EVOLUTION OF THE MODULATED ELECTRON BEAM IN SUPER-
CRITICAL PLASMA:
SIMULATION OF INITIAL-BOUNDARY PROBLEM

1.0. Anisimov, M.J. Kiyanchuk
Taras Shevchenko National University of Kyiv, Radio Physics Faculty
64 Volodymyrs'ka St., 01033, Kyiv, Ukraine
E-mail: ioa@univ.kiev.ua

Evolution of the modulated electron beam moving through the supercritical plasma was studied in this work via
computer simulation using PIC method. Results obtained correspond qualitatively to the experimental data. It was
shown that concurrence between the resonant mode growing from the noise level and the non-resonant signal mode
leads to the suppression of the non-resonant mode In contrast to previous calculations it is shown that the resonance
instability occurs in the broad frequency band. Dependence of the peak amplitude of the signal on its’ initial value
was obtained. Frequency band expansion (for the resonant instability) can be explained by processes of 1-s decay of

initial Langmuir wave.
PACS: 52.65.-y

1. INTRODUCTION

The problem of the modulated electron beam evolu-
tion in plasma is of interest in various branches of plas-
ma electronics. In this report we have studied evolution
of the modulated electron beam in supercritical plasma.
Such conditions are typical for the transillumination of
the plasma barriers using electron beams [1]. Evolution
of the modulated electron beams in subcritical plasma is
important for the problem of radio waves emission via
transition radiation of the modulated electron beams in
the inhomogeneous plasma [2] and diagnostics of the
plasma inhomogeneities via transition radiation [3].

Study of the polarization beam-plasma instability at
single frequency demonstrated its saturation due to the
beam electrons’ trapping by the potential electric wave
[4]. But for non-resonant instability these results can be
changed strongly due to the concurrence with the reso-
nant mode (i.e., the mode in synchronism with the
beam). If the initial modulation depth is not too large
the beam electrons can be trapped by the resonant mode,
and further increase of the non-resonant mode can be
suppressed. This effect results to the linear dependence
of the peak signal amplitude on its initial value [4].

Simulation in previous works [5] was carried out for
the initial problem. But real experiments [6] correspond
to the initial-boundary problem. Computer simulation
results for such kind of the problem are given in this re-
port.

2. SIMULATION METHOD AND PARAME-
TERS

Simulation was carried out via particle-in-cell
method using modified program package PDP1 [7-8].
This package allows to define the initial modulation
depth and to save intermediate modeling results.

One-dimensional model was treated. Initially homo-
geneous background plasma layer was located between
two plane conductive electrodes. Electron beam was in-
jected from left electrode and moved to right one. The
plasma particles were absorbed by electrodes.

Plasma was formed by hydrogen ions, and it was
completely ionized. Simulation parameters (table) corre-

sponded approximately to the conditions of laboratory
experiment [1].

The beam density was modulated harmonically with
the depth over the range of 0.05...0.4.

Simulation was carried out during the time interval
of 5-10® s that contained approximately 200 electron
plasma periods or 5 ion plasma periods. During this
time electron beam reached the opposite electrode, and
approximately stationary processes were settled (as it
was observed in experiments).

Simulation parameters
Plasma density 10" ¢m™
Simulation region length 20 cm
Plasma electrons' thermal velocity 6007 cm/s
Plasma ions' thermal velocity 2,3300°cm/s
Beam velocity 2000° cm/s
Beam modulation frequency 2,6 GHz
3. SIMULATION RESULTS

Space-time distributions of ion and electron densi-
ties as well as electron beam density and electric field
strength were obtained. All the presented plots corre-
spond to the modulation depth m=0.3.

Fig.l presents the space-time distributions of the
electron beam density (a,b) and electric field strength
(¢). The darker areas correspond to the larger density
and field strength. Incidence of the lines of constant
density (or strength) corresponds to the beam velocity.
Density of the injected beam was modulated by the sig-
nal frequency that was some smaller than w,=(41t
ne*/m)". During further beam propagation the resonant
instability developed from the noise level. As its incre-
ment exceeded the signal’s increment, at some stage
electric field of the resonant instability trapped the beam
electrons and caused modification of the modulation pe-
riod (see Fig.,1,b, which is fragment of Fig.,1,a). This
result corresponds to the outcomes obtained in [5].
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Fig.1. The space-time distributions of the electron beam
density (a, b) and electric field strength (c)

Character of the further instability development cor-
responds to the previous results (see, e.g., [4]). After
the start of injection maximum of the electric field
moves to the injector and exchange of energy between
the electric field and the beam electrons occurs (com-
pare Fig.1,a and Fig.1,c).

