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We calculate the mechanism and singularities of the excitation of ion oscillations in a plasma produced
by a steady electron beam that propagates in a gas in the absence of an external magnetic field. It is
shown that they are governed by the effect of spatial enhancement of system-charge-density perturbations
that are almost transverse to the beam velocity. The established experimental facts are explained
satisfactorily, in the main, on the basis of a dispersion relation that takes into account, on the one hand,
the buildup of the ion oscillations by the cold beam, and on the other, the collisionless damping of these

oscillations by the ions and electrons of the plasma.
PACS numbers: 52.40.Mj

Ion oscillations excited in a neutralized electron beam
were investigated in a number of studies both in the
presence of an external longitudinal magnetic field and
without such a field. Whereas for a beam in a mag-
netic field there exists a fairly complete picture of the
excitation of the ion oscillations of different types,*
the data obtained in the absence of a magnetic field
are insufficient to establish on the basis of the results
of the theory®® the character of the oscillations and
the processes that determine their onset in this case.
Yet freely propagating beams are quite frequently en-
countered physical systems (electron-beam welding,
active experiments in the upper atmosphere, their
transport is apparently quite strongly subjected to
action of oscillations produced in the beams.

We have experimentally investigated ion oscillations
in a plasma that is produced by an electron beam pass-
ing in the absence of a magnetic field through a gas.
The measurements were performed with a setup for
electron-beam welding, comprising a metallic cubic
chamber measuring 50x50%x 50 cm, in which it was
possible to vary the air pressure in the range from
8%x107 to 1107 Torr. In one of the steps of the mea-
suring chambers we placed an electron gun. In al-
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most all the measurements we used a diode focusing
system that shaped a practically parallel beam of 2-3
mm diameter with current up to 250 mA and energy
10-20 keV. The only exceptions were experiments
with variation of the beam diameter. The latter can

be easily effected only by using guns with magnetic

focusing lens; to be sure, this resulted in a beam with
a clearly pronounced crossover and one could speak of
a certain average beam diameter.

A system of three diaphragms with holes of 10 mm
diameter, approximately coaxial with the beam was
located 18 cm away from the gun anode. The outer
diaphragms were grounded, and when necessary it was
possible to apply to the inner diaphragm a high-fre-
quency voltage to modulate the beam. The modulator
length was 20 mm. The oscillations excited in the
beam were received with a high-frequency probe or
with a diaphragm-loaded collector. The signal was
next applied to the input of an oscilloscope or an
S-4-8 spectrum analyzer. Since the investigated beam
carried a rather large specific power (up to 10° W/cm?
in a welding beam), the probe was moved in the course
of the measurements in a direction transverse to the
beam, with linear velocity 1.6 x10% cm/sec, to prevent
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FIG. 1, Oscillograms of signals from a probe moving across
the beam (a, b) and spectrum of the current-density oscilla-
tions (¢). Oscillograms 1, 2, 3, and 4 correspond to different
diameters of the beam and are numbered in increasing order
of the beam diameter. a) beam current I=250 mA, accelerat-
ing voltage Uy=18 kV; b) I=30 mA, Uy=6.5 kV; ¢) I=180 mA,
Uy=20 kV, p=5%10"* Torr.

melting the probe. On the other hand, when the mea-
surement was with a collector, the diaphragm em-
ployed was an intensely cooled tungsten disk with a
hole ~0.1-0.2 mm in diameter.

Figure la shows a typical oscillogram of a signal
received by a probe that moves rapidly across the
beam. These oscillograms were used in the present
study to measure the beam diameter. It can be seen
that the probe registers also high-frequency noise os-
cillations localized in this case in the axial region of
the beam. The oscillograms of these oscillations,
with a larger time resolution, are shown in Fig. 1b
for somewhat different beam parameters. The os-
cillations are in fact most easily produced near the
axis, but when the current is increased they can oc-
cupy the total volumé of the beam. Figure lc shows
the characteristic spectrum of the excited oscillations.
The frequency of the maximum of the spectral distri-
bution varies as a function of the pressure in the range
. 0.5-2 MHz and corresponds approximately to the plas-
ma frequency of the ion background that neutralizes
the beam.

