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drive the oscillation, and this threshold density
increases with increasing temperature. At fixed
beam density the instability will become convec-
tive when the plasma is made effectively warmer
since the given density will become smaller than
the threshold value. The experimental results
are thus due to the changes in threshold beam
density in response to changes in the thermal pa-
rameters. In Figs. 1 and 2 v,/V is changed, and
in Fig. 3 the threshold increases as k,v,/w, in-
creases and also as w approaches nw,, where
w-nw,~0.

In this experiment the plasma can be made ef-
fectively warm enough so that we have convective
instability at the maximum attainable beam den-
sity (wp?/wp?~1072), In terms of thermal pa-
rameters this occurs when kv,/w, >0.1 and V/
v, <10,

From this work we conclude that plasma ther-
mal effects must be considered in the analysis of
H-wave experiments, since either convective or
absolute instability may be present. We have
examined experiments on the H wave by other
workers, and conclude that the observed waves
were absolute instabilities®®'° except for the
work of Mizuno and Tanaka.? There the cold-

’

plasma dispersion relation was erroneously used
to describe a convective instability.
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The growth of an ion acoustic instability caused by a slow electron drift is studied ex-
perimentally. A small-amplitude test wave in this unstable system develops into a large-
amplitude steady state which is found to be a Bernstein-Greene-Kruskal—like ion mode

with trapped electrons.

We wish to report experimental observations
of the spatial growth of ion acoustic waves in
the presence of a slow electron drift.! The final
state of the wave, which does not decay spatial-
ly, together with the measured distribution func-
tion, appear to be consistent with Bernstein-
Greene-Kruskal (BGK) modes? with trapped elec-
trons. Although theoretically predicted,? such
modes have not been observed experimentally.
The temporal or spatial evolution of such BGK
modes have not been studied extensively either,
presumably because of a lack of experimental
evidence.

In our experiments we have chosen experimen-

tal parameters (density, temperature, and neu-
tral pressures) such that electrons can execute
many bounces in the ion acoustic wave potential
well within a collisional time. For either ions
trapped in ion waves® or electrons trapped in
electron waves,*® the bounce time of the trapped
particles is usually slower than the wave per-
iod and it is difficult to observe experimentally
steady-state or quasi-steady-state behavior.
However, the large electron-to-ion temperature
ratio (T,/T;~15) and the high phase velocity of
the ion acoustic wave favor the trapping of elec-
trons rather than ions in our experiment. In
order to facilitate the identification of trapped
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electrons we have chosen to look at the change
of the positive slope in the initial electron dis-
tribution function as the growth of ion acoustic
waves takes place. The slow electron drift ve-
locity also enables the ion acoustic wave to grow
from an excitation sufficiently small so that oth-
er complicating effects are avoided. This proce-
dure is to be contrasted with the usual approach
of exciting a large-amplitude wave by a large
source voltage and the subsequent examination
of trapping near the source. This latter method
can produce pseudowaves and ballistic effects
which may complicate the subsequent interpre-
tations.

The experimental arrangement is the Univer-
sity of California, Los Angeles, double plasma
device,® modified to reduce axial density gradi-
ents, in which an electron drift is generated by
biasing one plasma chamber positive with re-
spect to another. This technique produces a
slow electron drift [« ~0.25a,, where a, is the
electron thermal speed, i.e., a, = (2kT,/m)"?],
throughout a large diameter (30 cm) in a plasma
of equally large diameter. The experimental re-
sults can therefore be directly compared with
theories for homogeneous plasmas. Our oper-
ating conditions are 10%<#,<10° cm™3, kT,~2 eV,
T,./T;=~15. At the operating pressure of 0.2 to
0.4 um in argon the mean free paths for electron-
neutral collisions and electron-ion collisions are
greater than the plasma dimensions. There is,
however, a small density gradient #n, '0n,/8x
~0.01 cm™ in the axial direction, the same di-
rection as the drift velocity. Movable axial pla-
nar probes are used to monitor the growth of the
ion acoustic waves which start either from ther-
mal noise level or from a small test signal ap-
plied to one of the two separation grids of the
double plasma device. Electron distribution func-
tions are simultaneously measured by differen-
tiating the probe current characteristics with re-
spect to the probe voltage.

