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Abstract. In this work, we present a complete cross sections set that de-
scribe the interaction between H;L ions and Hs molecules. Based on these cross
sections, we have calculated the transport properties of H2+ ions in Hy gas,
depending on the reduced electric field. Ionic charge exchange reactions with
molecules are indispensable elementary processes in the modeling of kinetics in
terrestrial, industrial and astrophysical plasma in the detection of dark matter.
A Monte Carlo simulation method is applied to accurately calculate transport
parameters in hydrodynamic regime. We discuss new data for HJ ions in Ho gas
where the mean energy the flux and bulk values of reduced mobility and other
transport coefficients, are given as a function of low and moderate reduced
electric fields.
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1. Introduction

Transport properties of species in gas plasmas are of great importance in under-
standing the nature of molecular and ionic interactions in gas mixtures (Todd
et al., 2002; Mason, 1957; Golzar et al., 2014). These properties include the
mean energy, drift velocity, diffusion coefficients, ionization and chemical reac-
tion coefficients, chemical reaction coefficients for ions and (rarely) excitation
coefficients, and they are very useful in chemical industries for the design of
many types of transport and process equipment.

Hs gas is used in gaseous electronic multipliers for various imaging purposes
(X-rays, charged particles, thermal neutrons and dark matter detection) (Fraga
et al., 2003; Kaboth et al. 2008). Hydrogen, is one of the most common elements
on Earth and in its gaseous form is a fuel for obtaining energy. Hydrogen is a
highly explosive gas and creates one of the highest flame temperatures.

We acknowledge the importance of the results obtained, which provide atomic
and molecular data regarding ion transport properties in gases, depending on
the reduced electric field, E/N (FE-electric field, N-gas density). These data as
essential input parameters for modeling various environments. Low temperature
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can change the state of metals, gases, liquids and solids, cause damage to organ-
isms depending on length of exposure, and change the functionality of mech-
anized processes. 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 in-
tensive computational methods, such as the Denpoh-Nanbu theory (Denpoh &
Nanbu, 1998; Nikitovié et al. 2014; Petrovié et al., 2007), require knowledge of
thermodynamic formation data and are applicable to a range of molecules.

Charge exchange reactions between molecular ions and the parent gas are im-
portant elementary processes in modeling kinetics in all types of plasma. In many
cases, the cross section for these reactions is known to be the most significant
part of the set. The cross-section set describes the total collision cross-section
between an ion and a gas particle. The total collision cross-section between an
ion and a gas particle is described at low energies using Langevin’s cross-section
and at higher energies using the collision of rigid spheres, as demonstrated in
paper (Nikitovié et al., 2016; Nikitovié¢ et al., 2019).

Transport parameters of H2+ ions in Hy gas, such as ion energy probability
functions, mean energy, drift velocity, reduced mobility, longitudinal and trans-
verse diffusion coefficients, and rate coefficients, are calculated using Monte
Carlo simulation. Calculated flux and bulk reduced mobilities exhibit signifi-
cant differences in the region of moderate E/N. The novelty of the work is the
first-ever detailed presentation of a set of cross-sections for the interaction of
H;r ions with an Hy molecule, as well as the results of transport coefficients of
Hj ions in an Hy gas.

2. Cross section sets

Transport properties needed for modeling Hy discharges containing HJ ions are
calculated by the Monte Carlo method. A code that properly takes into account
thermal collisions was used (Ristivojevié & Petrovié, 2012). For collisions of
H;r ions with Hy molecules, at energies below 1 eV, the total cross-section is
labeled as ’Langevin’ in Figure 1 and includes anisotropic forward scatterings,
an isotropic capture part, rotational excitations, as well as the charge exchange
reaction. The transition from Langevin’s cross-section to the collision of rigid
spheres (labeled as o HS in the figure) occurs at energies around 1 eV.

