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In this paper, binary methane–nitrogen gas mixtures are recommended in order to reduce the industrial use
of methane, which stands out among the greenhouse gases. The electron mean energy, drift velocity, ionization
and effective ionization coefficients are presented for the binary mixtures with the CH4 content, varying from 20%
to 80% in the mixtures. The relevant parameters of pure methane and nitrogen are evaluated for comparison with
the data available in literature in order to verify the validity of the computational methodology which is based on
solution of the Boltzmann equation. The swarm parameters in the methane–nitrogen mixtures have been evaluated
for E/N from 80 Td to 400 Td (1 Td = 1× 10−17 V cm2). The presented data and the results have the potential
to be widely used in plasma physics, electrical insulation systems, and space studies.

DOI: 10.12693/APhysPolA.135.495
PACS/topics: 29.40.Cs, 34.50.Fa, 34.50.Gb, 51.50.+v, 52.25.Fi, 52.25.Mq

1. Introduction

Methane (CH4) is frequently used in industry applica-
tions, such as plasma processing of semiconductor sur-
faces, chemical vapour deposition of hard carbon and di-
amond, particle counters, and electron beam controlled
and diffuse discharge switches [1–3]. In CH4, it is possi-
ble to achieve fast turn-on and -off current magnitudes
in discharge switching applications [4]. In electron beam
controlled switches when the beam is on, large electron
production rate is required and this is achieved by ioniza-
tion collisions resulting in conduction and current flow.
However, when the e-beam is turned off, electron and
ion densities in the switch decay due to recombination
and attachment resulting in increased resistance by or-
ders of magnitude causing current interruption and the
switch returns turn off position. However, CH4 is an
important greenhouse gas together with CO2 and water
vapour which are the important greenhouse effect con-
tributors [5].

The use of CH4 is restricted to the Kyoto protocol [6].
Despite this restriction, the concentration of methane
in the atmosphere is constantly increasing in the post-
industrial period. The changes in the atmospheric con-
centration of methane and global surface temperature rel-
ative to 1951–1980 average temperatures after 1950 are
given in Table I [7, 8].

Nitrogen is one of the important alternatives for the
use of greenhouse gases in the gaseous electronics and
plasma processing industry due to its inherent advan-
tages, such as sufficient level of insulation strength, non-
flammability, non-toxic, and less cost [9, 10]. The appli-
cation of N2 based plasma and gas-insulated equipment
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TABLE I

Atmospheric concentrations of methane (parts per bil-
lion, ppb) and global surface temperature relative to
1951–1980 average temperatures.

Year
Value
[ppb]

Temp.
[ ◦C]

Year
Value
[ppb]

Temp.
[ ◦C]

1950 1161.7 −0.19 1985 1652.3 0.12
1955 1207.0 −0.14 1990 1709.3 0.44
1960 1263.0 −0.02 1995 1747.1 0.44
1965 1328.5 −0.10 2000 1774.5 0.40
1970 1403.2 0.03 2005 1774.7 0.67
1975 1483.6 −0.02 2010 1796.9 0.70
1980 1566.3 0.27 2015 1834.8 0.86

TABLE II

Physical and environmental properties of CH4 and N2.

Properties CH4 N2

molecular weight [g/mol] 16.04 28.01
density [g/L] 0.72 1.25
boiling point [ ◦C] −161.5 −196

GWPa for 100 year time horizon 23 –
atmospheric lifetime [y] 8.4/12 1.6 107

flammability yes no
toxicity no no
breakdown voltage [kV/(cm bar)] 21.5 32.9
a global warming potential.

technologies can be found in high voltage devices, diffuse
discharge switches, exhaust gas pollution control, plasma
etching, decontamination and surface treatment indus-
tries [11, 12]. Some physical and environmental proper-
ties of CH4 and N2 are shown in Table II [13–15].

Among the alternative gas mixtures to CH4, binary
gas mixtures of CH4–N2 are considered to be one of the
most possible candidates to be used in reality, because
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N2 has no greenhouse effect and relatively low cost [16].
However, it is very important to understand the electron
swarm data and insulation characteristics with a reduced
CH4 content in this recommended gas mixture.

Electron swarm data, such as mean energy, drift ve-
locity, and effective ionization coefficients are required
to understand and predict the behaviour in various in-
dustrial applications. These applications include plasma
processing for semiconductor surfaces, pollution control,
and diffusion of discharge switches and electrical insula-
tors [17, 18]. Besides these applications, CH4 and N2 are
one of the most abundant components of the atmospheres
of the earth, outer planets and satellites. For example,
CH4 and N2 are the most commonly encountered gases in
the Triton and Titan moons of Neptune and Saturn, re-
spectively [3, 12]. Therefore, electron swarm data in CH4

and N2 gases also play a fundamental role in ionospheric
and atmospheric phenomena in the space research [19].

