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Welcome address for the US-Japan workshop
A, liyoshi
National Institute for Fusion Science ( NIFS )

It is my great pleasure to welcome you to NIFS on ocecasion
of this Japan-US workshop.

One of the purposes of this institute is to study the
physies of plasmas so as to establish the basiec and general
understanding of toroidal plasma prdperties. The research on the
heating, current-drive and the divertor has long history since '
the C-Stellarator, on which 1 had a chance to work in the very
beginning of my academic life. Now the JET has achieved D-T
plasma experiment and the fusion research is coming into a new
era. The probiem still remains the largest obstacle for us to
realize the stationary burning. These problems, I understatnd,
require multiple approaches in both experimental and theoretical
aspects.

The topic of this workshop is very important and is an
urgent issue. We know that US research is more dedicated to
ITER, however, we also have to consider the physics and techno-
logy beyond ITER. Japanese fusion society is paying efforts for
the progress in this area. I believe that the workshop will
surely be successful and creative for the new research in this

field. I look forward to seeing the outcome of the workshop.'
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Recent Fast Wave Results on DITII-D

Reported by
V.S. Chan for the DIII-D RF Group

General Atonﬁcs
San Diego, California 92186-9784, U.S.A.

The DIII-D program has, as its long term goal, the integrated demonstration of
fully noninductive current drive with good confinement in a high beta plasma. This
goal will be achieved with a combination of FWCD/ECH, ECCD, and bootstrap
current. Present DIII-D progra.m systematically studies each of these current drive
elements to achieve detailed understanding of the physics which is crucial for attaining
the long term goal.

Recently, efficient direct electron heating by fast waves has been observed on
DIII-D. A four-strap antenna with (0,,0,n) phasing launched up to 1.7 MW of
fast wave power with [n,| o~ 11. The fast wave electron heating was weak for central
electron temperature below 1 keV, but improved substantially with increasing Te.
For Ps =~ 0.8 MW and Bp = 2 T, the central T. increased from 1.1 to 2.5 keV. The
plasma stored energy during rf increased with toroidal field at variance with single
pass absorption theory. Multiple pass absorption of the fast waves appears to be
occurring since at 2 T nearly 100% eflicient plasma heating is observed even though

the calculated single pass absorptlon is only 8%. This is consistent with full wave
calculation.

Electron heating with fast waves has also been observed with /2 (current drive)
- phasing. When combined with ECH, significant central electron heating was achieved
indicating that wave-particle interaction was enhanced at higher target temperature
as expected from theory and in a direction favorable for current drive. Analysis of

changes in loop voltage to ascertain possible current drive effect is in progress.

This is a report of work sponsored by the US. Department of Efnergy under
Contract No. DE-AC03-89ER51114.



Combined Currenmnt Drive oFf
EC anmnd LH Waves in WT—3

T. Maekawa, T. Maehara, T.. Kishino, Y. Kishigami, K. Makino
T. Minami, K. Hanada, M. Nakamura,*) Y. Terumichi, S. Tanaka

Department of Physics, Kyoto University
¥) Osaka Institute of Technology

The efficiency of electron cyclotron (EC) current drive is
strongly dependent on the drift velocity of EC resonant electrons
along the toroidal field. If one generates a fast electron tail
in addition to the bulk electron by lower hybrid (LH) current
drive and injects EC wave in such a manner that the EC wave
couples to the fast electron tail, one can expect an efficient
ECCD comparable to LHCD. Another aspect of interest is the
combined effect on the resonant interaction of the both waves
with the fast etectron tail. To explore these points we have
carried out experiments of combined current drive by wuse of EC
“and LH waves on the WT-3 tokamak (Re=865cm, a=20cm, B.s1.75T).

Figure 1 shows a typical shot of the experiments. First,
the plasma current is initiated and increased to I,=40 kA by the
Ohmic heating (OH) power. Second, LH power from a Klystron (f=2
GHz) is injected and at the same time the primary winding of the
OH transformer is short-circuited. After a while the current
_settles to a constant value of I,>35 kA and the loop voltage at
the vacuum vessel cut settles to slightly negative value of V,=-
0.1 V. Its negative value is ascribed to a small resistance of
the OH coil. Third, EC power from a gyrotron (f=56 GHz) is
injected from the low field side as the X-mode via a Vlasov
antenna. Then, the current starts to ramp up with a rate of
dI, /dt~100 kA/sec and the Tloop voltage becomes to a further
negative value of V.~-0.25 V. At the same time electron
cyclotropn emission (ECE), which is radiated mainly from the tail
electrons, and the Shafranov lamda A=8. +%; /2 increase,

The negative loop voltage and the current increase manifest
increase of poloidal magnetic field energy. The rate of increment
may be evaluated by a formula Px = -ViI, + (d/dt)(IBs2/2uadV},
where the first term is the Poynting out flux at the vessel cut
and the second term is the time derivative of the magnetic energy
inside the vessel. The result is P:=3.5 kW before EC injection
“and Pix12 kW during EC injection for the additional injection
power of Pc:.=~150 kW, '

Such a ramp-up discharge as Fig.1 is obtained 1in rather
narrow parameter range of the density n.s2x10'tcm 3 and the
toroidal field Q. (0)/w= 0.75 ~ 0.83, where .(0) 1is the EC
frequency at R=Rs . An examination of the EC resonance condition
of the fast electrons, v[1-Ny (vy/c)l=2Q./0, and the propagation

__.8_



characteristics of EC waves suggests that abscrption of EC waves
via fundamental resonance (8=1) of oblique X-mode (Ny~0.7) is the
dominant process of the interaction.

Current ramp-up is also obtained by stepping up the LH power
at t=80 msec instead of EC power in Fig.1. In this case current
ramp—up rate is nearly equal or slightly larger compared with the
EC case for the same additional power in the range of 0 ~ 200 kw,
while increments of the ECE signal and A is much larger in the EC
case, This result suggests that the current is carried away Dby
more energitic electrons in the EC case compared with the LH
case. Figure 2 shows energy spectra of hard X-ray emitted forward
and perpendicularly to the fast electron drift direction along
“the toroidal field in the three cases of LHCD flat top
discharge, and ramp-up discharges with nearly the same additiona)
EC or LH power of =120 kW. In the EC case enhancement of photon
counts in high energy range for the forward direction is
remarkab]e, suggesting that the fast electrons are being further
accelerated against the opposite locop voltage of V.=-0.25 V.
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Japan-US Workshop at NIFS,
Nagoya Oct.18-21 1991

Plans of RF Heating and Related R&D for LHD

K. Ohkubo, M. Hosokawa, 5. Kubo, R. Kumazawa,
T. Motoh, M. Sato, T. Watari and T. Kuraoda

National Institute for Fusion Science, Nagoya, 4§4-01

Large Helical Device (LHD) is a superconducting heliotron/tersatron type
device (1=2, m=10) with R=3.9m, ap=0.55-0.6m, B=3-4T and with the helical
divertor fully around the torus. Its physical objectives are to produce
currentless high temperature plasma in a steady state and to conduct various
experimental programs for development of helical fusion system as an
alternative approach of tokamak. In the LHP, heating power of 20 MW for a 10
sec pulse and about 3 MW for CW is planned. To satisfy the requirements, ECH,
ICRF and NBI methods are adopted.

The goal of this investigation is to define both ECH and ICRF systenms
for LHD on the grounds of the art from the experimental and theoretical
.points of views.

The main objectives and specification of ECH and ICRF system are as
follows: for ECH, plasma production, transport analysis, electron root
confinement study, potential control and steady state heating are main
objectives. For ICRF, heating and profile control, high Ti mode operation
and simulation of alpha particle behavior are main subjects. Each heating
method can supply the rf power of 3HW for the long pulse steady state
operation of around 30 minutes at the first stage. In the first stage the
frequencies of ECH and ICRF are 84 GHz and 30-90 MHz, respectively.

The schedule of R&D for rf heating system and LHD machine is shown in
Table 1. Until 1984, R&D and design of rf heating system will be contiunued.

The R&D program for ECH is composed of fabrication of MW-class gyrotron
and transmission line with good performance from the viewpoint of mode purity
and withstanding voltage. With fabricating the MW-class gyrotron, the
development of high dc voltge (-80kV) power supply connected to both the
commercial power line and flywheel generator is being progressed. The design
of control system by the LHD central control computer and the ECH subcomputer:
is also being advanced.

Engineering issue for ICRF system is of an antenna development including
the waveguide lauching, its related design with plasma-antenna interaction,
and establishment of matching procedure. During an R&D period, the ICRF
heating experiment on the JIPP T-IIU tokamak and the CHS helical device is
continued to get the know-how from the physical and engineering viewpoints of
ICRF.

The R&D started when the NIFS was established in 1989. As for the

gyrotron fabication for testing, two types of whispering gallery mode and
quasi-optical gyrotron are considered as the candidate. Quasi-optical



gyrotron is attractive for frequency t
harmonic escillation. The experiments
resonator of curved mirrors is being ¢
mode gyrotron which will install in sp

By using the test stands for quasti
transmission which were installed in 1
experiment on microwave transmission w
carried out. The design method of the
front of gaussian beam is developed.
corrugated waveguide components based
developed. The calculation code for ra
opening of the component is also compl
the perfomance of the component.

In FY 1990, an ICRF oscillator of
sec.) for 25-60 MHz and 2 MW/30 minute
fablicated. The oscillator is consist
are added by the 3 db power combiner.
with plasma admittance is being carrie
feedback and stub tuner controls. The
control method is well applicable for
admittance, As 1f megawatts power ha
temperature increase in the coaxial 11
inserting the electric heater inside t
results, it is being discussed how to

unability and the capability of second

of quasi-optical gyrotron with standard

arried out. The whispering gallery
ring of 1992 is being fabricated.

-optical and corrugated waveguide
990 and- 1991, respectively, the

ith cylindrical elipsoid mirrors is
mirror taken into account of phase

The new evaluation method of the

en the fast Fourier trasnsform is

diation pattern launched from the
eted and is now served to. evaluate

which power is 3 MW/30 mioutes (4 MW/ 2
s (3 MW/10 sec.) for 60-100 MHz was
of the two amplifiers and the outputs
The investigation of matching methods

d out from the viewpoint of frequency
calculation shows that the frequency
the change in the plasma surface

d been introduced continuously, the

ne was simulated experimentally by

he coaxial line. From experimental
cool the transmission line.

v 1989 1990 19G1 1992 1993 1994 1995 1996 1997
Plan .
Large Large Helfcal Device Construction :
Hellcal Design: Detall Design  (=— — — & — — — = — — = = selling
Device - . : : © SCcoll winding ! First
I Phase
' . Dlagnostics : Exe.
- J . - setling ;JUIO-ZOI"‘IW
Fabrication of X
Gyrolron (HOOGI, shorlpulse) . _ - _ _ _
. RLD Lxperimerits )
Conslructionof
Test Stand (dr
Quasi-Optical
Transtisslon -
: RLD [xperiments
C'onslrucuon of Test Gyrolroh
ECH §AGI1e 0.8MW CW/ 1MW 10 Se¢
Construction of . ReD Cxperiments
| OMW Tesl Stand for '
Waveguide .
Transmisston | ——
R&b [-wrimentsl .- :
' ECH System for LHD -
:— - e ..-
, Design construclion,setling o
. R&D Cxperiments . . .
b ' -—-— = = . .
ICRF Feat Stand or : ICRH System for LHD -
23MW :::cv:,“;:a""’”"‘ RLQ Dxperiments-  Deslgn | “construciion,selting :




Abstract for US-Japan Workshop on RF Heating and Current Drive in Confinement System Tokamaks,
Nagoya, Nov. 18-21, 1991

FAST WAVE HEATING AND CURRENT DRIVE IN JT-60/60U
H. Kimura and T. Fujii

Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

With acknowledgements to
M. Saigusa, S. Moriyama, M. Yamagiwa, K. Hamamatsu, Y. Kusama, K. Tobita,
M. Nemoto, K. Nagashima, H. Takeuchi, M. Kuriyama, T. Imai, T. Yamamoto and
A. Fukuyama®

Summary of the ICRF heating experiments on JT-60 and ICRF experimental plan and
analyses for JT-60U are presented. The JT-60 ICRF experiments (120MHzAand 131MHz)
are characterized by higher harmonic heating with phase control of the compact 2x2 loop
antenna array. The antenna power density at the Faraday shield reached 16MW/m?, which
is the highest value among the ICRF systems in the world. It is found that power injection
capability is inversely dependent on the antenna-plasma distance between in-phase (low-k;)
mode and out-of-phase (high-k;) mode. Interactions between edge plasma and the antenna
are enhanced significantly only with low-k; mode when the plasma comes close to the
antenna. The result may be explained by the RF sheath model. The frequency feedback
control is quite useful for automatic antenna impedance matching. Second harmonic heating

is optimized by the antenna phase control. The incremental energy confinement time (tg™)
of the high-k; mode is about 50% better than that of the low-k; mode. Minority hydrogen
second harmonic heating in helium discharges is found to be more effective in the wide
electron density range than majority hydrogen second harmonic heating. 'tgi“c of the
minority heating is ~110ms, which is twice as high as that of NBI heating of hydrogen
discharges. Efficient beam ion acceleration is observed in combined second harmonic
ICRF and NBI heating. Enhancement of the plasma stored energy is explained
quantitatively by the Fokker-Planck analysis. Strong central electron heating associated
with beam ion acceleration is also observed in combined third harmonic ICRF and NBI
heating. Sawtooth stabilization is observed both in second and third harmonic heating. A
parameter space for the sawtooth stabilization with the second harmonic minority heating is
characterized by relatively high density and low q (i, < 6.5x10°m3, q ¢ 2 2.6) and low
threshold power (~ 2MW). Fast ions can be produced efficiently by the second harmonic
minority heating even in high density discharges and play an important role in sawtooth
stabilization. FWEH experiment (f/f. ~ 2.5) in combination with LHCD of relatively low

* Faculty of Engineering, Okayama University
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power (f = 2GHz, P y/Pi¢ = 0.3~0.6) is performed. Power absorption efficiency of fast
wave is improved due to presence of fast electrons produced by LHCD. Bulk electron
heating is observed with high-k; mode and coupling with fast electrons is confirmed in
hard X-ray emission with low-k; mode. The results are consistent with theoretical
prediction based on 1-D full wave code.

The JT-60 ICRF heating system has been upgraded for JT-60U. Two new antennas
have been constructed. They are also 2x2 loop antenna arrays, essentially similar to the old
one, but have three times larger size to improve power injection capability, especially for
H-mode plasmas. Objectives of ICRF heating in JT-60U will be also focused on the
investigation of the higher harmonic heating with emphasis on the sawtooth stabilization in
high density plasma with larger power (~4.5MW). High D-3He fusion yield can be
expected with fourth harmonic ICRF heating of >He in combination with *He beam
injection into deuterium plasma, especially in high density regime [1]. Local current profile
control by uni-directional minority ion heating or beam ion acceleration in combination with
tangential NBI will be tested. Synergetic effects between FWEH and LHCD will be also
investigated more systeratically than before.

Fast wave current drive (FWCD) ability on JT-60U is analyzed for future programme.
Nj-range required for FWCD on JT-60U is found to be 3~6, in analyzing single-pass
absorption rate (1)) of two operation regimes (low field regime and high field regime).
Coupling calculation indicates that eight-loop antenna is favourable for keeping high
directivity in the required Nj-range. Current drive efficiency is calculated with 1-D full
wave code including trapped particle effects and higher harmonic ion cyclotron damping.
We can expect driven current of ~1MA with AMW ICRF power at Ny(p)=4.5, Toq=10keV
and ne0==2><1019m‘3 (corresponding current drive figure of merit of ~0.11x10°°AW1m?)
with reasonable assumptions of wall resistivity = 103Qm, ny/n,=2% and Zog=2. It is
found that very low Ny modes appear due to an eigen mode effect and still affect the current
drive efficiency even in large single-pass absorption regime (1 <0.6).

REFERENCE
[1] YAMAGIWA, M. and KIMURA, H., Nucl. Fusion, 31 (1991) 1519.



WAVE PARTICLE INTERACTIONS OF FAST AND SLOW WAVES
IN JIPP T-I1IIUT

T. Seki, JIPP T-IIU group
National Institute for Fusion Science, Nagoya 464-01, Japan

INTRODUCTION

In JIPP T-IIU tokamak, a series of experiments using the 130
MHz radio frequency (RF) system has been conducted in the last
two years. The objective of the experiments is in the
investigation of the wave particle interactions in the
intermediate frequency range, which extends from the 3rd
harmonic ion cyclotron frequency to the lower hybrid frequency
and is important in the thermonuclear fusion studies.

Fast wave experiments was conducted in the deuterium plasma
mixed with 10 % hydrogen. There were two competitive heating
regimes, that is, electron and ion heating regimes. The electron
heating regime is associated with the fast wave current drive.
On the other hand, the ion heating is caused by the higher (3rd)
harmonic ion cyclotron damping mechanism, which is related to
the finite Larmor radius effects and is thought to be enhanced
as the plasma parameters are improved.

The heating experiments using the slow wave (Ion Bernstein
Wave) have been also carried out. The freguency used is the
highest frequency in the Ion Bernstein Wave heating experiments
thus far performed and are also interesting as the references of
the fast wave experiments.
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This regime exists in the density region smaller than 2 x 1019
m-3, In this regime, the central electron. temperature increases
(see Fig.l) and the drop of loop voltage is observed. From the
pulse height analysis of soft X-rays, it is found that the wave
interacts with the electrons whose energy range is from 10 to 25
kev. We investigated the four antenna phasings, (0,0,0,0),

(o,n/2,n,3n/2), (0,-n/2,-®,-3n/2), and (0,m,0,m). As a result,
the increase of the electron temperature and the drop of the
loop voltage are most clearly observed in (0,m,0,%) phasing. In

this phasing, parallel refractive index of wave, ns, is about
4.5 and this corresponds to 20 keV of electron energy. Other
phasing corresponds to much higher electron energy range, in
which there are few electrons. It 1is thought that the
degradation of heating efficiency in the high density is due to
the absence of slide-away electrons, which can interact with
wave. This density range of the experiment is two orders of
magnitude higher than the lower hybrid current drive density
limit.

In the density above 2 x 10i% m-3, the heating efficiency

decreases. However, the ion heating is observed when the RF
power is applied to the auxiliary heated plasma. On the



injection of 130 MHz RF power, the growth of the hydrogen tail
is observed in the energy spectrum obtained from the charge-
exchange fast neutral analysis (see Fig.2). Stored energy and
neutron yield increase with the input of 130 MHz RF power. This
ion heating is attributed to the 3rd harmonic cyclotron damping.
The antenna phasing effect on the stored energy and radiation
loss does not exist. The heating efficiency of this heating

regime is comparable to those of the established heating methods
such as neutral beam injection
heating.

(NBI) and 40 MHz fast wave

Ion Bernstein Wave heatin (IBWH) experiments have been
performed in the hydrogen plasma and the 3rd harmonic cyclotron
resonance layer was situated at the central chord. The ion and
electron temperatures increase both in the case of the IBWH only
and in the case of the NBI + IBWH. The profiles of ion and
electron temperature peak at the plasma center on the injection
of IBW (see Fig.3 for ion). The density profile also peaks at
the center of plasma by the IBWH and the intensity of H. signal
near the antennas decreases or is constant in spite of the
density increment induced by the IBWH. Different from the fast
wave heating, the high energy ion tail produced by TBWH shows
non-runaway feature (see Fig.4).
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Wave Heating and Current Drive Experiments in JFT-2M

Y. Uesugi*, T. Yamamoto, H. Kawashima and JFT-2M Group
*Dept. of Electrical Engineering and Electronics
Nagoya University, Nagoya, Japan

JAERI, Naka, Ibaraki, Japan

 ABSTRACT

The coupling and absorption characteristics of the fast waves launched from a
phased four loop antenna array have been investigated in JFT-2M. The paraliel
wavenumber of the excited fast waves is determined by the relative phase of the 1f
current on each antenna strap. The coupling characteristics are similar to those ob-
served in ICRF experiments. The loading resistance increases with density and
strongly depends on the antenna phasing. The maximum loading due to surface
wave excitation is obtained at A¢p=rt and minimum at A¢=n/2. These observation
shows that the present four loop antenna array excites the fast magnetosonic waves
dominantly. |

The previous low power FWCD experiment up to 50 kW at 200 MHz shows

that the plasma current is driven in the low density region below He=2}(1018 m-3

and the current drive efficiency is nCD~0.4x1019 m™2A/W as high as that of

LHCD in JFT-2M. Although the density dependence of FWCD is similar to that of
LHCD, the density limit for 200 MHz FWCD is twice higher than that expected



from the LHCD empirical scaling law. Recent high power experiment up to 650

kW, however, indicates that the interaction of excited fast waves with electrons at

Vph/Vt653 brings us the high efficiency electron heating at high density region

above ne=1x1019 m3. Clear FWCD at Ag=n/2 has not been observed yet in JFT-

2M. The absorption efficiency deduced from an increase of the electron tempera-
ture increases with electron density and temperature, and with increasing the paral-
lel refractive index. These experimental results are consistent qualitatively wi.th the
theoretical damping rate based on the electron' Landau damping. The central

electron.hcating efficiency is ne~4x1019 eVm-3/kW as high as that of 2nd harmon-

ic ECH in JFT-2M. The power deposition profile obtained from synchronous de-
tection of the electron cyclotron emission modulated by the periodic fast wave

power shows a peaked profile at the plasma center. The net electron absorption
efficiency calculated from the power deposition profile is Tppg~0.4 at ng=2x1019

m-3 and Teo=0.7 keV, which agrees roughly with that deduced from the change of
the plasma stored energy. In order to demonstrate the high density FWCD at /2
phaSing the loop antenna array was modified to excite the slower fast waves with
Nz~6 at /2 phasing. So far we have observed an enhancement of the energetic

electrons with the energy of several tens keV at /2 phasing but not observed clear

FWCD yet since the antenna loading is not high enough to demonstrate it.
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High-Density and Long-Pulse Operation
by LHCD in TRIAM-1M

Y. Nakamura, S. Kawasaki, E. Jotaki,
T. Fujita, A. Nagao, K. Nakamura, 5. Itoh

Advanced Fusion Research Center
Research Institute for Applied Mechanics
Kyusyu University, Kasuga 816, Japan

The TRIAM-1M research program has the demonstration of high
density and long pulse operation with non-inducting current drive to
provide a basis for tokamak progress toward steady-state reactors.
Recent experiments on the superconducting tokamak TRIAM-1M have focused
on the extension of operational regime of long pulse tokamak discharges
and high density current drive with LH waves {(2.45 GHz, 50 kW). The
plasma discharge duration was extended up to 4210 sec (more than one
hour) and a high density discharge with n = 1.0 x 1013 em3 was
maintained for 14 sec. We report here the recent progress on long-pulse
and high-density tokamak operation by LHCD in TRIAM-1M.

Long-pulse operation has been realized by two important plasma
parameter control (plasma position and density control). It was
impossible to detect the plasma current and position with accuracy over
a long time by using a conventional method with magnetic coils and
analog integrators because the offset voltage in the integrator output
signal increased with time {(1,2). A new plasma position control system
based on Hall-effect sensors, which can measure a magnetic field
directly, was developed (3) and it allowed us to Kkeep the plasma
position within the displacement of S mm during l-hour discharge. Plasma
density. control was required for keeping the peaked profile of high
energy electrons unchanged and preventing them from interacting with the
limiters (4). In order to keep the plasma density constant, the neutral
pressure in the plasma chamber was controlled with the feedback loop
including +the ionization gauge, the gas feed controller and the
piezovalve.

Impurity behaviour in the long duration discharges was
investigated by VUV spectroscopic measurements. The main impurities in
the plasma were molybdenum (0.2 %) from the limiters and oxygen (2 %)
resulting from recycling and desorption. The accumulation of these
impurities was not observed during the long duration discharge. It seems
that the content of the dimpurities in the plasma ' remains at a
quasi-stationary level without an adverse effect on the discharges.

The ring limiters of TRIAM-1M suffered a variety of modifications
such as melting, cracking, deformation and segregation of surface
composition (5). In long duration discharges, the limiter was gradually
heated up and became white-hot locally. Ejection of molten droplets was
occasionally observed through TV monitor. The impurity influx into the

plasma seems to be due to the evaporation from the molten surface of the
limiters.



The long pulse operation has been performed within the upper 1imit

of the temperature at the ceramic break, which is a component of the
plasma chamber. There is no essential problem in long pulse operation
under our experimental conditions. However, the improvement in heat
removal from plasma facing components and impurity control will be
required to operate at high RF power and higher density.

High density operation was limited by plasma current disruption or
abrupt drop of plasma current in the early experimental stage. This
density 1limit is caused by the strong interaction of high energy
electrons with the limiters due to the deterioration of the
accessibility of the plasma to LH waves (4). In order to improve the
accessibility of the high density plasma, the current drive discharge
was carried out at higher toroidal magnetic field and consequently a
high density current drive discharge with Ee= 1.0 x 1013 cm3  was
obtained. Therefore, a sharp RF power spectrum accessible to the central
plasma will be required for higher density discharge.

In high density discharges, it was found that the current drive
efficiency increased with the ©plasma density in spite of the
deterioration of wave accessibility. The efficiency reached up to 0.9
(1019m—2kA/kW) at n =1.0 x 1013cm—3. This density dependence seems to be
due to the improveﬁ%nt of the confinement of high energy electrons. The
direct loss of high energy electrons decreases with increasing the
plasma density because of the reduction of the collisional slowing-dowm
time. Therefore, the current drive efficiency is improved by increasing
the plasma density.

Next operation program in TRIAM-1M is aimed to achieving long
pulse operation at higher plasma density of the order of 1013 cm-3. A
new high frequency (8.2 GHz) LHCD system, which has an output power of
200 kW and a launcher with sharp power spectra, has been installed to
the machine for that purpose. The properties of steady-state tokamak
discharge with high plasma density will be also investigated.

(1) S. Itoh, N, Hiraki, Y. Nakamura, et al., in Plasma Physics and
Controlled Nuclear Fusion Research 1988 (Proc. 12th Int. Conf.
Nice, 1988), Vol.l, IAEA, Vienna (1989) 629,

(2) S. Moriyama, Y. Nakamura, A. Nagao, et al., Nucl. Fusion, 30 (1990)
47 .

(3) S. Itoh, N. Hiraki, Y. Nakamura, et al., in Plasma Physics and
Controlled Nuclear Fusion Research 1990 {Proc. 13th Int. Conf.
Washington, D.C., 1990), Vol.l, IAEA, Vienna (1991} 733.

(4) Y. Nakamura, Y. Takabatake, E. Jotaki, et al., Nucl. Fusion, 30
(1990) 689.

(5) K. Tokunaga, T. Fujiwara, N. Yoshida, et al., J.Nucl. Mater.,
179-181 (1991) 353.



