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It is well known 14 that when the component density ratio of a two-component beam consisting
of a ““cold’’ plasma column and of a fast electron flux penetrating into the column decreases,
the beam goes over from a macroscopic stable state to a state with a virtual cathode. The
nature of this transition is studied experimentally. It is shown that it is the result of two
jumps during which the plasma-particle energy, the oscillation frequencies, radial dimensions
of the beam, and its potential increase considerably. These manifestations of beam instability
remain the same even if the fast-electron velocity distribution has no order whatever.

INTRODUCTION

IT was shown earlier [14] that a plasma beam, that
is, a column of cold plasma broached by a flux of
accelerated (primary) electrons, exhibits a unique
instability under certain conditions. This instability
does not arise in the case when the following condi-
tion is satisfied

mu<<nwef4 or o> ac (1)

where

a=nz/n, ac= 4v/ vy,

and ny, vy, ny, and v, are the density and average
velocity of the primary (fast) and secondary (cold)
electrons. If, to the contrary,

<< ac, (2)

then the beam instability produces inside the beam
strong electric fields that cause effective heating of
the plasma ions 3] and deep modulation of the elec-
tron beam (‘‘virtual cathode’’ [e] ).

Thus, the properties of a plasma beam were in-
vestigated only in two limiting cases: a > a¢c and

nivy > Nals / 4, or

a < ag, and the question of the state of the beam
remains open. An investigation of this question was
one of the purposes of the experiments described
below. Another purpose was to study the frequency
spectrum of the oscillations produced in the beam
in all its states, and the dependence of this spec-
trum on the form of the beam-electron velocity dis-
tribution function.

1. EXPERIMENTAL PROCEDURE

All the experiments were carried out with the
installation shown schematically in Fig. 1. The
plasma source employed in this installation was
that described in [21; this source operated in a
continuous mode, usually at a discharge voltage
Vdis = 200—300 V and a discharge current Ijjg
= (0.5—1.5) A. The source had a cathode 1 cm in
diameter and a discharge chamber 2 cm in diam-
eter and 15 cm long. The parameter o was varied
by changing the flow of gas fed to the plasma source
(in the cathode region). The working gases were
argon and hydrogen. The beam receiver (anode)
had a small center hole, back of which a collector
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FIG. 1. Experimental setup. 1 — indirectly heated
cathode of 1 cm diameter, having a negative potential —
Vgis; 2 — discharge chamber, 2 cm in diameter and
15 cm long, having zero potential, with gas pressure in
the chamber p ~ 10 mm Hg; 3 — insulator; 4 — gas
inlet; 5 — beam; 6 — ring; 7 — vacuum chamber, 30 cm
diameter, gas pressure in chamber p = 10 mm Hg;

8 — anode, 15 cm diameters; 9 — virtual cathode (neg-
ative-potential region); 10 — trajectories of electron
beam at the instant of formation of the virtual cath-

was placed to measure the densities of the fast elec-
trons and the ions (121, In one series of measure-
ments, the anode could be displaced along the beam,
and then the influence of the length of the beam on its
state was investigated; in a second series of meas-
urements, the anode was placed transverse to the
beam, and then the radial distribution of the elec-
trons and ions was measured. In the latter case the
length of the beam was fixed at 150 cm.

Two beam modes were used: the ‘‘direct arc’’
mode and the ‘“‘reflecting arc’’ mode. In the first
of these modes the anode had the same potential as
the discharge chamber of the plasma source and the
walls of the vacuum chamber, i.e., ground potential.
In the second mode the anode had the same potential
as the cathode and served as a reflector of the
beam electrons (Fig. 1). These modes differed in
the beam-electron velocity distribution function.
The ‘‘direct-arc’’ mode corresponds approximately
to a function f;(v) (4],

f const when 0 < v<C+ vy,
Lo outside this interval

fi(v) ~

and the ‘reflected arc’ corresponds to a function
f2(V):

const when
0 when

_vmgvg\‘{-vm,

f2(v) =
IUI >|Um|’

where mv? /2 = W, = eVg;g, and Wy is the energy
to which the primary beam electrons are acceler-
ated in the near-cathode layer (actually in such
discharges there is always a fraction of ‘‘anoma-
lous’’ electrons with v > Ile ). Both distribution
functions are shown schematically in Fig. 2. Unless
otherwise stipulated, we refer throughout to the
‘direct arc’.

