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Abstract

The main goal of this work is to achieve an acceptable agreement between the obtained results
and previously published results of the electrical conductivities of Krypton and Xenon weakly
ionized plasma gases, which are strongly affected by the electron number density Ne and electron
collision frequency. When the electron energy distribution function (EEDF) is calculated, it shows
a decrease with increasing the energy for all reduced electric field values (E/N). The above
calculations are done in terms of the Boltzmann transport equation solution by using a numerical
technique based on the two-term approximation method, which is represented by the common code
"BOLSIG+." Calculated electrical conductivities of each Xenon and Krypton gas showed a rapid
increase in electrical conductivity with electron temperature Te in the low-temperature range, and
then the increase was slower until it reached a constant value (the saturation region). The present
work results show an acceptable agreement with the previously published results.
Keywords: Electrical conductivity, Boltzmann transport equation, ionization degree.

1. Introduction

All processes involved in the transfer of mass, energy, charge, or momentum are called transfer
processes in the plasma field. What expresses these processes are the transport coefficients, such as
electron collision frequency, electron mobility, thermal conductivity, and electrical conductivity [1-
3]. The main objective of this study is to support theoretical studies in the field of calculating transport
coefficients for high-temperature gases and plasma in easier and faster ways, because measuring these
coefficients practically is a difficult and unreliable process compared to the theoretical calculation
method. The above-mentioned transport coefficients are related to gaseous industrial applications in
several fields, such as thin film deposition, thin film etching, and metal surface treatment [4]. The
importance of studying the properties of noble gases lies in the fact that these gases are involved in
many vital fields, such as the industries of Krypton arc lamps and Xenon flash lamps, which are used
in the heat treatment process of semiconductor wafers [5-6]. The theoretical calculation for any
transport parameters starts by using the numerical solution for the Boltzmann equation (kinetic theory
for gases). The first step to solving the Boltzmann equation is to feed it with information about the
cross-sections of the reactions that take place through the gases, and this information was obtained
from the Latx database [5]. The general form for the Boltzmann transport equation is given by [7-9]:
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Where is a function of electron distribution in position r, velocity v and time t phase spaces, and it
was always written as: o(r, vt), e electrons charge (1.6*10 **° coulomb), m is the electron mass
(9.1*10-31kq), E is the electric field, v is the operator of velocity-gradient., dadt|coll is time change
rate of distribution function (r, v.t) due to collision. The time variable can be canceled under the
condition of a constant electric field, so the expression is reduced to (r, v). It is clear to note that the
electron energy distribution function (EEDF) needs to be approximated from a multi- term function
into the most theoretical in all available numerical solution, i.e., two terms approximation, which is
given by [10]:
a (v.cos0.z.t)= as(v.z.t)+ as(v.z.t) cosO 2
Where ° and 1 represent the isotropic and anisotropic components of distribution functions
respectively. The fundamental physical phenomenon that occurs in this study is the collision between
electron and gas molecules, and these collisions are physically described by the two common
collisions (elastic and inelastic collisions). An elastic collision is easier to imagine, where each
electron collides with the atom in the same way as a billiard ball collision, i.e., the electron hits the
gas atom, so the electron takes a new path. This collision type satisfies the energy conservation
principle. An elastic collision is given by the equation [11][12]:

e+M e+M 3

Where e represents an electron and M represents the gas molecule. After getting the above physical
parameters, one can achieve calculations including electron transport parameters such as electron
collision frequencies, electron mobility, electrical conductivity, and thermal conductivity [10].

2. Materials Method

Plasma composition was determined by using the Saha formula after obtaining the magnitudes of
ionization energy Ui and partition functions G of Krypton and Xenon gases from [13][14]:
NeNb+1Nn=GeGb+1Gn C T32 exp (-UikBT) 4
b refers to the ionization stage (b=0,1,....... (z-1)), NeNn number densities of electrons and natural
atoms, respectively in m=units, GeGn partition function of electrons and natural atoms, C is a constant
equal to (2rmekBh)32 , Ui ionization energy of a natural gas atom, T is the absolute temperature in
Kelvin.

G=i (2 Si+l)exp(-EikBT) (5)
Electron collision frequency in terms of distribution function can be expressed as follows [15]:
(Btot/N)=y Ok=allxkk€k 0 d€ (6)

A mathematical relationship must be derived to describe the behavior of the electrical conductivity of

electrons, starting from the Boltzmann equation as follows [16]:

[So(r.v.t)dt]collision=-Rr (V)[ 1(r v t)- O(V)] (7
Rr is the collision frequency of electrons.

Consider that the distribution function r.v.t has only a little deviation from the equilibrium distribution

functions 0O(v) because 1(r. v. t) represents a trivial electron distribution spatial inhomogeneity and

anisotropy under non-equilibrium conditions.

