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Abstract

Self-modulation of the high-frequency electric field is
observed when its frequency is near the electron plasma fre-
quency. The localized field due to the self-modulation is
found to make depressions in the plasma density, and to be
trapped in the density dip which moves with the ion-acoustic
speed. The depth of the dip reaches to 20% of the unperturbed
density. The maximum amplitudes of the high-frequency field
and the density dip are linearly proportional to each other.
All these features are quantitatively explained by the results
of the theory of coupled electron-plasma and ion-acoustic
solitary waves.

1. Introduction

; Parametric instability by an intense high-frequency wave
has been considered an important mechanism of plasma heating.
Although several experiments have confirmed linear instability
theories by observing either enhancement of electrostatic
fluctuations{l] or onset of anomalous absorption[2] at  theo-
retically predictad threshold pump intensities, no direct com-
parison between theory and experiment has been made for the
nonlinear saturztion state. The present paper reports the
theoretical and experimental work on the nonlinear stationary
state of the parametric instability of a one-dimensional elec-
tron plasma wave. In particular, we have observed a self-
modulation of an electron plasma wave and the associated density
dip, propagatirg in unison approximately with the ion-acoustic
speed. The result can be explained as coupled electron-plasma
and ion-acoustic solitons propagating in the overdense plasma.




2. Observation of Self-Modulation and Formation of Plasma Cavity

An argon plasma is produced by a double plasma source in
one end of a cylindrical microwave cavity as shown in Fig.1l.
Typical plasma parameters are the electron temperature T_ =~ 1.5
eV, the electron density n = 5 x 10° cm™3%, the ion temperature
T. < 0.2 eV, the argon pressure p = 2 x 10~* Torr, and the
background noise level én/n, ~ 10~%. An antenna placed at the
other end of the cavity excites the dipole mode of frequency
wo/2m (= 0.64 GHz) in the plasma region. The plasma density is
radially nonuniform and the cut-off surface (the surface where
wo = w__, the electron plasma frequency) stays inside the plasma
as shoWn by a dotted line in Fig.l. The low-frequency density
perturbation is detected by observing the electron saturation
current to a Langmuir probe and the high-frequency field by
observing the potential difference between two closely spaced
wires (1 mm diam. and 5 mm long). The cut-off surface is
located by measuring with interferometer a weak pump field which
changes its direction, at w = w in a cold plasma model.

Growth of the modulationalp%nstability has been observed by
applying a stepwise pump power starting at time t = 0. The
typical distributzion of the plasma density (the electron satura-
tion current to the probe) and of the high-frequency field
along the direction of the pump electric field are plotted in
Fig.2 for every 1 usec time interval after turning-on the
pump. The plasma density starts decreasing at a place near the
cut-off surface; then the density depression expands mainly
toward the overdense region with the velocity 2 x 10° cm/sec
which is approximately the ion-acoustic velocity. The expanding
front eventually forms a stable narrow dip - cavity - in the
overdense region and at the same time another dip starts grow-
ing at the place where the former dip appeared. This process
is repeated, and an oscillatory structure is eventually formed.
The depth of the dip reaches about 7% of the unperturbed density.

Figure 2(b) shows the correlation of the self-modulation
of the high-frequency field with the density depression. The
initial growth rate of the modulation in the unit of the elec-
tron plasma period, y/w__, is 3 x 107*. The growth rate is
approximately proportioggl to the pump power. At the density
dip, the observed field intensity E? becomes up to 5 times
larger than E} which is the intensity immediately after turning-
on the pump. The envelope of the high-frequency field propa-
gates together with the density perturbation, indicating that
the high-frequency field is trapped in the density depression.

3. Theory of Coupled Wave Soliton

We interpret the observed evolution of the wave as follows:
First, the ponderomotive force expels the plasma from a region
where the electric field is strong and makes a cavity in the
plasma, which in turn traps the field and strengthen the
ponderomotive force. This process is essentially the oscillat-
ing two-stream instability{3] and occurs near the cut-off
surface, where the high-frequency field is most efficiently
modulated by the density perturbation. Since thus produced
density depression has a sharp expanding front, the dispersion
effect of the ion-acoustic wave tends to develop oscillation and
forms a stationary narrow density dip at the expanding front.




To analyze the observed density dip which traps the elec-
tron plasma wave and moves with the ion-acoustic velocity, we
consider coupled equations for electron-plasma and ion-acoustic
waves[4]. For electron-wave, we use the Schrodinger equation
with the potential proportional to the electron density per-
turbation 6n[5]:
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where we used w ! and the Debye length A as units of the tim
and length, andP&enoted the electron fluid velocity as ‘
u exp(-iwot) + u*exp(iwoet); A = (wd - 1)/2. In the stationary
state moving with velocity V, the high-frequency component of
the electron fluid velocity, ue(x, t), can be written as

2
ue(x, t) = w(g)exp{~-i [wo - %—]t} + c.c. (2)

where £ = x - x; - Vt, x, being the initial position, and w(f)
satisfies the egquation
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Here v(£) is the normalized density perturbation, v = n/n_.
For ion-waves propagating approximately with the ion-acouStic \
speed c_, we can use the Korteweg-deVries equation with the
ponderomotive force acting as a source [5]:
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where e€? is the electron-to-ion mass ratio. The integrated form
of this equation is
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V(E) = 2Av(E) + vZ(E) + |w(E)|2 +Ww=0 (5)

where A = (V - ¢ )/c_, ¢ being the square root of the electron-
to-ion mass rati3 inSthe present units used in this section,
and W 1s an intagration constant. .

