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ABSTRACT 

For the first time, electron swarm parameters (electron drift velocity, mean energy, reduced diffusion 

coefficient, reduced electron mobility, and ionization coefficient) were calculated in cryogenic binary He–

N2 mixtures containing 1%, 4%, 8%, 15%, and 20% of Nitrogen (N2) at a low temperature of 77 K, and a 

pressure of 1 MPa, over a wide range of reduced electric field strength E/N=1-200 Td (1Td=10-17 V cm2), 

with E being the electric field strength in (Vcm-1), and N the gas number density in (particle cm-3). These 

swarm parameters were analyzed using a two-term expansion of the Boltzmann equation, along with 

electron collision cross sections for Helium (He) atoms and Nitrogen (N2) molecules. For pure He, the 

obtained results are in good agreement with previously reported experimental and theoretical findings. 

Furthermore, the influence of the reduced field strength E/N was examined, demonstrating that even a 

small concentration of N2 significantly affects the Electron Energy Distribution Function (EEDF) and 

swarm parameters. The present results will be helpful for high-energy physics detectors, cryogenic 

tracking systems, low-temperature plasmas, high-voltage insulation systems, gas discharge, and 

superconducting technologies. 

Keywords-He atom; N2 molecule; transport parameters; Boltzmann equation; superconductor; low-

temperature; ionization; distribution function; cross-sections 

I. INTRODUCTION  

Superconductors, identified in 1911, exhibit no resistance at 
their critical temperatures. These materials are divided into 
Low-Temperature Superconductors (LTS), with critical 
temperatures below 30 K, and High-Temperature 
Superconductors (HTS), discovered in 1986, with critical 
temperatures starting at 35 K. LTS and HTS are both 
significant in plasma physics. LTS are non-equilibrium 
plasmas (Te>>Tg) where electrons are energetic, but the bulk 
gas remains relatively cold. LTS are widely used in surface 
processing, environmental protection, biomedical applications, 
semiconductor manufacturing, and cryogenic plasma studies of 
electron kinetics, such as Electron Energy Distribution 
Function (EEDF) and transport coefficients, using the 
Boltzmann equation. HTS plasmas are those where electrons 

and heavy particles are in thermal equilibrium (Te ≈  Tg). 

Typically, at very high temperatures, they are governed by the 
thermal plasma theory and fluid models rather than kinetic 
models. This is important in high-energy physics and plasma 
physics. HTS are widely employed for studying transport 
coefficients, radiation, and thermodynamic properties, fusion 
research, arc discharges, metallurgy and material processing, 
and astrophysical plasmas. Superconducting applications 
commonly use Nitrogen (N2), with a critical temperature range 

of 66-77 K, and Helium (He), with a range of 1.2-4.2 K for 
cooling [1]. Liquid N2 and gaseous He are standard cryogenic 
media often used for HTS power applications, as N2 has the 
property of high heat capacity and high dielectric strength. As 
for gaseous He, its wide working temperature range, low 
dielectric strength, and decreased asphyxiation peril make it 
extremely important [2, 3]. 

Generally, N2 is a non-polar gas, with a boiling point of 77 
K, colorless, odorless, non-flammable, tasteless, non-
poisonous, slightly soluble in water, and its breakdown voltage 
is 32.9 (kV/cm bar). However, He has unique properties with a 
low boiling point of 4.21 K, high thermal conductivity, and is 
colorless; it is used in many applications. Besides its pure form, 
N2 is also utilized in gas mixtures with SF6, O2, and CO2 for 
industrial purposes [4-6]. The dielectric strength, EEDF, and 
key electron transport parameters, including the reduced 
ionization coefficient, attachment coefficient, effective 
ionization coefficient, and critical reduced electric field in both 
binary He-H2 and ternary He-H₂-N₂ gaseous cryogenic 
mixtures, have been calculated using the Boltzmann equation 
analysis over a wide range of temperatures (50–80 K) and 
pressures 2 MPa relevant to HTS applications [7]. Authors in 
[8] used the Monte Carlo method to calculate the electron 
transport coefficients in N2, N2-He, and N2-Ar mixtures, 
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considering anisotropic inelastic electron scattering and the 
partitioning of residual energy after ionization collisions based 
on experimental results. 

The electron transport coefficient in a pure N2 molecule 
was obtained using both theoretical and experimental methods. 
A good agreement of the calculated and measured parameters 
was found in [9]. The experimental determination of transport 
coefficients in gases is not easy; thus, theoretical calculation is 
the preferred method. Furthermore, the Monte Carlo 
Simulation Method has been used to calculate electron 
mobility, transverse diffusion coefficient, and ionization 
coefficient in methane [10]. 

