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An investigation was made of the excitation of space-charge waves in a double-beam plasma system, of the
mechanism of plasma expansion by the ponderomotive force of high-frequency oscillations, and of the process
of excitation of ion-acoustic oscillations as a result of mixing of space-charge waves. Strong expulsion of the
plasma in the region of the maximum density of hf oscillations (6n/n ~0.9) was observed in the case of
resonant mode merging. The process excited intense ion-acoustic waves whose amplitudes were sufficient for

the capture and acceleration of plasma ions.

PACS numbers: 52.40.Mj, 52.35.Dm

1. INTRODUCTION

As is known, beams of charged particles are effec-
tive means for the excitation of waves in a plasma.
The excitation of large-amplitude waves is accompan-
ied by various nonlinear phenomena. One of the most
widely investigated types of nonlinearity is at present
the interaction of inhomogeneous hf (usually electron
Langmuir) oscillations with a plasma via the force
VE,Z,,(x, t) representing the pressure gradient of an hf
field. This force produces slow (compared with the
characteristic frequencies) changes in the plasma den-
sity and potential, facilitating the process of long-
wavelength self-modulation of hf waves (if the Lighthill
criterion’ w”(k)dw/day <0, where a is the oscillation
amplitude, is satisfied). Under certain conditions this
results in collapse of growing localization of the hf
oscillations accompanied by plasma expulsion. Another
process being investigated, which is also due to the
interaction between VE,ZIt with a plasma, is the excita-
tion of 1If oscillations as a result of decay or nonlinear
wave mixing. Nonlinear mixing of two hf waves of
amplitudes E; ; and with frequencies and wave vectors
wy,; and Ky 2 occurs when the following resonant inter-
action conditions are satisfied:

Q=0,—0:;, %=k—k, ()
where Q and » are the frequency and wave vector of the
If oscillations. External excitation of hf oscillations
makes it possible to generate readily the If oscillations
required for any specific purpose. The process of ex-
citation of If oscillations with the purpose of heating of
a plasma in multibeam systems is considered in Ref.

2: as is known, beams can then generate hf oscilla-
tions of frequencies w, =w,, when the condition k;, *v,,
=w, is satisfied (n is the serial number of a beam, v,
is the velocity of this beam, w,, is the electron plasma
frequency, w, is the frequency of the wave excited by
the beam and k, is the wave vector of this wave). The
wave frequency w, can be fixed by applying a weak mod-
ulating signal at the beam input and a resonant interac-
tion with an If wave, resulting in an effective transfer
of energy to the plasma ions, can be achieved by vary-
ing the beam velocities.

There is also considerable interest in the problem of
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collapse at high hf oscillation intensities, which has
been discussed extensively by theoreticians (see, for
example, Refs. 3-5) and has been studied experimen-
tally on several occasions.®” The use of electron
beams for the pumping of Langmuir oscillations makes
it possible to vary the intensity of these oscillations
within a wide range and to ensure conditions when for-
mation of collapsing cavities becomes possible. How-
ever, in a confined plasma a beam excites electron
space-charge waves, whose dispersion law is such that
the Lighthill criterion is not obeyed by waves whose
wave vectors are much smaller than the reciprocal of
the Debye radius. Therefore, long-wavelength self-
modulation and the associated collapse of cavities
should not take place.

The excitation of If oscillations by mixing of hf
space-charge waves was investigated experimentally
by Quon et al.® and by Michelsen et al.® They found
qualitatively that the process agreed with the theoreti-
cal representations. Nevertheless, the details of the
interaction mechanism between hf and If waves, its
effectiveness, possibility of its use for the heating of
ions have not yet been investigated.

We shall report the results of an experimental inves-
tigation of plasma expulsion by hf space-charge waves,
excited in a confined plasma column by two electron
beams meeting head on. We studied in detail the
mechanism of excitation of If ion-acoustic waves by
mixing of space-charge waves. We found that the ion-
acoustic waves had an amplitude comparable with that
of hf pump waves. This amplitude was sufficient for
the capture and sufficient efficient heating of the ion
component of the plasma.

The apparatus and the results are described in Sec.
2. They are discussed and compared with the theoreti-
cal ideas in Sec. 3, where conclusions are drawn.

