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Evolution of the modulated electron beam moving through the inhomogeneous plasma barrier with parameters
corresponding to experimental conditions [1-2] is studied via computer simulation using PIC method. Electrons’ energy
distribution function of the initially density modulated electron beam moving through the barrier with Gaussian plasma
density profile is studied. Initial-boundary problem is solved, and results obtained are compared with results of

experiments and previous simulations.
PACS: 52.35.-g, 52.65.Rr, 52.35.Mw

1. INTRODUCTION

Study of dynamics of electron beam in plasma was
started as far back as 1930-th by Langmuir. The last
works devoted to this problem use computer simulation
[3-4] as well as laboratory experiments [5]. But in the
most cases only non-modulated beams were treated.

Evolution of the modulated electron beam in super-
critical plasma barrier was studied experimentally in
[1-2]. In our previous works [6-9] evolution of the
modulated electron beam in plasma for the initial-
boundary problem was investigated via computer
simulation using PIC method. But homogeneous plasma
barrier in [6-8] doesn’t correspond to the experimental
one that is close to Gaussian shape [1-2]. The first
simulation results for such barriers were presented in [9].
In this paper electrons’ energy distribution function of the
initially density modulated electron beam moving through
the barrier with Gaussian plasma density profile is
studied. Initial-boundary problem is solved, and results
obtained are compared with results of experiments and
previous simulations.

2. MODEL DESCRIPTION,
SIMULATION METHOD AND PARAMETERS

Warm isotropic collisionless plasma with initial Gaus-
sian density profile is studied. Simulation is carried out
via particle-in-cell method using modified program pack-
age PDP1 [10].

1D region between two electrodes is simulated.
Interelectrode space is filled with fully ionized hydrogen
plasma. Initial plasma density profile is obtained by the
approximation of experimental axial plasma density
profile [1-2] by Gaussian function. So initial electron and

ion plasma density is set as
2
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n(x)=n,+n, exp [—[
where ng is the plasma density for x—o, Ny + Ny, 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 the Table.

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+mcosmt) )
where m is the modulation depth.

Modulation frequency was selected in the range
op(No)<@w<ap(No+nm), where ay(n) is electron plasma
frequency corresponding to the plasma density n. Two
local plasma resonance regions are located inside the
barrier at the modulation frequency.

The simulation was carried out during the time
interval 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.

Simulation parameters

ny 5.5:10" cm™
Ny 2.04-10" cm”
Xo 10 cm
A 3.87 cm
Simulation region length 20 cm
Plasma electrons' thermal velocity 6-10" com/s

Plasma ions' thermal velocity 2,33-10° cm/s
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Beam electrons velocity 2-10° cr/s
Electron beam modulation 277 GHz
frequency
. 0.01 — 0.3 with
Electron beam modulation depth the step 0.01
Simulation time step 10 s
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Fig. 1 Velocity distribution functions of beam electrons for weak-modulated (m=0.05 - a, b, ¢) and strong-modulated
(m=0.28 - d, e, f) electron beam at the time points: t=10 s (a, d), t=2-10 *s (b, €), t=4-10 %s (c, f)

3. SIMULATION RESULTS

Fig. 1 presents velocity distribution functions of beam
electrons for weakly modulated (m=0.05) and strongly
modulated (m=0.28) electron beam for various time
moments. In x-v plane these figures present phase
portraits of the electron beam. For the first time points
these distribution functions are similar to sinusoids. In
comparison with the case of homogeneous barrier [7]
these sinusoids are more smeared. This fact can be
explained by excitation of quazi-continuous spectrum at
the frequencies @p(z) in the electron beam during it’s
propagation inside the barrier.

3.1 SMALL INITIAL MODULATION
DEPTH OF THE BEAM

All dependencies discussed in this section correspond to
the initial modulation depth m=0.05. The width of the beam
electrons’ velocity distribution function slightly decreases at
the late stage of the simulation in comparison with the case of
non-modulated beam. Two time intervals with characteristic
behavior of the velocity distribution function can be marked
out from Fig. 1,a-c: (i) t =9-30 ns - one can see gradual beam
electrons’ velocity smearing in the direction of energy
decrease in the space region of plasma density recession; (ii)
t = 35-45 ns - beam electrons’ velocity spread decreases. This
fact can be connected with electric field strength reduction
caused by deformation of the ion density profile (Fig. 2). This
deformation is characterized by strong irregularity. This effect
can be explained by 1-s decay of the resonant mode that results
in ion-acoustic waves’ excitation [6-8].