The electron transport parameters, dielectric breakdown 
properties, and EEDF in SF6-CO2 mixtures with different 
concentrations in the E/N range of 50–1000 Td were calculated 
by two-term spherical harmonic expansion of the Boltzmann 
equation [11]. 

The purpose of the current study is to provide the 
distribution function and electron swarm coefficients in He and 
its mixtures with N2 for the first time. The Boltzmann equation 
was used for these calculations at a low temperature of 77 K in 
the reduced electric field strength E/N range covering 1 Td to 
200 Td, where E is an applied d.c electric field, and N is the 
natural number density. Reduced field strength (E/N) is a key 
control parameter in plasma physics because it directly 
determines how electrons gain and lose energy during 
collisions. It also controls ionization and electrical breakdown, 
ensures plasma stability and non-equilibrium conditions, and 
enables a precise study of transport and kinetic properties. The 
drift characteristics in the He-N2 mixture are important to 
understand the discharge plasmas.  

The study of cryogenic He–N₂ mixtures at 77 K advances 
low-pressure and weakly ionized plasma physics by improving 
the understanding of electron kinetics and transport under non-
equilibrium conditions. At this low temperature, collision 
dynamics, energy loss processes, and vibrational excitations of 
N₂ significantly influence the EEDF and the related transport 
coefficients. This provides more accurate data for validating 
Boltzmann equation solutions. As a result, the present study 
enhances theoretical models and supports more reliable 
predictions of plasma behavior in cold, weakly ionized gas 
mixtures, which are significant for both fundamental research 
and practical applications. 

II. BOLTZMANN EQUATION 

The general form of the Boltzmann equation for the 
spherically symmetric part of the distribution function fo(ε) 
without the effect of second kind collisions can be written as 
[12]: 
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where m is the mass of the electron, Tg is the absolute temperature, KB 
is the Boltzmann constant, M is the mass of a molecule, N is the 
number of molecules per cm3, E is the electric field strength, �$(�) is 

the total effective momentum transfer cross-section, QJ(ε) is the 
inelastic cross-sections, ε is the energy of the electron, and ɛj is the 
excitation energy of the jth excitation state in (eV). The distribution 
function is normalized by (2): 
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The swarm coefficients were computed using sets of elastic 
and inelastic cross-sections derived from the EEDF. For gas 
mixtures, the electron drift velocity (vd), density-diffusion 
coefficient (ND), reduced electron mobility (μN), electron 
mean energy <ε>, and electron temperature can be written as 
[13, 14]: 
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where => = �> �⁄  is the percentage of molecules of species k, 

γ=(2e/m)1/2 and ��� ��
  are the "total effective momentum 
transfer cross-section", given by: 
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where Qm(ε), Qi(ε), and Qex(ε) are the momentum transfer, 
ionization, and excitation (vibration, electronic) cross sections, 
respectively. For a gas mixture, to determine the associated 
cross-section sets, the total cross-sections of the ternary 
mixture are calculated by multiplying the collision cross-
sections of the component gases by their respective percentages 
in the mixture: 
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where Kn is the percentage of gas in the mixtures [15]. For the 
binary He-N2 mixture, the momentum transfer cross section is 
computed using: 

��,�@A
� = CE���,E� + C�����    (10) 

The reduced ionization coefficients are given by [16]: 
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where Qi(ε) are the ionization cross sections, and I denotes the 
ionization energy (threshold), which is 15.8 eV for He and 15.6 
eV for N2. 

III. CROSS SECTION 

In this investigation, electron collision cross-sections are 
essential for calculating the EEDF and electron swarm 
parameters in cryogenic He–N2 mixtures. In this study, four 
types of cross-section data were used for N2 molecules: 
momentum transfer, vibrational excitation, electronic 
excitation, and ionization, with a threshold energy of 15.6 eV 
[17, 18]. For He atoms, the momentum transfer cross-section 
[19], the ionization cross-section [18] with a threshold energy 
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of 15.8 eV, and the electronic excitation cross-sections [20] 
were used as the initial datasets. 

