classical ion heat conductivity has been obtained by directly
integrating the reduced drift kinetic equation without solving for the perturbed
distribution function by conventional small-l):inana-width expansion.

Based on the method developed in this paper, we have obtained the genera)
ized neo-classical ion heat transport equation,

fit (|nf3i) + ^ A > [V (V)yf] - 0 , 0 )
w)«*(«2 1-33)

where V' (i/') = —^ \ V it) is the volume enclosed in the magnetic flux
surface tji = Con.iL. ; 1 = RHt ; /)/ is the ion thermal gyro-radius at the total

magnetic field; « = ~-( ( !)«,(is the thermal velocity of ions); H is the step func-
tion; JL > fiq- is the trapping domain; is, is the conventional 90 degree deflection
frequency for ion-ion collisions; < X >, denotes magnetic flux surface oveiasse of
X .

Clearly, Eq. (2) indicates that th« ion heat i-iamport is determined by the
behavior of trapped ione at the turning points.

It has been shown that Eq. (a) results to the non-linear correction of the
conventional neo-classical ion heat flux, which is given by

Qt = «*«,,+ *Qf . (3a)
g - - 2.69f / V ? ^ ^ J i (V - 0.34) , (3b)

where CJJĴ  is the conventional neo-classical ion heat Hux; £ is the inverse
aspect ratio; and % = SJaJtk

Noting that our finit«-banana-width correction to the neo-classical ion heat
flux is in the order of ai while the recent calculation based on the conventional
drift kinetic equation [H] obtained the correction in the order of e , one may raise
a question about this difference. This will be addressed in detail in the Appendix
A.

In conclusion, we have established a reduc«l drift kinetic equation thai is
much simpler than the previous ones and we have developed a method to calculal fi
the neo-classical transport fluxes independent of the conventional small banana-
width expansion. And we have shown that due to the effect, of fmite-banana-
widrh, there b a non-linear correction term to the conventional neo-classical ion
heat flux.
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Toroidal Alfven Eigenmodes are of major importance to DT fusion reactors for their
potential to eject partially thermalized alpha particles from the plasma core, possibly leading
to degraded ignition margin and localized heat load on plasma facing components. Recent
new results concerning TAE linear stability and nonlinear TAE evolution and associated fast
ion transport are presented for different tokamaks such as TFTR, NSTX, and ITER.

The existence of low-n TAE modes and their mode structure are calculated by the ideal
MHD code NOVA [1]. The linear stability analysis of low-n TAE modes due to nonideal
effects is studied by a pertubative method in the NOVA-K code. We have performed TAE
stability calculation for DT experiments in TFTR, where it was demonstrated that alpha
particles are responsible for the excitation of TAE modes. The theoretical stability and
radial mode structure of TAEs are in good agreement with the experimental measurements
for n = 3 and 4 modes.

In the last two years new physical effects, such as fast particle full orbit width (FOW) and
finite larmor radius (FLR) effects, have been included in NOVA-K code. These new physical
effects are naturally included in the solution of the low frequency (u> -C uic, where u>c is
the cyclotron frequency) gyro-kinetic equation, which has been derived in terms of invariant
variables: energy £, magnetic moment fi, and toroidal angular momentum Pv. The new
version of NOVA-K code has been benchmarked. In general, both FOW and FLR effects
are stabilizing: the TAE growth rate can be reduced by as much as a factor of 2 for TFTR
supershots. These effects will be much more important in low aspect ratio tokamaks such as
NSTX (National Spherical Tokamak Experiment). In addition, because of low aspect ratio
in NSTX Alfven continuum gap is large and many TAEs can exist for each toroidal mode
number. TAEs can be unstable in the presence of fast particles, such as neutral beam or ion
cyclotron resonance heated particles with 0 > 2%.

For larger tokamaks such as ITER, the spectrum of unstable TAE's is shifted toward
medium to high-n modes. To study medium to high-n TAE stability we have developed a
high-n stability code, HINST. The code solves the 2-D eigenmode problem by expanding the
eigenfunctions in terms of basis functions. The eigenmode problem is reduced to a system of
coupled 1-D equations. The numerical method allows us to include non-perturbatively non-
ideal effects such as: ion FLR, trapped electron collisional damping, etc. Numerical results
from the HINST code have been benchmarked with those from local ballooning calculations
as well as those from the global MHD NOVA code for medium-n modes. The HINST

"This work supported by U.S. DOE contract DE-AC02-76CH03073
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results show that for ITER parameters, TAE's can be driven unstable by alpha particles for
n = 10 — 20. The growth rate of the most unstable mode is within the range 7/w ~ 1 — 8%.
The most unstable modes are localized near r/a ~ 0.5 with a radial mode envelope width
Ar /a~0 .1 -0 .2 .

Alpha driven core localized TAEs observed in TFTR DT experiments are marginally
unstable and have small amplitudes [2]. We have applied the NOVA-K code to estimate the
nonlinear TAE saturation amplitude based on a nonlinear theory of kinetic instabilities near
linear stability threshold [3]. We have also employed a guiding center orbit code, ORBIT
[4], to simulate quasi-linear particle-TAE interaction and the TAE saturation amplitude.
The ORBIT code simulations are based on the 5f method [5], and make use of TAE mode
structures calculated by NOVA. The simulations show very different behavior depending
on the relative magnitudes of drive and damping, but for typical TFTR parameters both
methods produce similar results, the TAE saturation amplitude being about 8B/B ^ 10~5,
which are in agreement with the TFTR DT experiments.

In ITER TAE modes with n = 10 — 50 are expected to be unstable. If the resonance
phase space islands of these TAE modes overlap in a relatively large radial domain with
Ar/a > 0.5, we expect significant stochastic alpha transport to occur. This normally can
occur if the TAE amplitudes are large with 6B/B > lO"4, which is expected for high-n TAE
modes in ITER because of relatively large growth rates with f/oj ~ 1 — 8%. We will also
present test particle simulation studies based on the ORBIT code when many TAE modes
are overlapped in a large radial domain.

[1] C. Z. Cheng, Phys. Reports, 211, 1 (1992).
[2] R. Nazikian et.al., Phys. Rev. Let. 78, 2976 (1997).
[3] H. L. Berk, B. N. Breizman, and M. S. Pekker, Plasma Phys. Rep., 23, 842 (1997).
[4] R. B. White and M. S. Chance, Phys. Fluids 27, 2455 (1984).
[5] Y. Chen and R. B. White, Phys Plasmas 4, 3591 (1997).
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Fast ions in tokamak plasmas can destabilize the toroidal Alfven eigenmodes
(TAE modes) [1], while TAE modes in turn induce loss of fast ions. This is
an important issue for fusion plasmas since the loss of fast ions deteriorate their
power balance. In this paper, we report the results of linear and nonlinear particle-
magnetohydrodynamic (MHD) simulations [2], and of Vlasov-MHD simulation [3]
where source and slowing-down terms of fast ions are newly considered. A kinetic-
MHD hybrid model where plasma is divided into two parts, i.e., fast ions and back-
ground plasma is employed in particle-MHD and Vlasov-MHD simulations.

In the particle-MHD simulations, the particle simulation method is used for
the fast ions. The initial condition considered here is B r=5T, /p=2MA, i?=2.7m,
a=0.9m, n = 1020m~3, and < p >=0.88%. Fast ion distribution is a slowing-down
distribution with the maximum energy of 3.5 MeV, which is isotropic in the velocity
space. Resonance condition of fast ions with an n — 2 TAE mode is studied with
a linear simulation [4, 2]. Nonlinear simulations for n=2 TAE modes have been
carried out for volume-average fast-ion pressures of 0.33% and 0.66%. Fast ion
losses induced by the TAE modes are observed. The major part of lost particles
are counter-passing particles and the main loss mechanism is crossing the passing-
trapped boundary in the phase space. In addition to the counter-passing particles,
trapped particles near this boundary are also lost appreciably.

Vlasov-MHD simulations with source and slowing-down have been carried out
to investigate the effects of distribution-forming-process of fast ions to the time
evolution of TAE modes. Past simulation studies of TAE modes neglected it and
followed time evolution starting from arbitrary unstable fast-ion distributions. They
could not explain the bursting behavior at NBI heating experiments [5, 6] and steady
amplitude at ICRF heating experiments [7, 8]. Significance of the distribution-
forming-processes such as slowing down, pitch angle scattering, and birth of fast ions
has been pointed out theoretically [9]. It is proved for the bump-on-tail problem
with one-dimensional particle simulation where particle source and annihilation are
considered [10]. As a first step towards a comprehensive simulation of TAE modes,
we consider source and slowing-down for fast ions in the Vlasov-MHD code. The
time evolution of the fast-ion distribution function in a four-dimensional phase space
(three-dimensional real space and one-dimensional velocity space for the parallel
velocity) is followed by a finite difference method. A finite viscosity is considered
in the MHD momentum equation to damp TAE modes. It yields a finite damping
time, for example, of 130 Alfven time (JA) for an n = 2 TAE mode that is the most
unstable mode in the cases investigated. Results are summarized as follows:

1. When the time scale of the distribution-forming-process [the slowing-down
time (rs) in the present study] is comparable to the damping time, TAE modes
persist after saturation with steady amplitudes [Fig. 1 (a)].

2. When the time scale of the distribution-forming-process is longer than the

damping time, the amplitudes of TAE modes are not at steady levels. Espe-
cially, when the fast-ion pressure, which is represented by the fast-ion central
beta value (j3/), is sufficiently high, multiple TAE modes show a coherent
pulsating behavior [Fig. 1 (b)].
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Fig. 1. Time evolution of amplitude of n = 1 - 4 TAE modes for; [(a)-left] /3/ = 2% and
r s = 100rA, and [(b)-right] 0f = 4% and TS = lOOOr̂ .
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A critical issue for tokamak reactors is whether Alfven Eigenmodes (AE) will become un-
stable and affect the a-particle confinement. To be able to predict the pressure < 0o,cru >
above which the resonant a—particle drive exceeds the Landau damping from all the species,
global fluid and gyrokinetic calculations have been compared with AE damping measurements
from JET, identifying the strong edge magnetic shear (X-point) and the weak central shear
as important control parameters to avoid the instabilities [1]. It is found that low n damp-
ing predictions which ignore finite Larmor radius effects are often an order of magnitude
smaller than measured in the experiments, while the gyrokinetic Landau damping through
mode-conversion is generally in agreement within 30 %. This explains why the gyrokinetic
model predicts that global Toroidal AE (TAE) in thermonuclear JET and ITER plasmas
are stable while fluid models previously predicted marginal instability.