2. EXPERIMENTS

The experiments were carried out using apparatus
shown schematically in Fig. 1. Opposed hollow elec-
tron beams, of diameters 1 and 0.3 cm, passed through
a tube 9 cm in diameter subjected to a homogeneous
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FIG. 1. Schematic diagram of the apparatus: 1) magnetic
field solenoid; 2), 3) electron guns; 4), 5) collectors; 6), 7)
channels creating pressure drops; 8) mobile probe; 9) im-
mobile probe; 10) pulse transformer; 11) analyzing grid; 12)
probe for analysis of ions.

magnetic field 500 Oe. These beams were created by
guns 2 and 3. The electron emitters were tungsten
filaments 0.05 cm thick. The beam energies were
equal and amounted to 400 eV, which corresponded to a
velocity of 1.18xX10° cm/sec. The currents were re-
ceived by collectors 4 and 5, which were subjected to a
positive potential of the order of 20 V in order to sup-
press secondary emission; during these experiments
these currents were 2.5—- 3.0 mA. The pressure in the
working region was 1X10™ Torr and near the cathodes
it was an order of magnitude lower. This pressure
drop was produced by channels 6 and 7 and by injecting
a gas (helium, argon, or xenon) into the working part
of the chamber. A plasma was created by ionization
of the gas by the electron beams. The presence of
different gases made it possible to create plasmas with
different electron temperatures and ion masses. In
the presence of helium and argon the electron tempera-
ture was T,=13 eV, whereas in the presence of xenon
it was half this value (7, =6.5 V).

On increase in the pressure in the working chamber
it was found that oscillations appeared in a narrow fre-
quency band (of width ~2% of the main frequency) and
this happened beginning from a certain threshold pres-
sure. The amplitude of these oscillations and their
frequency were independent of the nature of the gas but
were governed by the electron currents injected into the
system. A further increase in the pressure gave rise
to a second oscillation region, separated by a frequen-
cy interval from the first, and the maximum of the
oscillation intensity shifted to the second region. Fur-
ther increase in the pressure produced a third oscilla-
tion region at higher frequencies and suppressed the
first one; in this way it was possible to displace the
oscillation region toward higher frequencies. These
oscillation regions and the distribution of the hf poten-
tial along the length of the system in each region were
recorded using mobile 8 and immobile 9 antenna probes
made of tungsten wire 0.02 cm thick and connected to a
load resistance equal to half the wave impedance of the
cable. The signals produced by the probes passed
through a selective amplifier and reached an X - Y
plotter or directly a spectrum analyzer. Figure 2(a)
(curve 1) illustrates the distribution of the hf potential
along the system in the case when only the first oscil-
lation region was observed.

The observed distribution indicated the appearance of
a standing wave of the potential with a spatial period of
10 cm and with nodes at points 0, 10, 20, 30, and 40
cm. The smooth variation of the potential at the stand-
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FIG. 2. Distributions of hf and If potential along the system:
a) distribution of the hf potential in the presence of initial mod-
ulation (1) and in the presence of a signal from an external
oscillator (2, 3, 4); b) distribution of the 1f potential.

ing-wave nodes was a spurious effect due to the detec-
tor. We thus found that at every moment there was an
almost sinusoidal distribution of the potential in space.
Neighboring antinodes corresponded to different signs
of the potential [curve 1 in Fig. 2(a)]. Measurements
carried out in the second and higher oscillation regions
showed that the spatial period of the standing waves ob-
served there decreased proportionally to the frequency
ratio and amounted to 8.2 and 7 cm for the second and
third regions. Thus, a wave of phase velocity v,, =8.3
x10® cm/sec and of wavelengths 20, 16.4, and 14 cm,
respectively, was created in these regions. Clearly,
the oscillation regions were separated by a frequency
which was governed by the length of the plasma column
and by the phase velocity of the excited waves. This
frequency was 10 MHz and it was lowest for the system
in question since half a wavelength could be fitted into
the 40 cm working length of the system when v, had the
We concluded that the opposed
beams produced a standing wave pattern in the plasma
column which then acted as a characteristic resonator.
In the absence of the second beam the resultant pertur-
bation drifted along the plasma column at the group
velocity and the instability was of the drift (convective)
nature. The second beam provided feedback in this
system and resulted in an absolute instability causing
the perturbation to grow with time at each point.