The procedure for measuring the ion energies
and the beam potential was the same as before [2:3],

The virtual cathode was detected by measuring
the energies of the electrons moving opposite the
beam, with the aid of an annular electrode 6,

ode; 11 — positive-potential region; 12 — accelerated
ions.

screened on all sides except for a narrow annular
slot 21 mm in diameter and 0.5 mm wide (Fig. 1)
facing the anode. If condition (2) is satisfied, the
floating potential ¢,. of this ring becomes strongly
negative and reaches a value equal to the potential
of the cathode: ¢, = Vgyig, thus offering evidence
of formation of a virtual cathode (to this end, how-
ever, it is necessary that the length of the beam

Lp exceed a certain ‘‘critical length’’ L¢ of the
order of 25—30 cm). The fast electrons reflected
from the virtual cathode had in this case the same
energy spectrum as the primary electrons moving
along the beam—from the cathode to the anode; this
spectrum is well described, in first approximation,
by the function fi(v) of Fig. 2.

To measure the frequency spectrum of the os-
cillations we used in addition to the already men-
tioned ring also three Langmuir probes 3 mm long
and 0.3 mm in diameter. One of them (No. 1) could
be moved radially in the central plane of the instal-
lation, and the other two (Nos. 2 and No. 3) were
secured to a stationary anode at a distance 1 cm
from the axis of the beam and 60 cm from the first
probe. Probes 1 and 2 were located in this case at
the same azimuth, while probe 3 could be moved in
azimuth through an arbitrary angle. The oscillation
spectra were recorded with a panoramic spectrum
analyzer (S4-8).
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FIG. 2. Distribution function of primary electrons of the
beam by velocities in two modes: a— ‘‘direct arc”’ f(v) = f:
b —“‘reflecting arc’’ f(v) = f,.
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The intensity of the magnetic field could be ad-
justed from 1000 to 5000 Oe; in most experiments
it amounted to 1400 Oe.

2. EXPERIMENTAL DATA

In our experiments, the state of the plasma beam
was characterized by features such as the energy
and the spatial distribution of the particles, the
beam potential, and the frequency spectrum of the
oscillations. Experiments with argon and hydrogen
gave similar results. Unless otherwise stipulated,
we refer in what follows to argon.

Figure 3 shows the influence of the argon flow Q
into the plasma source on the total strength of the
anode electron current I, on the electron current
density Je, and on the ion current density J, of the
plasma beam axis, on the floating potential ¢, of
the annular electrode, on the beam potential ¢p in
the central plane of the installation (i.e., where it
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FIG. 3. Plots of I, j., j., ¢p @ ,and f, against the flow
of argon Q in the plasma source. Vq4is =200 V, Igis = 1 A,
H = 1400 Oe, p-= 1 x 10”° mm Hg, Ly, = 150 cm (¢r and o¢p
are in volts).
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is always positive, Fig. 1), and on the first harmonic
f, of the line section of the oscillation spectrum.

We see that as Q is gradually varied two jump-like
transitions occur in the plasma beam between three
discrete states: 1 —Q > Q,, I—Q; < Q < Q,, and
III—Q < Q. The essential differences between these
states, in addition to those obvious directly from
Fig. 3, can be traced also by examining the follow-
ing indicators.

1. Energies of the electrons moving against the
beam. These energies can be readily estimated
from the deceleration characteristics of the ring
electrode, shown in Fig. 4. We see that when W,
= Vgis = 200 eV and the average energy of the
primary electrons moving along the beam is ~W,/2
~ 100 eV, the average energy of the electron moving
opposite the beam is 2—3 eV in state I, approxi-
mately 10 eV in state II, and 100 eV in state III; in
the latter case a virtual cathode is produced in the
beam (at ~10 cm from the plasma source).
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FIG. 4. Voltage-current characteristics of the annular
electrode in three states of the beam. The character of
the state is indicated by the corresponding Roman numeral
on the curve. The conditions are the same as Fig. 3.

