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It is observed that fast waves launched into an electron-cyclotron-heated plasma from a phased four-
strip-line antenna array couple effectively with core electrons. This coupling produces enhanced electron
cyclotron emission and a drop in the loop voltage. These effects depend on the phase difference between
adjacent strip lines and on the electron density. An absorption efficiency of 20% is deduced under the
conditions vpn/veo~3 and fo/fLu(0)~0.38. The experimental results agree well with predictions based

on electron Landau damping of fast waves.

PACS numbers: 52.40.Db, 52.50.Gj

In recent years, considerable attention has been fo-
cused on theoretical and experimental studies of lower-
hybrid (LH) waves for plasma heating and/or current
generation in tokamaks. These waves have been success-
fully employed to heat electrons and to drive plasma
current via electron Landau damping (ELD) in a num-
ber of tokamaks.! Recently, current drive by LH waves
(LHCD) in the JT-60 tokamak has been demonstrated
with efficiencies close to the range expected for a
steady-state tokamak reactor. The LH waves, however,
may not penetrate deeply into hot, fusion-grade plasmas
because of strong ELD, an unfavorable accessibility con-
dition or other effects near the edge of the plasma.

Fast waves (FW) in the LH range of frequencies
could provide an alternative for heating and/or current
generation in the central portion of reactor-grade plas-
mas.>* In particular, current drive by FW (FWCD),
based on the same mechanism as LHCD, is expected to
have efficiencies as good as those obtained in LHCD ex-
periments. Some experimental studies of FWCD in the
frequency regime f.; < fofLu(0), where fLu(0) is the
maximum LH resonance frequency in the plasma, have
been done in toroidal devices>® and tokamaks.”"!! The
experiments on the tokamaks,®® however, have not con-
clusively shown that FWCD can be achieved by means
of the ELD of the fast waves launched directly, possibly
due to conversions of the fast waves to slow waves. In
this Letter, we report the first experimental results using
a 200-MHz fast wave launched from a phased four-
strip-line antenna array into the JFT-2M tokamak. The
results obtained for electron densities well above the LH
resonance density show effective electron heating con-
sistent with ELD of the fast waves.

The JFT-2M tokamak has a D-shaped vacuum vessel
with a major radius Ro=1.31 m. The present experi-
ments were performed in limiter-discharge plasmas with
a minor radius of @ =0.32 m and an ellipticity of x =1.4.

The plasma current was I, =100 kA and the toroidal
magnetic field was B,o=1.07 T. The working gas was
hydrogen. The target plasma was heated by electron cy-
clotron heating (ECH) with a frequency of 60 GHz, cor-
responding to the second-harmonic electron cyclotron
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FIG. 1. (a) Phased four-strip-line antenna array with Fara-
day shield. (b) Calculated N. power spectrum for the fast
waves radiated by the array. The parameter A® is the phase
difference between adjacent antennas. N, is the parallel re-
fractive index.
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frequency at the plasma center.

The FW system consists of four 200-MHz rf sources,
each capable of supplying 180 kW for up to 0.5 sec
through a circulator to one poloidal strip in an array of
four-strip-line antennas equipped with a single Faraday
shield, as shown in Fig. 1(a). The Faraday shield
prevents direct excitation of the slow mode. The spacing
between adjacent strip lines is 8 cm and the width of
each strip line in the toroidal direction is S cm. The ra-
diative length in the poloidal direction of the antenna is
18 cm. The phase difference, A®, between adjacent an-
tennas is adjusted independently by a phase shifter in the
low-power circuit and then monitored by pickup coils
placed behind slits in the return plate. The impedance of
each line is matched using double stub tuners. The
power spectrum of the radiated fast waves, calculated in
a two-dimensional semi-infinite plasma model'? using
the surface-plasma impedance evaluated in Ref. 13, is
shown with A® as a parameter in Fig. 1(b). In the cal-
culation, we assume an electron density profile given by
ne(r) =(1.5x10" m™3)[1—(r/a)?]'® and set N, =0,
where N, is the refractive index of the waves in the po-
loidal direction. Each antenna is fed with constant
current and the total radiated power is kept constant.

