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An experimental study has been carried out of the nonlinear interaction between an ion beam and plasma for
beam velocities in excess of the thermal velocity of the plasma electrons. As in the case of an electron beam,
the restriction on the current oscillation amplitude is connected with the wave inversion in the region of the
phase focus. The restriction on the potential oscillation amplitude is connected with another nonlinear
mechanism, namely, the capture of the plasma electrons by the wave field. This effect has been detected as a
result of a particular feature of the nonlinear interaction between the ion beam and the plasma which ensures
the capture of the plasma particles by the wave field before the phase focus in some cases. It is also shown
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that the nonlinear interaction leads to the heating of the plasma electrons and to beam energy losses.

1. When a monoenergetic charged-particle beam inter-
acts with plasma the main nonlinear effects leading to
the restriction in the growth of the wave are wave in-
version and wave capture by the potential wells of the
beam and plasma particle waves. An analytical study of
the nonlinear interaction between an electron beam and
plasma was carried out int'*J on the assumption that
the beam density was much less than the plasma density,
i.e., (n1/ng)'”® <« 1. This ensured that effects connected
with the capture of plasma electrons by the wave field
could be neglected because the depth of the potential
well of the wave was much less than the beam energy,
i.e., 2e¢ < mv5/2. The nonlinear interaction has also
been investigated both numerically**? and experimen-
tally.t”) The effects associated with wave inversion
and the formation of a multivelocity beam in the region
of the phase focus of the beam were established. For
high values of n;/n, the computer experiments showed
the presence of the capture of plasma electrons by the
wave field®? , which occurred in the region of wave in-
version, but in laboratory experiments with electron
beams this effect was not detected. In the present
paper we report the first experimental study of the non-
linear effects during the excitation of Langmuir elec-
tron oscillations in plasma by an ion beam in the case
where the beam and plasma densities are comparable.
In some cases, this system will exhibit the capture of
plasma electrons by the wave field well before the ap-
pearance of nonlinear effects in the dynamics of the
beam ions, i.e., the condition 2e¢ ~ mv3/2, where v, is
the ion beam velocity, may be satisfied before the phase
focus. This fact has enabled us in the present experi-
ments to detect both phase focusing of the ion beam and,
for the first time, the capture of plasma electrons by
the wave field.

2. The experiments were performed using the ap-
paratus illustrated schematically in Fig. 1. The H: ions
were extracted from the duoplasmotron 1, they were ac-
celerated by the field of the electrode 2, and were then
shaped into the parallel beam 4 by the magnetic lens 3.
The beam current was usually about 20 mA, the energy
was 30 keV, and the particle density 10" cm™. The
plasma was produced by the beam as a result of the
ionization of the neutral gas. When the pressure was
varied from 1 x 10™° to 5 x 10™ torr the plasma-elec-
tron density was found to vary from 10" to 10® cm™.
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FIG. 1. Schematic of the apparatus. 1-Duoplasmotron ion source,
2—extracting electrode, 3—magnetic lens, 4—ion beam, 5—modulator,
6—probes, 7—ion energy analyzer.

The beam was energy-modulated by means of the three-
grid modulator 5 (outer grids grounded, middle grid
connected to a high-frequency generator) and then en-
tered the interaction region whose length was

L ~ 500 cm. The analyzer 7, which was located at the
end of the chamber, was of the Hughes- Rojansky type
and was used for the energy analysis of the ions. The
calculated resolving power of the analyzer was ~19,.
The beam-current oscillations were investigated by
using collectors which were screened from the plasma
by grounded grids, whereas the potential oscillations
were investigated with the insulated probes 6. The
electron distribution function was measured with a two-
grid analyzing probe which was mounted parallel to the
beam.

3. In the absence of external beam modulation the
system was found to support Langmuir electron oscilla-
tions whose amplitude increased exponentially along the
entire chamber.l®? When the beam was modulated ex-
ternally the dependence of the oscillation amplitude on
the generator frequency was precisely the same as the
envelope of the spectrum of the oscillations excited by
the unmodulated beam. The oscillation amplitude was a
maximum at a frequency roughly equal to the Langmuir
frequency of the plasma because the spatial growth rate
was then a maximum. Figure 2 shows the experimental
dependence of the spatial growth rate y of the oscilla-
tions as a function of the modulation frequency for two
values of the neutral gas pressure, i.e., two values of
the plasma-electron density.

We note that the external modulation of the ion beam
led to the removal of instability at frequencies different
from the modulation frequency (as in the case of the
electron beam[*’]), and the amplitude of the modulating
voltage at which the instability suppression occurred
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FIG. 2. Spatial growth rate of the oscillations as a function of modu-
lation frequency. 1-P =8 X 105 torr, 2—P = 1.2 X 107 torr.

