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Abstract. A complete set of cross sections for helium ions in a mixture of
helium and carbon tetrafluoride is recommended. The transport properties for
He+ions in He/CF4 mixtures required to model the discharge containing the
mentioned ions were calculated by the Monte Carlo method at a temperature
of T = 300 K. In this paper we give the drift velocity, characteristic energy,
reduced mobility and specially rate coefficients for low and moderately reduced
electric fields E /N (E-electric field, N-gas density) and accounting for non-
conservative collisions. This paper is dedicated to the presentation of the set
for He+ions scattering cross-sections in CF4 which is estimated using available
experimental data for exothermic charge transfer cross-sections producing CF+

3

and CF+
2 ions and endothermic charge transfer cross-section producing CF+,

C+ and F+ions. The aim of this paper is to determine how the addition of a
percentage for He in He/CF4 mixtures affects the separation of bulk and flux
transport parameters for He+ions.
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1. Introduction

He-CF4 mixtures are used in gaseous electronic multipliers for various imaging
purposes (X-rays, charged particles, thermal neutrons and dark matter detec-
tion) (Fraga et al., 2003; Kaboth et al., 2008). After hydrogen, which makes up
about 90% of the cosmos, helium is the second most abundant element (about
9%).

We notice the importance of obtained results as atomic and molecular data
which are input parameters for modeling of various environments. Low tem-
perature can change the state of metals, gases, liquids and solids, cause dam-
age to organisms depending on length of exposure, and change the functional-
ity of mechanized processes. Electron multiplication bursts affect the produc-
tion of various ions that can affect the time distribution of detected particles
(Bošnjaković, 2016). The experimental transport coefficients required as input
data for He+ion transport models in He are existing (Viehland et al., 2017;



Transport coefficients for He+ ions ... 79

Basurto et al., 2000; Helm, 1977; Stefansson et al., 1988; Viehland & Mason,
1995). Only bulk values in CF4 of transport coefficients can be experimentally
determined (Robson, 1991). Due to significant particle losses in He+ in CF4, the
experimental transport coefficients were not measured. Although some experi-
mental points for the cross sections of He+ion scattering in CF4 were obtained
by (Fisher et al., 1990). A complete set of cross-sections for this system with
more details is given in the paper (Nikitović et al., 2017). Quantum-mechanical
calculation of a certain cross-section is a required task that requires knowledge
of the surface potential energy of ions and molecules to be constructed from the
structure of the reactants. Less intensive computational methods, such as the
Denpoh-Nanbu theory (Denpoh & Nanbu, 1998; Nikitović et al., 2014; Petrović
et al., 2007), require knowledge of thermodynamic formation data and are ap-
plicable to a range of molecules. Although thermodynamic formation data are
known in this case, such an approach is difficult to apply, since the reaction
does not take place via the excited (HeCF+

4 *) complex but via the excited
CF+

4 (CF+
4 *) states. It is also more appropriate to select the limit energies for

the reaction products from the energy thresholds of the CF+
4 state (Motohashi

et al., 2005) than from the enthalpies of formation.

Ion charge transfer reactions with molecules are important elementary pro-
cesses in modeling kinetics in all types of plasma. In many cases, it is known
that the cross section for these reactions represents the most important part of
the set of cross section. From the observation of the line spectra of excited F
atoms obtained by spectrometric measurements (Motohashi et al., 2005) in CF4,
it can be concluded that the charge transfer reaction is the dominant process in
collisions with inert gas ions. This argument seems to be enough to ignore other
possible reactions. The aim of this paper is to report on a topic important for
both basic studies and application. We estimated the set of cross sections for
He+ in He/CF4 using existing experimental data (Viehland et al., 2017; Basurto
et al., 2000; Helm, 1977; Stefansson et al., 1988; Viehland & Mason, 1995). In
the next section, we will discuss the compilation of existing data and estab-
lish one possible set of cross-sections. We will then describe the calculation of
transport parameters and finally discuss our results. The coefficients of velocity,
flux and bulk reduced mobilities, calculated from flux and bulk drift velocities
by Monte Carlo simulation are significantly different in the region of moderate
E/N.

2. Cross section sets

Our goal in this section will be to establish a set of cross sections because
only the set of cross sections contains relevant information for calculating the
transport properties of the selected ion in a given gas. In our chosen case, the
general knowledge of the total cross-section indicates that at low energies they
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Figure 1.: Cross section set for He+ + CF4.

would be affected by attractive long-range forces, while at high energies they
would be affected by repulsive forces.

For low energies, when the interaction potential is very close to the induced
dipole potential, it can be assumed that the total cross section of the moment
transfer is σmt = 1.105 σL where σL is the Langevin cross section (McDaniel
et al., 1970). The Langevin cross section was determined using the average gas
polarizability. The average polarizability of CF4 is poorly determined (Fisher
et al., 1990) and can lead to deviations in the calculated ion mobility in CF4

(Stojanović et al., 2014; Georgieva et al., 2003). As a consequence, this would
affect the prediction of plasma parameters in modeling. The value of 3.86 10-30
m3 used by Stojanović et al. (2014) who found an excellent agreement between
the experimental and the calculated reduced mobility of CF+

3 ions in CF4.