The typical time behavior of the relevant plasma pa-
rameters for two discharges is shown in Fig. 2(a). The
solid lines in the figure indicate the results of FW com-
bined with ECH and the dashed lines indicate those ob-
tained without the FW pulse. The radiated FW and
ECH powers were Ppw =300 kW and Pgcy =180 kW,
respectively. The value of A® was set at 160°, which
yields a spectrum having a peak at N, =6.5 and a width
of AN;~4. The line-averaged density 7, was kept con-
stant at 75, =0.95x10'° m 3 by feedback control during
the rf pulses for both cases. The present plasma parame-
ters yield the range of 1.06 to 15 for the accessible IV, at
the plasma center and rpy/a =0.93 for the radial posi-
tion of the LH resonance layer at 200 MHz. When
ECH power is applied, the central electron temperature
rises to 1.5 keV from 0.6 keV. With application of FW
power during the ECH pulse, an appreciable further
drop in the loop voltage AV}, and substantially enhanced
electron cyclotron emissions (ECE) are observed. The
ECE signals for the extraordinary mode were detected
by a radiometer. The signal at 50.4 GHz was received
by a horn antenna placed outside the torus in its mid-
plane, and those at 86 and 90 GHz by an antenna placed
inside the torus. The radiation temperature deduced
from ECE was calibrated using the Thomson-scattering
diagnostic. Note that the frequency 50.4 GHz corre-
sponds to the second harmonic at r/a =0.78, while 86
and 90 GHz correspond to the third harmonic at r/a
=(0.19 and 0.0, respectively. Evidence of internal saw-
tooth oscillations is observed in ECE signals at 86 and 90
GHz in both cases. The FW power enhances the
sawtooth oscillation and increases their period by about
50%. The FW is also found to produce an increase of
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FIG. 2. (a) Time evolution of loop voltage, V;, stored plas-
ma energy, Wigia, line-averaged electron density, 7., and ECE
radiation temperature, T,, for two typical shots with and
without (solid and dashed lines) FW power during the ECH
pulse. I, =100 kA, B:o=1.07 T, and A®=160°. (b) Soft-x-
ray energy spectra with and without (solid and dashed lines,
respectively) FW power during the ECH pulse. The plasma
conditions are the same as in (a), except that Prw =270 kW.

0.5 kJ in the stored plasma energy, estimated from the
diamagnetic measurement Wgi,. The increase in the
stored energy and the drop in the loop voltage imply an
absorption efficiency of 20%, assuming no change of en-
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FIG. 3. Dependence of the change in loop voltage, AV, and
in the ECE radiation temperature, AT, on the phase difference
between adjacent antennas. The plasma conditions are the
same as those in Fig. 2(a), except that Ppw =275 + 25 kW.

ergy confinement time during the rf pulses.

The energy spectra of the soft-x-ray radiation obtained
under the same conditions as those of Fig. 2(a), except
that Prw =270 kW, are shown in Fig. 2(b). The radia-
tion parallel to the drift of the current-carrying electrons
in the midplane was measured by an intrinsic germanium
detector with a pulse-height analysis system. The data
for ten identical shots were superposed. The solid lines
indicate the results of the combined FW and ECH pulses
and the dashed lines indicate those obtained without the
FW pulse. The ECH is seen to produce a plasma
characterized approximately by two Maxwellian electron
distributions with different temperatures for bulk and
tail electrons. The temperature of the bulk component
was somewhat higher than the central electron tempera-
ture measured using Thomson scattering. Both com-
ponents are seen to be heated effectively by the FW.
Note that the calculated power spectrum of the fast
waves couples through Landau resonance to electrons
with energies in the range of 3.5-10 keV. These results
imply that the FW interacts with resonant electrons
which transfer the excess energy to central plasma elec-
trons. In the absence of ECH, we have observed no ap-
preciable heating of electrons under conditions otherwise
identical to those mentioned above.
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FIG. 4. Density dependence of loop voltage and ECE radia-
tion temperature with and without (open and solid circles, re-
spectively) FW power during ECH pulse. A®=160° and Prw
=210+ 20 kW.