Since in the second stage of our investigation we
studied only the first oscillation region, we should ana-
lyze in greater detail the oscillations in this region.
The maximum amplitude of these oscillations was ob-
served at 41.5 MHz and in this case the longitudinal
wave vector was k; =0.314 cm™. We determined ki
bearing in mind that under experimental conditions we
had wp,/2T > wy,/27 (amounting to 1250 and 57 MHz,
respectively), where wp, is the electron cyclotron fre-
quency and the ratio of the beam densities to the plas-
ma density is less than unity (n,/n,=2%10%). In this
case the frequency of the excited oscillations was w
=w, cos 0, where 0 is the angle of inclination of the
wave vector. Hence, we found that the transverse wave
vector wask,=0.3 cm™,

As pointed out earlier, the oscillation amplitude in a
given region was independent of the nature of the gas
and, consequently, of the electron temperature, i.e.,
the amplitude had not yet reached the values at which
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the plasma electrons were captured by the wave.!

Therefore, it was possible to increase the oscillation
amplitude by initial modulation of the electron beams
at a frequency whose intensity maximum was in the
oscillation region. With this in mind we applied a sig-
nal from an external hf oscillator to the gun cathodes
(via transformers). At any one given frequency it was
sufficient to modulate one (either of the two) beams.

In this case the spectrum of the observed oscillations
narrowed down to the width of the signal of the external
hf oscillator.!* If two close frequencies were excited
in the system, then each beam was modulated by its
own frequency. Variation of the amplitude of the signal
from the external oscillator provided means for con-
trolling the oscillations established in the system.
Curves 2, 3, and 4 in Fig. 2(a) illustrate an increase
in the oscillation amplitude in a plasma column as a
result of variation of the signal from an external hf
oscillator.

We investigated the effect of the Langmuir oscilla-
tions of various amplitudes on the plasma density in the
zones with the maximum electric field intensity. As
indicated by Fig. 2(a), these zones were in the vicinity
of the points with L =10, 20, and 30 cm. The depen-
dence of the electric field on the distance could be
found by differentiating, with respect to the coordinate
L, the distribution of the potential along the system
[Fig. 2(a)]. One should bear in mind that the signs of
the neighboring antinodes of the potential were opposite
and one should exclude from the differentiation process
the distribution of the potential near the nodal points
distorted by the detector.

The plasma density was measured in the vicinity of
the point L =30 cm as follows. Mobile and immobile
probes (8 and 9 in Fig. 1) were located at the point
L =30 cm on diametrically opposite sides of the column.
Use was made of a resonance of this column subjected
to a strong magnetic field.”> A measuring signal from
a variable-frequency oscillator was applied to one of
the probes. The second probe was used as a signal
detector. The dependence of the coupling between the
probes (amplitude of the transmitted signal) on the fre-
quency of the external oscillator was determined. When
the frequency of this oscillator coincided with the reso-
nance frequency w,. (in the case considered w, =Wp,),
the coupling between the probes increased. We thus
determined the plasma frequency and, therefore, the
plasma density. Figure 3 shows the dependences of the
coupling between the probes for different amplitudes of
the oscillations established in the system. In this case
the working gas was argon and the electron temperature
was 13 eV. Without an external signal or for a low
level of this signal [curves 1 and 2 in Fig. 2(a)] the
resonance frequency, and consequently also the plasma
frequency, were independent of the signal level and
amounted to 57 MHz (curve 1 in Fig. 3). An increase
in the oscillation amplitude shifted the resonance curve
toward lower frequencies, as illustrated by curve 2 in
Fig. 3 representing oscillations described by curve 4
in Fig. 2(a). The calculated relative change in the den-
sity 6n/n in the regions with the maximum intensity of
the hf field was 7% in the case of argon and reached
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FIG. 3. Frequency dependences of the coupling between the
probes (amplitude of the transmitted signal): 1) in the ab-
sence of initial modulation of the beam; 2) in the case of beam
modulation for oscillation amplitudes corresponding to curve 4
in Fig. 2.

18% in similar experiments on xenon when the electron
temperature was twice as low (7, =6.5 eV).

