VOLUME 69, NUMBER 2

PHYSICAL REVIEW LETTERS

13 JuLY 1992

Absorption of Fast Waves by Electrons on the DIII-D Tokamak
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Efficient direct heating of electrons by fast waves has been observed on the DIII-D tokamak. The
measured fast-wave heating efficiency was independent of magnetic field, in contrast to the strong in-
verse magnetic field scaling predicted by the theory of single-pass damping, indicating multiple-pass ab-
sorption. The central heating of electrons by the fast waves had a strong dependence on the target elec-
tron temperature. H-mode plasmas were obtained with fast-wave heating alone for the first time in the

direct electron heating regime.

PACS numbers: 52.50.Gj, 52.40.Db, 52.55.Fa

Research in magnetic confinement fusion is presently
centered around the tokamak [1], a machine with closed
magnetic geometry in which the plasma is confined by a
combination of a large toroidal magnetic field imposed by
external magnets and a smaller poloidal magnetic field
generated by a toroidal plasma current. The plasma
current is normally induced by transformer action, and
therefore is transient. Auxiliary heating (that is, nonin-
ductive heating) may be used on tokamaks to increase the
plasma temperature so that the thermonuclear fuel may
ignite, as well as to drive the plasma current independent-
ly of the transformer and thus allow steady-state opera-
tion. One method of radio frequency (rf) heating which
theoretically shows promise in achieving both the heating
and current-drive goals is the direct absorption by elec-
trons of the fast (magnetosonic) wave [2-4].

The fast wave is a compressional wave that propagates
primarily perpendicular to the static magnetic field [5].
Ion cyclotron resonance heating (ICRH) by fast waves
has previously been used to heat tokamak plasmas [6];
however, fast waves can also be absorbed directly by elec-
trons when the resonance condition @ — kv, =0 is sat-
isfied (o is the frequency of the fast wave, kj is the wave
number parallel to the magnetic field, and vy, is the elec-
tron velocity parallel to the magnetic field). The direct
electron absorption of fast waves is due to electron Lan-
dau damping and transit-time magnetic pumping [7].
For a Maxwellian electron distribution, the e-folding
damping length at low frequencies is given by [8]
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where ki ge = w/v4, v4=cQi/wpi, Be=2uon.T./B? &,
= w/kVse, vie =(2Te/m,) ', and a is a complicated func-
tion with @ 2 <1 for this experiment. The fast-wave ab-
sorption is maximized when & =1/+/2, and it decreases
rapidly with increasing magnetic field since A, ' B 73,
The fast-wave experiments reported in this Letter were
aimed at characterizing the direct electron heating of fast
waves in the ion cyclotron range of frequencies (ICRF)

as & and B were varied. In general, fast-wave heating
was found to be efficient on DIII-D as is evident from the
nearly 100% absorption of the fast-wave energy by the
plasma and the obtainment of H-mode plasmas. JET and
JFT-2M have recently reported evidence of fast-wave
damping on thermal electrons in the ICRF; however, only
about 20% of the fast-wave power was directly absorbed
by electrons [9,10]. For JET, the direct electron heating
by fast waves was limited to first-pass absorption since a
strong ion cyclotron resonance was present near the plas-
ma center [9]. For JFT-2M, the direct electron heating
was inefficient because the fast-wave parallel phase veloc-
ity was much larger than the electron thermal velocity
(¢.21.7) [10]. The DIII-D experiments reported in this
Letter have neither of these limitations.

The fast-wave heating experiments on the DIII-D
tokamak [11] were performed in double-null-divertor
discharges using deuterium gas puffing. The fast waves
were launched at 60 MHz using a phased array of four
loop antennas. When the relative phase between the
currents in the four straps is (0,7,0,7), the launched
parallel index of refraction is |ny|=|ky|c/w =9, which is
optimal for direct electron absorption at electron temper-
atures near 3 keV after accounting for the upshift of the
spectrum due to toroidal effects.

