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1 Centre for Non-Equilibrium Processes, Institute of Physics, University of Belgrade, POB 68, 11080 Belgrade,
Serbia

2 Faculty of Mechanical Engineering, University of Belgrade, Kraljice Marije 16, 11000 Belgrade, Serbia
3 Serbian Academy of Sciences and Arts, Knez Mihailova 35, 11000 Belgrade, Serbia

Received 30 April 2017 / Received in final form 14 August 2017
Published online 14 November 2017 – c© EDP Sciences, Società Italiana di Fisica, Springer-Verlag 2017

Abstract. Scattering cross sections for positive H+
3 ions in water vapour were calculated by a simple but

quite general theory and then assessed by using the available data. Transport coefficients for H+
3 ions in

water vapour in DC fields were calculated by using a Monte Carlo simulation from low to moderate reduced
electric fields E/N (E is electric field and N is gas number density) where the non-conservative collisions
are also taken into account.

1 Introduction

Plasmas are already deeply incorporated into our every-
day life either directly or indirectly within production
technologies that are superior to other production
methods. Plasma technologies offer treatment of vari-
ous substances [1–3]. Control of reactive ion plasmas
is necessary in applications related to semiconductor
modifications. A cornerstone in modelling of such plas-
mas is precise information on the transport of ions, as
the reactive ions flux and energy control the surface
processes. In plasmas in collision-dominated regimes,
if the negative ions dominate over the electrons, the
plasmas become electronegative with properties distinctly
different from the electropositive plasmas, especially in
the sheath regions. In modelling and analyzing of the
plasma chemistry, the cross-sections are needed (rather
than interaction potentials) for all relevant species and
not only concerning the momentum transfer.

In order to control increasingly complex plasmas large
databases for positive and negative ion transport prop-
erties are required [4,5]. Databases should be constantly
updated with new and improved data [6]. Apart from a
wide range of data produced up to now in the field of ion-
molecule collisions, there are still major gaps in cases of
very reactive gases such as BF3 that are not convenient to
study experimentally. There are also very complex envi-
ronments such as water vapor where very sophisticated
methods are needed in order to obtain some information.
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Sets that include cross sections for reactive processes are
needed to calculate the chemical kinetics of all the species
when some of the species may have low density but also
have a narrow range of processes controlling their popu-
lation. To remedy lack of data simpler theories have been
used and in this paper we exploited so-called Denpoh and
Nanbu (DN) model [7], together with other techniques to
make reasonable estimates of the ion scattering cross sec-
tions. In addition to cross sections, reaction rates [8] and
other transport data may be used directly in fluid and
hybrid codes and in process of normalization of cross sec-
tions. An important aspect of plasma models is that a
complete set of cross sections should be used. Otherwise,
even if one had all perfect cross sections albeit with an
incomplete set, the results would be unrealistic.

In this paper Monte Carlo technique was applied to
perform calculations of transport parameters, as well as
of rate coefficients in DC electric fields. We have used a
Monte Carlo code that properly calculates collision prob-
abilities for thermal collisions [9]. The code has passed all
the relevant benchmarks [9] and has been tested in our
work on several types of charged particles [10,11]. The
choice of three seemingly different molecules with differ-
ent improvements is intended as a review of the approach
in supplementing the existing data with simple theories
and basic calculations.

2 Cross sections

Ion-molecule reactions play a basic role in the field of gas
phase reaction kinetics. They are readily studied over a
wide range of collision energies and the ionic reactants
in a number of cases can be prepared in defined excited

https://epjd.epj.org/
https://doi.org/10.1140/epjd/e2017-80295-2
mailto:stoyanov@ipb.ac.rs


Page 2 of 6 Eur. Phys. J. D (2017) 71: 283

states (see for example Ref. [12]). There is a very detailed
knowledge of the ion molecule reactions in general in the
literature. Nevertheless, concerning the cross sections that
are necessary for modelling plasma processing there is a
shortage of data even for the most pertinent processes and
therefore a considerable effort in extending the existing
databases is required.

At low collision energies (thermal to few electron volts)
activated complex formation usually dominates the out-
come of the collisions. For pressures in low temperature
plasmas, related to technological applications, ranging up
to atmospheric pressure average flight time between col-
lisions is more than 4 orders of magnitudes larger than
the average lifetime of activated complex [13,14]. Hav-
ing that in mind the reaction can be safely assumed
as infinitesimally short both in space and time. Since a
large proportion of near-thermal ion-molecule reactions
proceed without significant barriers, statistical theories
of unimolecular decay have been successful in reproduc-
ing low-energy ion-molecule reaction rates, as well as the
product state distributions [15].