A study was made of the dynamics of plasma expul-
sion. The application of an external large-amplitude
signal [curves 3 and 4 in Fig. 2(a)] resulted in simul-
taneous growth of the envelope of the hf signal and a
reduction in the coupling between the measuring probes
at the plasma resonance frequency. The interval be-
tween the beginning of a reduction in this signal and
establishment of a new value represented the time dur-
ing which a new density was established at a given
point. Oscillograms of the hf signal envelope (a) and of
the measuring signal used for various gases (b, c, d)
are shown in Fig. 4. It is clear from these oscillo-
grams that the time required for plasma expulsion
varied with the gas: it was 4 usec for xenon, 10 usec
for argon, and 20 usec for helium. The rise time of
the hf oscillations was practically the same for all the
gases and was governed by the rate of rise of the hf
voltage applied to the cathode gun. The experimental

FIG. 4. Oscillograms of the envelopes of the main hf and
measuring signals in different gases: a) envelope of the main
hf signal in the case of xenon, argon, and helium; b), c), d)
envelopes of the measuring signal in the case of xenon, argon,
and helium, respectively. The horizontal scale is 10 usec/cm.
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value of this time was ~2 usec.

We also studied experimentally the interaction of two
waves of different frequencies. In this case the cath-
odes of the guns 2 and 3 in Fig. 1 were subjected to sig-
nals from external oscillators and the frequencies of
these signals differed by a few tens of kilohertz. Beats
of frequency equal to the difference value were then ob-
served in the plasma column. Typical oscillograms of
such beats, observed for different oscillation ampli-
tudes, are shown in Fig. 5. These oscillograms were
obtained at the point L =25 cm, where —as in the case
of one external oscillator—there was a maximum of the
hf potential. A study of the spatial distribution of this
potential showed that in the presence of beats this dis-
tribution was identical with that shown in Fig. 2(a).

The same hf probes 8 and 9 (Fig. 1) were also used to
study the time dependence of the plasma density at the
point L=30 cm. It was not convenient to use then the
plasma column resonance because of the considerable
width of the resonance curves (Fig. 3). Therefore, a
more sensitive method was used. One of the probes
was subjected to an hf signal of frequency w/2m=1250
MHz, which was slightly higher than the electron cyclo-
tron frequency wg,. The second probe acted as a re-
ceiver antenna. Since the refractive index of the plas-
ma for waves with the right-hand polarization, travel-
ing along a magnetic field, has a resonance at w=uwg,,
the coupling between the probes near this frequency
should exhibit a similar resonance. This is demon-
strated in Fig. 6, showing the amplitude of the signal
reaching the receiving probe as a function of the mag-
netic field. The curve is similar to that obtained for
the refractive index near wg, in Ref. 13. The change
in the plasma density resulted in a change in the re-
fractive index; the higher the plasma density, the
stronger was the coupling between the probes and the
stronger the signal transmitted to the second probe;
conversely, this caused amplitude modulation of the
measuring signal. After detection the signal was ap-
plied to an oscilloscope. The behavior of the plasma
density at the point L =30 cm had the form shown in
Fig. 7 (curve b): the unperturbed value of the density
corresponded to a maximum deflection of the oscillo-
scope beam from the zero value and the zero value cor-

FIG. 5. Typical oscillograms of beats: a) oscillation ampli-
tude corresponding to curve 2 in Fig. 2; b) oscillation ampli-
tude corresponding to curve 3 in Fig. 2; c) oscillation ampli-
tude corresponding to curve 4 in Fig. 2.
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FIG. 6. Coupling between the probes (transmitted signal) at
the frequency of 1250 MHz plotted as a function of the magnetic
field.

responded to a reduced density. The envelope of the hf
oscillations at the same point had the form represented
by curve a in Fig. 7. Clearly, the two curves were in
antiphase and the hf oscillation maxima corresponded
to the density minima at the same moment. We thus
concluded that the interaction of two hf waves resulted
in modulation of the electron density at the beat fre-
quency.

Oscillations of the potential in phase with oscillations
of the electron density had the same frequency. These
If oscillations of the potential were sawtooth-shaped
and had the negative polarity. Their spatial distribution
was of the kind shown in Fig. 2(b). The phase of the If
signal was the same in all the regions of high hf field
and when the hf oscillation amplitude increased, the
amplitude of the If signal increased quadratically.
Variation of the frequencies of external hf oscillators
in a fairly wide range of frequencies. There was a con-
siderable interest in the cases when the difference fre-
quency coincided with natural If oscillations of the sys-
tem. These Iif oscillations were detected by the probe
8 (Fig. 1) and were then applied to a spectrum analy-
zer. A preliminary study identified natural If oscilla-
tions in the absence of external signals. An investiga-
tion was made of the dependence of the If oscillation
spectrum on the nature of the gas and, consequently,
on the electron temperature. This gave the spectra
shown in Fig. 8 for argon (a), xenon (b), and helium
(c). The spectra for argon and xenon were similar but
they differed considerably from the case when helium
ions were present in the system. The maximum noise
amplitude in the case of argon and xenon was located
higher than the ion cyclotron frequency, whereas in the
case of helium the whole If noise region was consider-
ably lower. As reported jn Ref. 14, in the presence of
a magnetic field these If oscillations had two branches
(Fig. 9): the short-wavelength asymptote of the branch