IV. RESULTS AND DISCUSSION  

In this research, electron collision cross-section datasets for 
N2 and He were utilized to derive the EEDF and drift 
characteristics, with cross-section energies extending to 100 
eV. Using the Boltzmann equation method, the electron swarm 
characteristics in different He-N2 gas mixtures have been 
examined from 1 Td to 200 Td. Equation (1) was numerically 
solved using experimentally measured cross-section data of He 
and N2 for processes such as vibration and electronic 
excitation, and ionization caused by electron impacts. The 
normalized EEDF and electron swarm parameters in pure N2 
and He are calculated using the two-term approximation of the 
Boltzmann equation in dc uniform fields in the range 1–200 
Td, at a pressure of 1 MPa and a temperature of 77 K. For both 
gases, the momentum transfer cross-sections are greater than 
the inelastic cross-sections. This is a necessary condition for 
the two-term approximation solution of the Boltzmann 
equation to be valid [14]. The EEDF is one of the most 
important parameters for gas discharge phenomena and is used 
for calculating electron swarm parameters.  

Figures 1 and 2 display the relationship between the EEDF 
and electron energy for various reduced electric field strengths 
(E/N) for pure N2 and He, respectively. The EEDF is highly 
sensitive to changes in E /N, with higher E/N values causing 
the EEDF curves to extend toward higher energy ranges. The 
distribution function is normalized according to (2). 

At low electron energy, the shape of the energy distribution 
function depends on the momentum transfer cross-sections. For 

N2, when the electron energy ≤ 1.7 eV, and for He when the 

electron energies ≤3 eV, the EEDF decreases as the reduced 

electric field strength E/N increases. The tail of the distribution 
decreases, and only a small number of electrons have energies 
greater than the ionization potential. For the lowest value of 

E/N ≤  1Td, the electron energy is thermal. The ionization 

degree (ne/N)> (Q(ɛ)/10-13) ε2 [where, ε is energy (eV) and Q(ɛ) 
is collision cross-section (cm²), ne is electron density, N is 
neutral gas density] can be of the order of 10-3–10-4, which is 
sufficient for the distribution to become Maxwellian, indicated 
by the straight line with a slope of (−1/KBTg). In this case, the 
ionization degree is very small, and the He atoms and N2 
molecules are in the ground state. When the electron energy is 
greater than 1.7 eV and 3 eV for N2 and He, respectively, the 
EEDF increases with increasing E/N, then the electrons gain 
higher kinetic energy, and the tail extends to energies above the 
ionization potential; the distribution is non-Maxwellian. As 
E/N increases, the degree of ionization increases, and then the 
number of particles with energies higher than the excitation 
energy increases. Consequently, the energy tends to spread due 
to collisions. 

Since the EEDF is the basis for understanding electron 
parameters, Figure 3 demonstrates the influence of N2 
proportion on the EEDF of He-N2 mixtures at a reduced 
electric field strength (E/N) of 10 Td, at a temperature of 70 K, 
and a pressure of 1 MPa. Compared with pure He gas, due to 
the relatively larger vibration excitation cross section and 

ionization cross section of N2 molecules, it can be found that 
for electrons with energy lower than 3 eV, even a small 
percentage of N2 (1%) significantly affects the EEDF. As a 
result of N2 dominating the mixture, the electron population at 
lower energies increases with the addition of N2. Whereas for 
electrons with energy higher than 3 eV, the tendency reverses, 
since ionization of gas molecules requires relatively high 
energy and increasing the N2 fraction leads to a reduction in the 
proportion of the high-energy electron population. This 
reduction is attributed to the predominance of N2 molecules, 
which dissipate electron energy through multiple processes, 
such as rotational and vibrational excitations, more effectively 
than He atoms. The increase in N2 content in the mixed gas will 
also reduce the ionization rate of the mixed gas, which is also 
beneficial for improving the dielectric breakdown performance.  

 

 

Fig. 1.  EEDF for N2 at different reduced field strengths E/N. 

 

Fig. 2.  EEDF for He at different reduced field strengths E/N.  

 