Fig.2 shows space evolution of the spectra of elec-
tric field and electron beam density. Only signal fre-
quency (2.6 GHz) is presented nearby the injector in the
spectrum of the electron beam density. During the mo-
tion from injector the resonant instability develops from
the noise level. It evolves at frequencies close to the
frequency of the wave-particle synchronism. It can be
calculated from the dispersion equation for the Lang-
muir waves, where phase velocity of the wave is equal
to the velocity of the electron beam:
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Fig.2. The spatial evolution of spectra of electron beam
density (a) and electric field (b). Arrows mark the sig-
nal modulation frequency

For selected parameters this frequency (2.84 GHz)
lies close to the electron Langmuir frequency.

In contrast to previous works [5] (in [5] periodic
boundary conditions resulted to the discrete frequency
spectrum) in our simulation the resonance instability
occurs in the broad frequency band. This data corre-
sponds with the experimental results [9].

Fig.2,a,b presents the frequency band correspond-
ing to the excitation of the resonant instability and its
harmonics. Arrows mark the signal modulation fre-
quency (2.6 GHz). It is significant that upper harmonics
in the spectrum of the electric field are considerably
smaller, then in the spectrum of the electron beam den-
sity. Plasma acts as high durable resonator tuned in the
frequency ), so upper harmonics of electric oscilla-
tions are suppressed.

Fig.2 demonstrates at a distance of 6 cm electric
field of resonant mode amplitude increases so strongly
that it can trap the beam electrons (compare with the
Fig.1,b). As a result the signal frequency disappears in
the spectrum of the electron beam density.

Frequency band expansion on Fig.2,a (for the reso-
nant instability) can be connected with processes of 1-s
decay of the initial Langmuir wave. Perturbation of the
ion density for the late moments of time represents the
ion-acoustic waves’ excitation (Fig.3).

From the synchronism condition for three waves in-
teraction one can obtain relation between k; of the initial
Langmuir wave and k; of ion-acoustic wave:
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where c; is the ion-acoustic velocity, rp is Debye radius.
The values of k; and ks estimated from Fig.1,a and Fig.3
respectively satisfy this relation.
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Fig.3. The space-time distributions of the ion density
perturbations

Fig.4 shows estimated spatial dependence of the sig-
nal amplitude at the modulation frequency (a) and the
same dependence obtained from experiment [10] (b). In
experiments plasma density profile had parabolic shape.
Consequently, first and third maximums correspond to
excitation of oscillations in the local plasma resonance
region on the modulation frequency. Central part of ex-
perimental dependence corresponds to the simulation re-
sults.
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Fig.4. Space dependence of amplitude of the signal at
the modulation frequency: a — simulation results;
b — experimental data from [10]

Fig.5 presents dependence of the peak amplitude of
the signal on its initial value. It is known that restriction
of this amplitude can be caused by the beam electrons’
trapping of the signal mode or by resonant mode [5].
The growing part of the curve on Fig.2,a corresponds to
the second case. First case results to the saturation of the
peak amplitude. In fact, trapping of the beam electrons
occurs after the resonant mode reached certain level.
This happens in some fixed point x=d. That’s why the

peak amplitude of the signal Usexp(yd) (Y is the non-res-
onant instability increment) depends on its initial value
linearly.