FIG. 7. Oscillograms of the envelopes of the hf oscillations

and measuring signal: a) envelope of the hf oscillations cor-

responding to curve 4 in Fig. 2; b) envelope of the measuring
signal.
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FIG. 8. Spectra of If plasma oscillations in different gases:
a) argon; b) xenon; c) helium.

a in Fig. 9 corresponded to the hf ionic sound and the
long-wavelength asymptote of the branches b corres-
ponded to ion-acoustic oscillations. We called these
intervals of the If oscillations the hf and If ionic sound,
respectively. The fact that only these oscillations ap-
peared in the system was confirmed by a simple com-
parative analysis of the observed and calculated fre-
quencies. Under our experimental conditions the velo-
city of sound in xenon was 2.06 X10° cm/sec, and the
corresponding velocities in argon and helium were 6.1
X10° and 1.68%x10° cm/sec. The amplitude of the ob-
served oscillations was constant along the system,
which was possible only if the condition k; <k, was
obeyed; in estimates we could use the value k, =0.3
em™ found experimentally from an analysis of the elec-
tron hf oscillations. The parameter k, v /wg; was 1.8
for xenon, 1.25 for argon, and 0.47 for helium (wgz; is
the ion cyclotron frequency and v, is the velocity of the
ionic sound). The calculated oscillation frequencies
w/2m=kvy/27 and the corresponding experimental val-
ues for xenon, argon, and helium, respectively were

80 kHz

10kHz 29kHz
much lower

Calculation:
i 14kHz 29 kHz

Experiment:

A comparison of these results with the oscillation
branches in Fig. 9 readily showed that the hf ionic
sound was generated in Xenon and argon (curve a)
whereas strong ion-cyclotron damping was observed
for the same branch in helium. The frequencies in
helium, which were considerably lower than the ion-
cyclotron frequencies, were due to the second branch
of the dispersion curve in Fig. 9 representing the If
ionic sound (curve ). It should also be noted that the
ratio of the effective Langmuir radius of ions, defined
as p=(T,/mwh)'"?, to the characteristic size of the

ko, Jwy;
FIG. 9. Dispersion curves of ion-acoustic plasma oscillations
a) hf oscillations; b) If oscillations.
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plasma inhomogeneity (equal in our case to the radius
of the metal tube) was 1.33 for xenon, 0.91 for argon,
and 0.35 for helium. Asis known,15 when the condition
p/7r>1 is satisfied, the instabilities with w > wg; pre-
dominate, whereas in the p/7<1 case we need con-
sider only the If long-wavelength perturbations (w

<< wg ‘)_

In the case when the beat frequency of electron hf
oscillations coincided with natural ion-acoustic oscilla-
tions, xenon and argon ions were accelerated along the
magnetic field. The acceleration was observed up to
frequencies ~w,;/27 V2 (170 kHz for argon and 90 kHz
for xenon), where w,, is the ion plasma frequency. In
the presence of If ion-acoustic oscillations (in helium)
there were no accelerated ions. An analysis of the
accelerated ions was made in the collector circuit (4 in
Fig. 1). The collector received electrons from the
first beam as well as the plasma electrons. Applica-
tion of a positive potential of the order of 20 V ta the
collector and a selection of the gap between the collec-
tor and the nearest grounded grid resulted in space-
charge limitation of the plasma electron current in the
gap. When a pulse of positive particles reached the
gap, the space charge was partly compensated and this
increased the electron current in the collector circuit.
The resultant current peak was passed from the collec-
tor circuit to a pulse transformer (10 in Fig. 1). The
pulse repetition frequency was equal to the frequency
of the ion-acoustic oscillations and the pulses were
applied to an If spectrum analyzer. The energy com-
position of the ions was studied by the application of a
positive potential to the grid (11 in Fig. 1). Unusual
current-voltage characteristics were recorded and
their coordinates were the readings of the spectrum
analyzer for a positive potential on the grid 11. These
characteristics are shown in Fig. 10(a) for argon ions
at various difference frequencies. The acceleration to
20 eV was exhibited also by xenon ions but not by heli-
um ions.

