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Abstract. The ions interaction data such as interaction potential parameters, elastic and inelastic collision
cross sections and the transport coeflicients (reduced mobility and diffusion coefficients) have been deter-
mined and analyzed in the case of the main negative oxygen ions (O™, O2~, O3~ and O4 ) present in
low temperature plasma at atmospheric pressure when colliding Oz, N2 and dry air. The ion transport has
been determined from an optimized Monte Carlo simulation using calculated elastic and experimentally
fitted inelastic collision cross sections. The elastic momentum transfer collision cross sections have been
calculated from a semi-classical JWKB approximation based on a (n — 4) rigid core interaction potential
model. The cross sections sets involving elastic and inelastic processes were then validated using measured
reduced mobility data and also diffusion coefficient whenever available in the literature. From the sets of
elastic and inelastic collision cross sections thus obtained for the first time for O3~ /O2, O2™ /N2, O3~ /Ng,
and 04~ /N2 systems, the ion transport coefficients were calculated in pure gases and dry air over a wide

range of the density reduced electric field E/N.

1 Introduction

In the case of low temperature plasmas generated in air
at atmospheric pressure under corona or dielectric barrier
electrode configuration, it is known that charged parti-
cles play an important role in the discharge dynamics
and the associated chemical reaction kinetics. The better
knowledge of spatio-temporal evolution of charged parti-
cles and neutral reactive oxygen and nitrogen species is
very useful in many applications (in for instance plasma
medicine see e.g. [1] or plasma pollution control of air see
e.g. [2]). To obtain such plasma characteristics, in addition
to the various diagnostic techniques, we particularly need
the development of complex models of streamer dynam-
ics coupled to plasma chemistry models [2]. As underlined
elsewhere [3] such models require an a priori knowledge of
many input basic data more particularly those involving
the electron impacts with air molecules which are gener-
ally known enough and also those corresponding to the
ion interactions. In the case of the ion transport in dry
air, previous works (see e.g. [4]) have already given the
basic data of several positive ions in air plasmas but there
are in the literature only a few collision and transport
data of negative oxygen ions in Os, No, and dry air plas-
mas. The present paper is devoted to the collection and
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the determination of basic data (collision cross sections
and transport coefficients) of several negative ions gener-
ated in dry air plasma either by dissociation of molecular
oxygen or water vapor present in air as atomic ion O~
or by three body attachment as diatomic ion Os7, or
the polyatomic ions O3~ and O4~ present in ambient air
discharges mainly at high pressure. Indeed, if the mono-
atomic O~ ion is generally the most abundant negative
ion in low pressure air plasmas, the molecular polyatomic
ions (027, O3~ and O47) become the dominant negative
ions in atmospheric pressure non-equilibrium discharges.
These polyatomic ions have a non-negligible contribution
in the space charge development and also in the ion chem-
istry as it can been seen in some works on modelling of the
chemical kinetics in for instance plasma jets propagating
in ambient air (see e.g. [5,6]). Furthermore, it would be
important to note that the need for such data has been
stressed very clearly in some review roadmaps (see for
instance [7]). In addition data presented here would be
invaluable in data bases such as QDB [8]. Noting that
the reader can find some useful information about nega-
tive ions and also positive ions reactions with molecules
in the Franklin textbook [9] while there are interesting
information on the methodology of the determination of
cross sections and transport properties of some negative
ions [10] or positive ions [11,12] in atomic or molecular
gases.
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Table 1. Energy of potential well €,,, position of potential
minimum 7,,,, and exponent n of the interaction potentials
for the systems O~, O2~, O3~ and O4~ ions in Os and
Ny respectively.

em (meV) 7, (A) n
07 /02 180.96 2.637 6
027/02 345.54 1.987 12
037 /02 84.880 3.311 6
047 /02  34.470 4.843 6
O~ /Ng 193.89 2.525 6
027 /N2 140.46 2.963 6
O3~ /N2  81.860 3.513 6
047 /N2 56.010 4.574 6

The calculation method of elastic momentum trans-
fer cross section based on a JWKB approximation using
a rigid core interaction potential model is described in
Section 2 with the elastic momentum collision cross sec-
tion giving the best fit with the measured ions transport
coefficients. The latter have been obtained from an opti-
mized Monte Carlo method [13]. The other ion data
(inelastic collisions and transport coeflicients) for the con-
sidered oxygen negative ions (O~, 027, O3~ and O4 ™) are
given in Section 3 for interactions with O2, Section 4 for
interactions with Ny and Section 5 for interactions with
air.

