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Electrostatic plasma simulation code for 2D rectangular geometry is presented. Main distinguishing feature of the
code is its orientation on the beam-plasma interaction. The code and its graphical interface were developed using
MATLAB programming language. Simulation results of inhomogeneous plasma interaction with modul ated electron
beams of different width are compared. In case of wide beam the front of Langmuir waves generated in point of local
plasmaresonance is planar and in case of thin beam (or ribbon beam) the front has approximately half-circular form.

PACS: 52.65.-y

1. INTRODUCTION

Beam-plasma interaction is the object of scientific
interest for many years. Deeper understanding of this
phenomenon would cause a progress in a large number of
applications from space weather prediction to plasma
electronic devices construction.

Interaction of inhomogeneous plasma with modulated
electron beams in 1D geometry is studied both theoreti-
caly and via numerical simulation (see, e.g., [1-2]). In
fact, this model with the beam of infinite transversa
length corresponds to plasma with the strong magnetic
field paralld to the density gradient. But for real beams of
finite radius the radial component of electric field appears
causing the electrons’ and ions' radia motion. 1D models
do not describe this effect.

The report presents electrostatic simulation of the
modul ated el ectron beam interaction with inhomogeneous
plasma in 2D plane geometry. The smulation was per-
formed using large particles method. Large particles in-
teract electrostaticdly and can move in two dimensions
freely or driven by external forces. The code gives possi-
bility of charged particles beam injection into inhomoge-
neous plasma.

2. ALGORITHM AND COMPUTER CODE

Particle in cdl (PIC) agorithm [2] lies in the base of
presented code. This agorithm considers plasma as a st
of charged particles that consists of large number of ele-
mentary particles. The big particles interact with each
other not directly but through a grid — an object that ap-
pears after breaking a smulating volume on the set of
cells. FFT method was used for difference Poisson’'s
equation solving [3].

The above described algorithm is coded using the lan-
guage for technical computing MATLAB. The core of the
code is a cycle in which the operations of particles
charge weighting, electrical field calculation and particles
coordinates and velocities updating are consequently re-
peated.

Modular architecture is laid in the basis of the devel-
oped code. The main routines such as routine of Poisson’s
equation for electrical field solving, particles charges
weighting routine and others are independent building
blocks of the program.

The other digtinguishing feature of the presented code
is a presence of graphical interface which makes the code
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operation easier for a user. The interface includes a num-
ber of dialogues for putting simulation parametersinto the
code and graphical window for system state visualization
during a simulation.

3. NUMERICAL SIMULATION OF
MODULATED BEAM INTERACTION WITH
INHOMOGENEOUSPLASMA

Simulation of beam-plasma interaction was performed
using electrogtatic 2D computer code. The smulated vol-
ume is bounded by two pairs of parallel planes with
Lx=4cm, Ly=1cm. The rectangular grid is introduced in
system with 1024x256 cells. The volume is filled with
plasma which is modeled as a number of large eectrons
(Nbig = 10°% with temperature T, = 0.5 eV and a mo-
tionless positive background charge. The large particle in
the 2D rectangular geometry is an infinite uniformly
charged rod which moves perpendicularly to its axis. The
linear density of the large particle in the presented ssimula-
tions is 8:10° eementary particles per meter for beam
electrons and 2.56:10° m™* for plasma electrons. The
plasma concentration is constant along y coordinate and
changes linearly along x coordinate from 3.2-10™ m™ on
the left electrode to 9.6:10"° m™ on the right electrode.
Plasma particles are reflected from the left and right
boundaries and trandated into the smulated volume by
adding or subtracting L, from their y coordinate if they
have crossed bottom or top boundary.

Boundary conditions of the Dirichlet type on the left
and right electrodes and periodic boundary conditions on
the top and bottom electrodes were used for the Poisson’s
equation solving:

f(x=0)=f (x=Ly)=0,f(y=0)=f(y=L,).

