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the usual estimate of the anomalous diffusion as-
sociated with the presence of electrostatic fluc-
tuations. The diffusion coefficient is®
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where ¢, is the amplitude of the electrostatic po-
tential of the kK mode, w, and y, are the real and
the imaginary part of the frequency, ko is the po-
loidal component of the wave vector, and the sum
is over all the existing modes. For a low-fre-
quency electrostatic wave we can take 7, /7,
~e¢,/T, Iy,/w,~10"" the level of the ob-
served fluctuations accounts for the total elec-
tron losses of the ATC discharge.?

In conclusion I have observed a new class of
small-scale density fluctuations in the ATC to-
kamak. Their frequency spectrum is consistent
with that of drift waves and their amplitudes are
maximum in the range of wavelengths where the
transverse inertia of ions plays a role in the
plasma stability. The amplitude of these fluctua-
tions are sufficient to explain a large fraction of

the electron energy losses of ATC.
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A strong radio-frequency field applied to an expanding plasma is found to produce a
shock at the surface where the local plasma frequency matches the applied frequency.
The shock propagates towards the upstream overdense region with the ion-acoustic
speed relative to the plasma flow. The density jump at the shock front is found to be

proportional to the field amplitude.

Recent experiments’? and numerical simula-
tions® have indicated that when an intense oscillat-
ing electric field is applied to a plasma, it modi-
fies the plasma density profile and makes plasma
cavities near the plasma wave cutoff where the
applied pump field frequency w, equals the local
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electron plasma frequency w,,. In contrast to the
above experiments which have been carried out in
a stationary plasma, a laser-produced plasma in-
teracts with the laser light while the plasma is
expanding. In the present experiment, we intend
to study the evolution of the plasma density in an
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FIG. 1. Experjimental setup.

expanding plasma due to interaction with a radio-
frequency field. We have experimentally found
that a shock wave is formed in contrast to the
previous experiments where cavities (or solitary
waves) were observed. This observation verifies
the recent computer simulation results.*

The experiment was carried out in a double
plasma device® illustrated in Fig. 1. Two argon
plasmas are produced independently on both sides
of a mesh grid located at the middle of the vac-
uum chamber (40 cm in diamter and 70 cm in
length). An additional grid (20 cm in diameter)
which is set in the target plasma (on the right-
hand side) applies high-frequency electric field
at a few hundered megahertz to the plasma be-
tween two grids. The separation, I, of the grids
is 14 cm. The plasma parameters are the ion
temperature 7;~0.2 eV and the argon gas pres-
sure p=(1-3)X%10"* Torr. The electron temper-
ature 7, is continuously controllable in range
from 0.5 to 4 eV by regulating the discharge cur-
rents to the semiconductor-coated chamber wall
and the metallic electrode (the electron cooler,
see Fig. 1).

A potential step applied to the driver plasma
on the left-hand side injects the ions into the tar-
get plasma. The electrons produced in the target
plasma neutralize these additional ions. The
streaming velocity of injected ions is controlla-
ble. When T',> 1.5 eV, the injected ions produce
electrostatic shock waves® by interacting with
the background plasma without the pump field.
For T,=<1.5 eV, the electrons shield injected
ions, and no shock discontinuity appears in the
density profile. In Fig. 2, the spatial density
distributions (upper diagram) and the ion distri-
bution plotted in the energy-distance plane are
shown at 10-usec intervals after the start of ion
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FIG. 2. (a) Spatial electron density profile and (b) ion
distribution plotted in the energy-distance plane at in-
dicated times after ion injection. No rf field is applied.

injection into the target plasma. These diagrams
indicate that the plasma expands smoothly with-
out generating any ion-ion two-stream instabil-
ity.”™° This feature of the plasma expansion is
described by a “self-similar” solution of the
fluid equations for ions shielded by isothermal
electrons.'®!

We now look at the effects induced by the high-
frequency pump field imposed on the plasma par-
allel to the density gradient. The density pro-
files with and without the pump field are plotted
in Figs. 3(a) and 3(b). The background plasma
frequency is well below the pump frequency. Af-
ter the ions are injected, the high-frequency field
makes a sharp density jump with a width of 4 mm
(~ 20 Debye lengths, Ap) at the middle of the slope,
where the local electron plasma frequency equals
the pump frequency (w,/27 =330 MHz). The non-
uniformity scale length, L=#/(d%/8x), of the un-
perturbed plasma at this initial time is (2-3)

X 10®2p. A train of oscillations with the wave-
length of 40np appears on the plateau formed on
the downstream side [the right-hand side in Fig.
3(b)] of the shock jump. The parametric decay
instability,'®'® generating an ion-acoustic wave
(wg/2m~0.2 MHz~ 0.2w,;/27) and a lower side-
band to the pump in the plateau region, also
starts growing at 50 usec after the ion injection.
(The data-sampling processing employed in plot-
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FIG. 3. Electron density profile: (a) without rf field;
(b) with rf field. (c) Spatial rf field amplitude distribu-
tions, showing enhancement of the field amplitude at
shock front.

