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STUDY OF COLLISION PROCESSES IN POSITIVE
COLUMN OF GLOW DISCHARGE BY MEANS OF
COMPUTER EXPERIMENT?Y

HRACHOVA, V.,?), HRACH, R.,2) Praha

The computer experiment for the simulation of processes in weakly ionized
plasma was proposed. The results obtained give us information about the in-
fluence of individual elementary processes on plasma characteristics and allow
to build a very simple model of inert gas plasma. As a criterion for quali-
tative correctness of the model its ability to maintain the Maxwellian energy
distribution of electrons was chosen. The simulation based on experimental
data for Ar plasma showed that the minimum set of scattering mechanisms is:
elastic collisions, one-level excitation, ionization and intensive electron-electron
interactions.

1. INTRODUCTION

The method of computer experiment can be applied to various problems in
plasma physics, together with more usual experimental and theoretical approaches.
In our previous papers (e.g. [1], [2]) we studied the probe charateristics of the
positive column of de glow discharge both in the inert gases and in their mixtures
with hydrocarbons for plasmachemistry. For realistic computer experiments in
this field it is necessary to have a model of undisturbed Ar and Ne plasma. As the
simulations are typically very time consuming, the model must be simple enough
but not oversimplified. The purpose of this contribution is, therefore, to find the
minimal number of interactions in plasma which is sufficient for its qualitative
characterization. As a criterion the ability to maintain the Maxwellian distribution
was chosen. The first results were published in [3].

1) Contribution presented at the 8th Symposium on Elementary Processes and Che-
mical Reactions in Low Temperature Plasma. STARA LESNA, May 28 - June 1, 1990

2) Department of Electronics and Vacuum Physics Faculty of Mathematics and Phycics,
Charles University, V Holesovickich 2, 180 00 PRAHA 8. CSFR
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II. MODEL

The simulation procedure used in our computer experiment is the combination
of molecular dynamics and the Monte Carlo method, i.e. while the electron trajec-
tories in the external electric field are derived from the Newton equation of motion,
the scattering processes are treated on the basis of the theory of probability. In
the model the large group of electrons is processed simultaneously, which justifies
the probabilistic approach.

The simulation of the inert gas plasma is based on these simplifying assump-
tions:

- The total number of electrons in our model is constant (the increase of their
number being compensated by the ambipolar diffusion).

_ The external electric field is constant (the working region of our model is placed
into the positive column of a dc glow discharge).

- The scattering of electrons is isotropic (it concerns their angular distribution).

There exist several tens of more or less important interactions even in the
plasma of atomic gases like Ar and Ne. After some preliminary evaluations we
included into our mode! only four kinds of interactions for electrons in plasma :

1. elastic collisions

9. inelastic collisions - excitation

3. inelastic collisions - ionization

4. electron-electron collisions.
The cross-sections and parameters of these interactions were given by experiments
or calculated from experimental data (e.g. [5]-[8]).

The elastic collision of an electron is represented in the model from the ener-
getic point of view by an energy loss equal to 2(m/M), m and M being the masses
of electrons and gas atoms, respectively. The direction of an elastically scattered
electron is chosen according to our assumption randomly, i.e. the components of
its velocity are generated by the relations [9]:

vy = vcosd

vy = vsindcos ¢

v, = vsin¥sin ¢ (1)
cosd =2y ~1
¢ = 2wy,

where 7 is a random number unoformly distributed between 0 and 1. The cross-
section for elastic collisions were taken from [7].
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Fig. 1a. The time dependence of mean energies of electron distributions for various
combinations of scattering mechanism.

During the excitation collision an electron loses one part of its energy corre-
sponding to the excitation energy of a gas atom (11.55 eV for Ar - one level only,
the stepwise processes are not taken into account). The direction of the electron
after this interaction is generated again according to the relation (1) with velocity
v corresponding to the resultant electron energy.

At the ionization collision an electron loses an energy corresponding to the
ionization potential of gas (15.76 eV for Ar). The process of generation of a new

_electron after this collision is simulated (according to our assumption about the

constant number of electrons in the model) in such a way that the remaining energy
of the scattered electron will be shared randomly with another electron from our
test group of electrons. The isotropic angular scattering was again generated by
the relations (1) and the corss-sections for inelastic collisions were taken from [7]

and (8).
The electron-electron collision is described according to [4] and [5] by the
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Fig. 1b. The energy distributions of electrons at the time t=250000 time steps and the
Maxwellian distributions with the same electron temperature (dotted lines).

quadratic dependence of the cross-section on the reciprocal value of energy E,
‘K/E?, K being parameter of the model. This collision was treated with the help
of the Monte Carlo method, too, i.e. an electron after the electron-electron colli-
sion shares its energy randomly with another electron from the test group and its
direction is randomly generated by the relation (1).

1II. COMPUTER EXPERIMENT

The group of electrons (typically 103 to 10* - the minimum number from
the point of view of statistical noise) was randomly generated in the 2D or 3D
working area with cyclic boundary conditions. The initial velocities of electrons
were generated according to the Maxwellian distribution with a given temperature
(typically 300 K). The trajectories of electrons in the external electric field were
calculated by means of the constant fime slep method with the elementary time

step 1 x 10~!1s. As stated above, the interactions of electrons were treated by the

Monte Carlo method (e.g. [9]) with some new techniques for a better convergence
[4], [10). For an easier evaluation of individual scattering events the null collision

348

S
4 1234 a
2 -
> L e 12346
X V4 \\\\l\ll IIIIIII
L)
L \\ \\\\
F \\ d
/s 1234¢
¥ e
4 \\\ \\\
L r/ J
'y, /
/7 /
! \ \\
2+ Iy /
H \ y 12344
/ e s s e e
- | / e
1 /
{ \ \ \\\\
1 .h- \ \\
[/ yd
| \ -
._,\\
0 1 ! i 1
0 100000 1 200000 -
t[10 's]

Fig. 2a. The time dependence of electron temperatures for the combination of collisions
{1234} and four values of intensity of electron-electron interaction a—d.

method with the total cross-section 30 x 107*¢ cm? was applied. All the electrons
in the test group were processed simultaneously.