Experiments on current profile control with LH waves in view of
the PBX-M experiment.

Stefano Bernabei
Princeton University
Plasma Physics Laboratory
P.O. Box 451, Princeton, NJ 08543

ABSTRACT

Several current drive experiments have shown that Lower Hybrid waves
modify the current density profile: in order to achieve a good degree of
control of the profile it is necessary to predict precisely the damping
location of the waves and to estimate the radial diffusion of the current
carrying electrons. There are two damping conditions: one for high values
of n, (typically n,>2.5) which characterizes waves with low phase

velocity, in which most of the damping occurs during the first pass of the
‘waves through the plasma. This means that for a given electron
temperature the condition of wave-electrons resonance is satisfied. The
other case is for low values of n, , corresponding to high phase velocity of

the waves, in which there are no resonant electrons. In this case, several
passes of the waves through the plasma with subsequent n, -upshift are

needed to obtain damping. This second condition is often referred to as the
energy gap. The first-pass damping case has the advantage that the power
deposition can be readily calculated, from which the current profile
modification can be inferred . The disadvantage comes from the fact that
low phase velocity waves have low current drive efficiency: furthermore
for a given coupler, high n, are usually obtained by imposing a large phase

difference between adjacent waveguides which produces weaker
directivity in the launched waves. The opposite situation happens for low
n, , or low phase difference: the advantage of high current drive

efficiency is offset by the disadvantage of the difficulty of predicting the
damping location. Therefore the ability of controlling the current density
profile maybe greatly reduced. On the ASDEX experiment we made
combined use of .high n, and low n, launching in order to achieve a

remarkable degree of current density profile control. Results from the
modelling with the CQL3D/LH code (developed by Harvey and McCoy) have
been compared to the experimental results with very good success. The
experience gained will be applied to the upcoming LH experiment on PBX-M,
which is intended to facilitate the achievement of second stability by
properly modifying the current density profile.
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Modelling DHI-D/ITER Fast Wave Current Drive Experiments
with a Full Wave Code*

P.T. Bonoli and M. Porkoiab
MIT Plasma Fusion Center
Cambridge, MA 02139, USA

Current drive in the ion cyclotron range of frequencies is of great interest in the present
generation of toroidal confinement devices and is expected to play an important role in
the steady state operation of future thermonuclear reactors, such as the proposed ITER
device!. In order to better understand recent results for electron heating and current drive
by ICRF fast waves,2'® a toroidal full-wave code? has been modified to evaluate direct
electron bheating in the ICRF regime by the combined effects of transit time magnetic
pumping (TTMP) and electron Landau damping (ELD). Numerical results, confirming an
earlier analysis,® indicate that for arbitrary phase speeds (w/ kjve < 1) the contribution
to the electron absorption via TTMP is cancelled by the cross-term between TTMP and
ELD. Extensive full-wave results will be presented for wave propagation and absorption
in the DIII-D electron heating and current drive experiments. Issues will be addressed
related to the coupling of fast wave power at high negative parallel wavenumber (k) in
the launched wave spectrum, the possibility of large decreases in k, and the possibility of

a sign reversal in k.

An accurate evaluation of the fast wave current drive efficiency in these experiments
is obtained by combining the full-wave results for wave propagation and absorption with
an adjoint solution of the Fokker Planck equation®. Finally, model results relevant to the

proposed ITER fast wave current drive scenario will be presented.

* Work supported by the U.S. Department of Energy Contract No. DE-AC02-78ET51013
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Helicity Injection and Current Drive by RF Waves

A. Fukuyama, K. Hamamatsu?, K. Itoh* and S.-I. Troh#
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Current drive via non-resonant wave-particle interaction is studied both analytically
and numerically and is compared with conventional resonant current drive.

In the presence of inhomogeneity of the wave amplitude or the equilibrium plasma
parameters, the non-resonant interaction generates a force, which mainly acts as an internal
force among plasma species. The net momentum input from the wave to the plasma is
small in this process. The current driven by this force is associated with the change of the
wave helicity. Since non-resonant particles carry the current, the reduction of the current
drive efficiency due to the toroidally trapped particle is not severe as the case of resonant
current drive.

Quantitative analysis is carried out for ICRF and Alfvén waves in a large tokamak.-
The one dimensional full wave code (TASK/W1) is emplyed to calculate the profile of the
non-resonant force and the driven current as well as the helicity flux carried by the wave.

The current drive efficiency 7 increases with the increase of the wave number until the
| kinetic Alfvén wave is strongly excited. In the low phase velocity region, 1 of the non-
resonant current drive exceeds that of the conventional resonant current drve. It is also
confirmed that 1] scales strongly with electron temperature and toroidal magnetic field but
only weakly with plasma density. In the case of low-frequency compressional Alfvén

wave, the efficiency can be comparable with the case of minority-ion cyclotron resonance.



Improved Confinement and Stability
Through Current Profile Modification

T.S. Taylor

General Atomics
San Diego, California 92186-9784, U.S.A.

Detailed control of the current density can lead to increased beta limits and im-
. proved confinement in tokamaks. Improved stability to ideal pressure-driven modes,
local high n ballooning and global low n kink, is attained with peaked current den-
sity profiles and high magnefic shear (high internal inductance, ;) where the entire
discharge is in the first regime of stability. The increase of the maximum achievable
beta with increasing internal inductance has been shown in DIII-D where dynamic
current ramps have been used to alter the current profile. In similarly controlled dis-
charges on DIII-D, TFTR, and JET, and in dynamically-shaped DIII-D discharges,
the thermal energy confinement also increases with increasing £;. Stability to high n
ballooning modes can also be improved with reduced magnetic shear, by accessing
the second regime of stability to ballooning modes. In DIII-D strongly shaped dis-
charges with negative central shear, the central region is in the second stable regime
and very peaked pressure profiles (pg/(p) ~ 4) and high central beta [3(0) = 40%]
are obtained.. Very high confinement, VH-mode, discharges are observed in DIII-D
with large bootstrap current and an extended high pressure gradient region near the
plasma boundary. This improvement in confinement might be a result of second
regime access of an increasing volume of the edge plasma. The use of rf current drive,
ECCD, FWCD, LHCD, and neutral beam current drive for detailed current profile
control has the potential of greatly improving the performance of the tokamak.

This is a report of work sponsored by the US. Department of Energy under
Contract No. DE-AC03-89ER51114.
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Abstract

Control of the current profile and MHD activities in JT-60/60U by the
lower hybrid current drive(LHCD) are discussed. The muiti-junction
launcher, which was installed in 1989, can excite wave with narrow
wave spectrum for wide N regime (N”P‘éﬂk =1 - 2.9 )} without causing
degradation of the directivity. This permits us to study MHD behaviors
in non-inductive plasmas with various current profile.

The plasma internal inductance does not change so much in the
injection of low N;; wave, while high N, wave decreases the internal
inductance with a long time constant. Hard X-ray measurement
indicates that broad (peaked) RF current profile is formed in high (low)
N|| -injection. The change in MHD activities are also observed
according to the change in the internal inductance. Edge MHD modes
{m = 2 or 3 mode) are sometimes destabilized when very broad current
profile was formed by high N; wave injection. Sawteeth are
suppressed with high Nj (N;Pe2k > 2.5) injection, however, about 2 sec
from the onset of LH pulse is required for the sawtooth suppression
and sawteeth reappear at 0.5-1 sec after LH pulse. These behaviors
indicate that sawteeth are suppressed by the change in current profile.
Low Nj wave can alsc suppress the sawteeth. In low Ny (NjPeak < 1.6)
case, sawteeth disappears at several hundred msec after the LH onset
and appears quickly ( within ~ 100msec) after the LH pulse. This time



delay is shorter than that of the case of high Nj injection. There is no
sawtooth suppression for the injection of medium Nj wave (Njpeak =
1.9 - 2.3) with the same LH power and the density as previous two
cases. These results suggest that the mechanism of sawtooth
suppression for low Ny case is different from that of high Nj injection.
We also observed the correlation of the sawtooth free period and the
central hard X-ray emission for low Nj wave injection. Some kinetic
effect of energetic electron may play some role to the sawtooth
suppression by low Nj| wave injection.

Preliminary experiments on current profile control by LHCD were
performed in JT-60U at low density regime (ng ~ 0.5x1019m-3,
hydrogen plasma). Sawteeth were suppressed by low N; wave
injection just after the onset of LH pulse. We observed similar Ni|
dependence of the change in the internal inductance during LHCD as
in the JT-60 experiments. Sawtooth does not appear in an additional
~10MW of neutral beam injection during low Nj LH pulse and
reappears at ~0.3s after the LH pulse. In the LHCD plasma with high
Nj wave in JT-60U, we observed an instability which is accompanied
by the loss of high energy electrons at relatively low density and high
power injection. Large drop in the diamagnetic poloidal beta was
observed during such instability. Energetic electron pulse within ~a/2
propagates to the plasma edge and reaches in the divertor plates with
the time delay of ~ 30msec. This instability occurs repeatedly with the
period of ~200ms. The internal inductance is still decreasing during
such instabilities. Small m=3 mode appears after the disappearance
of this instability. Additional ~10MW of NB injection enhances this m=3
mode, however, sawtooth are still not observed during NB pulse.
Further study of profile control on NB heated D+- plasmas by LHCD in
JT-60U is planned in next year to achieve stable high temperature
plasma. |



Sawtooth Stabilization by ECH near g=1 surface in WT-3

K. HANADA, T. MAEKAWA, M. IIDA, Y. KISHIGAMI, T. KISHINO,
T.MAEHARA, K. MAKINO, T. MINAMI, M. NAKAMURA,
Y. TERUMICHI and 'S.TANAKA

Department of Physics, Kyoto University, Kyoto 606, Japan

ABSTRACT

A study of the effect on Sawtooth Oscillations (STO) by
localized electron-cyclotron-resonance heating (ECH) on the
WT-3 tokamak 1is reported. The effect of ECH on STQO is very
sensitive to the toroidal field Br which determines the
location where the ECH is localized. STO in the Ohmically
heated WT-3 tokamak are strongly modified or suppressed by
ECH near the g=1 surface, where q refers to the safety
factor. In addition to the influence of Br, the normalized
power Pe:c /Pow play an important role for the stabilization
of STO as well. When ECH 1is applied on the HFS of g=1
surface there is an initial linear phase where the period of
STO *s increases linearly with Pec /Pouw, and at larger value
of Pe:/Ponw 715 Iincreases rapidly and complete stabilization
is achieved. The effect of ECH is much strongér when it is
applied on the high field side (HFS) as compared to the low
field side (LFS). The threshold power for complete
stabilization'of' STO decreases with the increasing safety
factor at the 1imiter. qu and in the range of q.24.8 the
complete suppression can be obtained even when ECH is
applied on the LFS. In the case of q.25.0, the threshold
power is almost the same regardless of the heating on HFS or
LFS.

In q = 6 - 7, where there is no STO in the OH plasma,
STO can be excited by ECH. This excitation 1is also
sensitive to the location of resonance layer of ECH and the
injected power, Pec. In order to excite STO the ECH is
applied inside the certain boundary which is smoothly
connected with a boundary for suppression of STO at q.=6.0.
However, one must take a care that if the strong ECH is
applied into -plasma, STO cannot be excited by the ECH



applied near the magnetic axis, while the ECH applied
slightly inside the boundary can excite STQ. This result
suggests that STO are not controlled by the change of q(0)
as expected by Kadomtsev’s model.

The mechanism of the stabilizing and exciting of STO is
discussed; The theoretical model that the stabilization is
due to a modification of the current profile in such a
manner as to lower the shear at the q=1 surface, thus
stabilizing the resistive m/n=1/1 mode is proposed.
Specifically, when the ECH is applied, Te increases locally
and the electron collisionality and hence the plasma
resistivity is reduced, driving more current in this region.
This increment of the current density may result in a local
reduction of the shear. If this reduction in shear occurs at
the g=1 surface, it will have a stabilizing effect on the
m/n=1/1 resistive mode which plays an important role in STO.
In fact, The growth rate of precursor oscillations of STOQ
consisting of m/n=1/1 structure decrease with increasing of
Pec and finally it becomes zero when the complete
suppression of STO takes place. Moreover, our thecretical
model can explain the difference when the ECH is applied on
HFS and LFS. When ECH is applied on the HFS, the high-
energy electrons accelerated by ECH can traverse most of the
surface enhancing a locally peaked current profile on the
entire surface. In contrast, when the ECH is applied on the
LFS, many of the high-energy electrons are easily trapped in
the banana region and do not contribute to an enhancement of .
the current density. As a result there is smaller influence
on the shear and hence the stability. However, in high qL
region, the mirror ratio on the q=1 magnetic surface
decreases because of the reduction of the g=1 surface and it
must be hard to trap the high energy electrons produced by
the ECH. This can also explain the reduction of the
difference on the threshold power for the suppression of STO
when ECH is applied on the HFS and LFS in the experiment.
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ITER CURRENT DRIVE REQUIREMENTS
H. Kimura

Naka Fusion Research Establishment
Japan Atomic Energy Research Institute

ITER current drive and heating (CD&H) systems, defined during Conceptual Design Activities
(CDA), are briefly reviewed. Two scenarios (reference and alternative) were identified according to
experimental data base and modelling calculations during CDA. Both are indicated in Table 1. A
difference between them is only in the choice of the main current drive and heating system. NB
was selected as a reference system, since some data base exists for the current drive and a
theoretical current drive efficiency shows the best value among all schemes. On the other hand, IC
was regarded as an alternative, because the system has merits of low cost and small R&D need but
its data base of current drive was sparse. Main critical issues on physics for each system, listed in
Table 1, are discussed. '

Table 1 ITER CURRENT DRIVE AND HEATING SYSTEMS

REFERENCE:
SYSTEM POWER ROLE REMARKS
NB T5MW - Current Drive (central region) Alfven instability
(1.3MeV) Heating to Ignition
Bumn Control beam penetration ?
LH : 50MW Current Drive (outer region)
(5GHz) Current Ramp-up Assist divertor heat load ?
EC 20MW Plasma Start-up Assist ] _
(120GHz) Current Drive (q=2 surface) trapped electron ?
ALTERNATE:
SYSTEM POWER . ROLE REMARKS
IC 130MW Current Drive (central region) data base ?
(15- " ky-upshift, eigenmode
80MHz) Heating to Ignition
Burn Control
LH SOMW Current Drive (outer region)
(5GHz) ' Current Ramp-up Assist divertor heat load ?
EC 20MW Plasma Start-up Assist ,
(120GHz) Current Drive (q=2 surface) trapped electron ?



CURRENT DRIVE EXPERIMENTS ON CDX-U: HELICITY
INJECTION AND PRESSURE DRIVEN CURRENTS

C. B. Forest and the CDX-U Team
Princeton University, P. O. Box 451, Princeton, NJ 08543

ABSTRACT

A general overview of the CDX-U physics program will be presented with an
emphasis on current drive experiments. The primary focus of the the project has
been DC helicity injection current drive and current transport studies in a low-
aspect-ratio torus, and evidence supporting tokamak formation will be shown.
The CDX-U helicity injection scenario consists of a high current (<400 Amps,)
low energy (< 500V olts) electron beam injected from a heated, LaBg cathode.
Up to 6000 Amps have been driven in this method, the primary requirement
being a careful programing of the externally imposed poloidal field. Another set
of experiments has observed pressure driven currents in an ECH heated plasma.
A novel poloidal field configuration is able to provide confinement in the absence
of toroidal plasma current. In the initial stages of the discharge, however, field-
aligned currents flow along open field lines to eliminate the charge separation due
to VB and curvature drifts and trapped electrons precess toroidally to produce a
net toroidal current. The toroidal current of as large as 850 amps was generated
with ~ 8 kWatts of ECH power. At this current level, the poloidal field created by
these currents is significantly larger than the vacuum field and may produce closed
flux surfaces. This internally driven current may offer an attractive method to
start up and maintain a low-aspect-ratio tokamak by generating the seed current
required for a bootstrap current driven equilibrium.



Model of Divertor Biasing and SOL Plasma Response

K. Nagasaki, K. Itoh!, S.-I. Itoh!
Plasma Physics Laboratory, Kyoto University

t National Institute for Fusion Science

Recently the importance of the scrape-off layer (SOL) and divertor plas-
mas has been widely recognized. The boundary plasma, which surrounds the
main plaéma, has a critical role in determining the global confinement, par-
ticularly for the appearance of improved confinement modes. The long and
stable discharge in the high power heating regime is possible only if the SOL
and divertor plasmas are controlled so that the rapid impurity generation
is suppressed. It has been also noticed that the condition which is imposed
on the divertor plasma often limits the parameter regime of the consistent
fulfillment of various physics and technological constraints. Motivated by
these results, the divertor biasing have been done in search of the control of
the SOL/divertor plasmas. It has been found that there is a spontaneous
force free current driven by the thermoelectric field in the SOL/divertor re-
gion. Applying a DC voltage betﬁeen two divertor plates may control the
SOL/divertor plasmas. '

In this workshop, we will show the theoretical analysis of the divertor
biasing. A simple slab model is used to describe the classical parallel trans-
port. Assuming the particle flux enhancement factor in the divertor region,
we evaluate the SOL/divertor plasma parameters as a function of the ex-
ternally applied DC electric field, for the given fluxes from the coré plasma.
The necessary voltage to equalize the plasma temperature or sheath poten-
tial at the divertor regions is calculated. These parameters are key factors of

estimating the erosion rate and the impurity source.



The plasma region of our interest is illustrated schematically in Fig.1.

We take a simple slab plasma model by choosing the SOL width to be con-

stant. Figure 2 shows a sixﬁpliﬁed geometry of our analysis. The heat and

particle fluxes are supplied from the main plasma at the distance L1 from

the divertor plate 1. The source asymmetry appears in the experience. It

is usually considered that the supplies are made in the vicinity of the outer

mid-plane. In our model, this asymmetry is made by the difference of the

distance between two plates, L1 # L2. The distances L1 and L2 are chosen

as given parameters. We discuss the effect of the divertor biasing on plasma

parameters such as temperature, density, sheath potential and heat flux in

. the SOL/divertor plasma.
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Abstract for US-Japan Workshop on RF Héating and Current Drive in Confinement System Toka-
maks, Nagoya, November 18-21, 1991.

BIASED DIVERTOR EXPERIMENTS ON DIII-D

Reported by

R.D. Stambaugh for the DIII-D Group
General Atomics
San Diego, California 92186-9784 USA

A summary of divertor biasing experiments in the DIII-D tokamak was pre-
sented. The talk focussed on the two areas in which substantial results have been
obtained: the use of biasing to increase neutral pressures in the pumping plenum
and the use of bias to alter the H-mode power threshold. In addition, because of
the subject of the workshop, some remarks on helicity injection current drive were
made. Other effects of bias, e.g. on confinement and ELMs, have been small and

inconclusive,

The biasing hardware consists of a toriodally continuous electrode in the lower
outer corner of the DIII-D vacuum vessel. This bias ring has graphite tiles as plasma
facing components. Boron-nitride tiles insulate the ring from other structures. It is
water cooled. There is 2 3 cm gap under the ring leading into a pumping plenum.

Later, a cryopump will be installed in the pumping plenum.

Initial studiés have foccused on maximizing the neutral pressure in the pumping
plenum. Without bias, a maximum pressure of 10 mTorr is produced when the outer
divertor strike point is 3 ¢cm from the edge of the divertor bias ring. The neutral
pressure increases in proportion to neutral beam power. With bias, the electric field
points either toward or away from the ring. Hence Ej x Br is parallel to the ring
surface and either into (negative bias) or out of (positive bias) the pumping plenum
region. The resulting E x B drift constitutes a powerful plasma pump. In DIII-D
geometry this pumping speed can be 10° liters/sec! Positive bias is found to decrease

the neutral pressure in the plenum. Negative bias increases it. The difference is an



order of magnitucie; pressures up to 16 mTorr have been produced. The pressure
varies linearly with bias voltage. Even with the outer strike point located far up on
the ring, far from the optimum location without bias, the E x B drift around the
ring keeps the pressure in the plenum high. This effect may be very useful in future
applications to guide plasma down ducts. Even without pumping, negative bias has-
been able to store particles in the pumping plenum, lowering the plasma density and
increasing the plasma temperature. With the future cryopump installation, this lower

density operating path may lead to enhanced confinement.

DC helicity injection current drive results so far are encouraging but incon-
clusive. The reconnection of the OH ¢oil in the middle of the observational period
produced complicating loop voltage transients. A comparison of the two best shots

with and without bias shows some reduction in loop voltage and £; with bias.

Divertor bias alters the H-mode power threshold. With the grad-B drift either
toward or away from the X-point, a bias voltage of 475 volts reduées the power
threshold by about 30%. Large voltages either negative or positive can increase the
power threshold up to a factor of 4. E, x By drift effects probably are not involved
in this result, since the sign of the optimum voltage does not depend on the éign of
Br and since for positive bias, the E, x By drift is radially outward, which should
raise the threshold power. Bias produced changes in the radial E field shear might be
involved, since the radial E field profiles are different with ﬁegative and positive bias.
Current driven instabilities in the SOL, produced by the bias current, could explain
a minimum in the power threshold at non-zero bias current if +75 volts is required
to cancel normal thermo-electrically driven SOL current. This effect of bias on the

H-mode péwer threshold needs theoretical attention.
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Divertor Biasing and Helicity Injection

Kimitaka Itoh

National Institute for Fusion Science, Nagoya 464-01, Japan

The DC helicity injection has been studied as the innovative
method for current drive. In this scheme, the current is driven
(by helicity injection) near edge and transported to the core
plasma. One of the candidate is to drive the parallel current in
the scrape-off layer. The existence of the‘toroidal current in
the scrape-off layer has been known experimentally. The question
1s the process in the core to transport the current. In order to
study the validity of this scheme, we investigate the steady
state of the core plasma in which the resistive dissipation is
sustained by the cross field transport of the current.

We take a cylindrical tokamak model for the simplicity.

The cylindrical coordinates (r,8,z) are used. The Ohm’s law is

written as, in the stationary state without equilibrium flow,
7] - AA] = O, (1)

where J is the current, % is the resistivity, and A is the
current diffusivity. A is the coefficient for the current
diffusion. For the simplicity; we look for the solution

with the cylindrical symmetry, and assume that the coefficient

A/m is constant in space. The solution is given as

I(r) = (O (/A7) (2)



where J(0) is the current density at the axis, and I is the zero-
th order modified Bessel function of the first kind. The shape

of the current is dictated by the parameter A = a/%/a, where a is
" the minor radius of the plasma. For the actual application, the
current density cannot be too high at the edge to avoid the
violent MHD. activity. The internal inductance must be of the
order of 1/2 or higher. This condition requires that A has to be
of the order of unity.

The requirement of the low value of A set a lower boundary
for the current diffusivity. The current diffusivity cannot be
enhanced alone. The enhancement of the current diffusivity
is associated by the increment of the other transport
coefficient, such as the thermal diffusivity x. For instance,
when the cross field transport is driven by the magnetic
~braiding, A and 1 are estimated as i = [JECZ/Zmpz]uovteDM and aA/x
= ﬂuocz/ﬁmpz, where ¢ is the speed of light, Wy is the plasma
oscillation frequency, Vv,, is the electron thermal velocity and
Dy is the diffusion coefficient of the magnetic field line.

Noting these relations, we have the relation
ZA'zamznonkeV_a/z ><105 [mz/s] (3)

where a, Ty,,, and nyq are the minor radius [in m], temperature in
[keV] and the density [in 10203733 From this relation we

see that the condition on A, i.e., A~ O0(Cl), requires very large

transport coefficient, which is too large for therreal expérimen-
ts. This indicates the importance of the current transport, for

which the rf helicity current drive was shown to work.

# This work is performed in collaboration with S.-I., Itoh and A.
Fukuyama.
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Initial Results of LHCD in JT-60U and Limitation
of the LHCD Application
T. Imai and JT-60 Team
Japan Atomic Energy Research Institute

Naka Fusion Research Establishment
Naka, Ibaraki, Japan

LHCD in JT-60 had finished successfully in 1989. Non-inductive current drive of 2
MA, efficient current drive performance with efficiency 0.34x1020m2A/W and high power
LHCD up to ~5 MW were demonstrated. In JT-60U, plasma current is increased up to 6
MA in divertor discharge and deuterium plasma operation is possible. LHCD program in
JT-60U aims further progress of LHCD to explore steady state tokamak reactor and study
the profile control. The LHCD power of 2-3 MW from 24x4 multi-junction (MJ) launcher
is prepared from 1991 and will be about 10 MW in 1993 by adding new 48x4 MJ launcher.
Multi-channel hard X-ray detectors are equipped to investigate the power deposition
profile. Plan to increase the HX measurement and current profile measurement is
progressing. '

Initial results of JT-60U LHCD

Maximum LHCD power of ~1.5 MW has been injected into JT-60U plasma with
Bt=4T, Ip=1-2 MA and hydrogen gas in divertor discharge, and ~2MA current has been
driven. In spite of the carbon first wall, density control was easy and very low density
plasma far less than 1x101%9m-3 was routinely possible in this series of experiment by
keeping the wall temperature 150°C and overnight GDC. Njdependence of current drive
efficiency (Ncp = neRpIRF/PLE) roughly agrees with theory. The Ncp at present is
~0.2x102°m2A/W and is still low, since the present density region is less than 0.7x1019
m3 . Both consistent with the previous results on JT-60. We still need further conditioning
of the launcher to get higher performance in the higher density and current region.

‘Some HX profile data were obtained which indicate the change of the power
deposition profile with change of the phasing of the launcher. Identification of the
dispersion relation of the lower hybrid wave in tokamak was studied using the NBI as a
probe. Both NBI and LH power were simultaneously injected and density was linearly
ramped up from 0.4 10 3.0x101°m3 in time. The dependence of the critical density, where



the coupling of the LHW changes from electrons to ions, by changing the beam energy was
examined. The results are interpreted to dispersion relation and agrees well with theoretical

one.

Power nd limitati LB

Localized heat load to the first wall due to the fast electrons accelerated by the LHW is
sometimes emphasized in the LHCD experiments. This kind of problem, so called, "hot
spot" was especially remarkable in the early experiment of the LHCD since the
experiments were done in the limiter configuration and in the very low density region
usually less than 1x1019m3. It has been anticipated to damage the first wall and divertor
plates due to the intense fast electron beam produced by the 50-100'MW LH power
required in an application of the LHCD to the reactor.

