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Initial stage of the beam-plasma discharge was studied via computer simulation for 2D electrostatic model.
Stripped non-relativistic electron beam was injected into initially non-ionized helium. At the first stage transversal
expansion of the beam was observed caused by its space charge. At the same time helium ionization via electron
impact took place. Later beam focusing has been developed due to the space charge of the ions. Development of the
beam-plasma instability as well as the background plasma heating was observed at the last stage of the simulation.

PACS: 52.35 Fp, 52.40 Mj, 52.65 Rr, 52.80 Tn

INTRODUCTION

Study of the beam-plasma discharge (BPD) is inter-
esting for construction of the powerful sources of dense
plasma, interpretation of results of an active experi-
ments in the ionosphere plasma, etc.

Mechanism of the BPD development is based on the
beam-plasma instability (BPI). BPI moves to the for-
mation of a high-frequency electromagnetic field that
accelerates electrons of the background plasma. Forced
oscillations of these electrons are destructed due to the
collisions with heavy particles (i.e. neutral atoms and
ions). Collisions lead to the heating of the electron gas.
Finally the heated electrons result to the intense ioniza-
tion of the neutral component, i.e. BPD ignition [1].

The leading role of BPI in the background plasma
heating was demonstrated in our previous modelling [2].
However, initially ionized medium with a relatively
high ionization level was considered, that corresponds
to the late stages of the BPD development. In this paper,
we attempted to investigate the development of BPD in
an initially non-ionized gas via computer simulation
using PIC method [3].

1. COMPUTER SIMULATION OF THE BPD

Analytic study of BPD in the real geometry is ex-
tremely complex, so computer simulation is often used,
including the large particles in cell methods [3]. All the
results outlined below are obtained by the original PLS
package [4]. Electrostatic non-relativistic model was
used. Elementary interactions (elastic collisions between
electrons and neutral molecules, excitation and ioniza-
tion of neutral molecules and dissociative recombina-
tion) were described using Monte Carlo method. The
coefficient of dissociative recombination for helium was
Pa=2.3 cm®s. The neutral gas was considered to be ho-
mogeneous and its density was constant in time.

2. PROPAGATION OF ELECTRON BEAM
IN THE VACUUM

First the motion of electron beam in a vacuum was
studied. It is well known that such motion is accompa-
nied by the formation of the space charge. Virtual cath-
ode appears for the beam current exceeding some criti-
cal value. It leads to the reflection of a part of the elec-
trons back to the injector and to the limitation of the
output current [5, 6].
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Let us evaluate the critical current for a two-
dimensional model of motion of the stripped beam in a
rectangular volume bounded by conducting grounded
planes (Fig. 1). Beam moves along x-axis, y=0 is the
plane of symmetry.
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Fig 1. Geometry of the considered model

Infinite longitudinal magnetic field is considered to
suppress the transversal motion of electrons.

Consider the electron beam as a uniform plane layer
of charge density p and width a. Then the potential dis-
tribution along plane y=0 can be found from the follow-
ing equations and boundary conditions:

s _ o
ay
Fo_ _p @
dx? gg”
@(0) = o(L) = 0.

Taking into account that p = i, where [ is the beam
w

current density, and v is the beam electrons™ velocity,
from (1) one can obtain:

2
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Then equality of the initial kinetic energy of the

2
electrons W, = % and the maximal potential ener-

gy Wy.;, = —ewma and expressing the velocity via the

accelerating voltage move to the formula for the critical
current density:

Ja = ?‘E U, 3)

Inhomogeneous spatial distribution of electrons
should be taken into account for more accurate consid-
eration.
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For the model shown in Fig. 1, simulation was per-
formed, and the critical current was estimated. Fig. 2
shows the distributions of potential (a) and beam elec-
trons density (2). The critical current obtained from the
simulation was twice lower then analytical estimation. It
can be explained by a doubling of the initial beam elec-
trons’ density in the centre of the beam (x=L/2). While
the beam current significantly exceeds the critical value,
the virtual cathode is formed near the injector. Reflec-
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Beam electron density along e camesa lengih

tion of the significant part of the electrons back to injec-
tor takes place. Reflection of electrons occurs from the
vicinity of the middle beam plane, where the maximum
of the potential is placed. So the cavity is formed in the
beam (see Fig. 2,c).

In the absence of the longitudinal magnetic field the
beam expansion due to electrostatic forces and its re-
flection from the space charge area take place (Fig. 3).
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Fig. 2. Potential (a) and density (b) distributions along x direction at the middle plane of the beam for beam current
close to critical value (U = 5 kV, J = 300 A/m? a = 2 cm) and beam electrons' spatial distribution (c)
for current that is significantly larger than critical value (U, = 1 kV, J = 1 kA/m% a = 2 cm, L=H=5 cm)
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Fig. 3. Spatial distributions of the beam electrons’ density for the initial current density 10°A/m? (a), 3-10°A/m? (b)
and 10 A/m? (c). Beam width a=2 cm, U, =5 kV

3. PROPAGATION OF ELECTRON BEAM
IN THE GAS

The beam dynamics in the gas was studied by simu-
lation for system with parameters listed in Table. The
simulation results are shown on Figs. 4, 5.

Simulation parameters

Gas pressure p=0.1Torr
Gas temperature T=0.025eV
Beam width d=1cm
Camera length L=25cm
Camera height H=25cm
Beam acceleration voltage U=5kVv
Beam current density J=10° A/m?

Electron beam motion in a gas is accompanied by the
scattering of electrons due to the elastic collisions and gas
ionization. The electrons appeared due to the ionization
are accelerated (mainly in the transverse direction) by the
space charge field. Its potential is of the order of the ac-
celerating voltage for the overcritical beam current.
Beam electrons collide with neutral atoms resulting to
the formation of plasma with very high electrons tem-
perature (up to 1 keV) in the camera (see Fig. 5,9).