Fig. 3.  EEDF for He-N2 mixtures at E/N= 10 Td. 
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Cryogenic He–N₂ mixture studies (around 77 K) are more 
difficult than room-temperature plasma investigations, making 
theoretical modeling more informative for understanding 
weakly ionized plasmas. At cryogenic temperatures, collision 
frequency increases due to higher gas density, and electron 
energy loss mechanisms change significantly, strongly 
affecting the EEDF. Figure 4 displays the variation of mean 
electron energy in He-N₂ mixtures as a function of the reduced 
electric field E/N, demonstrating an increase in electron mean 
energy with rising E/N. For pure N2, the current calculation is 
consistent with the experimental data [15]. The mean electron 
energy was determined for pure N2 and He, as well as for 
mixtures with 1%, 4%, 8%, 15%, and 20% N2 content. At low 
temperatures (e.g., cryogenic conditions), the decrease in mean 
energy with increasing N₂ is strong and noticeable. Figure 5 
illustrates that at a fixed value of E/N= 50 Td, the mean energy 
decreases with increasing N2 content. The observed decrease in 
the mean electron energy with increasing N₂ concentration is 
primarily due to the inelastic collision (vibrational and 
electronic excitation) of N2 molecules. The electrons 
continuously transfer energy into these modes. Increasing the 
N₂ fraction increases the probability that electrons collide with 
N₂ rather than He, which acts as a strong energy loss 
mechanism. These processes remove energy from electrons 
even at relatively low energies (vibrational excitation 
thresholds), leading to a suppression of the high-energy tail of 
the EEDF. Consequently, the overall distribution shifts toward 
lower energies, resulting in a reduced mean electron energy.  In 
monoatomic He atoms, electrons mostly lose energy through 
elastic collisions, allowing electrons to continuously gain 
energy from the applied electric field and maintaining a 
relatively high energy distribution function. This behavior is 
well described by two-term expansion solutions of the 
Boltzmann equation, where the steady-state electron energy is 
determined by a balance between the energy gain from the 
electric field and the energy losses through collisions. The N₂ 
molecules in binary He-N2 mixtures increase the collision 
frequency and inelastic energy loss rate, thereby reducing the 
electron mean energy.  

Equation (7) can be used to determine the electron 
temperature (Te) in He-N2 mixes based on the computed 
EEDFs. Figure 6 depicts the variation of Te as a function of the 
reduced electric field (E/N) for different N₂ concentrations. It is 
observed that the electron temperature decreases with 
increasing N₂ content, while the Te value for pure He has the 
highest values across the entire E/N range. This reduction is 
attributed to enhanced inelastic collisions in N₂, particularly 
vibrational excitation, which dissipate electron energy. In He–
N₂ mixtures, the difference in Te between various compositions 

becomes more noticeable around E/N ≈ 4 Td (approximately 

0.6 eV), and continues to increase at higher electric fields. The 
electron temperature remains nearly constant at low fields (E/N 

≤  10 Td), where the energy gain from the electric field is 

limited, and increases at higher fields (E/N > 10 Td) as 
electrons gain more energy. The variation of Te with E/N 
shows a nonlinear behavior for pure He, pure N₂, and their 
mixtures. This nonlinearity arises from the changing balance 
between energy gain and energy loss mechanisms, with N₂ 

playing a dominant role due to its large vibrational excitation 
cross sections. 

 

Fig. 4.  Mean electron energy for He-N2 mixtures.  

 

Fig. 5.  Relation between mean energy and N2 content at E/N=50 Td. 

 

Fig. 6.  Electron temperature for He-N2 mixtures.  

 

Fig. 7.  Electron drift velocity in pure He. 
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The credibility of the two-term Boltzmann equation 
solution is reinforced by comparing the calculated electron drift 
velocity and the reduced ionization coefficient obtained in this 
study with prior experimental and theoretical findings. Figure 7 
presents the calculated drift velocity for He, aligning well with 
experimental results [21] and theoretical predictions [22]. The 
experimental data of [23] are consistently lower than the 
current findings, with the discrepancy expanding to around 9% 
for E/N values greater than 6 Td. 

Figure 8(a) shows variations in the electron drift velocity in 
He-N₂ mixtures over a reduced electric field strength range of 
1-200 Td at 77 K. The drift velocities of 1%, 4%, 8%, 15%, 
and 20% N₂ in binary mixtures lie between those of pure He 
and N₂. The drift velocities increase with an increasing E/N but 
decrease with an increase in the mixture's N₂ content. For 
comparison with N2, the current study is in good agreement 
with the theoretical results [15] and the experimental values 
[24, 25] across the entire E/N range. Figure 8(b) illustrates the 
electron drift velocity in a 50% He-50% N₂ mixture, as 
calculated in the present paper, and compares it with the 
theoretical Monte Carlo simulation results [8] and the 

experimental data of [26] for E/N≤61 Td. The obtained results 

are lower than those inferred from the double shutter tube 
experiment, and in agreement with the Monte Carlo simulation 

for the range 1≤E/N≤61 Td. 

 

 

Fig. 8.  Electron drift velocity for He-N2 mixtures. 

Figure 9 shows how electron mobility varies with the 
reduced electric field for pure He, pure N₂, and various He-N₂ 
gas mixtures. Mobility decreases with increasing E/N up to 10 
Td, and then demonstrates a slight increase or flattening at 
higher E/N for He and its mixtures. Pure He shows higher 

mobility across the entire range than pure N₂. As N₂ 
concentration increases (from 1% to 20%), mobility decreases. 
The µN curves for the mixtures lie between those of the pure 

gases for E/N≥25 Td; across all values of E/N, pure N₂ has the 

lowest mobility. He has higher electron mobility due to lower 
electron cross-sections. Adding N2 increases inelastic collisions 
and reduces mobility. 

