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Electron plasma waves driven unstable by the electron beam-plasma instability are
observed to decay into convectively and absolutely growing ion waves and electron waves
propagating in opposite directions. Ion waves excited to large amplitudes further couple
with the high-frequency unstable waves to produce nonresonant short-wavelength elec-
tron modes. The nonresonant modes are found effective in accelerating electrons and

thermalizing the beam.

We wish to report experiments in a large, un-
magnetized, electron beam-plasma system in
which ion dynamics produce nonlinear interac-
tions significantly different from previous exper-
iments.! The high-frequency waves driven un-
stable by the beam first grow spatially, and then
parametrically decay into ion waves and elec-
tron waves propagating in opposite directions.
This backscattering process allows the paramet-
rically excited ion waves to grow both spatially
and temporally and resembles the backscattering
processes? currently investigated in laser-plas-
ma interactions. The large-amplitude ion waves
(ny/ny~10%) further couple with the initially un-
stable electron waves to produce nonresonant
short-wavelength electron modes. These non-
resonant modes traveling at ; beam velocity are
effective in accelerating the background electrons
and bringing about the merging of the beam and
background electrons. Thus the description of
the nonlinear process and the mechanism of the
beam thermalization observed here requires the
inclusion of ion dynamics.

The experiments are performed in the Univer-
sity of California, Los Angeles, double-plasma
device® modified by adding an anode grid in front
of the separation grid. The device enables the
production of a gentle bump electron beam of a
desired energy throughout the large diameter
(30 cm) of the system. The axial dimension is
70 cm, allowing the beam to traverse the homo-
geneous plasma in about a hundred plasma peri-
ods (w,, ™). Axially movable grid probes and
disk probes are used to detect the wave signals
and the electron current characteristics, whose
derivatives yield a measure of the electron ve-
locity distribution. A high-impedance probe (R
>10 £Q, @ ~150) is constructed to measure the
absolute wave potentials of the excited electron

waves, Typical parameters are n,~5x10% cm ™3

’
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T,/T;~15, ny/n,~5-10%, v,=(KT,/ m,)"?~6x10"
cm/sec, vg/v,~ 1, and vy,/v,~4-5, where vy is the
beam velocity spread and v, is the beam velocity.
The plasma is produced from argon at pressure
p~107* Torr.

The presence of the electron beam gives rise
to the growth of a spontaneous noise* as shown
in Fig. 1. The noise, peaking at w ~ W,,, Erows
exponentially for 6-7 cm, then saturates at an
amplitude 40-50 dB above the initial level. In
the exponential growth region, there is a slow
change in the electron distribution caused by the
diffusion of beam electrons to slightly slower
velocities. After the most unstable waves satu-
rate the 3 dB width of the noise spectrum broad-
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FIG. 1. The correlation between the high-frequency
unstable noise and the evolution of the beam-plasma
electron distribution function. Ion noises are generated
in the saturation region via a parametric decay pro-
cess.
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ens from Aw/w, ~0.05 to Aw/w, ~0.1. In this
region an ion-acoustic noise peaking at w~0. 5wp'_
is generated and rapidly enhanced to n,/n,~0.1,
Rapid changes in the electron distribution func-
tion occur when the ion noise is sufficiently de-
veloped. There a large amount (10-15%) of the
background electrons are accelerated to veloc-
ities higher than the initial electron thermal
speed. The accelerated electrons eventually fill
up the space between the background electrons
and the beam, forming a monotonically decreas-
ing distribution function. The entire noise spec-
trum thereafter reaches a stable state and then
decays gradually.

In order to identify the nonlinear process we
apply a small (10-50 mV) tone burst of rf signal
on the separation grid so that the spatial and
temporal development of a selected mode can be
followed closely. The wavelength and the spatial
growth rate of the test wave are obtained by using
an interferometric method. The linear disper-
sion relation measured is in good qualitative
agreement with a theoretical calculation given by
O’Neil and Malmberg,® identifying the initial in-
stability to be a “bump in tail” type (Fig. 2). The
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FIG. 2. Linear dispersions of the unstable electron
waves and ion acoustic waves, _Diagram indlcates the
backscattering selection rule: k;=2kgk; =—k,, where
Ky, k;, and k; are the wave numbers of the initially un-
stable jump, ion acoustic, and electron sideband waves,
respectively.

most unstable waves satisfy the relations w?~ w,e2
+3 k*2, k~w/v,, with the maximum spatial
growth rates k;/k,~0.2. These waves decay into
sideband electron waves and ion-acoustic waves
near the saturation region. Figure 3(a) shows

the typical spectra and wave forms of the pump
(test wave), the sideband, and the ion-acoustic
waves. The wave forms and the direction of prop-
agations of these waves are obtained by using two-
probe spatial-correlation measurements. For
high-frequency waves, signals monitored by a
fixed and a movable probe are heterodyned to a
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FIG. 3. (a) A measurement on the matching condi-
tions wy=w; +wy and ky= k; +k;, Directions of k; and
k; are deduced from the sense of the phase shifts with
change in separation between two measuring probes.

