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Theoretical Study of Energy Distribution Function and Other Parameters for
CF-He Gas Mixtures Discharge
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Abstract: Tn this research, the electron energy distribution function of electrons in plasma discharge is studied
for CF,-He gas mixtures. The Boltzmann equation was solved by using Fortran computer program. The
Boltzmann transport equation was 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"7<E/N<5x10" V.cm’. The electron energy
distribution function of CF,-He gas mxture 1s nearly of Maxwellian distribution at 1, 2 Td and when E/N>5 Td
the distribution function 1s non Maxwellian. Also, the mixtures are have different energy values depended on
transport energy between electron and molecule through the collisions.
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INTRODUCTION

The Electron Energy Distribution Function (EEDF)
and transport parameters of 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 15 represented the backbone of the electron swarm
behavior of pure gas and gas mixtures in discharge of
plasma (Date et al., 1989).

Solution of transport Boltzmann equation for the
electron-velocity distribution function f{%.%t)in spherical
harmonics 1s given by Smith and Thomson (1978):

f(?ﬁ,t) :fo(?,?f,t)pfcose (1)
£=0

where, f,(F.%.t)represent coefficient of expansion and
P,cosf is Legendre polynomials. By using two-terms
approximation, the equation form become:

£{T,%.t) = §,(T.9,t)+f (T.¥.t)cos0 (2)
F(V) = £, (¥)+—1£,(¥) (3)
v

The first term £, (¥) is isotropic distribution in velocity
space. This occurs m elastic collisions where the
electrons could be expected to suffer large directional
changes of velocity but relatively small energy losses

because of mass deference between electrons and
molecules. The second term ¥y the distribution 1s
anisotropic because of large energy losses of electron in
in elastic collisions, f), .

Theory: The fundamental ecuation governing the electron
distribution function 1s the Boltzmann equation. For
spatially uniform gas in the presence of steady electric
field. The Boltzmann equation for electrons in collisions
state 18 given by Holstein (1946):

of _ of eBaof [df
o, O B (] @
or m v \dt,

where (dffdt). represents the rate of change of f(f.%.t)
due to collision, thus, when collisions are considered. The
total derivative df/dt represents all particles moving in the
phase space where the partial derivative 3f/0t represents
the change in the number of electrons at a given point in
the phase space.

Now one considers the case of spatially uniform gas,
also, £ (T.9.t) function of velocity only where VI = 0
and thus, Eq. 4 becomes:

o eBgp_ [dfj ®)
m dt /.

Consider now only electron-neutral atoms collisions.
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
nelastic collisions:
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ary _(afy (4t (6)
dt [ dt elastic dt inelastic

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

lomzation. After the compensation (two-terms
approximation), we obtain two equations:
A m a3 Gv dt
o eEon, (df ®
ot m v dt ),
When the electron collision frequency for

momentum-transfer 1s 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 mn elastic collisions state 1s
given by Hussein (2007):

{Cgtl} = o, (V) (7) ©

v, is the electron momentum-transfer collision frequency
where, v,(v) =NQ(v)v:

dt

{ﬁl ~ NG, (v)vE(F) 10)

Where:
V = Electron velocity
Q. = Momentum transfer cross section

From the solution of Eq. 8, we will find f,(¥) value
where all quantities are assumed to independent of
time is given by:

~y GE % 11
(¥)= mvNQ, (v) v ah

The change of function in elastic collisions s given by:

ox F'e of; LmNQ
Ze 8|3NQ, & M [ }(12)
& mvoe dt
2mE T g2
Me

Now , the change of the function (df/dt), for inelastic
collisions 1s given by equations:

GA
dt LOsS j

(8+8] )‘fo (e)Q,(e)e]2e/my

D[fn(8+8J)QJ(8+SJ) (13)

The energy gam from electric field in superelastic
collisions is given by Holstein (1946):

[@ ZN fleejalen) gy
f, (S)QJ (8)8} Ze/mv

Now, the sum of function change m two state
(ground state and excitated state), after the equations
compensation (Eq. 12-14), we obtain on work equation
(Hussein, 2007):