2 Method of calculation and elastic collision
cross sections

The ion transport and reaction coefficients are calculated
from an optimized Monte Carlo method well adapted
to both symmetric and asymmetric ion/gas system [13].
This needs as input data both elastic and inelastic colli-
sion cross sections. The elastic momentum transfer cross
section has been calculated using a semi-classical formal-
ism based on the JWKB approximation for the phase
shift using a rigid core potential model describing the
ion/molecule interaction [14]:

v NEmM 12 (7 —a\" 3 Tm — @ 4 1
) 3n —12 n<r—a> (r—a) » (1)
where r is the intermolecular distance, €,, is the mini-
mum energy of the potential, r,, is the position of the
minimum, n is the power of the repulsive part of the
potential and a is the shift between the mass and the
charge centers. Following previous works (see e.g. [15-18]),
exponent n is equal either n = 12 in the case of sym-
metric system (ion colliding parent gas) or n = 6 in the
case of asymmetric system (ion colliding non parent gas).
From the potential parameters neutral-neutral systems
(see e.g. [19-21]), the potential parameters of equation (1)
are given in Table 1 for the collision systems O~ /Oa,
027 /032, 037 /02, O47 /02, O~ /N3, Oz~ /Na, O3~ /Ny,
and O4~ /N3 while their associated interaction potentials
are plotted in Figure 1. It is noteworthy that for the
present asymmetric systems (O~ /O3, O37 /02, 04~ /Oa,
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Fig. 1. Interaction potentials for O™, O27, O3~ and O4~
negative ions in (a) O2 and (b) Na.

O~ /Ny, O3~ /N3, O3~ /Ny, and O4~ /N3), and symmetric
systems (O2~/O3), the best fit of the potential parame-
ters has obtained from comparison with the measured ion
transport parameters. Figure 1 shows the three classical
regions in the potential variation. The first one is relative
to the short internuclear distance range corresponding to
the high energy region where there the interaction poten-
tial is dominated by nuclear repulsion. This is followed
by an intermediate energy region where the electrostatic
forces of both the nuclear repulsion and the attraction
forces between the ion and the dipole moment induced
on the neutral are present. The third region is the lower
energy range, corresponding to long internuclear distance
where attraction forces are predominant.

In the framework of the JWKB approximation, the
phase shift d; depends on the impact parameter b and


https://epjd.epj.org/

Eur. Phys. J. D (2018) 72: 27

10% £

O, gas E

102

Collision cross section (10'16 cm2)

10" | i
0,(0)
0,(07) )
0(037) —
100 MR T TTT] B R A R T 1T B R A T TTT B R WA ETTT B AR
108 102 10 100 10 102
Relative energy (eV)

Fig. 2. Elastic momentum transfer collision cross sections Q.
as a function of the relative ion energy for O~ /O2, Oz~ /O2,
037 /02, and O4~ /O2 collisional systems.

interaction potential V(r) as follows [14]:

) 2 1/2
5lms(b):k/ (1b2v(’”)) dr

T Er

o] b2 1/2
o (A

with b = (I + 1/2)/k, where [ is the angular momen-
tum quantum number, b the impact parameter and & the
wave number of the relative motion proportional to the
ion/molecule relative energy e,. The elastic momentum
transfers cross section @, (¢,) is then calculated from:

oo

Qm(er) = % D (1 +1)sin® (G141 = 6). (3)

=0

Figures 2 and 3 display an overview on the elastic
momentum transfer cross sections @,, determined from
the previously described procedure in the case of the
chosen O7, 037, O3~ and O4~ ions in O and N». Elas-
tic momentum transfers cross section data for O3~ /Oa,
027 /N3, 037 /Ng, and O4~ /Ny systems are not previ-
ously available and given in the present work for the first
time in the literature.

