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Abstract

The Boltzmann transport equation is solved by using two- terms
approximation for pure gases and mixtures. This method of solution
is used to calculate the electron energy distribution function and
electric transport parameters were evaluated in the range of E/N
varying from 1x10™'V ¢cm? <E /N <5x107"V cm®.

The electron energy distribution function of CF4 gas is nearly
Maxwellian at (1,2)Td, and when E/N increase the distribution
function is non Maxwellian. Also, the mixtures are have different
energy values depending on transport energy between electron and
molecule through the collisions. Behavior of electrons transport
parameters is nearly from the experimental results in references. The
drift velocity of electron in carbon tetraflouride is large compared
with other gases and mixtures. The mean electron energy to mixture
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electron are directly
Theoretically EEDF can be obtained by
solving Boltzmann equation. The EEDF is

determined by the balance between the

Introduction properties  of
The electron —velocity  distribution dependent on EEDF.
function plays a central role in defining the

physical properties of plasma. The

statistical behavior of electrons is

governed by the electron energy

distribution function (EEDF). Transport

10

gain of the electrons from acceleration
electric field and losses of electrons
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through the collisions [1].The electron
transport parameters of pure gas and gas
mixtures have been studied for a wide
range of applied electric field. These
parameters such as the drift velocity,
mobility, diffusion coefficient, ionization
coefficient and mean electron energy,
which are defined in collision cross section
and EEDF is represented the backbone of
the electron swarm behavior of pure gas
and gas mixtures in discharge of plasma

[2].
Solution of transport Boltzmann
equation for the electron —velocity

distribution function f (F,V,t) in spherical

harmonics is given by [3].

£ (F.o)=3 1, (F.o.t)p, coso) (D
=0
where f, (r,v,t) represent coefficient of

expansion and  p,(cosd) is Legendre

Polynomials. By using two-terms
approximation, the equation form become

f(r,v,t)="Ff,(r,v,t)+f (F,v,t)cosé
- @)
F (@) ="f,()+ —f,(¥) 3)
\'%
The first term f (V), 1is isotropic

distribution in velocity space. This occurs
in elastic collisions, where the electrons
could be expected to suffer large
directional changes of velocity but
relatively small energy losses because of
mass difference between electrons and

molecules. The second term —f (V), the
v

distribution is anisotropic because of large
energy losses of electron in inelastic
collisions, /1/?

The electron energy distribution
function in CF4 gas discharge was
numerically calculated for E/N=15-300
Td using Boltzmann kinetic equation in
2006 by Masek [4]. The momentum
transfer and vibration cross-section were
derived from available experimental
swarm parameters while the cross section
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for inelastic electron-molecule collisional
processes were taken from the literature.
The two terms spherical harmonic
expansion of the distribution function was
used in the calculations.

Niktovic and Potrovic in 2008 [5] are
obtained results by using simple solution
for Boltzmann equation in mixture of CF4
with its radicals for ratios of the electric
field to the gas number density E/N from
(1Td — 1000 Td ) . The analysis of non —
conservative collisions revealed a range of
E/N where electron attachment introduced
by radicals significantly changes electron
kinetics obtained for pure CF4 gas.

The Aim of this work is to study

theoretically ~ the  electron  energy
distribution  function and electron
transport parameters in DC electric

discharge processes for CF,4 , Argon gases
and its mixtures to different ratios from
solution of Boltzmann equation by using
two terms approximation.

Theory

The fundamental equation governing
the electron distribution function is the
Boltzmann equation. For spatially uniform
gas in the presence of steady electric field.
The Boltzmann equation for electrons in
collisions state is given by [6]:

of of  eE of

- (5t

where ( df J represents the rate of
dt ),

+ v
ot or m oOv

(4

change of f (r,v,t) due to collision, thus,

when collisions are considered. The total

derivative 9f_
dt

moving in the phase space, where, the
of the

ot
change in the number of electrons at a
given point in the phase space.
Now one considers the case of spatially
uniform gas, also, f (F,v,t) function of

represents all particles

partial derivative represents

velocity only, where V f =0 and thus
equation (4) becomes:
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In weakly ionized gases, the most
collisions occurrence between electrons
and neutral atoms, the collisions between
electron —electron and electron — ion are
rare.