Global Fluid and Gyrokinetic Wavefields
The fluid LION code [2] is used to study AE in realistic tokamak equilibria, using resonance
absorption to regularize the singularities which arize in the presence of Alfven resonances. The
continuum damping of global wavefields [3] has however recently been shown to be inadequate
to decribe what should physically be a mode-conversion to kinetic-Alfven waves where the
spatial scale length of both waves match [4], The gyrokinetic PENN code [5] takes this into
account, modelling the toroidal propagation, damping and mode-conversion of the shear- and
kinetic-Alfven wave branches in a self-consistent manner. In addition to the mode-conversion
taking place in the vicinity of fluid resonances, a subtle interplay between the toroidicity and the
magnetic shear couples the fluid and kinetic Alfvdn wavefields in the plasma core (where the
magnetic shear is weak) and in the gaps further outside (where the toroidal coupling is strong).
Because of the global nature of the eigenmodes, it is not possible to reproduce correctly these
mode-conversion processes using analytic boundary layer models such as the radiative damping.

Drift-Kinetic and full Non-Local Power Transfers
An AE is globally stable if the total power transfer from the wavefield to the resonant elec-
trons, bulk ions and a-particles is positive P(s) = /0" ds' \Pe{s') + Pi(s') + F«(s')] > 0 at the
plasma edge. When the Larmor radius pi and the finite poloidal excursion pp of the Maxwellian
electrons or bulk ions remains small compared with the wavelength kyp^ <C k±pp < 0.5,
the power may be calculated within the drift-kinetic approximation, taking into account the
drifts associated with the magnetic curvature and the equilibrium inhomogeneities. For passing
slowing-down a—particles, the Larmor radius and the orbit width become however sufficiently
large that the full non-locality must be taken into account: this has recently been implemented
in the PENN code using a perturbative evaluation assuming 0a < fie + Pi and valid to all orders
in kA.pL and k±pp.
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Low-n Predictions Agree within 30% with Measurements from JET [6]
From the 30 discharges which have been reconstructed so far with different magnetic field
configurations, values and profiles of the plasma current Ip = 1 - 4 MA, density nc = 1 - 5 x
1019m-3, temperatures Te = 2 - 10 keV, T,, = 2 - 23 keV, isotopic mass Ae{{ = 1 - 3 and low
toroidal mode numbers \n] = 0 — 2, two damping mechanisms seem to provide for a reliable
and effective damping \j/u>\ > 1 % which can stabilize an a-particle drive which is typically
an order of magnitude smaller. First, the radial localization of the global wavefield due to the
high magnetic shear in the plasma edge region provides a strong electron Landau damping [1]
which is thought to be the reason why global AE (even stable) have never been observed in
the presence of an X-point. The second mechanism acts through the weak magnetic shear in
the plasma core and results in the mode-conversion and Landau damping of the kinetic Alfven
wave, leading to gyrokinetic damping rates which are an order of magnitude larger than the
fluid predictions which neglect this phenomenon:

n=l TAEatM5kHl H

0.2 0.3 0A

wl=0.0009 in JET 38573.46400

" " " "

GyroKinetic n=1 TAE at 166 KHz Î C0l=0.O2 in JET 38573.46400

RADIAL VARIABLE s RADIAL VARIABLE j

Figure 1: TAE wavefield 9te(En) and total power integrated from the center P(s) using the fluid LION
(left) and gyrokinetic PENN codes (right), which predict damping rates \f/u\ = 0.0008 (fluid) and 0.02
(gyrokinetic) where the experiment measures a TAE at 166 kHz with \-y/v\ = 0.02.

Global TAE Predicted to be Stable in ITER
The stability of toroidal Alfven eigenmodes with low to intermediate toroidal mode numbers
n = 1 - 12 is predicted for a 21 MA, ,5 = 3 % reference equilibrium. The fluid LION code
generally predicts instability thresholds < /3Q,CTit > = 0.1 - 0.5 %, while the gyrokinetic PENN
code calculations show that Alfven eigenmodes are stable for all the burn conditions envisaged
in this scenario.
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In a burning tokamak reactor, stability of the AlfVen mode in the presence of energetic
alpha particles will be a great concern, for even at relatively small amplitude of magnetic
fluctuations the mode is expected to have adverse effect on confinement of alphas. Numerous
studies have been carried out on the subject in the past. In most studies, however, the con-
tribution from energetic ions has been treated as a perturbation to the ideal MHD governed
by the bulk ions. In particular, it is customary to formulate energetic ion contribution under
the assumption E\\ = 0 pertinent to ideal MHD approximation. Though this assumption
renders the problem analytically tractable, the growth rate tends to be overestimated by
a large factor. For more accurate assessment of the growth rate, a fully kinetic analysis is
required.

The present study is based on extending the kinetic ballooning mode equation recently
formulated for stability analysis of the ballooning mode and ITG mode with electromagnetic
corrections [1]. It has been shown that in the MHD second stability regime (positive shear)
and also in negative shear regime where the MHD ballooning mode is known to be stable,
kinetic ballooning modes driven by a finite ion temperature gradient r/; still persist. The
instability is caused by the magnetic drift resonance of bulk ions which is enhanced by the
ion temperature gradient and by eigenfunctions broadly extending in the ballooning space.

The kinetic shooting code has been generalized to implement A' (radial gradient of the
Shafranov shift), energetic trapped ions, and the bulk ion transit frequency fc||i>ri pertur-
batively. When applied to a TFTR discharge in which ballooning type MHD magnetic
fluctuations have been detected, the code predicts the fastest growing mode at n ~ 6 in
apparent agreement with the observation. The growth rate is a sensitive function of the fi-
nite ion Larmor radius parameter 6; = {kgpif. In long wavelength regime, the growth rate
exhibits a dependence 7 a ^fkg as expected in the nonlocal interchange mode even though
the ballooning formulation is expected to break down in long wavelength regime.

Stabilizing influence of the Shafranov shift A' has been investigated for the drift type
modes (trapped electron mode and ITG mode) and also the kinetic ballooning mode in both
positive and negative shear regimes. In the region of the Internal Transport Barrier (ITB)
observed in high performance JT-60U tokamak, an unusually large ballooning parameter
a ~ 5 has been achieved [2]. A' estimated from MHD equilibrium ranges from -0.2 ~ -0.1
which is large enough to stabilize ITG and kinetic ballooning modes. However, the trapped
electron drift mode requires A' ~ -0.3 for stabilization for discharge parameters similar to
those at ITB.

Stability of the AlfVen mode in the presence of trapped energetic ions has been inves-
tigated without resorting to the assumption E\\ = 0 in dynamics of energetic ions. The
velocity integrals for both bulk and energetic ions are performed within the shooting code.
Preliminary results are shown in the figures. For the discharge conditions assumed in Ref.
[3], reduction in the growth rate by more than two orders of magnitude has been seen. When
ttbuik = <*h (ballooning parameter of hot ions) = 0.1, the unstable window in the FLR para-
meter is narrow and limited in the range 2 x 10~4 < b; < 10~3. The maximum growth rate
is of order 7max/wyi ~ 2 x 10~4 where W/i = V^/qR. No threshold in a^ is observed and the
growth rate increases almost linearly with ah. The growth rate is relatively insensitive to A'.

'Sponsored in part by the Natural Sciences and Engineering Research Council of Canada.

0.4

- (b) MHD

Kinetic (x100)

0.002

[1] HIROSE, A. et al, Phys. Rev. Lett. 72, 3993 (1994); 76, 628 (1996).

[2] KIMURA, H. and JT-60 Team, Phys. Plasmas 3, 1943 (1996).

[3] CHENG, C. Z. et al., Nucl. Fusion 35, 1639 (1995).

359



THP2/25 XA9951044

Behavior of MeV ions in the presence of sawtooth oscillations
in TFTR and JET

Ya. I. Kolesnichenko', V. V. Lutsenko*, R. B. White*-, Yu. V. Yakovenko*.
and S. J- Zweben"*

"Scientific Centre "Institute for Nuclear Research", Kyiv, 252650. Ukraine
"Princeton Plasma Physics Laboratory, P.O.Box 451, Princeton, NJ, 085J3, USA

In 1995, it was found that there is a critical energy, £crit> such that when £ > £CTu the
bulk of trapped ions with small banana width are weakly sensitive to a crash, whereas circu-
lating particles are strongly redistributed [1], This theoretical prediction is in agreement with
experimental observations [2,3]. Recently, it has been shown theoretically that certain groups
of trapped ions, for which a resonance between poloidal and toroidal motion takes place, are
sensitive to a crash even when £ > £CTu [4,5].

On the other hand, some experimental data for ions well satisfying the condition £ > £cru
have not received theoretical interpretation. In particular, there is no theoretical explanation
of the observed poloidal distribution of the 3.5-MeV alpha-particle flux to the wall that results
from the sawtooth crash in TFTR. Another example is the crash-induced disappearance of the
so called 'hot spot' - a strongly localized emitting region near the magnetic axis - in the ICRF
heating experiments on JET, which presumably is associated with redistribution of 2-MeV 3He
ions [6]. Only a qualitative explanation of this phenomenon was suggested in Ref. [6], and a
different possibility for explanation of this phenomenon was pointed out in Ref. [5].

In this work, the effects of sawteeth on both alpha particles in TFTR and 3He ions in JET
in the MeV energy range are investigated.