The different energy cross section shapes can be directly
related to the long-range potential in the low energy region
and to short-range potential in the low energy region and
to the short-range potential in the high energy region. In
the intermediate energy range, corresponding more par-
ticularly to the mean ion energy range corresponding to
streamer, corona, and dielectric barrier gas discharges, the
collision cross sections which have specific shape depend
both on the attractive and the repulsive branches of our
considered potential (see relation (1)). More generally, a
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Fig. 3. Elastic momentum transfer collision cross sections Q.
as a function of the relative ion energy for O~ /Ng, Oz~ /Ng,
037 /N2, and O4~ /N2 collisional systems.

potential branch varying as r~" leads to a momentum

transfer cross section @Q,, varying as Q,, (&, )ae, /™ This
means that in the low energy range where polarization
(i.e. n =4) is dominant we have Qm(sr)asﬁlm, which is
coherent with Langevin theory. This also means that in
the high energy range where the repulsive branch is dom-

inant, we have Q, (&, )ae, /6 for the symmetric systems

(i.e. O27/0O2) and Qm(sr)ozar_l/3 for the other considered
asymmetric systems (i.e. O, O37, O4~ in O3 and O,
027,037,04 in NQ).

The ions O~, O27, O3, and O4~ in Oy and N5 can
undergo elastic and also inelastic collisions in the energy
range up to about 100eV needed for modelling of low
temperature pressure discharges in air discharges. Elas-
tic collisions @,, are calculated from interaction potential
as previously described while inelastic collisions in the
present ion/molecule systems can be the ion conversions
and negative ion electron detachment. Therefore, for each
considered ion/molecule system, the chosen set of colli-
sion cross sections must necessarily involve both elastic
and inelastic ion/molecule collisions in order to be repre-
sentative of the transport and reactivity of the ion in a
gas or a gas mixture such air under a given applied elec-
tric field. This is why in the following; we first give the
different ion/gas processes occurring for each considered
system. The associated inelastic collision cross sections are
taken from literature compilation. The chosen set of col-
lision cross sections is then fitted and validated using a
classical swarm unfolding technique. This means that the
chosen collision cross sections are used in an optimized
placeMonte Carlo method for ion swarm data calculations.
This allows the validation step from a comparison between
the calculated swarm data and the available measured one
until the best agreement is obtained. In the following, for
each ion/gas system, we give the ion/molecule reactions
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Fig. 4. (a) Ions mobility, (b) longitudinal diffusion coeffi-
cient calculated as a function of E/N for O~ /02, O27 /02,
037 /02, and O4~ /O3 systems using previous sets of collision
cross sections.

and the associated inelastic collision cross sections. We
also give ion swarm parameters when available in the lit-
erature. The fitted collision cross sections of the different
ion/gas systems are given from 1073 up to 100eV in Oy,
N5, and dry air. Then, the calculated swarm parameters
are given for a reduced field E/N varying from 1 up to
1000 Td using our Monte Carlo method [13].

3 Transport coefficients of negative oxygen
ions in oxygen

The inelastic cross sections of O™, O™, and O4~ ions
in Oy used in this work are given in literature by
Benhenni et al. [22], Yousfi et al. [13], Hennad [23],
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Petrovié et al. [24], and de Urquijo et al. [25] respectively.
For O3~ /04 system, in the energy range our interest, the
most probable collision processes are:

O3 + 02 = O3 + O, (R1)

O3 + Oz — Products + 4.75€V. (R2)

Reaction (R1) is represented by the elastic momentum
transfer cross section @, (0O37) calculated from (6-4) core
potential (see Fig. 2). The exothermic reaction (R2) is
observed by Ranjan and Goodyear [26] without specify-
ing the products for the reaction (R2). This cross section
Q(037) (see Fig. 2) of reaction (R2) is given by Ran-
jan and Goodyear [26]. This inelastic cross sections has
a negligible influence on the calculation of ion transport
coefficient in the energy range our interest.

