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Dynamics of the transversely restricted modulated electron beam moving through the homogeneous plasma was
studied via computer simulation using PIC method. 2D-simulation demonstrated the concurrence between non-
resonant beam-plasma instability at the modulation frequency and resonant instability at the Langmuir frequency of
background plasma. In comparison with 1D simulation new effects were obtained such as beam’s transversal fila-
mentation and expansion as well as beam electrons’ longitudinal and transversal focusing. Transversal filamentation
is hypothetically caused by instability of the oblique space charge waves in the beam that can be confirmed by theo-

retical calculations.
PACS: 52.35.Qz, 52.65.Rr.

1. INTRODUCTION

Dynamics of the modulated electron beam in plasma
is of great interest in various branches of plasma elec-
tronics. Among them are: electron beams’ using as
emitters of electromagnetic waves in ionosphere [1-2],
transillumination of plasma barriers for electromagnetic
waves using electron beams [3-5], 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 [4,
7]. It was shown that signal at the modulation frequency
reached its maximum inside the barrier, and magnitude
of this maximum was directly proportional to the initial
beam modulation depth. These results were explained 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 ini-
tial problem, whereas results of experiments [4, 7] cor-
respond to the boundary problem.

Later, in our previous works [9-11] dynamics of the
modulated electron beam in plasma for the initial-
boundary problem was studied via computer simulation
using PIC method [12-13]. The problem was solved for
various ranges of parameters such as: initial modulation
depth, beam current density etc., also different barrier’s
profiles were studied (homogeneous and Gaussian
shape). Simulation results [9-11] demonstrated modes’
concurrence in the beam-plasma system predicted in [8]
and observed in [3-4] as well as some other effects. But
all these results were obtained in one-dimensional ap-
proach. In fact, 1D model with the beam of infinite
transversal length corresponds to plasma with the strong
magnetic field parallel to the density gradient. But for
real beams of finite radius the radial component of elec-
tric field appears causing the electrons’ and ions’ radial
motion.

In this paper results of electrostatic simulation of the
stripped modulated electron beam interaction with ho-
mogeneous plasma in 2D plane geometry are presented.
Initial-boundary problem is solved and results obtained
are compared with results of experiments and previous
simulations.

BOITPOCHI ATOMHOU HAYKHU M TEXHHUKU. 2010. Ne 4.

2. SIMULATION PARAMETERS

Warm isotropic collisionless plasma with initial ho-
mogeneous density profile was studied. Simulation was
carried out via particle-in-cell method using modified
program package PDP2 [14-15]. Rectangular area
0.2x0.05 m filled with fully ionized hydrogen plasma
was treated. Difference Poisson equation was solved on
the rectangular grid of 1024x512 cells. Plasma consisted
of number of large electrons (Njyge = 6-10°) and large
ions (Njgreei = 6:10%).

Dirichlet boundary conditions were applied on the
left and right borders of simulation region, and periodic
boundary conditions were applied on the top and bottom
borders: ¢(x=0)=0(x=Ly) =0, ¢(y=0)=0(y =L,).
Other simulation parameters are presented below.

Simulation parameters
Initial plasma density................. 10" cm™
Plasma electrons' and ions'

10 eV

thermal energy........................
Beam electrons velocity.............. 2:10° cm/s
Beam density............ccoevevinnn 1.5:10" cm™
Beam modulation frequency......... 5-10° rad/s

Beam modulation depth.............. 0.3
Simulation time step..................

Thin (L, =0.1-L,) density-modulated electron beam

was injected into plasma from the left electrode:

p(t) = p,(1 +m-cosat), (1)
where m is the modulation depth. Modulation frequency
was selected in such way that w,,,; < @,. Electrodes
absorb both plasma and beam particles.

The simulation was carried out during the time in-
terval of approximately 200 electron plasma periods.
During this time electron beam reached the opposite
electrode and quasi-stationary regime was settled.

