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Fine structure was observed in the distribution function of an electron beam that had interacted
with a plasma by employing a high-resolution energy analyzer. The fine structure consists of a
number of weak peaks appearing against the plateau background. The dependence of the fine
structure on the regime and geometry of the plasma-beam system is investigated. The effect of
modulation of the beam by a monochromatic signal is studied. The appearance of the fine structure
is explained as being the result of beam-electron capture in potential wells of a number of dis-

crete natural waves of the system.

ONE of the most significant results obtained to date
by experimentally investigating the relaxation of an
electron beam in plasma is that the initially mono-
kinetic distribution function acquires in final analysis
the form of a ‘‘plateau’’ that extends from zero to
energies somewhat exceeding the initial energy of the
beam electrons'*™®!, This result agrees fully with the
conclusions of the quasilinear theory!®®!; it was dupli-
cated subsequently many times and confirmed by many
authors.

Measurements of the distribution function were
carried out in all these investigations, but by the de-
celerating-field method, which, as is well known, has
a relatively low resolution. Using a cylindrical
Hughes-Rojansky capacitor with high resolution as the
energy analyzer, we succeeded in observing, against
the background of the plateau, a number of individual
peaks forming the fine structure of the distribution
function!®), The existence of such peaks cannot be ex-
plained from the point of view of the quasilinear theory.
However, if account is taken of the electrons captured
in the potential wells of the wavesm, then the existence
of a fine structure can be explained naturally for
spatially-bounded systems having a discrete set of
natural oscillations.

In this paper we investigate the influence of the
regime, geometry of the system, and modulation of the
beam on the fine structure of the distribution function.
The nature of the fine structure is also considered and
a brief calculation is presented, which leads to certain
semiquantitative estimates that admit of comparison
with the measurement results.

1. EXPERIMENTAL SETUP

The measurements were performed with the setup
shown schematically in Fig. 1. The electron beam was
formed by gun 1, The beam diameter was usually 5 mm;
the electron energy in the beam was determined by the
potential of the second anode and could be regulated in
the range from 300 to 1200 V. The beam current was
controlled by the first anode of the gun in the range
from 0 to 20 mA. The beam propagated along the axis
of glass tube 2, with diameter 35 mm. The distance L
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FIG. 1. Experimental setup. 1 —elec-
tron gun, 2—working part of experi-
mental tube, 3—beam collector, 4—
Langmuir probes, 5—helix, 6—cylindri-
cal capacitor, 7—cover for evacuation.

from the gun to the collector could be adjusted from 15
to 35 cm. In most experiments it was 27 cm.

The measurements described in the present paper
were performed in the absence of a constant magnetic
field.

The tubes were filled with hydrogen, the pressure
of which could be maintained in the range from 1073 to
5% 10”2 mm Hg. On passing through the gas, the beam
caused ionization and produced a plasma with which
the beam itself interacted. The parameters of such a
beam plasma—its concentration, electron temperature,
and space potential—could be measured with several
Langmuir probes 4, located in the central part of the
tube at a distance 8—9 mm from the axis. The micro-
wave oscillations were picked up by a helical segment
5 of length 40 mm and diameter 15 mm, placed inside
the tube 15 cm from the gun. The longitudinal distribu-
tion of the oscillation intensity could be measured with
the aid of a small capacitive electrode moving along
the outer surface of the working part of the tube.

In individual cases, when it was desirable to modu-
late the electron beam with a monochromatic micro-
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FIG. 2. Spectrum of microwave
oscillations excited by the beam in
the plasma. Conditions: U, = 400V,
i=10mA, p=2.5 X 102 mm Hg.
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wave signal, a helical segment was placed at the out-
put of the gun, and voltage from a microwave genera-
tor was applied to it through a coaxial lead.

The distribution function of the electrons interacting
with the plasma was measured with a cylindrical
capacitor 6 mounted under a cover 7, which was
evacuated with a high-vacuum pump, The electrons
entered the capacitor through an opening 1.5 mm in
diameter drilled through the center of the collector 3.
In spite of the flow of hydrogen through this opening,
the gas pressure in the region of the cylindrical
capacitor did not exceed 10~° mm Hg. The energy
resolution of the capacitor was about 1%. The results
of the test of the capacitor and the verification of the
procedure are described in®). The measured distribu-
tion function was plotted with an automatic recorder,
the chart motion of which was synchronized with the
variation of the voltage across the electrodes of the
cylindrical capacitor.

The intensity of the spectrum of the microwave
oscillations picked up by the helix or by the capacitive
electrode was measured with a tunable resonator, a
spectrum analyzer, or a measuring receiver.