In JT-60, however, there were no serious problem of the hot spot or localized heat
load except some special conditions. High power of 4.5 MW was injected without any
problem of the divertor plate, if the operational density is higher than 1x101%m-3. The
FWHM ( full width of half maximum ) of the heat flux profiie to the divertor plate is almost
similar to the OH and NBI plasma. Ratios of the radiation loss and divertor heat loss to the
total absorbed power in the normal LHCD discharge are almost same as the OH and NBI
heated ones. In normal case of 3¢ ( distance between launcher and outer most surface of
the plasma ) > 1.5 cm, heat load to the divertor and radiation loss are ~40% and ~50%,
respectively. Confinement time of the LHCD plasma was similar or better than that of the
NBI heated plasma, which indicates power absorbed by the fast electrons transferred to the
bulk plasma through slowing down process and there were no direct loss of the fast
electrons.

In some cases, the hot spot phenomena and data which indicate the localized heat load
and/or the direct loss of the fast electrons were observed even in the JT-60 and in 60U, too.
Example of these will be discussed in the meeting. These phenomena were observed in the
case of quite low density with relatively high power LHCD or some disalignment of the
first wall or error field. In conclusion, the hot spot and/or localized heat load in LHCD are
unlikely to occur in normal divertor operation and the LHCD seems to be applicable to the
ITER class tokamak, though we need further quantitative studies of these phenomena.
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SOL/Divertor Plasma Performance during the Auxiliary
Heating/Current Drive in JT-60U

M. Shimada, K. Itami, N. Asakura, H. Kubo, K. Shimizu, and JT-60
team :

Profiles of electron temperature and density on the divertor plates
- were measured with an array of 15 Langmuir probes installed on
the divertor plate. In hydrogen ohmically-heated discharges with
Ip=2 MA and B1=3.7-3.8 T, an increase of the main plasma density

from 0.6x101° m™3 to0 2.8x101? m™ results in reduction of the peak
electron temperature from 80 eV to ~10 eV and increase of the peak

electron density from 0.2x1012 m™ to0 2.8x10!? m™3. Both particle
and heat fluxes as well as electron pressure of the electron side are
large compared to those of the ion side when the direction of the
gradient BT drift is toward the divertor plates. Parallel current in

the scrape-off layer from the electron side to the ion side. The
magnitude of the scrape-off layer current is close to the ion
saturation current. When the toroidal field is reversed, the
asymmetry in electron pressure, and scrape-off layer current
reverse direction as well. The sum of heat flux and the total
radiation loss roughly equals to the joule input power of 1.3-1.5
MW. Neither temperature nor density of divertor plasmas are
affected by the change of BT. The total ionized neutrals Siofa]

supplied to the whole plasma including the scrape-off-layer
obtained from the Hg emission signals is consistent with the

particle flux to the divertor plate I'qjy. The particle confinement

global

times of global tp(tp =TieVp/I'div) are derived. In the density

region of fe>1.3x1017 m™3, Tpglobal decreases proportionally to

nehl .

During neutral beam heating, an increase in the main plasma
density results in increase of radiation loss in the divertor(remote
radiative cooling) up to 50-60 % of the total input power. The
radiation power in the main plasma is ~20 %. Analysis of divertor
heat load and divertor characteristics during neutral beam heating
and LH current drive experiments is in progress and will be
presented at the meeting.
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Simulation Study of SOL Plasma Transport and the 5Scaling Laws

Sanae-1. Itoh, Noriaki Ueda®™ and Kimitaka Itoh '
National Institute for Fusion Science, Chikusaku, Nagoya 464-01
*Mitsubishi Atomic Power Industries, Inc., Minatoku, Tokyo 105

Numerical analysis on Scrape-0ff Layer ( SOL ) plasma and divertor
plasma in tokamaks is made by using two-dimensional time-dependent
transport code ( UEDA code ). Plasma transport in SOL and the divertor
region is calculated for given particle and heat sources from the main
plasma, Scaling study of the density, the temperature and their fall-
off lengths is done for JFT-2M tokamak. The results show us inter-
relations between the divertor plasma parameters and the core plasma con-—
finement. The operational conditions of the core to guarantee the
divertor performance are discussed.

We consider the single-null divertor plasma in JFT-2M tokamak.
Using the model transport coefficients of SOL plasma, we solve the 2-D
structure, where the width of heat flux channel, motions of neutral
particles in a realistic geometory of the chamber and changes of plasma
parameters in SOL are calculated in a consistent manner, Using the

total particle flux, rout’ and the heat flux, P from the core as

parameters, we study the dependences of the edgzugensity (n,), the
density fall-off length (An). the electron temperature (Tb,e) and its
fall-off length (AT) { measured at the mid-plane ), as wel as the densi-
ty and the electron temperature at the divertor plate, Ny and Td,e' Td
represents the peak value on the plate, Independent of Td,e' the dense
divertor plasma can be established when the high recycling condition,
i.e., the multiplication of the neutrals is sufficient. We do the
sinulation in parameter ranges where the dense divertor plasma condition
holds,

The results on R Tb;e' Ny and Td,e are.as follous,

lp '0.3’ (1) Tb,e o rout—0.25P0ut0.5. (2)

By = r out

out



We see that the reduction of particle flux yields the decrease of the
edge density and the moderate increase of the temperature for the fixed

output power. We also obtain the dependences of A, and Ap as
- -Q. .15 _ 0.4 -0.23
Ap=dloyt 0 24Pout0 ) Ar=dlout "Pout (4)

where the value of d is 1.8 cm in JFT-2M for rout =1021/sec and Pout =
100kW. The A, expands while Ar contracts with the higher Pout for given

r On the divertor plate we find

out -

l.lp t‘0.35’ (5)

-1 1
ng* Tout” Pou Td,e“ Fout Pout (6)

The divertor density is roughly proportional to the edge density, i.e.,

nd“rouil;'l/Pou?'s5 = (rout./Pou(g's)l.1 * ("b)L1 Y
The dense plasma condition in the divertor region is correlated to the
edge density, i.e., the particle confinement. The cold divertor condi-
tion is also strong-ly affected by the outflux from the core plasna.
The absolute value of the T4 . is 30P,,, (W) /T, (1022/sec) eV.

Using the obtained scaling relations, Eqs. (1)-(6), we consider the
divertor performance and the core confinement. Neglecting a radiative
cooling term, the cold divertor condition in a stationary phase is
derived from the relation as Td = pout/TGrout‘ The value of Pyt from
the plasma is simply evaluated by rp of the core, as rout = <n>Vp/rp,
.where Vp is the plasma volume and <n> is the averaged density. This
leads to T, = Poutrp/fGan. If we use an empirical law, Ty = O.OBPMQ
l/znezo—llp( P in MW, <n> in 102053 ), which is obtained in particle
control experiment in JT-60 of diverted configuration, we obtain Td «
PL/2/¢n>2 This naturally leads to the fact that the high density
opeartion is essential in high power regime in order to guarantee the

divertor performance,
References
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Anomalous transports associated with the helicity transport in a plasma

7. Yoshida
Department of Nuclear Engineering, University of Tokyo
Hongo, Tokyo 113, Japan

Heat and particle transports which are associated with the helicity transport are ob-
tained in a current-carrying plasma. The helicity flux represents the transport of paral-
lel current density and is produced by an electric field with a circularly polarized com-
ponent. Fluctuations with circularly polarized components induce finite average in
cross-field nonlinear parallel current, which leads to generation of frictional electron
heat flux as well as ion nonlinear polarization current which produces particle flux.
The circular polarization of the perturbed electric field thus relates the helicity flux,
electron heat flux and the particle flux in such a manner that the heat and the particle
transport in the direction opposite to the helicity flux. This result applies whether the
helicity is injected externally by oscillating fields or it is generated internally in the
plasma. |

We take the coordinate system such that x is normal to the flux surface and y in the
direction of the wave vector. The ambient magnetic field exists in the y-z plane. When
vbe choose a specific gauge such that ¢ = 0 at x = 0, the helicity flux Fp, across the sur-

facex =0 is given by
(F'ﬁ),:E(—@A1M1 . Vx) ,

or expressing in Fourier amplitudes,
(F},’ k),:%’(Ap(AE . Vx) + C.C.

These relations show that, for the helicity flux to be finite, the perturbation should have

a circularly polarized component.



For the tearing-mode turbulence we observe that V - ((F;,)) corresponds to the hy-

per-resistivity term;
(Fx)=—B2o Do Vino,

where Dy is the hyper-resistivity. _
The nonlinear parallel current, as well as the the nonlinear polarization current, be-
come finite in the tearing-mode turbulence, and both are related to the helicity flux.

We obtain

{irk= %;O)l—( )(F ks

0

and accordingly the frictional heat flux

xl&(ax"z.o)l (k.!.)

(@ik=

where VX By = ABy, v;0 = —jy0/ eng kifx ) =0, and C;is a positive number of the
order of 1. We require a balances finite average in the perturbed perpendicular current,
which is primarily an ion current, to retain the charge neutrality. A particle flux results; |

using the helicity flux, we may write

(rike= L"’{i‘:;z)" (e

The perpendicular ion current is primarily produced by the nonlinear polarization drift.
The polarization current is dependent upon the perturbed radial electrostatic potential.
The average charge neutrality condition <j>y + <jp>x =0 yields an ambipolar relation

for the perturbed electric field.



Consistency of Current Drive and Divertor Conditions

M. Sugihara, Y. Murakami, H. Kimura, T. Nakazato,
T. Tsunemastu, Y. Shimomura

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

Systems analysis on the operational capability of steady state and
long pulse operation in ITER (International Thermonuclear Experimental
Reactor) are studied with particular emphasis on the consistency of
current drive and divertor conditions. In ITER, the steady state or long
pulse operation with reasonably high fusion power or neutron wall
loading (= 1 MW/m? at test region) must be achieved for the nuclear
testing of blanket. Most critical issue for this operation is the
consistency of current drive and divertor conditions, since the additional
power input is necessary for current drive and the efficient current
drive requires relatively low plasma density. In fact, the steady state
operation with the neutron wall loading higher than 0.4 MW/m2 is
considered difficult to be achieved due to severe divertor heat load.
Divertor peak heat load is expected in the range of 5 MW/m2 for the
ignition operation with relatively high density, while it becomes more
than 20 MW/m2 for the steady state operation with the neutron wall
loading of 0.7 MW/m2,

In this paper, we will perform the wide range of systems analysis
. to identify the operational capability for steady state and long pulse
operation in ITER based on the simple scaling laws for divertor peak
heat load. It should be noted, however, that the estimation of the
divertor conditions contain substantial uncertainty due to the
incomplete database and modeling for SOL and divertor plasmas.
Operational capability will be altered to substantial extent by this
uncertainty. Thus, we will employ two representative scaling laws;
Harrison-Kukushkin's (HK) scaling [1] and Itoh's scaling [2] in the
analysis. Importance to establish reliable scaling law is also pointed out
by the comparisons of resultant operational capability obtained by these
scaling laws.

In the analysis of steady state operation, operation space on the
plasma current and temperature plane (Ip-T) and various restricting
conditions for the operation space are identified. On this operation
space, the divertor peak heat load is examined by the above scaling
laws. '

In the analysis of long pulse operation, hybrid operation (plasma
current is partially driven by non-inductive means with the supplement
of inductive drive) space is first identified to achieve the required
neutron wall loading and burn time for the nuclear testing (here we
assume 1 MW/m? and 2000 seconds). Possible improvement on the

_44._



divertor peak heat load with the extension of various restricting
conditions, such as current drive efficiency, confinement enhancement
factor, beta, available inductive flux, are quantitatively evaluated. An
example of hybrid operation space is shown in Fig. 1, where operation
point A provides the longest burn time within all of the restricting
conditions (in this case confinement of power law is most restricting),
and operation point B provides the best divertor condition with the burn
time of 2000 seconds. Peak divertor heat load of this point is 7 MW/m2
as shown by the left hand side of open circle in Fig. 2. With increasing
the inductive flux (equivalently increasing the radins of OH coil, Roy),
the divertor peak heat load is improved as shown in Fig. 2.

Lastly, we will examine the experimental capability to explore the
high heat load condition on divertor in DT steady state and hybrid
operation with use of the H and H/D operation in Physics Phase.

References
(1] M.F.A. Harrison, A. Kukushkin, ITER-IL-PH-13-9-E12 (1989).
[2]  S-I. Itoh, N. Ueda, K. Itoh, Plasma Physics and Controlled Fusion, 32

(1990) 415.
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Fig. 1 An example of operation space for hybrid long pulse operation.
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Fig. 2 Divertor peak heat load and fraction of non-inductive driven
current as a function of inductive flux for 2000 seconds of burn.



Summary Report Group A S. Bernabei

Perspectives on RF Technology and Applications

The discussion on RF current drive focussed on the comparison of the three leading methods,
Fast Wave, Lower Hybrid and Electron Cyclotron Current Drive, and on their main characteristics
and problems.

In summary there was almost unanimous agreement that FWCD is the most promising method
from the physics and technology points of view, followed by ECCD and then by LHCD, but there
was also agreement that the inverse order applies for what concerns present experimental
demonstration of steady state current drive.

Infact in theory FWCD presents many advantages over the other methods: it has no density
limit and because of the low frequency does not suffer the same limitation in penetration as for the
LHCD (this indeed is the most serious limitation for an otherwise very succesful current drive
method: the accessibility condition in a reactor plasma imposes a phase velocity for the launched
wave which resonates with electrons at temperature around U 15 keV. Beacause of the strong
 damping, regions at higher temperatures are inaccessible). Efficiency can be as high as for the
LHCD, and the technology seems well at hand. During the discussion there was not total agreement
that coupling by means of loops is the most desirable, even without the Faraday shield, but it was
noted that even the LH waveguide array may not be the easiest owing to the difficulty of cooling
the thin septa between adjacent waveguides.

ECCD seems equally good from the physics point of view but the RF sources are a
continuous problem, even if often overstated.

The whole situation reverses when experimental results are considered. Infact LHCD has
sustained currents up to 2 MA (JT60), and currents in excess of one hour (4210 seconds in
TRIAM-1M) with a maximum figure of merit of 0.4 (10E20 A m‘2/W). This figure of merit
approaches the theoretical value and should reach 0.5- 0.6 (the ITER realistic value is 0.35).

By comparison ECCD has driven 100kA (DIIID) but without reaching the condition of steady
state characterized by Vj =0 and even if the predicted figure of merit for ITER is 0.25, the best
value so far obtained is 0.01. It was noted that trapping effects may enhance bootstrap current, but
the value is still U40 times less than LHCD. ) '

Finally FWCD has not yet shown unequivocal sign of current drive. It has shown ‘ability of
heating electrons in good agreement with theory,



unidirectional effects are observed but the current is independent of the phasing (DIID): this was
one of the most tantalizing results presented at the workshop.

As for the current profile control again the only clear results are provided by LHCD (JT60 and
ASDEX results were presented), but the best theoretical localization of the driven current is with
ECCD.

The group briefly discussed the major oustanding misteries and problems and the suggested
priorities for the experiments: the above mentioned FWCD phase independence, the need for more
data on sawteeth and m=2 stabilization with ECCD and the study of the importance of the fast
electron diffusion in LH current profile control. In the case of LHCD the mechanism for the
bridging of the spectral gap is still not completely understood, however it appears that computer
modelling follows closely the experimental results.

It was noted that JT-60U and JET are in the position of demonstrating the inaccessibility of
the LH waves into the hot core of the Tokamak.

Attendant: S. Bernabei, P, Bonoli, R. Freeman, K. Hanada, T.Imai, H. Kimura,
T. Maekawa, K. Nagasaki, K. Ohkubo, T. Seki, S. Tanaka, K. Ushigusa,
T. Watari



Sunnary Report for the Discussion Group B

K. Ttoh (NIFS)

4ttendant: V. S. Chan, C. Forest, A. Fukuyama, K. Itoh, Y. Taguchi,

Z. Yoshida

This group discusses topics (l)Motivation of the research in
this direction, (2) Physics of Helicity Injection/Transport,

(8)Synergies in the Innovative Current Drive,

1. ¥otivation of the Research

We firstly reviewed why and in what direction the research
on innovative current drive must be performed and strengthened.

It 1s widely recﬁgnized that the present method of the
current drive is not yet efficient enough. This is particularly
true for the high density plasma, which is necessary from the
view poiht of the divertor control. It 1is also known that
although the profile of the current can be externally controlled,
the applicability is limited to some parameter range. In shorf,
to open up the parameter for flexibility is still an urgent task
of the research,

The necessary airection would be as follows: Key concept
for the steady state plasma would be the circulating power, which

we nust minimize. As the plasma beta or temperature 1ncreases,



the required circulating power for sustenance/control is reduced
owing to the improved current drive efficiency and spontaneous
current such as Bootstrap current. On the other hand, if the
high beta value is required, the current profile cannot be freely
chosen. [Clear example was shown by T. Taylor. The Bootstrap
current profile will give lower beta limit for MHD stability.
Additional current profile control is requested to achieve high
beta value., ] The necessary power would behave as a U-curve as is
shown in Fig. 1. The reduction of the minimum circulating power
is clearly the direction of the future research.

Another way to reduce the necessary current is to improve
the plasma confinement. If the quality of plasma confinement,
such as rE/Ip is enhanced [as is the case of H-mode or VH-mode
and so onl], then the necessary current is reduced. This allows a
straightforward reduction of the circulating power.

In addition to these research to look for the break through,
the impact on tﬁe phisics understanding must not be bypassed.

The innovative experiment, which is different frow conven-
tional .experiments in dimensionless parameter or boundary condi-
tion, may yield an unique touch stone for the plasma modelling.
For instance, the transport of the current, which is a key
physics in studying the DC helicity current drive, on the other
hand casts a new aspects of the understanding of the anomalous
transport of the core plasna. Other example can be seen from the
study on the rf helicity current drive. This scheme is theoreti-
cally formulated in terms of the nonresonant force of the wave on

the plasma. This force can also be a candidate to drive the



plasma rotation, thus giving a chance for the improved confine-
ment experiments.
e conclude that this workshop has contributed quite a lot

in these two aspects. Examples are seen in the following.

2. Helicity Current Drive

BF Helicity Current Drive

Through this series of workshops (this time and the last San
Diego ¥$) fhe physics picture of the rf helicity current drive 1is
firmly formulated.

The particle picture was developed by Chan and GA group with
the local drive efficiency. The current is reformulated in termns
of the nonresonant force from the RF wave to the plasma by
Fukuyama et al. The latter formalism allows to combine the
global wave analysis with rf helicity current drive., The over
all efficiency was calculated. The weak density dependence was
confirmed. The experimental evidence, however, will be obtained
only the plasma temperature is high. Only small and finite wave
pmomentum (vacuum part) is necessafy to cause net electro-motive
force in plasma.

DC Helicity Current Drive

CDX-U experiment has demonstrated that the DC helicity
injection into open field line can, in the end, form the closed
magnetic surface. Toroidal current is found to flow_mainly in
the closed magnetic surface., The shape of the current profile in

the closed surfaces are of large interest. [Can the plasma have



peaked current density? If so, then what mechanism carries the
current into the axis?] The presentation leave us with this
desire for the further knowledge, which will be given in a year
or two, |

One interesting point is remarked that the e-bean experimenf
may be able to check whether or not the generalized tern /ZeK/m+V)
f(eg/m+Vx7) rather than .K;g is conserved. It is also noted that
the SPAC experiment (by A. Mohri) should be revisited.

ity and Current Trans t

The transport of the current is of vital importance for the
- sustenance by means of the DC helicity injection. During thé
workshop, it is argued that the current diffusion across the
magnetic surfacé must be associated with thermal transport, and
this value is too large for the application to large devices.
Other calculation has also shown that the heat flux is in the
opposite direction of the helicity flux, and obtained the heat
flux driven by current density gradient through tearing mode.

This kind of calculations is deeply connected with the
anomalous transport of the cofe plasma. The hypothesis of the so
called "heat pinch” has been discussed (i.e., the heat flux gq is
driven by some g;adient, in addition to VT, so that g has and

offset g = -x¥T - q._), and the heat flux driven by V] is one

in
candidate. This term was considered to be small for the drift
wave frequency, but future research is necesséryz The current

diffusivity was predicted to play an important role in the

collapse of sawtooth.

Rotation drive



Chan and GA group reportéd their calculation on the rotation
drive by the nonresonant force of rf waves. The nonresonant
force on ions are calculated for the low frequency waves. It was
found that the force is giveﬁ b& the formula FNR[Newton] =
0'4n20PkW/BT2Nz- This force can be compared to the force driven
by NBI for which Fypy=7.5x10 4P,y for the deuteriun beanm at 80
keV. This estimation shows that the rotation drive by the rf
nonresonant force can be more efficient than NBI, and propose a

new experimental method to improve the plasma confinement.

3. Synergies
The synergetic effect between two different mechanism of
current drive may enhance the overall efficiency. Although the
Bootstrap current has been studied, not all of the plasma free
energy was investigated as a possible source of the plasma current,
The Bootstrap current has been shown by large devices that
it can sustain considerable pért of the total plasma current,

For it there has been a long argument of the seed current, which
cannot be eliminated for the conventional BS current drive scheme.
ECH experiment on CDX-U has shown that the perpendicular

heating of the plasma can sustain almost all of the toroidal
plasma current. The dependence of direction of the toroidal
current on B, and B, suggests that the seed current is generated
.by the toroidal precession of trapped particles, thus realizing
the tokamak equilibfium Qithout any external current drive. {(The
directional preference in the ECH absorption cannot be completely

denied, but the state is close to the stationary state.)



A theory was presented that.the current diffusion can.supply

the seed current near the core. Example of the solution that the

Bootstrap current equilibrium with no externmal drive is shown.

This provides a possibility to realize steady state ignition inm

tokamaks.

Associated with this, Taguchi reported the calculation of

the Bootstrap current carried by w«-particles. This component was

found small (about 10% compared to the conventional one).

However, the other driving mechanisms of the seed current must be

pursued in future, to reduce the circulating power, and the

stability of these states nust bg more carefully studied.

4. Final Note

In short, many new ideas were presented during this workshop.

We would like to emphasize, many of them are opening the new tool

to control plasmas, and at the same time, cast new insight of

the fundamental problems in plasma confinement. The future

research will surely provide further steps into the break througﬁ

of the current drive/control and the improvement of the physics

understanding.

Fig. 1.
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Group C - Summary
S-I. Itoh, M. Shimada, M. Sugihara, T. Taylor

In this. group, following four major topics with respect to
SOL/divertor conditions under heating/current drive are discussed : '
1) View on steady state operation, 2) Compatibility, 3) Understanding,
~4) New future progress.

1) View on steady state operation

First of all, the typical requests in achieving the steady state
operation in fusion experimental device such as ITER are summarized as
follows; o
15 MA  (restrictions by confinement and beta)

- Plasma current = =2

- Wall loading > 1 MW/m2 - (request for nuclear testing)

- Operation density  ~ 5x101° m'3  (request from low current drive
efficiency)

Zeft <2
- Total power (o + CD) 2 250 MW
- Divertor heat load < 15 MW/m? (for reliable heat removal)
- Divertor temperature < 30 eV (for substantial erosion life)
‘Requirements for the divertor conditions to meet these requests can
simply be expressed as achieving high density and low temperature
divertor. Details of .these conditions and its feasibility, possible
improvements are discussed in the following. :

2) Compatibility of steady. state operation and divertor . _

Group conclude that the steady state operation is difficult to
achieve from divertor view point based on the assessment by using the
present simple models, since low density and high power operation
demands large peak heat load, which is higher by a factor of 2-3 than in
the high density and high Q (low external power) operation mode, and also
fairly high divertor temperature, e.g., higher than 100 eV. However, the
group also recognize that the present divertor models need substantial
improvement to draw definite conclusions on the feasibility of steady state
operation.

Several possibilities to 1mprove divertor conditions in steady state
operation, and their remarks are listed as follows:

-Radiative divertor ; Concern exists in the compatlblhty with good
confinement and maintenance of low impurity level
in the main plasma, especially in low density
operation required for steady ‘state operation.

-Higher qy operation ; High bootstrap fraction, long connection length,

radiative divertor, favorable MHD stability, grassy
ELMs will be obtained by higher qy operation.

_54__



However, confinement capability and available
absolute beta are degraded in this scheme.
Although both deficiencies can be improved by
increasing toroidal field, concerns are raised on the
increase of synchrotron radiation loss and technical
difficulty for high field coils.

-Edge density control |

-Divertor biasing

-Sweeping - (either magnetic and electro-static by using biasing)

-Pumped divertor

-Ergodization
In addition, group recognize the 1mportance of the effort to reduce

the plasma current. Two possibilities are discussed based on the present
knowledge, i.e., VH mode with 2nd stability both observed in DIII-D, and
kigh aspect ratio. It is expected that VH mode and 2nd stability will not
be realized simultaneously, since the required edge current in VH mode
will not be compatible with 2nd stability in the former possibility. = As for
the latter possibility, though the high performance database is still needed,
the necessary plasma current can definitely be reduced by increasing
aspect ratio when based on power law confinement scaling, while the
essential point should be increasing qy to increase the bootstrap fraction.
Some concern on the error field as decreasing the aspect ratio is raised
with respect to ‘the production of hot spot by fast electrons, while, in CDX-
U, the error field is not necessarily large.

3) Understandmg

Group concluded that the prescnt status of understandlng on the
divertor/SOL " plasma is poor, and that the -approach of core plasma
confinement, where the development of empirical scalings and the study
on the basic transport process are progressed in parallel, is valuable in
order to improve the situation. For the derivation of empirical scalings on
peak heat load, temperature, global particle confinement time,
dependences of these quantities on power, density, plasma current, field,
divertor configuration (SN/DN) and so on should be systematically studied
under ITER-relevant current driven conditions. For the study on the basic
transport process, divertor/SOL profile data of density, temperature,
current, radiation power must be examined systematically. . Main target
for this study is to derive ¥ » D, . Other important transport processes are
power fraction carried by jon and electron across the separatrix, fast ion
trajectories in SOL, impurity-related physics such as generation, shielding,
transport effects on Tp and 1g. Improvement of the modelling must also be
promoted in parallel. For this purpose, systematic check against
experimental data, modeling of non-stationary state such as ELM, impurity
modeling are important,



Group also recognize the importance of the identification of the
operation regime and operation parameters, which are relevant to the
steady state operation with respect to the divertor/SOL conditions. Typical
examples are listed below.

- Grassy ELMs discharge (It may not be achieved in low qg discharge as

observed in DIII-D so far?)

- High bootstrap fraction discharge with high density

- Effect of fast electrons (In JT-60, the effect can be diminished
substantially when density exceeds 1x101% m-3, and further broad -
information should be important)

- Operation regime to maintain SOL plasma in Maxwellian -

Remaining mysteries in the understanding of the dlvertor/SOL
plasmas are discussed, and some of them are listed below, though they are
far from complete.

