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Evolution of the modulated electron beam moving through the plasma barrier was studied via computer simula-
tion using PIC method. Inhomogeneous plasma barrier with parameters corresponding to experimental conditions
[1-2] was studied. Dependencies of the maximal signal amplitude and coordinate of this maximum at the modula-
tion frequency upon the initial beam modulation depth were obtained. Simulation results were compared with ex-
perimental results and outcomes of the previous simulations.
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1. Introduction

Problem of the modulated electron beam’s dynamics
in plasma is of interest in various branches of plasma
electronics such as electron beams using as emitters of
electromagnetic waves in ionosphere [3-4], transillumina-
tion of the plasma barriers for electromagnetic waves
using electron beams [1-2, 5], inhomogeneous plasma
diagnostics via transition radiation of electron beams and
electron bunches [6] etc.

Evolution of the modulated electron beam in super-
critical plasma barrier was studied experimentally in [2,
7]. It was found out that signal at the modulation fre-
quency reached its maximum inside the barrier, and mag-
nitude of this maximum was directly proportional to the
initial beam modulation depth. These results were ex-
plained in [8] by the concurrence between non-resonant
(signal) and resonant (noise) modes of the beam-plasma
system. But calculations presented in [8] correspond to
the initial problem, whereas results of experiments [2, 7]
correspond to the boundary problem. Consequently it was
impossible to compare results of experiment and simula-
tion.

Evolution of the linear space-charge waves (SCW) of
electron beam in the barrier with parabolic plasma den-
sity profile was studied theoretically in [2]. Effect of mu-
tual transformation of SCW in the inhomogeneous
plasma was obtained.

In our previous works [9-10] evolution of the modu-
lated electron beam in plasma for the initial-boundary
problem was studied via computer simulation using PIC
method [11-12]. But homogeneous plasma barrier in [9-
10] doesn’t correspond to the experimental one that is
close to Gaussian shape [1-2, 7].
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In this paper dynamics of the modulated electron
beam moving through the barrier with Gaussian plasma
density profile is studied via computer simulation using
PIC method. Initial-boundary problem is solved, and re-
sults obtained are compared with results of experiments
and previous simulations.

2. Model description, simulation method and pa-
rameters
Warm isotropic collisionless plasma with initial

Gaussian density profile is studied. Simulation is carried
out via particle-in-cell method using modified program
package PDP1 [11-12].

1D region between two electrodes is simulated. Inte-
relectrode space is filled with fully ionized hydrogen
plasma. Initial plasma density profile is obtained by the
approximation of experimental axial plasma density pro-
file [1-2, 7] by Gaussian function. So initial electron and
ion plasma density is set as

2
n(x)=n, +n, exp {—(X;Ax“ J }
, Q)

where 7, is the plasma density for X — oo, n, +n,, is

the peak plasma density inside the barrier at X = X, and

A is half-width of the plasma density profile. Simulation
parameters are presented in table 1.

Electron beam is injected into plasma barrier from the
left electrode. It moves to the right one. Electrodes absorb
both plasma and beam particles. Initially electron beam is
density-modulated:

p(t)=p,(1+mcosmwt)

where m is the modulation depth.

Modulation frequency was selected in the range
w,(n)<w<ea,(n,+n,), where @,(n) is elec-
tron plasma frequency corresponding to the plasma den-
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sity 7. Two local plasma resonance regions at the modu-
lation frequency are located inside the barrier.

The simulation was carried out during the time inter-
val of approximately 200 electron plasma periods or 5 ion
plasma periods. During this time electron beam reached
the opposite electrode and quasi-stationary regime was
settled.

Table 1. Simulation parameters

ny 5.5:10" cm’®
Ny, 2.04-10" em™
X 10 cm
4 3.87 cm
Simulation region length 20 cm
Plasma electrons' thermal velocity 6-107 cm/s
Plasma ions' thermal velocity 2,33-10% cm/s
Beam electrons velocity 2:10° cm/s
Electron beam modulation frequency 2.77 GHz
Electron beam modulation depth wi('zhoslte_po(fm
Simulation time step 105

3. Simulation results

3.1. Spatial evolution of spectra of electron beam den-
sity and electric field strength for small initial depth
of the beam modulation

All dependencies demonstrated in this section corre-
spond to the initial modulation depth m = 0.05 .

Space-time distributions of the beam electrons' den-
sity and electric field strength were obtained from simula-
tion. Then temporal fast Furrier transformation was car-
ried out.