2. Radial distribution of charged particles. As
shown in Fig. 5, in state I the radial distribution of
the fast electrons coincides with the distribution of
the ions and corresponds well to the diameter of
the cathode. On going over to the state II, the
primary beam spreads out, and the cold plasma
spreads out even more strongly, so that the radial
distribution of the fast electrons no longer coin-
cides with the ion distribution. In state III further
dissolution of the beam and of the plasma is ob-
served. In accordance with the changes of the
transverse dimensions of the beam and the plasma,
a change takes place in the parameter «, which is
/& 20—30 in state I and approaches unity in state II;
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any attempt to reduce « further blocks off the pri-
mary beam.
3. Ion energy W,. In state I we have W

~ 10—20 eV, in state II W reaches the value
W, = eVyg> while in state III W) is even larger.
4. Beam and plasma potential ¢y, . It is seen

from Fig. 3 that during the course of the transi-
tions I — II — III the value of ¢ increases from
10—15 V to 80—100 V. It must be noted here that
when we speak of the beam potential we have in
mind the greater part of its length—to the right of
the virtual cathode, where the potential is positive
in all three states of the beam (Fig. 1). In a small
region of the beam the potential can assume in this
case a negative value (virtual cathode in state III,
Fig. 1).

5. Character of passage of the primary beam
through the plasma column. In state I all the
primary electrons emitted from the plasma source
reach the anode, and the total electron current to
the anode Iy exceeds the primary-electron current
Idis by an amount equal to the plasma-electron
current. In state II all the fast electrons apparently
still reach the anode, and the fact that I, <Ijjg can
be attributed to the fraction of the primary elec-
trons that are knocked out by the beam from the
anode without returning. In state III approximately
10 per cent (averaged over the time) of the primary
electrons emitted from the plasma source reach
the anode, while the remainder, oscillating between
the cathode of the source and the virtual cathode,
drift in a radial direction and are lost on the walls
of the source discharge chamber.

6. Oscillation spectrum. Figure 6 shows the
oscillation spectra of the current in probe No. 1 in
the three states of the beam (the potential of the

FIG. 6. Spectra of oscillation of the probe current. The
left part of the spectrum is symmetrical to the right part
(the spectrum is recorded twice), the central peak is the
frequency marker fy, = 0, and the coordinate scales are
linear. The conditions are the same as in Fig. 3;

a —state I, outermost peaks — frequency markers

fm = 200 kes; b —state II, side peaks — at frequencies
95, 190, 285 kcs; c —state III, outermost peaks — fre-
quency markers fy = 4 Mcs.



DISCRETE STATES OF A PLASMA BEAM

probe is zero, and the probe current is due pre-
dominantly to the electrons). We see that the oscil-
lation spectrum consists generally speaking of two
parts—line and continuous.

The line part of the spectrum includes a set of
harmonics of a certain fundamental frequency fy;
this frequency changes relatively little (increases)
in the transition I — II (usually by not more than a
factor 1.5—2), but in the transition II — III it in~
creases by another factor 5—10. In absolute magni-
tude, the frequency f; usually amounts to 30—50 kcs
in state I, 50—100 kcs in state II, and 300—500 kcs
in state III; in the latter case f; increases with in-
creasing discharge voltage. The relation between
the amplitudes of the oscillations at the frequency
f, and its harmonics depends essentially on the
radius R of the probe: the greatest content of higher
harmonics is observed at radii close to the place of
maximal radial gradient of density of the fast elec-
trons; for state III this is shown in Fig. 7. In many
cases the line part of the spectrum contains, in
addition to frequency f, and its harmonics, also

FIG. 7. Spectra of probe current oscillations for two probe
radii: a—R = 15 mm, b—R = 2 mm. The outermost peaks are
frequency markers fm = 0 and fy = 4 Mc. State III, conditions
the same as in Fig. 3, Q <Q,.
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oscillations with lower frequency—in the range 1—
20 kcs. For state I this is shown in Fig. 6a. Under
certain conditions and for sufficiently large R (on
the order of several centimeters), these oscillations
can prevail over all others.