- High energy ions in SOL
- Non-divergence free SOL current
- Factor of two discrepancy in total and hydrogcn particle flux to divertor
plate
. Isotope effect on confinement, recyclmg and so on
- Material effect on confinement, recycling and s0 on

4) New future progress
New future progress, which can be expected in DIII-D and JT-60U,
‘are discussed and the major areas are listed below.
DIII-D
-Systematic . database are being developed
-Biasing effect :
-Pumping effect
-Bootstrap current {with 2nd stability)
JT-60U
-Database on density, temperature, current in OH discharge
“Tps heat flux data for high power (up to 40 MW) discharge
-Impurity data; '
~generation
shielding :
transport (parallel, perpendicular)
-Boronization effect
-Bootstrap current



General Summary of US-Japan Workshop on RF Heating and Current Drive
November 18-21, 1991
' Nagoya, Japan
Vincent Chan, General Atomics Workshop Co-Organizer

The workshop was attended by 8 US scientists (5 official and 3 observers) and
30 Japanese scientists (5 from JAERI). The agenda was divided into 2 1/2 days of
presentations, 1/2 day group discussions and 1/2 day summary session. There were
10 papers on rf physics, technologies and applications; 6 papers on new concepts,
helicity injection and transport; and 6 papers on heating/current drive and scrape-
off-layer/divertor conditions. They can be broken down in specifics as follows:

FWH/CD 5

ICRF/IBW 3

ECCD/ECH 2

LHCD 4

Helicity Injection 8 _
Profile Control/Sawtooth Stabilization 4
ITER/Reactor Requirements 2
Bootstrap Currents 2

Divertor/SOL Models 4

The wide range of topics discussed is an indication of the impressive growth,
both in depth and breadth, of the US-Japan workshop in RF Heating and Current
Drive. It also benefitted by being combined with the new current drive concepts
workshop and the active participation of JAERI scientists.

The technical content of the workshop is best summarized according to the
respective topical discussion groups.

1. RF Physics, Technologies and Applications

In the area of FWCD, direct electron heating is established. Multiple pass
absorption is in evidence and consistent with full wave theory. Launching of FW
with phased spectrum and efficient coupling are demonstrated. However, a question
concerning the compatibility of loop antennae with ITER/reactor is raised, CD is
observed but current is independent of phasing and steady-state CD has not been
achieved. Theoretically, FWCD holds great promise. Alpha particle damping can be
avoided, there is no density limit for penetration, the efficiency can be comparable to
LHCD and the technology is available,



In LHCD, e large data base has been established for steady-state CD and &
maximum duration of over 1 hour has been demonstrated. Experimental efficiency of
0.4 has been achieved compared with ITER tequirement of 0.35. Profile control capa-
bility is established but penetration may be limited by high temperature. Anomalous
diffusion of fast electrons is still a question.

In ECCD, CD is demonstrated and in agreement with Fokker-Planck theory.
Sawtooth suppression ia proven but m = 2 stabilization and disruption control remain
as challenges. Also reliable theoretical models do not exist. Theory predicts CD
efficiency of 0.25 for ITER. Recovering trapped particle reduction through bootstrap
current enhancement may improve efficiency and more theory and expcriments are
encouraged. EC launchers are highly efficient but sources are a serious problem. RF
generators are pot yet available.

2. New Concepts

Presently available methods to sustain steady-state noninductive current by rf
is marginal at best for reactors, hence it is important to develop high efficiency CD
at high densities. While largely bootstrap driven tokamak looks attractive, one has
to seriously consider compatibility with MHD stability. Improved confinement may
relax CD requirements and need to be explored. Further research on the simultaneous
control of both pressure and current profile will be necessary for the achievernent of
higher 8 plasmas. Since the bootstrap current profile is determined by both the pres-
sure and current profile in rf sustained plasmas and it is known that edge bootstrap
current lowers the critical 8, tailoring of the wave phase spectrum may be required
to enhance the beta value, Fundamental understanding of new concepts may provide
further insights.

Theoretical understanding of rf helicity injection is much improved over the last
2 years. Experimental confirmation is still lacking and predicted efficiency is low
so far. The formation of closed flux surfaces is established by dc¢ helicity injection.
Current diffusion and transport are atill not well understood. Theoretical models of
helicity diffusion are proposed but experimental verification is not available. It is
pointed out that if this can be validated, full bootstrap current drive tokamak may
be feasible,

Significant bootstrap current has been observed in many machines. In CDX-
U, close to 100% of the current is internally generated. Study to ascertain whether
externally supplied seed current is necessary will be crucial,

Other new concepts include synergetic effects and plasma rotation. Some pre-
liminary observations of synergetic effects by combining two CD/heating schemes can
be found but were not convincingly demonstrated. Non-resonant rf force can drive

plasma rotation (e.g. for confinement improvement) which can be comparable to NBL
Experimental verification is needed.



3. Divertor/SOL Issues

Study of compatibility with divertor and wall loading provides visualization of
‘the power flow in a tokamak from cradle to grave, i.e. the input from the antenna
to the flux onto the divertor. The divertor condition favors high q, high density and
low temperature operation. Simple SOL model with specific confinement scaling and
available CD efficiency shows steady-state difficult to achieve. Constraints may be -
relaxed by improved energy confinement, judicious utilization of ELMs, or innovative
divertor concepts e.g., radiative divertor, sweeping x-point. Significant trade-offs are
still required, Reliability of divertor models needs to be improved and experimental
verification of models is lacking. |

Experiments observed runaways at low densities which often led to hot spots
end impurity enhancement. The increase in runaways may be due to error ficlds, -
which led to the question of error flelds tolerance in order to minimize runaways.
ICRH gencrates energetic ions which can result in impurity generation also. High
edge Operation is compatible with ELMy discharges for impurity control. New ideas
to utilize this feature will be beneficial.

Assumptions used in many 1-D models may not be realistic, although some
interesing predictions have come forth, yet 2-D models are difficult and time con-
suming to develop. We need some middle ground approach which combines measured
boundary conditions with 1-D models for useful near term applications.

In conclusion, it is particularly significant that Dr. M. Yoshikawa, the exccu-
tive director of JAERI, made a special trip to Nagoya to address this workshop. He
stressed the significance of the occasion, not only because of the importance of the
topic at hand, but the fact that it marked the first Ministry of Education/JAER]
joint workshop which opens up an arena for all-Japan collaboration. He is looking
forward to more extensive collaborations in the future, particularly in some aspects
of fusion engineering, as Japan readies itself to participate in the next large fusion
project.

Finally, special thanks go to Professor A. liyoshi, Professor S. Tanaka and our
host Dr. S.-L Itoh for their hospitality and an extremely well organized meeting,
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Current Drive Program for DIIFD

Recent Fast Wave Results on DII-D

® The lom range godl Is to damomtrats Al noninductive current

R L by mmmrmmmmm

V.S. Chan for the DIII-D RF Group
General Atornics
* A socond chjective is to fully axplora the potentisl of rf current
driva for profia contral end plasms perfarmance sphancemant
»t
tha U.5 ~Japan Workshog
on RF Heating and Current Drive ¢ To achieva these objectives requires the combined uoe of
in Confinement Systom Tokameis _ FWCD/ECH, ECCD, and bootatrap curment.
Nov. 13-21, 1991 |
Nagoys, Japus
N —— o> careomat avomecs
Key Steps Toward Long Term Goals FAST WAVE CURRENT DRIVE

FWCD refers to the application of fast waves in the JCRF
with an asymmetric spectrum in the toroidal direction.

Fast waves may be absorbed directly by electrons {unlike FW
minority heating) through the processes of Landau damping

o Demonstrate effective ECCD, end compare with FP theory

® Demonstrate efficient Launching of FW and transit-time magnetic pumping, when the resonance
© condition w - k"v" = 0 i5 satisfied.
o Demonstrate interaction of FW with electrons The resulting current drive is expected to be comparable to

that of neutral heam current drive under {TER-like conditions,
but experimental verification is required.

s Demorstrate abifity to phase the antenna
¢ Demonstrate FWCD at <2 MW
o RaiseFWdeCHp\.uu';mFWmuvu
o Demonstrate 1 MA noninductive CD

© Raise FW power to 8 MW and ECH power
to 10 MW

© Demonstrate 2 MW noninductive CD
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DI11-D fast wave current drive antenna

Spectrum of (0,7,0,7) phasing has peak ny of 11, d-amps
optimally on 2 keV electrons; (0,7/2,m,3x/2) phasing has
ny of 5.5.
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FW ICH produces centrally-peaked electron heating
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s Efficient heating is found

— tompares well with NBI at same power level in
same discharge in DIIHD

— heating results agree with ITER-89P scaling

e Produces centrally peaked electron heating when resonance
is at plasma center . .

Conclusion: The FW antenna is highly eﬂed.lve at launching
the fast wave.

< amrmnes aveomes

FW heating efficiency at 32 MHz
agrees with ITER-89 offset linear scaling

This permits measurement of heating efficiency n for
other scenarios (IBW, FW at 2015, FW direct electron

heating)
FW heating efiiclency (32 MHz)
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DIRECT INTERACTION
OF FAST WAVES WiTH ELECTRONS

Experiments performed with symmetric phasing of antenna
Stfaps

Single pass damping of rays is small theoretically: rs
30%at 1 Tand = 5% at2T

However, FW heating with high efficiency was found for
all Br, suggesting effective multiple pass damping

There appears to be a threshold in target temperature
below which the heating is weak; this is in agreement
with theory of single pass damping

Electron heating is centrally peaked, in agreement with
full wave code results

o> caNERAL AeEICD

Centrally peaked electron heating s observed

Br=21T

72686

© = FAST WAVE
X = OHMIC

.
"

<$> cmmamas arRmy

Strong plasma heating by fast waves is chserved

Strong central electron heating is observed
even with no central ion cyclotron resonance




Fast wave heats efficiently for all By ' o> canemaL arcsiics

rrer = 0.04818 R0 BI(Ax/P)S Full wave code predicts that direct electron
128 5 - absorption is = 5 times stronger than second
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Power modulation experiments were performed to ‘

! The experimental deposition profile ts consistent
measure the fast wave deposition profile

with the full wave code calculation
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§ CSERAL ATTIEND _ -
‘ H-mode was obtained with fast wave heating alone
A target temperature threshold of T, = 1 keV for w = 401y = 802p

is observed for efficient fast wave heating
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¢ CENERAL ATOMICS Boronlzstion Through FRCD Antenna Fort
: ‘0 . Reduces Metallic Influx During RF Injection
FAST WAVE CURRENT DRIVE , { Pich MW) e
—Pre BN ] '
- ﬁﬂ' B}:’o ) 1 l-lslk 3 A |3$D A
s 77/2 phasing maintaired for Pry < 1.2 MW - ; -
’f(—‘»lu.u. 20
) LT
» Boronization is highly effective at suppressing impurity
generation and radiated power, and it reduces the density
increase when the fast waves are applied.
» Electron heating and loop vollage drop are observed, :‘b
w—f
.
o Cuerent drive is inferred from comparison of plasma
resistance determined from loop voltage with that n
calculated from neoclassical resistivity. -E
.
« Detailed kinetic analysis of best current drive shots
indicates a non-inductive curtent of about 100 kA was driven
by 1 MW of fast waves.
Hos the current drive effect is nearly independent 0.0 a6 2000 om0 monB
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» Loop voltage drops more than electron heating o w0 mm!(:;d o0 0% 00
o Detaled modeling and analysis it ongoing
<}» canzras aromics
L]
‘ ¢ ¢
METHOD OF ANALYSIS il 4333882 :E 3333
: a
o During rf injection, I, is held constant using feedback ~ 34
control and the rf power level is insufficient to drive~ ~ 3 wznens < ;!'? z&an
all the teroidal current. Thus, the loop voitage < *3 = o] smza
during the current drive phase is non-zero; Ve(rf} # 0. E &5 - 2% g‘. 2 E g vil F438 2
o Under these conditions, and assuming steady state, < 17| nevsse = ji SRR
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1 T
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EFFECT OF FWCD ON SAWTEETH SAME

FOR FORWARD OR REVERSE PLASMA CURRENT

Forward Current Reverse
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Conclusion: Antenna spectrum is directional
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Summary of Status

a Absorption of FW exceeds single-pass damping, but target plasma
temperature has to exceed some threshold,

" w Direct FW electron heating can he highly efficient over a wide
range of conditions.

" » Efficient FWCD has been ebserved, but it is Independenl of
directionality of antenna,

Tail formation {<40keV} during 2T FWCD
experiment was observed clearly, Tail
temperature for CO phasing is twice as large

as CTR phasing,
873860 (CTR) PRy =1 2MW, Ap = 108°, To{0)]z 7,=2.04kaV,
To(0)ly, pg=1.40koV
173868 (CO)  :Pry=1.1MW, Ap-8S", Te(o)ho.-i ToksY,
To[0]]2 gyt 4kaV
Xsay :  OHcasa Al=175-2158, Te(0}=1.4kaV
CTR ¢339 Alw2.5-2.75s, Ttal-~3keV
COcase  Al=2 75308, T-tabu—6 5keV
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Future Focus

® Increase target plasmia temperaturs to test strong single pass
absorption regime.

& Reduce impurity level and control density rise. Boronization and
new antenna will help.

» RammumﬂnuamlonWunduplmﬁjly
- noninductive arrent drive.



.3’ CEIVERAL ATOMICS

PLANS FOR FAST WAVE EXPERIMENTS

e During spring experimental run

— Test feasibility for ITER of FW heating without
Faraday screen

-— Improve single péss damping

® In late spring, install new Faraday shield to reduce
impurities and improve the loading

— Tilted bars

— Low Z coating (B4C)

— Single layer

— Current straps closer to plasma

~— Insulating layer of B,C around outside of frame
of Faraday shield

— Reflectometer for measurement of local density profile

& Add a second 2 MW system and antenna at 60-120 MHz
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Comb ined Current Drive of
EC and LH Waves in WT-3

T Maekawa, T. Maehar.a., T. Kishino
Y. Kishigami, K. Makino, T Minami

K.Hana-dﬂ-, \".Terumir_k‘\, S. Tanaka,
DePf. oaﬁ leys.i Kyafo Univ.

™, Na.ka.m ura

Osaka. Inst. of —-@u{moﬂagy
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' M‘ot{va‘h’on of Combined Current Drive

» Eﬁicient ECCH by hea'(l'ng_ of
fost electron tail in LHCD plasma

o Combined effec‘f of the

resonant

interaction n momentum space

Combined Current DPrive (LH+EC)
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LARGBE HELIGRL DEVILE

LHREE WELUERL DEVIEE PROJEERT

Largs Helival bDevice proJect 1ls balng
pursued in NIFS,

i,
}

The LHD is o HellolronsTorsatron type
supereonduectlng machine.

The baslc design poramelers of the
device are: -
rololdal pitch number of hellcol cokl
=1

1961 -

teraldel pitch number = 10
toroidal mogunetic fleld =37-4T
coll curvent s 7.8 Ma

welor redlus = 3. 0 m

plosms minor roedius = O.6-0.06: -
heatlng power lon plosma = 20 MW

PHSICAL ORAJEET

To produco currentless stcody stote
hl1gh tcmperstlure plasma

HLF3, 1BTH-ZITH, HOY.

8000 F&obo VT TSsvat

RELATED R+D FOR
Hatlonad lostivare for Foslom Ez’.umz:s

(T Obfwbe Rdosolonn Sdols Lioozoss TOoteh

JAPAN-US YORKSHOP 0N RF HEATING AND CURRENT
DREVE IN CONFINEHENT SYSTEN TOKANAKS

To conduct various experimental
progroms {o develap hellical fusilon
system a3 an uliernetlve sppioach
of tokamak -

PLARS OF RF HEATINEG

DBJEGT OF ERR

« plasmg preoeductlon

BEwRoSLA L
§C POLOIDAL COML

* Transport onnlysis
* Electitron root contlment

,/ * Potentianl gantral

/ *= Stepedy state heatlng
./& .
_ SPECIFICATION OF ECH SYSTEM

* Power sPulse 10 MW(IOscc. )
widih 4 MW (Cw)

* Gyrolron 10 tubes

¥ DBJEET OF IERF
‘[- . * j#eating profile contrel

* High Ti mode heatling

5C HELICAL COIL

FEWAY AL i
KEAUANLEE
LARGE HELWH AL DEVICE

r_. ' * Energetle i1on toill far
T w— Simulation of a particle
2 + Steady state healiég
B, g
N\ e ——-
~ i SPECIFICATION OF IGRF SYSTEM
E,— n:
56 :g * Freaquency 25~100 MHz
E; * RF power 9 Mw
mg * Pulse .width 10 sc¢e¢ (9MWw)
e cw {(3Mw)
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US-tapan Workshop on RF Mesting snd Currem Drive in
Continemant System Tokamaks, Nagoya, Nov. 18-21, 1857

FAST WAVE HEATING AND CURRENT
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Sawtooth stabilization

« Optimization of second harmonic heating
FWEH+LHCD

« Power injection capability
= Third harmonic heating

1. Summary of JT-60 ICRF Experiments  (rzomus | 13/ ti#)

2.ICRF Experimental Plan on JT-60U
3. Analysis of FWCD Ability on JT-60U -

ANTENNA POWER DENSITY AT THE
FARADAY SHIELD VS. INJECTION
POWER PER ONE ANTENNA
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< The antenna power density at the Faraday
shield reached 16MW/m2in JT-60, which is the
highest value among the ICRF systems in the

‘'worlid,



' POWER INJECTION' CAPABILITY VS, IN-PHASE MODE INJECTION
ANTENNA-PLASMA DISTANCE

» Spectral line intensity of Ti increases
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« Th er injectio apability is
The antenna pow i n capability i Faraday Shield.

inversely dependent on the antenna-plasma
distance between in-phase (low-k);) mode and
out-of-phase (high-k) mode.

The result may be explained by the RF sheath
model.
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TYPICAL EXAMPLES OF
FREQUENCY FEEDBACK CONTROL
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SECOND HARMONIC HEATING RESULTS

» 7gInC of the out-of-phase (high-k;) mode is
" about 50% better than that of the in-phase

{low-k|)) mode.

« Minotity hydrogen 2nd harmonic heating in

helium discharges is found to be more efiective

“in the wide eleciron density range.

« Efficient beam ion acceleration is observed in
combined 2nd harmonic ICRF and NBI heating.
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THIRD HARMONIC
IN COMBINATION WITH NBI

_(1) Strong Central Healing

{2) Giant Sawtooth
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BEAM ION ACCELERATION BY
THIRD HARMONIC ICRF WAVES

ICRF power density mg ~ 1TMW/m3
power deposition radius Ar ~ 0.2m

NB + BwCH‘IC CX Energy Spectra .
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SECOND HARMONIC MINORITY HEATING..
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SAWTOOTH STABILIZATION STUDY BY SECOND
HARMONIC MINORITY HEATING IN COMBINATION
- WITH NBI| (70keV, H0beam)

HIGH DENSITY REGIME
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« Giant sawiooth is observed during ICRF

heating only or combined heating with small
NBl power,



SAWTOOTH PERIODS VS.

FAST ION PRECESSION FREQUENCY
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+ Sawtooth beriod is critically dependent on
. the precession frequency of the fast ions.

FWEH experiment in combination

with LHCD on JT-60-

fast wave frequency=131MHz

Br=3.3T ~

Teo~3KkeV, nep~2x1019m-3

TTMP force (v =vi,)

w~2.5WcH

lp~1MA

o = total force
2
_ % T
T @? mec? (D. Moreau)
=~ 0.2

Landau Damping is dominant.

Absorption

efficiency

can -
improved with LHCD (2GHz).
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COMPARISON AMONG
weH, 20cH AND 3.y HEATING
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+ Higher harmonic ICRF heating can keep

the precession frequency to be high even at

high efectron density. - :

= Suitable for sawtooth stabilization in

high densily plasmas with relatively small
threshold power.

RADIATED POWER SPECTRA OF
ICRF ANTENNA AND LHCD LAUNCHER
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« LHCD efficiency may be improved by
FWEH, since FWEH does not directly
contribute current drive because of
symmetrical phasing. -

«Absorption efficiency of the ‘fast wave is

. improved by LHCD.



| SUMMARY EXPERIMENTAL PLAN ON JT-60U
" JT-60 ICRF Experiments ) ‘ ) -(NEAR TER.M)

+ Highest antenna power density of 16MW/m? -+ Two new antennas (Pic~4.5MW)

» Enhanced interaction between edge plasma
and Faraday shield is observed with in-phase
mode with small antenna-plasma distance.

* Higher harmonic heating with
emphasis on the sawtooth
stabilization in high density

+ Automatic antenna impedance matching by FFC plasma. :
« Antenna phase control plays a Key role in T e D-3He fusion with 4th harmonié
oplimizing 2nd Harmonic Heating. ICBE_heating of 3He beam in high
» 2nd Harmonic Minorily Heating shows best density deuterium plasma.
result.
: » Local current profile control by
» Strong central heating by 3rd harmonic ICRF uni-directional minority ion
heating in combination with NBI heating or beam ion aceceleration
« Efficient beam ion acceleration by 2nd ‘n comblnatlon with tangential
harmonic .and 3rd harmonic ICRF heating NBI.
+ Sawtooth stabilization in high density « More sgistematic study on
discharge with small ICRF power synergetic effects between FWEH
. Synergetic effects between FWEH and LHCD and LHCD.

D-3He FUSION YIELD WATH 4T
HARMONIC ICRF HEATING
OF 3He BEAMS

CONTOUR OF AQ
Te[keViing[1019m-3]
5/10
2.0 —
. NOR
" 5 /3 ®) ]
g
[+ N
2
2
~
08yg 1.0 20 %0 10 2.0
Prg (MW/m3) Par (MW/m3)

YAMAGIWA, M. and KIMURA, H., Nucl. Fusion, 31:981) 1519.




"D-3He FUSION YIELD WITH 4TH

HARMONIC ICRF HEATING

OF 3He BEAMS

» Best Combination; Pgr -~ 5 xPyng

* A'Qmax -

0.043(T [10keV])(ny[1020m-3])1-5

Higher Harmonic Heating can
enhance the fusion power more
efficienctly than fundamental

heating in high density discharge.

Fundamental Heatihg;
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FWCD Ability on JT-60U

« High frequency ICRF power source
110-131MHz, 6MW {10MW planned)
eight independent power units :

. Large horizontal port for antenna
0.9m in width

. Powerful other eleciron healing systems
LH; 2GHz, 10MW
NBI; 0.5MeV, 10MW (planned)

EC; 110GHz, 4MW (planned)

. Two regimes consistent with EC central

heating
{1} @ ~ 2.50¢H (Swep) with By ~ 357
(2) @ ~ 4.5wcn (S0co) with Br ~ 1.9 T

+ Intermediate regime between TTMP and ELD,
but relatively strong damping can be
expecied especially in the low Bt regime.

Contents;

1. Anienna optimization

2. FWCD efliciency
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JT-60U FWCD ANTENNA, {=131MHz
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SUMMARY
FWCD Analysis for JT-60U

« Desirable N,-range is 3-6, which allows ng >
30% in both low field and high field regimes,

- Eight-loop antenna is favourabie for keeping
high directivity in the required Nj-range.’

« Small aN, (- 5.4)
= Driven current of ~TMA with 4MW [CRF power

« Suitable for both physics and technology
R&D for ITER E

« Deleterious effects of the eigenmode even in
large single-pass absorption regime (ng < 0.6)



OReview of recent RF experimenta

Wave Particle Inter— in JIPP T-I11U

actions of Fast and 1989 Constructicen of high frequency
(130MHz)} RF system
Slow Waves

- R . rellmlnary t i H of fazxt wawv
in JIPP T-11U current 2rive Bre

B #coupling of wave and eclectrons
was obaserved.
*n—parallel of wave was too
small. -
(o, uie~4. 5% = ~20%eV olectron}

T. Seki, JIPP T-11U group

-higher {(3rd} harmeoenilc heating

. . *accomplished o combination
National InStltute_ ) with additiecnal heating.
for Fusion Science]

1990 lon Bernstein Wave experiment

rcore plasma heatling
riocrement ot Fe lmpurity

Electron Heating Regime Ino Fast Wave

. 20 — T 05 15 1,=220kA
'Fast Wave Experiment ] — Teo (kaV) 08 stored anargy (kJ) )
16 = o12r 1
Feature of experiment 0.4
1.2 .8 1
rfeu¥ high—field loop antennas 0.3
. 0.8 oz ©
"frequency~130MHz, B ~3T, -H/H+D~10% " (0. x,. 0. x)
04l {04 2 1£2%x10"n"
-30,layer is focated on center ehprd.a . s . o o L L !
-four antenna phasings 150 200 250 150 200 250
12
(0. x.0.5) «+++t:.. n, ~4.5 P"'uv‘-:'-:dth’x;] Tncost
(0. =/2. x.3x/2) - .+ n, ~2.38 5 T . T 3 o8 v T T
(0,-x/2.-x.-32/2) .. n, =~2.3 Pohm {MW)
(D, 0,0,0} + oo nt p, ~0 4 o6&l E
-competltWVp twoe heating regimea 3 o4k
efectron heatlag regime 2 '
. “+-fast wave current. drive 1 oz2r 1
flon . heating reginmse o : I 1 [T+ X+ ] i L L
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OSummary

-In faast wave experiment, there are two
compeltitive heatimg regimes: the lon
and electren heating regime.

n the eclectron heating regime. the
lide—~away electrons Ilnteract with wave
nd the interaction i3 sensitive to the
o of wave.

oY -

n the ion hecating regime.  the high
nergy lona enhance finite Larmor
ffeet and the heatilng mechanopism 1s
ndependent oft the n,,o0f wave.

[ . B

n aloew wave (IBW) experiment. wave
nteracts with particleas at the plasma
ore region and the profiles of density
nd temperature are peakesd. .

B0 e

ifferent from the fast wave heating.
he high epergy {oa tall! shows non-—
unaway feature. ’

CEN-)
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US-Japas Workabop oc RF Heallng and Curent
Drive in Coaflocoest Syscms Tokamaks
HNow, 18-21, 1961, KTFS, Nagays, Japan

‘Wave Heating and Current Drive
Experiments in JFT-2M

¥ Uesugi®, T. Yamamowo, H, Kawashima snd JFF.2M Group

—'Dcpl. of Electrical E'ngiuleen'ng and Elecironics
Nagoya University, Magoys, 464-01, Japun
JAERE, Naka, 311-01, Japan

OUTLINE

1. Present Status of RIF Heating
and Current Drive in JF'I-2M

2.200 MHz Fast Wave Current Drive
and Electron Heating Experiments

(1) Wave Excitation
-Antenna loading
-Phase control
-Impurity problem

{2) Interaction with Electrons
-Current drive in low density region
-Electron heating in high density region

Recent Activities on RF Heating and
Current Drive

1. ICRF -High Te piasma production
for FWCD

2. FWCD -Antenna structure
-Coupling ’
-Current drive
-Electron heaating .
-Synergy with ECH and ICH

3. ECH -Plasma start up
-High Te piasma production
for FWCD
-Current drive
-MHD control{planned) ,
-Sawtcoth suppression(planned)

BE Syatems in JET-2M

1.1CBE
-frequency 10-40 MHz
-output power  1.5x3 MW(2.5 MW)
-pulse duration 0.5 sec.