The aim of this study is to report on the calculation
of the mean energy, drift velocity, and effective ioniza-
tion coefficients using the Boltzmann equations for the
binary CH4–N2 gas mixtures at different concentrations
and over a large reduced electric field E/N range. Elec-
tron swarm data are generally available in the literature
for the pure CH4 and N2 gases, but the data in the CH4–
N2 gas mixtures are limited [20].

2. Computational methodology

The electron swarm parameters of pure CH4, N2, and
binary mixtures of these gases are obtained by the Boltz-
mann equation method. The Boltzmann equation is
solved with steady state Townsend theory approach by
using electron cross-sections of these gases. As a result
of this solution, electron energy distribution functions
of these gases are obtained. The Boltzmann equation
method is described in detail in [21, 22]. The explicit
formation of this equation reads as follows:(
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where E and N are applied electric field intensity and gas
density, e and m are the charge and mass of electron, M
and f are molecular mass and electron energy distribu-
tion function, α and η are Townsend’s first ionization and
attachment coefficients, ε is kinetic energy of an electron,

εv, εex and εi are threshold energy of vibrational, excita-
tion and ionization cross-sections, respectively. Also, in
Eq. (1), Qm, Qv, Qex, Qi and Qa are the electron cross-
sections for momentum, vibrational excitation, electronic
excitation, ionization and attachment, respectively. QT
is an effective cross-section, which is obtained by collect-
ing the electron cross-sections of each gas or binary gas
mixtures, defined as:

QTCH4
= (2)

QmCH4
+QvCH4

+QdissocCH4
+QiCH4

+QaCH4
,

QTN2
= QmN2

+QvN2
+QexN2

+QTiN2
, (3)

QT = kQTCH4
+ (1− k)QTN2

. (4)
Qdissoc is dissociation cross-section. In Eq. (4), k denotes
the ratio of CH4 in the binary gas mixtures.

An iterative process is initiated by assigning a guess
value of effective ionization coefficient, α–η (for N2,
η = 0), and after this process the electron energy dis-
tribution function, f(ε), is obtained [22]. By using this
distribution function, electron swarm parameters, such
as electron mean energy, electron drift velocity, and ef-
fective ionization coefficient are obtained as follows:
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The electron cross-sections for CH4 and N2 are taken
from [1] and [23], respectively. The threshold energies
of vibrational, dissociation, ionization, and attachment
cross-section for CH4 are 0.16, 9.0, 12.6, and 7.7 eV and
threshold energies of vibrational, excitation and ioniza-
tion cross-section for N2 are 0.29, 6.17, and 15.6 eV, re-
spectively [1, 23].

3. Results and discussions

The electron mean energy, drift velocity, ionization,
and effective ionization coefficient in pure CH4, pure N2,
and their binary mixtures are calculated using the Boltz-
mann equation analysis in the interval of 80 Td to 400 Td
since our interest is to analyse the swarm parameters
above the limiting E/N value of CH4 which is in the
vicinity of 87 Td [1, 15].

The electron mean energy of pure CH4 is shown in
Fig. 1. The calculated electron mean energy is compared
with the results of Maric et al. [24] and good agreement
is obtained.

Figure 2 displays the electron drift velocity of pure
CH4. The calculated drift velocity of pure CH4 is com-
pared with the calculated values of Song et al. [3], and the
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Fig. 1. Electron mean energy in CH4.

Fig. 2. Electron drift velocity in CH4.

experimental values of Davies et al. [1], Hunter et al. [15]
and Al-Amin et al. [25], and reasonable agreement is
found.

The reduced effective ionization coefficient in pure CH4

is shown in Fig. 3. The calculated reduced effective ion-
ization coefficient is compared with measured ones in the
literature [2, 15, 26]. The present calculations agree very
well with the measured values.

The electron mean energy in nitrogen is shown in
Fig. 4. Present result is compared with the Boltzmann
solution [27] and with the Monte Carlo method solutions
in the literature [10, 12, 28, 29]. The electron mean en-
ergy increases as the reduced electric field increases.

The electron drift velocity in nitrogen is presented
in Fig. 5. The drift velocity is increasing as the re-
duced electrical field increases. The calculated results
are compatible with the measured [30] and Monte Carlo
results [10, 31].

Fig. 3. Reduced effective ionization coefficient in CH4.

