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By using the EEDF program, the Boltzmann equation for the steady state was solved to study the
electron energy distribution function f(u) and electron transport coefficients for SFg sulfur gas and its
mixtures in different concentrations with the krypton gas. Krypton gas was used as an inert gas and
mixed with SFg gas. The behavior of the gas varies depending on its concentration in the mixture and
the strength of the reduced electric field. The difference in the type of gas and the type of mixture
leads to a difference in the electronic energy distribution function and thus a difference in the electronic
transport coefficients. The effect of reduced electric field strength E/N on f(u) and electron transport
coefficients has also been studied numerically in the 10-600 Td range, where 1 Td =1 x 107!7 V cm?.
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1. Introduction

Some noble gases, such as krypton, neon, he-
lium, argon, as well as their mixtures containing
specific gases such as chlorine gas or sulfur hexaflu-
oride gas, are important in practical applications,
e.g. plasma technology, electrical discharge, and the
development of radiation detectors. This is because
a monatomic noble gas and its atoms have a closed
structure. The collision of an electron with a noble
gas atom is the most common case of electron—atom
collision [1]. In particular, plasma is an example of
ionized gas [2]. In the plasma model, the distribu-
tion function f(u) plays a crucial role because of
its importance in calculating reaction rates [3, 4].
The distribution function f(u) and electronic tran-
sition coefficients (ETC) are an essential part of
glow discharge when the cross-sections for gases are
known [5, 6]. The plasma density is limited by col-
lisional de-excitation. The function of electron en-
ergy distribution can be determined by the balance
between the gain of electron energy due to the in-
crease in the electric field and its loss of energy due
to collisions [7].

SF¢ is a non-toxic substance so it can be in-
haled without risk. Moreover, the SFg gas is not
flammable. The thermal conductivity — one of the
exceptional qualities of the gas — allows gas to be
used to extinguish arcs by thermal transport [8]. At
atmospheric pressure, the SFg gas possesses good
properties, has a breakdown force three times that
of air, is non-flammable and chemically inert. Due
to its excellent physical and electrical properties,
SFg is widely used in electric fields as insulation
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gas for high voltage equipment. Recently, however,
many concerns arose about the fact that SFg is
a powerful global greenhouse gas and so preventive
efforts in this area should have been made. One of
the possible solutions is to mix SFg gas with in-
sulating gas. Among the gas mixtures with desire
electrical insulation properties is a mixture of a SFg
gas with a chemically inert gas such as nitrogen gas
or CO [9, 10]. Therefore, there is an urgent need to
obtain accurate data on engineering and electrical
applications that use SFg gas.

In this study, we provide data for (SFg+Kr) mix-
tures with varying percentages in a stable electric
field by solving the Boltzmann equation with the
EEDF program in order to determine the effects of
these mixtures on the electron energy distribution
function f(u) and electron transport coefficients.

2. Method

The Boltzmann equation (BE) plays a major role
in electron transport and explains the physical phe-
nomena that are of great importance to technology
and engineering applications [11]. BE is a mathe-
matical expression that describes the chronological
evolution of the distribution function f(u) in the
energy space. BE can be written as follows [12]

W2 fy () (d;l;) _

Ig (u) + Tee (u) + Line (u) + Loe (u) . (1)
The isotropic component of the electron energy dis-
tribution function is defined by fo(u). In (1), u is
the electron energy, Ir(u) denotes the heating of
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electrons in an electric field, I (u) is the elastic col-
lision, linele (u) is the inelastic collision, and Ioe(u)
is the electron—electron collision. The conservation
of the electron density is represented in (1) by the

portion (d"e) It is defined as
dn,
dT; = Ne (Uio — Vatt — Urec) ) (2)

where vjo, Vayt and vpee are the ionization, attach-
ment and recombination frequencies, respectively,
which can be expressed in terms of proper integra-
tion of fo (u).