For further evaluation of the experimental results,
we analyze the oscillatory properties of the considered
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plasma system at frequencies w close to the plasma
ion frequency w;. We choose the z axis along the direc-
tion of beam motion. Since the time of flight of the
electrons of the beam along this axis over the entire
drift space is much shorter than the oscillation period,
it is natural to expect the oscillations to result from
small transverse displacements of the electrons along
the axes x and y, and accordingly neglect the electric
field component E, compared with E, and E,. In the
general case, the systematic consideration consists

of three components: a fast cold electron beam and
the ions and electrons of the quiescent plasma. We
assume that the plasma contains waves of the form

E. ,=E, ,exp [—i(ot—k.z—k,y—k.z)],
with
k'< (k‘z+kv2) e (k:2+kyz+kzz) ’IIEky

and we use the expression for the complex longitudinal
dielectric constant of the quiescent components of the
plasma at w < kv”,9 adding to this expression the
hydrodynamic beam term. We then obtain the follow-
ing dispersion relation

429" (1+p) — 4y’ exp(—a’y*) ¥ (ay)
+i [ 2" uy v
Ure

@y?

—— =0
(@—Fk.vo)* ’

+ 20"y’ exp (—a*y?) ] - (1)
where vy, and vg, are the average thermal velocities
of the ions and electrons of the plasma;

Y=o |k|vn, p=(d/d.)?

d; and d, are the Debye radii of the ions and electrons
of the plasma;

ay
am, plan)= | e
Wi M
w, is the plasma frequency of the beam; v, is the beam
velocity.

For the steady state following stationary injection of
the beam in the system, it is necessary to solve the
problem of the spatial amplification of the oscillations;
this can be done by determining from Eq. (1) the value
of &, as a function of the real values w and k&, which
correspond to a certain component of fluctuation per-
turbations at the start of the beam. We obtain

o= 2 g (0, k) F i (0, k). @)
v, U Vo

The calculated quantities ¢ and s, which determine re-
spectively the axial phase velocity of the waves and
their spatial growth rate, are shown in Figs. 2 and 3.
Figure 2 illustrates the character of the frequency
dependences of g and s for different y, while Fig. 3
shows the dependences of the frequency of the most
rapidly increasing wave and of its growth rate on the
parameters y and u.

Thus, our analysis shows that waves with longitudinal
phase velocity v,, ~ wvy/w,q < v, should increase ex-
ponentially along the beam. In contrast to the spatial
amplification of the electron waves in the plasma-
beam system, there is no synchronism whatever be-
tween the wave and the beam in our problem (v, > v,,).
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FIG. 2. Calculated de-
pendences of the coeffi-
cients ¢ (dashed) and s
(solid curves) in formula
(2) on the dimensionless
frequency o = w/w;.

As seen from Fig. 3, the frequencies of the waves
that increase with maximum growth rate lie near w;.
In particular, they are very close to w;in the case
k=0, which corresponds to a two-component system
the (electron beam and the ions that compensate it).
We call attention to the substantial difference between
this result and the conclusions that follow from an
analysis of the instability of such a system (Buneman
instability), when one considers not the spatial but the
temporal evolution of the oscillations. In the latter
case we have for the frequency wjy of the resonant ex-
citations, as is well known, the expression9

@p=2""1 @5 (m/m,) " *~2,50p

(for nitrogen). At the same time, within the framework
of the spatial problem, the Landau damping, which is
included in Eq. (1), leads to a strong change of the
wave properties of the system compared with the case
of a cold plasma. For example, in the two-component
system Rek, is no longer equal to w/v,, but has a much
higher value determined from expression (2).

We note that the results obtained here can be used
also in an investigation of ion oscillations in com-
pressed beams of negative ions. Such oscillations were
also observed by Gabovich et al.!

We proceed now to compare the experimental facts
with the theoretical results.