So, the equation (7) will be reduced to

[So(rvt)dt]coll=-Br (v) 1(r v t) (8)

1(v) =iemeE(r)Vv(+Rr v) do(v)dv 9

Current density @ (r,t) is given by:
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® (r,t)=-ie2me 0o vdvo+iirv dovdv 0sin® d0027VEr.Vd@ (20)
As it is known
® =cE
o=4nie23me(w+ibrv)0ov 3v2 dv (12)
At equilibrium conditions, the number density of electrons can be represented by:
Ne =4 0o v2 oVdv (12)

Ne: number density of electrons, and it is equal to the number density of ions under equilibrium
conditions. Under DC conductivity conditions, when the angular frequency equals to zero, the
imaginary term vanishes, and the equation is reduced to:

o=Nee2 vrme Rr2 (13)
Electrons mean energy in terms of electron distribution function is given as follow:[12]:
()= 0&3/20 d€=32 kBT (14)

Where € is the electron energy and f° is the isotropic portion of the distribution function
Ne electron density in m™ and Re total electron collision frequency in m?/s

3. Results

Figure 1 shows the results of the electron energies distribution function EEDF versus electron mean
energy for Krypton and Xenon gases. It is clear from the figure that the EEDF decreases with increasing
the electron mean energy. The figure illustrates that the EEDF curve shape is strongly affected by
reduced electric field values, where the curves shifted towards higher mean energies values with the
increase of the reduced electric field for the same values of the EEDF. The difference between (a) and
(b) lies in the mean energy values, as the Krypton curves are located at higher energy than those of
Xenon for the same reduced electric field values.

Electron energy distribution function oV ™)

Blectron energy distribution function oV %)
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Figurel. Eede as a function of mean electron energy for different E/N values for: (a): Krypton. (b): Xenon.

Figure 1, 2, show the relationship between the mean energy and the reduced electric field. The curve's
behavior illustrates that there is an increase in the value of the mean energy with increasing the reduced
electric field.
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Figure 2. Electron mean energy as a function of

E/N for Kr and Xenon
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Figure 3. Normalized mobility as a function of reduced electric
field for Kr and Xenon

Figure 4 presents the relationship between normalized electron mobility and the reduced electric it
shows a decrease in the values of normalized electron mobility with increasing the reduced electric

field.

Figure 5 presents the relationship between the numerical density of electrons and the absolute
temperature of electrons. The figure shows that the number density of electrons increases with

increasing temperature.
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Figure 5. Normalized total electron collision frequencies of Kr and Xe gases

Figure 4. Electron number density as a function of absolute

temperature
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Figure 6 presents the relationship between the normalized electron collision frequency, which was
calculated from the BOLSIG+ program, and the absolute temperatures of the electrons, as these values
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are considered one of the most important parameters in calculating the electrical and thermal
conductivity and were used in the calculations of this work. Figure 6 presents the relationship between
the electrical conductivity and the absolute temperature for Krypton and Xenon. The figure shows
that the electrical conductivity increases with the increasing the absolute temperature in the
temperature range of 6000 to 17500 for Krypton and 4000 to 14000 for Xenon. After these ranges,
the electrical conductivity begins to remain relatively stable with the change in temperature.
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Figure 6. Electrical conductivity as a function of absolute electron temperature of Krypton and Xenon

4. Discussion

Figure 1 shows that as electron mean energy went up, EEDF went down for both Krypton and
Xenon. This is because there were more collisions that were not elastic. While the curve shifting is
attributed to the electrons gaining more heat, which leads to an increase in electron energy, the
difference between the Krypton and Xenon curves mentioned in Section 3 is due to the ionization
energy difference between them, and the physical meaning of that is: (The same electric field makes
electrons in Krypton gas have higher average energies than in Xenon) [17-20]. As indicated in the
above section, the electrons acquire heat, enabling them to have higher mean energies, which leads to
an increase in mean energy values with the increase in the reduced electric field demonstrated in
Figure 2. By comparison between the Krypton and the Xenon curves, the Krypton curve occupies
higher mean energy values for the same reduced electric field values. This is due to the difference in
ionization energy values (14 eV) for Krypton and (12.1 eV) for Xenon [21][22]. The decreased
normalized electron mobility values with increasing the reduced electric field are due to the electrons
losing part of their energy with each elastic collision [23], [24]. As the temperature increases, more
ionization processes occur, leading to an increase in electron number density, as shown in Figure 3.
This increase is attributed to the electrons gaining enough energy to escape from the atom, leaving
behind a positive ion (an atom that lacks an electron). The number of electrons continues to increase
until it reaches a certain temperature, at which the stability of its numerical density becomes clear,
and it appears in the form of a saturation region [25].
The increase in the electrical conductivity of krypton and xenon gases with the increase in absolute
temperature, which is shown in Figure 5, is attributed to the increase in the number density of
electrons with the temperature due to the increase in ionization processes, which in turn are carriers
of charge and work to increase the electrical conductivity of the gas [26]. It is also worth noting that
the highest value of the electrical conductivity of Krypton differs from that of Xenon. Although the
behavior of the electron number density of both has almost the same peak values, the electrical
conductivity is inversely proportional to the value of the collision frequency of electrons, which is
different for the two gases [27]. By comparing the results obtained in this study with the results
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previously published by A. B. Murphy, it turns out that there is excellent curve agreement in the range
of low temperatures, and a little mismatch appeared at higher temperatures while maintaining the
general behavior of the curve. This shift is attributed to the different sources, from which the values
of the interaction cross-sections were obtained [28-30].

5. Conclusion

1. Electron energy distribution function EEDF decreases with the increase in mean energy for a
constant value of reduced electric field E/N with the Maxwellian distribution model and the high
of the curves decreases and their width increases as the reduced electric field decreases.

2. The electrical conductivity of krypton and xenon gases is significantly affected by the absolute
temperature at the low temperature range of the curve, and those curves show insensitivity to
temperature changes at the high temperature range of the curve.

3. The theoretical method that was used in this study showed results that are in good agreement
with the results published in previous studies, which reflects the validity of this method to
calculate the electrical and thermal conductivity of various gases with acceptable reliability.
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