ting Fig. 3 averages out the decay instability sig-
nals.) However, this instability saturates at a
very low level compared to the shock jump; the
instability density fluctuation is 1-2% of back-
ground density. An enhancement of the high-fre-
quency electric field is found on the downstream
side of the shock. The enhancement of the ampli-
tude is observed to reach a value 5 times as
large as the amplitude before the shock sets in
(see Fig. 4). The profile of the high-frequency
field intensity also reveals spatial oscillations
which correspond to the one appearing in the den-
sity distribution.

The amplitude of high-frequency field is mea-
sured by detecting the potential difference be-
tween two wire probes. The probe size is chos-
en in such a way that the scale length of the plas-
ma-probe interaction region is comparable to the
Debye length, so that the transit-time damping®
(or the Landau damping)** suppresses'® the reso-
nant decoupling of the probe from the plasma,
which may occur at the plasma frequency. In or-
der to check the effect of the high-frequency field
on the probe measurements, the pump power is
turned off at a time we desire to measure the den-
sity profile. The spatial distributions of the elec-
tron saturation current to the plane probe right
before and after the turning off of the pump do
not show any significant difference.

The propagation velocity of the shock is slower
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FIG. 4. (a) Density jump and (b) rf field amplitude at
the shock front as a function of pump field amplitude
Vg /Ve.

than the streaming-ion velocity. We launch ion-
acoustic pulses on the slope of the expanding plas-
ma by applying a pulse signal to the grid separat-
ing the two plasmas. A single excitation pulse
generates both the fast and the slow waves on the
streaming ions.* ! From this experiment, we
have found that the velocity of the slow wave is
approximately equal to the shock velocity, indi-
cating that the present shock wave propagates
against the ion stream with the ion-acoustic ve-
locity. Since the ion-acoustic velocity is small-
er than the ion-streaming velocity, the shock
moves in the laboratory frame in the ion-stream
direction. We note here that the ion-acoustic ve-
locity in the streaming-ion frame is smaller than
(T',/M)"? because of the presence of background
ions.? We have carried out experiments with a
pump frequency ranging from 200 to 400 MHz and
have found that all above features do not depend
on the pump frequency, provided the plasma den-
sity is adjusted in the way described before. The
extent of the shock in the direction perpendicular
to its propagation direction is approximately the
same as the diameter of the grid.

The shock wave occurs when the pump intensity
is above a threshold value. Both the amount of
density jump 6% and the oscillating electric field
amplitude E measured at the shock front are plot-
ted in Fig. 4 as a function of pump amplitude v,/
v,. (When no shock takes place, E is measured
at the cutoff surface.) Here, v, is the electron
thermal velocity (T,/m)Y?, and v, the oscillat-
ing electron velocity defined by v, =eE /mw,,
where E, is the electric field defined by E, = ¢,/
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1, with ¢, the rf voltage applied between the grids.
The shock is generated when v, /v,>0.055. We
also find a linear relationship between 6z and E
above the threshold. In a nonuniform plasma,
however, the pump field is not spatially uniform;
it is enhanced at the cutoff surface.'™!® There-
fore, the actual threshold is higher than the above
value.

We interpret the above experimental results as
follows. After the ions are injected, the enhanced
local plasma frequency matches the pump fre-
quency. Then the pump field induces the modula-
tional instability®® ( the oscillating two-stream
instability) at the cutoff surface. Although the in-
stability generates a localized density depression,
this depression cannot trap the electron plasma
wave, because the density gradient due to the
plasma expansion at this time is as large as the
density gradient due to the instability. Since the
electron plasma wave excited at the cutoff sur-
face propagates out to the underdense region,
and its amplitude becomes uniform, the ponder-
omotive force®® maintains only the shock front
where the turning point of the electron plasma
wave is located. The plasma expansion makes
the density uniform on both sides of the shock
jump; the plasma-oscillating-field system thus
approaches a stationary shock state. As a possi-
ble explanation of this shock wave, we have found
analytically a stationary shock solution in a plas-
ma-oscillating-field system by taking into ac-
count a deformation of the electron distribution
function due to reflected electrons in the upstream
overdense region.?* The theory is based on the
fact that the shock moves in resonance with the
acoustic motion. The resonance yields a linear
relationship between the density perturbation and
the field amplitude® as observed in the present
experiment.

The authors acknowledge the help of Dr. D.
Forslund who pointed out the need for experi-

ments in an expanding plasma.
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FIG. 2. (a) Spatial electron density profile and (b) ion
distribution plotted in the energy-distance plane at in-
dicated times after ion injection. No rf field is applied.