Consider now only neutral atoms
collision. The contribution of collision of
each kind to the change the distribution
function can be quite simply added
together. One will divide collisions into
elastic and inelastic collisions :

df df
—_— —_— +
( dt jc ( dt jelastic (

The first part of equation (6) represents the
change of function due to elastic collisions
and the second part of equation represents
the change of function because the
inelastic collisions. The class of inelastic
collisions do not include excitation process
of atoms or molecules but also the creation
of new electrons as a result of ionization .

After the compensation (two- terms
approximation), we obtain two equations:

df

?ﬁfjmﬂ“m (6)

of, eE 1 0

V)= (ddftoj

(7
( jc ®)

df,
dt

When the electron collision frequency for
momentum- transfer is much larger than
the electron collision frequency for
excitation, the necessary condition for the
two terms expansion for distribution
function to be valid , the momentum-
transfer collisions play the major role in
reducing the asymmetry in the distribution
function .the function change in elastic
collisions state is given by [7] :

ot m 3v: ov

of
ot

eE of,
m ov

&, 2% 0

ot mv og|3NQ,, O¢

(o
dt
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df,
dt

©)

SN LG

(

L

)

o 1s the electron momentum- transfer

collision frequency where

0, (V)= NQ, (v)v
[ELJC=«—NQm(v)H1(v)

dt
; (10)
V represented electron velocity and g (v)

is momentum transfer cross section.
From the solution of equation (8), we will
find f (v) value, where all quantities are

assumed to independent of time, is given
by:

. eE of,
(V)= vmNQ , (v) ov

The change of function in elastic collisions
is given by:
oy
oe

(12)
The right hand side of equation (12)
represented the combined effect on the
distribution function of elastic and
inelastic electron —neutral collisions only,
assuming that the electron-electron
collisions and electron-ion are negligible.

The change of the function [ZLJ in
t C

(11)

EZ of,

2m
+WNQm£2fO

2mK._ T
+—B _NQ &
Ve Qn

inelastic collisions is given by:

(%ju)ss =Zj: NO[ fo(g+5j )Qj (€+5j)(5+€j)—f0(g)Qj (g)g}Ze/mv

.(13)

The energy gain from electric field in
superelastic collisions is given by [6].

o =%

(14)

Now, the sum of function change in
two state (ground state and excitated state),
after the equations compensation (12) ,

(

df,
dt

)

N j[ fo(e—ej)Qj(e—sj)(s—gj)—fn(g)Qj(5)5]28/mv
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(13) and (14), we obtain on work equation

[7]:

me\'d, B0 £ d,) M3 g0 AT Of 0 dy
(mj a 3 r\Qnag}Wae(g'\Q"f‘))W&(ﬁ\Q”ag}

ZI(‘%EJ' )fo(‘%gi )NoQJ' (5+£j )_‘5{0(5)N0Qj (‘9)]+

Z[(s—gj )fo(g—gj )N Q (g—gj )—gfo(g) N,Q (5)}

]

(15)
In right hand side of equation (15), the
first part accounts for the gain of energy
result from electric field. The second part
of equation accounts for gain in energy
(KT) and elastic losses by 2m/M. Also , in
third part of the equation , few energy
losses occur because of elastic scattering
of electron due to electron collision with
molecule . These, processes all occurs in
ground state of molecules. The first term
of excitation state, accounts energy losses
of electrons result the inelastic collisions.
The last part of equation (15), 1is the
energy gain of electrons given by the
electric field electrons to compensation the
energy loss of electrons because the

collisions.
When the left hand side of equation (15),
equal zero, the function f (¢) becomes

isotropic.
Equation (15) is used in pure gases state, if
the gas is mixture of different species. The
momentum  transfer  cross  section,
excitation cross section and super elastic
for molecules of species (k) in inelastic

processes are represented by Q,ﬁ , Q Jk , ij
respectively. Also, the electron collision

frequency in elastic collisions state for
molecules of species k (mixtures) become:

v (v)=N,Qx (v)v (16)
where N, is the number of molecules of
species k.

Transport coefficients

The drift velocity is nonlinear function
with electric field, and the mobility
depends on strength field. at sufficiently
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low E/N, where an electron loses all equal
to the gain from the electric field at one
elastic collision , the drift velocity is
proportional to E/N.