FIG. 3. Effect of beam modulation on the spectrum of excited oscil-
lations, P = 8 X 1075 torr. 1 -Modulation amplitude U, =0, 2-U, = 14V,
modulation frequency f= 27 MHz, 3-U, =34V, f=27 MHz, 4-U, =
50V, f=27MHz,5-U; =70V, f=27 MHz, 6-U, =20V, f=20
MHz, 7-U, =50V, f= 20 MHz, 8-U, = 100 V, f = 20 MHz, 9-U, =
150V, f =20 MHz.
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FIG. 4. a—Distribution of the amplitude of the fundamental har-

monic of the current along the beam axis, P =8 X 107 torr, f = 27 MHz.
Curve 1-U; =60V,2-U, =120V,3-U, =240V,4-U, =360 V. b—
Position of the maximum of the fundamental harmonic of the current
as a function of the initial modulation amplitude. Solid curves 1 and 2—
calculated, points—experimental.
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decreased as the modulation frequency approached the
Langmuir frequency.

4, When a sufficiently high alternating voltage from
the generator was applied to the modulator we observed
nonlinear effects associated with the restricted ampli-
tude of the oscillations. Figure 4a shows the amplitude
distribution for the fundamental harmonic of the beam
current along the axis of the system for different out-
puts of the high-frequency generator. It is clear that
the oscillation amplitude at first increased and, having
reached a maximum, decreased again to some extent.
The maximum amplitude of the fundamental harmonic
does not depend on the initial modulation level and is
roughly equal to the constant component of the current.
An increase in the amplitude of the modulating voltage
leads only to a reduction in the distance up to the maxi-
mum. Analysis of these curves shows that we are ob-
serving here phase bunching of the beam ions. Figure
4b shows the calculated positions of the amplitude maxi-
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FIG. 5. Distribution of the fundamental harmonic of the potential
along the beam, P =8 X 105 torr, f = 27 MHz. Curves 1-U, = 18 V,
2-U,=40V,3-U, =120V, 4-U, =360 V.

FIG. 6. Amplitude of the fundamental harmonic of the potential
as a function of the modulation amplitude, P =8 X 107 torr, f = 27
MHz,L=2m.

mum of the fundamental harmonic of the current as a
function of the amplitude of the modulating signal.
Curve 1 was calculated from the theory of the kinematic
klystron, and curve 2 takes into account the increase in
the alternating component of the beam—particle velocity
due to the two- stream instability during the interaction
with the plasma,["] in accordance with the formula

(" — e=™) [ 2y = 3.68v,U, / 0U,,

where v, is the initial velocity of the beam particles,
el is the beam-particle energy, U, is the amplitude of
the modulating signal, w is the modulating frequency,
and y is the spatial growth rate of the oscillations. We
used in the calculations the experimentally determined
value y ~ 0.01 cm™. The experimental positions of the
maximum of the fundamental harmonic of the current
are shown by points in Fig. 4b and are in good agree-
ment with calculations. We note that for large modula-
tion amplitudes, when the distance to the phase focus
calculated from the theory of the kinematic klystron is
less than the growth length S = 2voUo/wU, < 1/7, the
increase in the velocity oscillations due to the interac-
tion with the plasma is not detected and the distance to
the maximum is close to the value calculated from the
kinematic theory of the klystron. For small modulation
amplitudes, when S > 1/y, the beam-plasma interac-
tion becomes important and the distance to the maximum
is much less than the value predicted by the kinematic
theory.

5. To investigate the capture of the plasma electrons
by the wave field, we measured the amplitude of the os-
cillations in the potential in the system. Figure 5 shows
the amplitude distribution for the fundamental harmonic
of the potential along the beam for different output volt-
ages of the high-frequency generator. For small modu-
lation amplitudes the oscillations increase exponentially
along the length of the chamber (curves 1 and 2). For
high values of U, the curves reach saturation at some
point along the axis (curve 3), and above a certain value
of the modulation voltage a wave growing in space is not
observed (curve 4). The nonlinear saturation effects
can also be seen in Fig. 6, which shows the amplitude of
the fundamental harmonic of the potential as a function
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FIG. 7. Distances at which the fundamental harmonic of the poten-
tial (curve 1) and the fundamental harmonic of the current (curve 2)
reach their maxima as functions of the modulation amplitude; P =
8 X 1078 torr, f= 27 MHz.

FIG. 8. Ion-energy distribution in the beam. Curve 1-P =1 X 107
torr, unmodulated beam; 2—P = 8 X 1075 torr, unmodulated beam; 3—
P =8 X 107 torr, modulated beam; U, = 150 V, f = 27 MHz.

of the modulation amplitude measured at a distance of
2 m from the modulator. The saturation potential is the
same at all points along the beam axis.