Mixing of confined alphas in TFTR D-T experiments
Basing on the approach of Ref. [5], the fraction of the alpha particles that are resonant with

respect to the electromagnetic perturbation causing the crash in TFTR D-T experiments is
calculated. These particles are redistributed by the crash, forming plateaus on the distribution
function near the resonance drift surfaces. In addition, it is found which alpha particles are
strongly redistributed by the crash, following the evolving flux surfaces. It is shown that there
are two factors that affect the distribution function of fast ions outside the sawtooth mixing
region. The first one is the finite orbit width. Due to it, a crash may influence a particle even
when only a part of the particle orbit lies inside the sawtooth mixing radius. The second one is
the orbit transformation, which may essentially increase the orbit width of circulating particles,
expelling them from the mixing region.

Numerical simulation of mixing of well trapped alpha particles in TFTR is carried out. In
particular, modeling of particles measured with PCX diagnostics [2] is performed and compared
with both experimental and numerical results of Ref. [7].

Escaping alpha particles in TFTR D-T experiments
Detectors installed at the poloidal angles 90°, 60°, 45°, and 20° were used to observe escaping

alpha particles. It has been found that crashes of sawtooth oscillations are accompanied by bursts
of the alpha losses. The poloidal distribution of the alpha flux to the wall is inhomogeneous
with the maximum close to the bottom of the vessel. The fraction of the lost particles is rather
small, which indicates that sawteeth mainly redistribute rather than lead to loss of alphas.
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the wall is carried out. The
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Disappearance of the 'hot spot' in ICRF heating experiments on JET
A hypothesis advanced in Ref. [5] is verified. For this purpose, ions with £ = 2 MeV are

considered. The pitch angle of a hot-spot particle is taken to be 100° at R - Ro = 20cm [6].
For a typical fast ion. A = fir)u/£ = 1 and the banana tip radius r = 28cm were taken. It is
shown that the hot-spot ion is located in the region of resonances, whereas the typical fast, ions
are beyond this region. This explains why the crash does not affect the majority of the 2-MeV
ions. In order to find the post-crash distribution function of fast ions, a numerical simulation
is carried out. It is found that the distribution function changes more intensively in the region
corresponding to the resonant ions.
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Introduction
It is a crucial requirement that a fusion reactor be equipped with means to enable fast plasma

shutdown in cases of emergency. Experiments on JT-60U have verified that the "killer pellet"
injection (KPI) is an effective means of fast shutdown avoiding simultaneously high-energy heat flux
on the divertor plate, halo current generation, and runaway electron generation[l]. In particular, it
is found experimentally that magnetic fluctuations excited spontaneously after the KPI can avoid
the runaway generation (Fig.l). However, theoretical considerations suggest that the KPI may
produce a large number of runaways(2]. Therefore, detailed investigation is desired on the physical
mechanism of the magnetic fluctuations leading to the avoidance of the runaway generation. We
clarify, analytically and computationally, the dynamics of relativistic and non-relativistic electrons
in fluctuating magnetic fields and demonstrate that the fluctuating fields ultimately relate to the
avoidance of runaway electron generation, though the fluctuating fields do not directly affect the
runaways themselves. This point will be made clear in the next section.

Electron Trajectory in Fluctuating Magnetic Fields
We have developed the relativistic Hamiltonian guiding center drift theory which allows ef-

ficient analyses of electron drift motion in fluctuating magnetic fields. The vector potential for
the perturbed fields is simulated by A = aW>,:9,<}B, where W'pAO a r c t h e B o o z e r coordinates
constructed from the equilibrium field B. Since divergence across the initial surface Vpo is small for
electrons, we can derive the equations of passing electron trajectories which permit to discern the
effect of the magnetic perturbations and the relativistic effect-.

dC, dx ,dK,
*« = ±4

,1/2
(1)

where i/>p - ippo = ex, 7 'he relativistic factor, and \x the magnetic moment; B, a, Jr and Jt

are evaluated at ipp = V>po- The first term in the r.h.s. of the second equation in Eq.(l) shows
that magnetic perturbations make electrons wander in each magnetic island and cause collisionlcss
loss of electrons if field lines become stochastic to the plasma surface due to island overlapping.
The second term expressing the relativistic effect shows that the radial excursion Ax of an ultra
relativistic electron is enhanced by a relativistic factor 7 than that of a non-relativistic electron.
Therefore, fluctuating magnetic fields work as the loss mechanism for a low-energy electron whose
excursion is smaller than the widths of magnetic islands, while fluctuating fields do not affect an
ultra relativistic electron. We confirmed this mechanism for low-energy elections by a simulation.
Figure 2 shows the velocity distribution SJ = (f(v,t) - /(w,0))//(«,0) of electrons which reached
the plasma surface (o : t = 80, • : t = 180), where /(r ,0) is the total distribution of lOOcV with
H = 0. The perturbations a are chosen such that the filed lines are stochastic to the surface and
time is normalized to that for an electron with the thermal velocity to transit the torus. These
studies explain the mechanism of avoiding the runaway generation by the magnetic perturbations
as shown in Fig.l. They cause loss of the low-energy electrons which are the seeds of runaways. Also
theoretically, the perturbations must exceed a threshold value to perform as the loss mechanism
for the electrons with a given energy. The existence of such a threshold is supported by JT-60U
experiments[l,3].

Runaway Electrons in JT-60U
Figure 3 shows the effective edge safety factor fcir just before the thermal energy quench and

toroidal field for major disruptions in JT-60U with (o) and without (•) generation of runaways.
This figure suggests that runaways are not generated for plasmas with low B, or low cycir, which

are precisely the conditions for producing large magnetic perturbations. This hypothesis is also
supported by the observation that the minimum plasma-current-quench rate I-, = (dlp/dt)/lp

necessary to generate runways increases from 50 sec"1 for qeg — 8 to 200 sec"1 for </<,ir = 2.5.
The magnetic perturbations increase with the decrease in (fen- Consequently, higher / , (or higher
electric field) is required to generate runaways.

Conclusions
Analytical and computational studies substantiate qualitatively the effects of magnetic pertur-

bations on runaway electron generation observed in JT-60U. We will report further issues now under
study, such as simulations of relativistic electron trajectories in fluctuating fields, and avalanching
effects in the runaway generation.
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1. Introduction. Fokker-Planck modelling of the collisional TF ripple loss of partially
thermalized charged fusion products in TFTR has recently explained the main features of the
,,delayed" loss observed previously in TFTR [1]. The key to understanding the origin of a low
energy fusion product loss to the vessel bottom is the effect of the inward shift of the vacuum
flux surfaces in plasmas with minor radii less than the vessel radius. The calculated ripple
induced loss of partially thermalized charged fusion products is strongly dependent on the
poloidal angle, as well as on both the plasma major radius and the plasma current. These losses
also turn out to be extremely sensitive to the radial position of the detector, due to the poloidal
shadowing by the outer part of the vessel wall. These new calculations help to explain the
measurements of charged fusion product loss in both DD [2] and DT [3] experiments in TFTR.
2. Objectives. The present paper is a continuation of the Fokker-Planck modelling of the ripple
induced loss of partially thermalized fusion products in TFTR, an investigation which has been
initiated in Ref.[l]. The main purpose here is an investigation of the poloidal distributions of the
loss as well as the loss dependencies on the plasma current and on the radial position of
detectors. The present modelling takes into account the ripple induced transport of charged
fusion products in the presence of Coulomb collisions with the particles of the bulk plasma,
including the effect of the inward shift of the vacuum flux surfaces on the poloidal and velocity
distributions of the loss [1].

Fig. la Fig.lb Fig.lc
3. Simulation results. Fig. 1 shows the poloidal distributions of the ripple induced loss of
alpha particles with E> 0.35Eo= 1.23 MeV ai / = 2 MA (Fig. la) and / = 2.5 MA (Fig. 16).
Curves / and 2 correspond to Fokker-Planck and Monte-Carlo calculations, respectively. It can
be seen that both distributions are in agreement with each other. The maximum loss takes place
at poloidal angles of 60-70° below the outer midplane at / = 2 MA and shifts to 70-80° at 2.5
MA. Nevertheless for / = 2.5 MA some weak loss level (< 10% of the maximum) is observed at
90° also. In the case of a low inward shift of the vacuum flux surfaces the losses at 1= 2 MA are
peaked poloidally within 30°-40° below the outer midplane, in agreement with previous Monte-
Carlo calculations [4]. The pololidal distribution of the alpha loss for / = 2 MA and low inward
shift is given in Fig. lc.
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Measurements of partially thermalized alpha loss at the bottom of TFTR showed a
..delayed" loss only when the detector port was radially above the shadow of the limiter [5]. The
calculated variation of the diffusive alpha loss detected at 0 = 90° due to the poloidal shadowing
of the detector is shown in Fig. 2. The radial size of the shadow of alphas with 1.2 MeV< E <
3.5 MeV is less than I cm and increases to 2 cm at E > 0.5 Eo. One can see that the increase of
the port height, Hal, from I cm to 3 cm results in a five time increase of the loss of alphas with
1.2 MeV < E < 3.5 MeV. This strong radial dependence of calculated loss agrees qualitatively
with the alpha collector loss measurements of Ref.[5].
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Fig.2 Fig. 3
Fig.3 shows the plasma current dependencies of the measured and modelled alpha loss at 45°
below the midplane. It can be seen that the ripple induced loss corresponding to Fokker-Planck
calculations (solid line) is in satisfactory agreement with the observations. The reason for the
loss degradation at / > 2 MA is the poloidal shadowing of the 45° detector [1] from the loss of
partially thermalized alphas.
4. Conclusions. The measured loss of partially thermalised alphas in TFTR is explained at least
qualitatively by a ripple transport mechanism that includes collisional radial diffusion of
toroidally trapped particles with iyb = 102-103 cm s"x and stochastic ripple diffusion. The inward
shift of the vacuum flux surfaces strongly affects both the poloidal and radial distribution of the
lost fusion products, and permits the modelling results to agree with observations. Results of the
carried out Fokker-Planck simulations of the alpha loss dependencies on the plasma current and
on the NBI power as well as the radial and poloidal dependencies of the fusion product losses,
agree satisfactorily with the corresponding measurements and Monte-Carlo calculations.
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An integrated program of computation and theory has been developed to investigate both
turbulence driven and neoclassical transport in advanced configurations. The paper reports
on: (1) successful development of a general geometry capability for the new 3D nonlinear gy-
rokinetic particle code, GTC, and its application to tokamaks and alternates (e.g., spherical
tokamaks and quasi-axisymmetric stellarators); (2) establishment of rigorous computational
and theoretical foundations in calculations of turbulence driven E x B flows and its impact
on transport in the GTC simulations; and (3) extension of microinstability calculations in
the presence of large radial electric field shear in the comprehensive kinetic (FULL) code
and its application to major national and international tokamak experiments.