2. MICROWAVE OSCILLATIONS EXCITED IN THE
PLASMA

When the gas pressure in the working part of the
tube and the beam current were sufficiently high, exci-
tation of microwave oscillations was invariably ob-
served. A typical spectrum of the oscillations is
shown in Fig. 2. It consists of a large peak in the high-
frequency region (f,) and a smaller peak at a lower
frequency (£). The half-width of the peak in the region
f, is several dozen MHz. The frequency f, increases
with the beam current and with the gas pressure. It is
approximately proportional to p ; no such simple
power-law relation could be estabhshed for the beam
current. The frequency f, agrees well w1th the Lang-
muir plasma frequency fp = (e ne/nm)1 which was
determined from the probe measurements of the
plasma-electron concentration. All this makes it pos-
sible to identify the main peak in the spectrum with the
Langmuir oscillations exc1ted in the plasma by the
passing electron beam!®°), The second peak at the
frequency f, may be the result of an interaction of the
electron beam with a surface plasma-waveguide
wave!0),

The distribution of the oscillation intensity along the
system, measured at the frequency f,, was approxi-
mately the same as described in{! 2 , hamely, the
oscillation intensity first increased exponentlally with
increasing distance from the gun, reached a maximum,
and then decreased again.
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FIG. 3. Family of measured electron-beam energy distribution func-
tions. Uy = 1000V, i = 10 mA. The parameter of the curves is the gas
pressure (in millimeter mercury): 1-p < 1073;2-1.5 X 1072,3-2 X
102,4-2.5 X 1072,5-3 X 1072;6-3.5 X 102,

The distance from the gun to the cross section
where the oscillation intensity was maximal decreased
with increasing accelerating voltage U,. At small i
and large U,, the oscillation intensity could increase
monotonically up to the collector itself. The region of
the most intense microwave oscillations coincided with
the region of the brightest glow of the plasma.

When the electron beam was modulated with a
monochromatic microwave signal of sufficiently high
intensity (the signal frequency was close to f;), the
well-known effect of sup]pression of the noise compon-
ent of the oscillations!*®! was observed. A cycle of
spectrograms demonstrating this effect is shown in
Fig. b below

3. BEAM-ELECTRON ENERGY DISTRIBUTION
FUNCTION

The appearance of microwave oscillations is ac-
companied by accelerated relaxation of the electron
beam. Figure 3 shows a family of measured distribu-
tion functions, in which the parameter is the gas pres-
sure.

We see that at low gas pressures (p <107 mm Hg)
the distribution function has the form of a narrow sym-
metrical peak. The electron energy corresponds to the
accelerating voltage U,. With increasing gas pressure,
the peak gradually broadens. At p > 102 mm Hg a
gently-sloping section is formed on the low-energy
side of the distribution function; the boundary of this
section moves closer to zero with increasing pressure.
At the same time, a certain (albeit smaller) broadening
is observed on the high-energy side of the distribution
function. With increasing pressure, the peak at the
energy eU, vanishes, and for p > 3.5 X 10"> mm Hg
the distribution function acquires, in general outline,
the form of a plateau, as was observed many times by
many authors.

A new effect that we have been able to observe by
using the high-resolution energy analyzer is the ap-
pearance of a number of small peaks, forming the fine
structure of the distribution function. These peaks ap-
pear already at p~ 1.5X 107> mm Hg, and develop
further with increasing pressure. The average interval
between them is 50—100 eV and decreases somewhat
with decreasing energy.
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FIG. 4. Dependence of the posi-
tion of the fine-structure peaks on the
beam current. Conditions: p = 2.5 X
10”2 mm Hg, U, = 400V. The ordinates
represent the energy of the observed
peaks, and the curves show the dis-
placement of these peaks on the energy
scale with changing beam current.
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FIG. 5. Plot of the position of the fine-structure peaks on the energy
scale against the gas pressure, U, = 1000V, i=10 mA.

A family plotted with the beam current as a
parameter has a similar form.

The energy corresponding to the fine-structure
peaks changes little with changing accelerating voltage.
On the other hand, if the parameter of the family is the
beam current, then the position of the peak shifts
towards higher energies with increasing beam current
(Fig. 4). The same thing is observed if the parameter
of the family is the gas pressure (Fig. 5). In the latter
case it is even possible to establish a direct propor-
tionality of the gas pressure to the peak energy.

To study the dependence of the fine structure of the
distribution function on the geometry of the system, the
beam diameter was varied from 3 to 5 mm, and the
diameter of the working part of the tube from 20 to
52 mm. Such variations of the beam and plasma
diameter exerted no noticeable influence on the picture
of the fine structure. The situation is different when
the length of the system is varied. Figure 6 shows
three distribution functions measured under the same
conditions at different distances L from the collector
to the gun. We see that with decreasing L. the density
of the peaks increases and the energy interval AW be-
tween them decreases in approximate proportion to the
value of L.