At low collision energies, below 1 eV, predominantly influenced by the in-
duced dipole interaction between ions and molecules, an exothermic proton
transfer reaction prevails. As energy increases, Hj ions cease to be effectively
captured by the induced dipole forces of Hs molecules, leading to a observed
cross-section displaying a 1/v3 trend (Krstié¢ et al., 2009), where v signifies the
center-of-mass velocity. Beyond 1 eV, the cross-section for elastic momentum
transfer corresponds to direct collisions involving rigid spheres. Initially, colli-
sions of these rigid spheres at low energies may be perceived as isotropic. How-
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Figure 1. Elastic momentum transfer cross section for collisions between Hy ions and
H> molecules as a function of collision energy.
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ever, with escalating collision energy, their isotropic nature diminishes, progres-
sively favoring forward-directed collisions. Consequently, the momentum trans-
fer cross-section for rigid spheres diminishes with increasing collision energy.
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Figure 3. Ion energy probability functions from E/N = 1 Td to E/N = 100 Td.

This decrease is indicated by the black circles in Figure 1 and labeled as
"HS (Elastic MT),” as proposed by Denpoh and Nanbu theory (Denpoh &
Nanbu, 2022), relative to the total cross section of rigid spheres o 5. The elastic
momentum transfer cross section used in the simulations presented in this study,
labeled as ’Elastic MT” in the legend of Figure 1, is a superposition of two cross
sections. The first one dominates at low energies and is caused by the induced
dipole force between Hy ions and Hy molecules, denoted as 'Elastic MT L’ in
the legend. The second cross section results from their direct collision as rigid
spheres and is labeled as "HS (Elastic MT)’ in the legend.

At low energies, the primary interaction between ions and gas particles is
the induced dipole force, which depends on the collision energy (¢) and the
polarizability («) of the gas particle. The polarizability of Hy molecules is as-
sumed to be a = 0.803 A3 (Radzig & Smirnov, 1986). This interaction gives
rise to a momentum transfer cross section for collisions, commonly referred to
as the Langevin cross section in the literature. Direct collisions between ions
and molecules, ions captured by the induced dipole force of molecules resulting
in direct collision, and collisions where ions only change direction due to the
proximity of gas molecules are encompassed by the Langevin cross section.

At low energies, the primary exothermic reaction is Hf + Hy — H; + H,
which is labeled as ”proton transfer” in Figure 1. The cross section for this
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Figure 4. Ion energy probability functions from E/N = 100 Td to E/N = 1000 Td.

reaction is taken from the study by Phelps (1990), but scaled to match that of
Denpoh and Nanbu theory (Denpoh & Nanbu, 2022) at an energy of 0.1 eV.
The cross section for charge exchange, which refers to the formation of slow HJ
as labeled in the legend of Figure 1, was obtained from the study by (Phelps,
1990; Phelps, 2009). At energies below 5 eV, the charge-transfer cross section
decreases as a result of competing with the formation of H;r

The elastic momentum transfer cross section used in the simulations pre-
sented in this study, labeled as ”Elastic MT” in the legend of Figure 1, com-
prising of two distinct components. Above 1 eV, it is represented by the "HS
(Elastic MT)” cross section, while below 1 eV, it is the sum of the "HS (Elas-
tic MT)” and the cross section denoted as ”Elastic MT L.” in the legend of
Figure 1. The elastic momentum transfer cross section at low energies (¢ < 1
eV), which originates from the induced dipole interaction (Elastic MT L.), was
obtained by subtracting the cross sections of proton transfer, charge exchange
reactions, and HS (Elastic MT) from the Langevin cross section. The cross sec-
tion for this interaction decreases with increasing collision energy, and at 1 eV,
it asymptotically approaches zero with a 1/v3 dependence.