The collision cross sections are chosen from the good
agreement observed between the calculated O, O™,
O3, and O4~ ions mobility data in O2 and the measured
one (see e.g. [27-30]). Such good agreement is shown in
Figure 4 displaying reduced mobility data and longitudi-
nal diffusion coefficients of the four considered negative
ions in Og. According to Hennad [23], the mobility is
known to be inversely proportional to elastic momentum
transfer collision cross sections. We note that mobility of
057 in Oy is the lowest compared of O™, O3, and O4~
ions mobility in same gas, despite the low amplitude of the
cross section @,,(027) (see Fig. 2). The system Oz~ /Oq
is a symmetric system which includes the presence of
the resonant charge transfer cross section [23,31], which
directly in O, fluences the magnitude of O2~ mobility
in Oy. In Figure 4b, we display the normalized longitudi-
nal ND, (longitudinal diffusion coefficient) in comparison
with some available experimental [32] data for O~, O™,
O3~ and O4~ ions in O9 as function of E/N.

4 Transport coefficients of negative oxygen
ions in nitrogen

In the energy range our interest, the most probable
collision processes are:

A7 4+ Ny - A7 + Ny, (R3)
O™ +Ng - N2O+e™ +0.2eV, (R4)
O3 + N3 — Products, (R5)
O3 + Ny — Products, (R6)

Reaction (R3) represents the elastic collision for A~
negative ion (A~ being either O~, or O™, or O3~, or
0,47) impacting No. The momentum transfer cross section
Qm (A7) calculated from (6-4) core potential is already
displayed in Figure 3. The exothermic reaction (4) [33]
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Fig. 5. (a) lons mobility, (b) longitudinal diffusion coeffi-
cient calculated as a function of E/N for O~ /N2, Oz~ /Ng,
037 /N2, and O4~ /N3 systems using previous sets of collision
cross sections.

represents electron detachment producing NoO molecule.
The inelastic cross section Q(O~) shown in Figure 3 is
given by Ranjan and Goodyear [26]. The collision cross
sections of the two last reactions ((R5) and (R6)) are given
in the same reference [26] which does not specified the
nature of the products when Oy~ and O3z~ ions collide
Ns (reactions (R5) and (R6)). The inelastic cross sections
Q(027) and Q(O37) (see Fig. 3) corresponding to reac-
tions (R5) and (R6) are taken from [26], while the set cross
section of O~ /Ny system is given in literature [22].

As there is no literature experimental transport data
for these four negative ions in N, the calculations of their
transport coefficients in Oy are first based on the best fit
with the experimental transport data of these ions in Oq
and dry air. The obtained reduced ion mobility data and

O Stano et al. (2008)
Ll Ll L
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02-
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Fig. 6. (a) Ions mobility, (b) longitudinal diffusion coefficient
calculated as a function of E/N of O™, 027, O37, and O4~

ions in dry air.

the normalized longitudinal ND, of these four considered
negative oxygen ions (O~, O2~, O3, and O47) in Ny are
displayed in Figure 5. Noting that these transport coeffi-
cients of the four negative oxygen ions in Ng are given in
the present work for the first time in the literature.

5 Transport coefficients of negative oxygen
ions in dry air

For the simulation of charged particle dynamics in the
case of non-thermal discharge in dray air at atmospheric
pressure, it is necessary to know the charged particle data
for a large range of E//N variation. As underlined in the
introduction, the data of electrons and the main positive
ions are already given in the literature while those of the
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Table 2. O~, O7, O3~ and O4~ ion reduced mobility
data Kg in dry air.

E/N (Td) K, (em®*V~ts™h

o~ Oz~ O3~ Os4™
1 3.30  2.52 2.50 1.93
2 3.30  2.52 2.50 1.93
4 3.30 2.52 2.50 1.93
6 3.31  2.52 2.50 1.93
8 3.32  2.52 2.51 1.93
10 3.32  2.52 2.51  1.93
12 3.33  2.52 252  1.94
15 3.33  2.52 2.52  1.94
20 3.36  2.52 2.54  1.94
25 3.39  2.53 2.56 1.95
30 3.44  2.55 2.58 1.96
40 3.58  2.59 2.66 1.98
50 3.81 2.64 2.74  2.00
60 4.08 2.70 2.83  2.03
80 4.54 2.83 3.00 2.07
100 4.84 2.96 3.11  2.10
120 496 3.02 3.17  2.11
150 497  3.06 3.16 2.10
200 4.79 3.00 3.06  2.03
250 4.55 2.88 290 1.94
300 4.33 2.72 2.75 1.85
400 3.94 2.52 2.51 1.68
500 3.64 2.34 2.32  1.55
600 3.39  2.20 2.18 1.44
800 3.02 1.98 1.96 1.27
1000 2.75 1.790 1.81 1.15