3. SIMULATION RESULTS

3.1. INITIAL STAGE OF THE BEAM
EVOLUTION: FILAMENTATION

Fig.1 demonstrates the spatial evolution of electron
beam density and electric potential. One can see from
Fig.1 that initially the injected beam is transversally
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homogeneous. But at some distance from injector beam
filamentation is observed. Just after focusing of electron
bunches in the beam this process depresses noticeably,

and after second focusing it disappears.
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Fig.1. Spatial distribution of electron beam density (top)
and electric potential (bottom) in sequential time points.
t=7.5 ns (a); t=30 ns (b); t=100 ns (c)

Theoretical calculations in hydrodynamic approxi-
mation with assumption about small perturbations’
magnitude demonstrated that solution for electric poten-
tial in the beam-plasma system is:
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where a is beam width, ¢, is the potential amplitude,
ky=m(21+1)/2a, | is the mode number, and complex lon-
gitudinal wave number £, can be obtained from the dis-
persion equation:
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Formula (2) was obtained in the assumption that
beam density perturbations vanished on its borders (this
is true for small distances from injector, see Fig.1). Only
symmetric oscillation modes, that are really excited in
the system, were taken into account.
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So wave increment doesn’t dependent on the trans-
versal wave number and waves with different transver-
sal wave numbers grow in space with the same rates.
Obviously spectrum of transversal wave numbers is
defined by the fluctuations of beam electrons’ density
near injector.

Fig.2. Temporal evolution of beam electrons density
distribution in transversal direction on small distances
from injector: 0.1 cm (a); I cm (b); ¢ —2 cm (c)

For detailed analysis of the beam filamentation tem-
poral evolution of the beam electrons’ density distribu-
tion in the transversal direction on several distances
from injector (Fig.2) was obtained. Change of the strips
color along the time axis is caused by initial beam mod-
ulation, time period of the strips is about 1.25 ns, they
correspond to  initial modulation  frequency
=510 rad/s.

Filamentation can be noticeable as early as at dis-
tance about 1...2 cm from the injector. Transversal
beam perturbations are not regular; they change in time
in a random way that corresponds to the conclusions
obtained in analytic approach. At first several filaments
appear in the beam, but later (in those parts of the beam
where the most significant expansion takes place) shell
with cavity inside is formed.

3.2. BEAM’S TRANSVERSAL EXPANSION
AND BEAM ELECTRONS’ LONGITUDINAL
FOCUSING

Beam’s transverse expansion is the second prominent
effect after beam’s focusing. Really, modulated (artifi-
cially or as a result of beam-plasma instability develop-
ment) beam produces quasi-periodic potential relief. This
relief disappears on great distances from system axis [15].
Beam electrons move in this potential so they are col-
lected in minimums of potential energy (longitudinal and
transverse focusing) and also rolled up from maximums
(beam’s swelling in transversal direction).
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Fig.3. Space-time distribution of beam electrons
density on x-axis (y=0)



On late stages, where field of excited wave of poten-
tial moves to the injector and interaction of the beam
with electric field is the most effective; electron bunches
formed in the beam start to decelerate relatively to pe-
ripheral beam parts. At the initial moment they are lo-
cated on boundaries of the regions of the beam expan-
sion, but later they get closer to the centers of these re-
gions (see Fig.1,b). At the same time parts of the beam
which are expanded start to overlap, and maximal am-
plitude of potential wave is reached in the region where
bunches’ density is maximal.

Fig.1,c corresponds to the time point of plasma tran-
sillumination for the beam (compare with Fig.3), when
distance from injector to the maximal beam focusing
grows substantially.

3.3. EVOLUTION OF INITIAL BEAM’S
MODULATION AND ITS DISAPPEARANCE
AFTER BUNCHES’ FOCUSING

On Fig.4 spatial evolution of spectra of electric po-
tential along x-axis (y=0) is shown. Although this de-
pendency can’t demonstrate the whole spatial dynamics,
but it can be used for comparison of 2D simulation re-
sults with previous 1D simulation’s results [9-11].
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Fig.4. Spatial evolution of spectra of electric poten-

tial on x-axis (y=0). Arrows mark initial modulation
frequency (left) and resonant frequency (right)

From Fig.4 one can see that concurrence between
non-resonant beam-plasma instability at the modulation
frequency and resonant instability at the Langmuir fre-
quency of background plasma is completed by trapping
of the beam electrons by resonant mode and suppression
of the signal mode on modulation frequency. Initial
modulation is preserved till some distance from injector,
where maximal bunches’ focusing occurs. After this
moment beam “loses the memory” about its initial mod-
ulation.

CONCLUSIONS

Similar to 1D simulation effects were obtained:
modes’ concurrence completed by trapping of the beam
electrons by resonant mode and suppression of the sig-
nal mode on the modulation frequency. These results
correspond to laboratory experiments [4,7].