The reduced diffusion coefficients (ND) for pure He and 
He-N2 mixes as a function of the E/N ratio are displayed in 
Figure 10. The relationship between the reduced diffusion 
coefficient and the reduced electric field strength E/N grows 
exponentially; the curves exhibit the same behavior across all 
increases in N2 concentration. It is evident that at a fixed value 
of E/N, when the amount of N2 increases, the reduced diffusion 
coefficients rapidly drop. There are two explanations for the 
changes in ND: First, the composition affects the effective 
collision frequency values for the momentum transfer in He 
and N2 in (4). Second, the addition of the buffer gas N2 alters 
the EEDF, which is the primary cause of the most notable 
changes. 

The density-normalized reduced ionization coefficients 
(α/N) calculated using (11) in the work for He and N2 gas 
mixtures with 1%, 4%, 8%, 15%, and 20% N₂ as a function of 
the reduced electric field strength (E/N) are shown in Figure 
11. The results indicate that α/N increases with increasing E/N. 
Moreover, it can be observed that at a given value of E/N, the 
reduced ionization coefficients decrease with the increasing N2 
content in the cryogenic binary mixture. The reasons for the 
changes in α/N are: First, the effective collision frequencies for 
the momentum transfer in He and N2 are different, and are 
weighted in (3) as the composition changes. Second, the most 
significant changes arise from the modifications on the EEDF 
with the addition of N2 as a buffer gas due to higher inelastic 
cross-sections (vibration and electronic). For comparison, the 
present calculation using the Boltzmann equation is in excellent 
alignment with the experimental results for pure N2 [25]. The 
dependable experimental data of this parameter for pure He at a 
temperature of 77 K [1] are compared with those of He. It is 
observed that the experimental values are slightly higher than 
the obtained values. Finally, the electron transport coefficients 
in such gas mixtures are largely influenced by the effects of 
inelastic collisions of N₂. 

 

 

Fig. 9.  Reduced electron mobility for He-N2 mixtures. 
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Fig. 10.  Reduced diffusion coefficient for He-N2 mixtures.  

 

Fig. 11.  Reduced ionization coefficient for He-N2 mixtures. 

V. CONCLUSION 

Based on electron collision cross section sets for Helium 
(He) atoms and Nitrogen (N₂) molecules, kinetic analysis, 
electron transport properties, and gas discharge characteristics 
in cryogenic He–N₂ mixtures at a temperature of 77 K have 
been carried out using the two-term solution of the Boltzmann 
equation. The reduced electric fields (E/N) range covered was 
1-200 Td (1 Td=10-17 V·cm²), including the evaluation of key 
swarm parameters such as electron drift velocity, diffusion 
coefficients, electron temperature, mean electron energy, 
electron mobility, and ionization coefficient. In comparison, the 
present calculations for pure He and N2 agree with the values 
of prior research. The current study provides new insights into 
the behavior of electron swarm parameters in binary mixtures 
under cryogenic conditions for the first time. The results 
demonstrate that gas composition plays a significant role in 
determining electron transport behavior. Pure He exhibits high 
mean electron energy due to its limited inelastic collision cross 
sections. In contrast, the addition of N2 significantly alters 
electron transport through enhanced inelastic collisions due to 
vibrational and rotational excitation processes, which act as 
energy loss mechanisms and substantially modify the tail of the 
Electron Energy Distribution Function (EEDF) to the lower 
energy region. This leads to a reduction in mean electron 
energy, electron temperature, drift velocity, and ionization 
coefficients in cryogenic He–N₂ mixtures. The effect of N2 on 
the He-N2 mixture leads to a noticeable shift in the effective 
ionization coefficient and breakdown conditions toward higher 
reduced electric fields. The nonlinear dependence of electron 
temperature and transport coefficients on the reduced electric 

field strength (E/N) further highlights the complex interaction 
between the energy gain and collisional losses in cryogenic He-
N2 mixtures. From a physical and application perspective, these 
results are highly relevant for the design and operation of 
cryogenic systems, particularly in superconducting power 
applications, dielectric strength, electrical breakdown, 
semiconductor manufacturing, plasma processing, insulation 
systems, and cryogenic discharge devices.  

Overall, this work contributes to advancing the 
understanding of electron kinetics in cryogenic gas mixtures 
and provides a reliable theoretical benchmark for future 
experimental and computational studies of He–N₂ plasmas. 
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