Rice-Ramsperger-Kassel (RRK) theory of unimolecu-
lar reactions has proven to be not only a cornerstone
for more precise theories that include quantum effects
such as RRKM [16,17] but is also a sufficiently reli-
able method to be used to explain measurements of the
rate constants (subject to selecting the required empirical
parameters [18]).

Denpoh and Nanbu [7] obtained reactive cross sections
for ions in collision with molecular gas by assuming their
behavior close to target is affected only by the induced
polarisation potential. For ions in low pressure Ar/CF4

RF discharges they included all possible reactions with
CF4 molecule and calculated thermodynamic thresholds
in the energy region about 10 times wider than the
expected validity of the induced polarisation poten-
tial. They separated elastic from reactive endothermic
collisions and determined branching ratio according to
RRK theory which is used to calculate the scattering
probability for each reaction. In their approach each
reaction cross section is proportional to the scattering
probability normalized to appropriate total cross section
[7]. Assuming that each binary collision produces reaction
with the activated complex formation, as a total cross
section for reactions they used orbiting cross section
[19] multiplied by cut-off value of normalized impact
parameter β2

∞ [7,20]. In terms of classical trajectory
analysis [19] this means that reactions proceed within
scaled orbiting distance b0β∞, where the internal energy
of the complex in RRK analysis is equal to the initial
kinetic energy of the particles in the center of mass
system. In their approach usage of normalized impact
parameter allows one to calculate angles of scattering and
subsequently velocities of particles after the scattering.

In this work we exploit DN model to calculate the com-
plete cross section set for scattering of H+

3 ions on H2O
molecules. Our basic assumption is that all trajectories
appearing within orbiting distance may lead to reactions
[19] while trajectories not entering the orbiting distance
are leading to anisotropic elastic scattering.

We have used Monte Carlo simulations (MCS) to cal-
culate transport parameters [8]. In order to calculate the
total collision frequency in MCS we have employed the
total momentum transfer cross section [21].

The basis of standard RRK theory is that critical
motion leading to the chemical reaction of a molecule is
vibrational. It is assumed that molecule is a collection of
s classical oscillators where one of these oscillators is crit-
ical to the reactions. It is necessary to adjust number of
vibrational modes by using a factor 1/n where the choice
of n at the first instance apparently involves some degree
of intuition. It is found empirically that the best agree-
ment with experimental measurements of rate constants,
for the widest range of cases is achieved for n equal to
about 2 [22–24].

Number of endothermic processes that are included in
DN model becomes important if possibly missing pro-
cesses have threshold in the range of validity of the
polarization interaction. Since consistent tables of thermo-
chemical data are readily available [25] for large number
of reactions it is possible to calculate the thermodynamic
thresholds. On the other hand, we may choose to neglect
processes with higher thresholds especially if ions seldom
reach such energies.

Large dipole moments of gas particles significantly
affect the ion-molecule interaction and increase reaction
cross section. Stojanović et al. [26] used DN model for
scattering O− ions in water vapor. They calculated cross
sections by using the locked dipole approximation [20].
Obtained cross section set was than corrected to fit the
reduced mobility calculated by the SACM (Statistical
Adiabatic Channel Model) approximation [27]. Those cal-
culations proved to be in good agreement with the existing
experimental measurements. In general DN model may
be used on its own as a source of data especially when
results from experiments and/or binary collision theories
of a higher order are not available. We choose to combine
the model with the swarm procedure to test the cross sec-
tion sets. There we employ as many experimental data
as available to improve the accuracy of results for cross
sections and consequently for transport coefficients.

In this work we present the cross section set for
H+

3 + H2O calculated by the same method. For presented
cross section set we have selected 24 endothermic reac-
tion paths and one exothermic reaction. In calculations,
we have assumed that effective number of vibrational
modes is 6. Ratio between total momentum cross sec-
tion and orbiting cross section is used as for the case
where dipole moment of the target is neglected. Finally,
exothermic reaction cross section is obtained by scaling
reduced orbiting cross section according to experimen-
tally obtained rate coefficient for the exothermic reaction.
H+

3 is in-avoidable molecule in studies of low pressure and
astrophysical plasmas. It is known that H+

3 is produced in
astrophysical plasmas, in exothermic reactions of H+

2 with
H2 [28]. Note (see Tab. 1) that the same internal energy
if transferred to H+

3 in collisions with water only increases
exothermicity and cannot produce other particles than
again H3O+ (process 2).
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Table 1. H+
3 –H2O reaction paths products and the

corresponding thermodynamic threshold energies ∆.