The EEDF code allows solving the Boltzmann
equation. Starting from (2), the calculated value
of d"e becomes the offset in (1), and the process
is repeated iteratively to obtain the function f"“.
The code is restricted to the standard value which
ends the iterative procedures. The function 6”'1
is the solution, and after the distribution function
is present, the properties of plasma are calculated.
The equations below are used in the program [12].
The mean of electron energy (u) is given by

oo

ﬂ:/duu3/2f0 (u).

0
The relationship between the distribution function
and the electron diffusion coefficient is

2 T u3/?
Do = — M
c Sm/du qm(u)fo(U%
0

where ¢, is momentum transfer cross-section [cm?].
The characteristic energy (Ej) represents the ratio
between the electron diffusion coefficient to the elec-
tron mobility, i.e.,

D
—. (5)
Hel
The ability of an electron to travel through
a medium under the influence of the electric field £
is defined as the electron mobility g, [em?/(V s)].
This is given by the following relationship [13, 14]

7: 3N\/%/ dfo

By using the distribution functlon, we can obtain
the speed of electronic drift given by the following
relationship [12]

S 26/
b= 3N\/

where u is the electron energy [eV]7 N is the gas den-
sity [em™3], and E/N is the reduced electric field
in [V cm?|.

(3)

(4)

Ey

u

(6)

Hel =

U dfo
qm du

(7)

3. Results and discussion

Solving the Boltzmann equation requires knowl-
edge of pure gas cross-sections and mixtures. The
gas cross-section data is provided by the EEDF soft-
ware which is used in conjunction with their refer-
ences. Figure la and b displays the cross-sections
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Fig. 1. The cross-sections [cm?] versus electron en-
ergy for (a) SFg and (b) Kr.
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Fig. 2. (a) The f(u) as a function of u for dissim-

ilar values of E/N in pure SFg gas. (b) Drift ve-
locity versus Kr content for SFs—Kr mixture. Pres-
sure value of 760 Torr, the electron concentration
N =1 x 10° cm ™2 are used in the calculations.

of SFg sulfur gas and krypton gas vs the electron en-
ergy. One can see that the SFg gas possesses many
cross-sections compared to pure krypton gas.

The distribution function f(u) vs the electron en-
ergy of pure SFg gas is shown in Fig. 2a, for several
values of the reduced electric field 10-600 Td (color
lines), where Td = 1x10717 V ecm?. It becomes obvi-
ous that changing the reduced electric field E/N has
a significant impact on the distribution function.

The curves of the distribution function f(u)
(see Fig.2a) are close to each other for low E/N
values because electrons obtain less energy from the
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Fig. 3. (a) The distribution functions f(u) vs elec-
tron energy u in the 80% SFs+ 20% Kr mixture for
different E/N. (b) The distribution function f(u) vs
electron energy u in 50% constituents of both SFg
and Kr mixture, and (c) 20% SF¢+ 80% Kr mixture
for different £/N. The concentration of N electron
is 1 x 10° cm ™2, and the pressure is 760 torr.

applied reduced electric field. Each curve reaches its
maximum in the area of low values of u. For a fixed
value of the reduced electric field E/N, the maxi-
mum value of f(u) is reduced with the increase of .
In turn, increasing the reduced electric field causes
the curves of the distribution function f(u) to de-
velop towards higher energy with higher rates due
to the strong influence of the electric field in this
regime. This warms the cold electrons, i.e., their
energy increase [15].

The velocity of electron drift vp is one of the
important transport parameters that is affected by
the difference in Kr concentration in the mixture
(SFg+Kr). The parameter vp is shown as a function
of Kr concentration in Fig. 2b. When the electric
field stabilizes at E/N = 400 Td, the concentration
of Kr in the mixture increases, resulting in a linear
increase in vp.

