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A Monte Carlo method was developed to simulate the interaction of an electron beam with a nonuniform gas
flow. The model was used to determine the three-dimensional distribution of rates of ionization and excitation
of C 311, in nitrogen. The results indicate that ionization in a jet occurred much less efficiently than in uniform
flow. It was shown that isotropic scattering and no electron beam degradation should be considered when
modeling the interaction of a high-energy electron beam with a low density jet.

PACS number(s): 52.20.Fs, 52.40.Mj, 34.80.Gs, 34.80.Dp

I. INTRODUCTION

The knowledge of the electron distribution function
(EDF) is of paramount importance in understanding the
physical phenomena in electron-beam-generated plasmas. A
great number of works are devoted to the calculation of the
EDF in a uniform gas flow [1,2]. However, to our knowledge
no work exists on the modeling of the EDF in a nonuniform
gas flow.

This paper outlines the Monte Carlo (MC) method for the
modeling of electron-beam-generated plasma in a nonuni-
form gas flow. The motivation for this work was provided by
the problems associated with the electron beam and the laser
induced fluorescence diagnostic techniques, and methods
used to deposit thin films with ionized gas flows. The model
described below may be useful to analyze the auroral phe-
nomena.

II. THE MONTE CARLO ELECTRON DEGRADATION
TECHNIQUE

To simulate the propagation of electrons in a nonuniform
gas, the following model has been suggested. In the first
stage, the monoenergetic primary electrons were incident in
the simulation region, which in the beginning was empty
from electrons. The region filled up gradually by electrons,
and afterwards, the EDF as a function of velocity and posi-
tion was produced. Since the free path was changed during
the free flight, the null collision technique was employed.
This technique, usually employed to simulate the motion of
electrons in electric discharges [3—6], may be generalized in
the case of an electron-beam-generated plasma in a nonuni-
form gas in an external electric and magnetic fields as fol-
lows.

The probability of scattering an electron with energy, e, in
the time step 7 may be written as

), 1

where n g(;(t)) is the gas density in position ;(t), Q(e(r)) is
the total collision cross section, and v (?) is the velocity of an
electron.

Let us consider for each electron not only the processes of
real collisions but also for a null collision, from which an

W=1—exp( -I JOTdt n o (F(0)5 (1) Q(e(2)
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electron emerges with an unchanged velocity. Further, let us

specify the cross section, a',,u”(e,;), for the latter process
with the following expression:

U =ng(N[VTule,r) +vQ(e)], )

where Vm—_—[V(U,;)]max is the maximum of collision fre-
quency. Therefore, probabilities of real Prea,(v,;) and null

P,,u”(v,;) collisions were determined by the relation of a
frequency of the correspondent process to v, :

Preal(vv;)_; V(U’;)/Vm’

)
Poui(0,7)=[vp—v(v,1) ]/ v,

where V(v,;)=ng(;)ﬂ(e)v is the total frequency of a real
collision.

Taking into consideration (1) and (2), the free path was
found from the following expression:

A=—(v/v,,)In(W). 4)

The probability formulas for real and null collisions (3)
and for the free path (4) were used to avoid the calculations
needed when the density changed in the free path.

The trajectory of each electron was schematized as a suc-
cession of free flights interrupted by collisions. If the scatter-
ing event was a real collision, then the type of collision for
each electron would be chosen according to the distribution
oi(e)/Q(e), where oj(e) is the total cross section of the jth
scattering process. Elastic scattering, ionization, and excita-
tion of electron states of molecules were considered [7].

After the type of collision had been established, the polar
scattering angle of an electron was then calculated using the
information on the differential cross section. The azimuthal
angle was sampled according to the spatially uniform distri-
bution. The details of calculating the scattering angles have
been described in [8,9].

By monitoring the position and velocity of each electron,
one could simulate the EDF as a function of velocity and
position. To calculate the spatial dependencies of the excita-
tion rates of a molecule, the simulation region was divided
into cubic cells. The cell size was chosen to avoid a consid-
erable change in the EDF for an area of a cell.
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FIG. 1. A schematic diagram of the interaction of the electron
beam with the jet: 1-sonic nozzle, 2—free jet expansion, 3—electron
beam.

The excitation rate of the jth electron state in the center of
the cell with spatial coordinates (x;,y;,z;) (primary electrons
were incident along the Z axis) was determined from the
formula:

Fi(x;,yi,2;)

— 12
= ; Ng(X;,YisZ)N(X;,Y 52 Ui Vi, Wi) o j(ep) ey,
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where n(x;,y;,z;,u;,vx,wy) is the distribution function of
the electrons. The summation was implicated over energies
of electrons in the ith cell.

Information on the distribution function of secondary
electrons (arising from ionization) was obtained using the
energy dependence of the number of electrons with the en-
ergies exceeding some energy, e, in a cylinder of radius R
and length L around the electron beam:

Nsec(emin)zz n(”iagi’/‘l‘i’uiaviawi): (5)
i

where 7;, &;, and u; are the spatial coordinates of ith elec-
tron, 0<7’+ £°<R?, —LP2<p;<L/2, epip<e<(E,—I)/
2; E, is the energy of an incident electron, and I is the
ionization potential of the molecule.