The relation between drift velocity and
distribution function of electron energy is
given by [8]:

Vg =

B EL_( 2e jl/z T u df

3 Um t NQ , (u)du
(17)
The mobility is defined as the

proportionally coefficient between the drift
velocity of a charged particle and electric
field. The mobility of electrons is:

e V4

= = 4 18
He = — - (13)
Where the

momentum- transfer collision frequency.
The electron mobility decreased with E/N
increase, this occur energy loss result of
electron through the collisions between
electrons and neutral molecules.

From the relation between the drift
velocity and mobility with EEDF, we can
be calculate electron mobility equation [9]:

v, represent electron

1 ( 2e j” [ u df ,
He == 7| — TP
3 m 0 Z 5SQ . (U ) u
(19)
where o, represents fractional

concentration of the s species (s :Lj)
* N

S

and NJis the number of molecules of

species s in the excited state j.

when the density of charged particles is
very low, the charges of opposite signs
diffuse independently of each other, This
is known as free diffusion.

In a weakly ionized gas discharge, the
ambipolar  diffusion  coefficient s
simplified by noting that p ¢» p i usually.
The relation between diffusion coefficient
and electron energy distribution function is
given by [10]:
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D, = ;(;jmf’\m:;/z(u)f (u)du
(20)

Table (1): the number densities values
and mass density of pure gases

Gas Mass Number of
density | density(10"atom/
(10'3gm cm’)
Jem?)
CF4 3.85 2.640161 [13]
Ar 1.783 2.68772 [14]

An electron colliding with a neutral
atom can produce a negative ion in a
process termed electron attachment.
Dissociative and non dissociative electron
attachment reactions depend strongly on
the electron energy

The primary ionization coefficient is
a basic parameter in discharge physics and
is defined as the number of ionizing
collisions made by an electron in moving
Icm in the direction of the applied
electric field. The coefficient is used
in describing the behavior of a swarm
of electrons traveling through a gas
[11].the ionization coefficient is calculate
from the relation:

a 1 (21" N
Nizi(mij Zk: IulkTQik (u)uf, (u)du

Va
21)
1s called ionization coefficient.
N . represent the number of atoms of type

k

method of calculation

The work deals with the theoretical
studies about electron energy distribution
function and electron transport parameters
in DC electric discharge processes for
CF4, Ar gas and its mixtures with
different ratios at low temperature of the
plasma.
The search dependent upon solve the
equation of Boltzmann for collisions by
two-terms approximation method in gas
discharge processes at regular uniform
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electric field by using NOMAD computer
program in Fortran language.

The electron energy distribution
function and transport parameters was
calculated for range (1 -500) Td with
NOMAD program by input data for this
program such as collision cross section,
the number density of gases, number and
types of gases, concentration of gas,
distribution density, E/N represent the
ratio between electric field intensity to the
number density of gas, molecular weight ,
gas temperature, electron density, as well
as the program contain other condition
must be taken into account this work like,
electron energy distribution function
dependent of collision cross sections.

The number density of gas was
calculated theoretically depended on
weight density and molecular weight, the
relation between these rewrite [12] :

N o= PN (22)
w
Table (2): The number of density for
Gas Mixtures Mass | Number of
density | density
(10" | (10" atony/
Som cm’)
Jem?)
90%CF 4+10%Ar | 3.650 1.718
75%CF4+25%Ar | 3.339 1.572
50%CF4+50%Ar | 2.820 1.328
25%CF 4+75%Ar | 2.742 1.293
10%CF4+90%Ar | 1.990 0.937
mixtures calculated in this work.
where , represent weight density , @is

molecular weight, N , represent Avogadro

constant. The table (1) shown that the
number density of gases and mass density
in pure gases (CF4, Ar) at room
temperature.

Results and Discussion

Carbon tetrafluoride - Argon mixtures
The transport Boltzmann equation was

solved for CF4 —Ar mixtures of different

ratios. The electron swarm parameters in

different mixtures have been analyzed for
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range of E/N values
(1x107"V cm?* <E /N <5x107V cm?).

The different ratios mixtures of CF4-Ar
gases are listed in Table (3-1).