Figure 2 presents a complete set of cross sections for ion-Hs molecule interac-
tions as a function of collision energy. The provided cross sections by (Denpoh
& Nanbu, 2022) are presented, except for those for proton transfer, H+ pro-
duction, and charge exchange, for which the cross sections were obtained from
Phelps’ work (Phelps, 1990; Phelps, 2011). The set includes elastic momentum
transfer cross section denoted as ”Elastic MT” in Figure 1. The set encompasses
rotational (HJ 4 Ha, Rot.), vibrational (H + Ha, Vib.), electronic (HJ + Ha,
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ElL ex.), and dissociative (HJ -+ 2H, Diss. ex.) excitations, in addition to Neu-
tral dissociation (Hj + 2H, Neutral dissociation) and Ionization (Hf + Hi +
e, Tonization), as well as dissociative ionization (Hy + H* + H + e, Diss. Ion-
ization) along with the other mentioned processes. The reaction products of H2+
+ Hs shown in parentheses, along with the corresponding labels on the Figure
2.

Non-elastic excitation processes are treated isotropically. In the case of ion-
ization processes, the secondary ion Hj is also tracked, which shares the incom-
ing kinetic energy with the primary ion reduced by the reaction threshold. The
partition of kinetic energy between the primary and secondary ions is deter-
mined randomly. In the case of proton transfer processes, the resulting ion H?T
is not tracked in the simulations, nor is the H* ion in the case of Ht production.
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Figure 5. Mean energy of HJ ions a function of E/N.

3. Results and discussion

During the relaxation of Hj ions in Hy molecules, an energy balance is estab-
lished between the ion energy gains from the electric field and collisional energy
losses. This leads to the appearance of ion energy probability functions (IEPF),
as shown in Figure 3 for E/N values between 1 and 100 Td, and in Figure 4 for
E/N values between 100 and 1000 Td.

The proton transfer reaction, responsible for the disappearance of Hj ions
from the swarm, is highly intense and even occurs at subthermal energies. As a
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Figure 6. Bulk and flux drift velocity for Hi in Hs a function of E/N at 300 K.

result, the slow ion population is lacking in the 1-10 Td range, as observed in
Figure 3. With increasing electric field intensity, more intense charge exchange
reactions take place, leading to the production of slow H;r ions and an increase
in the probability of H2+ ions being at low energies, as depicted in Figures 3 and
4.

Overall, the ion energy probability function for the Hy and Hy system sig-
nificantly deviates from the thermal Maxwell-Boltzmann distribution of ions by
energy, for all electric field values.

After reaching steady-state values, the swarm parameters are plotted in Fig-
ures 5 to 9 as a function of reduced electric field. Proton transfer reactions
deplete the swarm of low-energy HJ ions, resulting in a mean ion energy of 0.37
eV at E/N = 1 Td, which is significantly higher than the thermal energy of Hy
molecules at T =300 K. The rise in mean energy is strongly resisted by charge
exchange, rotational and vibrational excitation as the electric field increases.
With increasing energy, the rate of charge exchange reactions decreases, allow-
ing the mean energy to rise more quickly after E/N > 200 Td. Figure 5 displays
not only the mean kinetic energy of ions at a reference temperature of 300 K
but also includes data for the mean kinetic energy of ions at gas temperatures of
2.71 K and 600 K. The impact of gas temperatures on the mean kinetic energy
of ions becomes noticeable for reduced field strengths below 20 Td.

Figure 6 depicts the drift velocities (Robson et al., 2005; Ness & Robson,
1986; Nikitovié¢ et al., 2018; Nikitovi¢ & Raspopovié, 2021) obtained by simula-
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tions using the Monte Carlo method in both real space (bulk) and velocity space
(flux). Bulk values are computed as the center of mass displacement over time,
Azem/At, while flux values correspond to the mean velocity of ions, < v >.
Non-conservative processes are responsible for separating the bulk and flux val-
ues from the transport parameters. The reason for the significantly higher bulk
drift velocity values compared to flux drift velocity values in Figure 6 is the de-
crease in the cross-section for proton transfer interactions with increasing energy.
This leads to a greater depletion of H;r ions from the swarm with energies lower
than the mean energy value compared to those with higher energies. While the
flux drift velocity increases, the slight decrease in bulk drift velocity observed
as E/N increases from 1 to 10 Td indicates a reduction in the center of mass
displacement over time as the electric field intensity increases. This reduction is
due to the interplay between proton transfer reactions, in which slow H; ions
predominantly disappear, and an increase in slow H;r ions resulting from charge
exchange reactions.