III. THREE-DIMENSIONAL DISTRIBUTION OF RATES
OF IONIZATION AND EXCITATION OF C °II, IN
NITROGEN

The above model may be employed for many applica-
tions. In the present paper, we are concerned only with mod-
eling the EDF in an axisymmetric supersonic jet of nitrogen
excited by an electron beam (Fig. 1). The incident electrons
were monodirectional and distributed in the (X,Y) plane ac-
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FIG. 3. Excitation rates of electron states vs the distance from
the jet axis in N, obtained while taking into account anisotropic
scattering and electron beam degradation (O, ionization rate; [J,
rate of excitation of state of C 3II,) or assuming isotropic scatter-
ing (+, ionization rate; *, rate of excitation of state of C 3l'I,‘): (a)
rates of excitation along the X axis; (b) rates of excitation along the
Z axis.

cording to the normal distribution (with the half-width r, =
0.21 cm). The choice of the gas medium was conditioned by
complete information on the electron scattering cross sec-
tions in nitrogen and by that the spatial distribution of den-
sity in the supersonic jet of a diatomic gas had been investi-
gated in detail [10]. The total cross sections necessary for
calculations have been discussed in [7]. The analytical ap-
proximations on the differential cross sections were taken
from [11]. The spatial distribution of the density in the jet
was sampled from calculations, obtained on the basis of
solving the Euler equations [12]. The stagnation number den-
sity chosen was 3.6X10'® cm™3. The diameter of the gas
source was equal to r,. The distance along the X axis from
the center of the beam to the gas source was equal to 6r.
The three-dimensional distribution of the ionization rate
[Figs. 2(a) and 2(b)] and the excitation rate of C 3II, [Figs.
2(c) and 2(d)] is given as a function of position along the Y
and Z axes at different distances from the center of the beam
along the X axis. In the beam, the profiles of the ionization
rate are determined from the result of multiplying the spatial
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FIG. 4. The energy dependencies of normalized number of sec-
ondary electrons in N,, in a cylinder of radius R=5r, and length
L =60r, at the energy exceeding some energy value, e,,;, , obtained
while taking into account anisotropic scattering and electron beam
degradation (broken lines)—or assuming isotropic scattering (solid
lines): 1—calculations for uniform flow, 2—calculations for the jet.
The gas density at the intersection of the symmetry axes of the
electron beam and the gas density in the jet were equal in a uniform
flow (n&f= 10 cm ~3),

distribution of the primary electrons and the corresponding
profiles of the density. At some distance from the center of
the beam, a molecule in N, is practically excited only by
low-energy secondary electrons. A comparison between the
profile of the ionization rate along the Y axis and the Z axis
suggests that electrons located at a distance from the beam
were distributed more uniformly in space than the primary
electrons. The latter is attributed to the fact that the density
decreased with increasing distance from the jet axis; there-
fore, secondary electrons were, for the most part, generated
in the domain where the beam crossed the jet core.

The primary electrons do not contribute significantly to
excitation of C 3II, [Figs. 2(c) and 2(d)]; therefore, in the
beam, the difference between the profile of the excitation rate
of C 311, along the Y axis and along the Z axis is less visible
than for the profiles of ionization rate. It should be stressed
that at a distance from the beam the profiles of the excitation
rate of C 3II, are similar to those of the ionization rate.
Taking into consideration that the energy dependence for the
cross sections of the jonization and excitation of C 3II, dif-
fer markedly from each other, it could expected that a similar
tendency manifests itself for other excitation states of nitro-
gen.

Taking into account the spatial distribution of the density
in a jet [10], it is possible to suggest that the electron beam
degradation yields no change in the spatial and energy dis-
tribution of the electrons. In Figs. 3(a) and 3(b)], the compu-
tations of the rates of ionization and excitation of C *II,
along the X and Z axes were compared taking into account
anisotropic scattering and electron beam degradation, or as-
suming isotropic scattering [13]. The figures show that the
electron beam degradation as well as an anisotropic angular
distribution in the scattering cross sections have little effect
on the EDF.

In Fig. 4, the energy dependencies of the normalized num-
ber of secondary electrons [with the energies exceeding some
energy—see Eq. (5)] to the quantity of the primary electrons
in a cylinder of radius R and length L around an electron
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beam are given. The figure presents the MC calculations tak-
ing into account electron beam degradation and anisotropic
scattering, or assuming isotropic scattering [13]. For the jet,
little difference is observed between the energy dependencies
calculated using the different models of scattering. In the
case of uniform flow in a high-energy range, when ionization
and inelastic scattering are significant, the calculations for
the different models of scattering were in a good agreement
with each other. At low energies (e<30 eV), when elastic
scattering dominated over inelastic, the MC calculations us-
ing isotropic scattering over-estimated the number of low-
energy secondary electrons. Figure 4 shows the influence of
anisotropic scattering and electron beam degradation on the
integral characteristics of the secondary electron distribution
(when electron beam degradation was insignificant). Com-
paring the energy dependencies in the case of uniform and
nonuniform flow shows that they have approximately the
same form but the number of secondary electrons in the jet is
much less than in uniform flow. The latter results from the
spatial distribution of the density in the jet may cause the
secondary electrons to fly away from the jet.
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IV. CONCLUSIONS

This work presented the MC model of interaction of an
electron beam with nonuniform gas flow. The model was
utilized to determine the three-dimensional distribution of
the rates of ionization and excitation of C 3II, in nitrogen.
The results show that secondary electrons located at a dis-
tance from the beam were distributed more uniformly in
space than primary electrons. This fact may be one of the
reasons for the formation of spatially uniform thin films de-
posited from the jet excited by an electron beam. It was
found that the number of secondary electrons in a finite vol-
ume was significantly less than in a nonuniform gas flow.
This indicates that the ionization in a jet occurred much less
efficiently than in uniform flow.

It was shown that isotropic scattering and no electron
beam degradation may be considered for the modeling of the
interaction of a high-energy electron beam with a low den-
sity jet. This fact is essential due to lack of information on
the differential cross sections for many gases.
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