The program was prepared in the FORTRAN 77 language and processed by
the microcomputer.

IV. RESULTS

The simulation was performed for the Ar and the Ne plasma. The results
presented in this contribution are based on the experimental data derived for the
Ar plasma (pressure 1 Torr, electric field 3 V/cm - except for Fir. 4, gas temperature
300 K).

We prepared several sets of model data with various combinations of electron
scattering mechanisms (1-4) and in the case of electron-electron interactions with
their various intensities described by the parameter K. The range of K parameters
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Fig. 2b. The steady-state energy distributions and the corresponding Maxwellian distri-
butions. :

extended from 1 x 10~17 cmZeV? to 1 x 107'* cm?eVZ. In the following figures
the used combinations of scattering processes are described by their numbers (e.g.
{1230}, {1000}, {1234b}), where 0 denotes the missing kind of interactions and the
letter a — d the intensity of electron-electron interacion:

a:ge—e =1x% Slz\m_wnsnm/}
b: 1x10716/E?
c: 1x10715/E?
d: 1 x 10714/E?

Fig. la brings the time dependencies of the mean energies of electrons (ex-
pressed by the equivalent electron temperature T.) for various scattering events.
In Fig. 1b the energy distributions of these electrons evaluated at the time equal
to 250000 time steps are shown together with the corresponding Maxwellian dis-
tributions calculated for the same temperature. It can be seen that except for
the single elastic interactions {1000}, the energy distributions do not maintain the
high energy parts, which are presented in the Maxwellian distribution. The case
of elastic interactions {1000} is not applicable, either as the electron temperature
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Fig. 3. The time dependence of electron temperatures for the combination of collisions
{1004} and its (not stable) energy distribution for ¢=250000 time steps. :

T. can never stabilize.

From the physical considerations it is clear that the realistic scattering mech-
anisms must be created by the combination of elastic and electron-electron inter-
actions. Good results can be obtained with the combination of all four processes
- Fig. 2, while the influence of a smaller number of interactions is not sufficient,
either for the derivation of the steady-state energy distributions (e.g. combinations
{1204}, {1034}) or for the stabilization of rising electron temperature (combination
{1004} - Fig. 3). From Fig. 2b it can be seen that the best correspondence with
the Maxwellian distribution is achieved for the combination {1234} with a rather
large intensity of electron-electron interactions - with parameter K between 10~1!%
and 10~ cm%eV?].

Fig. 4 shows the influence of the electric field on the best combination of inter-
actions {1234}. The corresponding steady- state energy distributions will remain
Maxwellian for all tested values of field F.
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Fig. 4. The time dependence of electron temperatures for the combination of collisions

{1234c} for various values of electric fields F.

All the energy distributions were generated from the starting electron temper-
ature 7.=300 K. When the initial temperature is higher, the time necessary for its
stabilization will decrease [3] and the modelling will be more efficient.

V. CONCLUSIONS

From our computer experiment it follows that for purposes of a realistic mod-
elling of probe characteristics, when a simple model of inert gas plasma must be
used as an electron source, the simulation is very time consuming even in its simple
form. It is necessary, therefore, to generate electrons with the right combination
of interactions and with the right initial electron temperature. The best mini-
mal combination of scattering processes in argon plasma is the elastic interaction,
excitation, ionization and intensive electron-electron interaction.

A further modification of our model (inclusion of drift velocities,

non-Maxwellian distributions, etc.) is in progress.
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HCCEROBAHHE IPOIIECCOB COYJAPEHHM
B IONOXKATEAHOM CTONBBIE TAEIONErO PA3PANIA
B KOMINIOTEPHOM 9KCNEPHMEHTE

B paboTe mpEBOJETCH KOMNIOTEPHHIE OKCHEPHMEHT CHMYIHPOBAHES NPONECCOB B
cna6o HoHEOEpoBaHHOA nnasMe. [lonyvennile pesyasTaTH JAIOT CBEfEHEL O BIRAHEH OT-
NeTbHHIX DlEMEHTAPHHIX NPONECCOB Ha XapakTEPHCTHXE IIA3MEL, ITO NO3BOIAET NOCTPO-
ATH NPOCTYIO MOJellh NAAOMH WHEPTHOTO rana. KpHTepEE XauecTBenHOH MEHDAaBHOCTE
MOJIeNH SBIMETCE MAKCBEIIOBCKOE pacnpefieieHEe dHeprER snexTponos. CEMynupoBange,
OCHOBaHHOe Ha JXCHEPEMeTAIbHBIX AaHHBIX NIA3ME aproHa NOKasHBaeT, ITO ympyroe
pacceinue, OiHOypOBHeBoe Bo30yXJeHHE, HOHRGANEA H CHIBHOE DIEXTPOHHOE BIARMO-

HGMQHUHG OXadbhiBaeTCd MEHEMANBHEIM Igovcz MEXaHHOIMOB PacCedHHA.
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