-anienna phased 3-loop
high field side
2. EMICD
-frequency 200 MHz (Ww~10Wwe)

-output power  200x4 KW(630 kW)

-pulse duration 0.5 sec.

-antenna phased 4-loop
low field side

3. ECH
-frequency 60 GHz
-output power  200x2 kW(250 kW)
-pulse duration 0.3 sec.
-antenna conical horn
low field side

Recenl Activities on FWCD and FWEH

1. Antenna Coupling  Low Nz and high Na
_Loading characteristics(n,, T,, ¢) @fenas
-Wave excitation
-Impurity generation

.2. Fast Wave Current Drive
-Density dependence
@electron heating is dominant at

high density :

@same as LHCD at low density
-Phase dependence
-Frequency dependence
(f=200, 750 MHz)

3. Fast Wave Electron Heating
-Absorption profile measurement
@electron Landau damping
@no ion zbsorption
-Heating efficiency(n.,~ngc,,)

-Confinement(t, ™~1,  Ne¥H)
Ditect Q.bEbP'DTf‘Oh of efedroma.;ne#c Foust waves
No mode corversion. by electron. .
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Electron Density {10'°m™)

2

stared energy during ICH and FWEH

-D-shaped limiter discharge
-phased two-loop excitation

at Ad=n for ICRF(P =450 kW)
-two ion hybrid heating(n/n,~0.2)
-phased four-loop excitation

at Ap=m for FWEH(P_, =500 kW)
T {ICH}=17~30 ms

-t (FWEH)~8 ms

Inc

D-shaped Limiter Discharge

=3 1 T
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Inerement of Ti Intensity (a.u.}

14
12
10

(=TS CRE N

Ti Impurity

L ] 1 1

[¢] 2 . 4 -6 g 10

Intensity of Magnetic Oscillation
in the near field(a.u.)

SUMMARY

1. Fast Wave Electron Heating
-electron Landau damping is dominant
-high heating efficiency as ECH
New~4X107"m3eV/kW-_,
-center electron heating
Tpe =8~10 ms21,_MWCHin D-shaped
limiter discharges.

2. Fast Wave Current Drive

-low density FWCD is quite similar to
LHCD. '
-high density FWCD requires high Te
plasma and high Nz unidirectional
fast wave, Te > 2keV and Nz-6 in
JFT-2M.

-demonstration of high density FWCD

is a near term objective.
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TLINE

US - Jagun Workshap oo (I)
RF Heatlng and Curment Ixive in Coafinement Sysiems Tokamaks
le:;:m r‘l’rs_;""'l:glsam « Detection of plasma current and position with
' Hall - effe¢l sensors

Long Pulse Operation by LHCD

+ Plasma densily control for steady - state discharges

High - Density and Long - Pulse Operation ~ + Impurily behaviour
by LHCD in TRIAM - 1M '

+ Damage of poloidal limiters

¥, Nakamura, S. Kawasaki, £ Jouki, T. Fuyjita {z1) High Density Operation by LHCD
A MNagao, K. Nakamura, S frok

- Extention of operational regime up to
1x 1012 em-3

* Improvement of current drive efficiency

Advanced Fusion Research Center
Research Institnte for Applied Mechanics

Kyushu University, Kasuga 816, Japan ' « High frequency (8.2 GHz) LHCD

(111} Next Operation Program in TRIAM - 1M
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#9'Mo Limiter (inner parts)
(1992shots, 1990.4~7)

Lbng_ Pulse Operation in TRIAM-1M

(1) A new plasma position contral syslem based on
- Hall - effect sensors was developed and plasma -
-posilion was well controlled over one hour.

{2) Gas leed contral is necessary 1o keep the plasma

density constan! and lo obtain steady - stale
discharges.

{3} Main impurilies were Mo lrom the limiters and O
from recycling and desorplion. Impurily accurmulation
was nol cbserved. during the long duration discharge.
The impurity concentralions of Mo and O were 0.2 %
and 2 ~ 3 %, respectively. :

(4) Impurily influx into the plasma seems to be due to
evaporation from the molten ‘surlace of the limilers.

(5) There is no essential problem in Iohg pulse operation
: under our experimental conditions,
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High density Operation_in TRIAM.-iM v
X P
& .

(1) Long duration discharges with high pasr;'la density
ware limited by the strong |nleractlon of htgh energy
eleclrons with the limiters.

" w

(2) This density Ilmn was due 10 1he deterioration of the
accesablhty of 1he ceniral plasma to LH waves.

i3

e

{3) A high densily current drive. discharge with
" Ne=1.0x 10" cm> was obtained by improving wave
accesibility at higher toroidal magnetic field.

(4) LH waves with sharp spectrum accesible.to the
central plasma will be required for higher densnty
dlscharge

HIGH FREQUENCY LHCD

(5) Current: drive efficiency increased with the plasma
density and reached up to 0.9 (10" m2 KA/KW ).

(6

e

This density dependence can be ascribed {o the
improvement of confinement of high energy electrons.
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Device Parameters of TRIAM-1IM

Major Radius

0.8 m

Limiter Bore

0.24 x 0.36 m2

Plasma Elcngation' 1.8
Toroidal Field 8T
Plasma Currc;nx: 0.5 Ha
Discharge Duration 0.5 8

Main raramecters of AF System

ECE Zone

Frequency (Gilz) 2.45 8.2
Klystron 1 a
outpul Power - (kW) 50 : 200
Pulse widih, CH CH
Launcher Waveguide 4 x 1 8 x 2
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J (Aafem®)

w5 | (2}
S0 ueg
1.0+ 4
o8k $0+180 deg J
,/ \ f"--\\ .
\‘ /: 5 ’I.,....\‘
Y kY
0 L ~ N
o 0.2 0.4 0.5 0.8
rfa
- (®)
1500 E
90 deg (& = 2.9)
1000 - E
sea '/-"‘ 90+ 180 deg (£ = 1.2} 1
!—\ .
0 N \-'—'. T
0 0.z 0.4 06 0.8
rfa
CONGLUSION

Good dagrer of current prolile conirol is possible
using twa ny specira:  high n, determines  the

domping location, low n, provides most of tho current.

Excellent agreement betweea oxperiment and modaelling
cede show 1lhat good degree ol prediclion can bo
achioved.

The role played by the high n, spesifum can be

replacad By any other mesn capable of producing a
localized (ast electron tnil



- LOWER HYBRID PROGRAM FOR FY 92

SELECTED MILESTONES:

Complets linal reporl an 1 MW LHGCD experiment Nov 92

Evaluation of gurtent prolile control lor the
achievement of plasma § in excess of Troyon limit May 93

Commencement of 2 MW LHCD expermenis to corirol
the edge plasma current and a{0) Nov 93

LOWER HYBRID PHYSICS

INITIAL TESTS AMD COUPLING

phasa chacking / power handling ¢ conditiening # etc
optimization of ¢oupling in circular and bean plasmag

LHCD PHYSICS AND DIAGNDSTICS

2.

CD aliiciency in cireular plasma -+ comparison with TSG-LH code

20 tangeniial X-ray imaging camera

W, dagaostic

€D at high values ol tpe ! e
3. MODULATION EXPERIMENTS
LRCO + peller [TareSupra sesulls)
diffusion of {ast elecirans (7)
LOWER HYBRID CURRENT DRIVE EXPERIMENT
' Fy 92
RF SYSTEM
FREQUENCY 4.5 GHz
SOURCE POWER 250 kW x4 = 1 MW
MAX PULSE LERGTH Q.5 sec
COQUPLING 1 ardy with 32 waveguidas
PHASE ADJUSTMENT contindous 0%+ 350°
conirollablo in real lime
POWER MODULATION 90%  de to kHz cange
DIAGNOSTICS
20 HARD X-RAY TANGENTIAL IMAGING TUSE damping lecation
PDLARIMETARY (MSE} ' q (.8
RELAXATION OF w., EMISSION I (vg)
MODELLING

LH IN TSC CODE multiple LH rays

quasgl inear damplng .
Karney-Fisch rasponge luaction
alectric field

—115—

CURRENT PROFILE MODIFICATION EXPERIMENTS

n m VARLATION

launch single - double spectrum  (ASDEX resulls) -
study g-profile moedilication varying ohmic conditions with MSE
diagnostic

LHCD + FAST PRIMARY OH RAMP

.

sludy eflect of elecric figld lor edge cucrent drive (vary LI 'uh-
liming, P, /P, elc}
LHCD + IBWH

IBWH can provice seed corrent for localization
synecgy?

PROFILE MODIFICATION AT LOW PLASKA CURRENT

MIT propasal
variation of plasma and wave parameters

LHCD « NEUTRAL BEAMS

highegr Te plasma
larger ingentation

FY 81 CURRENT PRQOFILE MODIFICATION IN VIEW OFf SECOND

STABILITY REGIME

INCREASE POWER

AMPLITUDE (Arb. Units)
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MODELLING DIII-D AND ITER
FAST WAVE CURRENT DRIVE
EXPERIMENTS WITH A FULL-WAVE CODE

P.T. Bonoli and M. Porkolab
MIT Plasma Fusion Center

Presented by P.T. Boneli

II. ABSORPTION THEORY

A. Direct absorption of the magnct,csomc wave in the ICRF
regime by c!cctmns

wer Absgrbed -

Pros = o 3 E"-(F{_T).Ew.q.' )

mades

" For electron Landuu type of resanance, the following terms
contribute: )

E]ectron Langg\n Damg:ng (!"LD]-
Ky =1+ neczc) @

Transit-Time Magnetic PumDin_g (TTMP)

ol
Ky =1+2%32 " ;C:Z(‘;e) (3)

Cross-Term: (CTY
Klu = "'Kzu = -‘ pe [l +(32(C=)] (4)

where { = w/kjme, w, = (2Te/m.}"?, and Z((,) is the
plasma dispersion function.
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L INTRODUCTION

A. Current drive by ICRF fast waves is the leading alter-
oate method for central current drive in the reactor regime
fre(0) 2 1 x 20%m=3; T,(0) ~ T;(0) 2 20 keV].

(1

—

Absorption mechanism is a combination of electron tran-
sit time magnetic pumping (TTMP) and electron Landau
damping (ELD).

Recent theoretical work has clarified the combined effects
cf electron TTMP and ELD for arbitrary wave phase speeds
(w/kyte £ 1). Twocases have been treated: (a) Maxwellian
or bi-Maxwellian electron distribution function. {b) Elec-

tron distribution characterized by a tail component ay =
(2E]" fm )2

B. A toroidal full-wave code (FISIC) has been modified to in-
corporate these theoretical results for electron abserption.

(2

—

(1) Full-wave results have been coupied to'an [CRF current
drive package.

{2) Code has been used to madel the recent results of direct
electron heating and current drive in the DIII-D tokamak.

Damping Decrement
2kp,y = atef S1 . (5) _
i =5 = %";} 1Efe. )

(L" &k L’)

A 1 3 B ! c

w? L
Pose = 4&:-;2“’_,; [ J.T==|5vl — L IE |]Ey] +E ]
| ()
A= TTMP |
B = Cross-Term
c= o
Polarization )
. @ .. -6
5 oMy Koy ()
E (K,, —n“]K.: K
@ AddstoELD & Cancels TTMP



Demping Decremeat (Cont.)

1/2 ) 2
N

o= (:—C,) (%) (s-nﬁ) Kl - (0

——

9)

S=1-3 Wi/ (W -uf) -
7

Colid Plasma Limit ({, 3 1)

2 avF 4
o T, Wi

(2) Perturhative Formulation for By

Take limit in patallel component of wave cquation (12a):

mefm; — 0, (&g V) =ik P— P; Co.c — Ca.e

¢ iky T, Lo = = 3
Euz-;-i-—PE [:Cg.,cn-VJ_KbJ_-V'LJ.] ' (14}

B. Numerical Solution of Wave Equatipn
(1) Semni-spectral cxpansion of E in Poloidal Fourier Modes:
Be 3 B paintsines (15)
m.n,
+ Each ng mode is treated separately.

» Variational form of wave equation is constructed based on
the Spectral Anzatz (135).

. Em'"‘(p) are fit ta cubic Hermite, interpolating polyno-
mials. .
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II1. FULL-WAVE ICRF CALCULATIONS
) 1

A. Mode! equationa: f4/

VxV¥xE= (‘-::-))2 [_E,‘.'.f:_i (j(u)_i_z‘j}‘z)-e-.f}z))
. ' (12a)

, +—ELDa
=, 4m (128)

E+ —u_j[o, = LE"'E"' +ARE_&_+ PE"EH '

—TTMP—

%j}” = -25256; x [3‘0-= (6L * E"‘)] *

| :5—2 {(8-9) 6o (Fux EL) 4+ 9o x (8- 9) & Erdi] }
(12¢)

— CROSY - TERM —

(1) Plane Stratified Limit:

o w?

Popo -0 26 (130)
. wd gt
'\0.1 - Ao,g = —Eggi%;'(ﬂ.cz(co.e) 1 (lab)
; 1 w:: Uk 2 g |
(e = Qoo = EW 'CTCO,gz (co.e) - (13‘:)

cE
(2} Rewrite Bu:
2 g -V x By :

By = “ik"V% A ;, = [i§o.c = cpt (16)

cyzﬁ'-éllq-ﬁLx}?;‘ .

+ The polarization ratio (cp) is evaluated from the WKB
form of the wave equation (12), sssuming k = &k, + Gk
and £ = (E,, EE:)

» This simplification [Eq. (16)} elitminates the need to eval-
uate products of the form (V - E’J_)(E“ Ty % Ell} in the
variational solution.

3

—

Retain 65 poloidal modes in spectral tepresentation{m =
-32 — +32). :

« Use 80 points on “radial” {p)-grid.



IV ICRF CURRENT DRIVE EFFICIENCY

_ = Combined full-wave ICRF and Fokker Planck formulation

A. Qurrent Drive Efficiency /5/

Jae) _ [dpT-(3x/8D)
(SRF)A - fdapf-i ! (an

+ x{p) is the Spitzer-Hirm function which is found by solving
the “adjeint” problem /5/ -

- Clfex) = —quife - - (18)
B. Wave Induced Flux (F):
= = a
r=—Dnr'a—ff= ) (19)
(1) Diffusign Tensar /2/:
Bnp= &éPw (20a)
2 2
k
o3 () (s
2 LrRN? weee? ik :
. == 2L 2 oLyt plees | llmv
el = 5 (£ 18,17 o3 - o2, - 2t o
: {20¢)

V. 'MODEL RESULTS FOR DIIL.D

A. Parameters for Giectron Heating Repime

60 MHz

Kipeak =5 12.7m~?

(0 -« — 0 - ) phasing
(ry = 10)

{Shot #72750) { Shot #£72685)

a=00628m a=048m
A=17lm R=186m
Br=180T Br=210T
I, = 998 kA I, =308 kA
K= 1.99 &= 142

n.(0) = 2.7 x 104¥m3
T.(0) = 2.43 keV
Ti{0) = 1.33 keV
auflng+np)=2%

n.(0) = 2.6 x 10"*m~?
T.{0) = 2.13 keV
Ti{0) = 0.6 keV
ngfing +np)=2%

- —119—

« Eflp, kl']"'"’) is known for each n4 mwode from the fyli-wave
solution.

B. RE Current Density:

Tre(e) = (-}}5) 55.(s) | 1)

« 5& (0} is the profile of electron absarption (TTMP +
ELD) which is known from the full-wave code.

+ Present calculation uses parameterization for (Jrr/SaF)a
due to Ebst and Karoey /6/

6=(§£) =6 ccn .
RF/ 4
B. Parameters lor Current Drive Remime

(1) RF Parametcrs

60 Midz- O-n/2-0-m/2) Phasing
kﬁ"“" ~T7m~!  for forward direction (ky > 0)
kge“"' = 20m~!  for reverse direction (ky < 0}

(2} Plasma parameters similar to clectron heating regime.

« Decrease in loop voltage with reverse phasing is greater than

or cqual to loop voltage decrease with forward phasing.
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VL. CONCLUSIONS FOR NUMERICAL MODELLING

A. DIIL-D Elg;. tron Heating Regime

{1) Direct electron heating by ICRF waves is predicted by a
full-wave analysis with muitiple passes of the ICRF wave

front,

(2) Typically Perp = B0%, Prug, =~ 20% for Br = 2T and
Jo = 60 MHaz.

(B.) -DIII-Q Current- Drive Regime

(1) Sign reversal of kj = Tm~! is predicted by a ray tracing
analysis. However, electron absorption is only found for
k“ > 0.

{2) Full-wave analysis shows that broadening of the Ei(m)
specr.n.fm near p = 0 is not encugh to cause large negative

values of k.

{3) Reverse power at ky = 20m ™! is found to couple and damp
strongly (ELD) if n.{p) is made flat enough [n, a (1 - #*)'/?].

REFERENCES

/1 M. Porkolab, GA Memo DIDPM No. 88131, Mareh 24,
(1988); GA Memo DIDPM No. BEL7, Nov., 11, (1988).

/2/ 5.C.Chiu ¢t al., Nugl. Fusion 29, 2175 {19589). .

/3/ M. Porkotab, “On the Physics of Magnetosonic Wave Da\mpf
ing on Electrons” to be published in the Proe. of the Ninth
Topical Conf. on RF Power in Plasmas, Charleston, S.C.
(1991).

/4/ M. Brambilla and T. Kriicken, Nuel. Fusion 28, 1813

{1988).
/5/ C.F.F.Karney and N.J. Fisch, Phys. Fluids 28, 116 (1985).

/6/ D.A. Ehst and C.F.F. Karney, Argonne National Labora-
tory Report ANL/FPP/TM-247 (1990).

(4) Combined Fokker Planck and hyll-wave analysis of ICRF

current drive experiments in DIILD predict:
» I/P=(0.1-0.18)4/W for kj = Tm™"
o [/P=(0.13-0.28)4/W for ky = 20m™?!

= Higher [/P for &) = Tm™! ocours at B = 1 T because

2wey absorption is cut-off and ELD is increased.



RF Heattoan Workahop Original Concept of RF Helicity Injection
NIFS, 1991/11/18-21 . .
Current drive by wave helicity injection
. [Ohlkawa et al., IAEA Nice, 1988]
Helicity Injection and Current Drive Circularly polarized waves have magnetic helieity.
by RF Waves {4,-B.) B,=VxA,
E\=-V¢, -4,/

A. Tukuyama, K. Hamamatsu', K. ltoh! and S.-I. ltoh'

Faculiy of Engineering. Okayama University, Okayama 700 . Magnetic helicity conservation
fJapan Atemid Energy Research Institute. Naka, Ibaraki 31 1-01 aH i
\wetional Institute for Fusion Science, Negoya <54-0! 5 +V. Q,=-2E,B,-2 ( E -8B )
Helicity density:  H=A¢ Bo+{4,- 8,)
Helicity flux:
24 A '
CONTENT Q;;—ona—:+<A|xEl+2¢l.3l>

Ab i f helicity: B
RE Helicity Injection sorption of wave helicity 2{&-8,)

Averaged Force by RF Waves Con pensation of D2 helicily: 2 By Bo=2 7 Jy By

Men-Qesenant Current Drive |
-1-D Full Wave Analysis Current drive efficiency / /P is independent of density,
/P can be comparable to ohn ‘¢ {or colilsional
Parameter Dependence : .

damping.
Summary
_ CP ‘ . o 19
Approach in terms of Averaged Force COLLISIONAL. DAMPING CASE  [upbr.PRL ! a]
' . . ~ - -
Averaged force by RF waves FE - We k T. (E:r KA E.)} :
- | Rk 3 .
[Fukuyama ct al.; JPSJS 51 [1982] 1010) ‘ [
Resonant force . [conventlanal current crive) '[F“ - wée (,[El *“ K \]
Non-resonant foree [panderomuotive foree) zw
Conservative force .
'X,m ~ - j LYy
Non-conservative force  (helicity injection w
. 2 . Y
In a uniform and staticnary plasma Y w
F=qlnE +NxB ' :
‘F( 1&g 1 -|) . . FNE=' --\_EFR
= mso[ilm[E{- f- E.} mea-resonant force |k L
2&, ar 7}1 Fol } dispersive force 3 Foe )
L 2(E 3. i 2
T Br(E' Xy E,_] ponderomotive force o~ ] _F”}T ]
g = i
+Lm-a—r- (Z, £ E: )] non-conservative force E,
¥ : Electric susceptibility 1+% x,
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Non-Resonant Current Drive

Evaluaﬁon of averaged force

B =(0,0, 8,)

Slab plasma

k =k, T b,

xB,)

q-(n[ E +N

£y
Bo

fo ~
oEw . -

wEWe

Lk
1
Nonsconservative force

Resonant foree

_LI-UB“;

R
farce

Conservalive

)

%
Fua™ 2 .mg

Bea

E:g By

If £,, = 0. non-conservative force vanishes.

Evaluation of driven current

FNR

It
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g3

fi» - trapped particle clfect

fR : fitting formula (Ehst et al.)

f&% : neoclassical resistivily
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Summary

o Mechanism of current drive by non-resonant RF force

was analyzed.-

+

wave amplitude.

out.

+

reduccs the drive efficiency.

Ieo R -
© % - 0.0043

dbs

Force resulting from spatial inho:ﬁogcncily of the .

Net momentum input frem wavce s quite small.
£ 4 Is neeessary to derive non-conservative foree.
Wave helicily is completely converted to DC helicily.

Trapped particle effect is relatively weak.
Global analysis using 1-D [uli wave code was carried
Cancellauon due to the change of current direction

Local estimate gives maximum drive ¢fficiency.
Nﬂ Tsﬁkev
B [Am /W]

Parameter dependence of the current drive

efficiency is strongly affected by the location of
absorption regiori.

The upper limit of N, is determined by poor

antenna coupling and excitation of the kinetic
Alfven wave.



- + CRNERAL ATOMICS

Improved Confinement and Stability
Through

Current Profile Modification

T.5. Taylor

General Atomics

U.5.~Japan Workshop
an RF Heating and Current Drive
in Confinement System Tokamaks

.

+aanem1. ATOMICS |

INTRODUCTION

* The maximum achievable volume average beta increases with

peaking of the current density profile {high &)

-a Stability to high n ballooning improves with increasing magnetic
shear (first regime stability) and low magnetic shear (secand

regime stability)
2 We propos= that imareved confinement resulis from opersiion - ‘
far from stability limits [+ o (Derie /5]
— Consistent with glabal scalings

— Consistent with current ramp and aynamic Stiihing SNpErimEnts
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‘:‘ CENERAL ATOMICS

=> CURRENT PROFILE CDNTROL CAN LEAD TO HIGH BETA
REGIMES AND IMPROVED CONFINEMENT REGIMES

— High & — improved first regime stabificy
— Negative ccntral shear — second stapie core. plosmas

— High edge current density (and lower ;¥

— second stable egu:



+ CENERAL ATOMICS

PROFILES AND THE BETA LIMIT
‘ OVERVIEW

s Mazximum volume average bata increases with peaking
of the current density profile (high &) and with broad
pressure profiles

o 322 (%) <4 & 1/aB MA/m/T
= £; (and beta) is limited by the onset of internal kinks

w 1 = 1 kink stability
— Low #; - external and global modes became unstable
—= High & = internal modes become unstable
— Finite edge current reduces S-limit at all £;'s

¢ Ballooning {rn — oo} stability
— Lircular
(i —03) 1

Berie =< ""“"";:“— E

— Shaped plasmas Gcqi shows weaker dependence
on &;

« The beta limit in bootstragp dominated discharges is
substantially reduced. as a consequence of broader current
density profiles.

+ CENERAL ATOMICS

THE DIII-D OPERATIONAL BETA LIMIT
FITS THE EMPIRICAL SCALING
Brmax = 4£ 1/aB (%, MA, m, T)

* The highest values of By = I_/% are aclieved with

strongly peaked current profiles {high L’,-). produced by
negative plasma current ramps,

12
e By > 45

04 8 35< gy <4b
0 3<fy<3b

g -

By (%)

0~ T T
1 2 3
(i )/aB IMA/m/T)

<} GeNERAL ATOMICS

THE DIlI-D OPERATIONAL BETA LIMIT IS
NOT FULLY DESCRIBED BY f,,x = C /aB

* Many discharges reach a normalized beta
By=Eg =35 (%MAmMT
* Some dischargas reach normalized beta &s high as

By =25 lelongated divertor discharges)
By~ 6 llow elongation fimiter discharges}

2 il 6_:5 55 4'._5 ?;5

® 8y > 45 Zé ’
0{B35<By<45 . o0

o3<By<35 O o

A &eo
8 1 B
, 3.5 9
£o

B (%)

Ropresantative

high B discharges
selactad in intervals
4l=0.1 MA, AB=0.1T.
T T

2 3
I/aB (MA/m/T)

i+ cenERAL ATOMICS

B GREATER THAN 6
REACHED BY INCREASING £,

* Strong negative current ramp raises ii above 2.

* g, decays on the time scale of the current
profile () relaxation, longer than T,

+ Near-circular, limiter discharge.

. shot 71450
1.0 20
Pup IMW}
0.5 - -— - 10
1 MA)
0.0 1 1] 1 °

2-
_li’_/k a=14T
1 PR A

n,=6x10'? cm"!
T,=2.5 kev
T,g=2.3 teV
#y = 3.0%
Bafore ramp:
Qg = 3.5
[ P
Aftes ramp:
Oy~ 6
A= 37

T
21 22 23 24 25
time {sec)



+ GCENERAL ATOMICTS

CALCULATED KINK MODE LIMIT
INCREASES WITH ¢; FOR DIII-D

SINGLE-NULL DIVERTOR DISCHARGES

» The kink mode limit lies below the baflooning mode limit,

for most cases.

- o Kink mode imit increases with £;. for optimized pressure

+}+ ceneraL aTOMICS

profiles,
s g=32 k=149 A=217

6

BALLOONING

T T
07 c.9
{; linternal inductance)

0.5

{GA-A19953, W.Hawl, ot al, submitted to Phys, R)
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<}e cENERAL ATOMICS

ANALYTICAL STUDY

» Assuming plasma is at marginal stability agains? the
high = ideal ballooning mades, for infinite aspect ratio
circular geometry @ = Cp$, Cp ~ 0.6, and

z=*q (=)

ql

. Cp 2z 1 . !
pee G [T g

dx
A Ja ¢ 2 Y :

s Brnc = Be /Iy increases approximately linearly with #;
and may be expressed as

200 p 1
Bre = Es—g—q(t‘ - 5)

— Ix = Ie/(aBrs), Buc is in units of (% m-
ey

— C, is a weak function of & and gs -

om [ELE gy PG,
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+ CENERAL ATOMICS

Bnc INCREASES APPROXIMATELY
LINEARLY WITH &;

FOR MODERATELY SHAPED PLASMAS

w For strongly shaped plasmas B¢ is fess sensitive to £;,
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BOOTSTRAP CURRENT
L'ARGE ASPECT RATIO CIRCLE

FROM BICKERTON

FROM WESSON
—-dP B3

~ 0.8 —I (i)—
dx Zp. R \¢?