As a result, at reduced electric fields where ion energies reach the threshold
for reaction and H* production, the disappearance of high-energy ions from
the swarm begins. This results in decreasing differences between bulk and flux
drift velocities with increasing F/N. When transitioning from Langevin’s cross-
section to the collision of rigid spheres, a significant decrease in the elastic
momentum transfer cross-section is commonly observed, leading to the appear-
ance of a maximum in the reduced mobility as a function of E/N (Nikitovi¢ et
al., 2016). In the case of the observed Hj and Ha system, although the elastic
momentum transfer cross-section shows a sharp drop as the energy approaches
1 eV (Figures 1 and 2), it is small and overshadowed by the much more in-
tense proton transfer process. Therefore, in this system, there is no maximum
observed in either bulk or flux reduced mobility (Figure 7), and these values
monotonically decrease with increasing electric field. The bulk reduced mobil-
ity value is higher than the flux reduced mobility value, just as the bulk drift
velocity is higher than the flux drift velocity.

In Figure 8, the bulk and flux values of longitudinal and transverse diffusion
coefficients, multiplied by the gas concentration, are shown as a function of
E/N. The bulk diffusion coefficient values are calculated as

DE = 0.5A((22) — (2)?)/At,

DE = 0.25(Ax?) /At + ()] At),

while the flux diffusion coefficient values are calculated as

Dp = (v22) — (v:)(2),

DE = 0.5((v,) + (v,9)).

For E/N < 100 Td, the significantly lower Dy than Dr indicates highly
anisotropic diffusion of the swarm, which spreads four times slower in the direc-
tion of the field, deforming the swarm'’s spherical shape into a highly ellipsoidal
shape.

The reduction of diffusion coefficients with increasing E/N is attributed to
the rising number of charge exchange reactions with energy that produce slow
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Hj ions. Consequently, as the electric field intensifies, the population of slow
Hj ions also increase (as depicted in Figures 2 and 3), significantly impeding
longitudinal diffusion. While there are minor differences between the bulk and
flux values of diffusion coefficients, as evident in Figure 8, except for transverse
diffusion at low fields, where the bulk values surpass the flux values.

From Figure 9, it is evident that the rate coefficients for rotational and vi-
brational excitations (denoted in the figure as RE1, RE2, Vibl, Vib2, and Vib3)
exhibit an upward trend as the electric field strength increases. This trend is
attributed to the increased overlap between the Ion energy probability functions
(depicted in Figure 3 and Figure 4) and the respective collision frequencies for
excitations, which depend on the energy level.
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Figure 9. Rate coefficients for H in H» a function of E/N at 300 K. The lines repre-
senting the rate coefficients correspond to the lines for the corresponding cross-sections
shown in Figure 2.

4. Conclusion

In this paper we have determined the cross section of elastic moment transport
as a function of energy for HJ scattering on Hy that can be used in modeling
HJ transport in Hy gas. 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 exchange. In doing so, we assumed that the measured
cross-sections of the charge exchange were collisions with the highest probability.
Thus, in this paper, we have estimated the set of cross sections for HJ ions in Hy
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that can be used as an independent input in modeling HJ ion transport. This
estimation was performed using measured cross-sections of charge exchange.

Since, according to our knowledge, there is no direct information in the
literature on how the mobility of high recombination energy ions, such as H;r
ions, behave in Hy gas, we calculated transport parameters using the Monte
Carlo simulation method (Nikitovié et al., 2014; Nikitovié et al., 2019).

In this work, we obtained and considered data on mean energy, drift velocity,
longitudinal and transversal diffusion coefficients, 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; Marjanovié¢ et al.,
2016) and the current focus on liquids or liquids in rare gas mixtures dictates the
need to produce data compatible with these models. Given the current interest
in liquid and / or liquid models in mixtures with rare gases, data on swarm
coeflicients for positive and negative ions for hybrid and fluid codes are needed.
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