172
af, E* a8 e éf m &
=202 T L A Ny, )+
2e) & 3 o NQ_, 0Ot M gt

2mk, T & £NO, % .
Me 88

Z[(S""SJ )fn (8+SJ )NDQJ (8+SJ )—an (S)NDQJ (S)}i‘

i

Z[(S—Sj )fu (S—Sj )N]Qj (S—Sj)—SfU(S)NjQ] (S):|
]
(15)
In right hand side of Eq. 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 2 m/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 ocours in ground state of
molecules. The first term of excitation state, accounts
energy losses of electrons result the inelastic collisions.
The last part of Eq. 15 13 the energy gain of electrons
given by the electric field electrons to compensatethe
energy loss of electrons because the collisions.
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When the left hand side of Eq. 15 = 0, the function f
(&) species becomes sotropic. Equation 15 13 used in pure
gasious state 1f the gas 1s 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 QF,, Q5 QY
respectively. Also, the electron collision frequency in
elastic collisions state for molecules of k (mixtures)
become:

VE(V) = NLQE (v)v (16)

where, N, 1s the number of molecules of species k,
Eq. 15 becomes to have different new form for
molecules of species k and is given by Holstein
(1946):

1

172 3 -
meg) of, E° @ e | of
T 2 Ce NN S|y
[ Ze J & 3 o Z «Qa O
1

K

8| | ~o NQE
ZmES[ZK:M £, |+

2mk, T &
e Os

ZZ[(SJrsjk )fu (8+sjk )NkQ;{ (8+sj )—SfU (e)N,Qf (8)}r

] k

ZZ[(S-SJK )fu (s—sjk )Nkai (s-sjk )—SfU (S)Nk]Qi (8)}

i k

o ZNKQ; of |, a7
M, |

where, €, represent energy of excitation i j excited state
of species k.

MATERIALS AND METHODS

Transport coefficients: The transport coefficients were
calculated in this research and represent processes related
to the transport of mass, momentum, energy and charges
in plasma are generally called transport phenomena.

The drift velocity 1s nonlinear function with electric
field and the mobility depends on strengthfield. at
sufficiently 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 1s given by Nighan,
(1970):

v, = Efze " ]‘lu %du (18)
* o 3lm NQ,, (u) du

0

The mobility is defined as the proportionally
coefficient between the drift velocity of a charged particle
and electric field. The mobility of electrons 1s:

- & W (19)
H, =

where, v, represent the electron momentum-transfer
collision frequency. The electron mobility decreased as
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 calculating electron
mobility equation (Truesdell, 1962):

1 2j wooodf
He = 3l m du (20)

o ZSSQm (u)

where, 8, represents fractional concentration of the s
species (8, = NI/N,) and N, is the number of molecules of
species s n the excited state J.

When the density of charged particles 1s very low,
the charges of opposite signs diffuse independently of
each other. This is known as free diffusion.

In a weakly 1omzed gas discharge, the ambipolar
diffusion coefficient is simplified by noting that p.,
usually, the relation between diffusion coefficient and
electron energy distribution function is given by
Makabe and Petrovic (2006):

D, J[zj’z jif(u)dul 1)

3lm NQm(u) n

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
rate electron attachment R.s define by relation
(Raizer, 1991 ):

R,= {ij | Na. (e ()an 22)

Where:

QJe) = Attachment cross section

fle) = The energy distribution fimction of electrons 1s
normalized to unity

The rate electron attachment describes directly the
loss of electrons and the mncrease of negative ion density
in plasma kinetics.
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The attachment coefficient of electron /N is given
by the relation:

:L 2 12 N_K 23
Va[m} ; -[k N Qak(u)ufﬂ(u)du (23)

7|3

RESULTS AND DISCUSSION

Pure helium gas: The momentum transfer cross-section
of electrons in helium gas is almost constant up to
electron energies of about 2 eV (Raizer, 1991) for energies
higher than that the momentum transfer cross-section of
electrons decreases for entire inelastic collision
regime.

Atlow E/N the electrons in thermal equilibrium with
the gas and thus Te = Tg. As E/N increases, the average
value of Te rises well above this value. In the simple case
where only a constant elastic cross-section is involved,
Te mcreases linearly with E/N values above Tg, however,
the elastic collision cross-section changes with electron
energy.