The coupled equations, (3) and (5), are exactly solved in
terms of Jaccbi's elliptic functions. As a special case,
solitary wave sclutions are obtained in the form

v(£) 12Asech?t (6)
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with

z = (-24/3)Y2%E, and A = 20A/3 (8)

Note that the solitary wave solusion exists only in the over-
dense region (A < 0) and the density perturbation v is negative
in the region of large high-frequency field |w|, indicating
density dip traps the electron plasma wave. From (6) and (7)
we find important fact that v is linear in w. This result
contraTthwith the usual static pressure balance relation

v« - |w|“.

The ion Landau damping due to a finite ion temperature
prevents a sharp resonance at V=c¢, |A] (=]Vv-2¢]
becoming at least of order v,/w_, where v, and w_ are the damp-
ing rate and the frequency of the ion-acolistic wi8ve. On the
other hand, a large ion-density perturbation (of order |v| ~ |w])
predicted by the present theory assumes |A|to be of order |w
or less; otherwise, |v| becomes much smaller being of order
|w|?. This implies that in the case |w| acts as a pump the ion
Landau damping brings in a threshold (|w| > v,/w_ ) for the
occurrence of a large ion-density perturbation. S

4. Experimental Test of Theoretical Results

To test abovz theoretical results, an experimental set up
shown in Fig.3 is employed. The electron temperature in this
new device is 3 eV which is higher than the temperature in the
previous plasma. 3ince the ion temperature is the same as the
previous one, the Landau damping of the ion-acoustic perturba-
tion due to the ions is reduced. This double plasma system[7]
efficiently launchss a large-amplitude ion-acoustic wave from
the left-hand-side grid into a region where the pump field is
applied by a mesh grid.

The distribution of the plasma density is plotted in Fig.
4 (a) for every 5 usec time interval after a rarefaction ion-
acoustic wave is launched. No pump field is applied. The
figure clearly shows a wave propagating from left to right
with the ion-acoustic speed. If we adjust the plasma density in
such a way that the electron plasma frequency at the bottom of
the rarefaction wave approximately equals the pump frequency
(330 MHz) (so that the plasma is overdense), then the pump
field produces a very deep density dip like the one shown in
Fig.4(b). The dip moves with the ion-acoustic speed, and its
depth én reaches 20 % of the unperturbed density. The field
intensity E? in the density dip is enhanced up to an order of
magnitude larger than the intensity outside the dip, indicating
high-frequency £:i2id is trapped. The depth én can be controlled
by changing thz intensity of the pump field or the width of the
launched rarefzction wave.

The relation (6) and (8), which are written as
. X - c. t
n = -6n sech?( 5 ) (9)
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in unnormalized unit, predict that the deeper soliton is narrow-
er. We find in Fig.5 that Eq.(9) (solid line) well accounts
for the observed relation (dots) between &n and D.

Some detailed features of the high-frequency field have
been studied by employing an interferometer. Part of the pump
oscillator signal was used as the interferometer reference.
Since the dip moves, the time dependent part of the inter-
ferometer output indicates phase and amplitude of the trapped
wave.

Figure 6(a) shows the density perturbation (middle trace)
and the interferometer output (lower trace) which is proportion-
al to the envelope of the trapped field. The dependence of the
interferometer signal on the phase of the reference signal
showed that the electron plasma wave formed a standing wave in
the density dip. 1In Fig.6(a), the phase of the reference is
adjusted in such a way that the maximum interferometer output
is obtained. For comparison with the theory, Egs.(6) and (7)
are plotted in Fig.6(b). We can see close similarity in the
waveform.

The relaticn between the depth 8n and the maximum electric
field Em is plotted in Fig.7; it clearly indicates a linear
relationship betwsz=n 6n and Em. The theoretically obtained
relation

sn/ng ~ (EZ/16mn T ) 1/2 (10)

agrees with the observed results, indicating the assumption of
static pressure balance, 8n/n_ n E2/167n_(T_ + T.), is not valid
when the low frequsncy perturgation propaga%es with the ion-
acoustic velocity.

The density dip is formed when the pump intensity exceeds
a threshold value given by |w| = 2(E2/16mn T )1/2 = 4 x 10-2.
Measurements of the spatial damping Fate kQ §nd the wave
number kr gives us the minimum value of y. wy (= ki/kr)=
2 x 107%, which is fairly close to |w| at'th& therashdld.

This result supports qualitative discussion of the threshold
givVen in the previous section.

All above results have confirmed that the large density
dip found in the second device is the coupled electron and
ion-acoustic solitary wave which is theoretically obtained in
the previous section. The density dip found in the first
device also manifests the linear relation between én and E
and the waveform of the trapped field like the one shown in
Fig.6. However, it has a width wider than the prediction of
(9) . This discrepancy can be explained by the ion Landau
damping which cut down the large wavenumber components, since
Te/T' is smaller in the first device.

Finally we note that the large density perturbation
generated by modulational instability, which will occur in the
Laser-plasma interaction and the other heating experiments, will
strongly modify the manner of wave-plasma interaction.
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Fig.l. Schematic of the experimental setup. Dotted line

indicates the cut-off surface.
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Fig.2. Profile of the density perturbation
frequency field intensity (b).
t = 0. Pump power = 20 W.
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Fig.3. Schematic of the second device.
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Fig.4: Profile of the density perturbation when a rarefaction
wave is launched. (a) No pump. (b) With pump (E,= 9 V/cm,
wo/2T = 330 MHz).
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Fig.5. Relation between the depth and the width of the density
dip. Circles: data obtained in the first device. Dots: data
obtained in the second device.
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Fig.6: Density rerturbation and interferometer output as a
function of time. (a) Experimental. (b) Theoretical.
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Fig.7. A relation between amplitude of the density perturbation
and the high-frequency electric field.