The results of an investigation of the influence of
the beam modulation by a monochromatic signal are
shown in Fig. 7. The signal frequency fm was chosen
to equal the frequency £, of the most intense oscilla-
tions excited in the plasma. Figure 7a shows a number
of measured distribution functions for different levels
of the modulating signal. The signal level Py, is given
in decibels relative to 1 W. Figure 7b alongside shows
the variation of the frequency spectrum of the oscilla-
tions in the vicinity of f,. We see that with increasing
power of the modulating monochromatic signal the
noise-oscillation level decreases. At the same time,

FIG. 6. Distribution functions for
three different lengths of the system.
Up=1000V,i=10mA,p=3.5X ! W
102 mm Hg.
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FIG. 7. Influence of beam modulation by a monochromatic signal
on the distribution function (a) and on the oscillation spectrum (b).
Modulating-signal frequency fi, = f; = 360 MHz; the signal level is given
in dB relative to IW. Uy = 1000 V,i=12 mA, p = 3.5 X 10 mm Hg.

the fine structure on the distribution function becomes
smoothed out and vanishes: at Pm = -60 dB it is
hardly noticeable, and at Py, above -50 dB it cannot
be seen at all. The general outlines of the distribution
function are also altered thereby: in the absence of
modulation the distribution function has a clearly pro-
nounced plateau, whereas in the case of strong modula-
tion it acquires the form of a smooth curve with a
maximum. Similar changes in the form of the distribu-
tion function were observed earlier!*),

It is natural to ask why no such fine structure was
noticed before in the numerous investigations of the
distribution function. We believe the reason to be the
insufficient resolution of the decelerating-field method,
which was used throughout by all the experimentors.
On the delay-current curve, which we obtained experi-
mentally by replacing the cylindrical capacitor with a
corresponding system of electrodes, or numerically by
integrating the distribution functions given above, the
fine structure made a practically negligible contribu-
tion lying on the borderline of the measurement ac-
curacy.
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4. DISCUSSION OF RESULTS

One of the premises underlying the quasilinear
theory is the assumption that the investigated system
is unbounded in the longitudinal direction. Therefore
when the spectrum of the oscillations is broadened with
respect to k, it should form a continuum in such a
system.

On the other hand, if the system is bounded in the
longitudinal direction and has a length L, it should be
characterized by a discrete set of eigenvalues kp,
determined in the simplest case by the relation

k.L=nn, n=1,23,... 1)

If the waves under consideration are plasma waves,
then their frequency is equal to wp, regardless of the
value of k¥. For a discrete set of values of kp, these
waves should have corresponding discrete phase
velocities

Vphn = 0, [ k= w,L [ nn. (2)

When electrons with velocity ve close to one of the
values of vphn appear during the process of plateau
formation, then these electrons are trapped in the
potential well of the wave and are dragged by it. The
idea of such trapping of particles by the wave and its
subsequent development is contained in the papers of
Kadomtsev and Pogutse!”),

As applied to our case, we should expect the trap-
ping and dragging of electrons by waves having a set
of discrete phase velocities to cause singularities to
appear on the velocity distribution function at the points
where ve = Vpphp. Concretely, one should expect the
dragging of the electrons by the wave to lead to an in-
crease in the number of particles whose velocity is
equal to the wave velocity, at the expense of depletion
of the adjacent sections of the distribution function.

Going over from electron velocities to energies, we
obtain the series of discrete energy values for which
one should expect the appearance of singularities on
the distribution function:

W, — e m oL (3)
2 2 n*nt
The energy interval between adjacent values turns
out to be

AW, =W, — W, x 2oL (4)
nmn

In addition to explaining the very appearance of the
fine structure, the foregoing expressions enable us to
explain qualitatively some results of the experiment.
Thus, for example, the observed shift of the fine-
structure peaks with changing beam current or with
changing gas pressure (Figs. 4 and 5) can be attributed
to a corresponding change of wp. Since under the con-
ditions of our experiments wp was approximately pro-
portional to p‘/ 2, the energy of the peaks should also

DThe dispersion dependence due to the finite temperature of the
electrons does not play any role here, since vphn > vTe under the con-
ditions of our experiments.

One must not confuse the considered branch of plasma waves (w =
wp) with the so-called plasma-waveguide branch, for which the k(w) de-
pendence is significant. That branch corresponds to surface waves and
lies in the frequency region below wp/\/?

be proportional to the gas pressure, as was indeed ob-
served. The variation of AWy with the length of the
system is also qualitatively explained.

A quantitative estimate of AWy for the experimental
conditions corresponding to the middle curve of Fig. 5
(L = 27 cm, fp = 600 MHz) gives for W =500 eV a
value AW = 50 eV, which agrees satisfactorily in order
of magnitude with the measured value.

The vanishing of the fine structure when the beam
is modulated with a monochromatic signal can be at-
tributed to the fact that the mechanism of plasma-beam
interaction is completely altered here. Perfectly de-
fined values of w and k = w/v, are imposed on the
system. On the other hand, the distribution function
has in this case not the form of a plateau with a large
set of electron velocities, but the form of a narrow
peak that shifts over the energies with the oscillation
frequency!*®).

In conclusion, we are sincerely grateful to V. N.
Oraevskii, who induced us to undertake the research
described in the present paper.
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