Figure 1 represents ship between distribution
function and electron energy. At the value (1Td) of E/N,
the distribution function apparently is approximately
Maxwellian (less losses in energy) and this means that the
system is in thermal equilibrium (isotropic distribution).
For E/N =5 Td, the electron energy distribution 1s modified
by mnelastic collisions and excitation of the helium gas
limits the mean energy of the electrons and the
distribution is non Maxwellian (eD/p, 2/3%e)).

Figure 2 shows the mean electron energy for helium
gas in range (0.59-3.15) eV, for EN values 1x107 V.
cm’-1x10" V.em’ At low E/N the electron energy
distribution is defined by elastic collisions and the mean
electronic
temperature.

We notice that the drift velocitydepends linearly on
the ratio E/N as shown in Fig. 3 and can be explained by

energy significantly exceeds the gas

the kinetic theory. These results are in good agreement
with results of Makabe and Petrovic (2006). As an
electron swarm drifts with a velocity V; under the
influence of an electric field E, it also, diffuses due to the
thermal motion of the electrons.

The characteristic energy of electron 15 a widely
measured parameter of electron swarms and represented
inFig. 4. Tt is approximately equal to the average electron
energy at (1-2Td) (the elastic collision region). At low E/N
electrons are in thermal equilibrium with the gas and thus,
T.=T, When E/N increases, the average value of thermal
energy of electron isrises as result of collisions.

IE+22 — E/N=1.E-17 Vem®*(1)
-------------- E/N=2.E-17 Vem® (2)
weweeen E/N = 1LE-16 V.om® (3)
------ E/N =5.E-16 V.cm® (4)
104 ————- E/N = 1.E-15 V.em® (5)
----- E/N = 3E-15 V.em’ (6)

Distribution function f (u)-(eV)™*

0.01 "'.,:':. ‘\““ - \' ..

1E-3 A S — .
0 10 20 30

Electron energy (eV)

Fig. 1: The EEDF as a function of electron energy for
several values of E/N in pure helium gas

10 1

Mean electron engry (eV)

0.1 T T 1
1E-17 1E-16 1E-15 1E-14

E/N (V.em?)

Fig. 2: The mean electron energy as a function of E/N in
pure helium

Figure 5 shows the mobility of electron as a fumetion
of E/N, it decreases with E/N increase from 1-5Td,
thereafter, the electrons get energy gamn from the electric
field and result in momentum transfer of atoms through
inelastic collisions, also, number of collisions with neutral
atoms expected decreases, therefore, the -electron
mobility increases.

We see that at very low electric field strength the
diffusion 1s 1sotropic in elastic collisions. The diffusion
coefficient when E/N <5x10" V.em? is increased due to
elastic collisions in this region Fig. 6.
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Fig. 3: The drift velocity of electron
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Fig. 4: The characteristic energy of as a function of E/N
in pure helium gas. Electron as a function of E/N in
pure helium

Table 1: The gas mixtures of different ratios of CF,-He gases

Mixtures CF, (%) He (%0
1 90 10
2 75 25
3 50 50
4 25 75
5 10 20

2E+3

1.6E+3 1

1.2E+3 1

Electron mobility (cm®)

8E+2 T T 1
1E-17 1E-16 1E-15 1E-14
E/N (V.cm?)

Fig. 5. The mobility of electron as a function of E/N in
pure helium gas

1E+4 1

1E+3 A

Diffusion coefficient (cm’)

1E+2 A

10 T T 1

1E-17 1E-16 1E-15 1E-14
EN (V.cm®)

Fig. 6: The diffusion coefficient of electron as a function
of E/N in pure helium gas

Carbon tetrafluoride-helium mixtures: The transport
Boltzmann equation was solved for CF,-He mixtures of
different ratios. The electron swarm parameters for
different mixtures have been analyzed for the range of
E/N values (12107 V.em?<E/N<5x10" V.em?®). The
different mixing ratios of CF,-He gases are illustrated
in Table 1.

The electron energy distribution functions are
represented in Fig. 7-10. The electron energy distribution
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Fig. 7: The EEDF as a function of electron energy for
several values Of E/N in 90% CF,+10% Ar gases
mixture
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Fig. 8: The EEDF as a function of electron energy for
several values of E/N in 25% CF,+75% He

function in most mixtures has very nearly on isotropic
distribution at 1, 2 Td with energy losses of electrons is
very small compared with the equilibrium state. The
distribution 1s non Maxwellian when the values of E/N 1s
larger than 2Td.