A fully three-dimensional global gyrokinetic particle code [1] based on the 8f scheme for
studying both turbulence and neoclassical physics has been developed and rigorously bench-
marked against earlier analytic and computational models. The innovative implementation
of a general geometry Poisson solver and Hamiltonian guiding center equations of motion in
magnetic coordinates has enabled the GTC to efficiently treat both advanced axisymmetric
and nonaxisymmetric finite aspect ratio configurations using realistic numerical MHD equi-
libria. In addition, this global code takes into account equilibrium profile variation effects
and has superior particle noise properties. Implementation on massively parallel computers
allows more than 10s particles in nonlinear simulations with realistic parameters. It is impor-
tant to emphasize that the full utilization of this computing power has produced important
new nonlinear physics results that were previously inaccessible.

This new capability has been applied to the investigation of ion-temperature-gradient
(ITG) turbulence in toroidal geometry. Using representative DIII-D //-mode plasma param-
eters, simulation results indicate that the numerically well-converged ion heat conductivity
in the core is close to the experimental value. Our results also support the important con-
clusion that E x B shear flows can significantly reduce the turbulent transport. In order to
understand this key process, the dynamics of fluctuation-driven sheared E x B flows have
been analyzed. Linear flow damping simulations were first carried out and found to exhibit a
finite residual flow in agreement with a recent analytic calculation [2]. Associated nonlinear
simulations typically reveal a factor of 3 —9 reduction in ,\-; by the self-generated E x B flows.
These simulations have been carried out using both global and annular geometry with a va-
riety of boundary conditions to resolve the differences in previous simulation results between
global and local codes. Good agreements in the E x B flows (Fig. 1) and heat conductivities
are obtained when the profile of the pressure gradient is broad in a global simulation. As the
variation in the pressure gradient becomes stronger, a single-well structure in Er, typically
seen experimentally in the ERS plasma core and the H-mode plasma edge, emerges (Fig. 2) in
the global simulation. In addition, to assess the effects of collisional damping, these perpen-
dicular flows have also been studied in nonlinear simulations using momentum and energy
conserving Fokker-Planck collision operators. It is found that collisions can damp E x B

flows and thus increase turbulent transport for realistic parameters. This unique capability
for including collisions in microturbulence simulations has been rigorously benchmarked in
the neoclassical limit [3].
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FIG. 1. Instantaneous radial profile of E x B shear-

ing rate in a global simulation with a broad profile
(solid) and a local simulation (dotted).

FIG. 2. E x B flows in a global simulation with
more realistic narrow profile.

The most recent nonlinear toroidal simulations indicate that turbulence-generated E x B
flow shear contains significant components with radial scale and frequency comparable to
those of the turbulence. Based on these results, an earlier nonlinear theory [4], which was
developed under the assumption of slow time variation of Er (much slower than the eddy
turn-over time), is now extended to include the fast time variation of the E x B shear flows.
It is shown that the fast varying component is not effective in suppressing turbulence, since
the flow shear pattern changes before the eddies get distorted.

In calculations using experimental data, previous work with the comprehensive linear mi-
croinstability (FULL) code [5] employed a simplified rotation model including only toroidal
rotation to help assess the associated impact on confinement. A more complete rotation
model, that allows general flux-coordinate toroidal geometry, has been developed which now
includes contributions to the total radial electric field from toroidal and poloidal rotation and
from the ion pressure gradient. When the calculation is performed using TFTR data from
new experimental measurements of the poloidal velocity, significantly stronger stabilization
is found than when neoclassical estimates of the poloidal velocity are employed. This im-
proved linear rotation model will be applied to other major tokamak experiments, such as
DIII-D. JET, JT-60U, C-MOD, and NSTX, and the results will be compared to help provide
a general picture of the influence of this effect for tokamaks.
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It is shown that tokamaks can be intrinsically steady state without seed
currents by coupling potato bootstrap current in the region close to the
magnetic axis to the banana bootstrap current away from the axis. The
equilibria we find are highly elongated (e.g. K = 3) and have naturally
reversed shear profiles. The vertical instability of elongated tokamaks and
theory of enhanced reversed shear mode for this class of equilibria are also
developed.

In the conventional bootstrap current theory, the width of the banana
orbit is assumed to be smaller than the radius (i.e. zero banana width as-
sumption). The fraction of the trapped particles then depends on the square
root of the inverse aspect ratio. This rules out the possibility of a nonvanish-
ing bootstrap current on the magnetic axis. Therefore it has been concluded
for a long time that a seed current is needed to maintain a steady state toka-
mak equilibrium. However, the zero banana width assumption breaks down
in the near axis region. When this assumption is removed in kinetic theory,
one finds that the fraction of trapped particles and thus the bootstrap cur-
rent remain finite in the near axis region. The shape of the trapped orbits is
similar to that of a potato. The magnitude of the near-axis potato bootstrap
current density can be a significant fraction (> 18% for typical parameters)
of the banana bootstrap current density. By coupling the near-axis potato
current to the banana bootstrap current, a class of intrinsically steady state
tokamak equilibria without external current drive is found. This class of
equilibria is highly elongated and has a naturally reversed safety factor g
profile and high plasma /?. It is stable against ballooning instability. The
kink modes can be stabilized by a close-fitting wall.

Since the steady state tokamak is best achieved with high elongation,
loss of vertical stability is of great concern because of its potential to gen-
erate large electro-mechanical stresses on the vacuum vessel and related
components. The vertical displacement of the plasma and the subsequent
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appearance of driven currents in the conducting structures around it, espe-
cially when they exhibit large poloidal and toroidal asymmetries, can pose a
serious threat to the mechanical integrity of the device. In nonlinear, three
dimensional, self-consistent, studies of these modes for a conventional toka-
mak, we observe both toroidal and poloidal asymmetries in the currents.
Rapidly decaying plasma current and the rapid plasma displacement to-
wards the wall tend to produce opposing toroidal electric fields, giving rise
to a very pronounced poloidal nonuniformity in the induced toroidal wall
current. In addition, the halo currents that couple to the wall as the plasma
comes in contact with it, in the presence of an MHD induced (e.g. by an
n = 1 internal kink) toroidal asymmetry, produce poloidally localized halo
currents with significant toroidal variation. Combination of these effects
can produce large stresses in the wall that need to be quantitatively char-
acterized. We are applying this code to study the vertical stability of the
intrinstic steady state tokamaks.

With naturally reversed shear q profiles, intrinsically steady state toka-
maks can be operated in the enhanced reversed shear (ERS) mode. Recent
experimental observation in TFTR1 indicates that ERS mode is triggered
by a sudden increase in the magnitude of the radial electric field Er and fol-
lowed by the turbulence suppression that leads to better confinement. This
phenomenon implies that the bifurcation mechanism is in the momentum
equation as in the H-mode theory. We present a theory of ERS mode, based
on the bifurcation of poloidal E x B rotation over the local maximum of the
nonlinear viscosity and the subsequent turbulence suppression by the radial
gradient of the E x B and the diamagnetic angular velocity. The mechanism
that drives Upm, defined as a combination of parallel flow speed and E x B
speed, away from its standard neoclassical value is the viscosity associated
with the additional ion ripple loss beyond the conventional neoclassical flux.
The theory shows that Upm bifurcates from a value smaller than unity to a
value larger than unity. The bifurcated value of Upm is in good agreement
with the experimental observation. This Upm > 1 E x B velocity is relaxed
due to the profile evolution and the MHD activities.

We have shown that tokamaks can be intrinsically steady state by cou-
pling the potato bootstrap current to the banana bootstrap current. By
utilizing its naturally reversed shear, intrinsically steady-state tokamaks can
have high confinement performance. The loss of vertical stability for a con-
ventional tokamak is already investigated. We will use the tool developed
to study the vertical stability of the intrinsically steady-state tokamaks.
JR.E. Bell, Bull. Am. Phys. Soc. 42, 1945 (1997).
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Experimental observations suggest that toroidal plasma rotation can play a crucial role
in the determination of the stability of a tokamak. However, conventional MHD stability
analysis ignores rotation. In this paper, we report on the results of both numerical and
analytic analysis of a number of tokamak stabilities including the effect of toroidal plasma
rotation. Depending on the plasma and rotation profiles, the effect of flow can be both
stabilizing and destabilizing; it could also have substantial effect on the observed mode
structure. Studied issues include low n global ideal and resistive MHD modes, the double
kink mode, the localized interchange and the effect of sheared rotation on magnetic island
structure.

For the numerical study, the MHD equilibria are computed with the inclusion of
sheared toroidal rotation effects. The low mode number, MHD stability of these rotating
equilibria is determined by an extended version of the MARS code [1], which solves for
the complex growth rates of these modes. The new effects included in this extended
version of MARS code include inertial effects of the equilibrium and toroidal rotation
shear within the plasma. Of these two effects, the stability of the plasma is affected most
by the Doppler shift of the rotation frequency between different flux surfaces due to
rotational shear. For normal plasma safety factor with positive shear, the rotational shear
has been found to be slightly stabilizing for both the ideal and resistive modes. For the
resistive modes, the unstable eigenfunction can be substantially modified by the rotational
shear.