negative oxygen ions (O~, Oz, O3~, and O47) are com-
pleted and determined in previous sections of the present
work. Therefore, as soon as the sets of the elastic and
inelastic collision cross sections are known for a given ion
in each pure gas (i.e. Oy or Ny), it is possible to calcu-
late the corresponding ion transport coefficients in dry air.
The ion swarm parameters (mainly mobility and diffusion
coefficient) are calculated from our optimized Monte Carlo
technique using the present sets of collision cross sections
for the different ion/gas systems considered in this work,
i.e. the ion/Oy systems O~ /O3, O3~ /0y, O37 /02, and
047 /02 and also the ion/Ny systems O~ /Ny, Oz~ /N,
037 /Ng, and O4~/Ny. The mobility data of these ions
07,027,037, and O4~ in dry air display a plateau in the
low reduced fields E/N range (see Fig. 6). This plateau is
governed as previously stated by the polarization poten-
tial. This trend is followed by a maximum and then a
monotonic decrease at higher reduced fields.

Figure 6 shows a good agreement between the calcu-
lated O~, Oy~, O3, and O4~ ions mobility data in dry
air and those the literature measurements [34-36]. It is
also given in Figure 6, the variation of longitudinal diffu-
sion coefficients of these four negative ions in dry air for
the first time in the literature over a large range of E/N.
For finish, the Tables 2 and 3 give the numerical data of
the ion mobility and longitudinal diffusion coefficient of
negative ions (07, O27, O3~ and O47) in dry air calcu-
lated from Monte Carlo method using the present sets of
collision cross in this work.

Eur. Phys. J. D (2018) 72: 27

Table 3. Longitudinal diffusion coefficient ND data of
=, 057, 03 and O4~ ions in dry air.

E/N (Td) NDr(10® cm™'s™1)
(o Oy~ O3~ O4~

1 0230 0175 0.174 0.134
2 0.232 0.174 0.174 0.134
4 0232 0173 0.176 0.135
6 0.233  0.178 0.178 0.135
8 0.238  0.177 0.179 0.136
10 0.245  0.181 0.180 0.137
12 0.250  0.183 0.185 0.139
15 0261  0.186 0.194 0.141
20 0.292  0.198 0.208 0.146
25 0.342 0218 0.230 0.156
30 0.418  0.241 0.262 0.165
40 0711  0.312 0.355 0.193
50 1.220  0.421 0.487 0.232
60 1.960  0.580 0.669 0.278
80 3.500  1.010 1.110 0.388
100 4.750  1.500 1.510 0.508
120 5.640  1.900 1.830 0.613
150 6.550  2.380 2.180 0.740
200 7.630 2910 2.510 0.872
250 8260  3.290 2.780 0.952
300 8730  3.550 3.090 1.000
400 9.290  4.120 3.730 1.050
500 9.660  4.660 4.420 1.090
600 10.200 5.070 5.180 1.120
800 10.200 5.610 6.600 1.200
1000 10.200 6.000 7.930 1.290

6 Conclusion

In the case of the collision systems O3z~ /O3, O3~ /Na,
037 /Ng, and 04~ /Ng, the sets of collision cross sections
are given for the first time in the literature from more
particularly the fitting of the minimum of the poten-
tial energy well and the position of potential minimum
of a (n —4) core interaction potential. The correspond-
ing mobility and longitudinal diffusion coefficient data are
analysed and compared with experimental data in order to
obtain the best fit of the corresponding elastic and inelas-
tic collision cross sections. Thus, the transport data of
these main negative ions can be therefore used as they are
for the physical fluid modelling of charged particle dynam-
ics in corona or dielectric barrier discharges in dry air at
atmospheric pressures where more particularly such poly-
atomic negative oxygen ions can be the most abundant
produced ions.
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