From measurements of exothermic cross sections Fisher et al. (1990) for the
production of CF+

2 and CF+
3 from He+ + CF4 it can be concluded that the scat-

tering is appropriate to describe with induced polarization potential up to 0.2
eV. Thus, assuming that charge transfer reactions are the dominant interaction,
a cross section of elastic moment transmission can be obtained by deduction of
experimental reactive cross sections (Fisher et al., 1990) from the assumed total
moment transfer.

Extrapolation of the behavior of the cross section of the transmission of
elastic moment outside the Langevin point of intersection to the cross section
of the soft sphere (Fisher et al., 1990) was done by smooth connection with
the trend 1/v3 (Krstić & Schultz, 2009; Raspopović et al., 2015) where v is the
center-velocity of mass (see Figure 1). Extrapolation is performed in the energy
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Figure 2.: Cross section set for He+ + He.

Figure 3.: Drift velocity for He+ in He/CF4 mixtures as a function of E/N.
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region where a repulsive interaction is expected to occur, which is estimated
to be above about 3 eV. Finally, all exothermic and endothermic cross-sections
of Fisher et al. (1990). Reactive cross sections were approximated by constant
values at all kinetic energies of ions above 50 eV using data for the production
ratio between the observed ions as proposed in (Parker & El-Ashhab, 1983).

Figure 4.: Longitudinal characteristic energy for He+ in He/CF4 mixtures as a
function of E/N.

It was found that different extrapolations (short dot-dashed or dashed line
in Figure 1) of unusual low energy behavior observed by cross-sectional mea-
surement led to CF+

2 formation (where exothermic reaction behavior is expected
regardless of, He+ spin state) have negligible impact on mobility. In the case
of the system, He+ on He, the Phelps sections taken from the database were
used for (Phelps, 2011). The section consists of two components: Isotropic and
Backscat is given in Figure 2.

3. Transport parameters

Transport properties needed for modeling CF4 discharges containing He+ions
are calculated by the Monte Carlo method. A code that properly takes into ac-
count thermal collisions was used (Ristivojevic & Petrović, 2012). It has passed
all relevant benchmarks Fisher et al. (1990) and was tested in our work on sev-
eral types of charged particles (Petrović et al., 2007; de Urquijo et al., 2013).
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Figure 5.: Transversal characteristic energy for He+ in He/CF4 mixtures as a
function of E/N.

Figure 6.: The bulk and flux reduced mobility for He+ in He/CF4 mixtures as
a function of E/N.
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Swarm parameters of He+ in He/CF4 mixtures for a temperature of T=300 K
are presented.

The calculated transport parameters are the mean energy, characteristic en-
ergy, drift velocity, diffusion coefficients, ionization and attachment coefficients
and chemical reaction coefficients for ions (Petrović et al., 2009). The excitation
coefficients are also measured but seldom used in modeling. Note that these
transport parameters are the only information present in the literature up to
now and there are no published experimental data for the transport coefficients
of He+ in He/CF4 mixtures. The transport parameters of He+ions swarm in
neutral gases He and CF4, as well as in mixtures were calculated: (1) 5% He +
95% CF4 (2) 30% He + 70% CF4 and (3) 70% He + 30% CF4.

Figure 7.: Rate coefficients for He+ in He/CF4 mixtures as a function of E/N:
momentum transfer.

The flux and bulk drift velocities (Robson et al., 2005; Ness & Robson, 1986;
Nikitović et al., 2018; Nikitović & Raspopović, 2021) for He+ in He/CF4 mix-
tures as a function of E/N are given in Figure 3. The drift velocities obtained by
the Monte Carlo simulation are calculated in real space (bulk) and in velocity
space (flux) values which are obtained as d < x > /dt and < v >, respectively.
At low energies, at E/N<200 Td due to intense formation of CF+

3 and CF+
2 ions

in charge transfer reactions instead of He+ions, the center of mass of the swarm
moves forward, so that the bulk velocity is greater than the flux. With further
increase E/N>200 Td when the high-energy ions from the distribution function
increasingly have non-conservative collisions in which the CF+, C+ and F+ be-
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Figure 8.: Rate coefficients for He+ in He/CF4 mixtures as a function of E/N:
production reactions.

coming He+ions disappear, shifting the center of mass of the swarm backward,
resulting in a bulk velocity less than the flux.