The influence of different discharge
parameters on the electron distribution
function is shown in figures (1 to 3). The
electron energy distribution function
strongly affected by changing either the
parameter E/N or gas mixtures. The
electron energy distribution function is
nearly Maxwellian at E/N =1- 2Td in most
mixtures but  the electron energy
distribution function is non Maxwellian at
values of E/N>5Td because the electrons

lose energy in inelastic collisions with
atoms in the mixture.
10 F T | T | T 1
e =|
CF4-00%, Ar ~10% E/MN=1 E-17V em? _
| —_ ) <
i E/N=2 E-17TV em*
o ! L'l E/N=5E.18 Vem? o
E 'i||| EN=2.E16Vemd |
= [l =i
E |F l'l EMN=1E15 Vemd |
2 01| 5 J
E i:"jl—“- Ell=3 e:-]rl> V.em? —'
i
'lé | II. :
Bom ||| \ 4
Fll \ 3
£l 3
r ]
1

Electron Energy (eV)

Fig. (1): The EEDF as a function of
electron energy for several values of E/N in
90%CF 4+ 10%Ar.

I T I

i— T T :
it CR4=T5%, Ar=25%
W=1E-17 Vem? |
1
EM=2E-17 V em?
] EfN=1E-16 =
B , 3
z EM=SE-16
~ 4
= EMN=8E-16 Vem?
g e
S 01 EM=1E-15 Vem® —
g & =
é E4=3 515
&
Ban |
- I s ™,
o 1 82 \ sNg |
] 10 20 30

) Electron I'-‘.m:rgy(c\")_

15

Baha T. Chiad, et. al.

Fig. (2): The EEDF as a function of electron
energy for several values of E/N in 75%
CF4+25%Ar.
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Fig. (3): The EEDF as a function of
electron energy for several values of E/N in
10% CF, + 90% Ar gases mixture

T | I | T | I
=, E/N=5.E-16 V. .cm? ]
e CF4=100% N
y
CF4=75%, Ar=
s
g A
= W
= Wb
g \.";\ 5
2 001 — LAY —
g W\
=} L L -
‘; IR \-.. Y -
=] = AR -
= AY
= L LY 4
= \
2 ‘.\
2 R
A A%
L LAY J
LA
.'-. ‘\
Vo
\ \
1E-3 1 1 | |
1] 4 12 16 20

Electron Energy (eV)

Fig.s(4 ) The EEDF as a function of
energy for different ratios gases mixture of
Mixtures where E/N value
is constant

Figure (4) shows the change of
distribution function for different ratios of
CF4-Ar gases mixture at constant value of

E/N =5x10"V cm?. The electron

energy distribution function is minimum at
low ratio of CF4 and the probability of
collisions is small and increase in electrons
energy from the electric field. The energy
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gain from electric field will be distributed

on number of electrons, and therefore the

T T T O B 8 B e a0
¢ CFa=100%
e CFg =90%, Ar =10%
r —— CF, =TI, Ar=Iive 1
—E— CFa=50%, Ar=50%
T LA CFasIs%, ATSTS% g
J- T =10%, Ar=90%

B Ar=100%

Mean Electron Energy (V)

ol -
1E-15

Ll I| 1
1E-16
EMN { Vian?)

Ll
1E-14

Fig. (5) The mean electron energy as a
function E/N in different ratiosCF4-Ar
mixtures.

electron energy is higher in less collisions
region .

The variation of the mean electron
energy with E/N for different of the
mixtures components is shown in figure
(5). The mean electron energy of pure
Argon is higher than other gases and
mixtures (number of collisions is lower) .

Figure (6) shows the -characteristic
energy for different ratios of mixtures, the
higher value of thermal energy occurs in
the ratio 10% CF4 + 90% Ar compared
with other ratios and it is lower than the
value in pure CF4 .

1E+2 TR
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T o
b e

Characteristic Energy ( ¢V )
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Fig. (6) The characteristic energy as of E/N
in different ratios of gas mixtures (CF4-Ar).

The mobility of electron as a function
of E/N is shown in figure (7), we denote
at Argon gas the mobility is lower than
that of CF4-Ar gases mixture because the
electron energy in argon gas is higher than
that with mixtures, and therefore the
probability of collisions is larger in argon
gas and the mobility in mixtures is very
few at higher E/N value, and process is
reversed in weak electric fields with low
probability of collisions.
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Figure(7): The mobility of electron as
electron as a function of E/N in
different ratios of mixtures (CF4-Ar).
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Figure(8): The ionization coefficient of
a function of E/N in different ratios of
mixtures (CF,4-Ar).

Figure (8) shows the ionization coefficient
as a function of E/N. This illustrates that at
the low ratio of CF, mixture, the
ionization coefficient is high, also, the
ratios of negative ions becomes lower.
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