The time step of simulations dt=5-10" is two order
less than the period of plasma oscillations T,=1.1-10° sin
the maximal density region at x=L, (Tp,>>dt). The Debye
length Ly and size of cell dx are one order less then the
wave length ) of generated Langmuir waves
dx:Lg:A =1:2.4:24 at x=0. Number of particles in the De-
bye sphere (Debye cylinder in the 2D geometry) is Ny =
-k Teeo/(€°1)=8.5, where 4=2.56-10°m™~ linear density
of thelarge particles.

Modulated beams of different width were injected into
the volume and their interaction with plasma in the point
of local resonance was investigated.
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3.1. BEAM-PLASMA INTERACTION IN QUASI 1D
GEOMETRY

In this section results of smulation of inhomogeneous
plasma interaction with modulated beam which width is
equal to L, are reported. Due to periodicity of boundary
conditions on the top and bottom electrodes the interac-
tion in this case can be thought as quas one-dimensional.

Beam particles are injected into the plasma with
V,=27v7=8-10°m/s v,=0. Beam density is modulated with
frequency f,=7.5-10° Hz, modulation depth m=1 and
maximal value n,=5-10"° m=.

Perturbation of plasma electrons density for 5 subse-
quent time moments is shown on Fig.1.

Anel, 101% m3

Fig. 1. Planar Langmuir waves generation generated in
quasi 1D beam-plasma interaction

It can be easily observed that Langmuir waves are
generated in the point of local plasma resonance X, and
propagate |eftwards. Phase velocity of the waves decrease
with plasma density decreasing. Wave front is planar, and
plasma electrons density is roughly constant along x axis.
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Fig. 2. Time dependence of plasma electron density

perturbation on the axis of the systemfor quasi 1D
beam-plasma interaction

Time development of wave process on the axis of the
system (y=0.5 cm) is shown on Fig. 2. Dashed line marks
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the point of local plasma resonance calculated theoreti-
caly. From this point waves of plasma density propagate
toward left electrode, and trajectories of their maxima are
shown by white color.

Density of beam electrons is shown on Fig. 3. It
changes from 0 to -6-10™ m™ due to modulation. It can be
easily observed that the beam becomes “fibrous’ during
its motion toward the right electrode.
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Fig. 3. Beamdensity for t = 140 ns. Smulation for quasi
1D interaction

3.2. SSIMULATION OF PLASMA INTERACTION
WITH THIN (RIBBON) BEAM

In this section results of smulation of inhomogeneous
plasma interaction with thin modul ated beam are reported.
The fact that beam density is not constant along y axis
makes the simulation essentially two-dimensional.

The beam width is Ly=L,/20=0.05cm, maximal beam
density n,=1-10"m, so the total current in the system is
equal for both smulations. Modulation frequency and
depth are also remained unchanged.

Perturbetion of plasma dectron densty a 5 subsequent
time moments during one Langmuir period is shown on Fig.4.
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Fig. 4. Spherical (cylindrical) Langmuir waves
generated by thin beam

Intensive oscillations of plasma electrons density can be
observed in the local plasma resonance point. Oscillations
with the period equa to the beam modulation period propa-
gate in regions of lower plasma density. Wave front has gp-
proximately haf-circular form. The explanation of this effect
isthat the region of intensive beam-plasmainteraction can be
treated as point-like source.

Time development of the plasma density oscillations
on the axis of the system (y=0.5cm) is shown on Fig.5. At
the early stage (t<20 ns) the waves of space charge den-
Sity that propagate rightwards are visible. These waves
are caused by non-compensated beam charge.