In Figure 4 we present the characteristic energies (diffusion coefficient nor-
malized to mobility D/K in units of eV) determined in the direction of the elec-
tric field. Figure 4) are shown that with increasing percentage of CF4 molecules
in the mixture with He there is an increase in bulk and flux values of longitu-
dinal characteristic energy, except in the case of balk values of eDL/K at CF4

concentrations higher than 95% for E/N>40 Td. Already 5% He+ions in a mix-
ture with CF4 significantly reduces the differences between balk and flux values
of longitudinal characteristic energy, and in a mixture with 30% He these differ-
ences are still noticeable. Figure 4) also includes the experimentally measured
values of eDL/K by Viehland et al. (2017) for the system He+ + He (black
symbols).

The transversal characteristic energy also increases with increasing percent-
age of He/CF4 mixtures (Figure 5). Smaller differences between balk and flux
values are in transversal compared to longitudinal characteristic energy. With
30% He in the mixture there is no difference between bulk and eDT/K flux.
In Figure 5) the experimentally measured values of eDT/K by Stefansson et al.
(1988) and Viehland & Mason (1995) for the system He+ + He (black symbols).

Reduced mobility for He+ions in CF4 as a function of E/N (E-electric field
strength, N-gas number density) compared with bulk and flux values is shown
in Figure 6. Significant peak in the bulk reduced mobility is obtained as a



86 Ž. Nikitović and Z. Raspopović

result of difference in energy dependence of elastic and exothermic cross sections
(Nikitović et al., 2019) . Let us remind the reader that the bulk drift velocity
(W = d < x > /dt) is reaction corrected flux drift velocity (w =< v >):
W = w+S, where S is the term representing a measure of the effect of reactions
on the drift velocity. Difference between bulk and flux reduced mobilities is a
consequence of energy dependent reactions. We found that the cross section
leading to formation of CF+

2 (where irrespective of the He+ spin state exothermic
behavior of reaction is expected) are negligible on mobility.

Mobility of He+ + CF4 depending on E/N has a pronounced maximum at
about 40 Td, while mobility of He+ + He does not; has a plateau at low E/N that
immediately declines as a result of pronounced backs cat interaction. At low E/N
higher values of Ko for the He+ + He system than those for He+ + CF4 are due
to less the reduced mass of the ion neutral pair. At low E/N balk values for Ko
are higher than flux values as a consequence of low-energy capture of He+ions
by CF4 molecules in an exothermic reaction in which CF+

3 ion is formed. At
large E/N flux values are higher than the balk values due to higher ion capture
at high energies than at lower ones. With increasing He concentration in the
mixture, the differences between bulk and flux values are significantly reduced.
For a mixture of 30% He + 70% CF4 these differences can be clearly seen only
in the region of about 40 Td. In Figure 6 the experimentally measured values
of Ko by Viehland et al. (2017), Basurto et al. (2000) and Helm (1977) for the
system He+ + He (black symbols).

In Figures 7 and 8 we show rate coefficients for elastic momentum transfer
and for all reactive processes as a function of E/N. The rate coefficients as final
output of our calculations is needed as input in fluid equations for description
of ion transport in He/CF4 mixtures. The rate coefficients for all reactions
presented in the cross-section sets are significantly different than one that should
be obtained with cross sections obtained from statistical theories such are those
obtained by Denpoh-Nanbu theory (Denpoh & Nanbu, 1998).

4. Conclusion

In this paper we have determined the cross section of elastic moment transport as
a function of energy for He+ scattering on CF4 that can be used in modeling He+

transport in He/CF4 mixtures. We used the data for a simple theoretical cross-
section of the transmission of the total moment and obtained the cross-section
of the transmission of the elastic moment by deduction of all experimentally
obtained cross-sections of the charge transfer. In doing so, we assumed that the
measured cross-sections of the charge transfer were collisions with the highest
probability. Thus, in this paper, we have estimated the set of cross sections
for He+ions in He/CF4 that can be used as an independent input in modeling
He+ion transport. This estimation was performed using measured cross-sections
of charge transfer.
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Since, according to our knowledge, there is no direct information in the litera-
ture on how the mobility of high recombination energy ions, such as He+ions, be-
have in He/CF4 mixtures, we calculated transport parameters using the Monte
Carlo simulation method (Nikitović et al., 2014; Nikitović et al., 2016, 2019).

In this work, we obtained and considered data on longitudinal and transver-
sal characteristic energy, bulk and flux reduced mobility and rate coefficients.
Data on swarm coefficients for positive and negative ions are required for hybrid
and fluid codes (White et al., 2014) and the current focus on liquids or liquids in
rare gas mixtures dictates the need to produce data compatible with these mod-
els. Given the current interest in liquid and / or liquid models in mixtures with
rare gases, data on swarm coefficients for positive and negative ions for hybrid
and fluid codes are needed. Atmospheric and near-atmospheric pressure glow
discharges generated in both pure helium and helium-air mixtures have been
studied using a plasma chemistry code originally developed for simulations of
electron-beam-produced air plasmas.
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