0.15 2B ) G (z) dq
= Jpg % Ty =
83 = Je= (#.}Lq. 9 \¢/ dx

F-a N

SET Jas (o0} = J (a)

0.15 (J’.q.) 5o ot (1 Su)
2o (D28 g =2 [, 28
Ve PR Ta 2

-
= Sa = 1+ &2
£ 3a
035 4f3
025 54
016 87
- 0.0% 1.0
Jas{a) = %'%
[&5) 14 %2

.3. CENERAL ATOMICS

SUMMARY - BETA LIMIT SCALING

We have taken the next step beyond the simple
I/aB scaling in describing the experimentally observed
beta limit and comparing it to theory.

e The aperational beta limit in DII-D increases with
internal inductance.
The scaling B = 44£;1/a B provides a good
description of DII-D experimental data.
e Ideal MHD stability calculations predict a beta
limit which increases with £;.
— Elongated discharges: =1 kink
— Low elongation: kink and ballooning
o Beta greater than 6 I /aB has been achieved
with high £; produced by strong negative current

ramping.

e The accessible range of ;‘fi depends on g.

.:.wm

- BETA LIMIT N JT=60"
WITH LARGE .BOOTSTRAP. CURRENY
A= 4.5 —— S(G) NU.g_l'.O

FOLLOWING WESSON
gz)=qz' =P
glz)=go=1 z2<zs To=1/g

e
"Ya 9a 9a

(WESSON)
0.3¢ 4
% (Z) Wa-1

efq= % I/aB MA/m-T

Brax 2 ( 1)
= ——=006 — |[1— —
= Pre I/aB Ga ga/

g =12

= Bye = 1.5

+ GCENERAL ATOMICS

APPROACH

We prapose that transport in tokamaks is the result of
twa or tnore diffusive processes, Goldston ot al.

X =Xo+ Xp

Where xp is the diffusive process which is dominant at
vanishingly low beta; and xp is the increased transport as
o result of an increase in the pressure gradient or beta. The
exact form of these diffusivities is not critical, but as long as
they -have the correct limits the main features of confinement
scaling will be preduced.

« The limits are:
= X i8S Xou = Xna for low density ohmic discharges.

* X4 is the diffusivity consistent with neo-
Alcator confinement

—xg— Oasp — 0

— xg — oo asp ~— pl;,
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H-MODE CONFINEMENT SCALING
OPEN DIVERTORS
ITER H-MODE DATABASE

DIi-D
0
-1y
Tumooer =Twal 1+ (—P‘-:,':M— gl
i CRIT
T a = 2.2 x 1072 7,eR%"®
E T Ve = 0.55
o
k
G
Q - id s
a " DII-D
3
-3 . .
-3 -2 -1 o
LOG('TMEAS)

—3» GCENERAL ATOMICS

In DI-D near-circular discharges, confinement
does not follow L-mode current scaling in the
period just after a rapid negative current ramp

e These results can be explained gualitatively in the
context of the theory of transport finked to pressure

gradient driven turbulence.

o The rapid current ramp increases the internal induc-
tance (£;) resulting in an increase in confinement that
offsets the decrease in current.

o A test of this explanation is 1o repeat this experi-
ment in a double-null divertor discharge. [n divested
discharges the effect of an increase in £; is expected

to be weaker,

H-MODE CONFINEMENT SCALING
OPEN DIVERTORS

ITER H-MODE DATABASE
JET, DII-0, and JFT2M

-1y

0.5 1T wooer =T nal 1+ (-pc;,'-'iﬁ- 71
CRIT

Tua = 212 x 102" 7,aR%*°

Yer = 068

JET

1,5

s
UFT2M

35 425 -5
LOG(T yeas)

LOG(TMODEL)

T

-0.5 0.5

og‘ CENERAL ATOMICS

The stored energy decrease does not match the
decrease in current until after the current
profile relaxes

o L-mode, & = 1.2, Py = 10M W,

inside wall fimiler discharge.

e The current ranmip duration is 37g.

L4
1M1 A)
0.6 -
2.0
Lo
204 ! \Mm
/ o Ln‘N\hi ' AIWJAI |
00 - t e —J
05
0.4 ~W\-’|,.l.,\_\‘~h
0.3
aa ] Wﬁhw{‘
a1 ‘Vlhelmal tMJ)
0.0 T T T :
2000 2500 3000 3300 000

TIME (msec)



.}. CENERAL ATOMICS

Beeit and Tihermal have similar time evolution,

consistent with 7 o< G,
o} cemerar aromies

‘A change in the local shear can result in a 0.0

change in the critical P’ for pressure gradient ’V"\/\f Tihesmat (m3)
+ driven modes s00 ] w

. - - 309 4
« We propose that theories that [ink pressure gradient e
driven turbulence to transport can be used to explain f p
. . 20.0 4 u-\_\ -
the scaling of confinement with £; and current that /" J\nf-,.\‘.\\
is observed in these experiments S ,__N\_/' ""9‘}“4',1,-
(see T.5. Taylor, 8T18). 1 e xas I{MA) x 20
s Suppose that 7 o {Bit/B)7. oo

‘ . r - - ; T : ;
) +/{v+1) 20002100 2200 2300 2400 2500 2600 2700 2600 2900 3000
Bo TP so T (Bgi/F) . TIME {msec)

-:» CENERAL ATOMICS

Confinement time in L-mode discharges scales <} cEngrAL aTOMICS

with £;. o
ELONGATION RAMP EXPERIMENT

e The best confinement is comparable to H-mode as
* » dynamically raised from 1.3 to > 1.8 in 200 ms, ¢,

defined by the DIII-D/JET H-mode scaling. changed from 1.1 to > 1.7
L-MDDE CIACULAR DISCHARGES + H-mode plasmas obtained for final target » > 1.8,
<2 ':.o’ . Trir/Toer-pirip ~ 1.8
075 BEAM pPOwER o ot ~~ energy confinement improves strongly with &
‘ ' Prgs = 5-10 MW e — plasma stored energy then decays slowly as ¢;
g AF ‘. relaxes .
2 4",:'.'-: A — Tru/7Trer-prisp temains high in ELMing phase
W 050 -
I * . .
X o _ s Plasmas remain in L made for final target « < 1.8
- — energy confinerient improves weakly with &,
0.25 . e
BAOAD PEAKED
o 1 ] i
0.5 1 16 2 25
L5
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+ CENERAL ATOMICS

ELONGATION RAMP EXPERIMENT

« Peaked current density profile obtained by rapidly elongating
the plasma poloidal cross section to trap the current channe!

in the plasma center region

— % 1.3 — 2.0in 200 ms

— £ 1.1 — 1.8 :

— H mode, rre/7reT-Di1010 ~ 1.8

ENERGY CONFINEMENT INCREASES WITH

¢ AND STRONG SHAPING

°© TIET-DIIID = u.nP;""‘“I,’,-""R’-"f‘. H-mode scaling

H Mode, 21T, 10 MA, 62 MW
Stored Ener
gy o

072

Al g L U‘n by -0.08

T T T T
1200 1800 2000 2400 2800 3200
Time [msec)

<l CENERAL ATOMICS

+
SUMMARY

+ Theoretical study suggests that high normalized beta
and high energy confinement may be obtained with
optimized pressure and current density profifes and
proper shaping in the poloidal cross section

— peaked current density profile
— low edge current density
-~ broad pressure profile

« High normalized beta (8~ > 5.5) and high energy

conlinerment (TTH/TJH_DIJJD > 1.5) have been
transiently obtained in DIlI-D by pezking the current

density profile using current ramp, elongation ramgp,
and current ramp plus NBCD technique

2
% RAMPED - o
| H-MODE
Pupl=5-12 MW B* |~
£ =21-22 -
1.5 ~ P
o \$ *
B . ot’ .
7 et
m 1+ S -
l-_, % &
- e .
“:I_ _." [a) 'C_Q.G'"g' &
. —tf‘l‘—o o ‘\
0.5 %G%% o
CURRENT RAMPED
: o PNBI = §-10 MW
L-MODE £ < 1.2
BROAD PEAKED
0 —_—
0.5 1 1.5 2 2.5
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SECOND STABLE REGIME
ACCESS OVERVIEW

# "Access o the second stable regime is afforded by low
magnetic shear

— High £; andfor high central ¢ — low or negative
sheas in the plasma center

— Low £; and/or high edge current density — lew
shear near the plasma boundary

» Strong shaping improves the sccess to the second stable
regime

& Neutral beam current drive and bootstrap current can
contribute to the formation of central negative shear

- JNB and J135 [=4 \fp/R

e DHI-D discharges with a second stable regime plasma
core have achieved 3(0} > 40% with B¢ = 11%

« low collisisnality H-mode discharges (high edge P’)

have substantial edge baotstrap current and zre calculated

te be in the second stable regime near the boundary,
p = 08509

RADIUS (m)
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-!v CONERAL ATOMICS

18
SYMMETRIZED RECONSTRUCTION 164
OF SHOT 69608 (1417 ms)
0.5 4
B_= 1i%
T z 0.0+
= 9 £
B0)= 44% €
B'=15% .54,
-0+
CORE PLASMA IN SECOND STABLE REGION
13 T T
:r;_, 0.0 0.85 Ld;(m)us 2.45
—_ » kineile
"E calcutation
3
E‘.:" 5.0 o
2 : %, O
@ . [
g..l) (4]
o g
] p
0.0 x

MANY VH-MODE DISCHARGES EXHIBIT
A CHANGE IN CONFINEMENT TIME
DURING THE "ELM-FREE PHASE

In conjunction with this change:

region 0.7 < p < 0.9

X 1S reduced

Bootstrap current increases, particularly in the

Etectric field shear is shifted inward

Initial fluctuation data indicates (72/n} are

reduced a factor of roughly 2 compared to H-mode

400.0
g {msec)

200.0
L
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d Y

0.0 +
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_ELMING
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200000 2200

7+
2400 200
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* VH-MODE AND SECOND STABILITY

A possible explanation of the improved confinement in VH-mode
is that a significant portion of the plasma near the boundary has
entered the second stable region ta ballooning modes.

« Boronization has allowed discharge operation with high power
NBI with:

— Low radiated power
— Low density

~— Low recycling

» These conditians lead to low n, (a) and high T .{a}, which
" give low collisionality near the edge.

a The low collisionality at the edge and the high pressurc gradient

near the boundary in H-modc give 2 large boatstrap current
near the boundary.

a The large bootstrap current praduces low shear and and in
the high triangularity DND, access to the second regime of

stability.

4o cEnERAL ATOMICS
INCREASING EDGE CURRENT DENSITY
IS CORRELATED WITH AN INCREASING
FRACTION QF THE PLASMA VOLUME
ENTERING SECOND STABILITY

thermal confinement lime

0.3

ot
i8]
h

seconds
=4
o

0 r r .

60
50 bootstrap current density atp = 0.9
E 40-
0 304
< 204
104

0 v v v
3200 3300 3400 3560 3600
time (msec)

0.3

fraction of plasma volume
0 entering second stability

-29vs. current densily at
p=09
0.14

0.04

-0.1 r r : . .
-10 Q 10 20 a0 40 - 50

J{Atem?)

+}» cEnveRAL aTOMICS :
A SIGNIFICANT FRACTIO
OF THE VH-MODE EDGE PLASMA
1S CALCULATED TO BE IN THE
SECOND BALLOONING STABILITY REGIME

-,

2 75
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Profile Control by Lower Hybrid Wave Application

[Current Profile Contral by LHCD (JT-60 experiments))|

K. Ushigusa and the JT-60 Team

Japan digmic Energy Research Inallule '
Haka Fuslon Estadlighmant
Haka-machl, Naka-Qun. Ibarakl-ken,
dADADn

QUTLINE

1. Current Profile Control and Sawtooth
Suppression by LHCD (in JT-60)

2, Preliminary Results on Profile Controi in
JT-60U :

3. Summary

. High Ny wave decreases the internal inductance
sLow Ny wave does not change or increases |

1.0

tayy (2un's/in’s

»Broad RF current is formed by high Ny injection and low Ny makes
peaked RF current.

Div Ip = 1A By o 4T 12 2GHz

[ b

rfa

[sec}

1

Current Profile Control and Sawtooth
. Suppression by LHCD (JT-60 experiments)

[LHCD with tow Nj (<1.7) wave does not change I
so much. .

LHCD with high Ny (»2.3) wave decreases I;.

Sawteeth are suppressed by both high and low
Ny injection, however we found some differences.

e Time delay until sawtooth suppression from
onset of LH puise

High Njjwave = >1.5%
Low Njywave = «<05s

« ST Reappearance time after LH pulse
High Njwave = ~0.5-1s

Low Njywave = «0.2s

& Midium Ny { = 1.9 - 2.3) does not suppress- ST in
the same condition. .

- C:*f:“ge in Sauwboth Poricd

fSawtooth Suppression with véridus N.{

s Qett ~ 4.1
s Ne ~ 1 -1.25 x1018 m-3

*PLH ~ 1.4 MW

Ip = IMA Bt = 4T

2.56 1.92

s T T T e

0 i L - L
3 4 5 6 7
‘ - t {s)-
No moasurement of BY wd in thah sariieg W o
Un{oM'hJ?,? .‘? (AP
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Soft X-ray signal .
Sawteeth before LH injection
Suppression quickly by LH injection

E14178 N” = 1.43 PLH

() _ I

.“ Sﬂuﬁdfﬂv i
SX(24) +“+‘¢¢+f++¢,4#/:

SX(22): . J

7.5 8
t (s)

Sawtooth does not appear in NB heating phase
and reappears at ~0.25s after LH pulse

SXch

Eow Nj case with NB heating

l: is roughly constant

E14178 Ip = 1.2MA, By = 4T, Nj = 1.43
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Time evolution of Soft X-ray signal at t/a ~ 0.23

Slow Oscillations in SX signal
aperiod of ~ (0.1-0.2) s
containes small crashes

After slow oscillations, fast oscillations are growing

SX(18) SX{18)  SX(18) SX(18)

SX(18)-

1-Arpe, e

E14183 Nj = 2.22

. LHCD
& _ S

4 ' 5 t (s) &
: LHCD — —
Ei A/_\....’"'-/\-"‘A“'-’-\"‘ﬁ \.’/\\.‘/\\‘/\‘\rﬂr_
Bl i . i
6 T 7 T W (s) 8
= LHCD :
E’. / o ) whw“ﬂﬁav«w}.
8 i t (s)y 10
LHCD n )
T NB 7 A T T I T T 7 722 [
10 1 t (s) 12
12 T 13t (s) 14

Two arrays ol soft X-ray detector
top array 32 ch
bottom array 32 ch
ch 59 - ch 64 views divertor plate

Soft X-ray Arrays
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Comparison of SX and hard X-ray signals
Siow osclllation of SX signa! correlates 1o HX signal

E14183 rla~0.3
1.08 L.
(a.u.) /'r v W\ A‘.vf'\ Af\'nvn‘/
0. bt
207 P
(a.u.) 'fﬁ_____/\“/\.wf S 3
$X(20)
0. i .
48 5.0 6.0
t (s)
0.25 :
HX(2)
0.
{a.u.) > - I : K
a.u. T N 3 .
f—' “ TWan, § v/ i.'\'""‘r-,_-l‘/ 4
SX(52) A
Tttt
0.
4.8 5.0 6.0

I (s)

Contour plot of SX signal for slow oscillations _[

SX pulse propagates outward and reaches to
the divertor plates

{Usually SX signals of ch 59-64 can nal bp detected.)

bottom array E14183 .

62
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50,
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38__ - oo b
top arraye—————— LH pulse
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Yoroidal rofation {10°m/sec)

Toroidal rotafion ($0°mises) .

LH power (MW)
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Savtoeth Stabliztlon by BCH
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presented by K.Hanada { Kyoto Univ. )
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f{a) Schematic of tha wave trajectory and ECH
layers shown as verticai tines for the three cases (b},
[c). and {d) shown belgw, The q=| surface is shown as &
dashed circle. Evoluktion of soft-X-ray sipnal Ic.«{O0.Tkev)
for {§) ECH at =1 oa the high-figld-side (8,=0.03T}. (¢!
on-axis heating (B.=1.02T}, and (d) on the LFS of a=1
(B 21.08T). !n the range from 4 =3,7 ¢ 3.4, I,=79-100 %A,
and Pre 213 kW. .
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Typical Waveforms for Stabilization of Sawtooth
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Typlcal waveforms of (o) slasma current I, ()
loop voltage V., (¢) line-averaged clectron density ne
alpng the vertical ¢hord at R=65 cm, that is, the center
af vacuum vessel, (d) intensity of Ov line IL{CY}, ({e)
intenaity of harg X-ray moce than 35 keV, {f) fintensity of
saft-X-ray emitted from bulk plasma. Solid curves are for
operation with P¢¢=220 KW, v=30ms, and dolted ones withoul
Pyc. The taroida! fleld B 's 0.93T and the reésonance 1one
locates at R=&G,3 &m on the high-risld-side, The safety

factor at Himiter a is 3.7,

Dependence of Sowtooth Periodson Pec /Pow
atq =35

30 —T T T

e,
T

PEC/POH

T+ B normalized ECH power, Prc/Pem, Tor the 421
surface on the HFS (open clrgles), LFS {triangles), and
for on-axis heating (squares} in the range from .G, =31.8 To
3.4, and 3t n.=0,5x10'7 cm !, Note that the complete
suppresafon of STO, that fa, »,=30ms 1g attained when the
heating i6 on HFS.

- Complete Sad:lijehion,
& durhe ECH
pudat
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Ts{ms)
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Typical Effect of ECH atg,= 5.0
{b)(c)(d}

Dt rfos
(a)

!
!
|
|
|
&

lgx (0.7 keV)

(d) y C,...P[:ﬂ

Seabligeoey
40 S0 80 70 8O
Time(ms}

(2] Schematic of the ECH layers shown as vertical
lines for the three cases (D), (¢}, and (d) shown.below.
The 4=l Surface 1c phown as & dashed eirele. Note that the
radius Of a dsshed cirgles is smaller tham that in Fig,
5{a) corresponding ta decreasing of q.. Evolution of soft~
X-ray signal Iya (D.TxaV) for (b} ECH at q=) on tha high-
field-gida (B.=0.89T), {¢) gn-axis heating (B. =0.44t}), and
(8} on the low-Tield-aido of q=1 (8, =1.155T), 1n the range

From o =+4.8 Lo 5,0, I,=52-88 kA, and Py w221 ki,



Dependence of Sawtooth periods
on PEC /POH at qL =5.0

o
T T T
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15

5 (ms)

10

PEC/POH

*. va ngrmallzed ECH pomer, Pye/Pao, for the a=l
surfoce on  Lhe MFS  fopon  tlrcleal,  iou-figld-wida
Ttrianglca). and for on-axis heating (squarcal In the
ronga from @ 24.8 Lo 5.2, and at nosD.Ss10°' cm*. Noka
tnat tho comslote suopressian of STO, cthat 1o, +.:30as s
ATLEIAGO €aCORL Lhe OR-3:l3 Pesting.

. z¢.0 wo ST
fets (& in oM pleses )

Typical Effect of ECH aon Excitation of Sawtooth

I E C H |

50 60 70 80

Time. {ms)

The tyolcal waveforms of the Sx§ gsgnal for
excitation of STO at {a) B.=1,03T, R...=67.?cm,.(u]
B =1.07T., Res.ubo.dcm, (e} 8. %0,95T, Ry,,=61.4cm. , The
?Ll:.:; ;-:J:; plasmn paramerers are Q. s6,.4, m,o=0,5x100 5 em
e .

— 148 —

Stability Diagram with resprct to q and Pgc /Py
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o °f t Aa
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o 1k ? “ F Y 4
Ak
0 1 1 1
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qaL

stabflity aiagran for $70, wilh respect to 5L and
normallzed P ¢ . (A} Salid 1ing shows Lhe suppression limit
on q,~ngrmaltzed P. diagram whon etne ECH 15 applicd at
the HFS. (b) Salid 1ine shows the suppression 1imit an & -
normalized P, alagram when tho ECH 18 applied at the LFS.
Open symdo) shows Lhe achlaving of suppression due 1o ECH.
wnile closod symbol shows the remaining with STO during
the whole ECH aulss.

Stfc_xbility Diagram for myn=1/1 Mode
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N
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0.4

s m=1/n=1 2
cr:l resistive

Stable mode
0.2 Regimec B,y /

O 1 i 1 1
0 01 0.2 0.3 0.4

S{Shear)

30 , j (B

q q /1.05

j 2.0 :1.00

95
1.0F ' b
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R{cm}

{a) Stability diagram for the m/n=1/1 moda in WT-
3, with respect o the shear 8 and f.a . The two curves
show the stability boundaries for the reaistive and ideal
ingtabliity. As the ECH power 18 incressed the shear 1o
reduced and the olsgma moves from ar wnstabla point (A]
witheut ECH, to a marginal point {B) with £CH mt threshols
Eower, LO & atable point {(C) with substantial ECH power.
(b} The cusrent denslty 3 and q profiles across tha plasma
midotane without ECH {¢ashed curves) and with ECH (sclid
curvek). Inpet: A magnificacion of the qa! region to show
the reduction of the shoar when the ECH wes in use,




Major difference ; ECH on HFS and LFS

ECH on HFS ; ECH on LIS
' ;

]
peloidal

seclion
f

=1,
)~

ECH

e

( Wi >> Wi for hot electrons )

| !

Hot eleclrons Hot electrons

lLrapped

untrapped -
conlribute to vde not contribute
I enhancement 1 to j enhancement.

at gq=1 surface at g=1 surface

fuy = SHT, B

»

Damping of Growth Rate of Precursor

T ‘ LE— eﬂ‘
14 F T
12“ w\=|~.oli-!, T
~ 10k 1
'
o
3 a_\ .
] R
T sl -
4
al R
2k 4
3 ) D A
4] 100 200

Pee (kW) ’

Tho growth rate of odrecurscr osclllaticns
consiseing of n/nai/)  xtructurs are plGLLed 48  Lhe
function ef PEC when thy ECH 1s spolied 8C fu.i 00 the
MFS. The dats poinT ab Py 2204KW, t.. =0 whowp  the
stantlization of 5TO.

Evidence for Local ECH onerved on Te Profile

P, " HEs henting
440 ! 1
5
&
= 200 + o) -
o}
1000 T T
(0 H‘:’- Ohedets M'la
>
2 500 F .
»
J...
\ 20
i 1
50 60 70 &0

A {cm}

flad!al 7. profiles mpasured by Thoason dcatbering
with [opem ¢ircles) and witnout {salld gircles) ECHW (a}
ngar the a=1 regien  and (D} on-axis, Hagnetic axis Is ag
R=46cm and ECH 13 at (3) Rz=80e¢m ame {BIR=8Gcm.

Summary

!- A significant effect of stabtiization of 570 duc to ECH when
‘'t is applicd ncar the Q31 surface. Thls effoct is auch atronger
when the ECII is applicd on the high-f3eld gside and st i
consistent with our thcoritical model. There 15 A pewer threghold
above which complete stabslizstion 1g ebtained; uclow that the
Sawioath perlod ingreascs Hn'carly.

2. The gtablilzatlon 15 attributaplc ta 3 fgcal reduckion of the
shear near the 41 surfaca. These rcavlts also suggost that $TO
may be controlled effectively with ECH at the q®! surfage,
espealally by agplication on the HFS.

A, In higher QL = § - 1, whers STO cogs not exlgt in the
Ohmically heated tokamak. the excitation of STO can be obrainea
when the ECH applied fes & ” L v Sl
U - ; PR

The injectec ECH powor
increasing, the excitation of STO Is not observed when ECH 1a
applied near the magnetic axisg,

. These observations for the excltation of S5TO cannot be
explained by the most conveatianal theory that S5TO is controlled
by the change of c(C). Our expertmental resuite 5ugdested that
STO 1s partvelly controlled by the value of local shear at g=1
surface.
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PDOWER PARTITION
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FIG. 54. The fraction of fast wave power absorbed by various ions specics vs.

frequency [5.681.
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CURRENT DRIVE EXPERIMENTS ON
CDX-U: HELICITY INJECTION AND
PRESSURE DRIVEN CURRENTS

Presented by
C. B. Forest

and the CDX-U Team
Princeton University

US-Japan Workshop on Current Drive
November 18-21, 1891

[ALOW ASPECT RATIO TOKAMAIC)

Features: ‘
. Low cost reactor due to small size.
» Very large I, for a given g..
50B.¢ ( Cr ] [l + .‘C?J
I(MA) = ‘ 1
M) = (T 55
- High aspect ratio:

SGB;
(a
s High 3, first stability equilibria are possible
because of large [,

€ (2}

I(MA) =

.I)
B = 033 x -;? {3)
[ n"{"h"'Pt Cl‘ gp aD)
Problems:

¢ Difficult to engineer.
¢ Very difficult to drive current.

- Small area for chmic flux core.
- —High § makes RF current drive difficult.

—153 —

[OUTLINE}

« Motivation
— Trapped Particles
— Toroidal Field-Aligned Currents

« A Toroidal Trapped Particle Configuration

« Observations

— Large Toroidal Currents
— Magnetics Analysis

- 2-D Density Profiles

— Probe Data

- Isolated Limiter Data

« Explanations
— Currents generated by Charge Separation
— Currents generated by Toroidal Precession
~ Bootstrap Currents?
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TRAPPED PARTICLE CONFIGURATION

= Provide particle confinement in the absence of Loroidal current.
+ Electrons have banana orbits.

+ ECH resonance is located at R=13 ¢in to heal banana tips.

"+ B,= 575 Gauss at R=15 em. )
e m G-ra( R 5"-\; -
« B, ~ 10 Gauss at R=35 em. . F e
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ECH HEATING SYSTEM

» Power = 4.5kWatts X & = 9 gwats
» Pulse length= 25 mSecs

» Launching antenna is a simple unterminated
waveguide
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Curredt-Density Recdn astructiod Bxample:.