3.2 LARGE INITIAL MODULATION
DEPTH OF THE BEAM
All dependencies discussed in this section correspond
to the initial modulation depth m=0.28. Deep initial beam
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modulation leads to the noticeable suppressing of the
resonant instability development [11] just as in the case of
homogeneous barriers [7]. This effect is connected with
beam electrons’ trapping by non-resonant mode (at the
modulation frequency) [6-8].
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Fig. 2 Deformation of the ion concentration profile for
initial modulation depth m=0.05

For the case of large initial beam modulation depths
behavior of the velocity distribution function differs from
one described in section 3.1 (Fig. 1, d-f).

In the time interval t=9-30ns beam electrons’
velocity smearing is noticeably smaller than for small
initial modulation. Simultaneously in the region of plasma
density decrease electric field strength amplitude is twice



smaller than for small modulation. Accordingly non-
linear plasma density deformation decreases noticeably.
As a result in the time interval t=35-45ns beam
electrons’ velocity distribution function spreads distinctly
more than for small initial modulation depth. But even in
this case at the time point t =50 ns width of the beam
electrons’ velocity distribution function decreases in
comparison with previous time moments. As in previous
case this result can be connected with the non-linear
deformation of the plasma density profile.

4. CONCLUSIONS

Electrons’ energy distribution function of the initially
density modulated electron beam moving through the
barrier with Gaussian plasma density profile was studied.

1. Effect of the suppression of the resonant beam-
plasma instability by the deep initial beam modulation
takes place as in the case of homogeneous barrier. This
leads to smaller spreading of beam electrons’ velocity
distribution function.

2. At the late time points spread of the beam
electrons’ velocity distribution function decreases due to
the deformation of the plasma density profile. This
deformation can be explained by ion-acoustic waves
excitation caused by 1-s decay of the resonant mode [6-8].

3. Deformation of the plasma density profile is more
noticeable in the case of small initial modulation depth
and becomes more valuable in the region of plasma
density decrease where resonant mode’s electric field
strength increases distinctly [9].
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JUHAMUKA MOAYJNMPOBAHHOI'O 3JIEKTPOHHOTI'O ITYYKA
B HEOJJHOPOJHOM IIJTIASMEHHOM BAPBEPE: KHHETUYECKHUE D®®EKTbI

H.A. Anucumos, M.HU. Conoevésa

Hccnenyercss 9SBOJIOLMS MOJYJIMPOBAHHOTO JIISKTPOHHOTO TMy4Ka B IUIA3MEHHOM 0Oapbepe C IOMOILbIO
KOMIBIOTEPHOTO MOJCIMPOBAHUS METOJIOM KPYITHBIX YacTHIl. PaccMaTpuBaeTCs HEOJHOPOIHBIN TUIA3MEHHEIN Oapbep,
COOTBETCTBYIOIIUI YCIOBUAM Ja00paTOPHOTO IKCIepuMeHTa. M3ydyaercss QyHKIMS pacnpeaercHUs 3JICKTPOHOB ITydKa
no ckopoctsiM. IloyueHHble pe3ynbTaThl pElICHUs] HAYaJbHO-TPAaHWYHOW 3a/adyd CPaBHHUBAIOTCS C pe3yJibTaTaMH
SKCIEPUMEHTOB U BHIBOIAAMH TIPEABIIYIINX MOJCITNPOBAHHH.

JUHAMIKA MOJAYJBbOBAHOI'O EJIEKTPOHHOI'O ITYYKA
B HEOJJHOPITHOMY IIJIABMOBOMY BAP’€PI: KIHETUYHI EOEKTHU

LO. Anicimos, M.H. Conosiiosa

JlociypkeHo €BOJIIOIII0 MOJYJIBOBAHOTO E€JIEKTPOHHOIO ITyYka B IUIA3MOBOMY Oap’epi HUISXOM KOMII FOTEPHOTO
MOZETIOBaHH METOJIOM KPYITHHX YaCTHHOK. PO3IIIsaeThesi HEOIHOPIJHUI TU1a3MOBHI Gap’ep, 10 BiANOBiTae yMOBaM
1a00opaTOPHOTO EKCIEPUMEHTY. BuBUaeTbes (PYHKINS PO3MOUTY ENEKTPOHIB ITydka 3a IBHAKOCTAMH. OTpuMaHi
pe3yJIbTaTH PO3B’ 3Ky MOYATKOBO-TPAHMYHO 3a/iadi MOPIBHIOIOTHCS 3 PE3yJIbTaTAMH SKCIICPHMEHTIB Ta BHCHOBKAMH
TOTIePEIHIX MOJICITIOBAHb.
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