The continuous part of the spectrum is most
pronounced in state III, when it usually occupies the
frequency range from several times 10 kecs to
3—5 Mcs. We wish to emphasize here the arbitrari-
ness of the term ‘‘frequency range.’”” When using
this term, we have in mind an oscillogram similar
to Figs. 6 and 7 (the ordinate scale is linear), on
which the amplitudes of the oscillations at all fre-
quencies do not go beyond the limits of the oscillo-
scope screen of the analyzer (that is, the sensitivity
of the analyzer is far from maximal). With such a
definition of the term ‘‘frequency range’’ (in ac-
cordance with Fig. 6) we can state that in states I
and II there are no higher frequencies (f R 0.5—1
Mc) in the oscillation spectrum. However, if we
take this term to mean the entire frequency range
in which the amplitude of the oscillation differs
from the measurement errors, then the ‘‘frequency
range’’ is appreciably broadened. In fact, if we in-
crease the sensitivity of the analyzer by a factor of
several times, then the oscillation spectrum shown
in Fig. 7 assumes the form shown in Fig. 8.

At maximum analyzer sensitivity the ‘““frequency
range’’ in all three states of the beam is almost
the same—of the order of 20—30 Mc (in state I it

Ty "}’5' Mc |

FIG. 8. Spectrum of the oscillation of the probe currents
in state III. Conditions are the same as in Fig. 7, but the
sensitivity of the analyzer has been increased by a factor of
several times. The central and outer right peaks — frequency
markers fyy = 0 and fmM = 15 Mc.



954

is many times narrower than in state III). However,
the ‘‘specific gravity’’ of the high-frequency oscil-
lations in state I is exceedingly small compared
with state III. For example, the ratio of the ampli-
tude of the high-frequency (continuous) portion of
the spectrum (f = 1—2 Mc) to the amplitude of the
oscillations at frequency f; in state I is several
hyndred times smaller than in state III; the latter
can also be seen from Fig. 6.

The continuous part of the oscillation spectrum
obtained with the aid of the annular electrode has
the same form as the spectrum of the Langmuir
probe, but the line part of the spectrum is less rich
in harmonics, for it usually contains principally the
frequency f;.

Thus, from the foregoing comparison of the
properties of the plasma beam in different discrete
states we see that earlier [14] when speaking of an
unstable plasma beam, we had in mind state III, in
which condition (2) is satisfied; state I, which satis-
fies criterion (1), has been designated as stable.
State II, which previously has not been investigated,
is intermediate between I and III: on the one hand,
the ions become accelerated in this state, as in III;
on the other hand, in this state, as in I, there is no
virtual cathode. This state precedes directly the
transition of the beam into state III.

The experimental data presented above were
obtained in experiments with argon. The substitu-
tion of hydrogen for argon yielded no new qualita-
tive effect and led only to small quantitative
changes: for example, smaller jumps in the
quantities jg, j+, Iy, and @, smaller spreading of
the beam and the plasma in the transitions I — II
— III, etc. The main reason for using argon in
most of the experiments was the fact that the inter-
mediate state II was easier to obtain.

We note that jumplike transitions between the
discrete states of the plasma beam exhibit a
hysteresis: the numerical values Q; and Q, depend
on the sign of the change of Q. Thus, when Q in-
creases these quantities are equal to those shown
in Fig. 3, and when Q decreases they are 15—20
per cent lower. When hydrogen is substituted for
argon, the gas flow necessary to maintain the dis-
charge decreases, naturally, and the values of Qq
and Q, correspondingly increase.

To study the nature of the beam instability in
question, we carried out several experiments which
led to the following results:

First, it turned out that the beam could exist in
state III only when its length L}, exceeded a certain
minimal (or ‘critical’) value L, of the order of
25—30 cm. This is seen from Fig. 9, which shows
the dependence of the floating potential of the
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annular electrode ¢y on the length of the beam.
When Lj, > L the amplitude of the oscillations of
the anode current amounts to several dozen per
cent of the discharge current Ijjg; when L, < Lg
and Ly > L¢ this amplitude is several times
smaller.

Second, when Ly > L, the oscillation spectrum
(both the line and the continuous parts) in all
three states of the beam does not depend to any
appreciable degree on Lj, or on the ion mass M
(argon, hydrogen). This means that these are not
ion-sound oscillations, for otherwise the oscillation
frequency would change in proportion to 1/LpV M, [
something not observed in the experiments. The
dependence of the oscillation spectrum on the mag-
netic field is likewise weak, and is not of the type
that would cause us to assume the oscillations to be
of the ion-cyclotron or of the Alfven type.