Over time, ions appeared due to the electron impact
ionization compensate the spatial charge of the beam. It
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leads to beam focusing (see Fig. 4). At this moment, the
effective energy transfer from the beam to the plasma
electrons ceases and plasma electron temperature gradu-
ally decreases Fig. 4,b,e,g. At this stage, it is often pos-
sible to observe transverse waves along the beam that
violate the transverse symmetry of the system. The field
of such waves is not very ample and practically doesn't
heat up the background plasma.

At a later stage of the discharge, the density of plas-
ma formed by ionization becomes sufficient for the de-
velopment of an BPI.

For the development of BPI period of plasma oscil-
lations must be substantially less than transit time of the
beam electrons and the average time between electron-
neutrals collisions). The development of BPI forms an
effective mechanism for energy transfer from the beam
to the background plasma. Consequently, the tempera-
ture of the electrons grows again (see Fig. 5,i). This
effect gives rise to the increase of the ionization velocity
(vicinity of the point A, Fig. 6).

Note that temporal evolution of the electron beam
behaviour in the initially neutral gas described above
qualitatively agrees with the results of the laboratory
experiment [8].
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Fig. 6. Time course of the average ion density

Over time, the BPI development area shifts further
from the injector to the right wall of the camera, which
leads to the BPI suppression. The reason for this phe-
nomenon is likely to be the significant plasma density
gradient along the beam due to ionisation inhomogeneity.
It looks as if the BPD development can be accompanied
by quasiperiodic excitation and suppression of BPI.

CONCLUSIONS

Critical current for the beam motion in vacuum ob-
tained from the simulation is in a good agreement with
analytic estimation. It confirms the correctness of PLS
operation.

The initial stage of the electron beam motion in a
gas is accompanied by ionization of gas and beam fo-
cusing due to compensation of beam space charge by
ions fild. The virtual cathode disappears and beam cur-
rent that can flow in the system is much larger than the
critical current in vacuum.

The ionization of the neutral gas by an electron
beam leads to the gradual accumulation of plasma, that
starts to interact with the beam through the BPI devel-
opment.

In addition to the transverse beam density oscilla-
tions inherent to BPI longitudinal oscillations of the
beam are observed. They violate the system symmetry
with respect to the central plane.

The BPI development substantially enhances the
transfer of energy from electron beam to plasma. Elastic
electron-neutral collisions lead to significant back-
ground plasma heating and an increase of the velocity of
the gas ionization. At this stage, impact ionization by an
electron beam practically does not affect the overall
plasma density dynamics.

Significant gradient of the plasma density along the
beam affects the BP1 development and can suppress the BPI.
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3AKUT AHUE IIVIASMEHHO-ITYYKOBOI'O PA3PSIA B U3BHAYAJIBHO HEMOHU3NPOBAHHOM I'A3E
JLU. /laovika, H.A. Anucumos

C noMouibl0 KOMITBIOTEPHOI'O0 MOJEIMPOBAHUS AJI JIBYXMEPHOM AIIEKTPOCTATUYECKOW MOJENH HCCleAOBaHa
HavdalbHAs CTaaus IUIa3MEHHO-IIYYKOBOTO pa3psna. JICHTOUHBIN 37IEKTPOHHBIN ITyYOK MH)KEKTUPOBAJICS B IIEPBOHA-
YJaresHO HEeHTpanbHBIN renmii. Ha mepBoM 3Tame HaOIIOaI0Ch MomnepedHoe pa3dyxaHue IIy4Ka, 0OyCIOBICHHOE ero
00BEMHBIM 3apsIoM. B To ke BpeMs MpOWCXOAMIa MOHU3AIMS TeNns SJICKTPOHHBIM yaapoM. 3aTeM HaOoanach
(oxycupoBka mydka Omaromapsi 00beMHOMY 3apsity MOHOB. Ha mociemneil ctannu MOISIMPOBAaHHS pa3BHBAIACh
IDTa3MEHHO-TTyYKOBAast HEYCTOWIMBOCTH U TIPOUCXOAMI pa3orpeB (POHOBOU IIA3MBL.

SAMMAJIFOBAHHA IVIABMOBO-ITYUKOBOT' O PO3PS1Y B IIOYATKOBO HEIOHI3BOBAHOMY T'A3I
JILL Taouka, 1.0O. Anicimos

3a J0TOMOT0I0 KOMITOTEPHOTO MOJIETIOBAHHS JIJIsl IBOBUMIPHOI €JIEKTPOCTATHIHOI MOJIENi JOCTiKeHa moJar-
KOBa CTaJisl IIa3MOBO-ITYYKOBOTO po3psiay. CTpiukomoAiOHNN eNeKTPOHHNHN IMy90K 1H)KEKTYBaBCS B TMIEPBICHO HEH-
TpayibHUH Teniii. Ha meproMy erari crmocTtepiranocs mornepedne po30yxaHHS ITy4ka, 3yMOBJICHEe Horo 00'eMHUM
3apsgoM. B To#t jxe wac BimOyBamacs ioHi3aIis rernifo eneKTpoHHUM yaapoM. IloTim cmocrepiranocst poKycyBaHHS
my4Ka 3aBIsKH 00'eMHOMY 3apsiny ioHiB. Ha ocraHHIN cTazmii MOmenroBaHHA pO3BHBAJacs IUIa3MOBO-IIyYKOBa He-
CTIMKICTB 1 BiOyBaBcs po3irpiB (POHOBOI MIA3MH.
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