4. CONCLUSIONS

Evolution of the modulated electron beam moving
through the supercritical plasma was studied in this
work via computer simulation using PIC method. Re-
sults obtained correspond qualitatively to the experi-
mental data. It was shown that concurrence between the
resonant mode and the signal mode leads to the suppres-
sion of the non-resonant mode, as it was proposed in [5]
on the basis of simulation results of initial problem with
periodic boundary conditions.
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Fig.5. Dependence of the peak amplitude of the signal
on the initial modulation depth

In contrast to previous simulation [5] it is obtained
that the resonance instability occurs in the broad fre-
quency band. This fact adjusts with experiment. Fre-
quency band expansion (for the resonant instability) can
be explained by the processes of 1-s decay of the initial
Langmuir wave.
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IBOJIONUA MOAYJINPOBAHHOI'O 3JIEKTPOHHOI'O ITYYKA B HAJIKPUTUYECKOM
IVIABME: MOJAEJIMPOBAHUE BPEMEHHO-IT'PAHUYHOMU ITPOBJIEMBI

H.0. Anucumos, M.A. Kuanuyx

DBOIIONHS MOIYIHPOBAHHOTO AIIEKTPOHHOTO ITyYKa, KOTOPBIHA ABIDKETCS B HAIKPUTHICCKOH IIa3Me, UCCIIEIO0-
BaHA IyTeM YHCJICHHOTO MOJEIMPOBAHUS C UCIOIb30BaHHEM METOJa yacTull B siueiike. [lomyueHHbIe pe3yabTaThl
HaXOJAATCS B KAUECTBEHHOM COOTBETCTBHUHM C IKCIEPHUMEHTAIBHBIMU JaHHBIMU. [I0Ka3aHO, 4YTO KOHKYPEHIIUS MEX Iy
PE30HAHCHOM MOJION, KOTOPAast BO3pAcTaeT OT (pIyKTyallMOHHOTO YPOBHSI, U HEPE30HAHCHOI CHIHAIBHON MO0 Be-
JIeT K TOJaBICHUIO HEPE30HAHCHOM MOABI. B oTnnyme oT mpeaplIynux pacyeToB, IMOKa3aHO, YTO Pe30HAHCHAs HEY-
CTOHYHMBOCTH UMEET MECTO B IIMPOKOM AHara3oHe 9acToT. [lomydeHa 3aBUCUMOCTh MUKOBOH aMIUIMTY/IBI CHUTHAJIA
OT €ro HavaJbHOTO 3HaueHMs. PacmmpeHne auama3zoHa 4acToT (A Pe30HAHCHOW HEYyCTOWYMBOCTH) MOXKET OBITH
00BSCHUMA ITPOIIECCOM pacajia epBOHAYAIEHOHN JICHTMIOPOBCKON BOJIHBI.

EBOJIIOIIS MOAYJbOBAHOI'O EJJEKTPOHHOI'O ITYUKA YV HAJIKPUTHYHIN IJIA3MI:
MOJIEJIIOBAHHSI YACOBO-MEKOBOI ITPOBJIEMUA

1.0. Anicimos, M.A. Kianuyk

EBoJtroLIisSt MO/TyTLOBAHOTO €JIEKTPOHHOT'O MyYKa, 0 PYXA€EThCS y HAJAKPUTUUHIN TU1a3Mi JIOCHIPKEHa IUIIXOM
YHCEJILHOIO MOJICIIOBaHHS 3 BUKOPUCTaHHSIM MeTony 4yacTHHOK y Biuky (PIC). Otpumani pe3ynbTaTu 3HaXOISIThCS
y SIKICHIM BiATIOBIAHOCTI O €KCIIEpUMEHTANbHUX AaHuX. [loka3aHO, 10 KOHKYPEHIIiS MK pPE30HAHCHOIO MOJIOIO,
sKa 3pocTae Bif (QIYKTyaIlifHOTO piBHSA, Ta HEPE30HAHCHOIO CHTHAJIHHOIO MOJOI0 Bele /A0 IPUTHIYCHHS
Hepe3oHaHCHOI Moau. Ha BimMiHy Bix momepesHiX po3paxyHKiB, TIOKa3aHO, [0 PE30HAHCHA HECTIHKICTh Mae Micle
y IIUPOKiH 30HI 4acToT. OTpMMaHa 3aJEKHICTh MIKOBOI aMIUTITYAM CHI'HATY Bif HOro MOYAaTKOBOTO 3HAYEHHS.
Posmupenns giana3oHy 4acToT (Ui pe30HAHCHOI HECTIMKOCTI) MOke OYTH MOSICHEHO ITPOIIECOM PO3Maay MepBiCHOT
JIEHI'MIOPIBCHKOT XBHJII.
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