When the bias between the two chambers is ad-
justed to give an electron drift such that the pos-
itive slope of the electron distribution function
coincides with the phase velocity of an ion acous-
tic wave, a noise spectrum which peaks at w/wp,-
~ 0.5 with a width Aw/w,; ~0.15 between 3-dB
points is observed (w,; is the ion plasma fre-
quency). This unstable spectrum was identified
as that of ion acoustic waves through the mea-
surements of the wave dispersion (Fig. 1) for
small wave amplitudes n, /n,~0.01. Two methods
of measurements are used. The first method in-
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FIG. 1. Linear dispersion of unstable ion acoustic
waves in the presence of a slow electron drift. Solid
lines are theoretical dispersion relations including ion-
neutral collisions. Plasma conditions: «T,~2 eV, T,/
T;=15, ny~10° cm™, and vy, ~6x 10% sec™.

volves spatial correlation measurements at a
particular frequency, using two sharply tuned
filters and two probes whose separation can be
continuously varied. The second method re-
quires the excitation of a small test wave (exci-
tation voltage~5 mV, which is about the same
level as the background noise) whose spatial
growth and phase change can be compared with
a well-defined reference. The linear growth rate
k;/k, is compared with the numerical solutions
of the linear dispersion relation of ion acoustic
waves.” The dispersion relation in the presence
of an electron drift # including collisionals with

_neutrals® is

2k2=Z,<w-—E'ﬁ+ivm)+Z‘£z,(w +ivi,,>
k2 ka, T; ka; ’
where Z’ is the derivative of the plasma disper-
sion function,’ k, =V2w,,/a, is the electron Debye
wave number, a; is the ion thermal speed, and
V., and v;, are the electron-neutral collision
frequency and ion-neutral collision frequency,
respectively. At the operating pressure (v,,~2
x10° sec™, v;,~6X10* sec™?) the ion-neutral col-
lisions account for the dominant reduction of the
collisionless growth rate. The real part of the
wave dispersion is seen to follow closely the ion
acoustic branch in Fig. 1. Note from Fig. 1 that
the electron drift and the small collisional effect
favors the growth over only a limited frequency
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spectrum, with the most unstable wave propa-
gating along the electron drift velocity. In the
case of a test wave the planar excitation over a
large cross section further favors the one-di-
mensional propagation along the drift direction.
The experimentally observed growth rates are
in good qualitative agreement with the theory
(Fig. 1). The apparent reduction of the mea-
sured growth rates with respect to the theory
might be due to trapping effects or wave-particle
collision processes in the presence of the unsta-
ble waves. Both these effects become important
even at the amplitude #,/n,~0.01 where the mea-
surements take place, e.g., at this amplitude the
bounce frequency w, =[(M /m)eg,/kT ,J*?w is al-
ready comparable to the effective electron-elec-
tron collision frequency ves=v, (kT ,/e®,) ~2x10°
sec™t.10

The most interesting part of the experiment is
the growth of an ion acoustic wave (over 30 dB)
to a steady-state large-amplitude (n,/n,~e@,/
kT, =10%) sinusoidal wave which is constant over
10 wavelengths, limited essentially by the con-
stancy of the spatial zeroth-order conditions. A
sampled wave form, obtained using a boxcar in-
tegrator (PAR-160), is shown in Fig. 2. This
BGK-like ion acoustic mode is observed under
the following experimental conditions: First, a
test-wave signal is excited with frequency near
the peak of the growth spectrum, i.e., the most
unstable wave frequency. The excitation voltage
is sufficiently small (25~50 mV) such that pseudo-
waves and ballistic waves are not produced by
the excitation grid. However, the test-wave sig-
nal is larger than the background noise near the
grid so that the test-wave amplitude exceeds that
of the spontaneous noise within a short distance
(by at least 10 dB) as it propagates along the di-
rection of the electron drift velocity. Higher
harmonics, subharmonics, and shocks are not
produced because of the limited frequency spec-
trum of the unstable waves; for example, the
second-harmonic content is at least 20 to 30 dB
below the fundamental.