No Reaction products ∆ (eV)

1(EL) H+
3 + H2O 0

1(EXO) H3O
+ +H2 (EXO) 2.8097

2 H3O+ + 2H −1.6676
3 H2O+ + H + H2 −3.3465
4 H2O+ + 3H −7.8238
5 H+

3 + H2 + O −5.0587
6 H+

3 + 2H + O −9.5359
7 H+

3 + OH + H −5.1126
8 H+

2 + H2O+H −6.1904
9 H+

2 + H + H2 + O −11.249
10 H+

2 + 3H + O −15.726
11 H+

2 + 2H + OH −11.303
12 H+

2 + H2 + OH −6.8257
13 H+ + H2O + H2 −4.3632
14 H+ + H2O + 2H −8.8405
15 H+ + H2 + O + 2H −13.899
16 H+ + H2O + 2H −9.4219
17 H+ + 4H + O −18.376
18 H+ + OH + H2 + H −9.4758
19 H+ + OH + 3H −13.953
20 O+ + 2H2 + H −9.4416
21 O+ + 3H + H2 −13.919
22 O+ + 5H −18.396
23 OH+ + 2H2 −4.4006
24 OH+ + 2H + H2 −8.8778
25 OH+ + 4H −13.355

3 Calculation of transport parameters

H+
3 is not an important molecular ion in water vapor

discharges but is contributing to production of H3O+

molecule which has been shown to be the most abun-
dant in water vapor discharges and also in other discharges
where water can be present either as a part of the mix-
ture or as impurity. Since experimental rate coefficient
for H3O+ production exist at thermal energies, we have
used these data to normalize the reduced orbiting cross
section [19] and thus improve uniqueness of the obtained
cross section set. Product distributions for those reactants
are found not dependent on amount of vibrational excita-
tion of H+

3 [29] thus only endothermic reactions may have
slightly shifted thresholds towards low energy while num-
ber of reactive channels will remain the same as with H+

3
in ground state.

Cross sections were calculated by applying DN model
for scattering of H+

3 on H2O with the same data for polar-
izability and dipole moment of H2O as used by Clary
[30] and selected heats of formation from reference [25].
In Table 1 we show reaction paths products and the
corresponding thermodynamic threshold energies.

Cross section set that includes differentiation of elastic
and exothermic process (EXO) is shown in Figure 1. While
most inelastic channels occur at high energies beyond
the standard energies for gas discharges, there are some
processes taking place with thresholds in the vicinity of
2–4 eV that may become relevant for most discharges.
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Fig. 1. Cross section set for H+
3 + H2O scattering: (a)

without the non-conservative effect of the exothermic colli-
sions, (b) with the non-conservative effect of the exothermic
collisions. Only endothermic processes with thermodynamic
thresholds lower than 6 eV are included in this figure but we
have cross sections for all processes from Table 1.

Exothermic processes are often disregarded in their non-
conservative nature, and simply added to the total elastic
cross section. In any case, all channels will be accessible
in the sheath of the discharge.

Regarding elastic and exothermic processes one can dif-
ferentiate between two situations. In the first case one
can add 1(El) and 1(EXO) processes (Fig. 1a) and treat
the process as elastic. Thereby one neglects the number-
changing nature of the exothermic process. If exothermic
reaction with products H3O+ + H2 is included as a non-
conservative loss (Fig. 1b) then it may affect the calculated
transport data greatly. We have normalized the exother-
mic cross section to the thermal rate at T = 297 K [31]
and thus also scaled the total momentum transfer cross
section [32].

The cross section for exothermic collisions σexo is
introduced by

σexo = β · σO (1)

where σO is the orbiting cross section and β is the scaling
factor. Scaling factor can be determined if the thermal rate
constant for exothermic process is available. For the case
of H+

3 + H2O, rate coefficient at T = 297 K for exother-
mic reaction with products H3O+ + H2 is measured by
Betowski et al. [31] and it gives β = 0.4498 [1]. Note that
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Fig. 2. Rate coefficients for reactions of H+
3 ions with H2O

at T = 300 K, calculated by Monte Carlo simulations. The
results were obtained without the non-conservative effect of
the exothermic reaction.

our cross section for exothermic collisions has the same
energy dependence as the reduced orbiting cross section
obtained for the case of potential with dipole and induced
polarization term.