4. CONCLUSIONS

Two simulations of modulated electron beam interac-
tion with inhomogeneous plasma interaction for different
beam width were performed. The firs simulation deals
with quasi 1D beam-plasma interaction, when the beam
width is equal to the length of the system along y direc-
tion. Langmuir waves propagation from the region of lo-
cd plasma resonance to the regions of lower plasma den-
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e sity was observed. The “fibrous’ beam structure was dis-

= covered.

e The second simulation deals with essentialy 2D
58 beam-plasma interaction. Beam is thin in comparison with

system length along y direction. Langmuir waves with
quas half-circular wave front were observed in this case.
The effect of spatial beating between waves of space
charge driven by beam and Langmuir waves generated in
region of beam-plasma resonance was established during
the simulation.
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compensated beam charge causes beam widening .

JIBYMEPHOE 3JIEKTPOCTATUYECKOE MOJIEJUPOBAHUE B3AUMO/IEMCTBU S
HEO/JHOPO/HOM IIA3MbI C MOYJUPOBAHHBIM ITYYKOM DJIEKTPOHOB
H.A. Auucumos, T.E. JTumowenko

[IpeacTaBneH KOMIBIOTEPHBIN KO I MOJEIMUPOBAHUS TUIa3MBI C NIEKTPOCTATHIECKUM B3aMMOJICHCTBHEM B JIBY-
MepHO# reomerpuu. ['TaBHOM OCOOEHHOCTBIO TPEICTaBIEHHOTO KOAA SIBISICTCS €r0 BO3MOXKHOCTH MOJENNPOBATH
B3aMMOAEHCTBHE IIa3Mbl ¢ mydkoM. Kom m rpadmuecknii mHTepdeiic pa3paboTraH B cpeae NMpOrpaMMHPOBAHUS
MATLAB. CpaBHuBaroTCs  pe3yabTaThl  MOJACIMPOBAHUS  B3aUMOJCHCTBUSI ~ HEOZHOPOIHOW  IIasMbl  C
MOJYTUPOBAHHBIMH ITyYKaMH pa3HOM MMPUHBI. B ciaydae mmpokoro mydka ()pOHT JIEHTMIOPOBCKHX BOJH, KOTOpBIE
TEHEPUPYIOTCS. B TOYKE JIOKAJTHPHOIO IUIA3MEHHOIO PE30HAHCA, SIBISIETCS IUIOCKAM; B CIydae K€ TOHKOro (Hjm
JICHTOYHOTO) Iy4Ka (POHT IMPUOIH3UTENBHO SBISIETCS TIOIYKPYTOM.

JIBOBUMIPHE EJJEKTPOCTATUYHE MOJEJIOBAHHS B3AEMO/IIT HEOJJTHOPIJTHOI IIJIA3MH 3
MOJAYJbOBAHUM ITYYKOM EJEKTPOHIB
1.0. Anicimos, T.€. JTlimowenko

[IpencraBneHnii KOMIT FOTEPHHUNA KO AJISI MOJACTIOBAHHS IUTa3MH 3 €IEKTPOCTaTHYHOIO B3a€MOJIEI0 B IBOBUMIpHIii
reoMeTpii. ['0JIOBHOIO OCOOIIMBICTIO MPEACTABICHOI0 KOAY € HOro MOXKIMBICTh MOJCTIOBATH B3AEMOJIIO TUIA3MH 3 IIy4-
koM. Koj i rpadiunuit intepdeiic po3podienuii B cepenopuii nporpamysanas MATLAB. TTopiBHIOIOTECS pe3yiibTaTi
MOJICTTIOBAHHS B3a€EMO/IIi HEOAHOPIMHOI TUIA3MHU 3 MOAYITHOBAaHUMH ITydKaMH PI3HOI IIUPHHU. Y BHUIAAKY IIUPOKOTO
Iydka (POHT JICHTMIOPIBCBKHX XBHIIb, SIKI T€HEPYIOTHCS B TOYLI JIOKATBHOTO IIA3MOBOTO PE30HAHCY, € IUIOCKUM, Y
BHITAJIKY 5K TOHKOTO (260 CTpiuKomoai6GHOr0) myuka GPOHT MPUOIHU3HO € i BKOJIOM.
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