The correlation between the spatial develop-
ment of the test ion acoustic wave and the spatial
evolution of the electron distribution f(£) is dem-
onstrated in Fig. 2. To distinguish the electron
trapping effect from the time-averaged spatial
development of the distribution,’* a sampling
technique is adopted in this experiment. The
distribution function at each spatial location is
measured using a box-car integrator, which syn-
chronously samples the probe current signal at
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FIG. 2. Correlation between the spatial growth of an
ion acoustic wave and the evolution of the electron dis-
tribution. The wave frequency f=480 kHz, excitation
voltage =25 mV, maximum wave amplitude n,/n,=e¢,/
kT,=0.1, E is the electron energy with respect to the
plasma potential, f, is the distribution function sampled
at the positive maximum of the wave potential, and f is
the zeroth-order distribution function sampled without
a test wave. (a)—(d) The distribution function is sam-
pled at spatial points a—d and the zero level has been
suppressed to magnify the trapping region.

a specific phase of the ion acoustic wave, such
that the detailed information is not averaged out
by potential fluctuations. The sampled probe
current signal is then differentiated by using a
lock-in technique'® to obtain the electron distri-
bution function. A tone-burst test wave is often
used in place of a cw test wave to avoid any pos-
sibility of interference due to a direct pickup sig-
nal. As the amplitude of the ion acoustic wave
grows toward its steady-state value the portion
of the zeroth-order electron distribution function
with positive slope, where the phase velocity of
the ion acoustic wave lies, becomes progressive-
ly flatter. It is important to note that this char-
acteristic only occurs where the ion acoustic
wave potential is positive and where electrons
are expected to be trapped. Quasilinear theory
would have predicted the same characteristics
everywhere. The energy of electrons moving at
the phase velocity of the ion acoustic wave is
designated as the zero reference point in our dis-
tribution function diagrams of f(E)versusE. This
reference point is different from the plasma po-
tential by only a small amount A@ = m/M)kT,.
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FIG. 3. Observable trapping region AE, which is the
extent of the flat region near the top of the electron dis-
tribution, versus the maximum wave amplitude ¢,.

The plasma potential is determined by an emis-
sive probe method and corresponds to the probe
bias voltage at which a large emission of elec-
trons by a heated probe is observed.'®

The large-amplitude ion acoustic wave is ex-
pected to create the observed flattened electron
distribution function in the trapping region from
the initial distribution.!®* To check whether the
experimentally observed state is consistent with
the BGK theory we performed the self-consistent
calculations as outlined by BGK.? The results
indicate that the observed trapped-electron dis-
tribution which is independent of energy in the
trapping region, E <eq,, is self-consistent with
the observed ion wave and does constitute an ac-
ceptable BGK solution. Furthermore, for e¢,/
kT, ~0.1, the theoretically required trapped-
electron density, »n’, agrees with the measured
value n' =~ 0.2n, within the experimental accuracy.
Details of this calculation will be published else-
where.

The extent of the flattened portion of f(E) is
directly proportional to the maximum potential
@, of the ion acoustic wave (as shown in Fig. 3).
This is expected from the criterion of trapping,
i.e., particles whose energy E <e@, may become
trapped in the ion waves. The difference between
the areas under the two distribution functions
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sampled at the peaks and troughs of the ion wave
yields a measure of the density fluctuation.

In summary we have measured for the first
time (1) the linear spatial growth rate of ion
acoustic waves in the presence of a slow elec-
tron drift, (2) a constant saturated state of the
ion acoustic wave which resembles a BGK mode,
and (3) the development of a trapped-electron
distribution function.
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