Efficient plasma heating was seen during fast-wave in-
jection on DIII-D, as shown in Fig. 1. The toroidal mag-
netic field was 1.6 T which placed the second and third
hydrogen cyclotron harmonics near the plasma edge
(p=0.73, where p is the normalized radius) on either
side of the plasma center, thereby reducing the possibility
of significant ion cyclotron absorption by the residual hy-
drogen in the deuterium discharge. During fast-wave
heating the plasma stored energy increased as well as the
central electron temperature determined from Thomson
scattering. The Ohmic power decreased during fast-wave
heating as a result of the electron heating.

Coating the antenna and nearby tokamak vessel wall
surfaces with low-Z materials (such as boron or carbon)
was found to be effective in reducing metal influx and ra-
diated power [12]. Boronization was found to be the
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FIG. 1. Time history of (a) net fast-wave and Ohmic power,
(b) central electron temperature, (c) plasma stored energy, and
(d) line-averaged density. The coupled fast-wave power is 80%
of the net power (I, =300 kA, Br=1.6 T, x=1.4, deuterium
discharge with = 2% hydrogen fraction).

most effective wall conditioning technique, reducing the
incremental radiated power fraction to APr,a/Pi==0.3,
regardless of the antenna phasing. Boronization also re-
duced the plasma density increase which occurs during
60-MHz fast-wave injection.

The magnetic field scaling of Eq. (1) was investigated
by scanning the toroidal magnetic field at constant plas-
ma curent and density from 0.8 to 2.0 T. The plasma
stored energy (W) at each magnetic field was determined
from reconstruction of the plasma equilibrium using
external magnetic measurements [13]. The stored energy
determined in this manner agreed well with the diamag-
netic and kinetic measurements of the plasma stored en-
ergy. In order to normalize out the weak magnetic field
scaling of the energy confinement time (t g =W/ P, where
P is the total Ohmic and injected rf power) present for
any form of auxiliary heating, the experimentally mea-
sured 7 is divided by the ITER-89 power-law scaling re-
lation developed for the ITER design [14]:

TE =0.04810'85R1'2(10'3770'13’?"2(14)(/}))0'5, (2)

where tg is in sec, I is the plasma current in MA, R and
a are the major and minor radii in m, 7 is the electron
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FIG. 2. Energy confinement time (open circles) normalized
to the ITER-89 power-law scaling relation as a function of the
toroidal magnetic field for high-aspect-ratio plasmas (R =1.86
m, a=0.48 m, I, =300 kA, 1=2.5%10"" m 73, x=1.4). Also
shown is the calculated first-pass absorption (solid circles).

density in 10%° m ~3, By is the toroidal magnetic field in
T, A is the atomic mass number, x is the elongation, and
P is the total power in MW. The ITER scaling relations
agree with the measured energy confinement time for
electron cyclotron resonance heated [15] (ECRH) as well
as neutral beam injection (NBI) heated plasmas [14] on
DIII-D. The plasma parameter values for Eq. (2) are
taken during the steady-state portion of the rf pulse.

The normalized energy confinement time during fast-
wave heating for a magnetic field scan was independent
of Br, as shown in Fig. 2 for high-aspect-ratio plasmas
(similar results were obtained in full size discharges).
Assuming that the ITER-89 power-law scaling relation
[Eq. (2)] accurately predicts the actual energy confine-
ment time, then the normalized energy confinement time
represents the fraction of absorbed fast-wave power li.e.,
n=(W/P)/tFER]. The first-pass absorption calculated
from a slab model [4] is also shown in Fig. 2 for compar-
ison. (The central electron temperature increased with
B7; however, this effect is included in the calculation of
the first-pass absorption.) Although the calculated first-
pass absorption decreased from 27% to 5% as the toroidal
magnetic field was varied from 0.8 to 2.0 T, the absorbed
power fraction was independent of By and had a value of
7=0.96 £0.13. This estimate of the absorbed power
fraction used the injected rf power in Eq. (2); if the ab-
sorbed rf power is used instead then 71 drops slightly to
0.94. Therefore the efficiency of direct electron heating
by fast waves is nearly 100% even for discharges where
the first-pass absorption is weak. This indicates either
that multiple-pass absorption of the fast waves is occur-
ring or that the damping is much stronger than Eq. (1)
predicts.
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Since there is a second-harmonic hydrogen resonance
passing through the magnetic axis for Br =2 T, ion cyclo-
tron absorption may compete with direct electron absorp-
tion at this toroidal field. However, since the hydrogen
fraction is low (= 2% measured by edge spectroscopy),
full wave code calculations show that the direct electron
damping is typically 5 times stronger than the second-
harmonic hydrogen damping under these conditions [16].