The effect of rotational shear on MHD modes in a tokamak with reversed magnetic
shear is analyzed. We found that: (1) rotational shear has a stabilizing effect on the finite
beta double kink [2] localized between two mode resonant surfaces; and (2) the rotational
shear has a destabilizing effect on MHD modes localized within the central reversed shear
region. In tokamaks with low magnetic shear, the Alfven wave can be substantially
modified by the variation of the toroidal rotation velocity across the plasma surface. First,
the location of Alfven resonance of the MHD mode within the plasma is modified by the
rotation shear. The location is determined by both the overall mode structure and the local
rotational shear, and the region which provides instability drive to the MHD mode can be
enlarged or reduced. Second, the Alfve"n wave restoring force is substantially weakened
over a low shear region, when the shearing rate of the rotation frequency matches with the
shearing rate of the local Alfv&i frequency.

The analysis of Ref. [2] for the double kink in a large aspect ratio circle is extended to
include the effect of toroidal rotation. Frieman and Rotenberg's non-self-adjoint
formulation [3] is found to be related to a self-adjoint formulation with the inclusion of a
constraint condition. Modification to the Alfven wave mentioned above stabilizes the
double kink mode, whereas the centrifugal force destabilize the mode. Numerical results

*This is a report of research sponsored by the U.S. Departmen! of Energy under Grant No. DE-FG03-
95ER54309.

from the MARS code also corroborate the above analytic predictions. Because the plasma
rotation frequency is usually much smaller than the Alfven frequency, substantial
modifications of the Alfven stability only occur in weak magnetic shear tokamak plasmas
driven by strong tangential neutral beam injection.

Stability to localized MHD interchange modes is studied in a tokamak with a small
toroidal rotation but with a non-negligible shearing rate. The variational principle of
Frieman and Rotenberg is applied to the localized plasma motion around a rational
surface. Modification to the localized interchange stability criterion is obtained by
maximizing the growth rate. The rotational shear couples to both the Alfven and sound
waves and reduces the stabilizing effect of these waves. This coupling allows the plasma
motion to tap the energy associated with the rotational shear via the Kelvin-Helmholtz
process. A new interchange criterion [4] is obtained. In this new criterion, the effect of the
rotational shear appears through the flow mach number and the effect of sound wave
appears through the plasma beta.

Of Special interest is the nature of the coupling of the sound wave and the Alfven wave
in a rotating plasma. Although this coupling is formally of order alR smaller than the usual
Mercier index [5], it has a significant effect on the interchange criterion [4] since the
coupling has a resonant feature. To clarify this resonant coupling, a kinetic theory approach
is employed. Specifically, the fluid resonance is replaced by the weaker wave-particle
resonance. The effect of ion Landau damping is also taken into account.

In static tokamaks, one of the criteria for identifying the presence of a magnetic island
is the characteristic 180 degree phase shift of the temperature fluctuations across the
magnetic island surfaces. However, in a rotating tokamak, due to viscous drag, plasma
temperature fluctuations are not 180 degrees out of phase. A two-dimensional plasma
equilibrium equation is derived which includes the effect of plasma flow and a bulk plasma
viscosity. Solution of this equation reveals that plasma viscosity together with the
curvature in the plasma flow, give rise to a phase shift "anomaly." This equation is solved
analytically for a model equilibrium with the inclusion of a magnetic island. A scaling
relationship of this phase shift anomaly with respect to the viscosity and flow curvature is
obtained. The equation is also solved numerically with extensive plasma current, pressure
and rotation profiles and compared with experiment.

In summary, the effect of rotation and rotational shear on the ideal and resistive MHD
stabilities has been studied. The effect of rotational shear is most important when it can
modify the shear Alfven wave spectrum. This can be utilized to stabilize the double kink
mode. The rotational shear introduces Kelvin-Helmholtz drive to localized plasma
instabilities. It can reduce the pressure gradient threshold of ideal localized interchanges .
The centrifugal force has found to be always destabilizing. Finally, the effect of rotational
shear couples with the plasma viscosity can significantly affect the shape of the magnetic
island.
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Abstract Two promising configurations can be considered for a steady state tokamak with a
large bootstrap current. The first one is a strongly negative magnetic shear configuration using a
large bootstrap current, and the second one is a weak magnetic shear configuration which
utilizes a moderate bootstrap current and central current drive. It is important to improve the
MHD stability for the enhancement of plasma performance. In the negative shear configuration,
the low-n kink mode can be stabilized by strongly negative magnetic shear. However, the
ideal/resistive interchange modes become destabilized, and the double-tearing mode is induced
due to the spatially close two rational surfaces. Furthermore, when the intrinsic ion magnetic
drift resonance is taken into account, a kinetic ballooning mode (KBM) emerges even in
negative shear. On the other hand, in the weak magnetic shear configuration, the neoclassical
tearing mode is destabilized by an extension of the positive shear region, resulting in a lower
beta limit than that of the kink mode. So far, these MHD modes have been analyzed
individually. In this work, an attempt is made to seek stable domain in high beta negative/weak
shear tokamak discharges through comprehensive stability analyses.

MHD Stability in Negative Shear Configuration Hard beta limits, i.e.
disruptions, observed in high performance negative shear tokamak plasmas may be attributed to
the kink mode. When the radial position of the maximum pressure gradient (VPmax) is inside
the qmjn surface (qm;n is the minimum of the q value), the infernal mode with n > 2 and the
high-n ballooning mode become stable, and the ideal beta limit is governed by the internal n=l
kink mode. For further improvement of the beta limit, increasing the edge pressure is effective.
As shown in Fig. 1, the normalized beta value PN as large as 2.5 - 3.5 can be realized for qmjn
< 2. On the other hand, the ideal/resistive interchange mode can be unstable for higher central
q value in the region of qmjn < 2 and reduce the beta limit.

Double
Tearing Mode

r/a qmin '•min
FIG. 1. (a)Pressure and q profiles and (b) beta limit vs. qmin.

The double tearing mode and/or the double magnetic islands bridging two rational
surfaces at different radii also emerge and impose a soft beta limit. Three dimensional equilibria
analysis has also been performed using the PIES code [1] to study possible magnetic field
configurations and q profiles in the stage of nonlinear saturation of the double tearing mode.
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When the initial value of qmjn is slightly lower than m/n, the saturated double island chains at
the two rational surfaces are not well separated and the q profile becomes flattened just above
q=m/n as seen in Fig. 2a. However, when the difference between qmjn and m/n exceeds a
critical value, equilibrium with qmin < m/n can be realized without q profile flattening over the
two rational surfaces (Fig. 2b). This suggests that the double tearing mode is possibly
destabilized in the shaded region in Fig. lb.

Poloidal Angle Poloidal Angle
FIG. 2. Poincare plots of reversed shear magnetic field for (a)

1min>2 and (b) qmtn<2 in saturation.
In the negative shear region, the

ideal MHD ballooning mode is known to be
stable. However, a KBM emerges even for
negative shear around the internal transport
barrier (ITB) characterized by high plasma
pressure gradient[2]. The growth rate and
mode frequency are assessed for the
discharge parameters typical of ITB.
Modes with comparatively low n and
frequency in the range of 100 kHz are
expected to be unstable at the ITB.

MHD Stability in Weak Shear
Configuration In the weak shear
configuration, the hard beta limit due to
ideal MHD stability can be improved by
reducing the pressure gradient in the weak
shear region, and the double tearing mode
can also be avoided. However, the
neoclassical tearing mode, which is induced
by the helical bootstrap current along the
island, softly reduces the beta limit below
the ideal kink limit, as shown in Fig.3. It is
also shown that local current drive by the
electron cyclotron wave (ECCD) works
effectively for stabilization of the
neoclassical tearing mode.
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Fig.3 Beta limits against the ideal MHD
mode and the neoclassical tearing mode
(the limit is determined when a
saturation island width is a half minor
radius) in the weak positive shear
configuration with li~1.0 and a slightly
broad pressure profile: px
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Over the past decade, flow shear stabilization model in fusion research has successfully explained the

formation if transport barriers in magnetic confinement devices. This model was originally developed to

explain the formation of the edge transport barrier in tokamaks for L-H transition [1-3]. Recently, this

concept has been applied to study the internal transport barrier (1TB) formed in plasmas with large toroidal

sheared flow and negative (or weak) magnetic shear [4,5]. It is obvious that the edge poloidal sheared flow

is always a strong stabilizing effects on the instabilities in tokamaks. As pointed out by Burrell [6], this

flow shear stabilization model are of further physical significance: it is not often that a system self-

organizes to a higher energy state with reduced turbulence and transport when an additional source of free

energy is applied to it, as shown in [7], where if toroidal flow shear is large enough, then the pure Kelvin-

Helmhotz instability driven by the toroidal sheared velocity field, acting as the dominant free energy

source, is excited. In this letter, a toroidal sheared flow stabilization model is proposed. First, in the

presence of dissipative trapped electrons, there exists an intrinsic oscillation mode in tokamak plasmas,

namely a hybrid dissipative trapped electron-ion temperature gradient mode (hereafter, it is called as

hybrid electron-ion drift mode). This conclusion is in agreement with the observations in the simulated

tokamak experiment on the CLM [8,9]. Furthermore, it is found that in the presence of both dissipative

trapped electrons and toroidal sheared flow, similar to the effects of poloidal sheared flow on edge

plasmas in tokamaks, large toroidal sheared flow is also always a strong stabilizing effect on the hybrid

electron-ion drift mode in tokamaks. This result is consistent with the experimental observations in JT-

60U, where large toroidal rotation velocity shear or jump was observed across the q — 3 surface (the

internal transport barrier local area) [4,10].