1. According to the theory, the particles oscillate in
a direction perpendicular to the beam velocity. This
should lead to oscillations of the density distribution
of the beam current over its cross section. The total
beam current, on the other hand, should not oscillate.
Such a structure of the oscillations was in fact ob-
served in experiment. The current of a beam received
by a collector without a diaphragm contains practically
no high-frequency component. If, however, the collec-
tor is covered with a diaphragm (in which case one
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FIG. 3. Dependence of the frequency oy of the maximally am-
plified wave (dash) and of its dimensionless spatial growth rate
sy (Fig. 2) on the parameter y at different yu and vp,/vqy:
curves 1—p=0; 2—4=10"%, vp,/vp;=1.65°10°, 3—u=2+10"2,
V1e/v7;=1.65°10% 4—p=5°10 2, vp,/vp;=4.3¢ 102,
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FIG. 4. Oscillograms of current density at two points of the
cross section of the beam. On the right are shown arbitrarily
the coordinates of the points. I;=160 mA, U;=14 kV, diame-
ter 2.5 mm.

measures the beam current density uniquely), the cur-
rent oscillations on the collector reach 20-30%.

To determine the phase relations between the oscilla-
tions of the current density at different points of the
beam cross section, we obtained simultaneous oscillo-
grams of signals received from two diaphragmed col-
lectors, which could be moved together with the dia-
phragms across the beam. The diaphragm openings
were located in a single cross-section plane and sep-
arated by 1.2 mm. If some definite transverse oscilla-
tion mode was excited spontaneously in the system (for
example compression and expansion of the beam, bend-
ing in one plane, etc.), then this mode could be deter-
mined with the aid of these measurements. It turned
out that regardless of the location of the diaphragms the
correlation of the oscillations received through two
channels is noticeably' disturbed, and the difference be-
tween the phases of these oscillations is generally
speaking arbitrary. The oscillograms of Fig. 4 can
serve as an example. It appears that a random set
of oscillations of different spatial modes is present in
the cross-section plane of the beam.

To establish, whether in particular, conditions exist
in the system for the growth of axially symmetrical
modes, corresponding perturbations were produced
artificially with the aid of the modulator described
above. The spectra shown in Fig. 5 give grounds for
an affirmative answer to this question. In fact, it
can be seen that the amplitude of the coupled oscilla-
tions in the beam depends on the modulation frequency,
and the amplitude is maximal when the modulation
frequency coincides with the frequency of the spontan-
eously excited oscillations. We note that inasmuch as
the modulator causes transverse displacements of the
electron beam, the experiments with modulation con-
firm additionally the established character of the os-
cillations.

2. Figure 6 shows plots of the amplitude of the os-
cillations against the distance to the electron beam,
obtained both with an unmodulated and a modulated
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FIG. 5. Spectra of the oscillation of beam current density os-
cillations under external modulations. Broad maximum-—self-
excited oscillations, narrow peaked—entrained oscillations.
I=120 mA, Ej=13keV, p=1,5%10"* Torr. Coordinate of ob-
servation point z=35 cm. Amplitude of modulator voltage 1V,

beam. The oscillations were recorded with a dia-
phragmed collector, and in each point along z the dia-
phragm was placed on the beam axis at the location
where the amplitude was maximal.

In contrast to the experiments in the presence of an
external longitudinal magnetic field, when the axial
distribution of the amplitude corresponds to a standing

wave,? in our case the amplitude grows exponentially.
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FIG. 6. Dependence of the intensity of the oscillations on the
distance to the electron gun at modulation amplitudes equal to
zero (curve 1) and 5 V (curve 2). The arrow marks the co-
ordinate of the modulator. I=120 mA, U,=13 kV, p=2x10~*
Torr, f=18 MHz, diameter 2.5 mm.
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FIG. 7. Effect of air

4 pressure on the parame-
ters of a beam plasma at
2r U,=13 kV, diameter

2.5—3 mm (b) and on the
experimental values of
the frequency (@ and of
the amplitude (O) of the
oscillations at Uy=14 kV,
I=120 mA, diameter

3 mm (a). Curve
1—d;*/d2, 2—n;/ny.

5 4
p~/ﬂ," mm, Torr

The spatial increments determined from the plots of
Fig. 6 are equal to 0.8 cm™! for the spontaneous os-
cillations and to 1.25 cm™ for the induced oscillations.
They coincide with the theoretical calculations if we
assume the parameter sin (2) to be respectively equal
to 1.7 and 2.7.