The direct electron heating by fast waves was found to
be sensitive to the target electron temperature at a fixed
magnetic field, in contrast to the absence of any observ-
able magnetic field scaling of the fast-wave absorption.
The Ohmic electron temperature was scanned by varying
the electron density from 1.1x10' to 1.9%10' m~3.
The toroidal magnetic field was 1.4 T for this experiment,
which placed the third-harmonic cyclotron resonance for
hydrogen near the plasma center. As shown in Fig. 3, the
electron heating effectiveness, defined as

ne =AT.(0)n.V/Prw , 3)

where V is the plasma volume, increased substantially as
the target electron temperature increased above 1 keV.
This temperature corresponds to a ratio of the (toroidally
downshifted) wave parallel phase velocity to the electron
thermal velocity of &, = 1.3. It is not understood at this
time why the fast-wave heating should depend upon &,
and not Br.

Finally, for the first time in the direct electron heating
regime, H-mode plasmas have been obtained with fast-
wave heating alone (H-mode period > energy confine-
ment time), as shown in Fig. 4. The regime of “high”
confinement was first achieved with NBI heating on AS-
DEX [17], but subsequently has been achieved during
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FIG. 3. Electron heating effectiveness as a function of

the target electron temperature [I, =510 kA, Br=14 T, &
=(1.1-1.9)x10"" m 3, x=1.9].

ICRH [18], ECRH [19], and even Ohmic heating [20].
Obtainment of the H mode in the direct electron absorp-
tion regime is strong evidence of efficient heating by the
fast waves. For the H-mode plasma in Fig. 4, ion cyclo-
tron damping of the fast wave was negligible since
©=80Qp. The power threshold for H mode with fast-
wave heating was somewhat lower than the power thresh-
old for ECRH or NBI heating [21]. For this discharge
the fast-wave power was very close to the threshold
power, so the H mode was preceded by a relatively long
L-mode period. Upon transition to the H mode, the
divertor light dropped and signs of edge localized modes
(ELMs) appeared. At the same time the electron density
and stored energy began to increase, indicating an im-
proved particle and energy confinement time. The plas-
ma current profile also broadened, evidenced by the lower
normalized internal inductance, as is characteristic of H
modes. There was no significant impurity accumulation
during the H-mode phase. The enhancement in energy
confinement between L mode and H mode was 1.54 for
this shot; at slightly higher fast-wave power the enhance-
ment in confinement was 2.0. Quasi-steady-state ELM
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FIG. 4. Time history of (a) net fast-wave and Ohmic power,
(b) divertor light, (c) line-averaged electron density, (d) plasma
stored energy, and (e) normalized internal inductance. A tran-
sition from L-mode confinement to H-mode confinement occurs
around 2850 msec, and the H mode continues until the fast-
wave power is removed (I, =510 kA, Br=1.0 T, x=1.9).
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H-mode periods as long as 1350 msec have been produced
in similar discharges; the rf pulse length is presently lim-
ited by Joule heating of the uncooled antenna.

In summary, highly efficient direct electron heating
with 60-MHz fast waves has been observed on the DIII-
D tokamak. Nearly 100% absorption was measured for
all magnetic fields, indicating that multiple-pass absorp-
tion was occurring. The electron heating effectiveness of
the fast waves increased with increasing target electron
temperature, and a threshold for good central electron
heating of w/ky<1.3v, was observed. H-mode plasmas
were obtained for the first time by fast-wave heating in
the direct electron heating regime. The efficient direct
electron heating observed on DIII-D points to an alterna-
tive method of plasma heating by fast waves which does
not require a match between the applied frequency and
the magnetic field.
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