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FIG. 2. Interferometer traces for the microwave

incident (a) from outside the plasma at &/'&, = 1.95, and
(5) from within the plasma at &1~, = 1.97, together
with (c) gentle and (d) steep radial profiles of the plasma
density.

gyroharmonic (&u/&u, &2). Figure 2 shows the
conversion from the fast X mode to the Bern-
stein mode, which is observable in such a steep
density profile as shown in Fig. 2(d). The fast
X mode is launched from x= —38 cm, is re-
flected at the cutoff layer (r =- 21 cm), and
forms the standing wave which gives rise to
visible distortion in the interferometer pattern.
The apparent damping of the X mode is attri-
buted to the geometrical divergence of waves
from the launcher. Beyond the upper-hybrid
layer (r =- 20 cm), the short-wavelength (-5
mm) Bernstein mode is observed with the long-
wavelength component of the transmitted slow
X mode. Figure 2(b) shows the conversion from
a slow X mode to a Bernstein mode in the gentle
density profile shown in Fig. 2(c). In this case,
the X mode is incident from within the plasma,
from a shielded magnetic loop a.ntenna (1.5 cm
in diameter) at r =2 cm. At the hybrid layer
(r= —24 cm), the X mode converts into the Bern-
stein mode which propagates back to the higher
density side.
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To identify the excited wave of short wave-
length, I measured the perpendicular wave num-
ber k~ by interferometry and in Fig. 3(a) typical
radial interferometer patterns are shown for the
fast X mode incident from outside the plasma.
The wave exhibits a cutoff (A.~-~) for &u =2&v„
and A. ~ decreases with ~/cu, . The wavelength
at constant ~/&u, decreases with increasing ar
(increa. sing the density). In Fig. 3(b), I have
plotted the wave dispersion measured at a fixed
radial position and find excellent agreement with
the theoretical curve for ~T, =1.5 eV (consistent
with the Langmuir probe measurement). Theo-
retical curves are demonstrated for parallel
wave number k ~~(= 271/A„) =0, since . the finite
k „(&I cm ') does not modify appreciably the
dispersion for k~ &5 cm '. Electron-neutral and
electron-ion collisions are so rare (v/&u-10 ')
that the wave damping is governed by cyclotron
da, mping. In Fig. 3(a), the damping rate is found
to become large as co/cu, -2. Agreement with
the theoretical damping rate is obtained for
A

~~

-10 cm, which is comparable to the parallel
dimension of the launcher. From these mea-
surements I conclude that the excited wave is
indeed the Bernstein mode.

The conversion efficiency P from the fast X
mode to the Bernstein mode can be estimated by

FIG. 3. (a) Interferometer traces for several values
of cu/~ . Arrows indicate the hydrid-resonance points.
&u, /2x = 411 IVIHz. (b) Experimental points and theoreti-
cal curves of Bernstein-wave dipersion relafion. cu /
2&= 347 MHz. (c) Efficiency p of mode conversion into
a Bernstein mode of an extraordinary wave incident
from outside the plasma.
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P=1 —R —T, if the power densities of reflection
R and transmission T are known. Comparing
Fig. 2(a) with 2(b), we note that the conversion
efficiency n from the slow X mode to the Bern-
stein mode is much greater than P. Mode-con-
version theories" predict n = 1 —exp(- mq},

where g= (cu/c)~x and ~x is the distance between
the cutoff and the resonance layers. So, in the
gentle (g =4.5) profile shown in Fig. 2(c), almost
complete conversion is expected. Now I can
calibrate the detector sensitivity for the Bern-
stein mode relative to the X mode, assuming
100'/o conversion in Fig. 2(b). This calibration
enables us to determine P with the aid of a mea-
surement of the standing-wave ratio, (1 —R}/
(I+R), in the underdense region. In this way, I
have measured the efficiency, controlling the
density gradient at the hybrid layer by means of
the gradient control grid. The results are plotted
in Fig. 3(c), as a function of q, i.e. , the width
of the tunneling region measured in free-space
wavelengths.