Figure 7 shows the distance at which the fundamental
harmonic of the plasma potential oscillations saturates
as a function of the amplitude of the modulating signal
(Fig. 1). For comparison, we also show the analogous
dependence for the maximum of the beam current
(Fig. 2). It is clear that for small modulation ampli-
tudes (§; > 1/y) curves 1 and 2 are practically identical,
i.e. the saturation of the fundamental harmonic of the
oscillations occurs near the phase focus of the ion
beam. For large modulation amplitudes (Sy < 1/y) the
saturation of the amplitude of the fundamental harmonic
of the potential occurs much earlier than the phase
focusing of the ion beam. This difference is due to the
fact that the restriction on the amplitude of the potential
oscillations is, in this case, connected not with the
phase focusing of the beam ions but with the capture of
plasma electrons by the wave field. To confirm this,
let us estimate the amplitude of the fundamental har-
monic of the potential in the region of the phase focus,
assuming that the modulation amplitudes are small and
the wave grows in space exponentially up to the focus,
ie. ¢oyn = ©.e7%°, In the linear theory, the relation be-
tween ¢, and the amplitude U, of the modulating signal
is given by ¢, = yUyve/2w. The position of the phase
focus is given by-

&M = 4yv,U, | U 0.

Therefore, ¢, = 2(y Vo/w)*U,. Under the conditions
of our experiment this quantity was Pph ® 6 V. The
capture of plasma particles by the wave requires that
@ >mvs/de ~ 4V, Hence, it is clear that the capture
of plasma electrons should, in fact, occur in this case
near the phase focus. For large modulation amplitudes,
when the potential in the wave is equal to the saturation
potential almost immediately after the modulator, the
capture of electrons occurs near the modulator and,
therefore, the system does not exhibit the exponential
growth of the potential oscillations. As already noted,
ion bunching then occurs in practically the same way as
in the kinematic klystron.

6. We have also measured the time-averaged beam-
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FIG. 9. Electron temperature as a function of the modulation volt-
age, P =8 X 1075 torr. Curve 1—unmodulated beam; 2—modulated
beam; U, =300V, f=27 MHz.

FIG. 10. Electron temperature as a function of the modulation
voltage; P =8 X 107 torr, f= 27 MHz.

ion velocity distributions and plasma-electron velocity
distributions. Figure 8 illustrates the effect of oscilla-
tions on the ion energy distribution. Curve 1 was ob-
tained at a pressure P = 107 torr when the growth rate
was low, and curve 2 corresponds to P = 8 x 10™° torr
when y appreciably increases and is roughly 0.01 cm™
Curve 3 was taken at P = 8 X 107° torr but in the pres-
ence of the external beam modulation. It is clear that
the excitation of the oscillations produces a broadening of
the energy distribution function and leads to a loss of en-
ergy.

External modulation produces an appreciable reduc-
tion in the distribution function only in the case when
the modulation frequency is close to the electron
Langmuir frequency. The broadening of the distribution
function with increasing amplitude of the modulating
signal occurs only until the distance to the phase focus
remains greater than the length of the apparatus, and
further increase in the modulation amplitude has little
effect on the width of the distribution function. It is only
at very high generator outputs, when the system does
not support a growing wave, that the width of the distri-
bution function becomes equal to twice the modulation
amplitude. This enables us to conclude that the ob-
served distribution function is the result of an averag-
ing of the beam energy oscillations, just as in the case
of the electron beam.!” In fact, the observed width of
the averaged distribution function is close to twice the
amplitude of the beam-energy oscillations in the region
of the phase focus calculated on the assumption that the
wave grows exponentially up to the phase focus: 2eU
= eU;e?%0 = 4y veeUp/w ~ 1200 V. The formation of the
phase focus (Fig. 5) and the behavior of the average
distribution function in themselves support the hypothe-
sis that, as in the case of the electron beam, there is
wave inversion and the formation of a multivelocity
current in the region of the phase focus.

As expected, the nonlinear interaction between the
ion beam and the plasma results in the heating of the
electrons. As an illustration, Figure 9 shows on a semi-
logarithmic scale the current-voltage characteristics of
the analyzing probe for a nonmodulated (curve 1) and a
modulated (curve 2) beam. Figure 10 shows the elec-
tron temperature determined from the slope of the
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straight lines as a function of the amplitude of the modu-
lating signal. It is clear that an appreciable tempera-
ture increase is observed when the modulation ampli-
tude is varied from 0 to 200 V. An increase in the gen-
erator output has practically no effect on the electron
temperature as soon as the amplitude of the potential
oscillations has reached saturation along the length of
the chamber.

The increase in temperature gives rise to a greater
escape of electrons from the beam. If the initial elec-
tron density is close to the beam density this leads to a
deterioration in the neutralization of the beam space
charge, i.e., to an increase in the radial static potential
drop and a certain angular divergence. This is in agree-
ment with the results reported in"'°?,

7. We have thus shown that: 1) the restriction on the
amplitude of the beam current oscillations is connected
with phase focusing of the ions; 2) the restriction on
the amplitude of the potential oscillations is connected
with the plasma-electron capture by the wave field, and
3) the excitation of the oscillations leads to the heating
of plasma electrons and to beam energy losses.
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