Hybrid dissipative trapped electron-ion temperature gradient mode
In recent experiment on Columbia Linear Machine (CLM) [4], the transition from the slab to the

toroidal branch of the 77,-mode was studied by increasing the curvature drive provided with the mirror

ratio and trapped electron fraction. Motivated by the experiment, we proposed a simple model for the ITG

mode taking account of the dissipative trapped electron dynamics. We obtain finally a dispersion equation

for the ion temperature gradient-driven instability including non-adiabatic electron response

1 " I ^"i -i v ' + ; ' ' ^" a>'' f m o 2

This is a cubic equation for normalized frequency Q. the left-hand side is the standard dispersion relation

for the ITG mode, and the right-hand side represents the modification due to dissipative trapped electrons.

Besides the trapped electron-modified ITG mode, Eq.(l) includes another unstable root, that is, a hybrid

dissipative trapped electron-ion temperature gradient. This implied that there exists an intrinsic oscillation

mode in tokamak plasmas. When trapped electron fraction is sufficient high and the trapped electrons are

dissipated strongly, the mode is determined by the dissipative trapped electron dynamics and propagated in

electron diamagnetic direction, namely, the mode appears to be a hybrid dissipative trapped electron ion

temperature gradient (ITG) mode. Analytical result can reduce to usual predictions of the ion temperature

gradient-driven instability in the absence of the dissipative trapped electrons. Numerical calculation

indicates that in the absence of the dissipative trapped, the hybrid dissipative trapped electron ITG mode

reduces to the usual ITG mode, and tha< when the electron nonadiabatic electron response is sufficient

strong, the hybrid electron-ion drift mode propagates in electron diamagnetic direction.

Toroidal sheared flow stabilization on hybrid electron-ion drift mode

On the basis of the hybrid electron-ion drift mode above, we further consider the effects of toroidal

sheared flow on this hybrid electron-ion drift mode. Taking account of both dissipative trapped electrons

and toroidal sheared flow, the growth rate for ITG mode is finally obtained

sK sK
r ' \-bK-J; 4K (i-bK-J? 4/Q- ( 2 1

It is obvious that the dissipative trapped electron determines whether or not the toroidal sheared flow pla\

.! stabilizing roie on the hybrid electron-ion drift mode. In the absence of toroidal sheared flow, the sheared

flow-induced hybrid electron-ion drift mode is transformed to the hybrid electron-ion drift mode describeu

above, namely, only the much more slowly growing hybrid electron-ion drift mode can be excited. If ihe

non-adiabatic electrons are absent in the system, the result in Eq.(2) is reduced to the pure toroidal sheared

flow-enhanced 1TG mode which shows that pure toroidal sheared flow is a destabilizing effect on ITG

mode, that is, the pure toroidal sheared flow, acting as a dominant free energy source, drives a sheared

flow-enhanced purely Kelvin-Helmhotz instability.

We know it is not often that a system self-organizes to a higher energy state with reduced turbulence

and transport when an additional source of free energy is applied to it. In the presence of both dissipative

trapped electrons and toroidal sheared flow, it is obvious that strong coupling between the dissipative

trapped electrons and the toroidal sheared flow [the second term of Eq.(2)J results in strong stabilizing

effect of the toroidal sheared flow on the hybrid electron-ion drift type mode. That is, for small toroidal

velocity shear (or weak velocity shear), linear growth rate increases with parameter J.; but for sufficiently

large value of flow shear parameter J., the linear growth rate will decreases with the increase of parameter

J. . In particular, within the ITB region, the toroidal rotation velocity, especially its shear is so large that

the toroidal flow shear parameter J. is large enough to suppress the hybrid electron-ion drift mode. In

other words, the coupling between the sheared flows and non-adiabatic electrons is proposed as the

stabilization mechanism of toroidal sheared flow on the hybrid electron-ion drift type mode. It is consistent

with the experimental observation in the ITB region where further confinement improvement is always

associated with large toroidal sheared flow [4]. Toroidal sheared flow stabilization appears to offer

favorable prospects for high confinement operation for fusion reactor.
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Instability Threshold of Neoclassical Tearing Mode, Double Tearing Mode and Off-Axis
Sawteeth Crash in Tokamaks

Ding Li
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Recently, neoclassical tearing modes are observed in TFTR supershot plasma [1], and
off-axis sawteeth are observed in TFTR reversed magnetic shear experiments [2].
Understanding both phenomena are important because they are closely related to present and
future advanced tokamak performance.

At first, in order to understand instability threshold of neoclassical tearing mode and
double tearing mode, a new expression of A'o and instability criterion for m > 2 classical
tearing modes is derived for arbitrary magnetic shear configuration in the low beta and large
aspect ratio limit. Local solutions of ideal external kink equation are solved analytically by
means of proper expansion and transformation. An analytic expression of the criterion
parameter A'o is resulted from the analytic solutions as follows [3]:

n = cot -1 / 2)2 + X - (m -1 / 2))| (1)

where l = -Roq
2{rs)J'o{rs)l Boq'{rs) is a dimensionless parameter,.lo(rs) and q(rt) are

respectively the equilibrium current density and safety factor. Naturally, a criterion for the
instability threshold of a tearing mode is derived

^7^7/*j>m~4- w

Strauss's formula A'o = -iz{Xl rs~)zo\(nXI2rri) and the well-known criterion

l^o'^o / ^e9o|> m a r e recovered as a special case in the large-m limit. One would be

surprised to find that the new criterion (2) is even better than \qors J, / Bsq^\ > m comparing

with the numerical results of the classic work in Ref. [4].
Then, for m > 2 neoclassical tearing mode, the criterion parameter A' should include

the bootstrap current modification since the pressure gradient could be flattened inside the
separatrix. The criterion parameter A' for neoclassical tearing mode is to be

&.'=- (3)

where A = -Roq
2{rt)[J't,{r!) + k^fePpBs I Lf]l Boq'(rt), k is a constant of order unity, f)p is

the poloidal beta, and Lp is the unperturbed pressure-gradient scale length. Consequently, a

criterion for the instability threshold of a neoclassical tearing mode is obtained

dr dr
I

(4)

Obviously, the second term in Eq. (4) has a destabilizing effect for dq01 dr > 0, dpi dr > 0

and a stabilizing effect for dq^ldr <0 , dp/dr>0. When \qar,J'0l Bgq'a\<m-\I A so that

the classical J'o (r,) -driven tearing mode is stable, the Vp -driven term will play an important
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role to destabilizing the mode [5]. This criterion predicts that the neoclassical tearing mode
can be unstable not only in the nonlinear phase but also in the linear phase.

Finally, for double tearing mode, the dispersion relation is constructed based on the
criterion parameter A'o so that it turns out that the off-axis sawteeth crashes are trigged by a
mln = 2/1 double tearing reconnection. The dispersion relation is obtained as

[A(<y)-A;(0) - Al2][A(a)-A'2
m -A2,]- A22 =0 (5)

where Al2, A2l and A22 are calculated from the MHD solutions. Assume that the
nonmonotonic? profile has a form q(r) =q(0)a(l + hr2py"p /(a + hr2p), here q(0),a,h,
and p are free parameters. In the TFTR experiments, the "annular crash" occurs as q(0)
increases to a high value among 4 ~ 5 while ^m;n decreases to below 2, the two singular
surfaces of the double tearing mode, r, and r2, are approaching each other. The interaction
between the two branches becomes strongest since the growth rates of the two branches are in
the same order. The bulging of the hot and cold islands gives rise to current sheet formation
and fast reconnection between rx and r,. Such complete reconnection leads to the "annular
crash". It is similar to the result of the numerical simulations [4,6], which are the application
of Kadomtsev model to the double tearing reconnections. A new equilibrium will be reached
as the helical flux function (as well as q profile) is flat in the reconnection region.

When q(Q) decreases rapidly toward to 2 while qm,a decreases slightly, the "core
crash" occurs in the TFTR experiments. The interaction between the two branches becomes
quite week because the two singular surfaces r, and r2 are well separated and the growth rate
of the inner branch is much larger than that of the outer branch. The linear growth of inner
branch increases explosively as r, approaching to plasma core because of A'°c/(m,/l)/r,
[3], Therefore, the quasilinear modification of the magnetic field becomes dominant
comparing with the Rutherford behavior, and the width of hot islands

w(t) cc V(O, f ) / [s0 -(Coq(r, (6)

expands rapidly as the total magnetic shear becomes quite small at rx, here sa is the shear
parameter [7]. On the other hand, the attractive force between parallel currents induced by the
hot islands accelerates the reconnection triggered by the explosive growth of the inner branch
and the rapid expansion of the hot islands which are close each other. A fast reconnection in
the plasma core due to coalescence between the hot islands leads to the "core crash."

In summary, the instability criterion for neoclassical tearing mode is obtained. The
dispersion relation of double tearing mode is derived. The onsets of "annular crash" and "core
crash" are analyzed.
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There have been numerous evidences that plasma rotation and radial electric field
shear can enhance plasma confinement and stabilize plasma instabiliteis. Inventing a
way to generate plasma rotation by a controllable, external method may give a signifi-
cant impact on the success of magnetic fusion program. Plasma rotation by unbalanced
neutral beam injection in a tokamak fusion reactor is expected to be insignificant due
to the high energy nature of beam ions required for deep penetration into the burning
core.

In the present work, a method of generating plasma rotation and radial electric field
in tokamaks by ion cyclotron resonance heating (ICRH) is presented. ICRH induces
radial electrical current jT

T
! of the resonant ions, by moving their guiding center orbits

radially. A radial electric field Er develops quickly and the plasma responds with
return current # through orthogonal conductivity relation to keep itself quasi-neutral.
The resulting jj? x B force can then modify the background plasma rotation, while
H1 x B affects the resonant ion motion. It is found that the fast wave power used in
the present-day tokamak experiments can be strong enough to generate large toroidal
torque, if the conditions are right, which is comparable to that from unbalanced neutral
beam injection. The theoretical prediction for the magnitude and direction of toroidal
torque is consistent with experimental observations on TFTR, DIII-D, Alcator C-Mod,
and JFT2M.