Third, the oscillograms of the currents in the
probes 1, 2, and 3 are similar; the phases of the
oscillations on these probes are the same if the
probes are in the same azimuth; when probe 3 is
shifted in azimuth, a phase shift is observed in the
signal from this probe relative to the signals of
probes 1 and 2: for the fundamental frequency this
phase shift is equal to the angle of probe rotation,
for the second harmonic it is twice as large, etc.
The sign of the change in the phase shift with rota-
tion of probe 3 corresponds to rotation of the azi-
muthal inhomogeneity of the plasma density
(‘““torch’’) to the ‘‘ionic’’ side. These regularities
were observed in all three states of the beam and
are valid for any preferred frequency of the line
part of the spectrum.

Fourth, it turns out that the transition from the
beam-electron velocity distribution f;(v) in the
‘‘direct arc’’ mode to fy(v) in the “reflected arc”’
mode (Fig. 2) causes no essential change in spec-
trum in each of the three investigated discrete
states of the plasma beam. This result is of
interest in connection with the question of the

P V[T
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FIG. 9. Dependence of the negative floating potential

of the ring electrode ¢; on the distance Ly between the
source cathode and the anode. The conditions are the same
as in Fig. 3, Q <Q,.
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degree to which the plasma-beam instability in
question is connected (if at all) with the ‘“‘usual’’
two-stream instability which results from the
presence of ‘‘order’’ in the motion of the electrons
in velocity space [67]. To obtain a definite answer
to this question it is necessary to investigate the
high-frequency electronic (‘‘Langmuir’’) oscilla-
tions in all three states of the plasma beam. We
are presently carrying out such an investigation.

On the other hand, it is quite probable that an
important role in the excitation of the investigated
instability is played by effects connected with the
spatial inhomogeneity of the plasma (e-10],

In order to compare the obtained results with
data by others it is necessary to note that the dif-
ferent states of the plasma beam were observed
also in [1]) where they were designated ‘“mode I’
and ‘“mode II.”’ The first of these modes corre-
sponds to our state I. Inasmuch as no attempt was
made in (117 to observe a virtual cathode, it is dif-
ficult to state whether mode II is closer to state II
or to state III.

In conclusion we wish to stop and estimate the
electric fields and the velocity of the radial drift
of the electrons of the primary beam in state III.
This estimate can be made by starting from the
fact that in the transition I — III the ‘‘diameter”’
of the beam in the anode plane increases by 2—3 cm
(Fig. 5), and that such a considerable spreading of
the beam occurs within the time of flight of the
primary electrons (~3 X 1077 sec). Assuming that
the field under consideration does not have time to
change greatly within this time of flight, we obtain
the azimuthal component of the field averaged over
the length of the beam: E_j, = 100—200 V/cm
(H = 1400 Oe). This value of the field corresponds
to the relation

E,,szea:Vp/a,

where a is the ‘“‘radius’’ of the beam. The radial
flux of the primary electrons under the influence

of such a field, from a unit lateral surface of the
beam, amounts to

W,

eHa ’

Expressing arbitrarily this flux in the form j,. =D x
grad n; ® Dny/a, we obtain the ‘‘diffusion coeffi-
cient’’ of the primary electrons transversely to

the magnetic field

. Eo _
Jr = NyC— X nyC
H

(3)

If we take as the ‘“natural standard’’ for compari-
son the well known ‘‘Bohm’’ diffusion coefficient
DB =cTg/16eH (12 then we obtain from (3)

D ~ cW,/eH.
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D/[Dg ~ 16Wy/T.>1,

i.e., D > Dp, even if we take T¢ equal to W;.

Thus, the plasma-beam instability in question
is accompanied by very intense fluxes of electrons
transverse to the magnetic field, which turn out to
be large even compared with the Bohm diffusion.
This circumstance is in agreement with the fact
(noted above and in[!*4]) that in state III the greater
part of the primary beam travels, in final analysis,
transversely to the magnetic field.

It is interesting, incidentally, to note that in the
case of the estimate of the field E , considered
here, the primary electron beam, in addition to its
main function, also performs the diagnostic role
which is sometimes assigned to charged-particle
beams purposefully introduced into the plasma in
order to sound its electric fields.

We are grateful to A. B. Mikhailovskii for
stimulating discussions and V. Piffl for partici-
pating in part of the measurements.
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