An analysis of the accelerated ions was made by
another probe (12 in Fig. 1), located at the wall of the
vacuum chamber. This probe was a trough with an
aperature 0.4 cm in diameter covered by a metal grid
of 97% transparency. Inside there was a receiving
electrode, which was subjected to a positive potential

A, rel. units

0 3 W 15 20 25
uv

FIG. 10. Current-voltage characteristics obtained for various
difference frequencies in the presence of argon in the system:
a) characteristics recorded by the analyzer 11 in Fig. 1 at 44,
22.5 and 92 kHz (curves 1, 2, and 3, respectively); b) charac-
teristics recorded by the analyzer 12 in Fig. 1 at 44 and 22.5
kHz (curves 1 and 2, respectively).
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and which recorded the ion current. This probe was
located so that the analyzing electric field was perpen-
dicular to the magnetic field and the magnetic field was
such that the ions in Larmor motion reached the probe
aperture. The probe was located at a distance of 3.5
cm from the axis of the system at the point L =10 cm.
The receiving electrode circuit recorded ion current
pulses at the beat frequency. The current-voltage
characteristics recorded for argon at various beat fre-
quencies had the form shown in Fig. 10(b). According
to the calculations, the probe could receive particles
with a transverse energy not exceeding 20 eV for argon.
The observed energies up to 5 eV could be explained

by the fact that the probe also received particles travel-
ing at a small angle relative to its plane and, because
of the edge effect of the analyzing field, the receiving
electrode also recorded particles of energy close to

the total ion energy.

3. DISCUSSION OF RESULTS AND CONCLUSIONS

The field of beam-excited space-charge waves can be
represented as a superposition of the waves:

E(k, t) =Ey exp (ikx—iw«t)
+Ex—, exp (i(k—%)x—iox-.) =c.c.

()

The frequency difference w, — w,., can be varied experi-
mentally within a wide range. Our investigations show-
ed that the hf field have a considerable influence on the
distribution of the plasma electron density. The equa-
tion for a perturbation of the plasma density is'®

a*n
—viAn= £
e A ®

In the case when w,=w,. and k- ®n=-K, as well as
E,=E., Eq. (2) yields the following equation for per-
turbation of the electron density with a spatial scale
n=2k:

2 2

] 2k
2] 2 = F.2
( Fre +4v,’k ) 6nn_—nm- E.% (4)

Hence, a constant perturbation of the density is

8nu=EuE_y/2nvm.. : (5)
When the wave frequencies wy and wg., do not coincide,
Eq. (3) satisfies the solution for a density perturbation
of the following kind:

on(x, t)=>6n(x)exp(—iAwt+ixx), (6)
where

on(x) =x?ExEx_/2m0m Q. —Aw*+2iy,Q,)

Qx =V ®, Vw=wy— wy-x, and ¥x is the damping coeffi-
cient of the If oscillations. It follows from Eq. (6) that
in the case of interaction of two hf waves of different
frequencies with a plasma the electron density is modu-
lated at the different frequency Aw and if this frequency
coincides with the natural frequency of the system Q,,

a resonant increase in the modulation density takes
place as a result of resonant mode merging [see Eq.

m].

Modulation of the electron density gives rise to If
oscillations of the potential, whose amplitude is related
to the change in the density in the case of the Boltzmann
distribution:
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@y =06nT/ne. Y

The above relationship is valid at not too low values of
ky when the phase velocities of the waves are consider-
ably less than the thermal velocity of electrons. In the
experiments when Aw =0 this condition is known t6 be
satisfied because the phase velocity vanishes and in the
case of resonant excitation of If oscillations (Aw = wy

- wk-,) the ratio of the phase velocities of the excited
If oscillations to vr, is of the order of 107%,

In the case when Aw =0 the experimental data for the
plasma expulsion together with Eqs. (4) and (5) can be
used, if the hf and gas-kinetic pressure forces are
equal, to estimate the hf oscillation amplitude from

|E|*=—16aT 6ns. (8

In the case of helium and argon, when 7, =13 eV and
Ony/n="1%, the electric field intensity E,, is 13.4 V/
cm and the potential is then ¢, =42.6 V.