Fig. 1 demonstrates the spatial evolution of spectra of
electron beam density (a) and electric field strength (b).
Arrows mark the modulation frequency. One can see
from Fig. | a that only the modulation frequency is pre-
sented nearby the injector in the spectra of the electron
beam density. During the beam motion inside the barrier
in the region of plasma density increase the beam excites
oscillations at the local plasma frequency according to
Cherenkov mechanism. As long as plasma density de-
pends on coordinate, local plasma frequency change up to
coordinate too (in Fig. 1 b it is noticeable near the modu-
lation frequency). For the given frequency Cherenkov
resonance conditions are not satisfied along the beam
trajectory after the vicinity of the first plasma resonance
point. So electric field in this region is decreased, but
corresponding oscillations in the spectrum of beam
modes remain (see bottom of Fig. 1 a). Consequently
oscillations with the wide band of frequencies are pre-
sented in the beam density spectrum along with the

modulation frequency.

During the beam motion inside the barrier in the re-
gion of plasma density decrease the oscillations presented
in the beam density spectrum excite the intensive electric
fields in corresponding regions of local plasma resonance
(top of Fig. 1 b). At the same time the modulation of the
beam at corresponding frequencies is increased (top of
Fig. 1b).

The largest length of resonant beam-plasma interac-
tion is obtained near the maximum of plasma density, and
this length is decreased at the periphery. Therefore
maximal growth of the electric field of characteristic os-
cillations is observed in the region of maximal plasma
density (Fig. 1 b).

Signal at the modulation frequency is noticeable at the
whole simulation region both in spectra of electron beam
density perturbation and strength
(Fig. 1 a, b).

electric  field

1,GHz

0] 2 4 6 8 10 12
b
Fig. 1. Spatial evolution of spectra of electron beam density (a)
and electric field strength (b). Arrows mark the signal modula-
tion frequency
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Fig. 2 presents the spatial evolution of spectra of elec-
tron beam density at the modulation frequency (a), elec-
tric field strength at the modulation frequency (b) and at
the doubled modulation frequency (c).
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Fig. 2. Spatial evolution of spectra of electron beam density
at the modulation frequency (a), electric field strength at the
modulation frequency (b) and at the doubled modulation fre-

quency (c).

Similarly to the previous simulation [9-10], inside the
barrier spectral amplitude of the electron beam density at
the modulation frequency reaches the maximum value
(Fig. 2 a). Spatial evolution of the electric field strength
spectrum at the modulation frequency (fig. 2 b) doesn’t
demonstrate a maximum. Dependence of the field ampli-
tude at the modulation frequency on coordinate contains a
lot of fluctuations with considerable amplitudes.

The largest values of the field at the modulation fre-
quency are reached in the regions of local plasma reso-
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nance at the edges of the barrier. High level of fluctua-
tions is caused by presence of the wide-band oscillations
in the electron beam spectrum. These fluctuations arise
according to the mechanism of polarization beam-plasma
instability (part of them are excited according to Cher-
enkov mechanism in local plasma resonance region as it
was mentioned above). These fluctuations form the ho-
mogeneous gray background in the left side of Fig. 1 b
bounded by the frequency of local plasma resonance.

But at the doubled modulation frequency (Fig. 2 c)
there are no resonant oscillations of electric field at the
local plasma frequency because the modulation fre-
quency satisfies the condition2®, , > @, (nn + nm).
That’s why spatial dependence of the signal at this fre-
quency has the clear maximum, and it‘s position coin-
cides with the position of the maximum in Fig. 2 a. No-
tice that only a weak local peak is presented at this point
in Fig. 2 b.

The position of the signal maximum at the modula-
tion frequency (Fig. 2 a, ¢) corresponds to x =11 cm . It
is situated in the region where amplitude of the electric
field strength at resonant frequencies grows considerably
(Fig. 1 b). So concurrence between resonant modes and
signal at the modulation frequency takes place. As a re-
sult restriction of the signal amplitude occurs as it was
described in [8]. But the shape of plasma barrier density
profile determines the position where this effect takes
place for the parameters of our simulation. Notice that
for homogeneous plasma density in the barrier [8] this
coordinate is determined by the start of non-linear stage
of the beam-plasma instability for the resonant mode.