Several essentially new effects were observed in
comparison with simulations in 1D model: transversal
and longitudinal focusing of the beam, beam’s trans-
verse filamentation, which is hypothetically caused by
instability of the oblique space charge waves in the
beam, and beam’s transverse expansion.
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ABYMEPHOE MOJEJIUMPOBAHUE TUHAMUKH NONTEPEYHO O'PAHUYEHHOI'O
MOJAYJIUPOBAHHOI'O 3JIEKTPOHHOI'O TYYKA B OJHOPOJHOMH IIJIASME

H.A. Anucumos, M.H. Conoevésa

C noMOIIBI0 KOMITBIOTEPHOTO MOAEIHMPOBAHUS METOAOM KPYITHBIX YaCTHUI] HCCIELyeTcs NUHAMHKA IOIEpPEeUHO
OTPaHWYEHHOTO MOAYJIHPOBAHHOTO 3JIEKTPOHHOIO ITydKa, JBIKYIIErocs B OJHOPOJHON mia3Me. J[BymepHoe Moje-
JIMPOBaHME MOKA3aJI0, YTO B CHCTEME IJIa3Ma-JIEKTPOHHBIIN My4OK IIPOUCXOANUT KOHKYPEHIUSI MEXKITy HEPE30HAHC-
HOH IUIa3MEHHO-IIyYKOBOM HEYCTOMUMBOCTBIO HA YAaCTOTE MOAYJSIIMM M PE30HAHCHOW HEYCTOMUYMBOCTBIO HA JIEH-
TMIOPOBCKOH 4acToTe ()OHOBOW IIa3Mbl. B cpaBHEHHM ¢ OJHOMEPHBIM MOJCIHPOBAHHEM ObIIM MOIyYCHBI HOBBIC
3¢ deKThI, cpeny KOTOpbIX paccioeHue ((pUIaMeHTalys) 1 paclIupeHue MMy4Ka B IMONIEPEYHOM HAIPaBIICHUH, a TAKXKe
ToTiepevHast ¥ NpOAOJIbHAsE (POKYCHPOBKH JIIEKTPOHOB ITydka. [lonepeunas puaaMeHTalus, BEpOsITHO, BbI3BaHA HEYC-
TOMYMBOCTHIO KOCHIX BOJIH IPOCTPAHCTBCHHOI'O 3apsAaaa B ITYUYKE, UYTO IMMOATBEPKAACTCA TCOPETUICCKUMU pacu€TaMU.

ABOBUMIPHE MOJE/TIIOBAHHA TMHAMIKHA ITOIIEPEYHO OBMEKEHOI'O MOAYJIbOBAHOI'O
EJIEKTPOHHOI'O ITYYKA B OJJHOPILIHIU IIJIA3ZMI

LO. Anicimos, M.H.Conosiiosa

3a TOTOMOT0I0 KOMIT IOTEPHOTO MOJETIOBAHHS METOOM KPYIHHX YaCTHHOK JOCIIIKY€EThCS AMHAMIKA ITOTIepe-
YHO 0OMEKEHOr0 MOJYJIbOBAHOIO EIEKTPOHHOTO MY4YKa, [0 PYXAEThCs KPi3b OAHOPIAHY U1a3My. JIBOBUMIpHE MO-
JICTIFOBAHHSI TI0KA3aJ10, 10 B CHCTEMI IJIa3Ma-eJIeKTPOHHUI MyYOK BiI0YBA€ThCS KOHKYPEHISI MiXK HEPE30HAHCHOIO
IUTa3MOBO-ITyYKOBOIO HECTIHKICTIO HA YAaCTOTI MOAYJIALII Ta pe30HAHCHOIO HECTIMKICTIO Ha JIGHTMIOPIBCHKIil 4acTOTi
¢oHoBOT ma3mMu. B MopiBHAHHI 3 OJJHOBUMIPHUM MOJIETIOBaHHSM OYJIO OTPUMAHO Psiji HOBUX €(DeKTIB, cepel SIKHX
posuiapyBanHs ((inaMeHTallist) my4yka Ta HOro po3IMIMPEHHS B MONEPEUYHOMY HAINpPSIMKY, & TAaKOX IOTEPEYHE Ta I10-
B3I0BXKHE (HOKYCYBaHHS CICKTPOHIB myuka. [lomepeuHa ¢inamenTalrisi, AMOBIPHO, CIIPUYHMHCHA HECTIHKICTIO KOCHX
XBHJIb IPOCTOPOBOTO 3apsily B YUKy, IO HIITBEPIIKYETHCS TEOPETHIHUMH PO3PaXyHKAMH.
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