When Aw differs from zero and accelerated xenon and
argon ions are observed, the resultant If potential can
be estimated by analyzing the ion acceleration process.
In the case of argon, ions are accelerated to energies
of 20 eV and their velocity is 1.12x10® cm/sec. The
inclined If oscillations responsible for the acceleration
are characterized by k, =0.3 cm™ and by a longitudinal
wave vector ® =2k, =0.628 cm™. The range of phase
velocities corresponding to the acceleration process
is 2x10° - 10® cm/sec. The acceleration of cold ions
(T;=0) occurs as a result of their capture by the 1f
wave field and subsequent motion together with the 1f
wave. The maximum attainable ion velocity is given
by

Vnas= - (260, /m)". (9)

When the condition for the capture of ions by the If wave
field is obeyed, we have
(Vi Vio) Y/ 2=eq) . (10

When the phase velocity is 2 x10° cm/sec, the capture
of ions with v, =0 requires, in accordance with Eq.
(10), an If potential @i =0.6 V. It follows from the ob-
served ion velocities and from Eq. (9) that the if wave
amplitudes are at least 10.4 V. When the phase veloci-
ty was v, =108 cm/sec, the capture amplitude is ap-
proximately 15 V and the maximum attainable velocity
calculated from Eq. (9) is ~2%x10° cm/sec. The ob-
served ion energies showed that the maximum energy
acquisition was not achieved since the time taken by a
wave to move across the system was less than one os-
cillation period of a captured particle.

It follows that when the difference frequency Aw lies
in the region of hf ionic sound of the system, the ob-
served amplitudes of the If potential indicate a reso-
nant increase in the density modulation in accordance
with Eq. (6) since the value of 6n/n calculated from
Eq. (7) is 90%.

As pointed out earlier, If long-wavelength oscilla-
tions are excited in helium and in this case the condi-
tion for resonant merging of modes (1) is not obeyed
and the resonant increase in the density modulation
does not occur. The If amplitudes of 0.8 V, resulting
from 7% nonresonance density modulation, are suffi-
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cient simply for the acceleration of helium ions to en-
ergies of the order of 2 eV, which is below the sensi-
tivity threshold of the techniques employed by us.

In spite of the fact that plasma expulsion by the hf
field and formation of low-density regions are obser-
ved experimentally, localization of the electric fields
does not take place. This is clear from Fig. 2(a) (the
form of the distribution of the hf potential in space is
independent of the oscillation level) and also from an
analysis of the oscillograms of the time beats [Figs.
5(b) and 5(c)]. In spite of the fact that the shape of the
envelope differs considerably from sinusoidal, no peak-
ing of the envelope is observed.

In considering the effective excitation of If oscilla-
tions we have to allow for the dynamics of expulsion of
the electron density by the hf field. The observed
difference between the dynamics of expulsion of helium
and xenon plasmas can be explained if we bear in mind
that the ratios of the Larmor radii of helium and xenon
ions to the radius of the plasma column p;/7 are very
different. For helium we have p,/7=0.35, whereas
for xenon we have 1.35 and for argon we have 0.91.
This means that in the case of expulsicn of a helium
plasma the rate of the process is governed by the velo-
city of ions along the plasma column, which does not
exceed the ionic sound velocity (helium ions can be re-
garded as magnetized). The process of expulsion of
argon (and particularly xenon) plasma is faster because
its rate is governed by the velocity of transverse drift
of ions out of the plasma column. In this case such ions
are not magnetized and we have v ;¥ vpy. It is clear
from Fig. 4 that the velocity of transverse drift of ions
is considerably greater than the velocity of ambipolar
diffusion along a magnetic field.

Our investigation has made it possible to establish
details of the process of plasma expulsion by the pon-
deromotive force of hf space-charge waves. It has
been found that multibeam systems provide effective
means for resonant excitation of If oscillations in a
wide range of frequencies and wave vectors. It is
shown that in the case of resonant merging of plasma
oscillation modes it is possible to excite If waves
whose amplitudes are comparable with the amplitudes
of mixed space-charge waves. A strong interaction of

1127 Sov. Phys. JETP 51(6), June 1980

1f waves with ions and heating of the latter to signifi-
cant energies show that such systems can be used for

efficient plasma heating.
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