The efficiency P has been obtained analytical-
ly" only for the density profile specified by the
simple model index I'(s) =a+ q/s, where nor-
malized position is s =~x/c, and the constant is
a=1 for s &0, and g=n'(~) for s)0. According
to Eq. (1) for o /~, =2, for example, the con-
stants n(~) = ~, 1, and 2 give the densities (s -~)
~~'/~'=1. 45, 1, and 0.8, respectively. The
special case of n(~) =1 corresponds to Budden' s
solution, ' P=exp(-mq) —exp(-2m'), which is
indicated by the solid line in Fig. 3(c). In this
experiment, the density in the overdense region
(s )0) often exceeds ~~'/~'= 1.45, and the overall
density does not realize the theoretical mod-
els. ' ' Qualitatively, however, the measure-
ments have verified the existence of the best g,
i.e., the best gradient scale length.

A 0.92-GHz, 10-kW, pulsed microwave source
is used in order to study nonlinear effects"'"
on the mode-conversion process. Figure 4(a)
shows the interferometer traces sampled during
the microwave burst of 2 kW and 1.3 p.s. Figure
4(b) displays the radial profiles of the ion satura-
tion current collected by a Langmuir probe. The
sampling time is delayed by 1 JL(,s after the turnoff
of the microwave burst, in order to prevent
Langmuir probe measurements from errors due
to rf fields. As seen in Fig. 4(b), the ion cur-
rent anomalously increases in the mode-conver-
sion region (6 & D~ &12 cm). Figure 4(c) shows
the electron temperature measured at the peak
position (Ax =9 cm) by the probe. The tempera-
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FlG. 4. (a) Wave signals sampled at different times
t after the turnon of the microwave burst. w/cu, = 1.94.
(b) Ion saturation current before (dashed line) and after
(solid line) the microwave application. (c) Electron
temperature vs incident microwave power.

ture increases with the incident power, but satu-
rates around the ionization energy level (15.7 eV
for argon), and then the plasma density increases
as a result of ionization by heated electrons.
Since the ion saturation current is proportional to
NT„ the density at Ax =9 cm is estimated to be
tripled. Also, the wave measurements [Fig.
4(a)] support the density increase; the hybrid-
resonance point indicated by arrows shifts toward
the left and the wavelengths of the Bernstein
mode become shorter with t.

A possibility of ionization by intense micro-
wave fields is excluded because the pulse width
is very short, and partly because although the
microwave is more intense near the launcher
(be&5 cm) there is less density change. For
the incident power and the plasma parameters
used, nonlinear ponderomotive-force effects of
Bernstein waves are negligible" and dominated
by the heating effect. The absence of the thresh-

1901



VOLUME 47, NUMBER 26 PHYSICAL REVIEW LETTERS 28 DZCIMBZR 1981

old for the temperature rise suggests heating due
to the cyclotron damping rather than parametric
instabilities" of the converted Bernstein wave.

Fundamental processes observed in the pres-
ent experiment are connected directly with pre-
ionization by microwaves for the tokamak start-
up. " Localized electron heating by slow as well
as fast X modes is of interest for controlling the
current and Q profiles of tokamak plasmas. Al-
so, the mode-conversion process may predomi-
nantly contribute to the hot-electron ring forma-
tion at the second gyroharmonic region in bumpy
tori. "
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By injecting rf power P, f near the lower hybrid frequency into an Ohmically heated plas-
ma near the end of tokamak discharge in the WT-2, an rf-driven current-sustained plas-
ma is produced and continues to exist during the rf injection period, the toroidal current
(I~ -10 kA) being generated by the lower hybrid wave only without the Ohmic power. The
efficiency of rf-driven current generation is high and attains I~/P, t =0.9 kA/kW at the
plasma density n, = 1.4& 10' cm, with somewhat lower efficiency at higher density.

PACS numbers: 52.50.Gj, 52.55.Gb

Generating and sustaining a continuous toroidal
current comprise one of the most important
problems to be settled in order to realize
steady-state operation of a tokamak reactor. ' '
It has been predicted theoretically that a fast
electron beam carrying the continuous current
is produced by the quasilinear Landau damping
of lower hybrid waves (LHW). '' Recently,
experiments on current drive by LHW were
carried out in tokamaks' ' and a stellerator. '
When the LHW-driven current ~, f was produced

in Ohmically heated plasmas, the plasma
current l~, composed of ~, f and the Ohmic
current, increased slightly, while the loop volt-
age Vl. decreased, since the time constant of
the plasma current is too long to change ~~
during the rf pulse. In this Letter, we report
the first experiment in the WT-2 tokamak, for
which the toroidal plasma is sustained by the
I.HW-driven current ~, f only. No Ohmic current
was present.

The WT-2 tokamak' has an aluminum shell,
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