. (Finite Bleaens Methoda)
. - CDX-U Magnetics - 3 -
. "Arrangement b\
i = \

{Pick-up Colls and Voltage loops) 1 I 40

- 30

r20

P el ) 642, | 407
ria
r
/] g
ro Y
{ * 7791 4911 0. et
1

\ 1o

R 0. 569, 2557. [-20

L r-3

Al ———— T

10 w 50 © 10 i 10 -6

R {CM)
PRO= 38.3CM - PM20= Q09CM

¥ Contours and Current Density Images

¥ Canlours and Current Density lmages

v
£ .
¥ H
=9
™3
*
e .1 3 .5 i L . - .
; R (m) TR
file= 200 Amp Limee  L0.000maec . ¢ -7 . &

) R (m)
filem 250 Amp time= 17.000maec

¢ Flnx Sutfoces

have Formed

-

5' .
L [ 0h~a‘lluh. (h"'] N"Q“!‘fc'« Dila. f:-wS]

X Poivt audiide Voullntim yegsof

— 166 —



2 {m)

o

% Contours and Currenl Density lmages

.z .1 N K x4

R {m)
filam 800 Amp lime= 24.000maee

Veriical View Line Integra! Density Profile
T - T

Intagrat Danaty (e}

—T= 0.029
e 1= 0.037

L 1

—T-0.044

I ORI N S

20 0
Malor Radius {cm)
filg= DEOOV.DAT Window= C.004seds

60

— 156 —

l H

i 1 mlg&\

Wiveguide
componenis .

N

center column ——

—— - "
e
[Ty i
IIL A\ .
B .
0 g

NEUIRAL PRESSURE EFFECTS

Standard Current:

Total plagmn
current during a
ghot iz which the
ncutral  pressure
is incrensing dur.
ing the shot,

He

‘Wall Pumping:

Tatal plasma
current during a
shot in which the
peutral pressure
is dropping dus
to wall pumping,

H




CL

|
| .
1 tealused Limiter Armay e
1
° ?‘I‘I.ii‘-&fll_.—
I Q
N
N

|

r

]

I
1
I
|
1
1
I
i
I
|
4
|
|
!

|-
S L ||

All eurrents arc less than .5 Amps

-Any time the VB drift is across a constant
pressure surface, parallel currents must flow
to maintain steady state conditions. *

« Parallel flows determine equilibrium and trans-
port properties.

» Three toroidal examples:

— Simple torcidat field + vertical field.

— Tokamak field - bootstrap currents and Pfirsch-

Schiiter currents,
— Trapped particle configuration.

“This was récognized very early by Birkeland (1908) “for
magnetospheric currents, and Pfirseh and Schiiter in toroidal
geometries.

- % wharwelarielis trams Juas 4, 1901 .

ELECTRON TEMPERATURES
AND ION FLOWS

MACH Probef data shows toroidal electron and
ion flow in the direction opposite of the current.
Edge probe meausurements show:

* T, ~ 10 - 20 ¢V, with indications of a higher
encrgy (200 eV) tail.

. ¢'ﬂoa1 ~0 VO“.S, ‘{bplasma ~ 3 Tc-
* A net toroidal flow is observed,

+ No poloidal flow is observed.

FIELD-ALIGNED CURHENTS -
| le Pﬂ'#ck o G

. atien
§in% - Me nelid
Curreats flow: / + ¥
- UPx B

Counsider a pure toroidal field: V- J#0

|
|

Now add a small vertical field: ¥ -J can = 0
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-[FIELD ALIGNED CURRENTS]

EXAMPLE
« Pfirsch-Schliter currents from equilibrium;®

. Giver P(Z) and B = Bid + BLi, B, << B.Bi= &

Bxve, .. . BxVB

Ther J_|_=——B'§“'—‘+(P[|“P.L)'"_B§_— (4)
7 e LB ! . .
Jim g ER ) k‘] _/;3 - p (3‘) Charge neutrality, =

- 4 -- - - - N
v h=akd roo= . V-JL= Ve )
Constrain V- F= ¥- 4+ 97 =0 This equation €an be rewritten as

I
: d. J =

but, __ﬂ =Y - -

) . i i TBJ BasB =-V J_L. (6)
V. q=v-3d

eFor P{(R,Z}=Fy- ea:p(“ﬁ-'—ﬁg‘M), mp= 101
em?, T.=40 eV, 6P=15 cm,

v h=8g (%) = -gmie ) Ips = 400 Amps

Which shaws,

e
Y
=)

—

,
and siace we are considesing a toraidally symctric system (

o

o

2 . ._.R“;“‘{rafy q/[a.-_.s
By = 4y(2) = P2 +C
B Py PO
- .‘I"-{QSTO.‘\Lc I

s C= 0 for an epen ficld line in a nirror,
i

» C= “the boetstrap current™ on a closed ficld linc. : P

+ Current =: Pressurc
"

¢ |-

Clasa Qigf:’ 1o s

QTN

CURRENTS FLOW IN THE 9RiGHT” '_

DIRECTION
A ] Field Aligned Currents
1 B, +- B,-
I 4
o ( ),
“t ~ .0 vh e i _
aaf B Bp ~up -~ o~ HJ Ve -
o " i
[PRECESSIONAL DRIFT CURRENTS 7 e E_-- ~~E e
3, -down - - - -~
« Banana orbits precess toroidally. P L.,\:..- - .Ir-:._: ~ __fi,,,
‘ i "

« Currents a similar in magnitude to Pfirsch-

Schliiter currents.

« Single particle orbit code has been written to Precessional Drift Currents

predict currents due to this effect.

— E=40 eV, 2 =5, 1,=500 amps, ng ~ 10" em™d,
— Vpree=5.5%10° cru-sec™!.

— Thounee= 27 MSECS,

[Tpree = 200 Amps)

e Flor Sorface  Forvuation way, haye s . i -
SO mm g Baoats 1P C.\-vrvu‘l-g. o
. = \ VBe B_ - -
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SUMMARY

« A new, toroidal confinement configuration is
- introduced and tested in the CDX-U vessel.

« Large toroidal currents are observed to spon-
taneously occur, resulting in flux surface for-
mation.

e A preliminary diagnosis of the plasma is pre-
sented.

« These currents are toroidal, pressure driven
currents which may provide the seed current
required for a purely bootstrap driven toka-
mak. '

Future Plans

* Increase the p]asxﬁa current toward 10 - 30
kA range ( q(a) = 3-5).

* Improve poloidal field control.

* Improve plasma current density profile
diagnostics.

= Faraday rotation measurements.

= 2-D scanning magnetic probe syslems.

* Magnetic fluctuation measurements for
helicity transport studies.

DC - Helicity Current Drive

* Low voltage DC- power is efficient
compared to RF.

* Theoretical current drive efficiency from

* helicity balance is high.

Objectives on CDX-U

* Extend the parameters toward more fusion

relevant regimes(larger current, plasma size,
magnetic Reynolds number, ete).

Investigate the physics of current transport.

DC - Helicity Current Drive

= Low voltage DC- power is cflicicnt
compared 1o RT7,

© Thearetical current drive elficiency from
helicity balance is high. :

Objectives on CDX-U

Extend the parameters toward more fusion

relevant regimes(larger current, plasma size,
magnetic Reynelds number, eic).

* Investigate the physics of current transport.
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Recelht Results on CDX-U

*

als
M

B

Plasma current as high as 6 kA obiained.

Current multiplications 25 - 30 observed in
high currcnt regimes. -

Aspect ratio=2
Edze safely factor =10
Polodal [3= I (esrimated from equilibrium)}

n, (0) = Se+l2em™

Evidence ol inward corrent dilTusion md
tolamak formuanon obutined by magnetics.

Tokwnak cquiltbrium ix sansficd wizhin
experimental uncertaintics.

Tl i _
= Hhgner Bomoves plasima inward,

= oser Bomaoves plasnu outwand,

Future Plans

2.
&8

Increase the plasma current toward 10 - 30
kA range ( gl = 3-5).

o
"

Tmprove poloidal ficld control.

Loaprove plasma carrent density prolile
diagnostics.
- Faraday rotatic n measureiments,

= 2-D xcanning magnetc probe systems,

Magnetic fluctuation measurements for
helicity irnspoart siudics,
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+ Tsor ~ 1 kA in L-mods Fhase

+ IgoL oclecreases of the onsef of he H-mode .
+ Isel intreases with core plasma otment awd E[HM

. In :rn?lc null plasmas, the Sum of Hhe measures

e current is close o zero
The SOL cerrent must be -Howing, ‘Pofo]dﬂ.]/)f
around +he confinad plasma.
Drilﬁn? Mechanism ]
. foreida/ toop uo!fage - magneic ’“/"5'1'7
+fhermoelectric potential - Laaf-sfmfa effect

SéyD.verfu v

plasma

\{( :
[ Launcher i

Soypiverfv r P/‘IS"?‘\

« Effect on core Ffaema confinement
improved mede like H-mode

*Consiotent Fullfilment of fechnological constres s
neat [load | Sruﬂ‘er:nﬁ , FmPu.r‘v"f'T

P{a sma, exhaust
PIOCESS a’ﬂf

Control methed of bou.noln.ry plasma,
a-aSS waf.'ng_, I"“‘H’I-‘ng_, feeaa e

Ratently dwerfor bias exFerrmw‘fs have. been
?er-&mmul n DE-D, TRT-2M, TdeV and 50 on.

Purpose

We investigate the cortrollability of heat
load omd P[asma Famine-tv.r‘s such a5 ne, Te
in beth SOL and diverbr plate reg—.'on I"f
M.‘n% Hhe divertr bas method .

1. Model and e%m+-'ov:$
© Sinebler mode| is extended
- Slak geometry and Huid approximation
- Sheath condition
2. L:near HSFOHS?—
e case of -Hoo:h‘ng diverfor plate
-+ Apglied uuHu.g,z recessary for z%-u.o.lr'z.'r-g.
the temperodure or sheath potentral
o in awdh outer diverter Fl&\‘h’._ :

3, Nemerieal vesults,
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j* GENERAL ATOMICS
<+ cEnERAL ATOMICS

70355 70333 70357
PARTICLES RESPOND TO DIVERTOR BiAS

I ring (kA) .

] PLENUM GAS PRESSURE
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o E:] %
0.5 £
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c%b GCENERAL ATOMICS

£ x B PLASMA PUMP

!
o
w 2 g
< -
QO o Consider a potential U applied across one dimension of an
EE & 3 2 apezture:
=
o °
=2 3 . X
= -
[n
=R
(@] ﬁ 4 E L
Qx i
= g &
Q= 1 1 e E
o =
Rel] =
£2 oL e
g - The E X B pumping speed through the aperture is Lhen:
- o
= - | & = E/B dzdy = U/ B
D W = .n_o! S II / Tay /
= - ! . -0 bi i
& 3 'E s Example: DIH-0 biased divertor
EQ Z . £ £= 27 R = 10m
RV R 2 2 :
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BIAS YIELDS LARGE PLENUM PRESSURE,
EVEN WITH SEPARATRIX FAR ON ELECTRODE
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DIVERTOR BIAS OVERCOMES
SENSITIVITY OF PRESSURE
TO SEPARATRIX POSITION
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X = Dlvert Into aperiure, no blas
© = Dlvert on electrode, *
- ¢ = Divert on elecirode, with blas
E 2
Q
5
a2 % x
o
Q“_ x *
£ X
J wr T Y
c
5 .
o
®
[~ Qo
-] - r v
] 5 W0

Neutral Baam [njection {MW)

430 CENGRAL ATOMICLS

REFERENCE CASE
72014
o3 Vsurl (V)
0 ) ) . .
A T
0 ; . L
T Rinel GAl
———
_16.0 A R N
200 T 55y o)
a L " 1 L]
20 Central Te
il
o R L L :
10 ApPru
o T L T T
9 160D 2000 000 4000 5000
TIME {msec)



«{s cEnERAL ATOMICS

CONCLUSIONS

s Scrape-off layer plasma flows are driven by E x B, “pump”.

e E x B "pump” can be made geomeltry insensitive.
« Control of H-mede density appears [leasible.

o Some evidence for curcent profile modilication and helicity
current drive.

s Divertor bias.has little effect on:
— Energy confinement
— Impurity accurulation
— Edge instabilitics.
= Future plans:
— Improve ciectrode insulation,

— Install cryo pump.

4:. CENERAL ATOMICS

OUTLINE

« Introduction

— ADP experimenta) arrangement

— SOL Electric field pattern and current paths
o Results of power thresheld studies

— H-mode power threshold is a stroug function of the bias
voltage with a minimum, for cither polarity of the toroidal

ficld.

— The minimum is at & bias valtage of = 70 Volts, for grad-B
drift direction towards the X-point, and in the range of 0
to 80 Volts, for the oppesite direction of the toroidal field.

+ Speculations on how divertor biasing affects H-mode transition
power threshold

— comparison with experimental observations.
¢ Summary and conclusions

» Papers on other aspects of ADP:

— 3Ei1 M. Schaffer, 3E10 C. Klepper, 9T10 J. Hogan, 8510
L. Owen

<4 ceneraL aTosics

EFFECTS OF EDGE CURRENTS
AND ELECTRIC FIELDS
ON THE H-MODE TRANSITION

By
M.A. Mahdavi

in gollaboration with

R.l. Groehner, DN, Hil.™ AW. Hyatt,
AW, Leonard, T.H. Osborne, M.J. Schaffer,
G. Staebler, R.D. Stambzugh. and E.J. Strait

General Atemics

‘Lawrtnc: Livermore Natianal Laboratery.
Presented at
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H--MODE POWER THRESHOLD H--MODE POWER THRESHOLD

HAS A MINIMUM AT +75 VOLTS HAS A MINIMUM AT +75 VOLTS
GRAD-B DRIFT TOWARDS X-POINT GRAD-B DRIFT TOWARDS X-POINT
a 3 -
?/
i
. Lo
/ H-MODE %
_ 7 .
< :_/ / - 2d// H-MODE
ul cad Co o o O T /
z / / =z /
o] [o)
<8 Z / o
= 2 ]
<o © - / Zo
:ud o / / ‘d-: -
g G O % %1
5 <
w e =3
Zz 9 0 w] = P
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-200.0 =100.0 0.0 100.0 200.0 -4060.0 ’ -200.0 4.0 200.0
BIAS VOLTAGE BIAS VOLTAGE
BIAS ON BEFORE H-MODE ~{» coNERAL ATOMICS
GRAD-B DRIFT AWAY FROM X-POINT
o HOW DOES DIVERTOR BIASING INFLUENCE THE H-MODE
“ POWER THRESHOLD? -
O L-MODE . The existanee of o mininwun in Lthe power thrashold and i ofl axes
loeation conld be dhie te ane ar a canbination of several physieal of-
C H-MODE feets. In the following, postulated plvsical offeets are tested against
E the experimental resulus.
z
g
@e. : o
z- e o Modification of heat Bux across the separatrix by Ep x B flows,
!E o] & or changes in reeyeling do not explain the off axis location of
I.IIJ % o the mbumum.
- O%D Cg o o "— With Grad-B drift towards the X-point and pesitive bi-
' l'S' u fe) o asing. heat fow associated with the Ep x B drifts is eut-
O o o ’ wards. which should increase the power threshold, in the
PD- i W ] o) % - . experiment power threshold decreased.
ﬁ o | DE% [églo 0 0 — With the polarity of the electric field for which the mini-
o7 gj i mum in the H-mode power threshold is observed, the core
< 0 @ recycling is enhanced. According to the conventional wis-
E dom, this should increase the power threshold
o Q - . .
s
& [m
< ] I v
=160.0 -80.0 . 0.0 80.0 180.¢

BIAS VOLTAGE
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+ CENERAL ATOMICS

HOW DOES DIVERTOR BIASING INFLUENCE THE H-MODE
POWER THRESHOLO?

» Enhancement of shear in edge rotation can oot be ruled out as
a possible cause for the reduced power threshold at fow pasitive
potentials.

— The direction of E- x B rotation, due to the external fields,
relative to the usual H-mode poloidal rotation is indepen-
dent of the Br direction.

— There is a significant difference between rotation profiles
of two shets with oppesing biasing polaritics.

o Toroidal currents, driven by biasing, could explain exdstence of
a minimmum: in power threshald but not its off axis locations.

— A current driven instability in SOL is plausible since SOL
toroidal current density can appreach scveral percent of
the peak value '

— Qur data do act indicate a preferted fnite edge current
density since the direction of the toroidal SOL current de-
pends on the direction of the Br; whereas, the location
of the minirmun power threshold is at a positive bias for
either polarity of Br.

H-MODE RADIAL E-FIELD PROFILES
NEGATIVE BIASING
GRAD-B DRIFT AWAY FROM X-POINT

21.0

14.0 -

Qo0
O om
o @ ©

7.0

o 000 O

0.0 -

E, (kV/m)

-7.04

14,0
o Bias: -139V
-21.0 .
2.2538 2.2838 2.3138
R {m)

72012/2236-2300
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E, (kV/m)

H-MODE RADIAL E-FIELD PROFILES
POSITIVE BIASING
GRAD-B DRIFT AWAY FROM X-POINT

21.0
14.0
O
7.0 4
o BE
B
% n} 5
0.0 d % g
)
7.0
o Bias: +117V
-14.0
-21.0 T
2.2349 2.2649
R (m)
71986/4034-4083

"':" CENERAL ATOMICS

SUMMARY AND CONCLUSIONS

« SUMMARY OF OBSERVATIONS:

— H-moede power thresheld s a strong [unction of the bias
voltage with a miniimum whids with dther polasty of the
toroidal field ocours in the range of ¢ to 4-80 volts.

~— [iasing has no significant dfect en conlinement of the H-
mode plasimas.

— During biasing, SOL current density can approach several
percent of the peak core value

— There is a measurable difference between the edge rotation
characteristics of positively and negatively biased plasmas.

« CONCLUSIONS:

— Ep x B drift effects, either due to changes in particle re-
cycling or heat transport, are oot good candidates for ex-
plaining either the existence or the off axis location of the
minimum in the power threshold,

— Enhanced shear in the edge plasma rotation can not be
ruled out as the cause of the reduced H-mode power thresh-
old at smnall positive bias potentials,

— A current driven ipstability is a plausible candidate for ex-
plaining the ebserved increase iz Puy, at high SOL currents.
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Results of LHCD in JT-60U
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Progress of the JT-60 LHCD

1) 4% = mulri-ju

launcher, well approaching the necessary value for

ITER (0.5x1020m-2A/W).

2) The progress by onc arder of megnitude in the COP —
1.25x1020m=4 MA.

9 T ;
4r P-1
3 Lonventionol !

LHCD Launcher

Mulli - Juhction

Current Drive’ Efficiency Nyt 107 T 2A/W)

{~1988) a LHCD Louncher
5 1689~ )
2+ %*“'ﬁn l T
a
2R &
ASDEX
N N
Other Tokamaks TFTR
JFT-2 DI1-D
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Current Drive Procuct (7, (107m 3 Rim): Teo(MAY

LHCD in JT-601

PLH (MW)  T|CD (10%0m-2A/W)
-1 2-3 03-0.4
~10 0.4~0.5
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~1
~5
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I
v

2 MaA Current Drive in JT-60U

B=4 T, ng=3x1018m-3, P = .1 MW
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—[ni;ja] Results of LHCD ip JT-60U

< 2 Weeks Experiment
Pru<1.5MW

1) ~2 MA Current Drive in Low- Density Plasma

2) Current Drive Efficiency ¥S Ny

3) Sawrooth Suppression & MHD --.> by K. Ushigusa
4) Rotation of LHCD Plasma ( ---> by K. Ushigusa )

5) LHW Dispersion

6) Divertor Heat Load/Fast Eleciron Loss ---> Next Topic

Ni Dependence of Current Drive Efficiency

Niptak is varied from 1.3 1o 1.9 (Apm=120°~180")
Dependence qualitatively agrees wilh Theory
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imternction of LHW with ions

dispersion relation of LHW
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Power Balance and Limitatiop of LIICD Apnlication

No Large Difference between LHCD and NBI Plasmas
in Medium Density (> 1x1019m-3}

Direct Loss of Fast Electrons / Locatized Heat Load 7 Hot

Spot_Phenomena secm lo oceur in case of very lLow
Density, Disalignment of First Wall or Error Ficld

13 Exampic of the High Power LHCD
Power Loss ta the Diverter and Radiation Loss

2) Divertor Heat Load Profile of LHCD Plasma

3) Direct Power Loss of Fast Electrons to ihe Divertor
Preliminary Results from JT-60U

4) Example ¢f Hot Spot in JT-60
due o the Disalignment

3) Heart Load 1o the Launcher Head



NO INMERENT BAD EFFECTS on DIVERTOR due

to FAST ELECTRONS in HIGH POWER LHCD

1. LARGE €DP ~ 12x1019m-2MA, PLHeD ~4.2 MW

Protile aof Heat Flux

2 POWER to DIVERTOR ~1.8 MW, RADIATION~1.9 MW

similar 10 NBI/OH Plasma

" 1p=1.5MA,B=4.37

Power Loss of the LHCD Plasma
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o - - . Summary 1
o R LHCD Program in JT-601

-Plan-
L 2-3 MW in 1991~92 / ~ 10 MW from 1993
2. High Performance LHCD
nep ~ 0.5x1020m-2A /W, CDP ~ 5x1020m-2MA
3. To confirm the feasibility of Reactor Application
4. LHCD Physics

b Propagatien/Absorption, Profile, MHID
g -Initial Results-
- I. =2 MA Current Drive at ne=3x1018in3
L @ . o ] 2. TepssP = ncpth : .
T 3. Identification of the LHW Dispersion Relation
_| 25 4. Sawtooth Suppression / j(r) Control / HX Profile / Plasma
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Summary 2

Power Balance-and Limitation of the LHCD Application

-Divertor Heat Load-

1. Powef Balance of the LHCD Plasma is similar to that of
NBI/OH Plasma (Prap, Ppiv, Pags)

2. No Notable Difference of the Divertor Heat Load Profile
FWHMLHCD ~ FWHMNBI if ne > 1x1019m-3

3. Hot Spot occurs in cases of Disalignment of the First Wall,
Error Field, especialiy in Limiter and/or very Low Density.

4. Direct Loss of the fast Electrons was observed in quite Low
Density Plasma.

No Inherent Bad Effect due to the Presence of the Fast
" Electrons_in Divertor Discharge with Medium or Hich

Density.

-Heat Load to the Launcher Head-
1. Heat Load is ncgligible in Case of No Protrusion but Poor
Coupling at A ~ 10 cm.
2.4 > 5 em /2 GHz is required in Case of Protrusion but
Good Coupling even at A ~ 10 cm.
3. Need some Optimization and Further Study.
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SOL./Divertor Plasma Performance during
Auxiliary Heating/Current Drive in JT-60U

Michiya Shimada, Kiyoshi Itami, Nobuyuki Asakura,
Nobuyuld Hosogane, Shunji Tsuji, Katsuhiro Shimizu,
Hirotaka Kube, Tatsuo Sugie,

Hiroo Nakamura and JT-60 team

Japan Atomic Energy Research Institute
Naka-machi, Naka-gun, Ibaraki-ken, Japan 311-01

Key questions

*SOL/Divertor Plasma Transport

*Impurity Generation/Shielding/Transport in
SOL/Divertor

Contents

*Wall Conditioning(He GDC)

*Divertor Plasma Characteristics

*Particle/Power Balance ( Heat Loud of Div. Plate)
*Carbon Impurity Generation Mechanism
*Transport Analysis of Divertor Plasma

After GDC, ng/n, decreased by a factor of two ta ¥ %,
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Teon efeciron side of the divertor (outer side when the
direction of the ion grad-B driftis toward the divertor} is
higher than that en fon side.

Anincrease of the main plasma density from 0,6x1019
m 3 to 2.8x1019 m3 results in reduction of the peak Tg
from 80 eV 1o ~10eV and increase of n, from
0.2x1019m 3 10 2.8x1079m3,

= .

§3 [4ees

Te (FFEF

o2 TTo B

[T 'R
. |e<ead

R T T T T v

CE [

=5 ?;SE

5.0 e 9

So |zass

EE Pa5 o

Eo [ =

5 971

w G

o |

-8 i

2 [
5 L

2 [ '
R+ *
— "
@ L
£ | ]
[ : -|
= g y

Eiectron Temperature Profile

(31]1]

As the main plasma densily increases
120

lemperatura between

increases,

{Ae)fL

3.30

3.10
MAJOR RADWS {m)

3.05



Externally

i

e 3

g :

E -

] H

° : k] >t o
H Fi 1
: 3 —
H 5 V

Langmuir Probe Characteristics
Prode currens

Cument

Fioatng Patental

L
Is { 1- exp(

{w) Sniavy HOrvin

aE'e Sz'¢ 0T'e S1°¢

ot'¢ so't  DO'E GE'Z D6°Z

YT T T T YT

AN

<p Mt ixsasis gt g
An.szciq._.mnﬁ ECIELR —o—
<o e 01x9° =¥ 2pigtE g |

-.u_-_...n,nn/)...._...i 009
- oi0
|
4 0z'0
4 00
-4 ara

efijoid Asuag uonIsg
PPN PR B | I e 1]

ay) fsyes o) ybnous abiey jou s

"gouejeq ainsseld vonosle
1 Ajsuap uonoals ayl jo AnaunuAdsy

(c-wgiat x ) Pu

{w} gnIavH HOrVIW
0t SZE O0Z'¢ SLE OFE 'S0'E 0Dt S6¢ 06T

LU TULED
gl 03xg

U —— 01-

- - m.nl
=

., -

l- / 3 > ————0 < 00 [
v
>
-

IE

- 4 S0

‘9=t ypicLe —p— ]

gt GLIELE —p—e B0Id JUBLIND JICY BRIg .

yefle geipte —o— Al

W 01X

PR PO R |

] gy

‘ewsepd Aysuap 1aybiy

ay} wt Juaund sade| yo-adeios Agq paquUosap Si JOHBAID ay) CjUo JusunD

— 186 —

¥ o T
= .
°
£
i
~ I RS F
6 @
e
4/.m
3

h L.;.lsffr]ﬁ

ST ey

T*s v
AT v e

¥

N
R
3
3

ot

¥ Sove-eft Layer Corrrer




S lhnp ¥
_ ISd-ZE1EL

L¥'D a0 S50 vro [ ]

ev'e Lb'D

A T T T

Ty

G— G5,

¢ eleg

1No-31-2€1y o

NI-31-ZE1EV =

{ W) sniavy HOrvi

02t §T'€ 0zt SI'C 0L SO'E 00 S6°T 062

T Ty T

- »—8

<g g 01X0'22Mo GLEZLE g
<p .ty 0LxC 1= gegzIN —0—

OIS BN O BdenG

P

RS AT NS S S o

<o g 01Xy e cogzIR o1, . L

o000
an’'s
ap'ol
o
. (A )
0g'si ﬂ
N
;
-
00°02 i
z
00°S5Z —l
£
e
0g o0t
RS
00°SE
oL~
5'0-
-
=
B S
0'0 .
w
-
g
-
o't

"PasiaAa) 81 aead aineladwal UcL|Dald SYj SE |jam SB JUaLND
{OLIBAIP JO UCNDBUIP B3Y) ‘PBSIAASS §I P(8) [ERI0IO] JO LONDBAP B} UBUAA

S,ru‘u-t\'r Lm’ur Cwu,.:‘r

WOL 0t v0L 0%

(Jury ) Mo

00 0L 072

T —r— =

2l oyl e
p<'g yum!’rom

e - —

R e o

0L Of-
WL GEs
1«01 0°L-
L
-4 00 >
. —
3
=
< 0L 0L
=t 0L 02
"2 10 s0j08)

€ Uliim Jepol podsuel ajduns e Aq paujeidxa s juauno jj0-adeiag

=
-
—
o [
B b
~ mt
+ T_..Tn_w..
o s
¥y inu ¢
3 w
W Tu_ o) 1
mu. LY + ”* u
et T e 1t ~
: ., BrPE
I~ LN
i<
Y [
o
Y 0+ @
P
T

S
1
T
£
}w
P
PR
~ 4%
" :
T.m..w
"
* « a
,M.@AW o
b »> 7
v -
Y
ki i 0t
AR >
i Lot
I> ..M._J
= <«
=

[ S §
s
E
—~
1_9.
o
_— .hl..-ﬂ
~EE 5 | {E
N et N —
b LN ]
alt 12 M
e
e
o4 < JF
—i wl-.u rI-J o
n ~ < _u_n
- <| o4 a
* _I—Tu elE
e =
— 1 ¢ »
o <rs =
~
(5]
—t 5
- $
1
13
o)

— 187 —



Joe

200

imgeg)

100

Viewing chard of Ha detecior array

E@13171 B Thpda 138.1 *F-.ﬂ-'o\c. R%(?na
T T "7 M M
Particle Flux & lonized Neutrals

by 3 r T —
7 O Panicle Fiux on Divanor Plates F-3Pidhe 1
2 7 | * Toial lonlzed MNewtals . o 4
x @ lonized Meulrais In Main Plasma J"Hd' 4
n »
= & 1, = 2MA = 9
£ B, n 3.7-3.8T {Cw) ]
° 5 F T, =300 or 150deg A
c I wall
2 15 lons/Ha pholens dNﬂﬂ‘W‘
N 4t T
=
8 ‘ &

2k -
o t"-;'
> - Ld o
- o, %o MpiTv
=2 o it
=2 1F @ 99 .. o. 8:@ E
H et oo %0a
a. o 00

o i [l 1 N

‘0.0 1.0 2.¢ 3.0

R, (x101%m?3)
P R W P

Total ionized particle flux measured by Ho detector array agrees

with particle flux at the diverior measured by Langmuir probes.