(b) Convective (left) and absolute (right) growth of ion
waves generated by a tone-burst high-frequency pump
wave in the saturation region. rf frequency f;~175
MHz. Ion wave frequency f; =300 kHz. Wave forms
are measured by using a sampling scope. (c) The mea-
sured spatial (crossbars) and temporal (points) growth
rates of the parametrically excited ion waves as func-
tions of E 2/Eaz, where E is the electrostatic field of the
pump wave, E, is the absolute threshold, and E,~ 1.3
+0.5 V/cm.
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lower radio-frequency range by the same local
oscillator. The converted signals are then fed
into two identical sharply tuned rf receivers
whose bandwidths are small compared with the
sideband separations. By tuning the local oscil-
lator frequency, the wave vectors of the pump
wave, lower-sideband wave, and upper-sideband
wave can be measured separately. The ob-
served wave numbers, k,~0.25¢,¢ (initially un-
stable mode), Kk, ~2K, (ion mode), and k; ~~-k,
(lower sideband), where ¢ is the direction of the
electron beam, indicate that the decay process
is indeed a backscattering type.®

The fact that the sideband wave and the ion wave
have opposite group velocities should lead to the
parametric instability of the absolute type.” This
is experimentally verified by applying a tone
burst of high-frequency signal on the separation
grid so that the unstable pump wave starts at a
known time. The spatial and temporal develop-
ments of the ion waves are observed as shown in
Fig. 3(b). When the electrostatic field E of the
pump wave is slightly above the convective thresh-
old E,, only spatial growth of the ion wave is ob-
served. There is a measurable absolute thresh-
old, E?/E?=1.5+0.3, above which the amplitude
at a given location increases exponentially in
time. The spatial and temporal growth rates of
ion waves as functions of the relative pump wave
power are plotted in Fig. 3(c). By using the high-
impedance probe the convective threshold £ =1.1
£0.3 V/cm is measured (in a cw excitation). This
compares well with the theoretical value E 2/4mnT,
~4(y;/w;)y /w.), which gives E_~0.9 V/cm for
the measured damping rates® y,/w,;~1.2x1072
yy/w,~1.6x107% and k,=0.27. The temporal
growth rate is calculated as outlined by Fried,
Gould, and Schmidt as®

v N,’,'|V ’+7LV'[( E2>1/2 1]
w; w(V+[V,DI\E2

~5.6x107%(E?/E 2)? - 1]
and the absolute instability threshold is given by

’

EZ/EZ2~(L;+L,)?/AL,L, ~1.5.

Here V, ; are the group velocities, and L,
= IV,-,L |/v;. are the damping lengths of the ion
wave and the lower-sideband electron wave, re-
spectively. The observed temporal growth rates
remarkably coincide with the theoretical curve
for E? just above E 2 [Fig. 3(c)].

A very interesting observation in our experi-
ments is the generation of nonresonant, short-
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wavelength electron modes. From Fig. 3(a), the
upper-sideband wave is measured to propagate
with v, = %vd and does not satisfy the linear dis-
persion for Langmuir waves. It is driven by the
high-frequency unstable pump wave (w,, #,) and
the ion density-fluctuation (w,, #;) via a nonreso-
nant mode-coupling process.'® Using Poisson’s
equation together with the equation of continuity
and the linearized equation of motion, we have
derived for the upper-sideband wave (K, =K, +K;
~3k,)
g

by +yeé‘ku+ (w,2+3k 2v2)E

Ry

~ 4ne8(nkivko)/8/,

where y, is the phenomenological damping, »,,
are the electron density fluctuations due to the
ion wave, and v, is the electron velocity pertur-
bation caused by the pump wave. Using izk0~ - (e/
m)Eko and k,~w,/t,, we obtain

2
ren p.
E ~.._1_..hi__ki ~Lk_l
ku 24 02 ng TR py ko

for v,~ (4-5)y, and a measured damping rate 7e/wp
~0.1. The measured values n,/n,~0.1and E,
~0.1E, agree with this calculation. Since this
mode has phase velocity comparable to the elec-
tron thermal velocity and should be strongly Lan-
dau damped, it is expected to have a large effect
on particle acceleration. As a further check on
the role of the ion-acoustic wave we introduce a
small amount (0.5%) of He into the argon plasma,
which suppresses the ion waves by increasing
Landau damping. It is observed that the upper
sideband is also suppressed simultaneously (Fig.
4). The electron velocity distribution shows that
a large amount of electrons near the phase ve-
locity of this mode disappear and the initial bump-
on-tail distribution reappears. This effect indi-
cates that the nonresonant electron modes are
efficient in accelerating electrons and thermaliz-
ing the beam.

In conclusion, our experiments demonstrate
the importance of ion dynamics!! even for elec-
tron beam velocities much faster than the phase
velocities of the ion-acoustic waves. The inter-
actions between high- and low-frequency waves
lead to nonlinear Landau damping!®* which are
effective in the thermalization of the beam.
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FIG. 4. Effects of the nonresonant upper-sideband
mode wy =w,+w;, ky=Kky+k; on the electron distribu-
tion (a) before adding He and (b) after 0.5% of He is
added. Here V| is the phase velocity of the pump wave
and Vy that of the upper-sideband wave.
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Measurements of Plasma Density Distribution and Current-Sheath Structure
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The spatial and temporal evolution of the plasma density distribution and its relation
to the magnetic-piston-field structure during a theta-pinch implosion have been experi-
mentally investigated. With a deuterium fill density of 0.7 > 10'% atoms em™3, evidence
of particle reflections from the imploding piston field is indicated.

The transient interaction between the imploding
plasma and driving magnetic piston field in low-
density (10'% <1,<6x10" cm™3) fast—magnetic-
compression 6-pinch devices has received con-
siderable investigation.’™ In these experiments

the implosion behavior can generally be de-
scribed, depending on the density range, by
either snowplow or free-particle models. How-
ever, in Scyllac-type devices® which operate at
fill densities of approximately 10*®> cm™2 the plas-
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