Figure 11 shows the values of mean electron
energy of different mixtures. The electron energy in
mixture (10% CF,, 90% He) 1s higher than other gas
mixtures i energy range (0.24-17.65) eV for electric field

IEY2 9 — E/N=1E-17 Vem® (1)
weees BN = 2, E-17 Viem® (2)

~ BN = 1.E-16 Veem® (3)

ol T E/N =5.E-16 V.em® (4)

-===EN=1E-15 Ve’ (5)
"""" E/N =3.E-15 V.em® (6)

—_
1

Distribution function f (u)-(eV)"*
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\ AN N 6
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1E-3 - T ‘3. . 7 T |
0 5.00 10 15.00 20 25.00 30

Electron energy (eV)

Fig. 9: The EEDF as a function of electron energy for
several values of E/N in 50% CF,+50% He gases
mixture
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Fig. 10: The EEDF as a function of electron for values of
E/N in 10% CF,+90% He mixture

density between 1 <107 V.em*<E/N<5x10" V.cm® and this
occurs at minimum ratio of CF, gas because the
probability of collisions between the electrons and neutral
atoms of gas is very small, therefore, the energy loses of
electrons during collisions decrease and vice versa in gas
mixture (90% CF,, 10% He), the number collisions increase
(lose of electron energy 1s larger).
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207 —— CF, 90%, He = 10%
—%— CF, 75%, He = 25%
—&— (F, 50%, He = 50%
16 T8 CE.25% He=75%

CF, 10%, He = 90%

Mean electron energy (¢V)

T T 1
1E-16 1E-15 1E-14

E/N (V.em®)

Fig. 11: The EEDF as a function of E/N ratios of gas
mixtures (CF,-He)

1E+37 —A— CF, 10%, He = 90%
—8— CF, 55%, He = 75%
—&— CF, 50%, He = 50%
—*= CF, 75%, He = 55%
" CF, 90%, He = 10%

1E+2

Mean electron energy (eV)
S

0.1+ T
1E-16

EN (V.em®)

1E-15 1E-14

Fig. 12: The characteristic energy of different in electron
as a function of E/N in different of mixtures
(CF,-He)

The  characteristic (thermal electron
energy) is represented in Fig. 12. The characteristic
energy increase with E/N for minimum ratio of CF,
gas because the

energy

transformed
due to collisions between the electrons and neutral
atoms.

thermal energy is

The drift velocity of different mixtures as a function
of E/N 13 shown in Fig. 13. The drift velocity increases
when the electric field increases and become larger at

TE9T e Pure He

—— CF, 90%, He = 10%
—&— CF, 75%, He = 25%
—A— CF, 50%, He = 50%
—®— CF, 25%, He = 75%

1E+8
= CF, 10%, He = 90%

1E+71

Mean electron energy (eV)

1E+6

1E+5 T T 1

1E-17 1E-16 1E-15 1E-14
E/N (V.cm?)

Fig. 13: The drift velocity of electron as a function of E/N
1in different ratios of gas mixtures (CF,-He)

3E+4q  —&— CF, 90%, He = 10%
—¥— CF,75%, He =25%
—®— CF, 50%, He = 50%
—®— CF, 25%, He = 75%
—A— CF, 10%, He = 90%

Mean electron energy (eV)

0 T T

1E-17 1E-16 1E-15

EN (V.cm®)

1E-14

Fig. 14: The mobility of electron as a function of E/N
different ratios of gas mixtures (CF,-He)

maximum ratio of CF,. In this ratio the electrons is gained
large momentum transfed from molecule or atoms during
collision.

Figure 14 shows the electron mobility as a function
of E/N for different mixtures. The mobility 18 nonlinear and
decreases as E/N increase, the behavior 1s change to
mixture (10% CF,, 90% He) at 5Td<E/N<20Td where the
mobility increases. This means that in this region number
of collisions very small and energy gain from electric field
15 larger than energy losses due to collision, also, it 1s
expected that the electron momentum has high value after
collision.
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CONCLUSION

The characteristic of energy in helium gas is large
compared with mixtures. The mean electron energy to
mixture is increasing at helium ratios increased. The higher
of mean electron energy in 10% CF,+90% He gas mixture
and the behavior variation in electron mobility at this
ratio.
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