Fig. 4. Electron mean energy in N2.

The reduced effective ionization coefficient in pure ni-
trogen is shown in Fig. 6. The calculated results of the
present study agree with the results of Dincer et al. [10],
Yousfi et al. [11], Haydon and Williams [32], Kondo et
al. [33], and Juarez et al. [34].

The electron mean energy in binary mixtures of CH4

and N2 is shown in Fig. 7. At low reduced electrical
field values, by increasing the N2 content, the electron
mean energy decreases. However, in the higher E/N
range above about 200 Td it is observed that with the
addition of the N2 component the response is reversed.
This fact can be explained through the electron energy
distribution functions. It can be observed from the en-
ergy distribution functions given in Fig. 8 that for E/N
lower than 200 Td, the electron population at lower en-
ergies increases with the addition of N2 in the binary
mixture, while at high energies, reduction in the higher
energy population is observed. However, above 200 Td
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Fig. 5. Electron drift velocity in N2.

Fig. 6. Reduced ionization coefficient in N2.

the tendency is reversed with the addition of N2. Fig-
ure 9 displays electron energy distribution functions in
the binary mixture at 400 Td. In Fig. 9, the same colours
are used for the same mixture ratios as in Fig. 8. The
energy distributions shown in this figure clearly indicate
that low energy electrons are depopulated, and with the
addition of N2, in the higher energy range, higher energy
electrons are populated.

The electron drift velocity in CH4–N2 mixtures is
shown in Fig. 10. The calculated values in 80% N2 mix-
ture are compared with the available theoretical simula-
tion results of Kohn et al. [20], given in the interval from
80 Td to 160 Td for the same mixture with good agree-
ment. The drift velocity at a given E/N increases with
the addition of N2 in the binary mixture and the effect
is more pronounced for higher E/N values.

Fig. 7. Electron mean energy in CH4–N2 mixtures.

Fig. 8. Electron energy distribution functions in CH4–
N2 mixtures at 100 Td.

Figure 11 displays the reduced effective ionization coef-
ficients in CH4–N2 mixtures. The inset in the figure gives
the Monte Carlo simulation results of Kohn et al. [20]
in 80% N2 mixture in the given E/N interval together
with the results of BOSIG+ [35]. The present calcula-
tions agree with Hagelaar and Pitchford [35], since both
of the calculations are carried out with two-term Boltz-
mann analysis. However, simulation results of the effec-
tive ionization coefficients calculated in [20] are about
19% higher at 160 Td. The difference in effective ioniza-
tion coefficients with the simulation results can be due
to the different collision cross-section sets adopted in the
calculations and furthermore two-term limitation is not
present in the Monte-Carlo simulation. It can be seen
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Fig. 9. Electron energy distribution functions in CH4–
N2 mixtures at 400 Td.

Fig. 10. Electron drift velocity in CH4–N2 mixtures.

from this figure, as the N2 content increases, the reduced
effective ionization coefficient decreases at a given E/N ,
and the effect is more pronounced for higher E/N val-
ues. The reduced effective ionization coefficient is cal-
culated by the difference between the reduced ionization
coefficient and the reduced attachment coefficient. Al-
though CH4 is electronegative, the attachment collision
frequency is not significant when compared with the ion-
ization collision frequency of CH4 in the E/N range of
the present paper. Hence, the effective ionization coeffi-
cient is mostly governed by ionization collisions in CH4

and N2 in the binary mixtures. Furthermore, the peak of
the magnitude of the ionization collision cross-section in
N2 is quite small when compared with the magnitude of

Fig. 11. Reduced effective ionization coefficient in
CH4–N2 mixtures.

CH4 at the same electron energy. Therefore, with the in-
creased content of N2 in the binary mixtures, depending
on the mixture ratio, the effective ionization coefficient
decreases as expected.

4. Conclusions

Employing Boltzmann’s equation analysis with the
code developed by the authors, the ionization and effec-
tive ionization coefficients, electron drift velocities, and
mean energies are evaluated in CH4+ N2 mixture for CH4

contends varying from 20 to 80% over a range of E/N ,
from 80 to 400 Td.

As the nitrogen content increases, the reduced effective
ionization coefficient decreases at a given E/N . Depend-
ing on the mixture ratio, the reduction in the effective
ionization coefficient is more pronounced at higher E/N
values.

Furthermore, it is possible to control the electron mean
energy in the binary mixture with the addition of the N2

content since the electron energy distribution functions
displayed at a given E/N indicate the control in the num-
ber of slow electrons, and the number of higher energy
electrons with the addition of N2 content in the E/N
range of the present paper.
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