Fig. 1. ICRH driven radial
movement of a resonant
H-ion in the core of TFTR.
The symmetry breaking is
provided by having the
heating layer located in the
left side of the poloidal orbit.
The starting energy is
10keV. Perpendicular
heating is exaggerated
for an easier visual effect.
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Due to the VB-drift in tokamaks, particle orbits deviate from flux surface. The
higher the particle energy is, the greater the deviation is. Even though it is a radial
walk, this deviation by itself does not yield a net radial particle transport since the
radially inward and outward deviation motions cancel and the resulting guiding center
orbit forms a closed poloidal circiut. However, if a dissipative action break the sym-
metry between the radially inward and outward deviations, it can drive a net radial
transport of the particle. The well-known neoclassical transprot sets a good example:
it is driven by symmetry-breaking Coulomb scatterings caused by radial plasma gra-
dients. Since ICRH provides a localized dissipation during particle's orbital motions,
it can easily break the symmetry between the radially inward and outward deviations
unless the resonance layer is at a well balanced location in the middle of the horizontal
orbital motions. Figure 1 shows an ICRH-driven orbital motion of a hydrogen ion
initially on a 10 keV passing orbit. For an easy visual demonstration, the amount
of ICRH perpendicular energy kick per pass is exaggerated and set to be always up-
ward. The heating layer is located on the magnetic axis, but the toroidal orbit shift
(horizontally outward) puts the heating layer in the left of the orbit, providing the
symmetry-breaking heating.

It is found that there are two types of symmetry-breakings naturally existing in
tokamak plasmas. One is the horizontal orbit shift of passing orbits in the plasma
core, as shown in the figure, and the other is the Doppler shift due to finite fe||. The
horizontal orbit-shift is the dominant effect in large size devices like DIII-D or TFTR
with resonant minority ions or beam ions. In this case, the radial current j'J of resonant
ions is always outward regardless of the plasma current direction, and the plasma return
current is always inward. This yields plasma torque in the counter-current direction.
On the other hand the Doppler-shift dominant case is provided by large k\\v\\ shift of
resonance surface, in the same order as the orbital radius. One sign of k\\ is usually
preferred by a resonant ion due to horizontal orbit shift or horizontal rf power-density
asymmetry, even if a symmetric fc|| spectrum is applied at the antenna. This is the
dominant mechanism either in a high-field small device with large fc|j (Alcator C-Mod),
or in a fusion reactor where the alpha particles can have large Doppler shifts. In this
case, the driven radial current of resonant ions is always inward, causing co-current
torque to the main plasma.

The level of toroidal torque is found to be of the same order as that by neutral
beam injection in the plasma core, if the amount of aborbed power to the resonant
ions is equal to the beam power input. The ICRH-induced torque will spin up the
plasma in the toroidal direction at the same time rate as a comparable power NBI
does. However, the ICRH-efficiency falls off rapidly as the minor radius is increased.
The poloidal torque by i* x B is greater than the toroidal torque, but it will be balanced
by an equal and oppisite viscous force for an equilibrium.

It is expected that the ICRH-drive of toridal plasma rotation can be more efficient
in a fusion reactor where energetic alpha particles can be easily resonant. Since the
Doppler shift amount can be large (~ lm), the toroidal torque is evaluated to be in
the co-current direction. This can provide an externally controlled co-rotation to a
burning plasma for transport and instability control.

•This work is supported by U.S. DOE.
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Kinetic or slow Alfven waves (AW), which appear in the tokamak plasma as a result of
radio frequency (RF) wave conversion, were earlier shown to be useful for a Alfven wave
current drive (AWCD) and plasma heating (AWPH), for the creating of reversed shear
configurations of the magnetic field. Here we analyze the possibility to operate transport
processes in tokamaks by the radial electric field, induced by AW. We demonstrate that
AW may be the convenient trigger for the formation of transport barriers in tokamaks.
Kinetic or slow AW have small radial localizations. That is why we suppose to use these
waves to create strongly sheared plasma flows at any point of the plasma minor radius,
suppressing the plasma turbulence, and to affect the banana orbit width via the radial
electric field Er, induced by AW.

In one of scenarios of low-high (L-H) confinement transitions in tokamaks1, it is nec-
essary to have the parameter

cBeR d Er
a D D — T"B dr RBe

(1)

larger than the increments of most dangerous instabilities in tokamak plasmas 7mQa;. In the
case, when the poloidal plasma rotation velocity £/# satisfies the inequality cs > Utg >
{BgUif/BoiUip = (c/einoBo)(dpi/dr)} (c, is the sound velocity and U^ is the toroidal
velocity), electric field can be found from the ion momentum equation ET ss —BoUie/c.

Balancing the RF forces by viscous forces and neglecting the "residual" rotation, one
finds expressions for the poloidal rotation velocity and the radial electric field, induced
by AW2-3

U/J.J0

c 8T{> UTi = —--—,
eiB or

Er KS — —
S2

e{B
= ——. (2)

MC

Here Pw is the RF absorbed power, kb is the binormal component of the wave vector, fi
is the AW frequency, fito is the ion poloidal viscosity coefficient.

Here, we estimate the possibility of the suppressing of ion temperature gradient (ITG)
mode by AW with 7mttt as kbcTiy/e/(eirBo). Combining Eqs. (1),(2) one finds the insta-
bility suppression condition

(3)

where Ar is the AW localization width.
Yet, the sheared velocity is usually supposed to be the source of Kelvin-Helmholtz in-

stabilities. Nevertheless, the magnetic shear can suppress this instability, and the stability
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criterion for the weakly collisional plasma case is1 is

c

dr B
L,' w

Ar

L3 kbvTiMi v-n

VA

v
(4)

where VA = B/s/Avn^Mi is the Alfven speed, and Ls is the magnetic shear length.
Comparing the inequalities Eq. (3) and Eq. (4) we see they are in no contradiction, i.e.,
there is the power range to suppress the ITG mode and not to excite Kelvin-Helmholtz
instabilities.

Further, we analyze the possibility to affect the banana orbit width by means of AW.
It is well known that the radial electric field shear can squeeze ion banana orbits. Taking
into account Eq. (2), the squeezing parameter S is given by the expression4

5 = 1 -
dEr

IT1 ••! + •
+ n9e0) Matt S | A r ' (5)

where ^ae0 is the electron poloidal viscosity coefficients. The ion poloidal viscosity in the
core off-axis tokamak region with the squeezed banana orbits can be written in the form

1
| 5 | 3 / 2 - 5 =

?Ar'

The analysis of Eq. (6) shows that the ion poloidal viscosity Hthetoi is quickly decreasing
with the growth of absorbed power Pw, and it results to be of the electron poloidal viscosity
fi$e when the parameter P£ is about 0.5.

The ion heat conductivity \i in tokamak off-axis plasmas can be constructed in the
presence of the ion banana orbit squeezing by AW analogously to Ref. 4. We have

(7)

At I Pw |> 0.5, the normalized viscosity coefficient ^ can be neglected in the squeezing
parameter S. The further decrease of the ion viscosity, ion heat conductivity, caused by
the increase of the squeezing parameter yields the dependencies

P"
~r
V-Oe

!«£|3/2
•3/2
6

(8)

Evaluations show that the absorbed power is of order Pw « (1 — 3) W/cm3, to operate
transport processes in tokamaks successfully [Eqs. (3),(4),(6)-(8)J. These values are on
the level of absorbed power which is achieved in AW experiments in tokamaks.
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In the Ion Cyclotron Range of Frequencies, ICRF, different collisionless wave

absorption mechanisms exist, which can result in either bulk ion heating, formation of

high ion tails or direct electron heating. Ion or electron currents can be driven by

launching toroidally directed waves by phasing the antenna. If the power density is

sufficiently strong, the velocity distributions of the heated species become anisotropic and

non-Maxwellian, which may affect the power deposition profiles and the partition of the

absorbed power between the different plasma species. This becomes particularly

important for scenarii with moderate or weak single pass absorption, in which case the

evolution of the velocity distributions can significantly change the power partition and

power deposition profiles. For such cases the velocity distribution and power deposition

have to be calculated self-consistently. A theory for calculating the velocity distribution

during ICRH, assuming the ions were confined to the magnetic flux surfaces, was

developed by Stix [1]. Later bounce averaged calculations of the velocity distribution

were done by Kerbel and McCoy [2]. These theories did neither include the effects of

finite orbit widths nor spatial RF-induced drift and diffusion. A quasi-linear theory for the

wave-particle interaction in a toroidal plasma including these effects had been derived by

Kaufman [3]. However, the importance of them for the formation of the velocity

distribution was not until recently discovered. They become important in a number of

heating and current drive scenarii; in particular for small and medium sized machines

using asymmetric spectra for current drive studies. When including these effects for

minority ion current drive, in some cases the driven current profiles for realistic power

levels were found to be in qualitatively agreement with those obtained from previous

theories, but the dominating mechanisms responsible for the ion tail formation were

different; the finite banana width of the trapped ions and the spatial induced RF-drift

played an important role [4]. We have found that in an ITER like plasma reversed shear

can be achieved by on-axis heating of cc-particles with toroidally directed waves. Also the

density profile of the a-particles can be modified by applying an inward or an outward

directed RF-pinch with the potential of stabilising a-particle driven TAE-modes.

Recently, evidences of an RF-induced pinch during ICRH were observed in JET [5].

A method to self-consistently calculate the power deposition and velocity distribution

has been developed including the effects of finite orbit widths, direct orbit losses, RF-

induced drift and diffusion. This has been done by computing the velocity distribution in

a toroidal geometry with the Monte Carlo code FIDO. The dielectric tensor is constructed

from the calculated full distribution function in the torus, which is then used to calculate

the wave field and power deposition using either the global wave code LION [6] or the

a,K -wave field model. In the latter model the upshift of the parallel wave number due to

the poloidal magnetic field is included in the dielectric tensor, which is particularly

important for low toroidal mode numbers. Self-consistent calculations is then achieved by

reconstructing the dielectric tensor and calculating the new wave field for each time step.