The obtained cross section set was corrected to fit the
reduced mobility calculated by SACM approximation [29],
i.e. the zero field mobility of Ko = 1.7795 cm2 V−1 s−1

at T = 300 K. We calculated rate coefficients (see Fig. 2)
for reactions shown in Table 1 by using MCS. Under the
same circumstances, we have obtained the mean energy
and compared it with the predictions based on Wannier
relations [32] using the cross sections from the MCS. Those
results are shown in Figure 3. The difference between
the bulk and flux drift velocities is a consequence of the
energy-dependent endothermic reactions [33,34]. Strong
dipole forces cause discrepancy of collisional frequency
from constant value characteristic for transport of ions in
the induced polarization potential [35]. In principle we are
here testing the Wannier relations, but more importantly
we are using in the relation the two varieties of the drift
velocities (flux and bulk). The idea is to see which provides
a better estimate of the mean energy, as non-conservative
processes were not included explicitly in the development
of these relations. Since non-conservative effect of the
exothermic relation is huge, we chose to make this com-
parison by using only the endothermic non-conservative
processes such as ionization. We can see that the predic-
tions of Wannier relations using the flux drift velocity are
in a much closer agreement with the mean energy obtained
in the same simulation.

4 Transport under the influence of a strong
non-conservative exothermic process

Exothermic collisions cause differences between flux and
bulk drift velocities at low E/N while endothermic reac-
tive collisions affect the swarm at high E/N. The former,
however affects the transport on a much larger scale due to
a larger cross section and also as it occurs in the energy
region of the bulk of most gas discharges. On the other
hand, if collision frequency of exothermic collisions is con-
stant that results in equality of the bulk and flux reduced
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Fig. 3. Mean energy obtained from simulations and also from
Wannier relations [32]. Two different drift velocities (bulk and
flux see [34]) were used for Wannier relations.

mobilities since the ions from the front and the tail are
removed with an equal rate [34].

In order to indicate the importance of including the
nature of all processes we have compared calculations
of transport coefficients with and without the non-
conservative effect of exothermic process or in other words
when losses of transported ions are taken into account
or when (as is usually the case in simpler models) those
processes are included by their number in the total
cross section. As for the isotropic scattering elastic and
momentum transfer cross sections are the same this pro-
cess is then effectively added to the elastic process. The
calculated transport coefficients are shown in Figure 4.

At low mean energies due to energy dependence of
the collision rates one has “heating” of the swarm due
to preferential removal of the low energy particles. This
results in a greater bulk drift velocity. When reduced elec-
tric field further increases, energy distribution of the ions
becomes wider and number of slow ions that are removed
by exothermic reactions reduces, so the bulk drift velocity
approaches flux drift velocity. Bulk drift velocity becomes
lower than flux drift velocity when endothermic collisions
begin to dominate. Reactive collision frequency due to the
endothermic collisions increases with respect to constant
collision frequency and one has swarm “cooling” due to a
preferential loss at higher energies.

In our case, bulk drift velocity appears as slowly vary-
ing function of E/N up to about 300 Td. At that point it
becomes equal to the flux velocity and later on it becomes
smaller. Behaviour of the diffusion coefficients is quite dif-
ferent due to tremendous effect of cooling and heating of
the distribution function on the diffusion.

5 Conclusion

In this work we present details of how Denpoh-Nanbu
model is used to calculate cross sections for reactive scat-
tering of H+

3 ions with H2O target for energies in the range

https://epjd.epj.org/
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Fig. 4. Transport parameters as a function of E/N for H+
3 in

H2O, exothermic losses not included: (a) drift velocity, (b) dif-
fusion coefficients; exothermic losses included, (c) drift velocity,
and (d) diffusion coefficients.

from 0.01 eV to 200 eV. The role of these ions in water
vapour containing discharges is essential especially in the
chain of reactions leading to formation of the dominant
H3O+ ions.

Cross section set and transport parameters presented
in this work were not available up to now. Accuracy of
exothermic cross section is ±25% that comes from accu-
racy of the experimental rate constant and having in
mind successful description of exothermic reactions by
capture theories. Langevin Hasse model provides a good
low energy total cross section that may be successfully
extrapolated to higher energies. Having in mind the uncer-
tainty of the polarizabilities available in the literature and
the tests made for other ions by the same technique the
total cross section at lower energies is uncertain to ±20%.
Although accuracy of the particular endothermic cross
sections may vary significantly, approximate accuracy of
data is about ±50% with an uncertainty of the total effect
of endothermic inelastic processes being established more
accurately.

The Monte Carlo technique was applied to carry out cal-
culations of transport parameters as a function of reduced
electric field. Due to the lack of experimental transport
data, such calculations for H+

3 ions in H2O are the best
data that are available. The information on all the reac-
tants is an important part of the kinetic models for
discharges in mixtures with water vapour, in the inter-
face between liquid water and air and in the discharges in
liquids [36–43].
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