For a more detailed comparison of the experimental
data with the theoretical ones it is necessary to estimate
the parameters of the produced beam plasma. We
present such an estimate starting with the beam-ion
balance equation, which can be written for a positive
beam potential approximately in the form

urtn,oe (Vo) p=2nrnv,, ®)

where 7 is the radius of the beam 7, and »; are the
densities of the beam electrons and of the plasma ions,
£(v,) is the specific ionization, p is the gas pressure,
and v, is the average velocity at which the ions leave
the beam. The value of »; can be determined from the
experimental data on the static radial electric fields,!!
which are equal to ~1 V/cm in the pressure range 1074~
1073 Torr. It follows therefore that for a beam of 0.25
cm diameter the potential difference between its axis
and the edges of the order of 0.1 V, while the value of
v, for air ions turns out to be ~8Xx 10* cm/sec. Sub-
stituting this value of v, in Eq. (3), we can determine
the approximate dependence of the ion density on the
pressure and the corresponding dependence of the
parameter u under typical conditions of our experi-
ments (Fig. 7a). In the estimate of u we assumed v,
~v;, T,~5 eV, and n,=n; - n, (n, and T, are the con-
centration and temperature of the slow electrons). On
the basis of this estimate, we can see that for a quan-
titative agreement between the measured and theoreti-
cally derived growth rates it is necessary to assume
that the parameter y amounts under the experimental
conditions (Fig. 6) to 2 for the spontaneously excited
waves and to 2.3 for waves excited by a modulator.
Satisfactory agreement is then obtained also between
the measured (1.8 MHz) and calculated (~2 MHz) fre-
quencies of the maximally amplified waves.

From the obtained values of y we find that the trans-
verse wavelengths of the growing perturbations of the
order of 1 mm, somewhat less than the beam radius.
This agrees with the significant breakdown, over such
a distance of the correlation of the oscillations in the
unmodulated beam.

3. The theory agrees also with the experimental de-
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pendence of the frequency of the spontaneously excited
oscillations on the air pressure in the system, see
Fig. Ta. The dashed line in this figure shows how the
ion Langmuir frequency, calculated from the data of
Fig. Tb varies with pressure. We note also that when
the air is replaced with the helium and the value of

¢p remains the same, the frequency of the excited
oscillations increases, as is predicted also by the
theory.

Unlike the Buneman oscillations in a magnetic field,
the frequency of the oscillations under the conditions
of our experiments was independent of the length of
the beam. At the same time, it decreases with in-
creasing beam diameter, (see Fig. 1). These facts
also agree with the present analysis of the spatial
amplification of the ion Langmuir oscillations.

As to the experimental dependence of the amplitude
of the oscillations on the pressure (Fig. 7a), we can
note that it agrees qualitatively with the theoretical
relations of Fig. 3, inasmuch as the values of ¥ and u
increase with increasing p. This notwithstanding, the
increase of y in these experimental conditions can be
attributed apparently only to the ascending section of
the A(p) curve. Estimates show that in the pressure
range 107'2-10"% Torr the imaginary part of the di-
electric constant of the electron-beam plasma begins
to receive a substantially increasing contribution from
the collisions of the ions with the neutral atoms. This
should lead to a faster decrease, compared with the
relations in Fig. 3, of the spatial growth rate with in-
creasing pressure, as is in fact observed in experi-
ment.

In conclusion, a remark must be made concerning the
possible influence of the secondary electrons from the
collector on the oscillations in question. It seems that
by producing an opposing beam these electrons can play
an important role if they are confined by a longitudinal
magnetic field, or else in short beams of length of
the order of the beam width. !> On the other hand, in
the experiments described here, with a long and thin
beam, we did not notice any process connected with
secondary electrons, a fact that can apparently be
attributed to the strong decrease of the density of the
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secondary electrons with increasing distance from the
collector.

Thus, we have shown in this paper that free propaga-
tion of an electron beam is accompanied by a spatial
amplification of ion oscillations that are almost trans-
verse to the beam velocity, of the produced electron-
beam plasma, and of the corresponding oscillations
of the beam-current density. The experimental data
are in satisfactory agreement with the presented an-
alysis of the spatial beam amplification of such a
wave, with account taken of their collisionless damp-
ing by the ions and electrons.
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