The tail formation during fast wave electron current drive at the third harmonic of the

deuterium cyclotron resonance has been studied. The absorption by the ions at a- 3fflcD,

which is here a parasitic absorption mechanism, increases rapidly with energy °= vx
4. If

the tail ions are confined to the region where the power absorption is strong the formation

of the tail significantly reduces the current drive efficiency, whereas if the tail formation is

curtailed by removing fast ions from this region by an RF-induced pinch, the ion

absorption is then found to be insignificant. These findings are in agreement with those

observed in JET, where high energy ions are formed resulting in dominating ion heating

and little direct electron heating [7], and in Tore Supra where the tail ions are less

confined and electron current drive is observed [8]. When studying the latter case it is

seen that for a wave propagating in the opposite direction of the plasma current the fast

ions are removed from the centre as soon as they start increasing their energy and absorb

power, whereas for a wave directed parallel to the plasma current the RF-drift is directed

towards the magnetic axis acting as an inward pinch; the high energy ions are then well

confined and a high energy tail builds up. This results in an efficiency being asymmetric

with respect to the phasing in agreement with experimental observations [8].
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Quasilinear theory performs an analysis of RF heating on two well-distinct timescales:
the RF wave period itself, and the much larger characteristic time of evolution of the
equilibrium, associated with heating and collisional relaxation. Owing to the complexity of
the problem in toroidal geometry, these two sub-problems have only been addressed
independently in the past:

i) Solution of the wave propagation and absorption problem, i.e. of Maxwell's equations in
the plasma described by a suitable equivalent dielectric, and subject to appropriate boundary
conditions. A realistic description of the interactions between particles and high frequency
waves requires a kinetic treatment, provided by the linearized Vlasov equation. The full-wave
problem is advantageously based on a weak Galerkin [1] formulation of the Maxwell-Vlasov
system, namely

(1)
p

where 1̂ is the tokamak chamber, E the rf electric field, and j s the rf antenna current density.
This equation is required to hold for arbitrary but sufficiently well-behaved vector fields F,
the case F = E giving Poynting's theorem. The global rf dielectric response of particle species
P is defined as [2]

4 ^
where jp is the rf current density and fp the perturbed distribution function of the species; both
quantities are linear integro-differential expressions of the rf electric field E and the
equilibrium distribution function Fop. Solving the linear wave problem (1) requires one to
know Fop - a constant on the RF timescale - a priori, in order to evaluate the dielectric
response (2). Until the present paper, the numerical modelling of wave propagation in
tokamak geometry has been restricted to Maxwellian equilibria; we now allow Fop to be an
arbitrary function of the constants of the unperturbed particle motion: FopOP, v, x) where *P is
the poloidal flux function, v the velocity, x = 2^Ba/(mv2) = (magnetic moment / kinetic
energy x reference induction). Radial drift motion of the guiding centres and finite Larmor
radius effects are included in the theory [2], but are not addressed in the present contribution.
Expansion of E and F in toroidal and poloidal modes allows an accurate description of wave
dispersion along the equilibrium magnetic field in the presence of rotational transform;
truncation of these Fourier series and a finite element representation of the radial variations
complete the discretization, and yield a linear algebraic system. Its solution gives the RF field
pattern, and thence the power deposition to the various plasma species.

ii) Evolution of the equilibrium under the influence of heating and Coulomb relaxation: on
this timescale, Fop = FopCP, v, x; t) is now a function of the time and satisfies the bounce-
averaged quasilinear Fokker-Planck (QLFP) equation (see e.g. [3]). In view of numerical
applications, it is also interesting to write this equation in Galerkin form [4], obtained by
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multiplication of the QLFP by a sufficiently smooth test function G and integration over the
two constants of the motion v, x defined as above: this yields

-L)F o p +S} (3)

in which A = (v, x), C is the Coulomb collision operator, L accounts for the particle losses

and S for the sources. (f is the contribution of the wave diffusion operator D:

£(G,Fop) = jdA J G DF o p = -}dA J I B p hp(G) hp(F0(3) (4)
D

where p is the cyclotron harmonic index, J is a Jacobian, B p depends quadratically on the RF
field and describes the wave-particle interactions [4]; finally,

Consistently with the wave equation i), we have not included radial transport in the QLFP yet
(this will be done in future work). Given the RF field pattern, equation (3) can be solved on a
set of magnetic surfaces. This yields Fop, thence the detailed power deposition (per guiding
centre orbit) and the driven equilibrium current.

The purpose of the present work is to treat the two above problems as genuinely
coupled, for the first time in practical applications. The RF response (2) and the QL term (4)
have been derived with identical simplifying assumptions, with the very important
consequence that the two associated power absorptions are automatically identical [5]. RF
heating and current drive are modelled self-consistently in tokamak geometry, by iterative use
of a wave code and a QLFP code [4]: schematically,

Wave code:

Evaluate RF response (2)

H

Solve Maxwell's eqs. (1)

RF field E

QLFP code:

Particle distribution Fop
IT

One time step of Fokker-Planck eq. (3)
It

Evaluate RF diffusion term (4)

Important computer time savings are achieved by sharing all terms common to the rf response
(2) and the QL term (4).

We expect this self-consistent approach to have a strong impact on the modelling of most
reactor-relevant ICRF heating and current drive scenarios, wherever high-energy particles,
highly anisotropic and/or non-Maxwellian populations interacting with RF are present: e.g.
tail formation during minority heating, interaction of RF with fusion products and with beam
ions during combined heating. We shall present a summary of the theory and the first
applications of the self-consistent code iteration to selected problems.
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H-mode has been subject to intensive studies. The role of radial electric field on
H-mode was theoretically predicted[l] and is widely recognized in experiments. ITER
design is made relying on H-mode. However, there still exists a mystery. The plasma profile
in core region was found to change in a much faster time scale than the diffusion time scale
after the L/H transition[2]. Such fast responses are seen in the heat pulse propagations of the
sawteeth, heating power modulation, injection of the impurity, etc. Understanding of the
mechanism of the fast response not only reveals the physics of H-mode but also provides a
dependable prediction for the burning dynamics in the core plasma of a fusion reactor, in
which H/L (or H/L) transitions and ELMs could occur.

The non-local transport model has been formulated and successfully applied to the
problems of transient response[3]. Extending the analysis of the heat pulse propagation, we
here study the fast responses in plasma profile at L/H transition. Physics basis of this model
is that fluctuations with a short radial correlation length and those with a long correlation
length (like macroscopic perturbation and convective vortex of size /) are considered. The
latter causes a nonlocal gradient-flux relation. A generalized formula of the heat flux is
employed as,

qe(r,t) = - f ne(r;t)xJr',t)K,(r - r%XVTe[r,t) + (1- X)VTe{r;t)]dr; (D
Jo

where a, qe, ne, %e and Te are the plasma minor radius, the electron heat flux, density, heat
diffusivity and temperature, respectively. X, (0 < X < 1) is introduced to model explicitly the
influences of local and distant gradients on the heat flux. The kernel is chosen as

- r') (2)

where / is the half width of non-local interactions, S(r - r') is a delta function, C t o , and
Cglobal local +Cgiobai = -0 a r e the numerical constants. In the limit I -» 0, the heat flux is
reduced to the one of the local transport model, qe(r,t) = -nJr,t)%e(r,t)VTe(r,t). The weighting
function r/r' is introduced to assure the condition, q(O,t) = 0. For the insight of problem,
the constant electron density is assumed and simplified form of %e is used: The heat diffusivity
is kept constant in L-mode regime. In H-mode regime, it is given by
XH<r)={XL-XH{a))[rc-a)-2{r-a)2 + XH(a) (rc<r<a) and %H(r) =%L (0<r<rJ, where
%H(a) <%L and rc = 0.8a for the medium size plasmas. Parameters I aniCg!obal are related

with the radial correlation length and relative amplitude of large scale fluctuations, respectively.
In this study, parameters are chosen as X = 0.5, Cglobai = 0.1 and I/a = 0.5, which should be
determined in future by the comparison study with experiments.

Figure. 1 shows the temporal evolution of the electron temperature in the core region
(at r/a = 0.3 and r/a = 0.5). AT(t) is normalized and represents the deviation from L-mode
temperature profile. The solid line and the dotted line correspond to the non-local model and
local model, respectively. L/H transition occurs at t = 0 ms. Transition in %e is limited in the
edge region, r> rc; However, the temperature of the core plasma starts to change much faster
than the diffusion process. The fast response in the temperature is observed over the plasma
column in the case of non-local model. The non-local model can qualitatively reproduce the
fast response in the core region after L/H transition.

The hysteresis characteristics in the heat flux-gradient phase space are observed in the
transient response of the L/H transition. In the local model, the heat flux follows one
characteristic line. On the other hand, in the non-local transport model, heat flux in the core
is affected by the change in the edge region at the transition, being faster than the change of
temperature gradient.

To summarize our results, based on the non-local transport model, we analyze the
transient response of the L/H transition. As results, (1) the fast response in the central region
is reproduced and (2) the hysteresis characteristics in the heat flux-gradient phase space are
obtained. Analysis based on a realistic %e model, which can explain L-mode scaling, will
also be presented. A model of global change of %e was proposed to analyze the L/H
transition in JET [4]. Our method provides more general model, by which other types of
transient phenomena could be explained in a unified way. The non-local model analysis will
give us a new understanding for the transient transport in high temperature plasmas.
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Figure. 1: The temporal evolution of the temperature. The temporal evolution of
the electron temperature is calculated (a) at r/a=0.3 and (b) at r/a=0.5.

[1] S. -I. Itoh, K. Itoh, Phys. Rev. Lett 60 (1988) 2276.
[2] J. G. Cordey, et al., Plasma Phys. Control. Fusion. 36 (1994) A267.
[3] T. Iwasaki, S. -I. Itoh, M. Yagi, K. Itoh and U. Stroth, submitted to Plasma Phys.
Control. Fusion.
[4] V. V. Parail, et al., Nucl. Fusion. 37 (1997) 481.

373