3.2. Spatial evolution of spectra of electron beam den-
sity and electric field strength for large initial depth of
the beam modulation

All dependencies discussed in this section corre-
spond to the initial modulation depth m2 = 0.28 . They
were obtained in the same way as in the previous section.

Spatial evolution of spectra of electron beam density
and electric field strength doesn’t differ drastically from
the case of small initial depth of the beam modulation.
Just as in previous case maximal growth of the field of
the characteristic oscillations is observed in the range of
maximal plasma density — in the middle of the barrier.

In contrast to the case of small initial beam modula-
tion depth, position of the maximal amplitude of the sig-
nal at the modulation frequency doesn’t coincide with the
region of the maximal growth of the field of characteristic
oscillations (Fig. 3 a). From comparison Fig. 2 a, ¢ and
Fig. 3 a,c one can conclude that in this case distance
from injector to maximum of the signal amplitude at the
modulation frequency is much smaller than in the case of
small initial beam modulation depth. So maximum of the
signal at the modulation frequency is reached due to the
non-linear saturation of its instability. Furthermore in
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Fig. 3 a, ¢ oscillations of the signal amplitude at the
modulation frequency are observed. These oscillations
are not observed in the case of small initial beam modula-
tion depth (compare with Fig. 2 a, ¢). But similar oscilla-
tions take place for strong beams in the homogeneous
supercritical plasma [10].
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Fig. 3. Spatial evolution of spectra of electron beam density
at the modulation frequency (a), electric field strength at the
modulation frequency (b) and at the doubled modulation fre-

quency (c).
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Spatial evolution of spectra of electric field strength at
the modulation frequency (Fig. 3 b) doesn’t demonstrate
any local maximums (contrary to Fig. 2 b). This effect
can be explained both by considerable removal of this
maximum to injector and by its closeness to the first re-
gion of the local plasma resonance.

Spatial period of the amplitude oscillations
(Fig. 3 a, ¢) corresponds to estimation of bounce oscilla-
tions’ period in the electric field of background plasma
eigenmodes excited by the beam (taking into account the
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beam velocity).

3.3. Influence of the initial beam modulation depth on
the maximal signal amplitude at the modulation fre-
quency and position of this maximum

Fig. 4 presents dependencies of maximal signal am-
plitude (a) and coordinate of this maximum (b) at the
modulation frequency upon the initial beam modulation
depth. Two characteristic regions of the initial beam
modulation depth can be marked out from fig. 4.

For initial modulation depths 72 < (.1 the signal
maximal amplitude is reached due to the concurrence of
the signal at the modulation frequency with the resonant
modes. Electric field of the resonant modes traps beam
electrons, and as a result modulation at the signal fre-
quency is suppressed. These processes occur just after
electron beam passing through the plasma density maxi-
mum. That’s why maximal signal position remains con-
stant in this range of initial modulation depths (Fig. 4 b).

For initial modulation depths m = 0.1 formation of
the signal amplitude maximum at the modulation fre-
quency is caused by the non-linear saturation of instabil-
ity. As a result maximum amplitude of the signal be-
comes approximately constant (Fig. 4 a), and its position
gradually moves to the injector (Fig. 4 b).
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Fig. 4 The dependencies of maximal signal amplitude (a)
and coordinate of this maximum (b) at the modulation fre-
quency on the initial beam modulation depth.
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4. Conclusions

Evolution of the modulated electron beam moving
through the inhomogeneous plasma barrier was studied
via computer simulation for 1D model using PIC method.

1. Spectrum of characteristic oscillations of the beam-
plasma system competitive with the signal at the modula-
tion frequency varies in space and depends on the barrier
shape. The amplitude of these oscillations rises steeply in
the region of plasma density decrease along the beam
trajectory. Upper harmonics of characteristic oscillations
of the beam-plasma system are presented in this region.

2. Concurrence between resonant modes and signal at
the modulation frequency takes place for small initial
modulation depths (72 < 0.1). This effect moves to re-
striction of the signal amplitude at the modulation fre-
quency, as it was observed earlier in case of homogene-
ous barriers [9-10]. But now the shape of plasma barrier
density profile determines the position, where maximal
signal amplitude at the modulation frequency is reached.

3. For large initial modulation depths (72 = 0.1) the
signal amplitude maximum at the modulation frequency
is reached as a result of beam-plasma instability satura-
tion at this frequency. Oscillations of the signal amplitude
at the modulation frequency are observed. In general the
beam dynamics doesn’t differ from the case of homoge-
neous barriers [9-10].
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