'SRk - Zgé € m) 27R- 44,
o

Mo = g.S-,.,,dv

Hu irtensity (?‘4’(“’%’9 )
. 2('"-‘) S Aumher lk_ ?-.?JJ]N\./fHM sl B m—— L-hhjﬂ'\ul-" Hd\
A5 fpeten [ Pew O ) Probe
( &S JAERI-H &T7-028 )
e
Particle Confinement Time
s 2MA : ...._ 11a2)y
B, = 2.7:0.8T (CW) 1"(9I°Fa” =M *Vo ! Tun 4 000n, 1 o 0.0, 0.0
Tou = 300 of 150800 1p{main) =i, x Vo f Ty Sy B
: e ® 3 5mum
T v By, 3 AMES
f o o Tpimein plemal : g ;"_9“' - 4-..»@'?4({:'.'.'..':'«.?”-
i [Y3-] - .
o o o‘o ¢ E Py #2114
° o L J ]
%g@ Sy N
F Ty, (Global} " LR I /w\..‘-.\
? . ] J\/ )
e
«® - .‘\k'_' 0. agox e
- . 2.0008 0 1.3008° 0 5.00¢ ¢ 6.%00r 0 d.000¢ 0 49,5008 @
| . TIML ISEC)
Q.0 1.0 2.0 2.0
N, (x10'%/m7)
The global particle confinemeant time Tpglobal {= §
‘ j N
nexvp/rdiu) has been calculaled by paerticle flux.
414239 H5TA Caf0-=> b
In the density regime of ng > 1.9x1019m3,  global e §550392000 570400, 30THAs sves
M - | MTEAE
decreases from 200ms 1o 80 ms, proportional to ng 1 "
[T
In high densily regime, the flux amplification facter, C\E_f §
defined by .3
T
M=1 .rion - liontlo ~ T = Tmain é ¥
=14 = ) 3
' . Tglobal :
rﬁ r(} 1—’mam & , o000
TMIE 0 2934 O 3.026C 0 3.118F 0 3210 o J.30 0
RHAJOR ()

ranges from 2.510 3.0 .



Pk =y

114077

L.oogoE_ 3 a.o, 0.0
ey Borj ~0-2G M, A~ 10T
Ao bn NS
" Poap = 0.2 TATET L
5 oy ~o-bS ML l.]
A
i
¢ 5 :
i L
3% Wﬁ \'
[ b,
z iy AT
0.000% l
2.000E Q 1.000F O 5.00QE @ B.UOCGE D 10.000E ¢ L.2082 1
TIRE{SEQ)
NS I
114077 L T e °5§;z§aas° 03575155 sTIe
5.0GCE__ 2 — -
0 M =
Lty (101)
w
|- 8
= s :
a ¢ IS
55
V3
v W
.2
8 ¢
b
2.%00K il
1.8428 Q0 Z.9J4E 0 3.026E O 3.Aier ¢ 1.2108 O 13,302« O
RAAJOR w )
Investigation of carbon production process
Cbszarvatian

Spectrometer .
C 113535 3p20 ——— T (obscrvation)

Da }_ _
Qll3s®P-3p2P
Langmuir Probe
T.GN
n oM
(IRTV)
T

Sputiaring Yield
© {Chemital)
C (Sell-sputiering)
D {Physical}
{Chemical)

_ T {calculation]

— 189 —

e
[ ]
s
-
Wl
[=]
_ 5
o f 3
~T 2
* . gosee
g s
gl R g
- g
EA o
q
r
=2

ousorg vioy

Carbaon production is explained by sputtering
with oxygen, deuterium, and carbon (self-sputtering)

D,. OH, Tw = 280 *C, £13357- 451

0.12
ool
0.08 | Sell-Spuitering
‘a
= 0.06 ¢
O .
& D {Physical] .
a.c4}
0.0z D {Chemican
Q.DO E L L n L
ve5 050 075 100 1.25 .50 L75
NE {E19 m-3)

¢

BUWSE]d J0LaAl] Jo) sonsoufie|q



* D‘mhr Sirreulndisn '

Simple Divertor Model
Good Agreement batween Calculation Fluid equations
ion for Carbon Production
and Dbservatc_) ® Ti-Te
® the cross fisld transport gtlect is negligible
} Dz OH. Tw = 290°C, £13357-628 @ 1he electron heat conduction is the dominant loss in the energy
s . < transport
- -~
. Vu{nVy)=5a
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© e Boundary conditions at the diverior plate
-
s . {ra.Ta} qullal =¥NaTeVia Via= YaTm,
- I n
%% 00 0.05 0.10 0.15
source lerms
re'Tp N Sp = MeNg<a V> The outside divertor plasma together
OBSERVATION Sp=0 with the scrape off layer is modeled and

is divided into the 8 NMux tubes,
sE =- Elcn Sn

[- S dV =02Qy

neutral transport medel
2D MONTE-CARLQ
MHBD-equiribrium

wall reflection modet
path length estimator method

Neutral Transport Model
Comparison of H_ intensity with exp. data

reflection coefficients Shot : E12953
(lo=2 MA, By=3,5T. 7, = 0.8x 102 m3)

Reg = 0.1x 10 m, Ty =84 aV

T
(a)
divertor reflection N 1
. y ]
u ~ PP e 1
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r Z=0 scrape1 ~2 . {b) ° * EXP,
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1 L 1 .

{b} Caleulated peofilc of Hp radiation intensiry foe the low iemperarure case. The
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Estimation of cross field heat diffusivity

%1 can bs evaluatad from T*{%), @Mx) at the upstream of the

diverior plasma.

Tolalheatfux ¢y (0, _ f ——

heat flux from the flux 1ube-1 to the tube-2

Q.(1} = Q.10) - gl 134 1)

heat diffusivity

Q.(1)

La(l)=

S-n{T{)-T(2))/ aX

x1=3~35m?/s

SUMMARY
Te and ne Profiles on Dhverior Plates

As the electron density .of the main plasma
‘increases, asymmaetries in electron lemperature
and heat flux become large. These asymmetries
in temperature, density and current profiles are
reversed when the torcidal field is reversed.

Scrape-off Layer Current

The paralle! current along the magnetic field in the
scrape-off layer, of which density is up. to
2x 10'A/m?, is measured. lhe experimental resulls
is explained by a simple transpor! model within a
Aactor of twa.

Particie Recycling

Global particle recycling measured by Ha
delectors agrees with the particle flux at the
divertor. -

Divertor Simulation

Simple divertor code is being developed to model
divertor plasma. This code successfully reproduce
the particle recycling arcund the divertar in OH
plasmas.

T(x), @i(x)
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ANOMALQUS TRANSPORTS CORRELATED
WITH THE HELICTTY TRANSPORT

Z. Yoshida
University of Tokyo

i coltabaraton with
A. Hasegawa
Osaka Universicy
and
H.R, Smauss, E. Hameini
Courans Ingrirure of Markemarical Sciences

+ Helicity Transport = Transport of j 0

= Helicity Flux through a Magnetic Surface
— correlated phenomena (anomalous rransports)

+ Spontaneous Fluctuations Resulting a Helicity Flux
— electron heat flux, particle flux, resistance anomaly

HEAT AND PARTICLE TRANSPORTS
CORRELATED WITH HELICITY TRANSPORT

Helicity Flux

Parallel Electron Perpendicular Ion
Current Current
< Ju> <je>

] I

Electron Heat "1 Particle Flux
Flux
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perturbgtions
A =VuxVz+ ¥z B;=Tyx Vz‘—[Au)Vz'
Coulomb gauge, ¢p=0atx = 0.

HELICITY BALANCE EQUATION

ABdv

= _L af(-aaka + ZBtp]ds. -2L EBdv

Foblahy fhe  ~1J-B 4 patide

e\ imbemchimg

§1: arbitrary volume in plasma 1

Sresiputlon 'S duo

helicity flux

SLAB PLASMA MODEL

X nomm! to masmete

arean ffald

= k is almost parallel to the magnetic surface



BREWITY FLEK, PARALLEE CURRENT AND
POLARIZATION CURRENT

heliciry f
e = (—OA XA -V 1) = {w(BLu) - By B}
nonlinear paralle! current
{idy= (G- )bV =)

(o) (¥ 2)
e (@.00@w)} - B {taw,w)

Jn 0

" 29 {au)ik )

-1 ;
= e ((@pu)ika -
i larizaii
ok = ((Vl v )E:) Vx

SPFONTANEOUS FLUCTUATIONS AND
HYPER RESISTIVITY

{Z. Y. & A. Hascgawa, Phys. Fluids B, 1991}
The tearing-mode turbulence results in the hyper-resisliv -

ity, which paralicls the divergence of the helicity flux
caused by turbulent recannections.

We write E.,.=

B = VyxVz+B3,Vz
vu= VoxVz ¢ v,Vz

Then
{Fale = =2B.g{0r Bya) = -2B,0(01- ywr)

3B
- um_;:) (%‘VT)

=By DoViue

-1 Ye x¢
2 g Bxf lBu?l“{(z - xeF + ki)

74, -DAY
B el

L
=124 wAlm

e
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HEAT AND PARTICLE FLUXES
CORRELATED WITH HELICITY FLUX

(Z.Y. & A Hasegawa, IAEA 1990, D-1-6)

« Isotropic periurbation in the perpeadicular disection.
+ Finite average in kyr.

0. <j,u > and < Fy >; are correlated by

—{k/w)k?
hﬂ;x 25'1 DB ( h)l.

L. < jpx gives the frictional electron heat flux:

(ah = (a5 ¥ x} = C.Ten, (jf ()

_ Gl fwk?
T ZueBee {Fh}’:

where Cz =0.71 if Z=1.

2. < jn>e and < jp >, pive particle flux:

)= - e = Gave = 242 ey,

Here ambipolar condition should be satisfied:

kA =[1-{vakiaf} 3,0

NONLINEAR PARALLEL CURRENT FOR
FLUCTUATIONS WITH k # =0

When there is a gradient of ju,0, a spontancous helicity
flux results from the tearing mode turbulence, which yiclds
corrclated anomalous transports. We obtain

(e = “"';_ d (B0} = & ing (a v.o) fr il

We can relate this flux with the helicily flux

- it (i,

The heat and particte fluxes are directed inward to the
plasma {cpposite to the direction of the diffusion of j sa).

(o= S8y - SZ2a (B )

2encp

=Ly, _ ke 1[_3_@)’)
M=z U, = 2e™ng (T Boll

The average charge neutrelity condition reads

Yai' yx‘l’ﬂ + [(Exl)z(v»lk.lfﬂz + l]alvz.ﬂ' iy = D.



COMPARISON WITH THE STOCHASTIC
THERMAL CONDUCTION

Let us assume that both j /7,0 and Te,0 have a same
magnitude of characteristic length &x of spatial distribu-
tions. Here, a finite gradientin T ¢,0 is ﬂeocssary to com-
pare our resull with the stochastic conduction, while the
electron pressure gradient should not be large in order 1o
avoid inconsistency with our previons assumption.

Then we obtain
gl 1Ba] = i/ (vear¥Be) = Eovao £ [¥5:)

where E¢ is the electron streaming factor which is typically
of the order of 10+-3. In normal tokamak parameters, both
ver and the Alfvén velocity v 5 are of the order of 107 m/s.
The growth rate y of the tearing medes are normally much
smaller than 1/vA8x. When y/va8x is of the order of 10-3,
then the present heat flux q=, makes a significant contribu -
tion to the total electron heat transport.

SUMMARY

1. Circularly polarized component of perturbed electric
field correlates the helicity flux, parailel electroa cur -
rent and polarization ion current.

2, The heat and particle fluxes have been estimated, which
are correlated with the helicity transport. The heat and
particle transports accompanied by the helicity transport
are vnavoidable consequences of the anoma lous trans-
port of ju.



Consistency of Current Drive and
Divertor Conditions for Steady State
and Hybrid Operation in-  ITER

M.Sugihara, Y.Morakami, H.Kimura,
T.Nakazato, T.Tsunematsu, Y.Shimomura

JAERI

US-Japan Workshop on RF Current Drive
Nov. 18-21, 1991

Contents

Steady State Operation

- Steady State Operation Space

- Simple Model for Peak Divertor Load

- Diverter Load for Steady State Operation
- Possibility for Improvement

Hybrid ration for Lon
- Hybrid Operation Space -
- Improvement by Inductive Flux

Burnin

Simple Model for Peak Divertor Heat Load

Harrison-Kukushkin  Mogdel uscd in ITER

%L = const. : HK model

%L = Bohm type: Ttoh's model

Beth models are normalized to 3 MW/m2 in the
ignition operation mode of ITER :

P= 116 MW, Pg=216 MW (Pr=1080 MW)
Pr=100 MW
«n> = 1.22x1020 m-3

Ip {MA)

Ip (MA)

1p {MA)

field

Steady State Operation Space

Simple analytic
ling in

A {1 q.

PR 1
P Pwal = 0.4 HW/m

N } x I

Te (keV)

1.9 1.0 18.0 .0 22.0 25.

ke Pwal 5 0.6 Mvi/m?

} 1 1 n

19.0 1.0 16,4 9.0 .0 5.

HK Model

heat transport

SOL

Wi
bgreceiir

along and

across

usXL'T

nx —a:l—‘a
ar A

- (nst.)

19

L-IIB

qi

=

519

(1-9712)219

I}14/9

79, 719
{n} i1



Considerations on relation
between HK and Itoh’s model

Starting from HK model

W P14.'9
div {n)'n'n’9xll9
When X1is Bohm type

%« T/B

Estimation of . T

TP = (nTP¥ = T« (IP)%5/n
(pressure balance along {icld line)
P.d ndence
it Te PO (P05 when Ty < 1/p%-5)

Wiy = p?-8-1-2 (pL.¢ \ypen Tp = 1/P%-%)

n-dependence

ifTe= n
Wdiv“ n-0.4

Difference of Xicould explain two

models:

: HK model
Itoh's model

Constant %1
Bohm type X2

JT-60 LHCD

Half width vs <n>

T

i

0.c ‘ ] \ .
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Itami, Nishitani et al
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— 201 —

Wdiy vs P
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( Htami, Nakamura et al : JAERI-M90-066)

Divertor heat load at gperation point A

estimated by two simple models
ITER  Sicady-stale operatinon
Py S 120 MW, 1S 20

T o1s . ’
:-:-_ 20 t% No salution
et i g for tig 20
5 A% 1R
2 135 7N
g —
o PR 3
g 1oy z
= 7z
C - : __‘//’ No solution |1
=2 ) : ‘Y fergs)
::_\ 0 L i
- 0 5090 1000 5500
Fusion power (MW}

Both models predict that steady state
operation with required wall load for

nuclear testing (>1 MW/m2) results in
significantly higher divertor heat load
than in ignition operation-

Improvement to reduce divertor heat load
will be necessary to realize’ §§ operation

Substantial difference in predicted values
by both models, so improvement on divertor
model should also be very important



Possibility for reducing divertor heat load T 20 7
i i £ Ppuy = 630 MW
in Steady lState operation § - s
=15 ~
Operation: with lower temperature / . r—— 1
higher density (A) 8 10}
. n - r
;. with lower carrent drive 3 ] [ Mo satudlon | ]
poyver (B) ‘_ ""H‘ﬁ} | == [TGH marte
. a [ p.
g gt : !
& o8 1.0 1.2 1.4 1.6
25.0 - Y/ Yirer
2.0 L gz 3.0 e ~ 0 . ‘ '
—_ 2 . Py = 690 MW
; wo 1 215k S —
z ! T
'_n" 16.0 _L E i )
,/ H
13.0 - 2
- 2
(A - - Pwal = 0.6 Mv//m 5
w0 g ! : . 3 £, . ; |
0.0 1.0 1,8 19.0 22.0 5.0 £ _— - 1.2 1.3
Te (keV¥) 1 factor
) —
. '=‘: H i
Typical examples Z g
- Current- drive - %
- Current drive cfficiency 3 ]
- Dootstrap <current = i’m sotution
, f ; g far b g1
- Improving confinement £ uri
- H ractor < i
- Helium concentration £ i
= to 11 132
Best operation point for diverter heat load yhrid ion
(A) : highest density with full CD power Hybrid operation space o satisfy the cagineering
(B) : smallest CD power requirements;

. , ; 2
depends on the divertor model, and (B) is not ;’;’::‘l"lll ':’]"‘1‘:0’}1133;“”_"'
the best one in the HEK model, while {A) and 5
{(B) provides very similar divertor lieat load Example:
in the Itol's model. Py =06 MW/in? (=1 at test region) with 20008 burn
Example: all improvements are included _ Prpr = 80 MW M.

(H=2.2, nhypep=k.4, He=5%) .
" Py=0.6 MW ps3 =
~E 25 . E 20.0
E —e—PNBI=120MW - ST N}
T oz p—o-wen2 e -
P . 6.0
T 'S * g
2 / _’_O_’_’_’_J‘}_,——-——O . “.a < Steady siate
= L O i (1) | 8.0 112 2.0 4.9 180 w0 .00
]
= (A)
5 5 1K model -]
k- li Pupe = 115 M
: :
= L 10 15 20 15
Te (keV)
€ 15 T 'E‘
'§ —a— PNDIL 1 20MW ~
5 20 || —O-i=2 -
=
'g 158 P Sl!lad'ula‘u
= _‘__.__,_.. (B) [N} (-] 2.0 4.0 9.0 19.0 0.0
w 10 ]
8 O T. (xe¥)
2
(A) ]
5 8 T del =] . . )
EE ITOH mode A: Operation point with lowest temperature
P ) {highest density)
2 5 1o L5 10 15 B: Operation peinl with {ongest burn time
Te {(keV)
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Divertor heat load is generally insensitive to the
increase of CD power {in the case of HK medel, it

slightly decreases with CD power,
to SS operation)

which is similar

Certain

degree

of

profile should be held

capability for

current
in hybrid operation

(1) Maintenance of high beta

- Rather small li is needed to suppress

s000 T T Ff . ballooning mstabzlhty near plasma center
1000 — | f ] as pressure profile peaks;
o §000 Achievable bura tame 4 g .P(‘y) = po(l-‘{-’)up (&p is 1.5 for ITER)
- VAN E .
2 5000 \—!- {B)—; 8 . P
2 1000 E
£ 30400 / éa dJ T e YT
2 o0 —_;{: o]
) ?“'— (!\) % ]
1000 i i —
o H { i \
S0 60 TO 80 90 100 110 120 30
P.V‘Il ("I"\') aﬂ‘( X} o4 o 3 L2 uuy
EA N A P Le ie oy
‘0 - This requirement ean be relaxed as qy  becomes
] ; —— | a1 the loagest bum time large (DIII-D)
= O] Tyya= 20003 | —
j £ b : i L)
E" L i I "'/ (X i3
1K modc! i/ . :Lx-n.un
= o= 1ty e A
H 10 -—-_!._. _!w . V.S,];.l ezt ] . P! i
- ,_:(-"'" i
: Y (A) = 12
N _s‘ \\ ! A 1.9
- ITHO model .
g 0 H L. A rer Joo
a 58 69 70 80 90 104 110 120 130 o's}. los
Py (K13¥)
o0 o4

(2) Avoidance of (Monster) Sawteeth Anaother issuc is a probable insufficientness of

current  profile controllability (e.g.,, Inpi/I < 0.3)

- Steady stale current profile is fairly peaked for long burning

(qp is reduced down to 0.34) when current is

driven purely inductively with neoclassical 1.0 T . — T
resistivity ® T at the longest burn time
P I e OO TP N
g v Ha/m? . A ;,:om‘(u-m") o : I |
———lnof:tmf 3 = 0.0 e - e
"o Plirech - £ -
&‘ Sdfaler p- P iooaf
i.. i w B -
T " 0.1 F
¥
- 3 | 0.0
g 50 60 10 80 90 100 11D §10 13D

-l R eoreid, 0 bmet T a Py (MW)

- When 1/3 of plasma corrent is driven mon-. 30 : ! : ’ T 50
inductively, qp can be maintained slightly e L '\ ple | i iy
below unity (gg = 0.85) ‘\\‘f : 5 :

: : | o
] <é—-"” )
gueoziol W' o o Lramy z 16T [ s teaci 4.2
- - Ie-s_qn E /.)/ -y | f
P T e - 3.8
- - 3 = T
] - Iaseg_gq 12 F " G ‘.IA, 3.4
il P £ o HA . ! - |
H - 3"“0.95 10 1 P SN FUWES SUTTE PR T WL 1.0
- N £=04p 50 60 70 $0 90 100 ti0 120 I3
L
.ot Fyoy (MW)
ot A 0-49 :
) W { &-i88 Operation point with large CD power is preferable,
since requirement of profile control will probably
{Tokuda, Tsunematsu) be reduced due to increase of qq.
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of
flux

Reduction divertor heat

inductive

load by increasing

For fixed' operation point:
Burn time is increased with same diverter load

For fixed burn time (2000s):
Divertor heat load is decreased

5600 T Y

——R0Hal T . sy H=2
3 4900 [f — - RCH=tlim -
" rees s RO LEY m A3
E 000
=
% 1000
=
to0¢
° N
3 & 7 3 9 16
T, {keV)
= 10 =—a—tK model @‘— 0.5
E O~ TTHO madel !
E {
b} & Al i A B
-} ______CH\_%LQ Al -
: ° o =S 03 3
T4 o.r
=
5.2 0.t
T
> :
E 0 T a
L20 140 160 180 200
¥alt-Sceond {V*s)
Aummary
1. Systems analyses on steady state and  lrybrid
operation spacc in ITER are performed with

respect to divertor lheat load by using two typical
divertor meodels (HIKX and Itoh's)

2. Both models prediet sobstantinly  higher  heat
load, especially in steady state operation, thar in
ignition aoperation, while significant diflercnce in
the predicted valves exists betwceen two  models,
{mprovement of the divertor medels are essential
to identify the Tfeasibility of sieady state
operation in ITER. '
3. Moderate  improvement of  current drive
cfficiency and confinement can  reduce the heal
load to some extent, but Turther substantial
improvemenl is necessary o ensure steady stote
aperation with reasonable heat lond condition of
divertor.’

4.1In hybrid operation, injection eof full current
drive power could marginally reduce the divertor
heat load, and marecover, with this injection, the
requirement of current profile control could ‘be
reduced. ’

5. Increased inductive flux can prolong burn time
when non-inductive drive of about 20 % of total
current is sufficient for profile control.  However,
the divertor heat lead could not be reduced with
the increased flux, since the operation peint, in
which the capability of profile contrel is rcduced
and the requirement will be increased, may not be
realized.  Further study is nceded on this issue.

For fixed burn time operation, divertor heat Joad
can be reduced, while the capability of profile
control  is decreased and the requirement of
profile control will be increased (qyw is decreased)

18

I, {MA)
J\
ah

L]
L5 F _.__——-::'_:'.77/7._,:,‘: - 4.2
,
1 Ji 1 4.1
! |
11 = * 4.0
120 140 160 130 200
volt-8econd  (V*s5)
Further careful examination should Dbe needed to
identify the usefulness of increased inductive flux
for inductive-dominant tong burning.
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NIFS-PROC-1

NIFS-PROC-2

NIFS-PROC-3

NIFS-PROC-4

NIFS-PROC-5

NIFS-PROC-6

NIFS-PROC-7

NIFS-PROC-8

NIFS-PROC-9

-Recent Issues of NIFS Series

U.S.-Tapan Workshop on Comparison of Theoretical and
Experimental Transport in Toroidal Systems Oct. 23-27; 1989 ;
Mar. 1990

Structures in Confined Plasmas —Proceedings of Workshop of US-
Japan Joint Institute for Fusion Theory Program— ; Mar. 1890

Proceedings of the First International Toki Conference on Plasma
Physics and Controlled Nuclear Fusion -Next Generation
Experiments in Helical Systems— Dec. 4-7, 1989 ; Mar. 1990

Plasma Spectroscopy and Atomic Processes —Proceedings of the
Workshop at Data & Planning Center in NIFS—; Sep. 1990

Symposium on Development of Intensed Pulsed Particle Beams
and Its Applications; Oct. 1990

Proceedings of the Second International TOKI Conference on
Plasma Physics and Controlled Nuclear Fusion , Nonlinear
Phenomena in Fusion Plasmas -Theory and Computer Simulation-;
Apr. 1991 :

Proceedings of Workshop on Emissions from Heavy Current
Carrying High Density Plasma and Diagnostics; May 1991

Symposium on Development and Applications of Intense Pulsed
Particle Beams, December 6 - 7, 1990; Jun. 1991

X-ray Radiation from Hot Dense Plasmas and Atomic Processes;
Oct. 1991