The effect of the SFg gas concentration on the
mixture is evident in Fig. 3a—c. Due to the broad
cross-sections of SFg, the reduction of the SFg
concentration in the mixture with a constant value
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Fig. 4. (a) The calculated mean electrons energy
in the SFg+ Kr mixture. (b) The characteristic en-
ergy Ei as a function of E/N for various gas mix-
ture ratios SFg:Kr.

of E/N causes the distribution function to curve
away to the right with high energy rate. Now com-
pared to Kr gas, the increase of the Kr atom num-
ber in the mixture reduces the frequency of elec-
trons collision, and thus provides sufficient time
to accelerate the electrons, and increase their ki-
netic energy due to the increase in the reduced
electric field.

In Fig. 4a, the value of the reduced electric field,
ie, E/N = 200 Td, is a very important turning
point in the behavior of mixtures and pure gases.
When E/N value is less than 200 Td, a decrease
in the SFg concentration causes an increase in the
energy of electron, leading to an increase in E/N
due to the lower number of collisions. Note that for
a given electron energy value, the energy growth
rate for a given concentration of SFg in the mixture
increases linearly with E/N (according to (3)).

Figure 4b shows characteristic energy relation-
ship with the reduced electric field for different ra-
tios of a mixture (SF¢ + Kr) and the same con-
dition as in Fig. 4a. It is noted that the charac-
teristic energy curve of the krypton gas is higher
than the SFg and also higher than the rest of the
mixture. The behavior of the mixture varies with
the different concentration of SFg in the mixture
(according to (5)).
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Fig. 6. Diffusion coefficient D¢ as a function of

E/N in various mixture ratios SF¢:Kr.

Figure 5a shows the relationship between the drift
velocity with the reduced electric field and the con-
centration of SFg gas in the mixture. A slight effect
of the change of the concentration behavior of SFg
appears in the vicinity of the point F/N = 200 Td.
A significant and clear effect of the SFg con-
centration behavior is seen when E/N > 200 Td.
Reducing the concentration of SFg in the mixture
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leads to a distinct increase in the speed of electron
drift, which is due to a decrease in the number of the
inelastic collisions in this range, on the one hand,
and an increase in the electric field, on the other
hand. In all cases, the increase of E/N leads to the
increase in the drift speed of all mixtures used. This
results from heating and the increase of the kinetic
energy of electron (according to (7)).

Figure 5b shows the opposite decrease in the
electron mobility as the reduced electric field in-
creases up to E/N < 200 Td. This is due to the
fact that electrons lost their energy during inelas-
tic collisions with neutral atoms. This decrease is
more pronounced for higher SFg concentration val-
ues in the mixture, which is equivalent to having
large cross-sections, which become larger as a re-
sult of collisions, and hence electron energy losses
(according to (6)).

Figure 6 shows a variation in the behavior of
the electronic diffusion coefficient D¢ according to
the concentration of SFg in the mixture and the
strength of E/N, where E/N < 200 Td. The de-
crease of the electronic diffusion coefficient Do with
an increase in E'/N appears for mixtures with a high
concentration of SFg. When E/N > 200 Td, the
electron diffusion coefficient increases with decreas-
ing concentration of SFg in the mixture and increas-

ing E/N (according to (4)).

4. Conclusion

Boltzmann equation for the stable state was
solved using the EEDF program. The results
showed that the behavior of the pure gases and
the mixtures used are affected by both the elec-
tric field strength and the gas concentration in the
mixture. Reducing the concentration of SF¢ in the
mixture leads to the distancing of the distribution
function curves towards the high energy tail and
then the electron transport parameters are affected
by that, i.e., in particular when E/N > 200 Td.
As the amount of SFg in the mixture is reduced,
the electron drift increases, raising the curves of the
electronic diffusion coefficient as E/N increases. In
turn, when E/N < 200 Td, the reduction of the
SFg in the mixture raises both the electron energy
rate and the characteristic energy. The mobility de-
creases dramatically with the increased SFg concen-
tration in the mixture within this range as E/N in-
creases due to dominance of the inelastic collisions.
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