Figure 3 shows the changes in the loop voltage and
ECE as functions of the phase difference between the an-
tennas. The data were obtained under nearly the same
conditions as those of Fig. 2(a), except for the phasing.
It is found that fast waves launched with A®=120°,
corresponding to vp;/veo=3.7 (where vp; is the phase ve-
locity parallel to the toroidal magnetic field for the dom-
inant fast waves and v, is the thermal velocity of the
central electrons), interact appreciably with plasma elec-
trons, producing a drop in the loop voltage. The stronger
enhancement of ECE at 86 GHz (as compared with that
observed at 90 GHz) is ascribed to down shifting of the
ECE from energetic electrons at the plasma center. The
energetic electrons also enhance the optical depth of
ECE and then increase the radiation temperature. The
optical depth for third-harmonic emissions from the cen-
tral plasma is evaluated 7op~0.1 for the Maxwellian
electrons. The observed increase in the radiation tem-
perature is inferred to be contributed from the energetic
electrons produced by the fast waves. On the other
hand, it is seen that waves with A® =90°, corresponding
to vp,/ve0= 4.6, do not couple appreciably with electrons,
leading instead to the plasma cooling with a resulting in-
crease in loop voltage. A substantially enhanced inward
flux of impurities has also been observed during the FW
pulse. The lack of coupling for A® =90° shows that the
problem of the “spectral gap,” where many very energet-
ic electrons are created although the spectrum launched
at the plasma edge is not slow enough to interact with a
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substantial number of resonant electrons, does not exist
here, in contrast to the LHCD.

The density dependences of the loop vnltage and ECE
when ECH is applied with and without FW power are
shown in Fig. 4. The data were obtained for Ppw =210
+20 kW and with A®=160°. In both cases, the tem-
perature decreases with increasing electron density and
the resulting loop voltage increases. It should be noted
that the drop in the loop voltage and the increase in ECE
due to application of the FW pulse are most pronounced
near n,=1.0x10'° m 3. At the lower densities, the
enhancement of ECE is not as large, even at relatively
high temperatures. In addition, no appreciable drop in
the loop voltage is observed at 7, =0.55x10' m ~3. At
7. =1.2%10'" m 73, there are no drops in the loop volt-
age and no enhanced ECE. These heating results are
consistent with the theoretical dependence of ELD of the
fast waves on the electron density and temperature.

We have calculated the single pass absorption of the
fast waves and the associated rf-driven current for the
present experimental conditions. In the calculation, the
wave equation, coupled with the one-dimensional quasi-
linear Fokker-Planck equation taking into account per-
pendicular dynamics,'* has been solved in the WKB ap-
proximation for cylindrical geometry. A ray-tracing cal-
culation indicates no significant spatial variation of N,
and dominant electron Landau damping rather than
transit-time magnetic pumping and ion cyclotron
higher-harmonic dampings under the present experimen-
tal conditions. The wave spectrum calculated for radia-
tion from a four-antenna array, as shown in Fig. 1(b),
was used. The results indicate an absorption efficiency of
10% for plasma conditions corresponding to Fig. 2. The
rf-driven current is predicted to be 3 kA. The calcula-
tion also indicates that the absorption of the waves
launched with A® =90° is less than 3% for T.o=2 keV.
This agrees well with the experimental results obtained.

In summary, we have observed direct electron heating
by fast waves in the lower-hybrid range of frequencies
launched by a phased four-antenna array into the JFT-
2M tokamak. The heating depends on the phasing of the
antennas and on the plasma density in a way consistent
with electron Landau damping. These results suggest
that the antenna array used can control the parallel

wave-number spectrum of the excited fast waves. There-
fore, unidirectionally propagating waves excited by such
an antenna array can be expected to be efficient in gen-
erating current drive if the electron temperature is more
than 3 keV, although no clear FWCD has been observed
in the present experiments. In addition, the substantial
absorption of fast waves might be efficient in producing
current drive in the reactor-grade plasmas by the mecha-
nism of helicity injection as recently proposed by Chan
and Ohkawa. '’
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